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Abstract

The potential applications of transition metals-based nanoparticles are
expanding in the biomedical field. Oxides of iron are the matter of investigation
in this study where various preparations of ultrafine superparamagnetic iron
oxide nanoparticles (USPIONSs) were fabricated using flow injection technology
with spinning disc reactor. Basically, two types of preparation parameters were
examined; first, instrument-related (physical) parameters and, second,
chemistry-related parameters. USPIONSs fabricated by this instrument showed
fine-tuning size adjustment. Subsequent surface modification of these
nanoparticles produced hydrophobic, hydrophilic and neutral amino acids
modified surface, whereby aminoacid ‘monomers’, rather than polymeric
materials were used. Transmission electron microscopy (TEM), dynamic light
scattering (DLS), zeta potential measurements, thermogravimetric analysis
(TGA) and fourier-transform infrared-attenuated total reflection spectroscopy
(FTIR-ATR) were employed to characterise the coated nanoparticles. The data
show that ultrafine, 4-9 nm sized coated nanoparticles show good dispersion
upon TEM imaging. Measurement of number of monomers molecules
effectively associated with USPIONSs suggest formation of multilayer of amino
acid adsorbed on nanoparticles (NPs). Prediction of NPs- amino acid association
mechanism by FTIR-ATR study reveals presence of either monodentate or

bidentate molecular adsorption on the surface of USPIONS.

In the second stage of the project, interactions of differently modified USPIONs
with epithelial cell layer (model of intestinal epithelium) are now investigated.
An intestinal adenocarcinoma cell line (Caco-2) is used for performing the in
vitro studies. The toxicity of three types of USPIONs (Asp-, His-, and Phe-
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USPIONSs) reveals that these particles have potential toxic effect on biological
system. Relatively long term exposure to these particles (24 hours) with high
concentration 250 pg/ml and more was found to enhance apoptotic mode of cell
death. Cell-NPs interaction study displayed presence of different forms of
cellular interaction which are supposed to be related to USPIONs surface
chemistry. While some of Phe-USPIONs are found internalised and
accumulated inside some cells, Asp-USPIONs exhibit different interaction
mode where the cell membrane of most cells is covered with thin layer of NPs
without significant cell penetration. This gives an indication that metal oxide
NPs (USPIONS) that are associated by their surface with small molecules could
render these NPs with aggravated toxicity and cell-NPs interaction and hence

long term effect.
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Chapterl: Literature review

1.1 Introduction

The emergence of nanomedicine field, together with the advances in the last two
decades in fabrication and characterisation of iron oxide NPs, have focused work
of chemists, biologists, physicists, and engineers’ preparing iron oxide NPs with
characteristics desirable for diverse applications 3. In this regard, particles size
and morphology of USPIONSs are thought to be the key features that determine
their usefulness in different applications, whereby their properties can be
custom-tailored, depending upon synthesis methods adopted *°. In this
framework, understanding and control over the fabrication parameters of a
selected preparation procedure are critical prerequisite in tailoring of USPIONs
attributes ®. In general, there are three major procedures comprising chemical,
physical and biological routes for superparamagnetic iron oxide nanoparticles
(SPIONSs) production. Up to the present time, the chemical route dominates,
where around 90% of the exploited protocols in preparation of SPIONs adopt
this route *. In the following paragraphs some of the major synthesis protocols

will be discussed.

1.2 Routes of SPIONs fabrication
1.2.1 Chemical route for SPIONSs fabrication

There are various protocols of SPIONs fabrication by chemical reaction
route. The most popular techniques, which have been widely employed,

comprise co-precipitation, microemulsion, sol-gel, hydrothermal, polyol,



electrochemical deposition under oxidised condition, sono-chemical and

thermal decomposition ’.

1.2.1.1 Co-precipitation method

Massart, in 1981, was the first to describe a controlled precipitation of
SPIONs upon exposure of iron (I11) and (1) salts to an alkaline (also named
‘liquid phase method”) 8. The simplicity, cost effectiveness, shape homogeneity,
high productivity and a fabrication of SPIONs in a good state of ‘cleanliness’
(owing to the lack of organic and surfactant impurities) are highlighted by most
of the later researchers as advantageous features of this ‘basic’ method *2. Both
types of iron oxide NPs (magnetite and maghemite) could be produced by
applying this method. Although being the most convenient method, a poor
crystallinity and wide particle size distribution are the major limitations
associated with SPIONs produced by this method. This could be partially
attributed to an inadequate understanding about the mechanism(s) of a new
solid-phase-generation occurring during the process, as well as the mass
deposition mechanism that freshly formed particles may follow to acquire their
characteristics. Therefore, new different strategies of NPs fabrication were

proposed by many researchers®3-6,

1.2.1.2 Microemulsion (ME) method

In general, the use of micro-emulsions in different fields evolved dramatically
from initial studies in 1943 by Hoar and Schulman "8, Given the need to
improve the drawbacks of the classical co-precipitation technique, several
fabrication approaches with employing microemulsions (in which SPIONs
could be synthesised within nano-dimensional ‘reactors’) have been introduced
to fabricate USPIONs with more uniform characteristics. There are numerous
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key materials that were employed to function as a ‘nano-reactor confinement’.
They often include the following: amphiphilic surfactants %%, apoferritin
protein cages 262, dendrimers 3°, cyclodextrins 3'*2 and phospholipid
membranes 3%, Depending on the micro-emulsion nature, the restricted nano-
reactor is represented in the formation of nano-sized liquid vesicles or droplets
which could be either aqueous or non-aqueous. In the case of aqueous nano-
reactor approach, a reverse water-in-oil micro-emulsion is prepared, otherwise
oil-in-water micro-emulsions are normally used. Interestingly, both types of
micro-emulsions have been used in fabrication of SPIONs **", In addition,
different emulsifying agents were used to produce micro-emulsions®®4, 1t is
important to mention that the pioneering attempt to prepare magnetic

nanoparticles in micelles was done by Inouye et al .

This technology offers a key advantage in the process of fabricating SPIONs
which includes the ability to produce a fine-tuned narrow size range that,
consequently produces NPs with uniform physical properties. This takes the
advantage of the capability to control the size of formed nano-sized droplets
(that may be falling in the rage of 1-100 nm “6). For instance, researchers
successfully synthesised SPIONs with size range between 2 and 10 nm. By
controlling micro-emulsion conditions, these NPs showed enhanced magnetic
properties and protein binding affinity, making them suitable for certain
advanced applications #’. Moreover, manipulating the nature and amount of
surfactant and co-surfactant, in addition to the other ‘basic’ parameters (alkali
and initial total iron precursor concentration, and reaction temperature) have

shown to have a major influence on varying the sizes and shapes of resultant



SPIONs 8. For example, cubic magnetite NPs were fabricated when

aforementioned fabrication conditions were appropriately adjusted °.

In contrast to single-phase method (co-precipitation), the two-phase
(microemulsion) method was found to have two main issues. Firstly, it is
extremely challenging to yield large quantities of NPs (at a gram scale) which is
an important issue for industrial scale of production. Secondly, the presence of
unwanted (potentially toxic) surfactant and organic solvent residues in the final
product increases both time and cost required to purify the end product. This
normally makes micro-emulsion based process unfeasible for biomedical
applications ®’. However, many SPIONSs are being fabricated via adopting this

strategy 40952,

1.2.1.3 Sol-gel and polyol methods

Sol-gel method is another SPIONS fabrication strategy 3> which involves four
subsequent steps. Concisely, an initial hydrolysis and condensation of mineral
salts (in form of alkoxides) triggers the dispersion of metal oxide primary
particles to form a sol state. Afterwards, an additional condensation (an
inorganic polymerisation) occurs to induce a three dimensional network
generation (a step of wet gel state formation). The third step involves enabling
the wet gel to dry. Finally, the required crystalline structure could be obtained
through treating the dried gel at an elevated temperature. As described, the sol-
gel method is characterised by implementing more than one step in order to gain
the final product. Nevertheless, substantial alterations in the above-mentioned
procedure have been introduced °® to make this method easier to adopt and make
it convenient for those applications that demand fabrication of large amounts of
USPIONSs without a significant aggregation 57-2,
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Interestingly, one of the most significant modifications introduced involves
utilizing the polyols (e.g., ethylene glycol, and di, tri, and tetraethylene glycol)
to act as solvents, thereby this increases the capacity for inorganic compound
dissolution 2, Furthermore, as a result of a relatively increased boiling point that
polyols possess, a wide spectrum of operating temperature (from ambient
temperature to their boiling point) could be used to improve and control the
crystalline structure of SPIONs %%, Owing to their properties, polyols offer
additional advantages in controlling the NPs growth, to result in a stable
monodisperse colloidal dispersion of USPIONs®®-", It should be mentioned that
unwanted oxidation was not observed . Furthermore, by following this method,
polyols can suspend and remove the unreacted precursors. Therefore, an
increased purity of fabricated SPIONs would be expected making them more

suitable for biomedical applications "2.

1.2.1.4 Hydrothermal/solvothermal method

Another promising technique is called ‘hydrothermal method’ in which a new
factor is introduced, that is ‘pressure’ %737 This is normally performed via
operating the production process in a sealed housing vessel, such as an
autoclave, as a reactor. Herein, the notion of ‘enhancing the solubility of
inorganic precursors in water at elevated pressure (more than 2000 psi) and
temperature (above 200°C)’ was exploited as the principle condition ™.
Subsequent hydrolysis and dehydration steps should be accomplished in order
to perform the required SPIONs crystallisation 3¢, While taking advantage of
that the reaction is achieved in an aqueous medium (hence no introduction of

possible further toxicity), the very low solubility of iron oxide in water presents

a highly beneficial factor in constructing of SPIONSs by this method’’-"°. Similar



to other methods, manipulating several reaction conditions, such as iron
precursors, temperature and reaction time, have decisive impacts on the particle
size and shape of the resulting USPIONs%-82, Accordingly, iron oxide nanotubes
have been fabricated by this method via controlling the iron concentration and
reaction time . Another study showed that reaction temperature, time, and pH
value played a crucial role in fabricating USPIONSs of variable NPs sizes and

morphologies 8.

Using precursor solution other than water ” in the hydrothermal method results
in a different procedure which preserves advantages of both hydrothermal and
sol-gel fabrication method. This modified procedure is called ‘solvothermal
method’. It was found that following solvothermal fabrication method enables a
strict control over particles shape, size distribution, and crystallinity. These
features could be fine-tuned by adjusting common variables 8, Moreover,
solvothermal method is also well-known for fabricating hollow iron oxide NPs
of spherical shape with sizes larger than 80 nm 8788, Despite of the unique size-
tuning characteristics, the long reaction time required is so far considered as a
major shortcoming making this technique of limited use. Nevertheless, recent
successful improvements have addressed this problem, making the method

applicable for scaling-up &°.

1.2.1.5 Sonochemical method

The required energy for SPIONSs preparation might be supplied via different
source. To this end, it was discovered that a powerful ultrasound radiation (20
kHz—-10 MHz) has a potential capacity to drive a chemical reaction of molecules
% In this technology, liquids chosen to be exposed to a high intensity ultrasound
will exhibit acoustic cavitation (the physical phenomenon that become
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accountable for chemical effects owing to formation, enlargement and implosive
collapsing of a bubble) °2%2, where transient hot spots have a temperature of
5000-25,000 K and pressure of ~1800 atm and are ‘instantly born and die’
(collapsed) within nanosecond lifespan °3. Accordingly, these extreme
environmental conditions at the rate of 10 Ks 99 are optimum for generation
of amorphous nanoparticles -8, Monodisperse nano-sized USPIONSs could be
prepared as a consequence of a shear effect of vortexes generated in a sonicated
media®-1%1, Moreover, sonochemical synthesis technique was found to be highly
energy efficient - capable of saving ~90% of energy in comparison with those
methods that utilize conventional energy sources for NPs fabrication 1°2. Herein,
the sonication time, power and frequency play significant roles in the particles
consistency (in size and shape) 101103104 and the rate of production of the

ultimate product 1%,

1.2.1.6 Electrochemical synthesis

Since it was launched by Reetz et al 1%, the electrochemical synthesis
method has been widely reported as one of the most effectual technique for
fabrication of mineral nano-clusters with numerous non-spherical
nanostructures, such as nanowires %1% nanorods 111 nanoflakes 1113, and
nanosheets 114, The fundamental principle of this method includes an electrolyte
cell with a anode and a cathode '°. Referring to its cost-effectiveness, low
operational temperature and simplicity, electrochemical deposition has also been
used to prepare different iron oxide NPs®118, Likewise, a group of researcher
have recently published a novel modification of the method for preparation and
in situ surface modification of SPIONs in ‘one pot’ protocol 11>11%-124  Apart

from several attempts at controlling the particle size of generated USPIONs



125126 it is however difficult to achieve monodispersed and ordered products by

following this approach 4.

1.2.2 Physical route for SPIONs fabrication

Although introducing a “matrix” providing a restricted zone of reaction —
used as the main principle in producing NPs with narrow size distribution in
microemulsion, sol-gel and polyol methods — the production of NPs with narrow
particle size distribution with surface free from either chemically or physically
bound material (surfactants, polymers, and complexing agents) is in fact
extremely challenging ?’. To this end, a physical ‘reaction confinement’ could
function as an alternative option to achieve fine-tuning of particles construction
in which other (potentially toxic) materials were excluded. To achieve this, the
method adopted in the current work uses the experimental set up where the
reactants were streamed through a separate carrier tubing system which meets
at Y-shaped ‘connector’ (a particular point designed to force the reaction
precursors streams to meet) to initiate nanoparticles formation. The major
advantage obtained by this is the ability to control particles growth within a well-
defined tubular reactor they are flowing in. In similar works in the literature, a
different flow systems have been tested in which, for instance, an injection valve
could be positioned at the junction unit!?8-130 With the intention to achieve both
a reduction in reaction time and improvement in particle homogeneity, the
principle of ‘flow-injection analysis’, suggested by Ruzicka et al !, was

developed to successfully fabricate mineral NPs with controlled morphology **2.

Various strategies such as laser induced pyrolysis which is recognised as
gas-phase method 133137 pulsed laser ablation 1% and high-energy ball

milling 14 were also employed in construction of different inorganic
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nanocrystals, including SPIONs 14146 A considerable cost demand has been

noted in operating these methods, due to the expensive equipment used.

Regarding pulsed laser ablation, a standard model of the system, as presented by
Wang et al **", comprises of vacuum chamber housing a furnace and connected
from both sides to the laser beam source and NPs collector. According to Wang
et al, spherical iron oxide NPs with a size range of 5 to 90 nm were successfully
fabricated by this method. It was found that the diameter of fabricated SPIONs
is strongly related to both laser power density and carrier gas pressure 47,
Another study demonstrated a fabrication of gold and magnetite composite NPs
through exploiting a unique laser processes in water. In this case, the researchers

used a modified pulsed laser ablation technique in liquid for NPs fabrication ¢,

1.2.3 Biological route for SPIONSs fabrication

The adoption of green chemistry principle for the production of SPIONs has
been on increase. Since the first discovery around 40 years ago 49, certain
magnetotactic microorganisms are recognised to synthesise iron oxide NPs
through intra and extracellular mineralisation processes °°%2, In 2008, more
detailed information including development of functional biomineralised
magnetite NPs was reviewed . Given that biologically generated iron oxide
NPs possess well-defined morphology and crystallinity along with high
biocompatibility 47, these are the intrinsic advantages of the method. Some
limitation were however noticed, such as substantially slow and uncontrolled
rate of production. Therefore, the concept of ‘bioinspired’ or ‘biosynthesis’

processes for iron oxide NPs fabrication is increasingly studied and improved.
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1.3 Surface modification of iron oxide NPs

Bare iron oxide NPs are characterised by possessing large active surface area
which is hydrophobic in nature. Therefore, after NPs have been dispersed in an
aqueous solution, hydrophobic interactions among NPs continue to function
until large agglomerates start to develop %6-17%, The obtained aggregates undergo
further clustering under the effect of an additional force which is magnetic
dipole-dipole interaction. Finally, all dispersed NPs would precipitate in their
solution 1%, In this regard, NPs surface modification with a suitable material is
becoming indispensable step for preserving the colloidal stability of iron oxide

NPs for further applications.

Basically, both modified iron oxide NPs structures and materials used in

modification process will be reviewed in the following sections.

1.3.1 Surface modification by organic materials

There are several types and categories of organic chemical substances could
work to modify and functionalise iron oxide NPs surfaces. Various biological
areas have exploited the advantages that organic modifying agents may offer.
For instance, kinetically, improved blood circulation and half-life could be
achieved using this kind of materials. In addition, NPs-associated layers of
organic substances will endow more active functionalities that, in turn, could be
considered as platform for further modifications. Here, other organic or
inorganic materials such as therapeutic and targeting agents are potential

candidate for the second stage surfaces modification 172174,
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1.3.1.1 Small molecules and surfactants

Attachment of various small molecules and surfactants could be easily allowed
via an option of presence of numerous hydroxyl group directly associated with
the surface of iron oxide NP. In addition, small molecules- and surfactant-
modified iron oxide NPs are known for maintaining small hydrodynamic
diameter with considerable magnetic properties compared to the bare

counterparts.

Researchers have extensively exploited iron oxide NPs bound surfactant in
controlling the growth of NPs during synthesis stage and preventing them from
being aggregated. As an example, citrate-stabilised iron oxide NPs provide
extremely stable colloidal dispersion in water . Moreover, numerous
conventional surfactant were engaged in protecting iron oxide NPs against
aggregation during preparation process, such as sodium dodecyl sulfate 17°,
cetyltrimethyl ammonium bromide (CTAB) 177, alkyl benzenesulfonate (ABS)
178 “and long-chain thiols *"°. The widely used fatty acid molecules, like oleic
acid, oleylamine, and octadecylene, were successfully involved in providing
monofunctional stabilised iron oxide NPs prepared by thermal decomposition

methods 180:181,

Silane is another group of small molecules that can be covalently linked with the
surficial iron oxide moieties. These molecules are vulnerable to further events
in which a crosslinking reaction among them could render the NPs core tightly
surrounded by a thin inorganic silica layer. Several members of silane were used
to add different functionalities (such as amine, thiol, and carboxyl) to the surface
of bare iron oxide NPs 82183 | jkewise, it was found that dopamine can function
as a stable anchor in order to present more functional groups on the surface of

11



iron oxide NPs 18418 As a result, dopamine-modified iron oxide NPs have

engaged in more diverse fields of application!®-188,

1.3.1.2 Large molecules or polymers

For most of applications that are related to biomedicine, polymer-modified iron
oxide NPs are strongly favoured over small molecules or surfactant-modified
counterparts. There are two main reasons for this preference including: (i)
enhanced stability due to increased repulsive forces that, in turn, work to balance
both magnetic interaction and Van der Waal (VDW) attractive forces, (ii)

improved blood circulation time, stability, and biocompatibility 8°.

1.3.1.2.1 Polymers deployed in modifying iron oxide NPs

Polymers employed in preparing functionalised iron oxide NPs are either
naturally occurring or synthetic. In contrast to the synthetic polymers, natural
polymers are considered as water-based materials and thus could render the
functionalised NPs with highest degree of biocompatibility. Starch, chitosan,
dextran, gelatin, cellulose, and proteins are natural type of polymers and have
all been investigated with iron oxide NPs %1% while others like poly (ethylene
glycol) (PEG), poly(methyl methacrylate) (PMMA), polyethyleneimine (PEI),

and poly(vinyl alcohol) (PVA) were fabricated in laboratory.

1.3.1.2.1.1 Polyethylene glycol (PEG)

Polyethylene glycol (PEG) is one of the most hydrophilic polymer involved in
biomedicine-related formulas as a result of several key features it has!®?-1%,
Importantly, the capacity of PEG to conjugate different biological moieties
allow it to play a crucial role in improving in vivo usage of biomolecules. It was

also noticed that a prolonged circulation time has been recorded after treating

12



PEG with NPs which indicate enhanced biocompatibility and reduced immune

system recognition %6197,

1.3.1.2.1.2 Polyvinyl alcohol (PVA)

PVA is another widely used synthetic polymer. Hydrophilicity,
biocompatibility, and capability to improve NPs size uniformity and dispersion
stability are the main features that this polymer could offer upon modifying
SPIONSs surfaces %1%, Accordingly, PVA-modified SPIONs are found to be

good candidate in drug delivery applications?®%-202,

1.3.1.2.1.3 Dextran

Dextran is a naturally occurring polysaccharide polymer. Similar to previous
polymers, it is neutral, water soluble, biocompatible, and biodegradable. In
addition, it is well-known to modify iron oxide NPs 2032% and, therefore,
considered a promising multipurpose platform for targeted molecular imaging,
diagnostics, and therapy *%. Dextran adsorption layers are suitable for further
functionalised and bio-conjugation with additional targeting biomolecules such
as genes, proteins and enzymes 2% Moreover, the added active ligand could
render dextran-SPIONs with improved pharmacokinetics such as blood

circulation time 208,

1.3.1.2.1.4 Chitosan

Comparable to dextran as a natural occurring polymer, chitosan is hydrophilic,
biocompatible, and biodegradable, however, it has alkaline nature. Several
studies showed effective encapsulation of iron oxide NPs with chitosan polymer
to produce highly useful system for different biomedical applications?°’-2%,
Interestingly, chitosan coated SPIONs was found to function as an effective

antimicrobial agents 2°,
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1.3.1.2.2 Techniques followed to prepare NPs-polymer composite

Workers in this field have recognised several approaches that were investigated
to allow combining different polymer with iron oxide NPs. In this review, the
most known strategies were summarised in two main categories depending on
the nature of interaction existed between core (iron oxide NPs) and coat

(polymer), whether they are physical or chemical 18211,

For the physical adsorption approach, there is two main techniques followed.
The first is a process depending upon electronic structure of polymer-related
functionalities that is barely perturbed over adsorption where the fundamental
driving force is VDW forces. In this regard, copolymers are good candidate to
stabilise and coat NPs either during or after the fabrication of iron oxide NPs.
With diblock copolymers, it is seems understandable that one block could
function to enable surface adhesion (usually called anchoring block) while the
other block would be responsible for rendering iron oxide NPs
thermodynamically stable in agueous media. By manipulating the block
component of copolymers, researchers have successfully prepared wide variety

of magnetic NPs structures #2213,

The second technique of this approach include enabling of either self-assembly
or self-association of block copolymers in aqueous media (depending on the
polymer chemistry) to form modified iron oxide NPs. In self-assembly of a
highly stable core/shell micellar NP, the hydrophobic terminals of an
amphiphilic copolymer directed towards iron oxide core leaving the hydrophilic
tails to face the continuous media thereby rendering NPs stability 214218, On the
other hand, self-association process include ionic interaction of a copolymer

having both anionic and cationic blocks with iron oxide NPs. In this case, media
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pH could control and determine which block of the copolymer will interact with
the solid surfaces resulting in association required 2°. With similar principle, a
good progress in preparing various photosensitive and pH-sensitive composites

with iron oxide NPs has been achieved 220-223,

1.3.1.3 Biomolecules

Iron oxide NPs that are surface-engineered using biomolecules (such as proteins,
antibodies, polypeptide and enzymes) show superior biocompatibility in

comparison with surfactant and polymers engineered counterparts 224226,

In this case, physical adsorption-related techniques are often adopted for
preparing such kind of modified NPs. For instance applying ultrasound energy
by sonicating the aqueous solution of both iron oxide NPs and bovine serum
albumin result in fabricating protein-coated magnetite NPs 2%’. Another method
of functionalisation has been performed via simply transferring iron oxide NPs
into a culture media containing different amount of fetal bovine serum (FBS)
228 However, poor conjugation effectiveness to iron oxide NPs has been noticed
as a main limitation relating to the involvement of biomolecules for biomedical
application. This gives rise to a problem of cost effectiveness as more of these
expensive material should be used to overcome the existed obstacles (low NPs
binding affinity). Two steps were followed to avoid these problems, first,
modifying bare NPs first with small or large molecules and second, performing
attachment of biomolecule of interest with active functionalities of the already
modified NPs 229231 For instance, antibody-decorated iron oxide NPs have been
successfully exploited to capture and separate human breast cancer cells from

fresh whole blood %2
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1.3.2 Surface modification by inorganic materials

Although using organic materials to modify and functionalise iron oxide NPs
has achieved a considerable progress, the ultimate shape, stability, and
compatibility along with surface structure and magnetic properties remains to be
controlled. As a second choice, modifying iron oxide NPs with inorganic
materials offer a good opportunity for more effective control of these properties.
In addition, using this kind of surface modifying agents render iron oxide NPs a
suitable candidate for further multi-functionalisation stage. Here, more
application fields such as catalysis, biolabelling and bioseparation can obtain

substantial benefit from involving this kind of NPs.

1.3.2.1 Silica

Silicon dioxide was found to be a good candidate for coating and modifying iron
oxide NPs 233-2%_|n addition to the inert characteristics that silica coating may
offer, it is also known for providing an excellent separation barrier between
biological environment coming into a contact with active material ‘core’, hence

reducing USPIONSs toxicity 23723,

There are few different methods that have been adopted by researchers to
fabricate iron oxide NPs covered by a layer of silica. The well-known Stoéber
synthesis is the first strategy used. The process includes a deposition of silicon
dioxide on the surface of iron oxide NPs to form a uniform core-shell Fe3Oj -
SiO2 structure. The in situ generation of silicon dioxide occurs via hydrolysis
and condensation of a precursor, such as tetraethyl orthosilicate (TEOS) 23924,
The second method is based on the deposition of silicon dioxide from a precursor

solution containing silicic acid 242244, Works applying this method have shown
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that this, silicic method, may be more efficient in modifying iron oxide NPs
surfaces than the TEOS method 2*3. Furthermore, a wide spectrum of NPs size

could be fabricated with a controlled tuning.

The third method of preparing FesOs-SiO2 composites uses the principle of
microemulsion in which both iron oxide NPs (core) and silicon dioxide (shell)
undergo in situ seeding and salinisation processes inside emulsion droplets.
Differently from the previous techniques, choosing a proper surfactant is a key
factor influencing this preparation process 2424, Fine tuning of particles size

can be achieved via controlling droplets size 2.

1.3.2.2 Carbon

Silica-coated iron oxide NPs showed improved colloidal stabilisation improving
surface functionality and biocompatibility of USPIONSs, compared to the above
mentioned surfactant-coated counterparts, while the main carbon coating’s
advantage is a remarkable stability in environments of extreme conditions, in

term of acidity or basicity, high temperature, or pressure 248,

There are numerous approaches using different sources or precursors of carbon,
whereby glucose was the first material exploited. Once dissolved in aqueous
solution, glucose could form carbon capsule via a so called hydrothermal
treatment 2422 Sodium acetate is also used in some protocols 2. An
interesting alternative method includes using a polymer as a replacement for the
glucose monomers. In this case, a step of preparing iron oxide-polymer
composite NPs is followed by an annealing stage to ‘transfer’ polymer to carbon

layer 24,
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1.3.2.3 Metals

Covering iron oxide NPs with metal has numerous potential advantages where
the core iron material could be effectively protected against environmental
oxidation, particularly, as an example, for long-term storage. In this regard,
noble metals are of particular interest, also due to their potential for further
functionalisation with different types of materials, such as ligands 2°°, polymers
2% or other small molecular weight functionalities 2°’. Gold and silver 2°62%° gre

of the most metals have been used to modify the surface iron oxide NPs.

1.3.3 Microstructure of surface-modified iron oxide NPs
Depending on the orientation of both core and shell (coat) materials, different
structures have been created for modified iron oxide NPs. Major types simply
include: (i) core-shell and reverse core-shell structures 2691 (ii) multicore-
shell structures, where the core material is dispersed within a matrix of shell
forming material 252263 and (iii) yolk-shell structures, a hybrid of core-shell and

hollow structures that could be described as core-void-shell configuration 264-266,

1.4 Behaviour of metal and metal oxide in
biological environment

1.4.1 An overview

With the potential of a widespread use of nanoparticles not only in medicine 2%,
but also in many other industries and for many other applications, it is important
to consider their behaviour in the biological environment and their potential
safety issues 2826°, Following metal and metal oxide NPs fabrication (Figure
1.1), they will undergo several cycles of aggregation and disaggregation and a
‘pollutant’ adsorption and desorption from different biological environments

210271 The metal and metal oxide NPs can enter a human body by different
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routes, including exposure via inhalation, or via oral route through e.g.
consumption of food and water in which these NPs are present 2’2273, Depending
on the entry route, NPs will interact with the surrounding biological
environment and will cause a biological response 2’#27°, It is important to notice
that environment-borne metal nanoparticles with adsorbed organic material on
their surfaces (e.g. car exhaust particles) possess a great potential to amplify the

toxic effect of both particle (core) and adsorbed (coat) material 276-27°,
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Figure 0-1: Schematic illustration of NPs potential behaviour in environment.

(a) and (b) direct release of individual and aggregated NPs, respectively. (¢) and (d)
liberation of embedded and functionalised NPs, respectively. In case of (c) and (d)
environmental factors (for example. sunlight or microorganism) trigger a release of
free NPs which in turn experience aggregation-disaggregation behaviour. Ultimately
organic material (pollutant) is adsorbed onto NPs resulting in colloidally more stable
nano-objects.
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1.4.2 The entry of iron oxide NPs (USPIONSs) into
natural surroundings

The following section discusses the reasons for an increasing abundance of iron
oxide NPs (USPIONS) in human environment and potentially functioning as a

source of accumulated toxicity.

Different natural events (such as volcanoes and fires) routinely produce and emit
different forms of iron oxide NPs in nano-sized crystals forms 2%, that cause a
serious hazard. However these events occur in limited locations, and with
limited frequency 28, On the contrary a rapid and widespread proliferation of

nanotechnology-related applications 2

, as noted above, is a cause for the deep
concern about metal oxide nanoparticles effect on the ecosystem. Being a metal-
based objects, iron oxide NPs (e.g. USPIONS) retain certain characteristics,
including strong magnetic 22328 and reducing properties, and high adsorption
capacity 2%. These features make USPIONs attractive material in various
applications, including environmental remediation 2862”7  (such as
decontamination of wastewater 2882 via sorption of both heavy metals 290-2%
and organic contaminants 2%2%), biomedicine (e.g. therapeutic drug delivery,
cell labelling 2°7-2%°, and MRI contrast agents) 18%:29%:300-303 ‘hegth care (such as
nanoscale biosensors 34-3% nanocarrier for vaccination 2°°3%° and antimicrobial
activities 219311-313) ‘agriculture and food (for tackling plant diseases propagation
and improve crop yield) 3437 energy (as in fuel cells and batteries) 249318319,
defence and aerospace 320321, construction (iron oxide-based pigments could be

extensively utilised for colouring concrete, brick, tile, and other construction

materials) 322324 | and finally electronics 32%32%, Therefore, with such a
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widespread use / potential use ‘emission’ of these NPs into human environment

needs to be considered with great attention.

1.4.3 Exposure of iron oxide NPs to human

Human contact with fine/micron-sized iron or iron oxide particulates has been
assessed. Historically particularly for those working in mines and certain
industries, a permissible exposure limits were established. This is ~ 5-14 mg/m?
of fine iron oxide dust in atmosphere over the course of an 8 hours work day 3%°.
However, this limit does not provide an accurate safety assessment of iron oxide
NPs exposure for all the potential exposures, as mentioned above. For instance,
a study on the effect of prolonged exposure to iron oxide aerosol with diameter
less than 100 nm has revealed dramatic discrepancies in the limit that is
triggering a hazardous response. This study claims that even 0.083 mg/m? or
66,800 particles / cm? is sufficient to produce significant elevation in oxidative
stress and inflammatory biomarkers in exhaled breath condensate (EBC) and

urine 3%/,

Upon swallowing or inhalation, ingested nanoparticulates approach normal
biological barriers — e.g. lung or gut epithelial tissue. At this stage, a possible
interaction of the nanoparticles with biological structures at these locations will

occur.

1.4.4 NPs-biological system interaction following
injection route

If nanoparticles are used for therapeutic purpose, with normally be injected via
a parenteral route. In this case their first interaction occurs with biological

molecules and structures in systemic circulation and extracellular fluid 328,
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Formation of a layer of adsorbed proteins and other biological molecules on NPs

currently usually referred to as “protein corona’ 32, as will be discussed below.

1.4.5 Metal oxide NPs — protein interaction (protein
corona)

Once present in the physiological environment, an immediate adsorption of a
number of proteins occur to form a dynamic corona (‘soft corona”) 3%°, A few
minutes later, protein rearrangement occurs governed by a competition between
NPs-protein and protein-protein interactions to form a ‘long-lived’ adsorptive
layer called ‘hard corona’ 3332 Several hundreds of distinct protein have been
identified in human blood plasma 3. Therefore the constituents of protein
corona is complex and is also unique to each NPs system (material) where it was
found that both NPs nature and physiological environments related parameters
play significant roles in constructing the corona 334 These parameters been

extensively reviewed by various groups of researchers 33033337,

1.4.6 Protein corona formation and composition

1.4.6.1 Exposure to complex solutions
1.4.6.1.1 Cell culture media

When NPs are tested in in vitro cell culture models, they are exposed to the
‘complex solutions’ i.e. media used for the cells to grow. Studies have shown
that the presence of FBS, as a usual supplement in different cell growth media,
results in the formation of ‘corona’ on the NPs surface **, However, for
different serum sources used, the corona’s properties may change due to

variations in the serum protein compositions 33 340,
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1.4.6.1.2 Protein concentration effect

The protein corona’s composition and properties are found to be significantly
affected by the initial concentration of plasma proteins in a medium 1. Upon
testing silica NPs against three concentrations of plasma, 3%, 20%, and 80%,
different protein patterns were found associated with the NPs. This phenomenon
was explained by different surface activities of proteins; those with higher
concentration and diffusion will adsorb initially while those with present in
small quantities but with high affinity (e.g immunoglobulins) will adsorb at later
stages and replace initially adsorbed material (so called Vroman effect) 342,
Another study showed that, for magnetite NPs, increasing human serum
concentration in a buffer will gradually increase the relative abundance of some
constituents of protein corona compared to others *3. However, the modification
in protein corona composition did not produce significant effects on the
phagocytosis of NPs, unless the abundance of the ‘recognisable’ protein is

placed onto the surface of the NPs 34,

1.4.6.1.3 Exposure time

As mention above, the interaction between NPs and plasma proteins occur
instantaneously where, within first 30 second of interaction, around 300 distinct
proteins attached to NPs have been detected 32. Nonetheless, prolonged
exposure to biological media was found to enhance the variety of proteins
adsorbed 3%, Although the adsorbed proteins continue to exchange with those
present in the environment, due to differences in the binding affinities and
molecular weights (lower molecular weight protein are favourable in the
interaction process), after some period of time the overall composition of protein

corona remains similar 3,
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1.4.6.1.4 Stationary and flow conditions

The effect of static or flow state is thought to be important parameter on the
quantity of protein adsorbed and the corona composition. Once in human body,
NPs will face different shear stresses in different hydrodynamic conditions. For
instance, the velocities of blood stream in blood vessels are: 0.03, 15, and 40
cm/sec in capillaries, superior and inferior vena cava and aorta, respectively
345346 For example, it was found that polyethylene glycol (PEG)-coated
liposomes acquired more negative charge under a dynamic flow state of 40
cm/sec, compared to their ‘static’ counterparts — despite of their similar size and
other physicochemical properties. Furthermore, higher diversity of adsorbed

proteins in corona formed under flow conditions was observed 347

1.4.6.1.5 Temperature

The role of temperature on the corona formation has obviously attracted less
attention as per limited range of human body temperature 3483%°, However, it
was noticed that the slight change in media temperature resulted in significant
variations of protein corona composition after incubation with FBS. As an
examples, dextran-coated SPIONs with different surface chemistries showed
maximum protein adsorption around 40°C for positively charged particles,
similar protein peaks have been seen (but to less intensity) for neutral and
negative surfaces at 43°C and 37°C respectively 3*°. Another study has revealed
that the quantity of adsorbed protein on copper NPs increased proportionally
with incubation temperature from 15°C, 27°C, and 37°C to 42°C %!, This
highlights the importance of the experimental conditions used when designing

such studies.
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1.4.6.1.6 Biological media pH

The NPs can be exposed to biological environment of different pH values when
applied e.g. for therapeutic purpose, depending on the route of applications and
a subsequent biodistribution in human body 3522%3, For example, intracellularly

354

present lysosomes have pH in the ~6.8 and 4.5 range °°%, cancer or tumour mass

is also considered more acidic 3°°3%,

1.4.6.2 NPs-related parameters
1.4.6.2.1 NPssize

It was found that the curvature of NPs surface, which is an intrinsic reflection of
their sizes ', can play a significant role in the process of surface-adsorption.
The extent of surface curvature has a great influence on the conformational
changes that proteinaceous adsorbed materials may undergo 3333358 |n this
regard, a study was designed to investigate the adsorption of some blood proteins
onto gold NPs with different particle sizes (i.e., 5, 10, 20, 30, 60, 80, and 100
nm) 3°. It revealed that the rate of protein binding is directly proportional to NPs
size until a certain limit (< 60 nm), beyond which irregular relationship was
observed. This observation has been attributed to the difference in
conformational flexibility that various proteins may have at the surface with
different curvature. Similar was observed in the later studies 360362, Moreover,
it was reported that corona thickness was increased for smaller size NPs, and

that the adsorbed proteins experience less conformational modification 3365

1.4.6.2.2 NPs shape

Interestingly, by using two geometries of gold NPs (nanosphere and nanorod),
it was found that NPs morphology exerts a considerable effect on the amount of

protein adsorption, whereby protein analysis results revealed that gold nanorods
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have higher protein surface density compared to gold nanosphere counterparts

366

1.4.6.2.3 NPs surface properties
1.4.6.2.3.1 Effect of surface charge

The nature and extend of particles surface charge was found the play a crucial
role in determining the composition of the formed protein adsorption layer and
hence, their subsequent biodistribution. As an example, the early work on
elimination of positively charged NPs by reticuloendothelial systems revealed a
positive charge has a significant limitation on the application of these NPs #3¢7,
It has been proposed that NPs surface charge functions to effect denature the
adsorbed protein, and that this occurs at higher rate for charged relative to
uncharged counterparts - which in turn makes the circulating NPs recognisable
by the human immune system 3%, High binding affinity for protein adsorption
was reported for both anionic liposomes and cationic lipid-vesicles, when
exposed to plasma proteins 36826° In this context, an extensive body of literature
reports on the studies with PEGylated surface, the areas that has be extensively

reviewed elsewhere 370,

1.4.6.2.3.2 Surface roughness/smoothness

A number of recent studies reported on the effect of the presence of nanoscale
local features have an important effect on the protein adsorption whereby protein

adsorption can be, for instance, enhanced due to reduced repulsion forces /1372,

1.4.6.2.3.3 Surface hydrophilicity/hydrophobicity

Hydrophobic surfaces are found to bind more protein in comparison with their
hydrophilic counterparts 361373374 with an increased extent of structural changes

of adsorbed protein molecules 37>, An extensive protein denaturation results in
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enhanced effect on immune system 376378 It is very important to mention that
NPs at their isoelectric point (PI) undergo minimum surface charge, which leads
to the hydrophobic interaction to dominate protein binding and hence maximum

protein denaturation would occur 3793,

1.4.6.2.3.4 Surface functionalisation and coating

Controlling protein corona formation, and possibly composition, can be
achieved via NPs surface functionalisation with a suitable material. In this
context, Poloxamine 908 surface modified polystyrene NPs and Pluronic F127
surface modified carbon nanotubes and silicone dioxide NPs resulted in a
significant reduction in serum protein adsorption 31382 A summary of the role
of various coating materials on different NPs in term of protein species bound

and biodistribution was reviewed by Aggarwal et al. 7.

Other parameters that are less studied but could still be important players in the
corona formation involve protein to NPs ratio 33, electron transfer capacity 7%,

and NPs crystallinity 33,

1.4.7 The noxious response to metal oxide NPs

The main cytotoxic effect observed for metal oxide NPs (including USPIONS)
is typically mediated via a generation of reactive oxygen species (ROS) 274384,
Upon ROS overload, the subsequent cellular responses to oxidative stress are
induced and, if ‘repair’ process fails, the cell apoptosis normally starts 38387,
However, a non-ROS-mediated toxicities have been also described for metal
oxide NPs. Here, an excessive accumulation of NPs associated with the cell

membrane 38839 jon release from NPs 391-3% and direct interaction of metal

oxide NPs with ‘death receptors’ 3953% were attributed to be the reasons of non-
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ROS induced cytotoxicity, as illustrated in Figure 0-2. As the NPs in the current
work are iron oxide NPs, the following sections will focus on toxic mechanisms

reported for this type of NPs.
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Figure 0-2: Schematic diagram of metal oxide NPs toxicity.

The damage of phospholipid bilayer of cell organelles, particularly mitochondria, and
protein and DNA injury is the main ‘cell level’ toxicity of the NPs. Both ROS and non-
ROS toxicity pathways are illustrated. The non-ROS mechanism is triggered by ion
release (detachment) from NPs, excessive accumulation of NPs on the cell surface, and
association of NPs with specific’ death receptors’. In vivo toxicity results from entry of
NPs into human body through e.g. inhalation, oral, and dermal routes and their
subsequent biodistribution.
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1.4.7.1 ROS-mediated cytotoxicity of metal oxide NPs

As mentioned above, most research to date has proposed that ROS production
and subsequent oxidative stress is the major cytotoxic pathway induced when
cells are exposed to metal oxide NPs %73, There are few main factors that
induce the process of ROS production by NPs. First, pro-oxidant functional
species exist in the vicinity/at the NPs-bioenvironment interface. Second,
intrinsic properties of NPs material and surface structure (such as redox reaction
of transition metal NPs). Third, direct interactions/contacts between NPs and
cellular compartments 397499401 These will be in more details discussed in the

following paragraphs.

1.4.7.1.1 Parameters affecting ROS liberation
1.4.7.1.1.1 NPs-related parameters of ROS liberation

In studying the variables that control NPs ‘efficiency’ in triggering the
production of ROS, iron oxide NPs will be mainly discussed, as type of NPs

used the current work.

1.4.7.1.1.1.1 Chemical composition

A cycle of two reactions, called Haber-Weiss and Fenton, function to regulate
the process of hydroxyl radical production (the most hazardous ROS) 02403
relying on the reducing capability of ferrous iron in USPIONs. In addition,
ferrous iron has an ability to directly reduce molecular oxygen dissolved in
culture medium to produce ROS. In this regard, two kinds of iron ions are
working simultaneously, the dissolved and NPs surfaces-bound iron species.
Considering the ratio of ferrous to ferric iron several literature findings suggest
that: (i) increasing ferrous ion within the structure of NPs leads to their enhanced

reactivity i.e. more ROS production 4%44% and (ii) under the same condition of
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NPs surface area and volume, magnetite has higher effectiveness in generating

hydroxyl radical than its maghemite counterparts 4%

1.4.7.1.1.1.2 Particles size

Particles size reduction has direct effect on increasing iron oxide solubility due
to higher surface free energy %°’. Therefore, an increased amounts of highly
reactive iron ions will be dissolved in the dispersion medium and can be
expected to promote ROS production — arising now form both dissolved and
solid surfaces-associated ions %%, It was determined that the reduction reaction
rates of iron increase proportionally to the surface area %1, For instance, 10 -
100 times higher surface area normalised reduction rate constant was calculated
after increasing the specific surface area from 0.9 m?/g to 33.5 m?/g **2. Similar
trend was reported by another group 43415, In addition, the catalytic efficiency
in hydrogen peroxide decomposition has been found to be increasing after

increasing specific surface area 416,

1.4.7.1.1.1.3 Degree of crystallinity

Iron oxide could be present in different crystalline phases where these phases
show varied capability to initiate ROS. An inverse relationship was suggested
between thermodynamic stabilities of crystalline phases and the solubility of
ferric iron, i.e. the rate of reductive iron dissolution seems to follow the order of
ferrihydrite > lepidocrocite > maghemite > goethite > hematite where
ferrihydrite has least ordered molecules in comparison with hematite 407417418,
This relationship has been strongly supported in the literature #'°-4?2, In addition,
the recorded Gibbs free energy for less thermodynamically stable iron oxide NPs
is higher than that of more crystalline structure with equivalent dimensions. This

may play an important role in enhancing iron dissolution and a consequent ROS
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induced toxicity. Interestingly however, it was found that higher ROS generation

rate was associated with an increased crystalline structure 42342,

1.4.7.1.1.2 Bio-microenvironment related parameters of ROS generation
1.4.7.1.1.2.1 pH effect

It is important to notice that oxidant species produced in the redox reaction of
iron ions are significantly affected by pH. At low bio-microenvironment pH,
hydroxyl radicals were detected as the dominant oxidants, while neutral or
alkaline conditions appear to support the production of ferryl-oxo complexes as
main oxidant #2427 n this regard, it is essential to mention that hydroxyl radical
has superior power, as a one-electron oxidant, compared to ferryl-oxo
complexes 2. Moreover, an interesting study has reported that the rate constant,
and hence the efficiency, of hydrogen peroxide decomposition to more harmful
species increased from 0.019 to 0.067 M s after changing media condition
form acidic to alkaline in presence goethite *'!. An additional study has

confirmed these results 42°,

1.4.7.1.1.2.2 Reducing agents effect

Various intracellular and extracellular reducing agents (such as Nicotinamide
adenine dinucleotide phosphate (NADPH), glutathione, cysteine, succinate,
ubiquinol, retinol, tocopherol, and ascorbic acid) function to maintain a reducing
environment of biological fluids #*°. As a result, an increase in the reductive
dissolution of iron oxide NPs will inevitably occur and lead to a growth in the
damaging ROS related to the dissolved iron 2. Similar situation happens inside
endosomes and lysosomes that would contain iron oxide NPs, causing severe

cell damage #3-4%,
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1.4.7.1.1.2.3 Other effects

In biological fluids, a very wide range of organic substances with miscellaneous
biological functionalities and chemical groups (such as carboxylate, phenolate,
thiol, and amines) are found to be ubiquitous. These organic substances have a
potential capacity to interfere and modify the scavenging ability of reactive
intermediates of the redox reaction. This mechanism is mediated by their
interaction or complexation with ferrous iron, thereby allowing an increased
production of hazardous oxidant to initiate the toxic effect of iron oxide NPs 434,
In this regard, humic acid and other organic acid (including quinolinic acid,
picolinic acid, and fusaric acid) have been shown to increase the yield of oxidant

generation 435438,

1.4.7.2 Oxidative stress

The oxidative stress describes a process damaging to the normal biological
responses; disruption of a balance between biological system’s ability to
efficiently detoxify the reactive intermediates and accumulation of ROS. As a
cell attempts to overcome this situation, the activation of both enzymatic and
non-enzymatic antioxidant systems is initiated with the aim to restore the redox
balance “%°. Usually, at mild oxidative stress, an activation of phase II
antioxidant enzymes is capable to detoxify present oxidative species *4.
However, higher levels of oxidative stress will trigger a series of toxic cellular
event which cause mitochondrial membrane damage and electron chain
dysfunction, triggering cell death. Overproduction of noxious free radicals can
cause an adverse effect on cell components including Deoxyribonucleic acid

(DNA), lipids, and proteins %41,
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1.4.7.2.1 Effect of oxidative stress on DNA

ROS cause damaging effects on DNA structure and function. ‘Repairing’ of
DNA bases principally occurs as a result of their exposure to ROS, whereby
guanine is the most vulnerable base to undergo oxidation %42, Here, formation of
a mutagenic 8-hydroxyguanine is the best-known DNA modification and a
‘damage product’ that could be used as a potential biomarker for ROS-related
carcinogenesis *>44_ An additional oxidative DNA damages affecting structure
integrity include; DNA strand break, inter- and intra-strand crosslinks and
DNA-protein crosslinks may cause significant DNA injury which are found to
be involved in downstream conditions, such as carcinogenesis,

neurodegenerative, cardiovascular and autoimmune diseases 445446

1.4.7.2.2 Effect of oxidative stress on lipids

ROS could target the carbon-carbon double bonds of lipids component of
biological membranes in a process called ‘lipid peroxidation’ that ends with
disruption of membrane integrity. As a result, an inactivation of membrane-
bound receptors and enzymes, along with an increase in tissue permeability
would be normally expected to occur 4. In addition, the two extremely noxious
lipid peroxidation products, malondialdehyde (MDA), and 4-hydroxynonenal
(4-HNE) *8 are found to be capable of inactivating many cellular proteins by
crosslinking them #4451, Moreover 4-HNE play an important role in intracellular
glutathione depletion and in induction of peroxide production which cause

serious deterioration in cell condition 452453,

1.4.7.2.3 Effect of oxidative stress on proteins

The increased vulnerability of proteins to the proteolytic effect of specific

proteases arises from several activities that could be mediated by ROS. A
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peptide chain fragmentation #**, alteration of electrical charge of proteins, and
protein crosslinking are the main outcomes of free radical species interactions
with a proteinaceous material **°. In addition, oxidation of specific amino acids
residues in proteins (cysteine and methionine) can contribute towards

conformational changes, protein unfolding and, ultimately, degradation 4648

1.4.7.3 ROS and apoptosis
1.4.7.3.1 Apoptosis

The term apoptosis simply refers to termination of cell life by following a
specific cellular ‘death program’, hence another term often use is ‘programmed
cell death’ #*°. Here, the dying cell undergoes biologically anticipated changes
in order to diminish its death influence on the neighbouring cells and to avoid
an uncontrolled immune response. Morphologically, events of cell shrinking and
condensation (as a result of cytoskeleton collapse), and nuclear envelope
dismantling mediate a formation self-enclosed bodies (called blebs) which
function to prevent cellular components from being released into the

extracellular medium 460,

1.4.7.3.2 Mechanism of apoptotic cell death

A detailed description of apoptosis process is beyond the scope of this thesis,
and this section is only aiming to provide a brief introduction to the topic. Recent
research suggests presence of two major apoptotic pathways through which an
energy-dependant cascade of intracellular events occur, as illustrated in Figure
1-3. These pathways include the extrinsic or death receptor pathway and the
intrinsic or mitochondrial pathway. However, a connection between the two
pathways at a particular point was reported %6, In addition, a third proposed

pathway involves cytotoxic T-cells and perforin-granzyme-dependant cell
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killing. This route can stimulate apoptosis via either granzyme A or granzyme
B. Caspase 3-activation presents the convergence point at which the extrinsic,
intrinsic, and granzyme B pathways merge. The activation of caspase-3 (a
protease for different substrates) leads to subsequent events of DNA
fragmentation, degradation of cytoskeletal and nuclear proteins, cross-linking of
proteins. Finally, the formation of apoptotic bodies occurs which have specific
ligands to be recognised by phagocytic cell receptors. The phagocytosis process
then functions to remove the dying cell remnants without induction of
uncontrolled immune- response. It is important to mention that granzyme A
triggers a parallel, caspase-independent cell death route via damaging the single

stranded DNA 462,
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Figure 0-3: Schematic representation of apoptosis-related pathways.

The extrinsic and intrinsic pathways are the major routes of triggering cell apoptosis.
An additional perforin/granzyme pathway has also been identified. In order to initiate
an energy-dependent cascade of molecular events, every path demands triggering of
particular signals. Each separate path is able to activate particular initiator caspase
(8, 9, and 10). All of the pathways will activate the common executioner, caspase-3,
resulting in one execution pathway. The next stage includes complex processes of cell
shrinkage, chromatin condensation, formation of cytoplasmic blebs and apoptotic
bodies.

1.4.7.3.3 The role of ROS in cells apoptosis

When presents in low amount, ROS has been identified as useful/wanted species
that are required for managing cell survival response, however cell death-related
processes are a result of overloading cells with ROS #¢3, There is an important
ROS-activated protein called ‘tumour suppressor protein p53’ which has a
pivotal role in orchestrating cellular responses with respect to ROS content in
the biological environment 463, Accordingly, either cell cycle arrest for
supporting DNA repair and survival or cell death by apoptosis will be triggered

464 Normally, p53 is a short-lived protein which regularly undergo proteasomal
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degradation by the effect of Mouse double minute 2 homolog (Mdm2) so as to

maintain it at low level 464,

Once a DNA damage has occurred as a result of mild ROS cellular
accumulation, p53 will escape the proteasomal degradation to start repairing
DNA strands (after cell cycle arrest). However, if DNA injury is severe, p53 can
transcriptionally orchestrate the apoptosis process. A state of inhibition and
reduction of pro-survival proteins, such as Bcl-2, Bcl-XL, 1APs and surviving,
occurs with simultaneous upregulation of pro-apoptotic members “%4. In this
regard, p53 will work to activate the transcription of pro-apoptotic genes related
to the intrinsic apoptotic pathway, such as Bax, Bid, Puma, Noxa and Apaf-1,
along with extrinsic pro-apoptotic factors such as Fas, FasL, DR-4 and DR-5.
Similar to its former role, p53 can translocate to mitochondria in response to the
mitochondrial DNA (mtDNA) oxidative damage where it is capable to interact
with both anti-apoptotic and pro-apoptotic proteins resulting in leakage of more

pro-apoptotic factors and hence apoptosis will proceed “°°.

The activity of caspases (cysteine-aspartic proteases) can be regulated by redox
action, whereby the catalytic site of these enzymes is susceptible to oxidation.
Interestingly, while caspases can be activated by oxidants 66467 oxidants itself
are also able to irreversibly inactivate their enzymatic action %8, Furthermore,
S-glutathiolation process can regulate caspase-3 activity. In this regard, cellular
glutathione has an ability to diminish the proteolytic cleavage of caspases

causing cell resistance to apoptosis “6°.
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1.5 USPIONSs bio-applications

USPIONSs have several key features making them attractive for application in
medicine. In addition, USPIONs show high flexibility to tailor these features for
optimum application outcomes. For example, biocompatibility, long half-life in
biological media, long-lived stability against aggregation, and immunological
inertness could all be modified after controlling the physicochemical properties
of NPs surfaces via selecting the suitable ligand and functional moiety for a

particular application.

Interestingly, for biomedical healthcare application, USPIONs can be used for
both diagnostic and therapeutic purposes, in which cell therapies can be
monitored exploiting the dual capability of these NPs to function as a magnetic
resonance imaging (MRI) contrast agent and to accumulate in tumours as
potential therapeutic agent 47942, In addition to magnetic hyperthermia and
thermoablation therapies #"*#7>, multi-decorated USPIONSs in combination with
multimodal therapy are considered as one of the most promising treatments in a
personalised cancer management %478 Moreover, biotechnological
applications including food analysis, protein/enzyme immobilization, protein
purification, and water treatment along with bioengineering applications such as
biosensor, and tissue engineering worked to increase the USPIONSs importance

in the new emerging sciences 47°.
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1.6 Project aims

This project aims to investigate:

Vi.

Vil.

Preparation of iron oxide NPs (USPIONSs) using a novel design of
spinning disc reactor (SDR) combined with flow injection technology.
Define design space with respect to nucleation and growth theory of
inorganic particles formation

Investigate the design-related (reactant flowrate, rotation speed, and
SDR size) and some chemical (iron reactant amount, Fe*?/Fe*? ratio
change, and alkaline reactant concentration) parameters influence on
particles size and morphology features of fabricated USPIONS.

Modify the produced NPs surfaces with simple aminoacid ‘monomers’,
rather than polymeric materials, having different molecular structure and
amino acid classes using an invented dry mixing process with applied
shear force.

Provide an insight understanding of the surface interactions of these
monomers with USPIONSs, via studying the infrared (IR) spectroscopy,
thermal behaviour, and outer surface charges of the aminoacid-modified
USPIONSs and, hence, assess their biophysical properties.

Assess interactions of modified USPIONs owning different surface
chemistries with epithelial cells in the cell culture model of intestinal
epithelium, and cellular uptake.

Explore the cytotoxic effect of these USPIONSs in terms of the death

pathway that these cell follow.
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Chapter 2: Ultrafine superparamagnetic
iIron oxide nanoparticles (USPIONSs):
preparation and size characterisation

2.1 Introduction

Due to their size- and shape-dependent behaviours !, adjusting NPs microscopic
characteristics (e.g. size and shape) has attracted an increasing attention
particularly in last ten years after more interdisciplinary applications for NPs
(especially USPIONSs) have been introduced 2. Therefore, novel fabrication
methods with strict size-controlling conditions have been thoroughly
investigated. Basically, to establish a new method for ultrafine NPs fabrication,
nucleation and growth theory-related parameters should be taken into
consideration. In particular, for a given reaction vicinity, the residence time and
mixing efficiency along with abundance rate of reactant precursors are the key

elements prerequisite for controlling the characteristics of particles outcome .

With conventional batch NPs fabrication processes (such as nanoprecipitation
8 sol—gel %10, ultrasonic 2, microemulsion 3¢, and reduction methods 17-19),
the overlapping between both stages of new solid phase creation (nucleation and
growth) is inevitably occurring due to poor controlling of the key factors
mentioned before. As a result, limited uniform size reproducibility is noticed.
Additionally, up-scaling a batch fabrication will result in aggravated situation
and hence highly polydispersed colloidal dispersion would be expected with

various physicochemical properties 2023,
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Since 1990s, a growing number of studies have devoted their efforts to
microfluidic synthetic system as a strategy of non-bulk NPs production. In
particular, continuous-flow microfluidic systems, is most promising design of
this strategy. Contrary to conventional batch systems, the continuous-flow type
is widely investigated owing to its ease of accurate control, rapid heat and mass
transfer, high mixing efficacy, large reaction interfaces 2427, Interestingly,
microfluidic system can provide a nucleation zone in a microreactor which
enables excellent separation of the nucleation stage from the following NPs
growth stage. This is occur as a function of distance away from the point at
which reactant solutions were mixed to attain excellent control of the particle
size, size distribution, and morphology 26°, likewise, an increase in throughput

synthesis with homogenous NPs could be achieved *°.

In general, systems relying on the concept of sending reactant solutions as
streams into a given device can be divided into two catalogues, single-phase
continuous flow and segmented flow systems. In the single-phase continuous
flow a homogeneous stream of two or more reactants continuously flow in
tubing system that, in turn, offers simplicity and a versatile control of the flow,

reaction time, and temperature 2>3-%2,

Contrary to a single-phase flow, a multiphase microfluidic flow, also known as
a segmented flow, comprises of interrupted reactant streams by an immiscible
phase 3. Therefore, at the point of mixing, a recirculation motion 3* is triggered
to create stretching and folding of reactant solutions that, in turn, enhances the
mixing efficiency . This system design offer several advantages over the
continuous flow counterpart, such as superior mixing efficiency with narrow
residence time within each droplet formed %68, Furthermore, minimum contact
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with micro-channelling system thereby reduce the risk of channel clogging
caused by deposition of reactants/products on the channel. It is important to
mention that the interrupting phase could be either gas or immiscible liquid so
that the system will called gas-liquid flows, and liquid-liquid flows

respectively.

Although, the notion of existing a restricted zone to control the size of fabricated
NPs has been applied using conventional bulk system such as microemulsion,
sol-gel and polyol methods, freeing NPs surfaces from surface bound
surfactants, polymers, and other complexing agents is extremely challenging *°.
Therefore, creating a physical confinement for reaction zone, as explained
above, could function as an alternative modification for tuning particles size

where NPs impurities were excluded.

The principle of ‘flow-injection analysis’ suggested by Ruzicka et al *° was
further developed to successfully fabricate mineral NPs with controlled
morphology #*. In this concern, flow injection synthesis, with modification to
the microfluidic platform, has been developed to produce USPIONS.
Mechanically, the system comprises of propulsion unit, injection manifold,
capillary or disc reactor and product collector. The reactants are streamed
through separate carrier tubing system then, fabrication of NPs initiates at a
manifold and continues over either capillary reactor system (as in microfluidic)
or disc reactor as the current case. Basically, segmented type of flow systems
have been tested where an injection valve could be positioned at the junction

unit 4244
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The study implemented in this chapter aimed at, first, fabricating USPIONs
using the above described systems. Different USPIONs batches have been
prepared upon changing operation conditions (as detailed below in
methodology). Second, the resulted USPIONs were characterised for their size
and morphology using two standard methods, transmission electron microscopy
(TEM) and dynamic light scattering (DLS). NPs description were properly
conducted for determination of particles diameter and providing details on size
distribution and polydispersity. This study is applicable in the field of

nanomaterial preparation and characterisation.

2.2 Materials and Methods
2.2.1 Materials

The following materials have been used to prepare USPIONs. Sigma-Aldrich
was the company of origin. Ferrous chloride tetrahydrate (FeCl.. 4H20) 98%
reagent plus®, ferric chloride hexahydrate (FeCls. 6H20) > 98% reagent grade.
Ammonia solution 35% w/w (concentrated), hydrochloric acid (~ 37% w/w)
concentrated, ethyl acetate and methylated ethanol are laboratory reagent grade

were from Fischer chemical company.

2.2.2 Methods

2.2.2.1 Reactant solution preparation

The acidic reactants including both ferrous chloride tetrahydrate and ferric
chloride hexahydrate were mixed in an individual vessel using two different
molar ratios, 0.5 and 0.66 Fe*?/Fe*® to form what is called ‘binary/dual iron salt
solution” (BISS) while the alkaline, concentrated ammonium hydroxide, was

placed in a different vessel. Both solutions (acidic and alkaline) are ready now
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to be streamed into the instrument. Regardless flowrate at which both reactants
were adjusted, the rate of alkaline material flow was fixed to be half of that the
binary iron salt solution flows. Therefore, two peristaltic adjustable pumps were

operated to inject the reactant solutions.

2.2.2.2 Production of USPIONSs using Spinning Disc Reactor
(SDR)

A specific custom-built system, as shown in Figure 2-1, consists of three
main parts. First, a control panel by which the operational conditions (such as
motor rotational speed, reactants flowrate, and chemical transferring channels
on/off) could be easily adjusted via a digital display. Second, carrier tubing
through which the reactive reagents are streamed at desired flowrate. Herein,
digitally-tuned peristaltic pumps are positioned in the middle of stream path
between reagent bottles and tubes end at which a mixing joint is located. The
third part includes 3D-printed spinning disc reactor (SDR) which is connected
to stainless steel electrically-rotated shift. The SDR is placed in the centre of a

glass vessel chamber.

USPIONs were, in this instrumental set up, prepared according to the
following standard procedure. The reactant materials (1.0 L of BISS and 500
ml of ammonium hydroxide solution) were simultaneously, separately injected
within the same timeline through tubing system and combined inside a junction
situated above the horizontally oriented SDR. The mixture is fed directly into
the SDR. The resultant black precipitate was collected into a glass reaction bottle

from the outlet at the bottom of the housing vessel.
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The yield-containing reaction bottle was immediately positioned over a
super-strong neodymium magnet (grade N35) to separate the produced NPs
from the reaction medium. The collected black powder was washed three times
with distilled water, twice with ethyl acetate, filtered under vacuum and finally
left overnight in a vacuum oven at approximately 40°C. It is noteworthy to
mention that neodymium magnet was used every time during washing steps. For
long storage purposes, the dried powder was stored in glass vials tightly sealed

with parafilm and placed inside a desiccator.
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Figure 2-1: Schematic representation of the developed instrument for preparation
of USPIONSs.

The reagents separately flow through three carrier tubing system propelled by a
peristaltic pump. They are combined just prior to addition to the rotated spinning disc
reactor (SDR). The fabricated particles are, owing to centrifugal force, discharged
from the spinning disc to be collected at the bottom of the housing vessel. The formed
USPIONs are collected in a reagent bottle as black colloidal dispersion. (The
fabrication path follows blue arrows).
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2.2.2.3 USPIONSs preparations under different experimental
conditions

Initially, different experimental conditions were used to fabricate USPIONSs.
Six procedures were designed to assess the impact of fabrication parameters on
the size and morphology of the resulting particles. They are summarized in

sections below and illustrated in Figure 2-2.
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Figure 2-2 Schematic illustration of the six procedures used in preparation of USPIONs

Different flowrates (procedure 1) is denoted by size increasing of the dual drop-like
structure, the alteration in rotational speeds (procedure 2) is proportionated to the
leaves number of rose-like 2 structure, changing the size of SDR (procedure 3)
is signified by enlarged rose-like structure. While using different color shade of the
drop structure is referring to increasing the total molar concentration of the binary-
iron salts solution (BISS) (procedure 4), altering the field area occupied by green and
yellow color is used as an indication of Fe**/Fe*" molar ratio change (procedure 5).
Finally, formulas prepared by using half alkaline concentration which were compared
to the corresponding ones of maximum alkaline concentration are assigned by half-
filled beaker-like structure (procedure 6). The values of flowrate, rotational speed and
concentration of BISS are written as 30, 40, 50 and 60 ml/min, 150, 300, 600, 1200,
and 2400 rpm, and 0.25, 0.375, 0.5, 0.6, 0.75 and 1.5 M respectively.
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Procedure 1. BISS flowrate. Four flowrates of 30, 40, 50, and 60 ml/min
were adjusted to pump the BISS solution (0.375 M with the molar ratio of
Fe?*/Fe® of 0.66). The rotational speed of spinning disc was fixed at 150 rpm.
Concentration of ammonium hydroxide used was 35% w/w (18.08 M) and it was

always injected at half rate of the BISS selected flowrate.

Procedure 2. Spinning disc speed. BISS was pumped at 30 and 60 ml/min
flowrates onto the spinning disc operated at five different rotational speeds of
150, 300, 600, 1200, and 2400 rpm. In this procedure the total amount of iron
salt, Fe?*/Fe®" ratio, and concentration of alkaline solution were kept constant at

0.375 M, ratio 0.66, and 35% wi/w (18.08 M), respectively.

Procedure 3. Effect of disc size. In this case a USPIONs produced using
smaller (= 9 cm diameter) and larger (= 13 cm diameter) size spinning discs
(SSDR and LSDR respectively) were compared. In this procedure the total
amount of iron salts, Fe?*/Fe3* ratio, and concentration of alkaline solution were
kept constant at 0.375 M, ratio 0.66, and 35% w/w (18.08 M), respectively. The
reactants were injected at the two different flowrates (30 and 60 mL/min) and at

three different rotational speeds (600, 1200 and 24000 rpm) of the spinning disc.

Procedure 4. Amount of reactive precursors. BISS at six different molar
concentrations were used: 0.25, 0.375, 0.5, 0.6, 0.75, and 1.5 M. These were
injected at 60 ml/min flowrate, spinning disc rotation was either at 600 or 2400
rpm; the concentration of ammonium hydroxide solution was kept at 35% w/w

(18.08 M) and added at half of that flowrate (i.e. 30 ml/min) of BISS as usual.

Procedure 5. Ratio of Fe?*/Fe**. The ratio of Fe?*/Fe** was in this case kept

constant at 0.5. BISS at three different molar concentrations were used 0.375,
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0.75, and 1.5 M. Other conditions were: flowrate 60 ml/min, rotational speeds
600 and 2400 rpm, and alkaline solution concentration 35% w/w, 18.08 M).

Smaller size for the disc was used.

Procedure 6. Alkaline concentration. In this case the alkaline reagent was
diluted to half of standard concentrated ammonium hydroxide solution to 18%
w/w (9.04 M). Other reaction parameters were: flowrate and rotational speed at
60 ml/min and 600 rpm, respectively, BISS were 0.375 and 0.75 M, Fe*?/Fe*3

ratio was 0.66 and smaller disc size was used.

2.2.2.4 Infrared analysis of USPIONSs

IR of the resulted black precipitate were recorded using the attenuated total
reflectance (ATR) sampling technology. An Agilent Cary 630 (Agilent
Technologies, USA) equipped with a diamond crystal was used for recording
the spectra of the desiccated USPIONs powder against air background at a
resolution of 8 cm™, the spectral range of 4000-650 cm™ wavenumber and
presented in term of transmittance intensity. The background time limit and

sample scans are 5 min and 256 times respectively.

2.2.2.5 Transmission electron microscopy (TEM)

The fabricated USPIONs were imaged using Jeol- JEM 2010 and FEI Tecnai
G2 12 Biotwin (USA) instrument. In order to acquire TEM image, one drop of
diluted USPION dispersion was applied onto 200 mesh carbon-coated 3.05 mm
copper grid. After 5-10 min, the excess amount of the dispersion was removed
with the aid of filter paper. The samples were further fried overnight.
DigitalMicrograph from Gatan Microscopy Suite Software was used to process

the micrographs. Particle size was determined by measuring the diagonal
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distance between two opposite points across each individual particle and 150
particles from every image were measures. ImageJ (image processing program
designed at the National Institutes of Health (NIH), USA) was also used to

analyse the degree of particles circularity.

2.2.2.6 Dynamic light scattering (DLS)

Measurement the particle hydrodynamic radius was performed applying
DLS technique using a Viscotek DLS instrument and OmniSIZE software
package (Malvern, UK). Measurements are taken at temperature of 25°C, at a

measuring angle of 90 °C to the incident beam.

Colloidal dispersions of USPIONs (in water) were diluted using 18.2 MQ
de-ionized water in order to obtain mean count around 350-450 (kCount). The
reported results represent the mean of 10 sub-measurements of three
independent experiments. The standard deviation (Std Dev) is calculated as

absolute value of the coefficient of variation.

2.2.2.7 Statistical analysis

Statistical comparisons were functioned by Prism application using unpaired t-
test and one way ANOVA analysis. Values of p < 0.05 were considered
statistically significant. The asterisk-sign *, **, *** and **** indicate p < 0.05,
p <0.01, p<0.001 and p < 0.0001 respectively. Any other probabilities less than

0.0001 were denoted by ****,
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2.3 Results
2.3.1 Preparation of USPIONSs

The concept of ‘alkaline co-precipitation” was principally adopted in
generation of USPIONS in this work %. The reaction pathway selected is based
on mixing ferrous and ferric salts solution with an alkaline medium, leading to
the formation of black solid precipitate 468, The basic equation describing the

chemical reaction can be formulated as:
2Fe3*(aq) + Fe®'aq) + 80H(@agy — FesOs| + 4H0

FTIR spectrum of the resultant black precipitate (USPIONs dry powder) was
recorded to confirm the formation of metal-oxide bond. As illustrated in Figure
2-3, the appearance of intense transmittance bands in range lower than 600 cm-
! is a strong indication of stretching vibration of Fe—O bonds which can be
assigned to the structural environment of tetrahedral and octahedral sub-lattice
of the NPs %3, Additional peaks present at 3300 and 1628 cm™ can be ascribed
to stretching and bending vibration of hydroxyl group belonging to the
remainder water molecules adsorbed on particles surface respectively 45¢ while
the low-intense band at 1401 cm™ arose from C-O bond of adsorbed air carbon

dioxide °’.
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Figure 2-3: FTIR spectrum of USPIONs as dry powder

(A) The collected USPIONs were separated from the residual unreacted material of
their colloidal dispersion by neodymium magnet, followed by several washings with
water and ethyl acetate and vacuum filtered. Filtered material was dried in vacuum
oven to obtain dry powder. For FTIR spectra detecting, the dry powder was further
triturated (as in B) in a mortar.

2.3.2 Particle morphology and size analyses by TEM

Due to the high electronic density the metal oxide NPs possess, transmission
electronic microscopy (TEM) is widely considered the gold standard for size
and morphology characterisation of NPs % TEM images, particle size
analysis and particles circularity distribution of USPIONs batches prepared
according to the different procedures described above, are shown in Figures 2-
4, 7,10, 13, 16, and 19. The particle analysis using TEM was further compared

with hydrodynamic particle sizes obtained from DLS measurements.
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2.3.3 Factors affecting USPIONSs size and morphology
2.3.3.1 Effect of BISS flowrate

2.3.3.1.1 Size and degree of circularity distribution

As shown in Figure 2-4, the profiles of particles size histograms are
gradually changing from right-skewed to nearly symmetrical with increasing the
flowrate of reactant materials from 30 to 60 ml/min. This is reflected in a
consistent trend towards increasing particle size, expressed as ‘median’ values
(statistically defined as a quantity at the midpoint of a certain frequency
distribution, such that there is an equal probability of falling above or below it);
USPIONSs produced at 30, 40, 50, and 60 ml/min flowrate have median particle

size of 6.38, 6.77, 8.73, and 9.08 nm correspondingly.

It should be also noted that the gap between the ‘mode’ (the most frequently
occurring value in certain population) and ‘median’ values is reducing as the
speed at which the reagents flow is increasing, indicating that there is an
increasing uniformity in the size distribution of the batches prepared at higher

flowrates.

The circularity distribution in Figure 2-4 also shows changes with the flow
rate with gradually increasing circularity as the flow rate is increased
(disappearance of left-skewed profile) with 30, 40, 50, and 60 ml/min flowrates
resulting in fabrication of USPIONs with median circularity values of 0.624,

0.713, 0.763 and 0.810 respectively.

Interestingly, USPIONSs prepared at low flow rates of 30 and 40 ml/min show
circularity histogram with bimodal distribution characteristics, which reveal a

reduced level of population uniformity.

84



Fregeuncy (Absolute)

0.0 0.2 0.4

0.6 0.8 1.0 0 2 4 6

e

10 12 14 16 18 20

292 30 ml/min 30 ml/min| 36
Mode: 0.766 Mode: 3.41
2191 Median: 0.624 Median: 6.38 27
1461 r18
731 9
d I
0 == : = -0
g4 140 ml/min 40 ml/min |36
Mode: 0.897 .
Mode: 6.18
631 Median: 0.713 Median: 6.77 2"
421 r18
21 -9
d _
04— —====—10
104190 ml/min 50 ml/min | 36
Mode: 0.917 Mode: 6.2
78] Median: 0.763 Median: 8.73 [ 2’
52 118
26- 9
|
0 (—= === ()
1284 60 ml/min 60 ml/min |36
Mode: 0.888 Mode: 8.9
961 Median: 0.810 Median: 9.08 [27
641 18
32 Lo
0- =" - < s -0
0.0 0.2 0.4 0.6 0.8 1.0 0 2 4 6 8 10 12 14 16 18 20
Circularity Particles diameter (nm)

Figure 2-4: TEM micrographs with distribution histograms of USPIONs prepared using different flowrates

Four USPIONSs batches prepared at each 30, 40, 50, and 60 ml/min flowrates are
denoted as A, B, C, and D, respectively. The corresponding frequency histogram
represent the distribution of particle diameter and circularity. Other processing
conditions are: rotational speed of spinning disc150 rpm, BISS at 0.375 M,
concentration of ammonium hydroxide solution.35% w/w, smaller sized spinning disc.
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2.3.3.1.2 Comparison of TEM and DLS average particle sizes

The comparison of reactant flowrate effect on the average TEM and
hydrodynamic diameter is shown in the Figure 2-5A and B. Although the overall
trend of the line graphs show that there is a considerable increase in particle size
as the flow rate is increased, the only significant rise (p < 0.001) in average
diameter of the resultant particles was noticed upon changing the rate of reagent
flow from 40 to 50 ml/min. In TEM measurements (Figure 2-5A) this increase
is from 7.27 nm to 9.06 nm, and in DLS measurements (Figure 2-5B) this
increase in hydrodynamic diameter is from 2453 nm and 32.26 nm,

respectively.

In general, data in Table 2-1 illustrate an increase in the size uniformity of
the tested batches, whereby the polydispersity values declined dramatically from

0.195 to 0.077 as flowrate increased from 30 and 60 ml/min.
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Figure 2-5: Particles diameter obtained from A) TEM images and B) DLS measurments

For particle batches prepared at different flowrates of reactant solutions. A) The
diameter of individual 150 particles measured using DigitalMicrograph programme.
B) Hydrodynamic diameter from dynamic light scattering measurements of USPIONs
dispersed in deionised water at 25°C, data expressed in term of scattering intensity.
Values represent the mean of three sets of independent measurements with 10 sub-
measurements each. The process conditions are the same as described in Figure2- 4.
Error bars represent +/- 1SD of the average value. t-test statistical analysis has been
followed to define the significant changes. *** denotes a significant increase (p <
0.001) in diameter value compared to size measurement of slowest flowrate used.
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Table 2-1: PDI of particles size for USPIONSs batches produced at different flowrates
as detected by TEM image analysis.

USPIONs Polydispersity index
(different flowrate) (PDI)
ml/min TEM 1
30 0.1953
40 0.1329
50 0.0990
60 0.0775

7 Particles number (n) is 150 for each individual data.

2.3.3.1.3 Average of the fabricated USPIONs circularity

Figure 2-6 summaries the average of particle circularity belonging to the
fabricated USPIONSs according to condition of different flowrates. It is simply
observed that there is a relative improvement in the uniformity of particle
morphology while injecting the BISS with maximum rate. Using TEM images
and ImageJ programme, the circularity values of 0.596, 0.674, 0.688, and 0.734

were recorded for flowrates of 30, 40, 50, and 60 ml/min respectively.
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Figure 2-6: Average of circularity values of four USPIONSs batches prepared at
each 30, 40, 50 and 60 ml/min flowrates

ImageJ programme was used to analyse the morphology of the resulted NPs.
The number of items processed is variable and depends upon the amount of
particles presented in each individual TEM micrograph. The degree of
circularity is expressed in absolute values lying between 0.00 and 1.00. Error
bars represent +/- 1SD of the average value.

2.3.3.2 Effect of spin disc rotational speed
2.3.3.2.1 Size and degree of circularity distribution

USPIONSs prepared according to ‘Procedure 2’ were used to investigate the
effect of various rotational speeds of the SDR on the particle size. In this
experiment, two different flowrates, 30 ml/min and 60 ml/min were used to
produce NPs at the rotations speeds of 150, 300, 600, 1200, and 2400 rpm. Data

are shown in Figure 2-7.

In case of USPIONs fabricated at 30 ml/min flowrate (Figure 2-7i), the all

size distribution histograms show a right-skewed profiles, except that of
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USPIONSs synthesised at higher rotational speed, 2400 rpm, where a nearly bell-
shape of frequency distribution is seen. The data further show shift in median
values towards smaller values, with a reduction in differences between
maximum and minimum diameter recorded of particles populations as the SDR
velocity increased where values of 6.38, 6.2, 4.92, 4.92, and 3.69 nm are ascribed
to NPs resulted over operating the SDR at speeds of 150, 300, 600, 1200 and
2400 rpm respectively. This can provide with a strong evidence of producing
batches having narrow size distribution curve. It is also noteworthy to mention
that there is an inverse relationship between the median diameter and the
velocity at which the SDR were run. In this situation, the median value
diminished from 6.38 nm up to 3.69 nm over adjusting the spinning rate from

150 up to 2400 rpm.

By following the particle circularity data in Figure 2-7i, an increase in the
uniformity of particles circularity is seen. While all circularity distribution curve
have left-skewed shape, the vast majority of the inspected particles of batches
prepared at 600, 1200, and 2400 rpm rotational speeds were clustered around
values of 0.85-1.00. This signifies a proportional relationship between the disc

rational speed and circularity development.

Data for batches prepared at 60 ml/min in Figure 2-7ii show a similar shift in
size and circularity distributions towards smaller and more circular USPIONSs as

the disc rotational speed is increased.
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Figure 2-7: TEM micrographs with distribution histograms of USPIONs prepared using different rotational
speeds.

Four USPIONSs batches prepared at each 150, 300, 600, 1200, and 2400 rpm rotational
speeds are denoted as A, B, C, D and E, respectively. Two sets of batches have been
prepared for 30 ml/min (i) and 60 ml/min (ii). The corresponding frequency histograms
represent the distribution of particle diameter and circularity. Other processing
conditions are: Fe*/Fe** ratio equal to 0.66 at 0.375 M BISS, concentration of
ammonium hydroxide solution is 35% w/w, smaller sized spinning disc.
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2.3.3.2.2 Comparison of TEM and DLS average particle sizes

Figure 2-8A and B summarize the impact of increasing spinning disc rate on the
particle size determined by from TEM and DLS measurements. The data
appeared in both line graphs, representing productions at 30 ml/min and 60
ml/min flowrates, display a general tendency toward reducing particle size as

the spinning speed is increased.

In detail, USPIONSs batches prepared using the lower injection rate, 30 ml/min,
show two stages of significant particle size reduction, the first decline started at
150 rpm rotational speed up to 600 rpm (p < 0.05), with particle size values of
6.93 nm and 5.24 nm, respectively, followed by a plateau at 1200 rpm wherein
the diameter value is 5.22 nm. Similarly, the corresponding hydrodynamic
diameter is reduced from 22.56 nm to 16.3 nm, reaching a plateau at 15.4 nm.
The second significant size reduction was achieved at the rotational speed of
2400 rpm (p < 0.01) in which the average TEM derived and hydrodynamic

particle diameters from DLS are 3.93 nm and 10.52 nm, respectively.

Similar trends were observed for USPIONs produced at 60 ml/min flowrate.
Comparing the particle size at the same spinning speed but at different flow
rates, it appears that at USPIONs produced at 60 ml/min flowrate are normally

somewhat bigger.
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Figure 2-8: Line graphs represent the plot of particles average diameter extracted
from A) TEM images and B) DLS measurements versus different SDR rotational
speed

A) The diameter of individual 150 particles measured using Digital Micrograph
programme. B) Hydrodynamic diameter from dynamic light scattering measurements
of USPIONSs dispersed in deionised water at 25°C, data expressed in term of scattering
intensity. Values represent the mean of three sets of independent measurements with 10
sub-measurements each. The process conditions are the same as described in Figure
2-7. Error bars represent +/- 1SD of the average value. t-test statistical analysis has
been followed to define the significant changes. * and ** denote a significant decrease
(p < 0.05 and < 0.01 respectively) in diameter value compared to size measurement of
slowest spinning speed.
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Table 2-2: PDI of particles size USPIONs produced at different rotational speed and
detected by TEM

USPIONSs preparations Polydispersity index (PDI)
(different rotational TEM{
speed)
30 ml/min 60 ml/min

Rpm
150 0.1952 0.0775
300 0.0856 0.0582
600 0.0888 0.1260
1200 0.1107 0.1483
2400 0.0795 0.0792

7 Particles number (n) is 150 for each individual data.

2.3.3.2.3 Extent of the fabricated USPIONSs circularity

Values manifested in figure 2-9 reveals that there is highly significant
development (p < 0.0001) in particles circularity in case of 30 ml/min flowrate
only at disc speeds below 600 rpm whereas operating the instrument at higher
velocities didn’t yield NPs with better morphology. As an example, particles
batches resulted using 150 rpm, 600 rpm and 2400 rpm rotational speeds were
found to have circularity degrees of 0.596, 0.806, and 0.843 respectively. This
is also applied for those group of USPIONSs (but with less extent, p < 0.001) that

were prepared at 60 ml/min flowrate.
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Figure 2-9: Average of circularity values of two different USPIONSs sets prepared at
various rotational speed

ImageJ programme was used to analyse the morphology of the resulted NPs. The
number of items processed is variable and depends upon the amount of particles
presented in each individual TEM micrograph. The degree of circularity is expressed
in absolute values lying between 0.00 and 1.00. Error bars represent +/- 1SD of the
average value. t-test statistical analysis has been followed to define the significant
changes. ***, and **** denote a significant increase (p < 0.00land 0.0001
respectively) in circularity value compared to size measurement of slowest rotational
speed used.

2.3.3.3 Effect of spinning disc size
2.3.3.3.1 Size and degree of circularity distribution

In order to examine the effect of introducing spinning disc with larger diameter
on particles size and morphology, USPIONSs fabricated under procedure 3 were
characterised and data summarized in Figure 2-10. They show TEM images and
associated frequency distribution data of two sets of USPIONSs prepared at 30

ml/min and 60 ml/min. respectively.

In case of the lower flowrate, 30 ml/min, using the larger spinning disc produced

particle with right-skewed size distribution curves, as shown in figure 2-10iA,
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C and E. Furthermore, it has been noticed that the right skewness of these
histograms are somewhat higher than the corresponding size distribution curves

of particles prepared using SSDR, as shown in Figure 2-10iB, D and F.

It should be noted that there was no significant change in the size histograms of
USPIONs produced by SSDR or LSDR; similar mode and median sizes were

obtained for smaller and larger discs (eg Figure 2-10iA and B etc sets of data).

Analysing the circularity of USPIONs (Figure 2-10i), prepared with larger
spinning discs revealed frequency distribution histograms having slightly more
negative (left) skewness than those prepared using smaller disc. This means that
no further improvement in the morphology upon making this modification has

been achieved.

Data for USPIONSs batches prepared using conditions of 60 ml/min flowrate,
displayed in Figure 2-10ii, show no significant changes in neither shape nor
mode/median values of particle size on changing the spinning disc size. The
comparable lack of effect on the circularity was observed where values of 0.886,
0.895, 0.867 values were recorded for the larger and 0.894, 0.878 and 0.897 for

the smaller disc.
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Figure 2-10: TEM micrographs with distribution histograms of USPIONs prepared using two different disc sizes
Four USPIONs batches prepared at each 600, 1200, and 2400 rpm rotational speed are denoted as A, B, C, D, E,
and F respectively and in alternate regarding the large (blue histogram) and small (red histogram) spinning disc.
Also, two sets of batches have been prepared for 30 ml/min (i) and 60 ml/min (ii). The corresponding frequency
histogram represent the distribution of particle diameter and circularity. Other processing conditions are:
FE2+/Fe3+ ratio equal to 0.66 at 0.375 M, concentration of ammonium hydroxide solution.35% w/w.
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2.3.3.3.2 TEM and DLS average particle sizes

The influence of enlarging the spinning disc size on average TEM derived and
hydrodynamic diameters of USPIONs are displayed in Figure 2-11A and B,
respectively. The bar graphs in Figure 2-11A show that there is no significant
increase or decrease in the average TEM particle size as the spinning disc size
is changed. This is evident for different working conditions: pumping rates of
30 and 60 ml/min and spinning speeds of 600, 1200, 2400 rpm. For instance, at
60 ml/min flowrate USPIONSs possess average size values of 6.50, 5.80, and

5.85, nm for larger and 5.96, 5.84 and 6.06 nm for smaller disc.

Verification of the above conclusion arises from the hydrodynamic size data
of Figure 2-11B, where statistical analysis for both spinning discs used revealed
absence of a significant change in particle sizes. For example, value of 21.58,
19.18, 18.6 nm are obtained for the larger and 20.56, 19.37 and 20.12 nm for

smaller discs.

In general, there is no clear evidence on improvement in PDI values of the
resulting USPIONSs on operating the instrument with larger size spinning disc

(LSDR), as displayed in Table 2-3.

For more demonstration, when the LSDR was placed in the fabricating
machine, slight deterioration in particle size uniformity were observed in batches
produced using rotational speeds of 600, and 2400 rpm with both high and low
injection rates. For example, at 30 ml/min flowrate and aforementioned disc
speeds, PDI values increased from 0.0888 up to 0.1156 and 0.0795 up to 0.1024
above running the LSDR respectively. On the other hand, opposite values were

extracted in case of using 1200 rpm rotational speed.
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Figure 2-11: 3D bar graphs represent values of particles average diameter extracted

from A) TEM images and B) DLS measurements upon using different spinning disc
sizes

A) The diameter of individual 150 particles measured using DigitalMicrograph
programme. B) Hydrodynamic diameter from dynamic light scattering measurements
of USPIONSs dispersed in deionised water at 25°C, data expressed in term of scattering
intensity. Values represent the mean of three sets of independent measurements with 10
sub-measurements each. The process conditions are the same as described in Figure

2-10. Error bars represent +/- 1SD of the average value. t-test statistical analysis has
been followed to define the significant changes.
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Table 2-3: PDI of particles size USPIONs at different spinning discs sizes and
detected by TEM.

Polydispersity index (PDI)
USPIONSs
preparations TEMS

(different rotational Larger disc Smaller disc
speed) rpm
30 ml/min  60ml/min 30 ml/min  60ml/min
600 0.1156 0.1318 0.0888 0.1260
1200 0.0985 0.1081 0.1106 0.1483
2400 0.1024 0.1107 0.0795 0.0792

7 Particles number (n) is 150 for each individual data.

2.3.3.3.3 Extent of the fabricated USPIONSs circularity

Figure 2-12 illustrates that modifying the instrument by changing the size of
spinning disc did not yield USPIONSs batches with better circularity. In contrast,
data point to some deterioration in particles morphology, i.e. circularity for

LSDR at flowrate of 30 ml/min and spinning speeds of 1200 and 2400 rpm.
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Figure 2-12: Average of circularity values of different USPIONSs sets prepared using

various rotational speed and flowrates. Red bar graphs represent results of SSDR,
while blue bars represent readings of LSDR

ImageJ programme was used to analyse the morphology of the resulted NPs. The
number of items processed is variable and depends upon the amount of particles
presented in each individual TEM micrograph. The degree of circularity is expressed
in absolute values lying between 0.00 and 1.00. Error bars represent +/- 1SD of the

average value. t-test statistical analysis has been followed to define the significant
changes.
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2.3.3.4 Effect of BISS concentration
2.3.3.4.1 Size and degree of circularity distribution

The derived from TEM images of USPIONSs prepared adopting procedure 4 are
summarized in Figure 2-13. BISS concentrations used were 0.25 M, 0.375 M,
0.5 M, 0.6 M, 0.75 M and 1.5 M which are denoted by A, B, C, D, E, and F
respectively. The fabrication was performed at 600 and 2400 rpm spinning disc
rotations, assigned by i and ii respectively. SSDR and flowrate of 60 ml/min

were employed.

The profiles of size distribution curves does not appear to, in general, show
significant difference. Somewhat increased median size values, starting from
5.39 nm up to 6.75 nm, can be seen as the concentration of the reactant solution

increases from 0.25 M up to 0.6 M respectively.

Similarly, circularity distribution histograms show no significant alteration on
addition of more iron salts into the production at higher BISS concentrations.
For instance, median values of around 0.888, 0.916 and 0.900 were calculated
for USPIONSs prepared at 0.25 M, 0.5 M, and 1.5 M concentrations, respectively

as illustrated Figure 2-13i.

At 2400 rpm spinning rate, the all formed USPIONs were found to possess
approximately symmetrical size distribution curves with either bell or slight
skewed shape. Excluding USPIONs resulted using the least iron salts
concentration, 0.25 M, the all other frequency histograms did not demonstrate
any change in their position and width. However, the most noticeable effect is a

considerable increase in the median particle size of the tested batches from 4.05
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nm up to 7.52 nm upon increasing a concentration of BISS from 0.25 M up to

1.5 M as illustrated in the right side of Figure 2-13iiA and F, respectively.

Interestingly, it was found that adding higher amounts of ferrous and ferric
chloride salts into the reaction (i.e. using higher concentrations of BISS) did not
introduce any significant effect on the morphology, i.e. circularity of the
fabricated USPIONSs; values remain within the 0.868-0.906 range. The only
exception was in case 1.5 M BISS where a slight reduction in the circularity to
an extent of 0.789 was recorded. As per above conclusion, majority of circularity
distribution histograms have a negative-skewed shape, with values clustering

around 0.885-1.00, as shown in Figures 2-13i and ii.
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Figure 2-13: TEM micrographs with distribution histograms of USPIONs prepared using different iron amounts.
Four USPIONSs batches prepared at each 0.25, 0.375, 0.5, 0.6, 0.75 and 1.5 M BISS concentration are denoted as A, B,
C, D, F and E, respectively. Two sets of batches have been prepared for 600 rpm (i) and 2400 rpm rotational speed (ii).
The corresponding frequency histograms represent the distribution of particle diameter and circularity. Other processing
conditions are: Fe?*/Fe®" ratio equal to 0.66 at 60 ml/min flowrate, concentration of ammonium hydroxide solution.35%
w/w, and SSDR.



2.3.3.4.2 Comparison of TEM and DLS average particle size

Figure 2-14A and B illustrate TEM-derived and hydrodynamic particle
diameters versus after increasing concentrations of BISS. It is noticed that both
profiles show inverse exponential-like increase (with highly significant
difference, p < 0.001) in the average size of the USPIONs. For instance,
hydrodynamic diameter increased from 17.54 nm up to 23.55 nm as the BISS

concentration is increased.

The polydispersity of USIPONSs also exhibits an inverse relationship with the
increased BISS, where PDI values reduced from 0.1386 to 0.0913 upon
increasing the concentration from 0.25 M to 1.5 M, respectively as tabulated in

Table 2-4.
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Figure 2-14: line graphs represent the plot of particles average diameter extracted
from A) TEM images and B) DLS measurements versus different total iron amount
used.

A) The diameter of each single nanoparticle were individually measured using
DigitalMicrograph programme. The total population of each particular point is 150
particles, B) dynamic light scattering of the hydrodynamic diameter (nm) of NPs
dispersed in deionised water at 25°C, data expressed in term of intensity and values
represent the mean of three sets of independent measurements with 10 sub-
measurement each. The process conditions is the same as mentioned in figure 2-13.
Error bars represent +/- 1SD of the average value. t-test statistical analysis has been
followed to define the significant changes. **, *** and **** denote a significant
increase (p < 0.01, 0.001 and 0.0001 respectively) in diameter value compared to size
measurement of lowest BISS concentration.
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Table 2-4: PDI of particles size produced using different total iron amounts and
detected by TEM.

USPIONSs preparations Polydispersity index (PDI)
(different iron TEM 1(at two rotational speeds)
concentrations) M

600 rpm 2400 rpm

0.25 0.1386 0.0664

0.375 0.1260 0.0792

0.5 0.1053 0.1064

0.6 0.1020 0.0775

0.75 0.1012 0.0804

1.5 0.0913 0.0674

7Particles number (n) was 150 for each individual data.
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2.3.3.4.3 Effect on USPIONSs circularity

Figure 2-15 reveals there is no considerable change in particles circularity
on increasing the BISS concentration, i.e. increasing amount of the salts in the
production mixture.
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Figure 2-15: Average of circularity values of two different USPIONSs sets prepared
using various BISS concentration.

ImageJ programme was used to analyse the morphology of the resulted NPs. The
number of items processed is variable and depends upon the amount of particles
presented in each individual TEM micrograph. The degree of circularity is expressed
in absolute values lying between 0.00 and 1.00. Error bars represent +/- 1SD of the
average value. t-test statistical analysis has been followed to define the significant
changes.

2.3.3.5 Effect of changing Fe?*/Fe®* ratio
2.3.3.5.1 Size and degree of circularity distribution

Procedure 5 was adopted so as to explore the influence of ferrous to ferric
ions ratio on particle size and morphology. In this experiment, the ratios of 0.5

and 0.66 of Fe*?/Fe*® (which falls in the optimal 0.4-0.6 range) was compared.
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BISS concentrations of 0.375 M, 0.75 M, and, 1.5 M were used. TEM images

and related frequency histograms are shown in Figures 2-16i and ii.

In case of the spinning speed of 600 rpm, using the 0.5 ratio of Fe*?/Fe*®
produced particle size distribution curves with similar profiles to 0.66 ratio, as
seen in Figure 16i A, B, C, D, Fand E. The median particle size of USPIONs
prepared at 0.66 Fe*2/Fe*® ratio was higher than the counterparts at 0.5 ratio. For

instance, using 0.375 M solutions, 6.77 nm for 0.6 and 5.4 nm for 0.5 ratio.

Regarding particle circularity, the frequency distribution histograms in the
Figure 2-16i all show profiles with a considerable negative skewness, i.e. shift
towards more spherical particles as towards concentration of BISS is increased,
but there is no apparent effect of the Fe*?/Fe* ratio. The data in Figure 2-18
however indicate that ratio decreases the circularity at Fe?/Fe*3 0.375 M but this

effects is reduced as the BISS increases to 1.5 M.

At 2400 rpm spinning speed, Figure 16ii, it was found that median sizes were
notably reduced upon decreasing the Fe*?/Fe*® ratio to 0.5. For example, median
values were 5.93 nm, 6.83 nm, and 7.52 nm for 0.66 Fe*?/Fe*3 ratio, and 4.54
nm, 4.71 nm, and 5.43 nm for 0.5 Fe*?/Fe* ratio, as shown in Figure 2-16ii A,

C, and E and B, D and F, respectively.

Regarding particle circularity, excluding the data using the highest BISS
concentration, 1.5 M, median circularity values are noticeably diminished from
0.897 to 0.773 and from 0.890 to 0.783 when the Fe*?/Fe*® ratio was lowered

from 0.66 to 0.5 for both 0.375 M and 0.75 M concentrations.
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Figure 2-16: TEM micrographs with frequency distribution histograms of USPIONs prepared using two different
Fe*?/Fe*® ratios. Four USPIONSs batches prepared at each 0.375, 0.75, and 1.5 M BISS concentration are denoted as A,
B, C, D, E, and F respectively and in alternate regarding 0.66 (red histogram) and 0.5 (green histogram) Fe*?/Fe*® ratio.
Also, two sets of batches have been prepared for 600 rpm (i) and 2400 rpm (ii) rotational speed. The corresponding
frequency histograms represent the distribution of particle diameter and circularity. Other processing conditions are:
flowrate at 60 ml/min, concentration of ammonium hydroxide solution.35% w/w and SSDR.



2.3.3.5.2 Comparing TEM and DLS average particle size

The graphs displayed in Figure 2-17A and B show that USPIONSs prepared using
Fe*?/Fe*® ratio 0.5 show highly significant (p < 0.001) reduction in particle size
in comparison to 0.66 ratio, measured by either TEM or DLS. This occurs for
both 600 and 2400 rpm spinning speeds. As an example, the average particles
sizes for USPIONSs prepared at concentration of 0.75 M, Fe*?/Fe*3 ratio of 0.66
and at 600 and 2400 rpm were 7.0013 nm and 7.172 nm respectively, while for
those prepared using Fe*?/Fe*? ratio of 0.5 and other equivalent conditions, the

average size were 5.63 nm and 5.04 nm respectively.

The PDI values shown in Table 2-5 manifest the presence of fluctuation in

size uniformity with no clear trend in the data.
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Figure 2-17: 3D bar graphs represent values of particles average diameter extracted
from A) TEM images and B) DLS measurements upon using different Fe*?/Fe*® ratio

A) The diameter of each single NP were individually measured using
DigitalMicrograph programme. The total population of each particular point is 150
particles, B) DLS of the hydrodynamic diameter (nm) of NPs dispersed in deionised
water at 25°C, data expressed in term of intensity and values represent the mean of
three sets of independent measurements with 10 sub-measurement each. The green
bars stand for collection of batches produced using 0.5 Fe*?/Fe** ratio while the red
bar belong to that of resulted from 0.66 Fe*?/Fe*® ratio. The tested flowrates is 60

ml/min. Other process conditions include 35% w/w ammonium hydroxide solution and
SSDR. Error bars represent +/- 1SD of the average value.
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Table 2-5: PDI of particles size fabricated at different Fe*?/Fe*® ratios and detected
from TEM images

Polydispersity index (PDI)

USPIONSs TEM{ (different iron salts ratios)
preparations (total
iron concentration) M 0.66 Fe*?/Fe*? ratio 0.5 Fe*?/Fe* ratio

600 rom 2400 rpm 600 rpm 2400 rpm

0.375 0.1260 0.0792 0.0909 0.0736
0.75 0.1012 0.0804 0.0795 0.1054
1.5 0.0913 0.0674 0.1415 0.0634

7 Particles number (n) was 150 for each individual data.

2.3.3.5.3 Effect on USPIONSs circularity

Data in bar graphs of Figure 2-18 display a highly significant reduction (p <
0.01) in circularity of USPIONSs prepared from 0.5 Fe*?/Fe*2 ratio, in comparison
with those USPIONSs prepared at ratio of 0.66. This is evident in case of 0.375
M and 0.75 M Fe?*Fe®* concentrations. For example, at 600 rpm disc speed,
circularity values of 0.846 and 0.825 were recorded when using 0.375 M and
0.75 M solution with 0.66 Fe*?/Fe*3 ratio respectively, while the corresponding
batches show 0.724 and 0.752 circularity values for 0.5 Fe*?/Fe*3 ratio. This is

also seen when at disc speed of 2400 rpm.

However, at the highest BISS 1.5 M concentration, USPIONs possess
comparable circularity values with no significant change for 0.5 and 0.66

Fe*2/Fe*? ratios.
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Figure 2-18: Average of circularity values of different USPIONS sets prepared using
various rotational speed and BISS with two Fe*?/Fe*? ratios (0.66 and 0.5).

ImageJ programme was used to analyse the morphology of the resulted NPs. The
number of items processed is variable and depends upon the amount of particles
presented in each individual TEM micrograph. The degree of circularity is expressed

in absolute values lying between 0.00 and 1.00. Error bars represent +/- 1SD of the
average value.

2.3.3.6 Effect of reducing the basicity of the alkaline

2.3.3.6.1 Size and degree of circularity distribution

Following the procedure 6, the effect the alkaline material strength on the
particles size and morphology was assessed. USPIONs were prepared at two
different, 0.375 M and 0.75 M, BISS concentrations with concentration of the
alkaline solution (ammonium hydroxide) reduced to 17.5 % w/w and compared

to the counterparts prepared using the maximum ammonium hydroxide

concentration, 35% w/w.
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Generally, there is an absence of significant change in the shape of size
distribution histograms or median diameters, with somewhat left shifted profiles

for particle circularity, as seen in Figure 2-19.
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Figure 2-19: TEM micrographs with frequency distribution histograms of USPIONSs prepared using
two different concentrations of alkaline solution. Preparations of NPs batches were prepared using
two different concentration and denoted as A, B, C, and D alternatively. Histograms with pink color
are assigned for 18% NH4OH while those having red color are stood for 35% NH4OH. Other process
conditions include flowrate of 60 ml/min and rotational speed of 600 rpm. In addition, SSDR has been
used
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2.3.3.6.2 TEM and DLS average particle sizes

Reducing the strength of alkaline media (ammonium hydroxide) by half
produced a limited effect on the average size of the fabricated USPIONSs using
0.75 M BISS, as illustrated in Figure 2-20A, while there is no statistically
significant difference when 0.374 M solution was used. Size values of 7.0013
nm and 7.9026 nm were obtained from TEM analysis for 35% and 18% NHsOH

respectively as illustrated in figure 2-20A.

Similar trends were obtained from DLS measurements (Figure 2-20B), hence
verifying the above conclusions. The size uniformity data in table 2-6 indicate
absence of significant effects on PDI. For example, PDI values of 0.0910 and
0.1012 were obtained for USPIONs prepared using 18% and 35% NH4OH,

respectively.
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Figure 2-20: Bar graphs represent values of particles average diameter extracted
from A) TEM images and B) DLS measurements upon using different NH4sOH
concentrations

A) The diameter of each single nanoparticle were individually measured using
DigitalMicrograph programme. The total population of each particular point is 150
particles, B) dynamic light scattering of the hydrodynamic diameter (nm) of NPs
dispersed in deionised water at 25°C, data expressed in term of intensity and values
represent the mean of three sets of independent measurements with 10 sub-
measurement each. Pink bars stand for a collection batches produced using 18%
NH,OH while red bar belong to that of resulted from 35% NH4OH. The tested flowrates
and rotational speed were 60 ml/min and 600 rpm respectively. In addition, SSDR have
been used. Error bars represent +/- 1SD of the average value. t-test statistical analysis
has been followed to define the significant changes. ns and ** denote no significant and
highly significant change (p < 0.01 respectively) in diameter value..
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Table 2-6: PDI of particles size produced using different amonium hydroxide solution
and detected by TEM.

USPIONs Polydispersity index (PDI)
preparations TEM{ (different NH4OH conc.)
(total iron
concentration )M 18% NH4OH 35% NH40OH
0.375 0.1436 0.1260
0.75 0.0910 0.1012

7 Particles number (n) was 150 for each individual data.

2.3.3.6.3 Extent of the fabricated USPIONSs circularity

Circularity data contained in the bar graph below show that there is significant
deterioration (p < 0.05) in particles morphology upon using reduced
concentration of the alkaline media in fabricating USPIONs. As displayed in
Figure 2-21 the circularity values of both 0.375 M and 0.75 M BISS decreased
from 0.846 and 0.825 up to 0.733 and 0.792 respectively when the concentration

of NH4OH solution were halved from 35% up to 18%.
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Figure 2-21: Average of circularity values of different USPIONSs prepared using two
total iron amounts. Red bar graphs represent results of 35% NH,OH, while pink bars
represent readings of 18% NH,OH

ImageJ programme was used to analyse the morphology of the resulted NPs. The
number of items processed is variable and depends upon the amount of particles
presented in each individual TEM micrograph. The degree of circularity is expressed
in absolute values lying between 0.00 and 1.00. Error bars represents +/- 1SD of the
average value. t-test statistical analysis has been followed to define the significant
changes. * and **** denote a significant decrease (p < 0.05 and < 0.0001 respectively)
in diameter value.
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2.4 Discussion

2.4.1 Mechanism of iron oxide network formation
In order to discuss the basis for USPIONSs production in the work, from chemical

point of view, a relevant reaction mechanism will be discussed below.

Upon dissolving in aqueous media (water), the ferric and ferrous chloride will
frequently form a hexahydrated complexes called hexacoordinated aquo iron 11l
— [Fe(H20)6]™® ions and hexacoordinated aquo iron Il - [Fe(H20)s]™ ions
respectively 1. These ions are capable of hydroxylation reaction, depending on
the pH of medium in which they exist. At room temperature, the trivalent cation
undergo hydroxylation at pH 1 to ~5, while the divalent cation require pH of ~7-
9 to be hydroxylated 2. The resulting complexes of hydroxylated metal are
highly unstable and tend to condense following two basic routes, depending

upon the coordination environment of iron ions.

For both of the routes, an extended metal oxide network will be produced.
In the first case, hydroxo bridges among hydroxylated species will form due to
nucleophilic character of hydroxyl ligand. The net is one-step condensation
which occurs at very high rate, due to the lability of the coordinated water
molecules, as shown in Figure 2-22A. When oxohydroxo complexes exist,
condensation happens via two-steps associative mechanism where the formed
oxo-bridges result in polymerisation of the metal oxide and further water
molecules elimination, as illustrated in Figure 2-22B. It should be noted that
sometimes the latter process, oxolation mechanism, is indistinguishable from the

first one, olation mechanism ©2.
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Figure 2-22: The mechanism of iron oxide network formation

A) Olation mechanism of hydroxo bridges formation, B) oxolation mechanism of oxo
bridging via two-steps associative mechanism, water molecules are eliminated in both
of processes

Accordingly, the presence of the characteristic iron-oxide bonds was confirmed
in this work in the FTIR spectrum, where the extremely strong peaks associated
with the stretching mode of the bond at range less than 600 cm™ wavenumber
are displayed, Figure 2-3. This is in agreement with FTIR spectrum of iron oxide

nanoparticles reported in literature 56:64-68,

2.4.2 Control over particles nucleation and growth

The principle challenge in preparing nanoparticles within ultrafine size range
and spherical shape, is to prevent newly constructed nanoparticles from
aggregating. In order to achieve this aim. This work develops a novel strategy

to control nanoparticles nucleation and growth.
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In order to create a new solid phase (USPIONSs) dispersed in an aqueous
medium, an insoluble monomer (hydroxylated iron species) is first generated
from highly soluble iron salts precursors ®°. The existence of such species is
defined by both lower and higher solubility limits of a certain material. When
the amount of reactive monomers is within this range, an equilibrium is present.
A disruption of the thermodynamic equilibrium will result once the
concentration of reactive monomer in the system exceeds the upper solubility
limit, where critical supersaturation state is achieved — the only situation at
which nucleation occurs. In literature, the upper solubility limit is often called
‘critical supersaturation concentration’ or ‘equilibrium concentration’ ’°, but
here it will refereed to using term ‘nucleation cut-off’, as displayed in Figure 2-

23. (The lower solubility limit is denoted by Cs.)

In this context, the best description of NPs generation as two distinct phase
system is provided by LaMer mechanism "2, In this mechanism, there are three
conceptual stages, as illustrated in a plot of a hypothetical monomer
concentration versus time as shown in Figure 2-23A. (Here the term monomer
denotes to the reacted hydroxylated iron species that are unstable and capable of
forming and/or adding to NPs spontaneously). The three stages include: (i)
production of the monomer and its concentration increase to nucleation cut-off
level, however no solid phase is present so far, (ii) the concentration of monomer
continues to increase to a level of critical supersaturation at which the creation
of nuclei will be energetically favourable, and hence particles nucleation is
instantaneously induced in a process often called ‘burst-nucleation, and (iii) a
considerable decrease in the available reactive monomer in solution continues

within equilibrium state to a level that approaches the lower solubility limit (Cs)
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so that not only particles nucleation was supressed, but diffusion-controlled

particles growth is also quenched.

An upgrade on the above classical LaMer model was introduced by Vreeland
et al in 2015 3 and illustrated in Figure 2-23B. This modification is called
‘extended LaMer mechanism’ in which an open system is considered and hence
continuous feeding of iron precursors is achieved. This is in contrast of what is
proposed by LaMer, where a proposed closed system consequently limits
available monomer. In the extended LaMer mechanism both of stage (i) and (ii)
match the corresponding stages of the classical proposal, while stage (iii)
diverges because continuous production of monomers is allowed. Although the
concentration of monomers declined below the initial peak level that is required
for nucleation to proceed (nucleation cut-off), exhausting the monomer
availability during nucleation event to approach the lower solubility (Cs) is
prevented. This compensation will maintain the quantities of the reactive species
within the equilibrium solubility range. Accordingly, an additional stage (iv) is
introduced in which the formed particle undergo size enlargement via diffusion-

controlled growth mechanism over specified timeframe.

The main advantage of the extended LaMer mechanism is that the well-
known mechanism of size distribution formation, Ostwald ripening "7, is
avoided and hence particle with low size dispersity will be produced. In more
detail, in the classical LaMer mechanism, the amount of monomer in stage (iii)
continues to deplete to the extent close to Cs. At this point no further particles
growth will occur by monomer diffusion and/or attachment to the surface of
existed particles; instead, the Ostwald ripening mechanism will dominate in
order to keep the system thermodynamically stable with least surface free
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energy, thereby larger particles will grow at the expense of smaller ones. Finally

a particles population with wide size distribution will result ”’.

Appreciating both classical and extended LaMer mechanism, the fabrication
equipment used in this work was developed to produce inorganic NPs,
USPIONs. The design of the equipment was such to allow for manipulation of

parameters controlling the particles nucleation and growth.

As illustrated in Figure 2-1, the Y-junction at which the reactant materials
are combined, represents the zone of reaction where the ‘burst nucleation’
occurs while the rotating disc over which the newly formed particle nuclei are
spread stands for the zone where the particles growth proceeds. In order to
convert this design to the schematic in Figure 2-23C, stages I and Il corresponds
to the event occurring in Y-junction zone, while the line of particles growth in

stage (iii) is what is occurring over the surface of spinning disc.

The main difference in the Figure 2-23C diagram includes an immediate and
sharp decline in the available monomer from a micro-environment region due to
constant release of the combined mixture out from the Y-junction to be spread
over the rotating disc. Therefore, the normal stage (iii) (present in both 23A and
B diagrams), in which a gradual reduction of monomer concentration occurs has
disappeared in this equipment design. The advantage of this situation is a
generation of highly uniform and constant number of nuclei resulting from
instant decline in reactants concentration, which in turn leads to ‘freezing’ of the
nucleation event "8, Therefore, this creates a good preface for consistent particles
growth in the following stage, as clearly illustrated in stage (ii) in figure 2-23C.

Additionally, the stage 1V in the equipment design does not actually correspond
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that of extended LaMer mechanism (Figure 2-23B); instead, it is standing for
abrupt and precise point of growth phase termination which occurs once the
rotating spinning disc ‘throws’ the ‘descending’ particles outwards into the
space of the of housing vessel due to acting centrifugal motion. It should be
mention that this design can be considered as an open system, as there is still

continuous addition of free monomer injected along with the formed nuclei.
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Figure 2-23: Schematic illustration of NPs nucleation and growth. (A) An explanation of classic LaMer
mechanism for NPs growth in which stage | represents the monomer concentration increase up to the critical
supersaturation concentration (nucleation cut-off), stage 11 is nucleation event in which reactants concentration
start to relieve, stage Il is the phase where growth event take place. Under condition of limited availability of
free monomer, their concentration continue to reduce until approach the lower solubility limit (Cs) and further
NPs growth proceed by Ostwald ripening. (B) Extended LaMer mechanism for NPs growth proposed by Vreeland
E. C. et al. Stages | and Il mimic the classic LaMer mechanism. In this case, monomers concentration in Stage
I11 does not approach the solubility limit but are gradually stabilised at certain steady-state level below the
nucleation cut-off. Stage 1V is the extension of stage Ill where the continuous feeding of free monomers ensure
uniform NPs growth along with size distribution. (C) The proposal of creating a physical separation of nucleation
zone form NPs growth field. Stage 1 is similar to the aforementioned both mechanisms. Stage Il is shorter and
more uniform burst nucleation due to constrained environments. There is no corresponding stage Il as a result
of the proposed physical barrier. Therefore the stage I1l in this situation is equivalent to stage 1V of the previous
assumption in which short period of continuous monomers feeding and intermediate particles colliding is
proposed. This stage ends with releasing of USPIONs to the collecting vessel that is represented in stage 1V
wherein no additional growth occurred because the concentration of reactant materials are below the lower
solubility limit (Cs).
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2.4.3 Reactant injection into confined zone of nucleation

To further expand on the above proposed principle that an interval exists
between the nucleation and growth stage, which is vital in controlling the
particle size and size uniformity, the importance of the way reactant materials

are introduced into a confined zone will be briefly discussed.

One of the pioneering applications of flow injection strategy was performed
by Wang and Muhammed in 1999 #.. They fabricated zinc oxide NPs via
designing a system that consisted of T-shaped manifold in which the streamed
reactants were combined and passed through carrier channel reactor. They also
installed valves on the path of reactant stream to create constant time intervals
of flow interruption upon closing them. Their way of controlling NPs size and
morphology was to throughout the process restrict Ostwald ripening mechanism.
This system was further modified by Salazar-Alvarez et al in 2006 " for
preparation of iron oxide NPs where peristaltic pumps were added to adjust the
rate at which the reactive materials flow. In that upgraded system, different flow
patterns were proposed: continuous and segmented, with and without insertion
of interrupting medium, in addition to the capability of switching from one
reactive reagent to another. These flow modes were driven by two kinds of

computer-operated valves including on-off and switching valves.

It is important that efficiency of materials mixing in the case of continuous
mode of flow is lower than that of segmented mode. This is because the
movement of materials close to tube wall is slower than in the centre of stream
which in turn leads to the reduced uniformity of free monomers dispersion and
increase in the local residence time of nuclei at boundary of the main stream, as

shown in Figure 2-24A. This will generate so-called ‘parabolic’ fluid velocity
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style in which diffusion and axial and/or laminar flow dominate as a way of
mixing. Accordingly NPs with wide size distribution are expected as a result. In
contrary, interrupting reactant streams will result in absence of such pattern of
fluid flow and hence segmentation in flow will create so-called ‘slugs’
containing reactive monomers separated by either gas or inert medium. The
travelling of ‘slugs’ in the channel reactor generates recirculation movement and
convective flow rather than axial and/or laminar flow which in turn drive
monomer and nuclei mixing resulting in highly uniform growth and hence size
distribution 6384480-82 ag j[|ustrated in figure 2-24B. It is worth noting that under
the same applied condition, the yield of NPs in continuous injection is higher
than of segmented injection because of flow interruption, however, a trial to
develop a multi-tubular reactor having continuous segmentation in flow has

been reported to scale-up the product 2,

It is important to mention that both of continuous and segmented flow
methods are established for NPs fabrication, depending on stages of particles
nucleation and growth. Normally the channel reactors installed are sufficiently
long to support the growth of NPs as the freshly formed nuclei are passing along.
However, the variation in fluid dynamics, illustrated in figure 2-24A and B, does
not occur in the case in our design - as the length of the projected tube beyond
the Y-shaped junction does not allow the formed nuclei to grow, instead the
growth stage occurs later in separate part of the equipment - represented by the

SDR.

Therefore, in the present design, the uniform nucleation results from two
sub-stages. The first stage represents the initial turbulent mixing and vortex
formation at the point where the reactant streams are combining to allow creation
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of uniform ‘embryos’, and this is equivalent to what is happening in both
continuous and interrupted flow. The second stage, the development of
‘embryos’ into larger nuclei occurs via another steady-state turbulent flow
process in which convective mixing with free monomers leads to mass transfer
and circulation. This occurs when the mixture of suspended species is released
from the junction exit to form a drop of liquid (figure 2-24C). The second, weak
turbulence at this point originates as a result of nozzle-like effect by which the
forced volumes of two streams merging into one stream creates a short-lived
internal pressure, which is then spontaneously removed upon the liquid drop
‘release’ through the orifice. The slight fluctuations in pressure have significant
effect on the inner mass movement within the formed droplet, whereby the
orifice at the exit point applies an effect that mimics that of a nozzle . The
pattern of mass circulation within the released liquid drop is in a clockwise and
counter-clockwise directions, as illustrated in figure 2-24C. Finally, at the point
of drop release, an even mixing will occur due to both continuous and segmented

flow.
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Figure 2-24: Schematic of injection flow synthesis. (A) The continuous flow system synchronously
combine reactant 4 and & in one main stream. The point of combination is considered to be the
nucleation region while the following extended channel reactor is the field of NPs growth as
properly denoted. NPs in this system undergo non-uniform growing due to parabolic liquid flow.
(B) The segmented flow system for NPs synthesis is similar to the continuous system in regard to
nucleation event. However, the growth of NPs take place within segment of liquid mixture separated
by inert medium of liquid or gas. In this case the material mixing is completely different from the
former design leading to increase particles size uniformity. (C) Both of the reactants are
continuously injected toward Y-shaped junction resulting in the same nucleation event as in (A)
and (B). The proposed design in this case prevents NPs from growing. Therefore, intensive burst
nucleation may occur as a result of high flowrate, 60 ml/min, and liquid drop release. This is in
contrary to the assumption (D) in which diffusive mixing dominates the turbulence due to the low
flowrate, 30ml/min resulting in reduced uniformity of nuclei size and unwanted primary growth
may take place.
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2.4.4 The role spinning disc reactor (SDR) as a space for
NPs growth

Giving that the nucleation event was performed in a three-dimensional
confinement zone within a junction in which the flowing reactants were
simultaneously brought to contact, the SDR was installed to be the space (vessel)

in which the growth of formed nuclei progressed.

The principle aim of inserting such disc is to create a space for uniform and
efficient product mixing at micro-level, so called ‘micro-mixing’ #%% By
rotating the disc, a centrifugal and shear forces are generated to allow radial
spread of thin film of liquid media throughout the spinning disc 8. The ultimate
objective of this situation is to approach a state of ‘plug flow’ regime of material
dispersion within the thin film formed . The ‘plug flow’ ensures, firstly, an
even density of interactive species i.e. building blocks (free monomer and meso-
stable intermediate primary particles) in the micro-environment surrounding
larger, stable nuclei and, secondly, a similar exposure time of these nuclei to
their micro-environment during growth period and hence. This might lead to

more uniform particle size distribution.

In relation to SDR properties, the surface texture was designed to be either
smooth or grooved, as illustrated in Figure 2-25 (A-D). Testing smooth surfaces
showed that they have favoured flow pattern similar to that of rivulets, which in
turn results in non-uniform mass transfer and discontinuous waves 8%, On the
other side, the grooved texture supports thinner film flow with more steady and
continuous waves and ripples and hence effective mass transport may be

expected 859192 |n literature, these differences in hydrodynamic characteristics

135



of the liquid flow are well reported, and ‘work’ in favour of grooved surfaces

for reducing particles size and narrowing size distribution %%,

In present study, we have used a 3D-printing technology, to fabricate a funnel-
like disc. In this geometry, the freshly formed nuclei and free monomers and/or
meso-stable intermediate primary particles were released from Y-shaped
junction directly onto the central point of the disk (Figure 2-25D). We believed
that deposited material rotates in a circular orbit of the printed grooves due to
the influence of centrifugal force. The orbiting species were noticed to

continuously roll in the grooves promoting the particles growth.

Regarding NPs growth, there are two proposed scenarios that could mainly
be applied. First assumption refers to the classical theory of NPs ripening as a
major mechanism. In essence, this scenario states that the nucleated crystals
grow by surface diffusion and integration of unstable precursor (free monomers
(FesO4 units) or hydroxylated metal aquo-complexes) °"%. The second scenario
relies upon an increasingly supported proposal of that NPs may grow via
accretion (deposition) of sub-nanometre intermediate primary particles (in their
meso-crystal and quasi-hydrated state) %1% on the outer surfaces of the original

nuclei.

In the present experimental design, the size uniformity of growing nuclei
was promoted due to ‘controlled’ aggregation of metastable species and nuclei
under intense micro-mixing 81019 achieved by both actions of shear and
turbulence in the thin liquid film flow. We thought that a shearing effect 7
arises during NPs orbiting in the circular grooves, while the turbulence 9108109

develops upon ‘jumping’ of the accelerated particles to the next, further orbit
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(grove) that has higher level of centrifugal force and so on, until the SDR edge

Is approached, as illustrated in Figure 2-25 D.

H vy

Qo ") ¥ o

Figure 2-25: Cross sectional view of spinning disc reactor (SDR) with different designs.
The liquid movement regime varies from irregular ripples and discontinuous film to more
ordered waves due to the grooves that have been introduced into the surface texture of disc
reactor as in (A) and (B) designs respectively. Enhanced mass transfer was attained by
further changes in the design of disc reactor where more turbulence has taken place as a
result of NPs jumping over circular orbits of the added trenches as in (C) design. The zone
at which nucleation event was physically separated from NPs growth field via combining
reactant precursors inside a Y-shaped Junction before spreading the mixture over SDR as
in design (D) where strict control of the process could be achieved. Here, in all previous
designs both nucleation and growth events were occurring over SDR.

137



2.4.5 Effect of BISS flowrate on particles size, size
distribution, polydispersity and circularity

In order to investigate the effect of different flowrates on size uniformity, the
lowest SDR speed, 150 rpm, was operated where the effect of rotation is at
minimum level. In our results, the significant improvement in NPs
polydispersity is achieved upon increasing the reactant flowrate, and was first

attributed to the narrower timeframe available 1°

and a better initial mixing at
the point of bringing the reactants into contact. In case of using higher flowrate,
60 ml/min, an increased turbulence in flow at two different positions is believed
to be the reason of ‘burst nucleation” which is necessary for production of
monodispersed particles population 1!, Also the nozzle-like effect created when

the droplet is released from the junction exit (as discussed above) plays an

important role in intensifying the nucleation stage.

At a slower flowrate, 30 ml/min, the situation is different due to critical
differences in micro-mixing regime and ‘local residence time distribution’
(LRTD). In this context, the effect of turbulent mixing is dominated by laminar
mixing in which the slow diffusive movement of free monomers and ‘embryos’
is the major driving force of mixing. It is well-known that the effectiveness of
turbulence is much higher than that of diffusion in mixing material mass.
Therefore, as illustrated in figure 2-24D, it can be assumed that the early formed
‘embryos’ first start to appear in the centre of main stream, where the interphase
between the two reactants exist, before this occurs at the boundaries. Herein, the
laminar and diffusive mixing, along with relatively prolonged period of
nucleation (due to slower flowrate) is considered to allow the polydispersity of

particles to propagate 1. In the view of the latter aspect, broadening in LRTD
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is expected to augment the polydispersity, owing to marked discrepancy
between the residence time which is spent by the materials located in axial
region of the main path (centre) and that in boundary flow areas close the
junction tube wall. However, it is worth mentioning that for processes with

longer reaction period, the impact of LRTD becomes negligible ?

It important to discuss that this inconsistent nucleation may either increased or
decreased, according to the conditions of the growth stage, as we will illustrate.
For instance, PDI values of 0.1953 and 0.0775 are recorded for NPs prepared
using flowrates of 30 ml/min and 60 ml/min, respectively, as summarized in
table 2-1, which is in agreement with the trend of polydispersity data for TiO>
NPs in a previous study °. Moreover, our data in Figure 2-4, obtained from
frequency size distribution curves, provide an additional evidence for uniformity
in particles diameter distribution, as the difference between median and mode
values are notably decreased from 2.97 nm (6.38 — 3.41 nm) to 0.18 nm (9.08 —

8.9 nm) for lower and higher flowrates, respectively.

There is another possible reason of broadening of particle size distribution,
‘Ostwald ripening’. Although this mechanism may not play an important role
during the particles growth on the SDR, as will discussed later, its influence is
still important on the ultimate particles size. This means that the triggering factor
for Ostwald ripening to occur is the deficit in ‘building blocks’ required for
particles growth. Therefore, at a slow material flowrate, 30 ml/min, the shortage
of free monomer available on SDR for NPs building may be a decisive factor in
the particles formation and size. Increasing the flowrate will lead to an increase
the amount of both free monomer and intermediate particles required for NPs
enlargement. Accordingly, either diffusion- or coagulation-controlled growth of
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already formed NPs on the rotating disc will result. Consequently average
particle sizes of 6.93 nm and 9.21 nm are obtained for USPIONSs prepared using
slower 30 ml/min and faster 60 ml/min flowrates respectively, as displayed in
Figure 2-5. These results are in agreement with particles size data obtained in
synthesis of functionalised silver NPs, copper oxide NPs, and magnesium
hydroxide and oxide NPs 82113114 ‘hyt in contrast to the reported data of titanium

oxide NPs sizes %,

The low particles circularity of USPIONs obtained for the all tested batches in
this experiment may be mainly ascribed to the low rotational speed of SDR used
in their fabrication, 150 rpm. However, the somewhat improved particles
circularity noticed in Figure 2-6 may be attributed to the steadiness in the
availability of total quantity of NPs at every moment in every local region of the
SDR where the highest flowrate maintain greater balance between the rate of
releasing of metastable species (free monomers and primary particles) from the
Y-shaped junction and the rate of radial spreading of growing NPs across the
SDR. Therefore, as the reactants were streamed faster, more uniform distribution
of materials over the SDR surface could have been achieved, and hence
improved particles circularity distribution. Values of 0.596, and 0.734 were

calculated for both 30 and 60 ml/min, respectively.

2.4.6 The effect of SDR rotational speed on the particles
size, size distribution, polydispersity and
circularity

Regarding the results obtained, it is noticeable that the particle size was
significantly reduced upon increasing spinning speed, for both the highest and

the lowest flowrates used. The major reason for that may be due to the fact that
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the time available for the particles growth is reduced as the SDR is increased &.
In addition, a more detailed analysis of the process would indicate the following.
According to the non-classical hypothesis of particles growth, increasing
rotational speed will reduce the opportunity for intermediate primary particles
to attach and integrate with the surface of bigger nuclei, therefore, the rate of
coagulation-controlled particles growth will be significantly reduced. On the
other hand, if we consider the classical theory of diffusion-controlled growth,
the process of surface diffusion of free monomers in the system is increasing by
the impact of centrifugal force 1°118_ Although the latter applies, the resulted
particles still experience reduction in size. This may be because the influence of
molecular diffusion on particles growth is relatively lower than that of the
surface growth due to coagulation-controlled growth. This may be illustrated in
the fact that at the slowest rotational speed, 150 rpm, TEM determined average
particle size was 6.93 nm and 9.21 nm, for 30 and 60 ml/min flowrate,
respectively, while for the fastest disc speed, 2400 rpm, the average TEM
diameters were 3.93 nm and 6.05 nm, for both highest and lowest flowrates,
respectively, as displayed in Figure 2-8. The comparable trends of NPs size

reduction were reported in the literature 84.96:113114,119-121

It is important to mention that NPs prepared at 60 ml/min flowrate and
rotational speeds of 600 rpm, 1200 rpm and 2400 rpm did not show significant
particle size changes, where the values of 5.96 nm, 5.84 nm and 6.05 nm were
recorded, respectively. It may be proposed that under these fabrication
conditions a state similar to that of ‘plug flow’ was maintained due to a constant
and continuous displacement of NPs quantity per unit time above the defined

area of SDR, as suggested previously 8%, which offers a greater uniformity in
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a degree of solid and liquid phases movement (transverse and radial) extended
from central point of rotating disc towards its periphery, i.e. periphery of the
growth zone 8%, In order to illustrate this situation, one can presume two
hypothetical variables: of ‘mass input’ (mass of materials added per unit time to
the SDR) and of ‘mass output’ (mass of materials leaving the SDR per unit
time), at certain flowrate and rotational speed, respectively. If the mass input is
higher than mass output, an accumulation of building material/blocks on the
SDR over the time will occur (figure 2-26 A and B) and consequently an increase
in NPs size can be expected 8. On the other hand, when the mass of material
leaving SDR from its periphery exceeds that of material addition to SDR, then
discontinuation of the process will occur (figure 2-26 C) and consequently a
reduction in particle size will be seen. Accordingly, a combination of higher
flowrate and spinning speed could mainly offer smooth and continuous mass

input and output, as illustrated in figure 2-26 D.

Data for size polydispersity in table 2-2 illustrate a considerable
improvement in PDI values upon accelerating the rotational speed of SDR,
particularly in NPs batches prepared by using 30 ml/min. To explain this
observation, it was well-established that the origin of broadening size
distribution is ‘Ostwald ripening’. The environment that potentiate this process
is the deficiency in amount of free monomers available for diffusion-controlled
growth to proceed. Therefore, as a compensatory mechanism, smaller particles
start to ‘shrink’ (dissolve) to act as a source of free monomers for growth of
larger particles. In the present study this becomes increasingly obvious once the
free monomer feeding rate was reduced, especially at slower disc speed (Figure

2-26 A). When the SDR speed was increased (Figure 2-26 B), the micro-mixing
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process (shearing and turbulence) became more efficient, where the liquid film
over SDR becomes thinner an in that way reduces the time for complete
molecular dispersion ®. Therefore the micro-environment surrounding each
nuclei ensures a uniform availability of monomers at every moment and every
region of the disc, which in turn produces an even NPs growth. In addition, a
shorter period of growth significantly reduces the opportunity of ‘Ostwald
ripening’ to occur. On the contrary, the process of ‘digestive ripening’ is
expected to occur. The latter process depends on the principle of that the growing
of smaller particles is faster than of larger ones, which will produce more
uniform NPs population. In conclusion, inhibition of ‘Ostwald ripening’ and
promotion of ‘digestive ripening’ will result. Accordingly, PDI values are
reduced from 0.1952 to 0.0795 when the rotational speed is increased from 150
rpm to 2400 rpm, respectively. Similar reduction in size polydispersity was
reported for preparation of Titanium oxide, zinc oxide and barium sulfate NPs

in the previous studies 849108,

At both running flowrates, 30 ml/min and 60 ml/min, an improvement was
noticed in circular morphology which is attributed to the acceleration in rolling
of NPs within their orbits by means of increasing SDR speed. Therefore, the
degree of circularity was increased from 0.596 up to 0.806 and from 0.734 up to
0.846 upon using lowest and highest flowrates and increasing disc speed from
150 rpm up to 600 rpm respectively as illustrated in Figure 2-9. Nonetheless,
further speeding of SDR beyond 600 rpm showed no upgrade in particles
circularity. The reason may be, at that level of faster spinning, the aggravated
agitation and turbulence during thin film mixing will minimise the effect of

rolling on developing NPs with higher degree of circularity.
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Figure 2-26: Schematic illustration of dual effect of reactant flowrate and rotational
speed of SDR on NPs size. Within the spectrum of present study and distribution
uniformity, (A) Relatively large NPs with wide size dispersity were gained by using slow
flowrate (30 ml/min) and disc rotational speed (150 rpm). (B) Larger size and tight
dispersity resulted from increasing flowrate up to 60 ml/min with keeping disc speed at
150 rpm. (C) Smaller NPs with uniform size distribution were obtained upon
accelerating spinning speed up to 2400 rpm while the flowrate is 30 ml/min. (D) similar
value regarding size uniformity as in (C) has been obtained but with larger as a result
of increasing reactant flowrate up to 60 ml/min. The efficiency of liquid and mass
mixing were achieved after disc speed was accelerated as in (C) and (D).
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2.4.7 The effect of SDR size on the particles size, size
distribution, polydispersity and circularity.

The third physical variable in preparation of USPIONSs that we have tested
includes the use SDR with larger diameter. Interestingly, particles size and size
distribution data showed no significant change when using LSDR, where the
effects are clearly evident for operating flowrates. In this case, the LSDR will
provide an increased magnitude of centrifugal force at the disc periphery 12212
in comparison with SSDR revolving at the same speed. If we consider a growing

metal NPs as heavy mass circling around an axis of rotation, then the amount of

centrifugal force could be calculated according to the following expression *2:

Mass (W) = (Tangential Velocity (V))?
Radius (R)

Centrifugal Force (F) =

Disc Circumference (C))z

Where Tangential Velocity (V) = ( Time

Time (t) = rme and Disc Circumference (C) =2+ m*R

The higher magnitude of tangential velocity (V) at the edges of the LSDR 1%
will lead to an increase in the force applied on NPs which in turn functions to
enhance mass disintegration and hence reduction in particles size will be
expected 12%. One can hence envisage that the meso-stable, intermediate primary
particles adhered to the NPs surface and yet to be fully ‘fused’ because of their
quasi-hydrated state, they will be highly vulnerable to detach from NPs surfaces
on increased applied force. If this is not the case, then they should undergo
further contraction and merging as a result of water loss during olation/oxolation
bond formation while the process of growth continues 1%. Accordingly, we

believe that the ‘atomising effect’ 123127130 of the higher centrifugal force works
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in parallel with coagulation-controlled growth previously described, leading to
cancelling out any significant changes in particles size. As an example, the
average size of USPIONSs prepared at 1200 rpm rotational speed and 60 ml/min
flowrate are 5.80 nm and 5.84 nm for LSDR and SSDR, respectively. The
similar was observed for the lowest flowrate, 30ml/min, and spinning speeds,

600 rpm and 2400 rpm, as displayed in Figure 2-10 and 2-11.

Consistently with the above results and their rationalisation, the fluctuation in
polydispersity values when using LSDR further augment the ineffectiveness of
employing increased SDR size in improving the quality of NPs. Data related to
rotational speed of 600 rpm showed deterioration in NPs size uniformity index
from 0.0888 to 0.1156 for 30 ml/min flowrate when SSDR replaced with LSDR.
Similar worsening in PDI is seen when using 2400 rpm, while the situation is
opposite in the case of 1200 rpm spinning speed. The similar variations are seen
using 60 ml/min flowrate, for all rotational speed tested. In this regard, an
additional explanation might be presented. A 3D computational modelling
performed by Bhatelia TJ et al 3! to calculate the liquid film thickness over SDR
has revealed that film thickness reduces along the radius of the spinning disc as
the rotational speed increased. Once the film thickness reduces to a certain limit,
a collapse in liquid layer starts to appear, especially in a region close to disc
perimeter - as a result of centrifugal force increment. Enlarging disc size will
exacerbate the liquid film and ripples instability and discontinuity, because of
an additional centrifugal force and film thickness reduction 22132, The break in
liquid layer over the rotating disc will produce irregular micro-mixing and
microenvironment around NPs and therefore, uneven growth rate may be

anticipated.
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The circularity of USIPONs fabricate using LSDR showed deterioration in
their values. One could suggest that this may be due to an increased liquid film
deformation, due to enlarging the SDR, including discontinuation and thickness
variation which play a crucial rule in particles circularity - where inconsistent
local pressure may arise especially at the disc periphery. In addition, the
aforementioned competition between NPs coagulation-controlled growth and
disintegration, along with variations in local pressure, may give rise to instant
oriented coalescence of primary particles at one face of NPs, on the expense of
other faces. It was also noticed that the circularity decline was intensified at
highest spinning speed, 2400 rpm, at which the ‘aggressive’ conditions are
expected due to a high speed and forces applied. Here, the recorded values are
0.688 and 0.799 for the LSDR at 30 and 60 ml/min, respectively while for the
small SDR, circularity values of 0.847 and 0.843 were observed. As mentioned
before, the circularity range was reduced at slower rotational speed due, to lower
level of ‘aggressive’ conditions. For example, at 1200 rpm and 30 ml/min,
values are 0.751 and 0.796 for the LSDR and SSDR, respectively, as illustrated

in Figure 2-12.

2.4.8 The effect of total iron amount (T1A) in the BISS
on the particle size, size distribution, polydispersity
and circularity

The first chemical factor to discuss is the increase in both ferrous and ferric ions
amount (mass) present in the fixed volume of aqueous solution used in the
USPIONS fabrication. The data obtained here reveal its significant proportional
impact on particle size (p < 0.001). It is well established that the kinetics of a

reaction is strictly related to the amount of reacting materials *3**, especially
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during a primary nucleation event in which higher level of supersaturation is

expected to be maintained 1%°.

Given that the nucleation event in our design occurs within highly limited
period of time and in a confined zone, the higher reaction rate (due to higher
mass of the reactants) will result in creation of a higher number of metastable

primary intermediate particles along with nuclei **

, at the expense of a lower
amount of free monomer. Therefore an order of interacting species population
of primary intermediate particles > nuclei > free monomers may be present, and
hence, an increasing density of particles (in a certain volume) are available once
the mixture was released onto the spinning disc. In more details, at total iron salt
amount lower than 0.75 moles, the both proposed mechanisms of aggregation
(coagulation)-controlled and diffusion-based growth are allowed to function
simultaneously towards producing larger NPs, with possibly some dominance
of the first mechanism (aggregation-controlled growth) 1261 This is because
there is still a balance among the aforementioned factors. As the TIA of BISS
was increased above 0.75 moles, conditions for enhancing growth retardation ’
will be highly favourable in which extreme depletion in free monomer and, to
less extent, primary intermediate particles are presumed in favour of increasing
number and size of embryos and/or nuclei due faster reaction kinetic. Therefore,
another order of building species population is assumed: nuclei > primary
intermediate particles >> free monomers. The change in the postulated order is
thought to be due to intensification in the very initial stage of nuclei growth
(short-lived growth) that arises from rapid diffusion and surface-integration
and/or reaction processes *%. As a consequence, once the slug spreads over

SDR, the high number of formed, bigger nuclei experience the regular growth
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stage — however at a slower rate due to other building blocks (primary particles

and monomers) exhaustion 37,

Regarding our results, increasing the total iron amount from 0.25 to 0.75
mole have increased the average USPIONSs particle size by approximately 3 nm,
from 4.26 nm to 7.17 nm, while the size gain is only 0.28 nm, to 7.44 nm, upon
further doubling the iron amount in binary-solution to 1.5 moles (at rotational
speed and flowrates 2400 rpm and 60 ml/min, respectively), as illustrated in
Figure 2-14. The data hence support the proposal that an equilibrium exists
between processes occurring in the nucleation and that in the growth, and these
could explain the reason of the negligible size increase noticed at the latter
fabrication conditions. Similar trend is obtained using operating spinning speed

of 600 rpm. The trends of these results are in agreement with the literature

79,113,114,138

Anincrease in TIA present in USPIONS fabrication resulted in narrower size
distribution. This is particularly evident at rotational speed of 600 rpm, in
comparison to 2400 rpm at which particle size does not significantly change over
the tested range, illustrated in table 2-4. The low PDI values noticed when using
the highest TIA of BISS, 1.5 moles, are attributed to very fast initial reaction
rate, along with a subsequent early construction processes of sub-nanometre
intermediate primary particles, embryos, and nuclei. Moreover, if we take into
consideration that there is extremely limited time for nucleation to occur, as a
result, highly uniform nuclei should be created which in turn grew to uniform
NPs population. To illustrate, readings of 0.0913 and 0.0674 PDI are recorded

for 600 and 2400 rpm spinning speeds respectively when 1.5 moles of TIA was
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used, whereas PDI values are 0.1386 and 0.0664 for the same speeds,

respectively when reacting 0.25 mole of TIA.

The circularity degree of all USPIONs batches fabricated generally showed
no significant changes when the total TIA of BISS was increased. This trend
could be understood according to the above discussion whereby the related
conditions, including rotational speeds of 600 and 2400 rpm and flowrate of 60
ml/min, are capable of fabricating particles possessing high levels of circularity.
This gives an indication on how much the applied variables are capable of
effectively maintaining the circular morphology of NPs produced within the
range of 0.801 — 0.866. The only exception in our case is the considerable
deterioration in the circularity of NPs prepared using highest amount of iron, 1.5
moles, at 2400 rpm rotations speed where value of 0.747 was obtained, as
displayed in Figure 2-15. This might be explained as a consequence of a
congestion that may arise from overloading the SDR with high amount of

interacting species.

2.4.9 The effect of Fe*?/Fe*® ratio on the particles size,
size distribution, polydispersity and circularity

The role of ferrous ion is expected to be mainly related to nucleation stage
of USPIONs fabrication, particularly in the current fabrication set up. For
constructing FesO4 units, at pH medium high than 8.0, the very initial solid phase
of ferric hydroxide undergoes a process of dissolution-recrystallization in which
the divalent iron ions are coordinated **° and involved to form a metal oxide
polymer 6263121 Thjs event occurs through three complementary processes: 1)
combination of ferrous aquo-complexes with ferric complexes, 2) bridges and

bond formation via olation/oxolation mechanism leading to water elimination
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and dehydration, 3) crystallisation and structural rearrangement 149143, In order
to describe the process, these steps are considered to be repeated in a cycle so
the early (first) cycle results in appearance of FesOs units which undergo a
grouping with similar units to trigger another cycle. As the process of iron (1)
sequestration continue, more condensed product (iron oxide) will result 144,
which will result in a construction of intermediate seeds and nuclei. Therefore,
increasing the amount of Fe*? will lead to a formation of larger nuclei at the
expense of their number. With this in mid, it is believed that any further growth
of nuclei should occur via surface adsorption and attachment of smaller species
and hence additional cycle of dissolution-recrystallization is required. In
addition, the presence of both Fe*? and Fe*® provides a redox pair in which the
electron transfer and hopping occur through overlapping d-orbitals. For that
reason, this electron-delocalisation will enhance structural rearrangements
towards more energetically favourable and ordered crystalline structure and
hence intensify initial growth process of nuclei. Ultimately, increasing the
Fe*?/Fe*® ratio results in a production of USPIONS of larger size, due to presence
of lower number of nuclei with increased size. It is important to mention that
changing the Fe*?/Fe*® ratio might play an indirect role in the mechanism of NPs
growth occurring over rotating SDR, which may be markedly different from its

role in the very initial growth stage of nuclei.

Considering our results, the average particle size of USPIONSs, prepared at
2400 rpm spinning speed, 60 ml/min flowrate and 0.75 mole TIA, showed a
highly significant reduction (p < 0.001) from 7.172 nm to 5.04 nm when the
Fe*?/Fe*® ratio was decreased from 0.66 to 0.5. TEM and DLS data of all the

other tested NPs, prepared under different conditions of rotational speed and
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TIA, affirm the above observation on the particle size reduction upon changing
ferrous to ferric ratio, as illustrated in Figures 2-16 and 2-17. These data are in

agreement with those reported in the literature 145149,

The values tabulated in Table 2-5 show absence of apparent trend towards
either narrowing or broadening of particle size distribution when the Fe*?/Fe*3
ratio was changed. At 600 rpm spinning speed, there is noticeable reduction in
PDI values from 0.1260 to 0.0909 for 0.375 mole and from 0.1012 to 0.795 at
0.75 mole TIA when reducing the Fe*?/Fe* ratio from 0.66 to 0.5, respectively.
Contrary results were obtained when 1.5 mole total iron was used. In general, at
2400 rpm spinning speed, PDI values have not changed for all TIAs and
Fe*?/Fe*3 ratios, which is another example on inconsistency in PDI data trends.
It is beyond the scope of present work, to further study and provide a clear
explanation for the above results. The present set of data more than one variable
controlling the outcome are changing. However, in general, a reduction in
ferrous to ferric ratio, along with increasing the TIA, may play a major role in
shaping the relationship between rate changes of both iron precursors reaction
and Fe3O4 network formation. As a result, a different pattern of nucleation may
take place, especially if we take into account the environment that confined

zones and SDR may provide.

Alterations in circularity degrees show similar pattern to that of PDI, where
the change is controlled by a simultaneous effects of both, TIA and Fe*?/Fe*®
ratio. This may prove an additional evidence to the above suggestion. Using
rotational speeds of 600 and 2400 rpm, it was found that circularity of NPs
prepared using 0.375 and 0.75 mole of total iron was reduced with a decrease
in Fe*?/Fe*® ratio, while no reduction was observed when the TIA of BISS is
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increased to 1.5 moles, as illustrated in Figure 2-18. Therefore, further studies
on a degree of crystallinity might be beneficial in constructing a more detailed

rationalisation.

2.4.10 The effect of reducing alkaline medium
strength on the particle size, size distribution,
polydispersity and circularity

It is extensively reported in the literature that high pH of the reaction medium
(especially pH > 8) could function as a precipitating agent for iron oxide 6263,
Therefore, medium alkalinity could have a significant impact on controlling the
nucleation event °’. As hydroxylation reaction of both ferrous and ferric ions
continue, the pH of nucleation zone starts to decrease and hence the process in
which structural rearrangement of ferrous and ferric aguo-complexes to oxide
species occur is hindered at a given timeframe 43, This prevents the following
processes to proceed, causing a reduction in number of free monomers (Fe3O4
units) and meta-stable primary particles. This will consequently enhance the
Ostwald ripening mechanism to drive NPs growth when they are, in our case,
released to SDR. This situation supports the ‘conditions of closed system’ in
which NPs ripening occurs under environment of depleted and/or limited

amounts of building blocks. Ultimately, one would expect larger particles size

of USPIONSs to be produced.

However, there may be another rationalisation which would suggest
production of smaller USPIONSs at the higher pH medium. Herein, the formed
USPIONs will be thermodynamically stable and experience no dimensional
changes due to the equilibrium that can be achieved between a number of

hydroxyl moiety associated with outer surfaces of NPs and that in the liquid
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medium *°. In case of low pH (low amount of hydroxyl functionality), the new
solid phase tries to reduce its total surface area in order to maintain the
equilibrium state with liquid phase via reducing the total amount of adsorbable
hydroxyl ion, and hence larger particles will form. The opposite would occur by
increasing the amount of hydroxyl ions of alkaline medium 1. However, this
postulation seem to be more appropriate for stabilising USPIONSs over long-term
storage conditions in which the NPs will be prevented from undergoing slow

growth process as a result of coalescence upon ageing.

In our experiments, at 0.375 mole of total iron, there is no significant change
in average NPs size when reducing ammonium hydroxide concentration from
35% to 18%, while at higher total iron amount of 0.75 mole a significant increase
(p <0.01) in NPs size, from 7.0013 nm to 7.9026 nm, respectively, was seen, as
shown in Figure 2-20. The discrepancy of the particles size results with above
discussed mechanisms, may be rationalized by the role of SDR in mitigating the
effect of reducing precipitating agent (NHsOH) strength. However, using a
higher TIA along with a reduced ammonium hydroxide concentration could
have produced a dual effect on depletion of free monomers (higher reaction and
pH lowering rate) giving rise to Ostwald ripening which then lessens the impact

of SDR on controlling particles size. Similar has been reported in the literature

79,142,150

Despite of Ostwald ripening potentially occurring at TIA above 0.75 mole,
the particle size distribution of NPs did not exhibit any broadening. This gives
an indication that SDR is still playing a positive role in the process of fabricating
USPIONSs. PDI values of 0.1012 and 0.0910 for NPs prepared using 35% and
18% ammonium hydroxide, respectively, as illustrated in Table 2-6 (other
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operation variable include: 600 rpm spinning speed, 60 ml/min flowrate) further

confirm this.

In addition, the reduction in medium pH (especially pH < 8) will favour
production of mixed iron oxide/hydroxide, by changing the preferential reaction
mechanism from oxolation to olation, and therefore non-spherical particulate
may appear due to poor structural and morphological evolution 142, For example,
circularity degree deteriorated from 0.846 to 0.733 upon halving the
precipitating agent concentration (NH4OH) from 35% to 18%, respectively

when using 0.375 mole TIA.

2.5 Conclusions

The present study set to test the applicability of a new SDR instrumentation
for fabrication of inorganic NPs. The instrument was designed to provide a
physical separation between nucleation and growth stages in the USPIONs
formation and to allow a continuous feeding of building blocks (free monomers
and intermediate meso-stable primary particles). This was aimed at establishing
optimised conditions for controlling particle size distribution and uniformity of
USPIONs — a desirable, key requirement for an ideal USPIONs synthesis
process. The instrument design allows for nucleation and growth stages to be
controlled in their defined spatial zones via adjusting two operational (physical)
variables; reactant flowrate and SDR rotational speed. The work presented in
this chapter shows that as a result of this design, the particle size and morphology
of formed USPIONSs could be finely-tuned within the 4 - 9 nm size range.

Moreover, the data show that manipulating one of the chemical reaction
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variables (TIA of BISS) could also be employed to control the NPs growth,
taking the advantage of distinctive operational characteristics of the instrument,

so that fine-tuning in the 4.26 to 7.44 nm range can be achieved.

The uniformity of particle size was improved upon increasing reactant
flowrate, where a uniform burst nucleation (at the Y-shaped junction) is
supposed to be achieved by a shortening in ‘residence’ time and enhanced
mixing 27®11% The data further show that by increasing a spinning speed of
SRD one can produce NPs with low PDI value, as a result of controlling an effect
of Ostwald ripening, along with intense micro-mixing and a superior mass
transport mechanisms %%, Accordingly, very low PDI values of around 0.05 to
0.08 were recorded on more than one occasion, which gives an indication of the
process and instrument versatility, where similar results could be obtained using
different settings of physical and chemical variables. This is applicable for both
NPs size and polydispersity, where similar nanoparticles attributes can be
obtained by different adjustments in experimental conditions, e.g. reactant
flowrate and SDR rotational speeds. For example, average sizes of around 6-7
nm were obtained for both the flowrates and spinning speeds of 30 and 60
ml/min and 150 and 2400 rpm respectively, whereby the expected increase in
the NPs size because of increasing feeding rate was counteracted by increasing

of disc spinning speed.

In general, superior size and morphological characteristics of USPIONs
were obtained as the reactants flowrate was increased from 30 to 60 ml/min, and
as the SDR operated at speeds higher than 600 rpm, but no improvements in the
NPs attributes were seen when LSDR was used. In addition, increasing TIA
showed maintained morphological features of the NPs.
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Accordingly, several USPIONs preparations were found suitable for further
experiments, as described in the next chapter, as, for instance, USPIONSs
prepared at 60 ml/min flowrate, 600 rpm rotational speed, TIA of 0.5-0.75 mole,

smaller size SDR, and 0.66 Fe*?/Fe*® ratio.
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Chapter 3: Surface Modification of
USPIONs with Different Amino acids:
Preparation and Characterisation.

3.1 Introduction

Because of the inherent properties of iron oxide NPs, USPIONs are prone to
aggregating into large clusters upon dispersion in an aqueous medium. The high
surface area to volume ratio of these colloids enhances the magnetic dipole-
dipole interactions and, in conjugation with an increased surface free energy,
and hence the attractive VDW forces, dominates and drive NPs aggregation 1.
It is well-known that the NPs aggregation reduces a long term stability of their
colloidal dispersions and limits their applications. Therefore, ways of
counteracting the attractive forces are necessary for a production of stable

magnetic ferrofluid that can have a diverse utilisation in different fields °.

In essence, there are two different strategies have been adopted in order to
achieve a thermodynamically stable colloidal dispersion. The principle motif
that all these mechanism is the control of attractive inter-particulate forces,
classically described in Derjaguin-Landau-Verwey-Overbeek (DLVO) theory
87 In fairly stable system, the maximum energy of the ever-present attractive
forces must be sufficiently small to permit gentle thermal activity or agitation to
re-disperse the flocculated particles. Creating an electrical double layer that is
e.g. constructed from counter ions at the solid-liquid interface, is the first
strategy used to provide a repulsive force which interrupt the inter-particulate
attraction force (VDW). This is termed electrostatic stabilisation mechanism &,

in which the interrupting force arises from either net positive or negative
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charges. These forces are equal or exceed other counter-forces °. However, the
presence of high concentration of free ions in the medium may conceal the effect
of repulsive double layer. In addition, adjusting pH media to be close to the
isoelectric point (IEP) of the associated ionic moieties will diminish the
repulsion 2. Therefore this approach has restricted use in stabilising NP, and is

mainly effective in media of low polarity and ionic strength 112,

The second strategy normally employs a long chain polymers, strongly adsorbed
on a solid NPs surface with a good coverage. This generates so-called ‘steric
layer’ (or stealth layer). The flexible, solvated polymer segments extended from
the surface into surrounding medium and prevent attraction between different
particles, ensuring a reduction in NPs randomness and hence a system with
positive Gibbs free energy that resists a flocculation 3. Hence, the entropic
stabilisation effectively screens the inter-particulate attractive forces to stabilize

such colloidal suspensions 71416,

There are some distinctive advantages of steric (entropic) stabilisation which
include: (1) independence on ionic strength, particles concentration, and nature
of dispersion media, (2) such dispersions do not form a hard cake when
sedimentation occurs, and (3) high stability upon freeze-thaw and dry-rehydrate

cycles is normally achieved 7.

In addition to the major concepts of stabilisation mentioned above, there is a
third approach by which a thermodynamically stable dispersion could be
achieved. This is electrosteric stabilisation, the concept that simultaneously
benefits from both, electrostatic and polymer-induced steric repulsions 8. In this

case a polyelectrolyte might be used to modify the surface of NPs and prevent
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their aggregation. Polyacrylic acid (PAA), which has been widely used in this

field is a good example of metal oxide NPs stabilising agent 1922,

In order to obtain water dispersible and biologically compatible iron oxide NPs,
several approaches can be adapted. For example, an aqueous solution of a
surface adsorbing material can be added to a pre-prepared NPs to produce a
modified surface NPs 23, Also, ligand exchange is a another popular technique
that could be used for NPs surfaces functionalisation 24%. It is principally
accomplished through different interactions such as H-bonding, acid —base, and
electrostatic interaction 227 In addition electrosteric stabilisation is often

considered, as mentioned above 2%,

The experimental work of the present chapter aims at following: (1) to prepare
a highly biologically-compatible hydrophilic USPIONs employing surfaces
modification with different amino acids (as ‘monomers’) by applying a new
technique of ‘dry mixing/milling under mechanical pressure’ developed in the
G Cave’s research groups, (2) to investigate how effective is the NPs
modification procedure regarding the population of USPIONs that are
successfully modified and in relation the amount of surface-modifying material
associated with the NPs, and (3) to reveal aminoacid monomer-NP association

mechanism.

In order to test both, the applicability of dry mixing technique to surface
modification of USPIONSs, and the use of amino acids monomers and stabilizing
agents, a panel of nine amino acids is employed in the present work. The

selection covers the diverse classes of the essential and non-essential amino
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acids regarding the hydropathy, volume, chemical, physicochemical, charge,

polarity and hydrogen donor or acceptor properties .

3.2 Materials and Methods
3.2.1 Materials

Nine different amino acids obtained from non-animal source ~> 98.5% (Glycine,
Phenylalanine, Methionine, Aspartic acid, Threonine, Glutamic acid, Leucine,
Lysine dihydrochloride and L-Histidine dihydrochloride). Concentrated
hydrochloric acid (~ 37%) from Fisher scientific. Fluorescamine powder was

purchased from Sigma-Aldrich.

3.2.2 Methods

3.2.2.1 USPIONSs surface modification

The surface of the fabricated NPs was modified following the dry hand mixing
process with applied mechanical pressure according to a previously developed
and patented procedure 1. From nine different amino acids selected to modify
USPIONs, seven amino acids (threonine, glycine, phenylalanine, leucine,
methionine, glutamic acid, and aspartic acid) were converted to hydrochloride
salts by dissolving the powders in 4M HCI and then dried using rotary
evaporator (Buchi Rotavapor, Cole-Parmer, UK), while the other two amino
acids (lysine and histidine) have been ordered as dihydrochloride form (Sigma
Aldrich, UK). For every amino acid tested, seven different quantities (31.25,
62.5, 125, 250, 500, 750, and 1000 pmole) were mixed and triturated using a
mortar and pestle with 28.75 mg of a freshly fabricated USPIONs powder. After
5-10 min of hand mixing, 10 ml of deionised (Elga purification system) water

was added to disperse the mixture. The next step include filtering of powder
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suspension, whereby only successfully surface modified USPIONs will be
suspended (not aggregated) to pass across the 0.2 pm syringe filter (Millipore,
UK). Figure 3-1 illustrates the process of filtration to collect the modified

USPIONS.

In addition, the classical NPs surface coating method was performed in which
the aqueous solution of different amino acid hydrochloride salt was mixed and
sonicated for half an hour with freshly fabricated USPIONs. The quantities of
both amino acid monomers and ‘bare” USPIONs powder suspended in aqueous

mixture corresponded to amounts used in dry mixing method.

In another experiment, dry mixing method was adopted to attempt to modify the
surface of USPIONs with the nine amino acids as their base form, under

corresponding experimental conditions as described above.

Figure 0-1: Illustrative photographs of filtering aminoacid-modified USPIONs
prepared using dry mixing method with applied mechanical pressure.

For the all nine amino acids used, seven different quantities (31.25, 62.5, 125, 250, 500,
750, and 1000 pmoles) were mixed with 28.75mg bare USPIONs powder. After 5 min
of hand-mixing, the mixtures were dispersed in 10 ml of deionised water and filtered
through 0.2um syringe filter in order to remove aggregated, and obtain a suspension
of modified USPION:S.
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3.2.2.2 Purification of amino acid-modified USPIONs

Purified, ‘clean’ aminoacid-modified USPIONSs, were considered to be those
where insufficiently surface modified and hence aggregated USPIONs were
removed during filtration and those where excess of non-adsorbed aminoacid
monomers was removed. As described above, a filtration of USPIONs
dispersion represents the first step of purification which removes the aggregated
USPIONSs, while repeated centrifugation of the filtered colloidal dispersion
achieves the second step. Here, the NPs colloidal dispersion was aliquoted into
several Eppendorf tubes®, 1.5 ml, and centrifuged for 3 hours at speed of 20,000
rpm using fixed angle centrifuge (Eppendorf 5430 Benchtop, Germany). After
that, the supernatant was carefully aspirated from each tube to leave a small

pellet of pure modified USPIONS at the bottom, as showed in Figure 3-2.

Figure 0-2: A photograph of Eppendorf tubes shows small pellets
of pure modified USPIONs deposited at the bottom after
centrifugation.

3.2.2.3 Detection Iron oxide amount

The amount (yield) of aminoacid-modified USPIONs was determined by using
the inductively coupled plasma-atomic emission spectroscopy (ICP-AES)
instrument (PerkinElmer). 1.0 ml of filtered colloidal dispersion of USPIONs
was mixed with an equal volume of concentrated hydrochloric acid (1.0 ml,
37% wiw) for 4 hours, until all metal oxide NPs were dissolved. After that, 3 ml

of deionised water was added in order to dilute the acidic sample so that the final
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HCI concentration will be around 2.25-2.5 M. This was necessary so that the
tested samples would not damage the instrument’s tubing system. The samples
were prepared using the nine amino acids chosen, whereby each amino acid was

used in the range extended from 31.25 to 1000 pmole.

The experimental readings were expressed in term of percent mass amount of
USPIONSs that are successfully modified in relation to the initial total amount
used via preparing appropriate standard curve with known elemental iron
amount was detected by ICP-AES. The recorded data were from three

independent trials and are presented as mean + SD.

3.2.2.4 Detection of amino acid monomer associated with the
surface of USPIONs

In this analysis fluorescamine probe was used for detection of amino acids
present in its solution. The intensity of the fluorescence from the reaction of the
probe with the primary amine of a specific aminoacid was measured using a
Cary Eclipse Fluorescence Spectrophotometer (Australia). In order to calculate
the amount of an amino acid in a particular sample, five serial dilutions (8, 16,
24, 36, 48 ppm) of the all selected amino acids were used to construct the
relevant standard curves. It is important to mention that the optimum intensity
has been obtained when the pH of the aqueous solution was adjusted to be

around pH 8.8 by using a standard borate buffer.

The unknown samples were prepared according to the following protocol. 500
pl of an aminoacid-modified USPIONSs dispersion was added to a centrifugal
concentrator (Vivaspin) with a 3000 Da molecular cut-off membrane and
centrifuged at 4500 x g centrifugal force for 15 min. 20 pl of the filtered sample

was then diluted with borate buffer (pH 8.8) solution for 500 — 5000 times,
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depending on the amount of aminoacid initially used. To this diluted sample, 1
ml of fluorescamine solution (0.77 mg/ml in acetone) was added, vortexed for
10 seconds and incubated in the dark for 20 min. The florescence intensity of
the sample was then measured at the emission wavelength of 484 nm and
excitation wavelength of 385 nm against a blank of borate buffer with
fluorescamine. Amount of aminoacid was determined from a corresponding
calibration curve, and after subtracting from the initial amino acid amount, the
amount associated with USPIONs was expressed as a number of associated
monomer molecules with every individual NP for each amino acid and molar

amount used.

The same protocol was applied for detection NPs-associated amino acids in a
samples prepared by ‘coating” of USPIONSs dispersion in aqueous solution of
amino acid HCI salt. In this case the measurements were at different incubation
time points: 0.5, 1.5, 4, 8, 20, 36 and 48 hours. The recorded data were from

three independent trials and are presented as mean + SD.

3.2.2.5 TEM imaging and hydrodynamic size measurement

Electron microscopy on NPs was performed on a Jeol- JEM 2010 (USA)
microscope with accelerating voltage 120 Kv at the Nottingham Trent
University laboratories. To acquire TEM images, one drop of diluted colloidal
dispersion of USPIONs was applied onto 200 mesh carbon-coated 3.05 mm
copper grid. After 5 min, the excess amount of the dispersion was removed with

a filter paper to accelerate drying of the samples for imaging.

The particle size and size dispersion of USPIONs was measured by DLS.

The diluted colloidal dispersions in 18.2 MQ de-ionized (Elga) water were
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measured using Zetasizer Nano ZS (Malvern Instruments Ltd., UK). The data

represent the mean values of 10-15 readings from three independent trials.

3.2.2.6 Infrared analysis of USPIONSs

Infrared spectra of amino acid functional groups and their coordination with
USPIONSs were recorded using the ATR sampling technology. An Agilent Cary
630 (Agilent Technologies, USA) equipped with a diamond crystal was used for
recording the spectra of desiccated aminoacid-modified USPIONs along with
amino acid hydrochloride powders against air background at a resolution of 8
cm, the spectral range of 4000-650 cm™ wavenumber and presented in term of
transmittance intensity. The background time limit and sample scans are 5 min

and 256 times respectively.

3.2.2.7 Thermogravimetric analysis (TGA)

The thermal stability measurements of both amino acid hydrochlorides and the
corresponding aminoacid-modified USPIONs in addition to the bare NPs
powder were conducted on TGA Q500 V6.7 Build 203 (TA Instrument, USA).
The samples were heated over a range of temperature extended from 30°C up to
900°C at the rate of 20°C/min and under nitrogen gas atmosphere that was
flowed at 100ml/min so as to prevent any 176hermos-oxidative degradation. A
platinum pan was used to house the tested powders of variable weights. The
results were expressed as line graphs of percent weight and weight loss per

Celsius degree versus temperature.

3.2.2.8 Colloidal dispersion stability of the aminoacid-modified
USPIONSs as a function of pH

The zeta potential, IEP and hydrodynamic size measurements were determined

for the nine aminoacid-modified NPs along with the bare NPs by using ZS
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Malvern Zetasizer coupled with automatic titrator (MPT-2, Malvern
Instruments, UK). The pH of the dispersion medium were automatically altered
by the instrument from pH 2.0 to 9.0 using three ‘stock’ solutions connected to
the titrator (0.25 M hydrochloric acid, and 0.025 and 0.25 M sodium hydroxide
solutions). The initial colloidal dispersion has NaCl concentration of 10 Mm.
The readings presented in line graphs stand for the average of reading taken and

calculated by the instrument’s software.

3.2.2.9 Statistical analysis

Statistical comparisons were functioned by Prism application using unpaired t-
test and one way ANOVA analysis. Values of p < 0.05 were considered
statistically significant. The asterisk-sign *, **, *** gand **** indicate p < 0.05,
p <0.01, p<0.001and p <0.0001 respectively. Any other probabilities less than

0.0001 were denoted by ****,

3.3 Results
3.3.1 Yield of aminoacid-modified USPIONSs

Yield of colloidally suspended, i.e. surface modified USPIONs was presented in
terms of weight percent out of the initial powder amount mixed with the selected
panel of amino acids. Applying the ‘dry mixing technique with applied
mechanical pressure’, the effect of using two different amino acid forms, base
or HCl salt, was initially tested. The data in Table 3-1 show that there is a highly
significant difference (p < 0.001) between yields of the modified USPIONS,
depending on the amino acid form. The data illustrate that the base form of an
amino acid normally results in less than 0.5% of the NPs being modifies, i.e.

successfully colloidally dispersed in the aqueous medium. On the other hand,
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mixing of amino acids in their HCI salt form with USPIONSs yielded improved,
but variable percent of modified NPs, from 7.97% (in case of glutamic acid HCI

salt) up to 66.48% (in case of lysine 2HCI).

The USPIONSs stabilisation through mixing of the dispersion with the amino
acids salts solutions method was assessed at a specific time points, at day 0, 1, 2
and 30 and then compared them against the corresponding results from the dry
mixing method, as illustrated in Figure 3-3. On day zero , there are highly
significant differences in the methods used (p < 0.01, 0.001, 0.0001) whereby,
for example the yields were 23.5%, and 34.5% for the dry mixing method and
0.2% and 15.7% for the ‘dispersion in the aminoacid solution method’ for
leucine HCI and methionine HCI, respectively. The only exception was in the
case of glutamic acid HCI where a no significant change was noticed between

the two methods.

Although some of yields recorded on day 1, 2, and 30 showed a significance
increase (p < 0.01), the dispersion in the amino acid solution method is however,
significantly (p < 0.001) less successful in stabilizing USPOINs colloidal
suspension, in comparison to the dry mixing technique, for all experimental data
collected. For example, on day 30 the yields of stabilised NPs were 53.6%,
45.3% and 66.6 % for dry mixing method, and 40.4%, 26.7% and 35.9% for the
dispersion in the amino acid solution method, for glycine HCI, threonine HCI

and lysine 2HCI salts, respectively.

In the second stage, the dry mixing method was employed to assess the effect of
increasing a ratio of aminoacid salts to USPIONs on the yield of colloidally

stable USPIONs. The profiles summarized in Figure 3-4 could be generally
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viewed in two ‘sections’. The first part represent a sharp increase in the percent
of the modified, colloidally stable USPIONs upon increasing the amino acids
amounts from 31.25 to approximately 125 or 250 pmole, while the second part
might represent a plateau at which the yield is not further increased and, in some
cases, in fact decreases as the concertation of amino acid is increased from 500
to 1000 umole. It is interesting to note that using methionine HCI to stabilise the
USPIONSs gave rise to a slightly different trend from the above description,
where the values show continuous increase in the yield of colloidally stable
USPIONS as the methionine HCI concentration is increased from 31.25 to 1000

pmole.

Table 0-1: The yield of colloidally stable USPIONs using either amino acids as base
or HCI salts. ‘Dry powder mixing with applied mechanical pressure’ method was
applied. The initial quantity for all amino acids used was 62.5 pumole, and the initial
amount of USPIONs was 28.75 mg. The samples were filtered through 0.2pum syringe
filter to obtain the colloidally stable modified NPs dispersion. T-test statistical analysis
has been followed to define the significant changes.

Yield (%) of the modified USPIONSs

Surface ] ] ] ]
modifying agent AMINo acids Amino acids
(Base form) (HCl salt form)
Threonine 0.12 + 0.0300 45.29 + 1.8628
Glycine 0.18 £ 0.0305 53.63 + 5.4247
Histidine 0.15 £ 0.0251 23.79 £ 7.2579
Leucine 0.13£0.0316 23.49 + 2.2010

Phenylalanine 0.09 £ 0.0200 34.56 + 11.1085

Methionine 0.11 +0.0349 32.25+0.1234
Lysine 0.20 +0.0737 66.48 *+ 16.9256
Aspartic acid 0.37 +0.0929 38.90 + 0.0165
Glutamic acid 0.26 £ 0.1305 7.97 +4.0810
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Figure 0-3: A bar graph showing the yields of aminoacid-modified USPIONs

prepared using two different methods.

Dry powder mixing with applied mechanical pressure (blue bars) and dispersion in
aminoacid solution (beige to dark brawn bars) are included. USPIONs amounts were
expressed in term of weight percent in relation to the initial amount used. The initial
guantities of each aminoacid were fixed to be 62.5 pumole while the mass of the
USPIONs was 28.75 mg as determined from ICP-MS instrument. Error bars represent
+/- 1SD of the average value. T-test statistical analysis has been followed to define the
significant changes. *, **, *** and **** denotes a significant increase (p < 0.05, 0.01,
0.001 and 0.0001 respectively) in USPIONs amount successfully modified. ‘ns’ refer to
no significant change in the recorded values
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Figure 0-4: Yield of aminoacid-modified, colloidally stable USPIONs versus
different quantities of amino acids monomers.

The USPIONs amounts were expressed in term of weight percent in relation to the
initial amount used. As a powder, amino acid HCI salts were mixed with a fixed quantity
of NPs (28.75 mg) in a mortar with an applied hand pressure for around 5min. The
mixture was suspended in 10 ml of water and filtered through 0.2um syringe filter to
yield colloidally stable, modified NPs. Amount of USPIONs was determined from ICP-
MS analysis. Error bars represent +/- 1SD of the average value.
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3.3.2 Particle size and TEM images of aminoacid-
modified USPIONs

Measurements of hydrodynamic size of aminoacid-modified USPIONs are
summarized in Figure 3-5. The data illustrate that most of the particle size
distributions, determined using light scattering, show presence of two intensity
peaks at 15-21 nm and at 100-250 nm, with exception of NPs modified with
phenylalanine (figure 3-5f) which have a distribution histogram with only one
peak at around 37.8 nm. Morphology of coated USPIONSs, from TEM analysis,

is illustrated next to the corresponding histograms.
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Figure 0-5: Morphology (TEM micrographs) and particle size distribution
histograms for aminoacid-modified USPIONSs.

The modified USPIONs were prepared according the standard procedure by ‘dry
mixing method’ where 250 pmole of aminoacid was mixed with 28.75 mg of bare
USPIONSs. After 5 min mixing, the powder was dispersed in 10 ml of deionised water
and filtered through 0.2uum syringe filter to obtain the colloidally stable modified NPs
dispersion. For the hydrodynamic size, three independent measurement with 15 sub-
runs were performed. The mean particles size values shown in the graphs.

3.3.3 TGA of amino acids associated with USPIONSs

The data from TGA are shown in Figures 3-6 and 3-7. In addition, Figure 3-6
shows a comparison between the thermal stability of both bare and surface
modified NPs. The line graph of the bare USPIONSs shows that only 6.2% out of
the starting weight (i.e. 93.8% remaining) was lost by the end of heating process
at 900°C. On the contrary, more than 65% of the initial weight was lost for
aminoacid-modified USPIONs samples. This indicate that for histidine,
threonine, and glycine, 32.8%, 29.2% and 27.5%, respectively, of the sample

mass could be ascribed to the USPIONs-associated aminoacid.
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It was also noticed that the thermal behaviour of the modified NPs is
characterised by multi-step gradual degradation and weight loss. Figure 3-7
allows the USPIONs thermal behaviour to be discussed in more details, as
follows. For histidine HCI salt, the weight loss observed at temperature equal
and below 200°C can be ascribed to the physically and chemically (lattice)
associated water 32 where the maximum rate of weight loss recorded at this stage
iIs 0.21%/°C. The next stage of weight loss likely represents histidine
degradation, which occurs at two steps, 250.8°C and 312.7°C for the free
histidine and 296.9°C and 425.2°C for histidine modified USPIONSs. The rate of
decomposition was ranging between 0.43-0.35%/°C and 0.12-0.07%/°C for both
samples, respectively. An additional degradation stage was detected between >
600°C and < 750°C with a peak rate of 0.28%/°C at 735.6°C for the histidine

modified USPIONSs.

For threonine HCI salt, the first stage that can be attributed to the water loss
occurred at a temperature below 150°C, where the maximum rate of loss was
noticed at 138.3 and 122.5°C for free salt and the coated USPIONSs. Rates of
1.15 and 0.29%/°C for the peaks of a second weight reduction can be related to
threonine decomposition at 220.4 and 179.9°C, respectively. Moreover,
decomposition of the threonine modified USPIONs underwent further decay

steps extended from 275.5 to 795.3°C.

For glycine HCI, the thermogravimetric line graphs of the free amino acid (red
and blue lines) show one major weight loss period with maximum pyrolysis rate
of 0.75%/°C at temperature of 249.7°C in which around 58.3% (94.6% - 36.3%)
of the initial mass was lost 334, It is also noticed that the lattice water was
responsible for the initial stage of mass reduction seen at temperature less than
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167.5°C. In addition, the decomposition of residual product continued over the
range of experimental temperature up to 900°C so that the final mass remained

was equal to 16.2%.

The thermal behaviour of glycine modified USPIONs (red and blue dashed-
lines) illustrate the presence of five stages of mass loss with degradation rate
peaks at 146.2°C, 241.8°C, 295.8°C, 660.3°C, and 829.1°C. The first weight
reduction stage is again associated with the physically and chemically adsorbed
water, while the further stages are related to the decomposition of glycine
monomer and its thermal fragments. It is important to note that the rate of mass
degradation did not exceed 0.16%/°C at the maximum and the weight remained

at the end of the experiment is ~ 27.5%.

For free methionine HCI, thermal behaviour analysis (denoted by red and blue
lines) shows three distinctive mass reduction stages. The initial weight loss
occurred at 174.3°C, and is clearly related to lattice water release, while the
second and third reductions in weight likely result from aminoacid’s
condensation and degradation %. The dual-step methionine decomposition at
244.1°C and 293.6°C accounts for 81.5% (91.2% — 9.7%) of observed mass loss.
In addition, decomposition of thermal fragments are responsible for the further

reduction in weight up to 2.6%.

TGA analysis of methionine modified USPIONS, exhibits two mass reduction
stages. The early weight loss with the rate peaks at 101.2°C and 168.7°C could
be attributed to the physical and chemical water elimination, respectively while
the following stages of weight loss with rate peaks at 244.1°C and 300.3°C are

related to the coordinated aminoacid’s pyrolysis. The later stage gives rise to
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weight loss of around 35.9% (87.4% — 51.5%). There is also a gradual
decomposition of thermal product from ~350°C to the end of operated
temperature range, which results in the final residues with approximately 20%

(50% - 30%) out of the initial mass.

In case of phenylalanine HCI, the initial peak of water loss is observed at
184.4°C for the free aminoacid, while in the case of modified USPIONs this
occurs at 159.7°C. Further major weight losses, equal to between 100% and
62.2% (90.4% - 28.2%), occurred at temperature ranges of 210°C to 323°C and
190°C to 400°C % and are related to decomposition and volatilisation of both
free and coordinated amino acid, respectively. It was further notices that the
mass of phenylalanine modified USPIONSs continued to decrease down to 10.2%
of the initial mas, indicating thermal pyrolysis. The maximum rate of weight
loss is 1.97%/°C and 1.45%/°C for the free and 0.5%/°C and 0.38% for

phenylalanine modified USPIONS.

In case of leucine HCI, both free aminoacid and modified USPIONSs released
their water at maximum rate of 0.37%/°C at 151.8°C, and 0.07%/°C at 116.9°C,
respectively. Compound decomposition occurred in one sharp step, with rate of
2.3%/°C at 251.9°C, is responsible for 86.7% of the mass loss for the free
leucine, while for the corresponding USPIONs samples, 84.8% of the initial
mass underwent slow pyrolysis process over four separate steps of descending

rates as the temperature increased from 232.8°C to 553.4°C.

In case of lysine HCI salt, the lattice water was lost released from free amino
acid samples at 187.8°C, while for the corresponding coordinated one this

occurred over two steps at 158.6°C and 188.9°C. Similar to leucine TGA, the
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thermal behaviour of free lysine shows decomposition stage of two major and
minor steps with the rate of 0.93%/°C at 307.1°C, and 0.16%/°C at 421.8°C,
respectively in which around 86.8% of the initial mass was lost. On the other
hand, pyrolysis for the modified USPIONs exhibits four-step degradation
process with a moderate rate and extended over a wide range of temperatures
where peaks of 335.2°C, 408.3°C, 593.9°C, and 704.2°C were observed, as
illustrated Figure 3-7. The weight loss for the modified USPIONs was calculated

to be approximately 51.8%.

With glutamic acid HCI, thermal analysis of the free amino acid reveals no
separate water release phase, instead, a massive mass reduction stage which has
three distinct peaks at 212.6°C, 256.5°C, and 302.6°C is related to a glutamic
acid decomposition *". For the corresponding modified USPIONS, the pyrolysis
pattern underwent a remarkable change in which an earlier sharp and slower
mass reduction stage, with a lower maximum rate (0.61%/°C at 177.7°C),
extended from ~ 107.7°C to 245.8°C and was followed by a second
decomposition phase with double peaks at 320.6°C and 363.3°C. An additional
late phase of mass reduction was observed at a high temperature (> 600°C) with
peak rate of 0.15%/°C at 771.7°C, and could be attributed to thermal fragments

degradation.

In case of aspartic acid, the thermal behaviour of both free amino acid and
USPIONSs associated is characterised by an initial water desorption phase and a
dual-step compound decomposition stage. The aspartic acid sample released
most of its lattice water molecules in one step with a peak rate at 170.9°C. In
contrast, water desorption for the corresponding USPIONs associated samples
occurred over a wider temperature range from 88.83°C to 123.70°C. For the
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main decomposition, a dual-step stage occurred at lower temperature with
slower weight loss rate (maximum rate ~0.36%/°C at 192.3°C and ~0.2%/°C at
328.4°C) for modified USPIONSs in comparison with that of the corresponding
free aspartic acid (maximum rate ~0.85%/°C at 203.6°C and 0.7%/°C at
364.4°C). An additional, delayed mass loss was noticed at high temperature of
615.3°C which could be attributed to the pyrolysis of modified USPIONs’

aspartic acid.
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Figure 0-6: TGA of bare and USPIONs modified with selected amino acids.

The samples were heated up to 900°C at rate of 20°C/min and under nitrogen gas
atmosphere of 100 ml/min so as to prevent any thermoxidative degradation. A platinum
pan was used to house the tested powders of variable weights. The results were
expressed as line graphs of a percent mass loss as a function of temperature.
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Figure 0-7: Thermal stability analysis of free amino acids and corresponding
USPIONs-coordinated.

The both red lines represent a decline in mass as a function of temperature, while the
blue line represents the rate of mass loss within the same temperature range. USPIONSs
were modified with amino acids using equal mass quantities. The samples were heated
to 900°C at 20°C/min and under nitrogen gas atmosphere at 100 ml/min so as to prevent
thermoxidative degradation. A platinum pan was used to house the tested powders of
variable weights.

3.3.4 The mass and number of molecules of the adsorbed
amino acids on USPIONSs surfaces

The amount of surface modifying amino acids associated with the USPIONSs was
assessed for two separate experiments, USPIONs modified by ‘dry powder

mixing’ and the ‘dispersion in solution’ protocol and the data are shown in

Figures 3-8 and 3-9.

Figure 3-8 presents the amount of USPIONs associated amino acid in terms of
(i) weight percent (red line), and (ii) number of molecules (blue line). It was
found that, for the all amino acids HCI salts used, the number of USPIONs
associated molecules increased in proportion to the aminoacids’ amount initially

mixed with USPIONSs. This increase occurred in two distinctive stages. The first
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smaller increment was noticed upon using amino acids quantities less than 250
pmole, while the second, sharp raise occurred when the amino acids amounts
were increased from ~250-500 pmole up to the highest amount selected of 1000
pmole. As an example, for threonine, lysine and phenylalanine, the average
number of molecules adsorbed onto the surface of each individual NP increased
from around 270, 76 and 339 to 1514, 1634 and 1741, when the initial amounts
of the three amino acids were increased from 31.25 pmole up to 250 pmole
respectively. The values of 5098, 11116, and 12672 molecules were found to be
associated with individual NPs when 1000 pmole of the amino acid powder was

used, respectively.

Table 3-2 clearly exhibits significant differences (p < 0.01) between the amounts
of the amino acids that are associated with the surface of USPIONSs using the
‘dry powder’ and the ‘dispersion in solution” mixing techniques. The tabulated
data indicate a dramatic increase in the weight percent of the NPs-associated
monomers after using the ‘dry powder’ mixing method in comparison with these
of the ‘dispersion in solution’ mixing where, as an example, for leucine HCI,
glutamic acid HCI and histidine salts, the weight increase is found to be 13.8%,
13.6%, and 17.0% after the ‘dry mixing’ method while for the ‘dispersion in
solution” protocol the corresponding values are 2.8%, 1.5%, and 2.5%,

respectively.
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Figure 0-8: USPIONs surface modification at increasing aminoacids’ amounts

For each amino acid used, the associated amount was expressed in terms of weight
percent (red line) and number of molecules (blue line). ‘Dry mixing with applied
pressure’ was adapted for USPIONs surface modification with amino acids. The
USPIONs amount was fixed at 28.75 mg and triturated with increasing amounts of
amino acid powder for ~ 5 min. The final mixtures were suspended in 10 ml of deionised
water. The amount of the USPIONs associated amino acid was detected by
fluorescamine test of the USPIONs supernatant following centrifugation. The data
represents mean + 1SD (error bar) of three independent experiments.
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Figure 0-9: Amount of USPIONSs associated amino acid as a function of time.

The NPs modification method is ‘dispersion in amino acid solution’. For each amino
acid used, the USPIONs associated amount was expressed in terms of weight percent.
Aqueous solutions of amino acid HCI salts were first prepared by dissolving 62.5 pmole
in 10.0 ml of deionised water and then mixed with 28.75 mg of USPIONs dry powder.
The amount of USPIONs associated aminoacid was detected by fluorescamine test and
discrete time points over 48 hrs. The data represents mean = 1SD (error bar) of three

independent experiments.
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Table 0-2: Amounts of USPIONSs associated amino acid following two different NPs

modification methods.

For the both mixing strategies, the initial amount of amino acid used was 62.5 umole,
the weight of the USPIONs was fixed at 28.75 mg. The tabulated data represent mean
+ SD of three different experiments.

Surface modifying USPIONs associated aminoacid ( % w/w )

aminoacid (salt)

‘Dry powder mixing’
method

‘Dispersion  in
solution’ method

Histidine 2HCI 17.0+1.53 2.5+1.65
Threonine HCI 28.3 £12.05 1.3+0.72
Glycine HCI 15.9+11.90 124 +231
Aspartic acid HCI 22.9+£5.00 7.1+2.68
Glutamic acid HCI 13.6 +1.70 1.5+0.79
Lysine 2HCI 249 +16.34 2.7+1.52
Phenylalanine HCI 22.6 £14.28 22+1.25
Leucine HCI 13.8 £0.98 2.8 +1.58
Methionine HCI 171+7.24 9.1+427
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3.3.5 Colloidal properties of dispersion of aminoacid-
modified USPIONSs

Figure 3-10 illustrates the change in the zeta potential and hydrodynamic particle
size over increasing pH of the suspending medium from ~ pH 2 to 10. In general,
the zeta potential trend shows an initial phase of slight reduction in values from
around +40 / +35Mv to around +35 / +30Mv when the medium acidity was
decreased from pH 2 to pH 5. In the neutral pH region, a sharp decline in the
particles charge was observed, where this reduction continued to a reversal in
the zeta potential to -20 Mv to -25Mv in alkaline solution with pH 9.0. At higher

pH values only slight changes in zeta potential were observed.

For the hydrodynamic particles size, all USPIONs colloidal dispersions exhibit
a reasonable stability in the suspending media with pH from 2 to 5. The
hydrodynamic particle size in the range of 30-50 nm was seen. Dramatic
increase in particle size was noticed when the dispersions pH was increased from
pH 5 to pH 7. Values higher than 10000 nm were measured. Further increasing
in pH resulted in variations in particle size, with a tendency to actually reduce

the size — potentially indicating reduced extent of particles aggregation.

Moreover, it was found that Glu- and Asp- modified USPIONSs display a slightly
different pattern with an early (at pH ~ 4) sharp reduction in zeta potential values

and a corresponding increase in particles size.
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Figure 0-10: Zeta potential (green line) and hydrodynamic size (red line) of bare
USPIONs and the corresponding aminoacid-modified USPIONs as a function of pH.

Colloidal dispersions of modified and bare USPIONs were prepared in 10 Mm NaCl
solution at the concentration of 400 pg/ml. An automatic titrator was used to adjust the
medium pH within the chosen range (2-10) by mixing three solutions (0.25 Mm HCI,
0.25 Mm NaOH and 0.025 Mm NaOH). 28.75 mg of USPIONs was modified with 1000

pumole of selected amino acids. Both hydrodynamic size and zeta potential data
represent two repetitions with 10-15 sub-measurements in each.

3.3.6 FTIR analysis

For selected amino acids, infrared spectra were recorded for the free amino acid
as HCl salt, and for the corresponding aminoacid modified USPIONs. Data are
presented in Figures 3-11 and 3-12. In order to define possible differences

between the free and USPIONs associated amino acid, the interpretation /
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assignment of vibrational bands present in the medium-frequency spectral
region (2000-1000 cm™) and a part of low-frequency region (1000-700 cm™)

was performed.

3.3.6.1 Assignments of lysine IR spectra

In case of lysine HCI salt, a relatively strong and large band located at 1730 cm”
! principally originates from carbonyl stretching vibration (v(C=0)) which is one
of the most important characteristics of a protonated (uncharged) carboxyl
functional group (-COOH) 34, The bands with double peaks located at 1615
and 1581 cm™ are assigned to antisymmetric deformation (bending) vibration
(das) mode of the protonated amino group (NHs") in which the one with higher
wavenumber may be attributed to the distal (side chain) NHs™ while the other
are associated with the main NH3* ion. The second doublet band that has peaks
at 1522 and 1503 cm™ can be ascribed to the symmetric deformation (bending)
vibration (3s) mode of the both amino groups, side chain and main backbone,
respectively 2. The less intense peak occurring at 1408 cm™ may belong to either
bending mode of vibration (8) of CH: or to the 5(C-OH). The peaks at 1176 and
1128 cm™ are related to rocking mode of vibration of the both protonated amino
groups, distal side chain and main backbone, respectively “°. The transmittance
peak laying in the region of 1201 cm™ is associated with both v(C-O) bond and
5(0-H). The strongest band in the spectral region below 1000 cm™ occurred at

817 cm*and can be assigned to wagging and torsion of N-H bond %344,

For the samples of lysine modified USPIONS, a shoulder at 1723 cm™ could be
noticed and assigned to v(C=0). In addition, the peak at 1678 cm™ may be
attributed to the same carbonyl group in its coordinated state 4%*>%. The band
with less sharp (rounded) peaks located at 1630 and 1592 cm™* suggesting the
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das, is still present for the both charged ammonium groups, i.e. side chain and
main backbone respectively, while the &s of the above protonated ammonium
groups have merged into one broad and intense transmittance peak positioned at
1490 cm™, The vibrational coupling of C-OH underwent shifting towards lower
wavenumber at 1182 cm™ which is the same region of the distal ammonium
group rocking mode, whereas the rocking mode of vibration of a-ammonium
group has shifted for around 7 cm™ towards higher wavenumber at 1135 cm™.
In addition, the wagging and torsion of N-H bond has moved for ~ 28 cm*

towards higher values at 845 cm™.

3.3.6.2 Assignments for aspartic acid IR spectra

The FTIR spectra of the free aspartic acid HCI salt crystal powder is illustrated
Figure 3-11, where peaks interpretation is as follows. As expected, both
carboxyl functional groups are protonated, and the sharp and intense band
centred at 1713 cm™ wavenumber is ascribed to v(C=0) of both distal and a-
COOH functionalities, however, the distal carbonyl stretching mode might
contribute to the shoulder at 1742 cm™. The peaks at spectral region from 1606
to 1561 cm™ are assigned to different Sas of the protonated ammonium group
(NHz") which may arise from variable environment of the intramolecular
interaction “3. Nonetheless, there is a minor possibility of that the transmittance
peak at 1606 cm™ could be particularity (for aspartic acid only) assigned to das
of carboxylate anion (COO") as a result of a strong intramolecular interaction 3,
The strong peak at 1513 cm™ clearly belongs to 5SNHs" group #’. The peak with
weak intensity at 1431 cm™ may be assigned to vs(COO"). The vibrational
coupling of v(C-O) and 6(O-H) for aspartic acid HCI free salt give rise to bands

at 1389 cm™ (mainly §(0-H)), 1355 cm™ (both v(C-O) and §(0-H)) and 1281-

206



1250 cm™ (mainly v(C-0) in different environment) 80, It is also worth noting
that the C-H, and CH> bending modes occur in this spectral region #’. The intense
peak centred at 1173 cm™ is mainly related to the rocking mode of NHs". The
assignment of C-N stretching and C-C stretching is at 1097-1071 cm™ while
bands laying below 1000 cm™ (955-843 and 776 cm™) correspond the §(C-C-C)

skeleton, 3(CO0O"), §(OCO), and §(HOCC) #'.

For the aspartic acid modified USPIONS, a strong band with two peaks occurring
at 1713 and 1688 cm™ could be attributed to the carbony! stretching of both distal
and a-COOH, respectively. A weak peak at 1641 cm™and a broad band centred
at 1599 cm™ are associated with either das(NHs") of different environments or
vas(COO"), but the latter is less possible. The peak at 1497 cm™ is related the
ds(NHs"). The split band located between 1421 and 1389 cm™ can either be
ascribed to the vs(COQO") or being a part of the vibrational coupling of v(C-O)
and 5(0-H) along with 1323, 1281, and 1250 cm™ (as detailed above). The NH3*
rocking mode of the USPIONS associated aspartic acid is divided into two peaks
that are located at 1177 and 1154 cm™. As in the case of free aspartic acid HCI,
peaks at 1097 and 1071 cm™ are related to both v(C-N) and v(C-C). In addition,
the low-frequency spectral region is still showing peaks at 989-776 cm™ where
they correspond the 6(C-C-C) skeleton, 6(COQ"), 8(OCO), and 8(HOCC) (as

assigned above).

3.3.6.3 Assignment of glutamic acid IR spectra

The assignments of the free glutamic acid HCI (red line) IR spectrum include
the following. The peaks at 1718 and 1667 cm™ refer to the carbonyl moieties
of the both distal (side chain) and a-carboxyl groups respectively °*. The both
das and &s of NHs" give rise to a weak and relatively strong peaks at 1607 and
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1506 cm™ respectively. The sharp peak positioned at 1425 cm™ is due to §(CHy>).
There is minor possibility of that the relatively wide and intense band at 1667
cm™ and the strong one at 1425 cm™ are related to vas and vs of COO
respectively #1253 The characteristic coupling of §(OH) and v(C-O) is
responsible for, first, the weak peak originated at 1371 cm™ and, second, the
bands that are extended from 1269 up to 1205cm™ 49°054%5 The minor
vibrational modes of NHs" rocking, CH: twisting, and C-C-C, and COO"
deformations are responsible for the recorded peaks arising at 1142, 1079, 996,

and 818 cm™ respectively.

For the IR spectrum of the glutamic acid modified USPIONSs, the characteristic
peak occurring at 1708 cm can clearly be attributed to a carbonyl stretching
mode of vibration under the effect of strong H-bonding environment 8, while
the weak broad band centred at 1607 cm™ could be mainly assigned to
das(NHs"). The peaks having similar width and intensity that are at 1502 and
1408 cm™ are related to the 8s(NHs*) and §(CH:) respectively. There is a
considerable probability of vas and vs(COO") contributing to the peaks at 1607
and 1408 cm™, respectively. The influence of the characteristic vibrational
coupling of C-O-H gives rise to the minor peak occurring at 1349 cm (which
is due to 6(OH)) and also to the broad band occupying the spectral region around
1209 cm™ (generated from the v(C-0)). It was noticed that no IR frequencies

with significant strength can be seen in the spectral region lower than 1150 cm”

1

3.3.6.4 Assignments for histidine IR spectra

As there are two HCI molecules associated with each histidine molecule, it can
be expected that the three related functional groups (an imidazole ring, an amine
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and a carboxylic group) are protonated. The prominent peak located at 1736 cm’
! results from vs(C=0) °5°7 while the peak laying at 1619 cm™ corresponds to
both ring vs of C=C and C-N and as(NH3") °8°°. Because of the two protonated
tautomers, the ring-related vs(C=C) may cause the doublet peak at 1593-1577
cmt. The intense peak with shoulder originated at 1482 cm™ is strongly related
to 8s(HN3"). The sharp peak at 1389 cm™ is assigned to Aoh and that of 1355
cm? may be attributed CHz bending (wagging) °%°%®. There is a minor
possibility that the vs(COQ") is contributing to the peak located at 1389 cm™,
while the antisymmetric stretching mode of the same group participate in the
peak of 1593 cm™. The both 1275 and 1260 cm™ IR frequencies belong to the
vs(C-0) of different environments °052 where it is under the influence of the
characteristic vibrational coupling of v(C-O) and 8(OH) *’. Two strong sharp
bands extended from 1221 to 1180 cm™ and from 1123 to 1066 cm™ are related
to the ring vibration (NH and CH bending and CN stretching) °°®3. The
deformation mode of the imidazole ring contributes in the bands at low-
frequency spectral region where the peaks at 989-900 cm are attributed to ring
bending, while the peaks at 815 and 767 cm™ wavenumbers are associated with

ring torsion.

For the histidine modified USPIONS, the weak and downshifted peak located at
1704 cmt is due to some carbonyl stretching, while the more intense and broader
band centred at 1609 cm™* might originate from both &8s ring of C=C and C-N
and das(NHs"). In addition, there is possibility of a carboxylate anion
antisymmetric stretching contributing to the latter peak. The symmetric
deformation of NHs* appeared at two different peaks, 1504 cm™ and 1479 cm™?

(very weak). The peak of doublets at 1434 and 1405 cm™ can either be attributed
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to the bending of complexed OH in different environment, or to the both ¢ (OH
and CH2) wagging for the first and second frequency maxima, respectively. It is
worth noting that the frequency maxima at 1408 cm™ may be attributed to
vs(COO-). The weak peak positioned at 1301 cm™ may be related to v(C-O).
The bands extended from 1126 to 1053 cm™ are correlated to the ring vibration
(NH and CH bending and CN stretching) while the broad band centred at 799

cmtis clearly associated with the torsion of a coordinated imidazole ring.

3.3.6.5 Assignment of threonine IR spectra

Threonine HCI has an alcoholic hydroxyl in addition to the a-amine and
carboxylic acid group which are normally protonated in the present case. The
intense and sharp peaks located at 1730, 1596, and 1501 cm™ are associated with
v(C=0) and &, and 8s (NH3" modes respectively *°. As mentioned above, there
is a minor possibility of the IR frequency at 1596 cm™ is being related to vas
COO'. The doublet peak visible at 1425 to 1409 cm™ wavenumbers may result
from contribution of three vibrational modes as follows: (a) as(CHs) (major) &,
(b) §(C-OH) of the alcoholic side chain %, and (c) 8s(COQ") (minor possibility).
The bending mode of alcoholic hydroxyl is also observed at 1272 cm™, while
that for acid hydroxyl, the bending vibration, could be seen at 1222 cm™. The
v(C-0) of both acidic and alcoholic group results in the doublet at 1126-1110
cmt and sharp singlet at 1034 cm™ respectively. It is also important to notice
that the NH3" rocking mode appears at the same spectral region. The IR maxima
below 1000 cm™ is mainly related to the skeleton stretching and other minor

modes of vibration.

Regarding threonine modified USPIONs samples, a peak at 1720 cm™ is related
to v(C=0) while the doublet peak located at 1640 cm™ and 1584 cm™ is
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associated with das(NHs") of different environment. For the IR maximum at
1640 cm™, there is very minor possibility of being related to coordinated O-C-
O group. The 8s(NH3*) mode is mainly observable at 1491 cm™ maximum. The
weak doublet peak visible at 1438-1408 cm™ is ascribed to both das(CHa)
(major) and 6(C-OH) of the alcoholic side chain. The bending mode of alcoholic
OH also causes the minimal IR peak at 1294cm™* while the slightly stronger peak
is situated at 1222 cm™. The v(C-O) of both acidic and alcoholic group give rise
to the doublet peak at 1107-1084 cm™ and singlet at 1037 cm™, respectively.
The rocking mode of vibration of NHs" is contributing to the latter spectral
region. In addition, the side chain skeleton and other minor modes of vibration

are associated with IR maxima recorded at wavenumber zone below 1000 cm™.

3.3.6.6 Assignment of leucine IR spectra

The presence of a protonated carboxylic acid group of the free leucine molecules
is detected at 1730 cm™ where it is clearly associated with vas(C=0). The
doublet peak located at 1609-1584 cm is attributed to Sas(NHs*) of different
environments. Like previous assignment, there is a minor possibility that the
vas(COQ") contributes to the latter band. Two modes of vibration associated
with two different groups including as(CHs) and 8s(NHs*) result in strong sharp
peak at 1492 cm™, while the weaker peaks extended from 1421 to 1371 cm™ are
mainly due to 8(C-OH) and 8s(CHz) vibrations. The IR frequency maximum
observed at 1209 cm™ is related to v(C-O). The peak at 1129 cm™ may be
resulting from NHs" rocking mode. For the present case of hydrophobic
monomer, the low-frequency region (1000-700 cm™t) show less distinguishable
spectrum peaks, however, the bands in this region could be attributed to different

vibrational modes and groups like C-N and C-C stretching and CHz rocking 4.,
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In the case of leucine modified USPIONSs, the strong broad band centred at 1675
cm? could be mainly attributed to the coordinated carbonyl of the carboxylic
acid. While the week band occurred at 1580 cm™ is assigned to dasNHs", the
vibrational modes of 5s(NHz*) and das(CHs) result in an intense band at 1488
cm™L. The peaks included in the spectral region of 1389-1368 cm™ are associated
with both 6(C-OH) and &s(CHz) vibrations. The very week IR frequency at 1209
cmt is due to the coordinated C-O of carboxylic acid. The NH3* rocking mode
of vibration is the reason for the relatively wide band observed at 1133 cm™. The
side chain skeleton of the coordinated monomer is still showing considerable IR

intensities at the spectral region laying below 1000 cm™.

3.3.6.7 Assignments of methionine IR spectra

The very prominent peak observed at 1730 cm™ is clearly due to carbonyl
stretching vibration of the protonated carboxylic acid group of fee methionine
sample. The two IR peaks, weak and intense, located at 1599 and 1495 cm™ are
strongly associated with das(NH3*) and 8s(NHs") respectively, however, there is
a small chance that vas(COO") may contribute to 1599 cm™. The doublet peak
noticed at 1440 and 1418 cm™ arises from the effects of both antisymmetric
bending of methyl and hydroxyl groups respectively 4% Symmetric stretching
mode of carboxylate anion may participate in the 1418 cm™ but with very
minimum probability °”. The symmetric bending mode of the side chain methyl
group causes a peak at 1358 cm™ while the wagging vibrational mode of CH>
has produced two adjacent peaks at 1336 and 1314 cm™ . In addition, the
bending vibration of hydroxyl group also contributes to the latter peaks . The
sharp and intense peaks extended over the spectral region below 1250 cm™ are

attributed to CH, twisting at 1218 cm™, NHs" rocking at 1186 cm™, v(C-O) at
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1145 cm™, CH2 rocking at 1002 and 767 cm™, v(C-C) at 837 cm™ and v(C-S-C)

at 739 cm 446,

The IR spectrum of methionine modified USPIONSs is mainly characterised by
four intense and relatively wide peaks at 1634, 1502, 1432, and 1345 cm™. The
first peak (at 1634 cm™) mainly results from combination of vs(O-C-O) and
dasNHs* while the weaker second peak (at 1502 cm™) is attributed to 5s(NHs").
The third peak (at 1432 cm™) originates from merging of both antisymmetric
bending of methyl and hydroxyl groups. The same case is for the forth peak in
which the bending vibrational modes of CH3, CH2 and OH contribute to the
formation of the IR frequency maximum at 1345 cm™. Furthermore, the
important week peaks appeared in the spectral region below 1250 cm™ are
associated with CH_ twisting at 1241 cm™, NHs" rocking at 1189 cm™ and v(C-

0) at 1139 cm™,

3.3.6.8 Assignment of phenylalanine IR spectra

For phenylalanine, a very sharp and strong peak found at 1730 cm™ is due to
v(C=0) of the protonated carboxylic acid group. The weak band at 1571 cm™ is
associated with as(NHs*) while the 1479 cm™ IR peak having identical strength
to that of carbonyl is associated with 8s(NHs*). The phenyl ring vibrational
modes (v (C-C)) are visible at more than one spectral region where the stretching
mode is responsible for peaks at 1602, and 1447 cm™ and contributes to 1479
and 1205 cm™ IR maxima, while the ring C-H bending mode dominates most of
the spectrum lower than 1200 cm™. The second component of phenylalanine
side chain (CH2) shows strong bending vibration at 1224 cm™. The vibrational
coupling of v(C-0) and 5(OH) are accountable for the peak at 1285 cm™ 4468 |t
is important to notice that because of the ring effect, some modes of vibration
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cannot be easily distinguished, like NHs™ rocking, however, it might participate

in the band occurred at 1135 cm™ ©,

For the coordinated phenylalanine monomer, there are three characteristic peaks
that could be assigned in the present case. They are include 1679, 1590, and
1479 cm* that could be attributed carboxylic acid stretching, Sas(NHs") and

ds(NHs") respectively. The ring vibration could contribute the last two peaks.

3.3.6.9 Assignment of glycine IR spectra

The IR spectrum of the free glycine sample shows sharp and intense peaks at
1733, 1599, and 1486 cm™ which resulted from v(C=0), das(NHs"), and
ds(NHs") respectively. It was found the vibrational coupling of §(OH) and v(C-
0) are responsible for four big peaks located at 1422 cm™ (mainly CO), 1339
cm™ (OH and CO), 1218 cm™ (OH and CO), and 1123 cm™ (OH mainly). 3(CH.)
contributes to the peak at 1422 cm, while bands that are observed at 1040 and

847 cm* could be attributed to NHs" rocking.

For the glycine modified USPIONS, the relatively weak band at 1720 cm™ is
related to C=0 while the doublet bands at 1615-1580 and 1491-1450 cm™ are
associated with das(NHs"), and 8s(NHs™) respectively. Peaks at 1405, 1335,
1250 and 1129-1110 cm™ (doublet) are due to coupling §(OH) and v(C-0). The

coordinated amine group shows rocking mode of vibration at 1031 and 885 cm-

1
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Figure 0-11: FTIR spectra for free amino acid and aminoacid modified USPIONs

The ‘dry mixing’ method was adopted to prepare a powder of aminoacid-modified
USPIONSs. In each case 250 pmole of amino acid powder was hand-mixed for 5 min
with 28.75 mg of freshly fabricated USPIONs powder. The powder mixture was then
suspended 10 ml deionised water the formed suspension filtered through 0.2 um syringe
filter. The collected colloidal dispersions were dried and stored in a desiccator for a

week.
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Figure 0-12: FTIR spectra for free amino acid and aminoacid modified USPIONs

The ‘dry mixing’ method was adopted to prepare a powder of aminoacid-modified
USPIONS. In each case 250 umole of aminoacid powder was hand-mixed for 5 min
with 28.75 mg of freshly fabricated USPIONs powder. The powder mixture was then
suspended 10 ml deionised water the formed suspension filtered through 0.2 um syringe

filter. The collected colloidal dispersions were dried and stored in a desiccator for a
week.
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3.4 Discussion

It is well established that metal oxides are insoluble in aqueous media, and iron
oxide is not an exception. In an aqueous suspension, a sedimentation starts
rapidly on dispersing freshly synthesised USPIONs, independently of the
medium pH. Therefore, treating the surface of USPIONs with freely soluble
materials (like amino acids) is normally adopted to form a stable colloidal
dispersion. It was found out that a dry, mechanical mixing of dry USPIONs
powder with a coating material is a surprisingly efficient protocol for creating
surface modified metal oxide NPs (previous work in Dr G Cave research group).
The present work applies this previously described protocol to fabricate

USPIONSs surface modified with a panel of amino acid (as monomers).

Initially the USPIONs modification yield was assessed, and the experiments
confirmed the superiority of the dry mixing vs ‘classical’ solution mixing
process. The data in table 3-1 clearly indicate that surface modification of
USPIONs with amino acids in their HCI salt form produce a good vyield of
colloidally stable dispersions. This is understandable as ionisation of amine
group by HCI dramatically improves the solubility of amino acid molecules and
their association with USPIONs and hence produces a hydrophilic surface. This
is in line with the literature, which demonstrates that amino acids are readily
adsorbed onto NPs in an aqueous dispersion with acidic pH "2, This is not the
case when amino acids in their base form were used, and a very low yield of
modified USPIONs was obtained even after using water soluble amino acids in
their base form. For aspartic acid, the yield was only 0.37% for base and 38.9%

for the HCI salt forms, respectively.
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Figure 3-3 evidently clearly indicate that using ‘dry mixing with mechanical
pressure’ protocol allows USPIONSs surface modification with a series of amino
acids in the quantities of material and in the short time that NPs cannot be
achieved by applying a traditional USPIONs surface modification in a
suspension. For instance, 45.3% and 1.6% yields were obtained for the modified
USPIONs adopting dry and suspension mixing processes, respectively. It should
be noted that a number of protocols were tested attempt to improve powder
mixing by e.g. using a grinding machine rather than pestle and mortar however,

at the laboratory scale this was not shown advantageous 3.

Combining TEM images of USPIONs morphology and particle size
measurements from DLS, shown in Figure 3-5, clearly indicates a formation of
such well dispersed USPIONSs following ‘coating’ with amino acids. An average
particle size range of 34-55 nm, without obvious variations in the particles
morphology and without presence of significant aggregation, was observed for
all amino acids tested. Considering USPIONs formulation attributes
phenylalanine-modified USPIONs showed the most favourable dispersion
properties. This is somewhat surprising as the relatively bulky hydrophobic side
chain of phenylalanine would be expected to be aggregation prone functionality
(as seen in nature in protein aggregation) rather than generating a steric

stabilization needed to achieve particles separation and colloidal stabilization "2,

To conform that the adopted surface modification ‘dry powder’ procedure
resulted in association of selected amino acid with USPIONs TGA, analyses of
un-modified, bare, and the modified USPIONs were compared. This comparison
shows no significant mass loss for bare USPIONS at temperatures approaching
900°C. This clearly indicates the absence of any organic material, in contrast to
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the modified NPs. The significant mass reductions, as illustrated in Figure 3-6,
were found for aminoacid modified USPIONSs, similar to previous literature
reports’*"’. A more detailed analysis in Figure 3-7 indicates three crucial
differences which can be taken as an evidence of aminoacid-USPIONs surface
association. First, the release of the physically and chemically bound water
happened at lower temperatures for modified USPIONs samples was, in some
instances, gradual without sharp peak of mas loss as seen for ‘free’ amino acids
aspartic acid, leucine, lysine, methionine, and threonine. The reasons behind this
phenomenon may be arising from a dissociation of water molecules from the
lattice structure of free amino acids, where the USPIONSs associated aminoacid
molecules are thought to have no such a lattice structure that is capable of

binding water molecule until higher temperatures 87°,

The second important difference is a considerable reduction in the rate of
aminoacid decomposition. For example, the two-step decomposition stage of
free phenylalanine has occurred at rates of 1.9 and 1.4%/°C while the USPIONs
associated phenylalanine has mainly undergone thermal degradation at 0.5 and
0.4%/°C. In addition, some USPIONSs associated aminoacids exhibit an earlier
thermolysis stage, which may be attributed to catalytic effect of iron atoms that
may accelerate the process &. As an example, 203.6°C and 364.4°C are the
temperatures at which a free aspartic acid is degraded, while the corresponding
USPIONSs associated aspartic acid started to degrade at temperature that is10-

40°C lower.

The other degradation behaviour difference noticed is a late mass reduction step
at higher temperatures (above 500°C). This could be ascribed to the strong
interaction between aminoacid side groups and the metal USPIONSs. This is
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particularly evident in case of amino acids without hydrophobic character, where
the highly reactive functional groups are expected to be involved (as discussed
in more details below). Histidine-modified USPIONs show a prominent late
degradation phase (maximum at ~ 735.6°C), a behaviour which might be

explained by the pyrolysis of the ‘engaged’ imidazole ring 8%,

Quantitative analysis of amino acids effectively associated with the surface of
USPIONSs is important for demonstrating the efficiency in surface modification
of the ‘dry mixing process’. In line with an increase in the yield of colloidally
stable USPIONSs, the analysis of the mass amino acids associated with the
USPIONSs indicate that by ‘dry mixing and applying mechanical pressure’ one
can indeed bring amino acid molecules and surface of USPIONSs into an intimate
proximity to create adsorptive forces at the solid-solid interfaces. The data
further indicate that more than one layer of aminoacid molecules normally

associates with the USPIONSs surface.

In the same context, Figure 3-8 shows the increase in number of USPIONs-
associated aminoacid molecules. The data may be mainly explained by the
formation of called ‘molecular associates’ at the surface in which hydrogen
bonding and/or electrostatic interaction could govern the accumulation of
individual molecules to create such associates ®. In our case, due to the
protonated state of monomers used, H-bonding might drive the process of
molecules orientation in the adsorbed multilayers around an individual USPION
particle. Our experiment revealed, for most amino acids, that the surface
association of aminoacid molecules increased dramatically after 250 pumole of
the aminoacid powder has been used to coat 28.75 mg of USPOINs. Some
fluctuations in the data (red line in Figure 3-8) may give an indication that the
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additional adsorbed layers of molecules may be relatively easily dissociated, as
a result (e.g) suspension medium stirring whereby they may undergo continuous
exchange with ‘free’ aminoacid molecules in the medium when the modified
USPIONSs are suspended in the excess of aminoacid. This resembles a similar

phenomenon of ‘hard’ and ‘soft” adsorptive protein layers formation around NPs

85

Evaluating the modified NPs colloidal stability is of critical step for the potential
application of USPIONS in biological environment 8. Therefore characterisation
of USPIONSs surface electrostatic potential and its correlation with their particle
size was studied. The experiment is conducted over a pH range of 2-10 to follow

the evolution of both measured characters.

In general, when metal oxide NPs are dispersed in water medium, the H.O
molecules are hydrating the solid surface by accumulation of hydroxyl groups.
Here, the possible presence of crystalline defect on the surfaces of NPs may play
a crucial role &. On changing pH of the medium the acquired surface net charge,
originating from a dissociation of surface hydroxyl groups, will change

according to reaction scheme below 8:
M-OH2" <> M-OH < M-O

The positive (M-OH") form is mainly seen in acidic media while the negatively
charged surfaces (M-O") are formed in alkaline media 8. Therefore, it could
be expected that USPIONSs would bear no net charge (M-OH) around neutral pH
zone, and this is what was found in our study using bare USPIONs dispersion,
where the IEP was found equal to 7.05 (Figure 3-10). This is in agreement with

values reported in the relevant literature 9%,
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For aminoacid-modified USPIONs, zeta potential measurements continue
showing IEPs in the neutral region (green lines in figure 3-10). As mentioned
above, this could be explained by the formation of multilayers (in a form of
molecular associate) of amino acids around individual particles where the
monomers of the very outer layer will be responsible for the net charge acquired
8 In general,, the pH of zero charge of an amino acid is normally in the middle
between pKa values of anionic (~2.3) and cationic (~9.6) groups %. However,
IEP readings of 7.74 and 6.08 for histidine and aspartic acid-modified USPIONs
were recorded, as a result of the additional amine and carboxyl group,
respectively in their molecular structure. Literature data on IEP for lysine

modified USPIONS are in agreement with our results ™.

Based on the zeta potential data, all USPIONs modified with amino acids
experience colloidal instability (red line of figure 3-10) once they enter the
neutral pH region, with some slight changes in their agglomeration behaviour
pattern for some aminoacid modified USPIONSs. This clearly indicate that the
main mechanism of colloidal stabilization of the aminoacids modified USPIONs
is mainly controlled by electrostatic repulsive forces, and hence, particles start
to agglomerate once medium pH is close to their IEP. This also means that the
aminoacid modification does not provide steric stabilisation of the USPIONs
that could work to exceed the attractive forces and keep USPIONSs dispersed in

water medium 10:24.95,

3.4.1 Aminoacid-USPIONs binding mechanism
Spectroscopic FTIR-ATR technology was applied in order to investigate

possible mechanisms of the amino acids monomers association with the metal
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NPs (USPIONSs) %, and to understand which functional groups are involved in

this association.

The interaction between amino acids and metal NPs is normally expected to
occur via complexation of either one or both oxygen atoms of the carboxyl
functional group °7%. Additionally, the contribution of the protonated
ammonium group was also observed and evidenced by weakening and
broadening of the associated IR peaks %. In this situation, it is difficult to suggest
the nature of association from just one frequency band and hence, we investigate

a range of bands related with COOH group (Figure 3-11).

3.4.1.1 Lysine salt and Lys-USPIONSs

For lysine salt, the significant downshifting in stretching vibration mode related
to C=0 for around 52 cm™ (from 1730 cm™ to 1678 cm!) indicate formation of
bidentate surface complexation with USPIONSs in which the coordinated —O-C-
O- group show stretching vibration at 1678 cm™. However, the shoulder noticed
at 1723 cm™ may be related to C=0 groups of those monomers situated within
multilayer formed around NPs that have less intense interaction. In this case, the
oxygen of carbonyl (C=0) is H-bonded with adjacent carboxylate group %102,
Furthermore, there are two additional spectral changes related to (hydroxyl
bending and C-O stretching) of the protonated carboxyl that could augment our
suggestion. They include, first, the disappearance of 1408 cm™ peak and,
second, shifting of 1201 cm™ peak for around 19 cm™ towards lower
wavenumber values (at 1182 cm™). This reveals deprotonation of a-carboxyl

group as a result of C-O-iron interaction.
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Regarding the two protonated ammonium groups of lysine HCI salt, it seems
that they strongly interact with the surface of USPIONS. In this context, there
are three spectral changes that could be argued. The first includes upshifting of
IR peaks of both antisymmetric and rocking modes of vibration. For the distal
(side chain) NHs* group, higher wavenumbers by 15 cm™ (from 1615 to 1630
cm?) and by 6 cm? (from 1176 to 1182 cm™) have been recorded for
antisymmetric and rocking vibrations respectively, while for a-NHs™ group
upshifting by 11 cm™ (from 1581 to 1592 cm™) and by 7 cm™ (from 1128 to
1135 cm™) were noticed for antisymmetric and rocking vibrations respectively.
The second spectral change noticed is represented in the overlapping of
symmetrical vibrational modes of both distal and a-NHs" groups to form broad
intense band centred at 1490 cm™. Finally, the third spectral alteration occurs
via shifting of wagging and torsion mode of N-H bond towards higher
wavenumbers value from 817 to 845 cm™. All these spectral modifications
might be attributed to the crucial effect of nitrogen atom complexation and/or
H-bond formation with surface-bound hydroxyl groups or surface ions of
USPIONS #4245, Similar interaction pattern was proposed for lysine adsorption to

TiO from aqueous solution 49102,

3.4.1.2 Aspartic acid HCI salt association with USPIONs

In this situation, numerous spectral changes indicate formation of Asp-
USPIONSs association which favours monodentate surface complexation %3
between only one carboxylate group (a- one mainly) with the surface iron ions.
In more detail, for carbonyl related peaks, the splitting of intense band at 1713
cm into two IR peaks at 1713 and 1688 cm™ has occurred, while for C-O and

O-H related IR peaks, the appearance of a new IR maximum at 1421 cm™ and
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downshifting of the peak at 1355 cm™ towards broad band centred at 1323 cm™
would evidently propose such a mode of association. In addition, the lack of
changes in 1389, 1281 and 1250 cm™ IR peaks indicates that only one C-O

moiety is interacting with USPIONs 1%4,

For the protonated amino group, it was found that a direct involvement of the
whole functionality complexation could be assumed. The peaks of das(NHz*)
have undergone up-shift for around (38-35 cm™) from 1606 and 1561 cm™ to
1641 and 1599 cm?, while the peak of 8s(NHs") has shifted to lower
wavenumber from 1513 up to 1497 cm™. In addition to this, there are other
important spectral modification noticed which include the splitting of the sharp
intense peak of NHs" rocking located at 1173 cm™ into two weak peaks laying
at 1177 and 1154 cm™ which in turn indicate a generation of two different
rocking modes. The latter change indicates that NHs" group was strongly
associated with NPs surface via either H-bonds with two separate surface
hydroxyl moieties or direct coordination of N atom with surface iron along with
one H-bond with surface present hydroxyl. The broadening of 1599 cm
transmittance peak is strongly related to the variable microenvironment provided

by the presence of H-bonding type of interaction 3.

It is also important to mention that peaks occurring at low frequency region (less
than 1000 cm™) in the spectrum of Asp-USPIONSs support the suggestion of
monodentate aspartic acid carboxylate surface complexation. As a justification,
the existence of such peaks (that represent the bending modes of C-C-C skeleton,
COO-, OCO, and HOCC) emphasises there is no strong NPs surface association
with the distal carboxyl which in turn result in quenching of skeleton- and
carboxylate- related peaks of bending vibration.
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3.4.1.3 Glutamic acid HCI association with USPIONs

Like in case of aspartic acid, glutamic acid has o- and distal carboxylic acid
group that are expected to be protonated in case of HCI salt form. Following the
IR spectrum of Glu-USPIONs complex, we believe that both carboxylate are
equally involved in the association with the surficial iron ion of USPIONSs,
which is in contrary to the previous case of aspartic acid. For more detail, the
merging of the two carbonyl-related stretching modes (at 1718 and 1667 cm™)
into one relatively broad band located at 1708 cm™ clearly indicate there is
identical environments around them (the two carboxyl groups) that in turn
denote equivalent interaction with the NPs. Another support to this finding is
that the combination of bands related to vibrational coupling of 6(OH) and v(C-
0) into one broad band that has IR maximum laying at 1209 cm™. Moreover,
quenching of skeleton-related IR peaks (at spectral region less than 1100 cm™)
provides an additional evidence about involvement of the distal carboxyl group
with the NPs surface. Therefore, similar to what was reported in the literature,
we postulate that there is a strong bidentate surface complexation with USPIONs

in which both a- and distal carboxylate are coordinated 195197,

Regarding the protonated amine group, it was found that there is no significant
association with the surface ions. The spectral changes noticed include
broadening of as(NHs*) related peak without any shifting (at 1607 cm™ for both
IR spectra) along with slight downshifting of 8s(NHs") vibration from 1506 to
1502 cm™*. This indicates a formation of weak H-bonding with either a USPOINs
surface-adsorbed hydroxyl group (minor) or an adjacent amine group (major).

The latter proposal suppose an orientation of the amine away from NPs.
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3.4.1.4 Histidine 2HCI association with USPIONs

In case of histidine, the focus will be placed upon the three functional groups (a-
carboxyl, a-amine and imidazole ring) that this molecule possess. For the
protonated carboxylate, the dramatic change in the strength and position of
carbonyl-associated peak (downshift from 1736 cm™ to a weak peak at 1704 cm-
1y strongly indicates an involvement of this group in complexation of histidine
monomers with NPs, which in turn suggest the formation of bidentate surface
complexation. This could be supported by two additional spectral modifications
that are related the characteristic vibrational coupling of v(C-O) and 6(OH). In
more detail, the first change includes upshifting and probably splitting of 5(OH)
from 1389 cm™ to 1434 and 1404 cm™ while the second one is associated with
upshifting and merging of 1275 and 1260 cm™ IR frequencies to a weak peak

occurred at 1301 cm™.

The second important functional group is the protonated a-amine (NHs*). It is
assumed that there is an engagement with the surficial ions via either H-bonding
or electrostatic interaction. In this situation, the (as) underwent a downshift
from 1619 to 1609, while the (6s) of some groups has moved to a higher
wavenumber at 1504 cm™. However, we believe that this group has weaker

interaction in comparison with other groups (imidazole ring and a-carboxyl)

The third crucial functional group of histidine is the imidazole ring where we
have found that there is a very strong interaction between the protonated ring
and USPIONSs. This is clearly evidenced by either disappearance, weakening or
combining of its peaks. In this regard, the characteristic ring stretching peaks
occupied a spectral region extended from 1619 to 1577 cm™ and the ring torsion
peaks at 815 and 767 cm™ have undergone merging to broad bands centred at
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1609 and 799 cm! respectively. In addition, the two peaks groups spread from
1221 to 1180 cm™ and from 1123 to 1066 cm™ has either disappeared or
extensively weakened respectively upon surficial complexation. Schwaminger
et al assumed that similar is occurring in imidazole ring contribution to the

complexation of histidine with magnetite NPs 1%,

3.4.1.5 Threonine HCI association with USPIONs

Threonine salt shows a surface association with USPIONs that might be
characterised by the formation of monodentate surface complexation of
carboxylic acid group with surficial iron ions. This could be evidenced by the
downshifting of the sharp peak of v(C=0) from 1730 cm™ to 1720 cm™ and
widening and downshifting of the doublet band of v(C-O), occurred at 1126 -
1110 cm™ to 1107-1084 cm™. Here, the unchanged peak position of the acidic
hydroxyl bending mode, at 1222 cm™, indicates a possibility of that the
carboxylate group did not undergo deprotonation upon complexation with the
NPs. Therefore the monodentate coordination is believed to happen via C-O side

of the protonated carboxylic acid.

Regarding a-amine, there is a strong sign that this group is effectively involved
in the association of threonine with USPIONs where two spectral alterations
have occurred to its vibrational modes. First, the sharp peak at 1596 cm™ that is
ascribed to das(NHs*) has widened and split into a double-peak band at 1640
and 1584 cm™ and, second, downshifting of 8s(NHs") by 10 cm™ wavenumber
from 1501 cm™ to 1491 cm™. Accordingly, this could be explained by the
presence of strong H-bonding and electrostatic interaction between USPIONs

surface-adsorbed hydroxyl and the amino group.
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Moreover, the alcoholic hydroxyl group of the side chain was found to be
profoundly affected by the association process. For 6(OH), the band of the
doublet peak underwent increased splitting from 16 cm™ (at 1425-1409 cm™) to
30 cm? (at 1438-1408 cm™) while the second sharp band at 1272 cm
experienced massive reduce in intensity along with upshifting for around 22 cm-
! (to 1294 cm™). These spectral changes could be explained by the interaction
with NPs, but we think this is not the case due to two reasons. First, absence of
a significant shift in the alcoholic v(C-O) peak at 1034 cm™ and, second, the
steric strain of threonine monomers that restrict the orientation toward
USPIONs. We believe that the above observation could be attributed to

interaction with adjacent molecules 8L,

3.4.1.6 Leucine HCI association with USPIONs

In contrast to other amino acids, comparing IR spectra of the free and
coordinated leucine molecules reveals a presence of weak or no interaction of
the protonated amine group with the NPs surfaces, while the COOH-related
peaks exhibit a formation of bidentate surface complexation with the surficial
iron. In more details, for carboxylic acid group, the downshifting and broadening
of v(C=0) associated peak from 1730 to 1675 cm™, downshifting of 5(OH)
related peaks from spectral region of 1421-1371 cm™ to 1389-1368 cm™, and,

weakening of the sharp peak located at 1209 cm™ would support our assumption.

Regarding the protonated ammonium group, the slight shift in the position of
antisymmetric and symmetric bending and rocking modes of NH3", respectively
from 1584 to 1580 cm™, from 1421-1371 cm™ to 1389-1368 cm™ and from 1129
to 1133 cm™ all indicate that there is week electrostatic interaction with the
surface of USPIONSs and/or with a second layer of leucine molecules.
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We believe that the side chain of leucine molecule is not involved in its
complexation with USPIONs surface. This is evidenced by, first, the effective
contribution of das(CHs3) to the moderately wide band with a sharp peak at 1488
cmt and, second, the appearance of several peaks of different IR intensities in
the spectral region lower than 1000 cm™ which are associated with vibrational

modes of bonds like C-N, C-C and CHa.

3.4.1.7 Methionine HCI association with USPIONs

In the case of methionine association with USPIONSs, IR peaks related to the
protonated carboxyl group have undergone three distinctive changes that firmly
suggest a formation of bidentate complexation with the surface of USPIONSs.
These changes include the following: (a) an appearance of a new wide and
intense band at 1634 cm, instead of that at 1730 cm™, (b) a merging of hydroxyl
bending mode that occurred at the both regions of 1418 and 1336-1314 cm™
with das(CHs3) and 6s(CHs) respectively, and (c) a weakening and minor
downshifting of v(C-O) from 1145 to 1139 cm™. In this case, we can hence
propose a formation of a deprotonated carboxylate as a result of this

complexation 01:109,

Regarding the NHs" group, the disappearance of 1599 cm™ peak das(NHs*) and
upshifting of both symmetric bending and rocking modes from 1495 and 1186
cm™ to 1502 and 1189 cm respectively favour formation of strong H-bonding

with surficial adsorbed hydroxyl group.

Similar to glutamic acid, the side chain seems to be efficiently involved in
complexation of methionine monomer with the NPs surface. This could be

proved by either massive weakening or complete disappearance of side chain
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related peaks such as CH: rocking at 1002 and 767 cm™, and v(C-S-C) at 739
cmt. The reason for this situation is probably due to sulphur atom that may
directly interact with the surficial iron atom, as previously suggested 1% and
hence lead to the quenching or limiting the vibrational modes of the side chain

bonds.

3.4.1.8 Phenylalanine HCI association with USPIONs

In the same manner as glutamic acid and methionine, the IR spectrum of the
USPIONs associated phenylalanine implies the presence of a considerable
interaction between its side chain and the surface of USPIONSs, where all the
peaks of the aromatic ring either disappeared or are considerably weakened, as

illustrated in Figure 3-11.

For the carboxylic acid group, the disappearance of the normal C=0 stretching
peak and emergence of weaker IR maximum at 1679 cm™ strongly suggest
formation a bidentate complexation with the surficial iron atoms. An additional
evidence for this suggestion is that no IR band that would correspond to the

hydroxyl bending mode could be seen after association with USPIONSs.

The protonated amino group is not excluded from this interaction, however, the
binding here is supposed to be not very significant. We believe that H-bonds is
mediating the interaction in this situation where the as(NHs") has upshifted for
around 15 cm™ (from 1571 to 1586 cm™) while the 8s(NHs") underwent only

some weakening without shifting.

Importantly, the interesting finding related to the phenylalanine hydrophobic

side chain binding to the surface of USPIONS is in agreement with the literature
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on the adsorption of phenylalanine on zeolites, whereby Munsch et al **? have

explained his phenomenon in term of VDW interactions.

3.4.1.9 Glycine HCI association with USPIONs

The IR spectrum of USPIONSs associated glycine proposes a slight, but distinct
divergence in the mechanism of the amino acids association from other tested
amino acids. For the protonated carboxylic acid, there are two observed spectral
changes which favour formation of an interaction between one oxygen atom
(from C-O side mainly) and the NPs surface via monodentate surface
complexation. In this regard, the peak that is attributed to C=0 stretching
underwent a downshifting, compared to a free monomer, from 1733 cm™ to 1720
cm. Second, the vibrational coupling related to v(C-O) and §(OH) has
experienced two different shifts to a lower and higher wavenumber values at the
same time for around 17 cm™ (from 1422 to 1405 cm™) and 32 cm™ (from 1218
to 1250 cm™?) respectively. In addition, splitting of IR frequency maximum at
1123 cm™ to doublet at 1129-1110 cm is another supportive observation to our

suggested mechanism.

Interestingly, it seems that the protonated amine group has experienced strong
binding to USPIONSs. This is clearly evident from the widening and splitting of
both antisymmetric and symmetric bending modes and upshifting of rocking
mode from 847 to 885 cm™. H-bonding together with strong electrostatic

interaction are thought to be the reason.

Although this finding is not good agreement with Schwaminger et al proposal

81 we believe that the small molecular size of glycine monomer provides a steric
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strain which in turn restrict the interaction between carboxylic acid group and

surficial iron in favour of the protonated amine group.

3.5 Conclusions

The data in this chapter demonstrate that the ‘dry mixing’ with applied shear
force protocol, adopted for surface modification of iron USPIONS, is highly
effective in preparing modified particles. It produces a stable colloidal
dispersions of USPIONSs in aqueous media, stabilized by electrostatic forces. In
the present case, amino acids of different molecular attributes (hydropathy,
volume, physicochemical, charge, and polarity) were successfully used for the

stabilization of USPIONS dispersions.

The data from elemental iron analysis revealed an important finding in that
improving water solubility of the surface modifying aminoacid (by converting
them to HCI salt) results in a dramatic increase in the population of modified
USPIONs that are dispersed in a water solvent, indicating their surface

modification with associated aminoacid molecules.

Given that 0.26 nm? is the area required for a carboxyl group to associate with
USPIONs surface 3, the calculation related to numbers of amino acids
molecules clearly indicate formation of multilayers of the aminoacid molecules
around individual particles (which has an average surface area of 153.94 nm?).
This could be attributed to both the chemical nature of aminoacid molecules &,

but also to the mixing procedure adopted.

Interestingly, the use of ATR-FTIR analysis %, found that different amino acids
exhibited different mechanisms of association with the USPIONSs surface,

although the interactions are in general mainly mediated via a-carboxyl and, to
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less extent, amine groups. Regarding a-carboxylate, both uni- and bi-dentate
surface complexation with USPIONSs are suggested, depending on the molecular
structure of the amino acids. Lys, Glu, His, Leu, Met, and Phe showed bidentate
carboxylate complexation with USPIONs, while the carboxylic acid group of
other amino acids tested (Asp, Thr, and Gly) were associated with USPIONs via
monodentate complexation. On the other hand, the protonated amino group of
all aminoacids exhibited different degree of association with NPs ranging from
weak or no interaction (as in Leu and Glu) to strong or direct coordination (for
Gly and Asp). In addition, the extent of side chains involvement varies,
depending on the nature of the functional group present. The proposed
mechanisms of interaction are found in agreement with those reported in the

literature 105114,

Taking into account the results presented in this chapter together, Asp-, His-,
and Phe-USPIONs prepared with 250 pumol of amino acid per 28.75 mg of
USPIONs powder were selected for further studies on their behaviour in

biological system, represented by Caco-2 cell model for intestinal epithelium.
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Chapter 4: Biological Assessment of
Aminoacid-modified USPIONSs In In vitro
culture model

4.1 Introduction
This section of the work deals with a preliminary biological assessment of
USPIONSs in term of their cellular toxicity applying a routine in vitro toxicity

tests usually described in the literature for other NPs systems 12,

Due to their size in the nano-range, USPIONSs have potentials to impact on the
cells in different ways. A number of studies have demonstrated that exposure to
USPIONs of different surface chemistries can cause a significant cytotoxic
effect upon mitochondrial function (MTS assay) especially when applied at
higher concentrations 3°. In addition, and more specifically related to metal
oxide USPIONSs, it was noticed that the redox active surfaces of USPIONSs are
implicated in electron flow which in turn acts to influence mitochondrial
functionality ®. As a result, a routine toxicity test measuring the level of
mitochondrial dehydrogenases activity cannot provide a sufficient
understanding of potential toxic effect of NPs on mitochondria ’. The studies
adopting different toxicity assessments to improve our understanding of
USPIONSs effects in biological systems demonstrated that USPIONSs can cause
enhanced interleukin-(IL)-10 production, along with inhibition of tumour
necrosis factor-a (TNF-o) 8. Another study also indicates the presence of a
significant signs of inflammation via increased expression of IL-1 and -4 in

addition to secretion of matrix metalloproteinases °. Moreover, detecting the
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presence of molecules such as malondialdehyde (MDA), and 4-hydroxynonenal
(4-HNE), products of lipid peroxidation, further indicate cytotoxic influence of

NPs 101,

As indicated in previous chapters, the initial interactions occurring between
USPIONs and biological system components dictate and modulate the outcome
of cellular response 2. Depending on the route of entry, these initial interactions
will occur with, for example, proteinaceous compounds of systemic circulation
if the route of entry is e.g. intravenous injection, or it could be interaction with
mucus and cell membrane if the route of entry is e.g. lung of gut 34 The
binding of proteins (opsonisation) and creation of corona on the NPs surface was

described in the introduction chapter of this thesis.

The current section will focus on investigating the cellular response upon their
exposure to USPIONs with distinct surface chemistries — achieved by surface
modification with different amino acids, as described in the previous chapter.
Experiments described in this chapter aim at provide an initial understanding of
effects of USPIONSs’ surface chemistry on their interactions with, and potential
cytotoxic effects on intestinal epithelium Caco-2 cell line —as a biological model
reflecting USPIONs possible entry route a human body via mouth (oral). The
NPs toxicity was assessed using a panel of assays including: cells metabolic
activity, cellular membrane integrity and the production of reactive oxygen
species (ROS), to reveal a possible toxicity and cell death pathways. The work
was also undertaken to visualise the interaction between different USPIONs
with cellular surface/ membrane (using TEM microscopy) as well as cellular

localization of the USPIONSs.
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4.2 Materials and Methods

4.2.1 Materials

4.2.1.1 Cells and Cell Culture Consumables

Caco-2 (human intestinal adenocarcinoma) cells were purchased from the
American Type Culture Collection (ATCC number; CCL-185) and were used
between passages 45-55. Cells were routinely cultured in Eagle’s Minimal
Essential Medium (EMEM), supplemented with 1% (v/v) antibiotic/antimycotic
solution (100 U/ml penicillin, 0.1 mg/ml streptomycin, and 0.25 pg/ml
amphotericin B), 1% (v/v) L-glutamine (200 Mm), 1% (v/v) non-essential
aminoacids, and 10% (v/v) foetal bovine serum (FBS). All media and
supplements  were purchased from Sigma-Aldrich  (Poole, UK).
Trypsin/ethylenediaminetetraacetic acid (EDTA) solution (used to detach
adherent cells in the processes of cell ‘splitting” or ‘passaging’) was purchased
from Sigma-Aldrich. Phosphate buffered saline (PBS) tablets (pH 7.4)
composed of sodium chloride (8.0 g/l), potassium chloride (0.2 g/l), disodium
hydrogen phosphate (1.15 g/l) and potassium dihydrogen phosphate (0.2 g/l)

were obtained from Oxoid (Basingstoke, UK).

4.2.1.2 Plasticware and Glassware

24-well plates and 75 cm? cell culture flasks, and sterile pipettes, which were
used for the maintenance of cells, were obtained from Corning Life Sciences
(Amsterdam, The Netherlands). Clear, treated tissue culture 96-well plates, clear
bottom 96-black well plates (used for luminescence measurements), black 96-
well microplates (used for fluorescence measurements), were supplied by
Nunc™ (ThermoFisher Scientific, Loughborough, UK). 8-well ibidi® micro—
chamber slides used for confocal microscopy were supplied by Thistle Scientific
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Ltd (Glasgow, UK). 50 ml and 15 ml volume sterile centrifuge tubes were
obtained from Greiner (Stonehouse, UK) and 30 ml and 7 ml universal and bijou
tubes were supplied by Sterilin (Newport, UK). Haemocytometer (improved
Neubauer, to British Standard 748) was supplied by Scientific Laboratory
Supplies (SLS; Nottingham, UK). PD-10 desalting columns and Mr. Frosty™
freezing container were purchased from Fisher scientific. Ultrafiltration
centrifugation tubes (Vivaspin®) were obtained from ThermoFisher Scientific.

Extruder was purchased from Avanti-polar lipids (Alabama, USA).

4.2.1.3 Chemical and Biological Reagents

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide is known as
MTT cell proliferation assay was obtained from sigma-aldrich. Lactate
Dehydrogenase (LDH) assay kit (known commercially as ‘In Vitro Toxicology
Assay Kit’) was supplied by Sigma Aldrich. All assays were performed as per
supplier’s instructions. The cell-permeant 2’,7°-dichlorodihydrofluorescein
diacetate (H.DCFDA\) (also known as dichlorofluores cin diacetate) was ordered
from ThermoFisher scientific. CellEvent™ Caspase-3/7 Green Detection

Reagent.

4.2.2 Methods

4.2.2.1 Maintenance of cells
4.2.2.1.1 Routine maintenance and culture of cells

The growth media used for routine cell culture was EMEM supplemented with
10% (v/v) FBS, 0.10 mg/ml streptomycin, 100 units/ml penicillin, 0.25 pg/ml
amphotericin and 2 Mm L-glutamine — complete EMEM. Caco-2 cells were
cultured in 75 cm? flasks at 5% CO2, 95% relative humidity and at 37°C until
confluence (approximately 75-90 % flask coverage by cells).
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Cells were fed every other day by aspirating old media from cell flasks and
replacing with 15 ml of fresh, pre-warmed (37°C) media. Once confluent, as
determined by optical microscopy, cells were passaged. This involved aspirating
the culture media from cell flasks and subsequently washing the cells with 5 ml,
pre-warmed (37°C) PBS by gently swirling. Following the wash step, PBS was
removed by aspiration and replaced with 2.5 ml, pre-warmed (37°C) 0.25 %
trypsin/EDTA solution, after which the flask was gently rocked ensuring good
coverage over the cells before being transferred to the 37°C incubator. When
confluent cell were detached and following cell detachment 5 ml of pre-warmed
(37°C) culture media was added to dilute the cell-trypsin/EDTA suspension and
deactivate the trypsin. The cell suspension was then transferred from the flask
into a sterile 15 ml centrifuge tube and underwent centrifugation at 250 xg for 5
minutes. The supernatant containing trypsin was then aspirated off and the cell
pellet re-suspended in 6 ml pre-warmed (37°C) culture media. Fractions of this
cell suspension, required to achieve the desired split ration, were then transferred
into flasks containing 15 ml of pre-warmed (37°C) culture media. Caco-2 cells

were regularly split at ratios of 1:3 and 1:6.

Caco-2 cells were cultured to be confluent in 75 cm? flasks at 5% CO2, 37-C.
Once 75-95% of the flask surface covered by cells, they were passaged using
the following steps: first, the culture media was aspirated from the flasks and the
cells was washed with 6 ml, 37 -C pre-warmed PBS. Second, the cells were
detached by adding 2.5-3 ml of pre-warmed (37°C) 2.5% trypsin/EDTA solution
which was incubated for 10-15 min to ensure complete cell detachment.
Following these steps, the deactivated trypsin by approximately 9 ml of pre-

warmed (37°C) culture medium was transferred to a sterile centrifuge tube and
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the cells centrifuged at 1300 rpm for 5 min. After aspiration of deactivated
trypsin-containing supernatant, the pelleted cells was re-suspended by addition
of 5-6 ml of fresh pre-warmed 37 °C culture media. The 5 ml cell suspension is

ready for cell counting to quantify the required cells amount °.

4.2.2.1.2 Cells Culture of in transwells

For toxicity-assessment studies (MTT and LDH), Caco-2 cells were seeded on
96-well plates at 104 cell density pre well. While for ICP-MS-, TEM- and flow
cytometry-intended experiments the cell density was 3*10° cells per each well
of 6-well plate. All plates were maintained and incubated at 5% CO2, 37°C in
EMEM supplemented with FBS (10%) and L-glutamine for ~ 48 hours prior to

their use in experiments.

4.2.2.2 Cytotoxicity characterisation of different USPIONSs
colloidal dispersions

Evaluation the effect of three different dispersion systems (Aspartic acid,
Histidine and Phenylalanine stabilised USPIONs) towards cell metabolic
activity and cell membrane integrity were performed. In achievement of this
aim, a gradient of USPIONs concentrations (40, 80, 150, 250, 350 and 500
pg/ml) were tested for four timeframes (1, 2, 4, 8 and 24 hours). Furthermore,
these assays were undertaken in order to identify the nontoxic concentration and
cell exposure time of the colloidal dispersions which will be most appropriate

for further biological experiments.

4.2.2.2.1 MTT Cell metabolic activity assay

The 96-well plates (sterile, cell culture treated) were prepared according to the
conditions mentioned above, unless otherwise stated. Prior to the test, cell

medium was removed and replaced by sample dispersions comprising of each
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of the above-stated concentrations. Test USPIONs dispersions were freshly
obtained by diluting a calculated volume of highly concentrated (previously
prepared and stored) stable dispersion in the required EMEM growth media
volume (without FBS and L-glutamine supplementation) and thoroughly mixed
(vortexed). Triton X-100 (0.2%, v/v in EMEM as received) and EMEM (without
FBS and L-glutamine) were used as a positive and negative control, respectively.
Cells were incubated (at 37 °C, 5% CO2) with samples and controls for the
periods specified above. Samples and controls (including both positive and
negative) were then removed and cells washed with PBS. The MTT assay was
consequently conducted according to the manufacturer’s instructions, following
which absorbance (560 nm) was measured using a Tecan absorbance multimode
microplate reader (Spark™ 10M, Tecan Trading AG, Switzerland). At least
mean of five to ten repeats for each sample were statistically considered. The

relative cell metabolic activity (%) was calculated using the following equation:

(Absg — Absry)

Relative Metabolic Activity (%) = (Abs Abst,)
M — Tx

Where:

* Abs:; is the absorbance with the tested samples

» AbsTyx is the absorbance with Triton X-100

* Absw is the absorbance with incomplete EMEM (as received)

4.2.2.2.2 LDH release assay

The probability of any cell membrane-disruptive effect exhibited by aminoacid-
modified USPIONs have been investigated by measuring the extent of LDH

released. As mentioned above, the 96-well plates were prepared. The tested
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samples (Asp-, His-, and Phe-modified USPOINs colloidal dispersion) and
controls were then applied to cells in the same manner (and concentrations) for
the same time periods as detailed beforehand. After which and according to the
manufacturer’s protocol, 50 pl of the supernatants were removed from each well
and transferred to a new 96-well plate. 100 pl of the LDH reagent (catalyst) was
added to the samples and the plate was incubated at room temperature for 15-30
min. After this period, 50 pl of stop solution was added to these well to stop the
reaction and hence color shading. Absorbance (490 nm) was measured using the

Tecan absorbance microplate reader.

In order to assess the potential inactivation effect of USPIONSs itself on LDH
enzyme, a 5 pl of lysis buffer was added to each well of samples dispersion at
the beginning of the test. After 8 hours, the aforementioned procedure was

followed.

LDH leakage was calculated as the percentage relative to the controls, using the

following equation:

(Absg — Absy)

Relative LDH release (%) = (Abs Abs,)
Tx — M

Where:

* Abs:; is the absorbance obtained with the tested samples

* Absw is the absorbance with incomplete EMEM media (as received)

» AbsTtx is the absorbance with Triton X-100
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4.2.2.2.3 Accumulation of ROS measurement

In order to detect the relative amount of reactive species accumulated, the
experiment has been proceed over four stages as follow: first, normal cell
culturing of Caco-2 cells seeded in 96-well plate at density of 1x10* cells/150pl

media/well has been incubated for 48hrs in 37°C, 5% CO> environment.

Second, include H>-DCFDA or (DCFH-DA) (2,7-Dichlorodihydrofluorescein
diacetate), the fluorescent probe and hydrogen peroxide solutions preparation:
Dissolve 2mg of H.-DCFDA in 2ml of 99.9% DMSO to prepare a stoke of 2.052
Mm dye concentration. Take 50ul of the stoke and dilute it to 20ml of 1%HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)/HBSS (Hanks’ Balanced
Salt Solution) buffer solution so that 5uM dye concentration will result and be
ready for application to the cells. Dilute 100ul of concentrated 30%w/w H20-
(around 9.8M) with 10ml 1%HEPES/HBSS buffer solution to obtain a stoke
H20- solution of around 100Mm concentration. A second 50uM diluted H20-
solution could be achieved by taking 10ul of 100Mm strength and completed it
to be 20ml of incomplete EMEM (without FBS) solution which will be ready to

produce stress species as a control for dye efficiency and cell response.

Third include plate preparing for the experiment: 100ul (HEPES/HBSS) of 5uM
H>-DCFDA were added to each well in the plate after old media aspiration.
Incubate the plate for 45-60 min for cellular dye uptake. Aspirate the buffer
solution and replace it with 200 ul of the following: (i) incomplete EMEM cell
culture media without FBS and L-glutamine as negative control. (ii) 50 uM H20;
in incomplete EMEM (as received) as a positive control. (iii) 40, 80, 150, 250,

350 and 500 pg/ml USPIONs in incomplete cell culture media (EMEM as
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received). All the target concentrations of USPIONSs were prepared from ~ 6000

pg/ml stock.

The four part of this experiment include data collection using plate reader. The
fluorescence intensities were recorded at excitation £ 485 and emission of £ 535.
Two types of experiment timetable were applied. The first was real time
measurement which started from 5 min after plate preparation till 60 min in
which the plate were inserted in the plate reader and then the data collection was

carried out every 5-15 min.

The second timetable was performed by incubating the plates in 5% CO

incubator at four time intervals which are 1, 2, 4, and 24 hours.

4.2.2.2.4 Assessment of Caspase-3/7 activation

Conserved events in the execution phases of both intrinsic and extrinsic
apoptosis are represented by activation of effector caspases 3 and 7. The
activation process of effector caspases could be achieved via cleavage at their
DEVD peptide sequence. This step is normally mediated by an initiator caspase
16 CellEvent® Caspase-3/7 Green ReadyProbes™ Reagent (CellEvent) is a cell
permeable probe that includes a nucleic acid-binding dye conjugated to the
caspase-3/7 target cleavage sequence (DEVD). The CellEvent reagent is
inherently non-fluorescent as the DEVD peptide works to inhibit binding of the
dye to DNA. Upon initiation of the effector phase of apoptosis, cleavage of
DEVD peptide sequences enables activating caspases-3/7 and the CellEvent
reagent which then interact with nucleic acids to generate bright green
fluorescence that is labelling apoptotic cells. Detection of caspase-3/7 activation

was performed on Caco-2 cells (passages 50-55) that are cultured in 96 well
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plates (black) as normal. After that, the treatments with serial dilution (40, 80,
150, 250, 350, 500 pg/ml ) of Asp-, His-, Phe-USPIONSs are performed similar
to previous tests in section 4.2.2.2.2 and 4.2.2.2.3 but in this case only one

timeframe has been investigated (24 hours).

In addition to the treatment with serial concentrations of USPIONs in as-
received EMEM, cells were also incubated with 0.01-50 uM staurosporine to
test the validity of the assay, along with the concentration of the CellEvent probe
used. Staurosporine is a well-established inducer of apoptosis and effector

caspases 1"118,

CellEvent reagent was obtained as a solution, kept at room temperature in a dark
place, and prepared with a 2% (v/v) solution diluted in PBS for application.
Following exposure to different aminoacid modified USPIONs, 150 pl 2% (v/v)
CellEvent:PBS solution was added directly to every well and left for 30 minutes
without removing treatment solutions; thus the final CellEvent reagent
concentration in wells was 1% (v/v) as 300ul present. Previous work in our
group with staurosporine considered this concentration of reagent applicable to

identify the activation of caspases-3/7.

Detection of CellEvent probe cleavage was accomplished by measuring the
fluorescence of well solutions following excitation at 502 nm and collecting

values of emission at 530 nm.

4.2.2.2.5 Hoechst 33342 / Propidium iodide double staining of nuclei

In order to examine potential apoptotic features of Caco-2 cells after Asp-, His-
, and Phe-USPIONs exposure, cell nuclei were co-stained with two DNA

binding dyes, Hoechst 33342 (Ho) and propidium iodide (PI) *°. Ho is cell
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permeable and hence can stain the nuclei of viable cells (give an indication of
cell number) while PI is cell-impermeable where it can only penetrate the
severely injured cells characterised by permeabilised plasma and nuclear

membranes.

Stock solutions of Pl and Ho were stored protected from light at low temperature
(4°C). They were prepared by dissolving powders in PBS to obtain
concentrations of 0.1 and 1 mg/ml, respectively, followed by sonication at 37
kHz for 5 minutes to ensure dissolution. For Ho, further dilution in PBS is
required as the working concentration at which the dye could be used is 1 uM

(0.6 pg/ml).

With plate preparation, Caco-2 cells (passages 45-55) were seeded at a density
of 6x10* cells per well in clear 24 well plates (Corning) and cultured for 48 hours
in complete EMEM culture medium. After the removal of culture medium,
wells were washed twice with PBS followed by the addition of 0.5 ml USPIONs

solution per well.

At this step, three different treatment the cells were exposed to, first, the negative
control (as-received EMEM, incomplete media), second, 500ug/ml of Asp-,
His-, Phe-USPIONSs (dispersed in incomplete EMEM), third, the necrotic

control (100% Ethanol) for 240 minutes.

Following exposure, treatments were removed, wells were washed with PBS and
dyes sequentially added; initially wells were incubated with 0.5 ml 1 uM Ho for
5 minutes. 10 pl 0.1 mg.ml PI was then added to the dye solution (final Pl

concentration is 2 pg/ml). The resulting solution was incubated for an additional
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5 minutes, after which it was removed, the cells washed twice with PBS, and

0.25 ml PBS returned to the wells prior to imaging.

Stained cell imaging was performed on an inverted EVOS fluorescent
microscope. This involved capturing images on the DAPI filter (Excitation
357/44 nm; Emission 447/60nm) for Ho signals and the RFP filter (Excitation
531/40 nm; Emission 593/40 nm) for PI signals. Images were then merged using

ImageJ software.

4.2.2.3 Modified USPIONs-cell interaction

4.2.2.3.1 Well plate processing

Basically we have adopted three different standard investigations in order to
probe the nature of NPs-cell interaction under different incubation conditions.
These are, first, quantification of iron amounts associated with cells using ICP-
MS analysis, second, measuring the intensity of light scattering of treated cells
as an indication for NPs-cell potential interaction, and third, direct cell imaging
using TEM technique to track the location of aminoacid modified-USPIONS in

caco-2 cell.

To achieve the above experiments, a common procedure for Caco-2 cells
processing was followed. For the three different aminoacids-modified
USPIONs, 6-well plates were prepared and cells were cultured as described
earlies. Initially, 3 ml of colloidal dispersion of 80 pgml* aminoacid modified
USPIONs in EMEM (with or without serum and L-glutamine supplementation)
have been applied to every well after old growth media was aspirated. EMEM
(with or without serum and L-glutamine supplementation) was used as

background control in all experiments. The plates were incubated under gentle
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shaking (at 37 °C, 5% CO3) for a period of 2 hours. After which, sequence of
adequate washing steps were conducted for the purpose of eliminating any

loosely attached aggregates of NPs to cell membrane as much as possible.

The cells washing procedure as follow: Aspiration of modified USPIONs-
dispersed EMEM from each well and 2-3 cycles of washing were applied. One
cycle represent consecutive using 1 ml of both versene and PBS solutions to
wash the cells. Next, 2ml 10% FBS supplemented EMEM was added to each
well and left under gentle shaking for 5 min to allow particle or aggregate to
diffuse into the media protein. Finally, 1 cycle of versene and PBS washing will

make cells ready for the next stage of sample processing.

4.2.2.3.2 lron amount quantification (ICP-MS analysis)

To determine the amount of iron interacted with cell line, the previously washed
cells in each well were detached by using 750 pL of trypsin for 5 min which was
deactivated by 750 pL of serum supplemented EMEM. The cells thoroughly re-
suspended and transferred to 15 ml falcon tubes. 20 pL of cell suspension of
each well was mixed with equal amount of trypan blue for cell counting using
automatic cell count choice in Tecan microplate reader. The 1.5ml cell
suspensions were pelleted after 5 min centrifugation at 1000 xg centrifuge force
and the supernatants have been aspirated afterwards. Two principles of cell lysis
were combined to make sure maximum iron extraction outcome. This step
includes adding of 300 uL of RIPA lysis buffer to each tube with thorough
mixing for 30-45 min followed by application of 2 cycles of freeze-thaw. To
dissolve the extracted USPIONs 1ml of concentrated HCI solution (37% wi/w)
were added. After 6 hrs, 5ml of DI water have been used to dilute the

concentrated acid. Ultimately, the falcon tubes were centrifuged at 3000 xg to
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eliminate any cell debris remaining. Clear samples supernatant were treated with
50-200 pl of antifoaming agent and delivered for ICP-MS analysis. The recorded

values are the mean of three measurement + 1SD.

4.2.2.3.3 Light scattering measurement (Flow cytometry study)

The trypsin-aided detached cells were pelleted at 1000 xg centrifuge force for 5
min as above. The supernatant was replaced by 2ml of serum-free growth media,
cells were re-dispersed thoroughly and passed through 40 um membrane filter
to remove cell aggregates. The samples were inserted in ice path and transferred
for analysis in flow cytometry suit. The obtained data were triplicate and

expressed as mean £ 1SD

4.2.2.3.4 TEM imaging (Samples preparation)
4.2.2.3.4.1 Cell fixation

Double strength of fixative (6% glutaraldehyde in 0.1 M cacodylate buffer, pH
7.2) was added to complete growth media at ratio of 1:1. The previously rinsed
cells in 6-wellplate were subjected to glutaraldehyde-media solution at normal
growth conditions (37°C, 5% CO>) as reducing cells temperature below 37°C
before fixation may alter the morphological characteristics of them. After 1 hr,
the cells in each well were smoothly washed with 1 ml of 0.1 M cacodylate
buffer three times. Cautiously, the fixed cell monolayers were scraped,
transferred to 1.5 ml Eppendorf tubes and covered with excess of cacodylate
buffer then stored in 4°C waiting the next step. The scraped cells will start to
form a sediment overnight so that the centrifugation will be avoided to prevent

cell smashing.
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4.2.2.3.4.2 Embedding resin preparation

Briefly, a total of 100 ml resin were prepared by adding 25ml Araldite
CY212 resin, 15ml Agar 100 resin and 55ml DDAS to a ‘tripour’ beaker (weigh
the volumes required on the 2 digit scale instead of direct volume measurement
as they are highly viscous). The mixture was efficiently stirred. Then 2ml of
Dibutyl phthalate and 1.5 ml of DMP 30 were blended with the resin mix. The
intensive stirring should be continued until there are no striations observed in

the final combination.

4.2.2.3.4.3 Cell dehydration and resin embedding

Before commencing in dehydrating the cells, Worm 10% gelatine solution has
been prepared in order to immerse the pelleted cells in it after aspirating the
cacodylate buffer. 100ul of this solution were used in each Eppendorf and then
stayed in fridge for 10 min to obtain a relatively hard gelatine blocks. Removing
the blocks from the tubes, cutting them into several portions and transferring
them to a previously labelled vials have been completed so as to start the
dehydration stage. A series of ethanol at gradient concentrations were used as
follow: 50%, 70% and 90% ethanol twice for 10min; and 100% ethanol twice
for 20 min. For the most effective dehydration process the all vials should be
covered tightly to avoid ethanol concentration changing due to evaporation.
Next, 100% of propylene oxide (Propox) was used twice for 10 min. The
gelatine blocks were pre-embedded with a mixture of resin:Propox at 1:3 v/v
ratio for 2hrs, followed by overnight infiltration using 1:1 v/v ratio resin:Propox.
In this step the vial lid should be remove to allow propox to escape leaving the
resin. Later on in the next day, the resin was completely replaced with fresh resin

utilising new vial and left for 3 hrs. Finally, the embedding capsules were used
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to polymerise the gelatine blocks-containing resin by exposing them to 60C for
48hrs to make the resin ready for next step of sectioning. The gelatine blocks

were pushed by tweezer down to touch the bottom of the capsules.

4.2.2.3.4.4 Resin blocks sectioning

The specimen blocks were tightly held and positioned with their bottom upright.
By using razor, the block edges were trimmed leaving an area of 3-5 mm in
which the cells in gelatine exist. Then these blocks have been placed in the
microtome holder in a certain way to be aligned with diamond knife attached to
a boat which is filled with DI water. Lastly, the thickness of cuts were adjusted
to be between 70-90 nm. The floated cut sheets were mounted on 3.05 mm
carbon coat copper grid of 200 mesh and left overnight in petri dish for air

drying. The grids will be ready for TEM imaging thereafter.

4.2.2.4 Statistical analysis

Statistical comparisons were functioned by Prism application using unpaired t-
test and one way ANOVA analysis. Values of p < 0.05 were considered
statistically significant. The asterisk-sign *, **, *** and **** indicate p < 0.05,
p <0.01, p <0.001 and p < 0.0001 respectively. Any other probabilities less than

0.0001 were denoted by ****,

4.3 Results

4.3.1 Colloidal stability of aminoacid modified USPIONSs
in cell culture media

Figure 4-1 shows differences in particles size of modified USPIONSs following
dispersion in different cell culture media (with and without serum). It is clearly

evident that, in the presence of serum, USPIONSs are forming a stable colloidal
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dispersion, with particle size of around 120 nm, while in the serum free medium,

large particle aggregates, of around 2000-3000 nm, were formed over the

experiment timeframe of 90 min, as shown in Figure 4-1.
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Figure 0-1: Hydrodynamic particle size of amino acid modified USPIONs in EMEM culture

media in the presence and absence of FBS as a function of time.

USPIONSs concentration is 80ug/ml. error bar represent £ 1SD

4.3.2 Cytotoxicity assessment of aminoacid modified

USPIONSs

4.3.2.1 Effect on cell metabolic activity

Figure 4-2 reveals that on a short term exposure all aminoacids modified

USPIONSs tested show no significant reduction in cell metabolic activity over

the tested concentration range (40, 80, 150, 250, 350, and 500 pg/ml). In

contrast, over a longer period of time (24hrs experiment) a significant

concentration dependent reduction (p < 0.0001) in cell metabolic activity was
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observed. Interestingly, no significant differences in LDso values amongst the
three systems tested were obtained — with LDsp values of around 400 pg/ml for

24 hours exposure.
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Figure 0-2: Caco-2 cell metabolic activity following exposure to Asp-, His-, and
Phe-USPIONs for different time intervals.

Data represents mean = 1SD of triplicate measurement from three independent
experiments. Lethal dose 50% (LD50) values were calculated using non-linear analysis
(GraphPad prism) and are presented as mean £ SD (pg/ml). ANOVA analysis revealed
no statistical difference (p > 0.05) between LD50 values of the different formulations.
Statistical differences (ANOVA followed by Dunnet’s multiple comparison test) between
treatment values and the negative control are indicated by asterix (formulations at each
concentration of significance did not differ in calculated level of significance). *, P <
0.05; **, P < 0.01; ***, P < 0.001; **** P < 1x107.
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4.3.2.2 Effect of the modified USPIONs on the cell membrane
integrity (LDH assay)

Data summarized in Figure 4-3 illustrate that there was a highly significant effect
(p < 0.01) on measured LDH activity on exposure to USPIONS in solution. The
profile indicates a concentration dependant inhibition, and almost complete
inactivation of the enzyme after 8 hours of exposure to higher USPIONs
concentrations. This explains a surprising data in Figure 4-4 which show no
measurable activity of LDH in the media even for the 8 hours cell exposure to

high concentrations of USPIONS.
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Figure 0-3: Normalised activity of LDH after 8 hours exposure to aminoacid modified
USPIONSs in solution.

Data represents mean = 1SD of triplicate measurement from three independent
experiments. Statistical differences (ANOVA followed by Dunnet’s multiple comparison
test) between treatment values and the negative control are indicated by asterix
(formulations at each concentration of significance did not differ in calculated level of
significance). *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 1x107,
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Figure 0-4: Normalised activity of LDH as following Caco-2 exposure to different
aminoacids modified USPIONs systems.

Data represents mean = 1SD of triplicate measurement from three independent
experiments. ANOVA analysis revealed no statistical difference (p > 0.05) between
treatment values and the negative control.
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4.3.2.3 Reactive oxidative stress

Effects of short term exposure of Caco-2 cells to increasing concentrations of
aminoacid modified USPIONs on ROS production are summarized in Figure 4-
5. The data indicate an absence of a significant effect up to ~150 pg/ml
concentration, followed by an unexpected reduction in ROS production at higher
concentrations. Interestingly there is no clear relationship between effects of
either concentration USPIONSs used or time of exposure in the latter case. Figure
4-6 summarizes the data for longer term, 1-24 hours, cell exposures. It reveals
the presence of strong concentration and time dependant production of ROS for
all the systems tested. Interestingly, the effect of Phe-USPIONs seems to be

more pronounced, relative to two other systems tested.
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Figure 0-5: Effects of a short term exposure of Caco-2 cells to aminoacid modified
USPIONs on ROS production.

A real time experiment was performed by incubating the 96-well plate inside plate
reader for around 60 min. the data was recorded every 5-15 min. Data represents mean
+ 1SD of triplicate measurement from three independent experiments. Statistical
differences (ANOVA followed by Dunnet’s multiple comparison test) between treatment
values and the negative control are performed.
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Figure 0-6: Effects of a longer term exposure of Caco-2 cells to aminoacid modified
USPIONs on ROS production.

Here, the 96-wellplate was left inside normal incubator for the specified time interval
mentioned. Data represents mean * 1SD of triplicate measurement from three
independent experiments.
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4.3.2.4 Effect of USPIONSs on cell mitochondria

TEM images in Figure 4-7 of Caco-2 cells exposed to aminoacid modified
USPIONSs appear to illustrate the presence of mitochondria with changed,
damaged morphology after the 24 hours of exposure. The mitochondria appear
distorted, with internal ‘disordered’ membrane substructure, in addition to the
outer irregularly shaped surface — all indicating substantial morphological

changes.

Asp-USPIONSs

Phe-USPIONs

ek

Figure 0-7: TEM micrographs morphology of cell mitochondria after 24 hrs of Caco-2
cells exposure to different USPIONs system
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4.3.2.5 Effect on effector caspase activation

The activation of effector caspases-3/7 in Caco-2 cells following 24 h exposure
to tested USPIONSs was performed to investigate the propensity of these particles
to induce cell apoptosis. Figure 4-8 demonstrates that applying Asp-, His- and
Phe-modified USPIONs at concentrations > 150 pg/ml elicited significant
increases (p < 0.05) in caspase-3/7 activation (in a concentration-dependent
manner). It can be noted that the maximal (~ 5-fold) increase generated by the
tested USPIONSs approaches that induced by the apoptotic control (~ 6-fold; 50
MM Staurosporine). Again, effects of Asp- and His-particles are comparable
while the trend for Phe-counterparts differ, showing statistically significantly
lower values at higher concentrations than the other two systems (P < 0.01;

ANOVA followed by Turkeys multiple comparison of column means).

Normalised
caspase 3/7 activation

Negative 40 80 150 250 350 500 40 80 150 250 350 500 40 80 150 250 350 500 Stau

Asp His Phe

Concentration (mg/ml)

Figure 0-8: Effect of aminoacid modified SPIONSs on the activation of Caspase-
3/7 in Caco-2 cells.

Caspase-3/7 activation was assessed using the CellEvent Caspase-3/7 detection
reagent following 24h incubation with treatment samples. Staurosporine (50 uM;
Stau) was used as a known inducer of apoptosis for comparison. Data represents
triplicates from three independent experiments and is presented as mean = S.E.M.
Statistical analysis was performed by ANOVA followed by Dunnet’s multiple
comparison test (GraphPad prism 7.0). *, P < 0.05; **, P < 0.01; ***, P < 0.001;
*kx P < 1x10°
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4.3.2.6 Hoechst 33342 / Propidium iodide double staining

To investigate potential apoptotic consequences on Caco-2 cells exposure to
aminoacid modified USPIONSs, cell nuclei were co-stained with the DNA
binding dyes Hoechst 33342 (Ho) and propidium iodide (PI). Hoechst 33342,
as a cell membrane permeable dye gives an indication of cell numbers in the
sample, while membrane impermeable Pl indicates a cell population with
permeabilised plasma and nuclear membranes. Figure 4-9 illustrates that cells
treated with the negative control (EMEM) display no significant, positive Pl
staining. On the contrary, application of ethanol, a known inducer of necrosis,
shows positive staining in all cell nuclei, as demonstrated by the presence of
purple stained nuclei in the merged image. It can be observed that cell treatment
with USPIONSs solutions (500 pg/ml) resulted in the presence of Pl positive
staining; however, this staining is shown by a small sub-population of the cells
in the field of view. However it should be noticed that the morphology of cell

nuclei for His- and Phe- modified USPIONs may be somewhat affected.
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Figure 0-9: Hoechst 33342 / Propridium lodide (Ho/PI) double staining in Caco-2 cells.

Caco-2 cells were exposed to particle solutions of 500 pg/ml for 24h followed by the incubation
with Ho (0.6 pg/ml) and PI (2.0 pg/ml) and imaging on EVOS microscope 20X magnification
(scale bar 200 um). Right hand column shows Ho staining (lex = 357 nm, Aem = 447 nm), middle
column is PI staining (Aex = 531 nm, Jem = 593 nm) and left hand column represents merged
images (using ImageJ software). Neg; negative control, Nec; necrotic control (100% Ethanol).
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4.3.3 Aminoacid modified USPIONSs-cell association

4.3.3.1 Quantitative analysis of USPIONSs associated with Caco-
2 cells

Detection of iron, arising from the USPIONSs tested, by using ICP-MS analysis
of cell samples is illustrated in Figure 4-10A, B, C and D. The data clearly
demonstrate that incubating aminoacid modified USPIONSs with Caco-2 cells in
culture media lacking FBS resulted in a significant increase (p < 0.05) in the
amount of cells associated iron, i.e. USPIONSs. This occurs at both 37 and 4°C,
indicating that the process may not be energy dependent. On the contrary, the
presence of FSB in the incubation media resulted in slight increase in cell
associated iron, but that was notably smaller than in the FBS absence. It is
important to notice the following trend in quantity of cell associated iron: Asp-

> His-> Phe, particularly seen in the serum free experiment.

On increasing the concentration of applied USPIONs from 80 (Figure 4-10) to
150 pg/ml (Figure 4-11), an increase in the overall amount of cell-associated
iron was seen, without affecting on the general trend (i.e. high amount of iron
associated in serum free and a reduction in the presence of serum). The only
difference seen, relative to lower concertation applied, are comparable amounts

for all three systems at 4°C and serum free conditions (Figure 4-11B).
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Figure 0-10: Amount of cell associated modified USPIONSs (in terms of picogram
elemental iron per individual cell).

A)37°C, serum free conditions B) 4°C, serum free, C) 37°C media containing serum,
D) 4°C media plus serum. Concentration of applied USPIONs was 80ug/ml. exposure
time is 2 hours. Data represents triplicates from three independent experiments and is
presented as mean + 1SD. Statistical analysis was performed by ANOVA followed by
Dunnet’s multiple comparison test (GraphPad prism 7.0). *, P < 0.05; ** P < 0.01;
*Hx P < (0,001; ****, P < 1x10°
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Figure 0-11: Amount of cell associated modified USPIONSs (in terms of picogram
elemental iron per individual cell).

A)37°C, serum free B) 4°C, serum free C) 37°C media plus serum D) 4°C,
media plus serum. Concentration of USPIONSs is 150 pg/ml. exposure time was
2 hours. Data represents triplicates from three independent experiments and is
presented as mean + SD. Statistical analysis was performed by ANOVA
followed by Dunnet’s multiple comparison test (GraphPad prism 7.0). *, P <
0.05; **, P < 0.01; ***, P < 0.001; **** P < 1x107
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4.3.3.2 Flow cytometry

Figures 4-12 and 4-13 represent the magnitude of side scattering — data collected
from flow cytometry analysis for Caco-2 cells exposed to 80 pg/ml and 150
pg/ml USPIONS, respectively. The increase in side scattering values, relative to
control cells, indicates association of USPIONs with cells. The data show a
statistically significant (p < 0.05) cell association for all three systems when
tested at 4°C in serum free media, and for Asp-USPIONs when tested at 37°C
also in the serum free media. In all other experiments, a significant cell

association of USPIONs with could not be detected (p > 0.05).

Interestingly, and contrary to ICP-MS experiment, levels of side scattering seen
for systems tested in absence and in presence of serum are not dramatically
different — unlike corresponding ICP-MS data. Furthermore, increasing the
concertation of applied USPIONs did not results in an increase in side scattering

values (Figure 4-13), unlike in the ICP-MS experiment.
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Figure 0-12: Fold change of side scattering in flow cytometry analysis for exposure
of Caco-2 cells to modified USPIONSs.

A)37°C, serum free B) 4°C, serum free C) 37°C media plus serum D) 4°C, media plus
serum. Concentration of USPIONs is 80ug/ml. Exposure time is 2 hours. Data
represents triplicates from three independent experiments and is presented as mean +
SD. Statistical analysis was performed by ANOVA followed by Dunnet’s multiple
comparison test (GraphPad prism 7.0). *, P < 0.05; **, P < 0.01; ***, P < 0.001;
*xkk P < 1x10°
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Figure 0-13: Fold change of side scattering in flow cytometry analysis for exposure
of Caco-2 cells to modified USPIONS.

A)37°C, serum free B) 4°C, serum free C) 37°C media plus serum D) 4°C, media plus
serum. Concentration of applied USPIONs was 150 pg/ml. Exposure time is 2 hours.
Data represents triplicates from three independent experiments and is presented as
mean + SD. Statistical analysis was performed by ANOVA followed by Dunnet’s
multiple comparison test (GraphPad prism 7.0). *, P < 0.05; **, P < 0.01; ***, P <
0.001; **** P < 1x107
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4.3.3.3 TEM analysis

TEM analysis was performed on different USPIONs systems fabricated and
applied to cells under different conditions (temperature and serum
absence/presence) in order to obtain a high resolution visual analysis of
USPIONs — cell interactions. In addition to visualising the location of these
particle inside cellular compartment, the interest was also focused on their

presence at the cellular membranes, as per results described above.

TEM images obtained are summarised in Figure 4-14. They depict that for cells
exposures to USPIONSs in serum free conditions, an association with cell outer,
plasma membrane can be seen. This is especially prominent in the case of Asp-
USPIONs. While an almost continuous thin layer of ‘individually’ adsorbed
particles could be seen for Asp-USPIONSs, small aggregates of NPs are observed
attached to cell plasma membrane in case of Phe-USPIONs. Considering the
intracellular presence of USPIONs, Phe-USPIONs show a relatively higher
occurrence of particles internalised inside the cellular compartments, whereby
much of Phe-USPIONSs appear entrapped inside a large ‘compartments’ within

some cells.

For low exposure temperature (4°C), the presence of USPIONs inside cells
appears to be absent. This may indicate that (most of) iron detected in ICP-MS
experiment to be cell associated could be in fact arising from cell surface

associated rather than cell internalised USPIONSs.

Upon introduction of serum to culture media (Figure 4-15), surface association
of USPIONs with cells could not be observed in TEM analysis, neither at 37°C

nor at 4°C. This is observed for all USPIONSs tested.
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Asp-USPIONs at 37 °C in serum free
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His-USPIONSs at 37°C in serum free
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Phe-USPIONSs at 37°C in serum-free
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Asp-USPIONs at 4°C in serum free
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His-USPIONSs at 4°C in serum free
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Phe-USPIONSs at 4°C in serum-free

Figure 0-14: TEM micrographs of Caco-2 cells following exposure to modified USPIONSs. The

concentration of all amino acid modified USPIONs (Asp-, His, Phe) are 80 pg/ml. exposure time

was 2 hours. All TEM micrographs are of cells exposed to serum free media containing USPIONs
dispersion
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Asp-USPIONSs at 37°C in media + serum

His-USPIONSs at 37°C in media + serum

Phe-USPIONSs at 37°C in media + serum
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Asp-USPIONSs at 4°C in media + serum

His-USPIONSs at 4°C in media + serum

Phe-USPIONSs at 4°C in media + serum

Figure 0-15: TEM micrographs of Caco-2 cells following exposure to modified USPIONs. The
exposure time was 2 hours. USPIONs of all types (Asp-, His-, Phe) have concentration of 80pg/ml.
complete EMEM culture media has been used.
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4.4 Discussion

The work presented in this section aimed to assess biological effects on cells in
culture upon exposure to aminoacid modified USPIONs. Caco-2 cells were used
as a model of gut epithelium. The study contributes to a body of work in the
literature directed towards understanding the impact of exposure to metal
nanomaterial (with adsorbed organic material) to human respiratory and oral

mucosal surfaces °.

Initially cytotoxicity of USPIONs was assessed by MTT assay, which measures
the ability of mitochondrial succinate dehydrogenase enzyme to transform
yellow tetrazolium dye into formazan crystal. The amount of formazan crystal
accumulation is directly proportional to the cell metabolic activity and, therefore
indicates their viability *. Accordingly, the reduction in cellular metabolic
activity observed gives a preliminary indication that modified USPIONS, at
doses higher than 150 pgml, cause a significant (p < 0.05) cytotoxic effect to
Caco-2 cells on 24 hours of exposure (Figure 4-2). It should be noted that a
reduction in MTT readings should not be directly translated into a reduction in
cell survival (viability) as it is in fact a measure of cell metabolic activity 2223,
Cytotoxicity was also previously reported after incubation of iron oxide NPs
with human endothelial cells for prolonged period 24, with a comparable
concentration dependent cytotoxicity reported in other literature 25, On the
other hand, a long term incubation of L929 (mouse) cell line for more than 24
hours with different functionalised iron oxide NPs (PAA, chitosan and oleic

acid) did not show observable toxicity in MTT assay 252°.

It is important to notice that in the present study, no significant differences (p >

0.05) in MTT measured cell metabolic activity were observed amongst the
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USPIONs tested. Somewhat unexpected MTT data of ‘normal’ levels of
metabolic activity of cells exposed to high USPIONs concentrations (>250
pg/ml) may be ascribed to the USPIONs aggregation. It is known the
nanoparticles aggregation rate is proportional to the concentration of suspended
particles 3°32 and may lead to an uncontrolled aggregation to occur fasted at
higher concentrations. This in turn may have resulted in a reduced association
with / or smaller contact area for association with cells in our case. At low
concentrations, 40-150 pg/ml, more individual particles may have remained in
the colloidal dispersion for longer time period increasing a probability for

particle-cell interactions to occur.

In lactate dehydrogenase assay, a release of the cytosolic enzyme, LDH, from a
cellular compartment is taken as a measure of a damage to a cell membrane
integrity 3334, In the present study, the absence of significant LDH amount (p >
0.05) in culture medium may occur due to more than one reason. First, according
to the data illustrated in Figure 4-3, there is a significant inactivation (p < 0.01)
of the enzyme upon prolonged incubation with USPIONSs. The reasons for the
enzyme deactivation can be briefly discussed by proposing two mechanisms.
First, as LDH itself is proteinaceous material, it is expected to form an adsorptive
layer around USPIONSs in a way similar to ‘normal’ protein-NPSs association
process %3¢, The second reason includes a potentially destructive oxidation of
LDH by the action of iron dependent oxidative species that are generated in the
media containing USPIONs 37, Therefore, in such a case there would be no
benefit of conducting LDH assay studies under prolonged exposure conditions

(Figure 4-4). In literature, no sign of LDH release was reported in case of large

289



hematite NPs #* however, other articles claimed a presence of LDH leaked from

cellular compartment upon exposure to iron oxide NPs 742,

Although assays on cellular metabolic activity and LDH have exhibited a
considerable cytotoxicity (on prolong exposure to relatively high
concentrations) the major mechanism by which USPIONs could mediate cellular
toxicity was yet to investigate. The mechanism considered was related to the
electron transport properties that transition metals have. Both iron forms (ferrous
and ferric) can be effectively involved in a catalytic cycle through which
hydrogen peroxide will be transformed into hydroxyl radical, one of most
hazardous reactive oxygen species >4, More importantly, the production of
such harmful oxidative species is potentiated by overloading the biological
system (cell) with iron generating NPs (USPIONSs in our case). This results in
depletion of antioxidant species (for instance cell present glutathione). Once an
imbalance between pro-oxidant and antioxidant material has been shifted in

favour of pro-oxidant, a chain of toxic events can be triggered >4,

Regarding our results, exposure to Asp-, His-, and Phe-USPIONs in culture
media resulted in the generation of oxidative stress in Caco-2 cells, where ROS
was normally increased up to 3-fold after 24 hours of exposure to the higher
concentrations (500 pg/ml) (Figure 4-6). This strongly indicates the
accumulation of toxic species inside the cells, as a result of loss in homeostasis
between pro-oxidant and antioxidant materials and thus disruption of cellular
‘repair’ mechanisms #’. The data obtained from first 60 minutes (Figure 4-5)
support the proposed onset of normal cellular repair mechanisms, whereby one
sees a reduction in stress level after the onset for a mild stress at the early
exposure tmes 34 and where abundant presence of antioxidant materials in the

290



cells are yet to be depleted. In literature, similar trend of a concentration and
time dependant ROS accumulation has been reported after incubating iron oxide

NPs with human skin, lung epithelial cells and lymphocytes >0,

The accumulation of ROS (especially hydroxyl radical) inside cells functions to
trigger a profound and ‘long lasting’ toxic effect on biological membranes
enclosing cell organelles. As a phospholipid bilayer is the main component of
these membranes, and a lipid peroxidation process initiated by the action of the
free radicals will trigger a series of events that would ultimately terminate in cell
death (either apoptosis or necrosis). This situation develops when the oxidative
damage overcomes cell repair capacity °>°3. As a consequence, we believe that
the injury to the double-membrane encircling mitochondria may be the initial
step in the cell damage as proteins constituting transition pores of mitochondrial
membrane are targets for ROS. These experience oxidative modification
(damage) and consequently opening of the mitochondrial pores could occur >+,
This in turn increases diffusion of mitochondrial ROS that exacerbate the injury
effects on mitochondria themselves (as illustrated in Figure 4-7) 56, All these
events could culminate in both intrinsic and extrinsic apoptotic mechanisms. In
line with our results, previous work by Taha et al reported that iron-ascorbate
nanoparticles mediate harmful effect on mitochondrial functions after short

incubation with Caco-2 cell line via lipid peroxidation .

Caspase activation related data in Figure 4-8) unquestionably confirm that
aminoacid-(aspartic acid, histidine, and phenylalanine) modified USPIONs
possess cytotoxic effects that induce apoptosis-mediated cells death. The
detected significant increases (p < 0.05) of activated effector caspases occur in
a response to pro-apoptotic signals %8°. The subsequent release of pro-apoptotic
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factor, cytochrome c, from the modified and damaged mitochondria plays a key
role in triggering the caspase cascade by activation of caspase 9 0. This will
activate the effector, caspase 3 amounts ¢, and which has been detected in our
case as significantly increased (p < 0.05). Caspase 3 is known to target numerous

substrates leading to formation of apoptotic bodies and cell death 6162,

Taken together, findings that the metabolic activity (Figure 4-2) was not ‘totally
abolished’, absence of positive Ho/PI double staining (an indicator of necrosis
52) (Figure 4-9), and the caspase activation, may indicate that USPIONS, under
the described exposure conditions, induce an apoptotic pathway of cell death in
Caco-2 cells. Moreover, a possible indication of the presence of small Ho/PlI
positive nuclear bodies (apoptotic bodies) in Figure 4-9 could further illustrate

that a fraction of cell population may be undergoing late apoptosis.

Interestingly, Phe-USPIONSs were observed to induce notably reduced caspase
activation, compared to Asp- and His-USPIONs. The reasons for this are not
clear. One may suggest that in this case cell death could have been mediated by
necrosis in combination with apoptosis. In comparison to Asp- and His-
USPIONSs under equivalent experimental condition, there is an early high
increase of ROS production after short term treatment (1, 2, and 4 hours) with
Phe-USPIONs (figure 4-6), which may resulted in cell damage such that a
necrotic mode of cell death may not be excluded. Potential cell membrane
damage could have been assessed from LDH assay (that may give an indication
of necrotic cell death 33), however this analysis was not helpful in the present
study because of the enzyme deactivation by USPIONs noticed (Figure 4-3). In
the literature some other studies also propose that iron oxide NPs induce
apoptotic mode of cell death 5364,
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Given a demonstrated toxic potentials of aminoacid modified USPIONS, it was
decided to investigate their association with cells to help depicting potential risks

of human tissue exposure to these objects 20656,

Initially it should be noticed that comparing hydrodynamic size measurements
of Asp-, His-, and Phe-USPIONSs in different aqueous media — deionised water
(Figure 3-5), serum-free culture media, and culture media with 10% FBS (Figure
4-1) evidently reveals a formation of protein adsorptive layer around individual
/ or group of particles (protein corona) 8768, The increase in the average particle
size from ~40 nm to ~120 nm has been noticed in FBS presence, with the
systems retaining a reasonable colloidal dispersion properties. This can be
attributed to the protein adsorbed layer effectively functioning as a steric
stabilizing layer that prevents the USPIONs from undergoing aggregation, as
observed in the case of serum-free media where hydrodynamic size values

higher than 2000 nm have been recorded indicating USPIONSs gross aggregation.

To study USPIONSs cellular interaction/ uptake, cells associated iron content was
measured by ICP-MS, in conjugation with flow cytometry analysis . For ICP-
MS, as a preliminary control step, a determination of a metallic element that is
naturally present in cells was undertaken "%, The ICP-MS measurements were
critical in this study for monitoring label-free USPIONSs cellular association and
uptake as no normally used approach of encapsulation of fluorescent probe was
adopted ">". Experiments were conducted under different cell-USPIONs
incubation conditions (serum presence, temperature, and USPIONS
concentration) and iron amount determined (Figures 4-10 for 80 pg/ml and 4-11
for 150 pg/ml). The comparisons of data obtained clearly indicate an important
role that protein component of serum plays. In this regard, it infers that formation
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of protein corona on USPIONs appears to function as a barrier preventing NPs

interactions with cell membrane and hence reducing any subsequent processes

76-78

Considering the effects of incubation temperature, performing experiments at
temperature of 4°C is normally considered to drastically inhibits cells membrane
trafficking processes (particularly cellular internalisation) *. In this case one
would expect the amount of cell-associated USPIONSs to be lower than at 37°C
incubation temperature, if energy dependent active processes are involved 881,
Interestingly, incubating Asp-, His-, Phe-USPIONs with cells in serum-free
media at 4°C reveals contrary results where the amount of cell-associated iron
(detected by ICP-MS) showed significant increase (p < 0.01), promoted by using
the higher NPs concentration (150 ug/ml) (Figure 4-11). This finding brings
about an initial assumption of that the process of physical adsorption of modified
USPIONs with cell membrane dominates potential cells internalization

processes.

Regarding flow cytometry data, detection was based on side scattering analysis
8284 and the increase in fold-number of side scattered intensity are correlated to
the association of NPs with cells. Similar to ICP-MS experiments, the effects
experimental variables (serum presence, temperature, and NPs concentration)
were investigated (Figure 4-12 for 80 pg/ml and Figure 4-13 for 150 pg/ml).
Data in general indicate not significant increase (p > 0.05) in side scattering of
the tested samples, with a significant increase (p < 0.01) in side-scattered
intensity noticed in the case of Asp-USPIONs. Surprisingly there was the lack

of significant differences (p > 0.05) in the data for His- and Phe-USPIONSs
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systems following incubation in serum-free conditions or in the presence of

serum (for both incubation temperatures), as seen in IPC-MS analysis.

Therefore, it was decided to visualise the USPIONs — cell interactions by TEM
study for the different conditions and systems tested. Images for incubation in
serum-free culture media (Figure 4-14) evidently illustrate existence of a
considerable interaction between cell membrane and aminoacid modified
USPIONSs in an order of Asp- > His- > Phe-, while an inverse trend may be
suggested regarding their cellular internalisation. With incorporating 10% FBS
into incubation media, TEM images of all tested samples lack to show either
interaction with cell membrane or USIOPNSs localisation inside cells. This would
be consistent with ICP-MS based results, where very little iron was associated
with cells, as well as in agreement with results reported by Zanella et al ®. This
would again indicate that the protein layer formed around modified USPIONs
gives rise to a steric hindrance to adsorption to cell surface and subsequent

processes of cellular uptake 77788687,

With serum-free media, the formation of almost continuous adsorbed layer of
aminoacid modified USPIONSs associated with cell membrane could be mainly
attributed to two factors: the nature of core material (USPIONSs) and modifying
agent (aminoacid molecules) used. In the present case, core material itself may
be responsible for USPIONs — cell membrane association noticed. With an
assumption that the phosphate functionalities of phospholipids in the cell
membrane bilayer could have a higher affinity towards iron, it may be proposed
that aminoacid modified USPIONs undergo a ‘ligand exchange’ by which the
surface associated aminoacid molecules are displaced in favour of phosphate
groups of phospholipids 89, This ‘exchange’ mechanism has been successfully
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exploited by many protocols to prepare functionalised iron oxide NPs %9
Moreover, there are literature reports on different types of iron oxide NPs to

form such a thin adsorbed layer on different biological barriers %%,

However, TEM micrographs (Figure 4-14) reveal different behaviour of the
three USPIONSs tested, depending on the nature of their surface modification. In
case of Asp-USPIONS, as demonstrated in the previous chapter, there is more
carboxylate functionality in the outer adsorbed layer available for ‘bridging
interaction” — among themselves and with phospholipids of cell membrane. This
kind of interaction is thought to be mediated by calcium ion present in an
aqueous medium 8%° Therefore, this could lead to a formation of relatively
stable NPs-phospholipid molecule(s) complex(es) which may ‘fix’ the cell
membrane and restrict further membrane reorganisations necessary for NPs

internalisation 1%,

For Phe-USPIONSs, the situation is different because of an absence of free
carboxylate functionality in favour of the hydrophobic aromatic ring. The likely
increased surface hydrophobicity of these USPIONs may have a crucial effect
on enhancing nanoparticles engulfment on expense of nanoparticles’ ‘fixing’ the
cell membrane 1192 and result in their observed internalization at 37°C

incubation temperature.

4.5 Conclusion and summary

In summary, the data in this chapter indicate that on exposure to coated SPOINs
intestinal model Caco-2 cells show signs of toxicity, although relatively high
doses and exposure times could be applied to cause a significant toxicity effects

(p <0.05), with LD50 of around 400 pg/ml at 24 hours exposure. Future studies
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on the coated USPIONs effect on cell membrane integrity, production of
reactive oxygen species and mitochondrial damage provides a further insight
into possible mechanisms of toxicity. These indicate that, under conditions

tested, USPIONS can trigger apoptotic cell death.

Exploiting the unique advantages that fabricated iron oxide USPIONSs possess
high electron density, TEM was employed, in conjunct to ICP-MS and flow
cytometry techniques to study USPIONSs interactions with cells in culture. The
data obtained indicate the dominant role of the nature of coating aminoacid on
the USPIONSs interaction with cells — in serum free medium — where high level
of Asp-USPIONs adsorption to outer layer of the cell membrane was seen under
TEM. This was corroborated with ICP-MS data, but flow cytometry side
scattering analysis did not conform the phenomenon. The latter may possibly be
connected to the formation of an almost perfect NPs monolayer at the cells
membrane rather than a creation of a significantly sized ‘particle’ that would
cause side scattering (p < 0.05). In the presence of serum — i.e. conditions of
organic material adsorption to the USPIONs surface — the effect of aminoacid
coating was overruled and steric stabilizing effects of the protein corona appear

to dominate the USPIONSs behaviour.
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Chapter 5: General discussion and future
directions

5.1 General discussion

The nano-sized metal oxide NPs are increasing investigated and used in
laboratories and diverse industry and they are increasingly present in the
environmental cycle dispersed in air, ground, or food and water. In such
environments the nano-sized metal oxide NPs interact with organic material
present and that consequently influences their properties. With this in mind, the
initial part of our work was to apply a novel production method to fabricate
‘bare’ iron oxide nanoparticles with defined and finely controlled size,
morphology and surface properties. The second stage was to control their
surface modification with small molecules of different chemistries — to create
colloidal stable dispersions of iron oxide nanoparticles and to mimic organic

material adsorption to metal oxide particles surface.

The potential toxic effects that metal oxide nanoparticles have on living
organism, including humans, once they are brought into the contact with
epithelia tissue covering mucosal surface, such as gut, was addressed in the third
sectin of our work. Here we investigated the nature of interactions of these nano-

particles with biological system and what are the potential consequences.

Regarding iron oxide NPs preparation, a novel SDR-based instrumentation was
adopted to investigate its ability for fabricating ultrafine iron oxide NPs
(USPIONS). The instrument used was newly designed and a considerable
amount of work was devoted to understanding fundamental concepts underlying

the fabrication process and how can the process variables be used to fine-tune
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the physicochemical properties of the product nanoparticles. Here, we proposed
that a physical barrier between NPs nucleation and subsequent growth that the
design of instrument creates is of a critical importance for fabricating inorganic

NPs having with improved, uniform size distribution.

In general, there are specific requirement should be satisfied for any process to
be applicable for preparation of highly uniform size of particles. These include;
(i) fast/burst nucleation event, (ii) continuous and homogenous growth stage for
a noticeable period of time, and (iii) to ensure the second point, a continuous and
regular feed of NPs building blocks (monomer or meso-stable intermediate
primary particles). Accordingly our NPs production instrumentation has
considered these prerequisite in its design including as follows: (i) a junction set
on particular point of reactants stream to force creation a burst nucleation zone
which is physically confined, (ii) a horizontally-oriented SDR to function as an
area at which the nucleated particles are allowed to grow, and (iii) a continuous
process achieved by a smooth injection of precursor materials simultaneously
with smooth ejection of fabricated particles so to prevent clogging/congestion
of growing particles at any specific instrument point, and thereby inhibit

unwanted aggregation or secondary growth.

With respect to the above design, we achieved a fine-tuning in the particle size
of fabricated USPIONs within the range of 4-9 nm. The main parameters
responsible for the particle size tuning were found to be reactants flowrate and
spinning disc rotational speed. It is very important to note that the main reasons
for NPs polydispersity and size non-uniformity arising during process of
synthesis include the following: (i) relatively long period for nucleation, (ii)
immature and secondary unwanted particles growth, and (iii) uncontrolled
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Ostwald ripening during main growth stage. Our design aimed to eliminate these
factors, whereby the microenvironment for the nucleation event support
inhibition of unwanted premature particles by reducing the residence time of the
active reactants. This is governed by increasing flowrate thus more uniform

nuclei were obtained 2.

With respect to uneven growth rate of particles, SDR has provided a perfect
platform for maintaining as similar as technically possible at this stage
microenvironment in the vicinity of individual growing particles. Therefore,
undesirable ripening was minimised. Here, the circular grooves (3D printed)
enabled a micro-mixing required for equal rate of particles enlargement within
a given timeframe *°. Moreover, according to some scenarios of particles
growth, the presence of meso-stable intermediate particles could work as a stable
source of building blocks. The number of the intermediate particles is believed
to be enhanced during very rapid burst of nucleation, another factor for
inhibiting particles ripening. In summary, simultaneous manipulation of

production parameters, a good control of NPs size was achieved.

Although at this stage of the instrument development mainly ultrafine NPs could
be fabricated, the future work should be conducted for further investigations in

its potentials to produce particles with a wide range of sizes.

In the next stage after fabricating USPIONs we modified the surfaces of these
particles with small molecular material with different chemistry. Here, we have
adopted a new method of dry powder mixing under pressure where surface
modifying agent and USPIONSs are both in solid, dry form and a mechanical

shear force is applied on the mixture . The dry mechanical mixing process
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showed superior effectiveness at modifying the surfaces of metal oxide NPs,
relative to the process conducted in water suspension, to produce stable colloidal
dispersion of USPIONs in aqueous media. Regarding biomedical applications,
most of surface modifying materials that are extensively used to functionalise
NPs are found to be either heat labile ingredients or unstable upon long term
storage in a liquid form. Therefore, the dry conditions of producing modified
NPs provides a good opportunity to increase a shelf-life of such products. In
addition, this technique is a feasible option for a wide range of biologically
active organic materials that could be prepared in a powder form, including
vitamins and peptides, which in turn can be used to modify the surfaces of

inorganic NPs.

In our case the organic modifying agents tested were aminoacids as HCI salt
form. These are selected based on physicochemical diversity of their side chain,
to develop a better understanding of how biomolecules or drug-like molecules
participate in the interaction with metal oxide NPs with biological barriers and

hence living organism’s response to exposure "8,

Relating to USPIONSs surface modification results, it was found that the amount
of surface associated molecules increased as the initial quantities of the
modifying agent increased, in a direct relationship. Data indicated a formation
of multilayer of aminoacid ‘monomers’ around individual particles. However,
this phenomena did not fully prevent amino acid modified USPIONs from
aggregation once exposed to physiological media. This may be due to
insufficient repulsive forces between particles crated by the aminoacid adsorbed

layer.
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The results indicate that different aminoacid showed different mechanism of
interaction with NPs, which points to the critical role that amino acid side chain
may play in the binding with USPIONs’ surficial iron ions. Therefore,
identifying the nature of this interaction will help in understanding how other
small molecules with similar properties could interact with NPs and broaden our
knowledge about the best strategy for NPs surface decoration and engineering

for more advanced biomedical applications.

Modified USPIONs with different surface chemistry were then brought into
interactions with a biological system, represented by Caco-2 cell line as a model
for intestinal epithelium. The data demonstrate that for all amino acid modified
USPIONS interaction with the cells in culture was dramatically reduced when
serum proteins were present in the culture medium. In this case, we believe that
formation of an adsorptive layer of plasma protein act as barrier to prevent a

direct USPIONs surface contact with cell membrane.

Similarly the literature shows that NPs coated with small molecules interact with
cell membrane at faster rate and with higher quantities than corresponding
polymer coated NPs °. Our study provides an interesting finding that (in serum
free media) USPIONs with different surface chemistries (different adsorbed
aminoacids) exhibit a different pattern in their interactions with cells. Applying
TEM we demonstrate that the more hydrophobic USPIONs (Phe-USPIONS)
have increased tendency to accumulate inside cells, whilst Asp-USPIONs
displayed higher affinity for binding to the cell membrane forming an interesting

‘monolayer’.
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These findings provide evidence about importance of the nature of NPs for their
cell interactions and hence contribute to our understanding of the effects of
surface chemistry of metal oxide pollutants on their potential toxicity.
Furthermore, studying the potential toxic effect of aminoacid modified
USPIONSs clearly show that exposure to these particles, at relatively higher doses
and longer exposure times, will cause cell death of exposed cells, which appers
to follows an apoptotic pathway. The toxicity of iron oxide USPIONs may be
arising from two reasons. First, USPIONs are well-known for their ability to
undergo Fenton like reactions and cause a production of high amounts of ROS
that results in oxidative stress. The second important reason refers to the direct
interaction with phospholipids in cell membrane. This may be contributing to
caspase activation — as found for Asp-USPIONs which produced higher level of

this enzyme activation in comparison with Phe-USPIONS.

5.2 Future directions

The developed instrument (Figure 2-1) has offered a promising ability to prepare
several inorganic NPs rather than USPIONSs. In addition, this custom-built
system was designed so that further physical modifications could be introduced
in order to expand its potential capacity for fabricating NPs with larger size than

was already prepared.

Moreover, more advanced investigations might aid to gain an insight regarding
the effect of instrument variables on NPs construction (nucleation and growth)
crystal lattice formation and magnitude of magnetism. It was believed that
increasing reactant flowrate and possibly rotational speed of the SDR would
produce different crystal structure and hence magnetism. Also chemical

variables (Fe*?/Fe*® ratio and BISS concentration) play a crucial role in changing
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the way by which NPs could be built. Therefore overlapping these two kind of
parameters (physical and chemical) may lead to an effective control of the whole

process.

The influence of additional variables (sampling at different time intervals and
disc position and using different disc shape like ‘Vase’) could also be
investigated to determine the more suitable point at which highest degree of size

and shape uniformity would be resulted.

In respect of USPIONSs surface modification, there are several strategies could
be followed to improve the yield of the coated NPs. One of the most promising
technique include using cryomilling so that increase the amorphisation of
coating monomers and hence more molecules would have a chance to interface
NPs surfaces. The advantages of this method were summarised in its usefulness
for particular surface modifying agents that are heat labile materials (such as

vitamins and some co-enzymes).

Upon exposing NPs to a biological system an instantaneous interaction with its
components (such as proteins, cell membrane constituents) would be expected
to occur establishing a series of nano-bio interfaces. Numerous technologies are
evolving to shape the boundaries of these interactions, for example, atomic force
microscopy and surface-enhanced Raman scattering (SERS). SERS is able to
distinguish the enhanced Raman scattering of molecules associated with metal
NPs surfaces where this technique is sensitive enough to detect every single
molecule thereby a reliable bio-image is possible to be built with assistance of

radiolabelled NPs.
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Furthermore, the interaction of inorganic NPs with biological system could
participate in several cellular response via triggering different signalling
pathways. In this work a preliminary study was performed to investigate the
cytotoxic effect of USPIONs and what is the major route of cell death that the
affected cells could follow to terminate their life. However, there are various
forms of long term cytotoxic effects represented in genotoxic events in which a
series of genetic mutation could be generated in response to the overproduction
of ROS. So as to highlight this potential toxic effect, several assays (such as
comet, micronucleus (MN), DNA-protein crosslinks assays in addition to
ELISA, enzyme-linked immunosorbent assay .... etc) might be used to probe

the presence of any sign of genetic modification.

Finally, in order to provide a detailed recommendation, we need to make a
comprehensive vision of how toxic are USPIONs modified with thin layer of
monomers. This could be achieved by mapping the relationship between the
inherent physicochemical properties of a certain modifying agent and core
materials along with shape of cellular interaction and potential toxic response

they may elicit.
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