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Abstract 
 

Thesis “Surface Modified Superparamagnetic Iron Oxide 

Nanoparticles for Long-Term Stem Cell Tracking” 

In the initial stages of this project, the aim was to develop polymer coated 

superparamagnetic iron oxide nanoparticles (SPIONs) which would be stable in 

physiological buffer solutions at 37 °C (body temperature) for cell labelling 

experiments. Well-defined end functional hydrophilic poly(2-

methacryloyloxyethyl phosphorylcholine) (pMPC) homopolymers were prepared by 

atom transfer radical polymerisation (ATRP) and used to couple onto the surface of 

functionalised SPIONs using an end grafting-to approach. pMPC was chosen due to 

its well-known biocompatibility. The pMPC coated SPIONs were investigated as a 

potential T2 magnetic resonance image (MRI) contrast agent through 

biocompatibility and colloidal stability screening prior to biological studies of the 

polymer coated SPIONs with stem cells. In the later stages of this project, silica and 

gold nanoparticle (NP) surface coatings were individually investigated for their 

chemical stability and protection of the SPION core to acidic conditions mimicking 

those found in the lysosome of the stem cell. This was carried out in order to develop 

and screen a coating that would enable long term stem cell tracking. Again, the 

nanomaterials prepared were assessed for biocompatibility and their magnetic 

properties were measured prior to stem cell labelling studies. In the final chapter, the 

nanomaterials prepared throughout this Thesis were subjected to stem cell labelling 

and the retention of the nanomaterials inside stem cells was investigated. 
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I. Prelude 
Stem cell therapy is a rapidly emerging field of regenerative medicine which has 

demonstrated cell renewal and ‘healing’ properties through the interaction of stem 

cells with damaged tissues/organs. Stem cell therapy can potentially heal a vast 

range of damaged tissues/organs in patients with a disability/physical impairment.1-5 

To progress stem cell therapy further and encourage its use in medical practices, the 

behaviour and mechanisms of how stem cells work and their interaction with 

damaged tissues/organs after administration in vivo needs to be fully understood. To 

achieve this, technology needs to be developed to provide the capability to track 

stem cells over a long period of time (typically up to the life time of the cell). Stem 

cell tracking is also crucial in terms of health and safety because if cells migrate to 

other organs and/or tissues besides the targeted tissue/organ, serious health problems 

for the patient could occur. 
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The technology proposed in the EPSRC grant for this PhD project is to track and 

image stem cells long term via magnetic resonance imaging (MRI). MRI is a non-

invasive imaging technique that is capable of imaging stem cells labelled with an 

MRI contrast agent in vivo.6 Superparamagnetic iron oxide nanoparticles (SPIONs) 

are the MRI contrast agent of choice for this project primarily due to known low 

cytotoxicity of iron oxide, its biodegradability and use as a nutrient for the body. The 

nanoscale dimensions of SPIONs allow easy introduction and uptake into a stem cell 

and hence allow for cell labelling and tracking capabilities.7  

There are many challenges in this project since SPIONs readily biodegrade within a 

period of days/weeks when subjected to conditions inside the stem cell.8 To ensure 

SPIONs remain stable for a long period of time, nanoparticle surface coatings are 

developed in this PhD project and their stability to conditions mimicking those found 

inside the stem cell is investigated. Their interactions and up take with stem cells are 

also studied. 

To address the challenges in the project, interdisciplinary collaboration was set up 

between physical scientists and stem cell biologists. The most suitable SPION 

surface coatings were screened using imaging techniques developed by the 

biophysicists in this project (photothermal imaging and cell tracking velocimetry 

(CTV)) by assessing stem cell uptake and retention time of SPIONs. 

 

1.1 Stem Cells in Regenerative Medicine 

Stem cells are unspecialised cells which have the ability to differentiate into any 

specialised cell type within the body such as a heart cell, nerve cell, or a skin cell, 

Figure 1.1.1, 2 Stem cells unique properties make them a key feature of the rapidly 

emerging field of regenerative medicine. Regenerative therapy is an area of 

translational medicine which uses tissue engineering and molecular biology 

techniques for the renewal, replacement, repair or regeneration of damaged or 

diseased cells/tissue with new cells/tissue in order to achieve the restoration of 

normal tissue function. Stem cells can regenerate old cells with new cells through 

self-renewal (cell division and replication by mitosis), and cell potency (the ability to 

differentiate into a specialised cell type)9 which thus provides the ability to repair 

and heal damaged tissue. Such examples for the potential use of stem cells for 
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regenerative therapy include the repair of damaged spinal cord tissue or damaged 

retinal tissue to allow patients suffering from paralysis or blindness to regain 

mobility or eye sight respectively.3-5 There are many other possible medical 

applications where stem cell therapy could also be beneficial, Figure 1.2.  

 

Figure 1.1. Differentiation of stem cells into specialised cells.10 

 

Figure 1.2. Potential uses of stem cells in regenerative medicine.11 



6 | Chapter 1                                                                                                             
 

1.1.2 Safety Issues 

To research and fully understand the cell biology and benefits of stem cells for 

regenerative therapy, stem cells need to be cultured as a single cellular type (pure) 

and be sourced in large numbers. There are two main sources where pure animal 

stem cells are abundant: i) embryonic stem cells, typically sourced from inner cell 

mass of blastocysts12, 13 and ii) adult stem cells, found in bone marrow, adipose 

tissues and blood (e.g. umbilical cord blood).14-16 Although sources of stem cells can 

be cultured in large numbers and defined as “pure”, the next major hurdle is the need 

to fully understand the behaviour of stem cells after administration into organisms 

in vivo. In addition, from a health and safety point of view, it is necessary to ensure 

stem cells only target the specific tissues/organs in the body where they are needed 

and do not migrate to neighbouring organs/tissues of differing specialised cell types 

since serious health problems can occur. The health issues arise mainly because there 

are different types of stem cell transplant which pose risks to the patient which 

include: whether stem cells originate from the patient (autologous), if the stem cells 

come from a matched related or unrelated donor (allogenic) and finally if the stem 

cells come from an identical twin or triplet (syngeneic). Such risks therefore include: 

infection from the donor which can lead to death, failure of stem cells grafting to the 

target tissue/organ area which could lead to infection and death and contamination of 

stem cells from the donor to the recipient such as cancer cells. A major risk can be 

that the stem cells from the donor see the recipient’s body as foreign (graft-versus-

host disease (GVHD)) and therefore attack organs thus increasing the chance of an 

infection. Acute GVHD can occur 10 to 90 days after transplant whereas chronic 

GVHD can occur from 100 to 400 days after stem cell transplant so the ability to 

monitor stem cells past 400 days would be advantageous. Long-term risks from 

transplantation could lead to organ damage and abnormal growth of tissues which 

can lead to a variety of issues for the patient.17 Technological advancements 

therefore need to be developed so that stem cells can be tracked using imaging 

techniques after stem cells have been administered in vivo. By doing so, we can 

understand the fate, distribution and behaviour/function of stem cells in the body. 

The knowledge gained from this research will enable the field of stem cell therapy to 

progress further and allow routine use in medicine.  
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1.1.2.1 Current Labelling Technologies 

At present, there are two main methods for labelling and tracking stem cells. The 

first method is through gene modification of stem cells using fluorescent proteins 

which can be detected by optical microscopy. The main concern and limitation of 

fluorescent imaging by optical microscopy is the limited tissue penetration (no more 

than a few cm) which prevents non-invasive imaging of stem cells in the body. In 

addition, there is concerns over using foreign genes which may change the overall 

function and behaviour of the stem cells.18, 19 The other method to track and image 

stem cells in vivo is through the use of nanoparticles (NP) which have interesting 

optical and imaging properties. Due to their nanoscale dimensions, NPs can be easily 

internalised into cells in vitro via endocytosis, Figure 1.3.20, 21  

 

Figure 1.3. Schematic diagram showing nanoparticle internalisation via endocytosis. Here, 

degradation of NPs due to acidic conditions found in the late endosome and lysosome can occur.22 

Endocytosis is a process by which a cell uptakes nutrients. The endosome forms 

through invagination of the cell membrane to form a vesicle which contains nutrients 

for the cell which are then released into the cytoplasm. Endocytosis or pinocytosis 

(cell drinking) is the uptake of fluid for the cell which allows for non-specific 

internalisation of NPs.22 Internalisation of NPs into the endosome can also occur 

through receptor-mediated uptake whereby a transfection agent present on the 

surface of the NP can induce endosome formation once NPs come in contact with the 
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surface of the cell membrane and increase the rate of NP cell uptake.23 Transfection 

agents typically consist of positively charged polypeptides. The attraction and 

adsorption of NPs coated with positively charged polypeptides to the cell membrane 

has been demonstrated and has thus prevented internalisation into the cell.24 The use 

of transfection agents onto NP surfaces have also shown cytotoxic effects with 

cells.8, 25 During the endocytosis process, acid hydrolase enzymes produced by the 

golgi apparatus are gradually introduced into the endosome. The endosome develops 

into a late endosome and eventually a lysosome containing a pH 4.5 acidic 

environment.8 The acidic conditions inside the endosome/lysosome can dissolve 

inorganic NPs over a period of days/weeks and thus cause toxic effects to the cell. In 

addition, the intensity of the signal used for imaging purposes can also be removed 

or damaged which in terms of the goal for this project, to achieve long term tracking 

of stem cells, is a major obstacle. Careful consideration must therefore be made 

when selecting the NP material and surface coating used for eventual biodegradation 

and low cytotoxicity.  

For example, iron oxide nanoparticles are generally regarded as having low 

cytotoxicity since iron is a requirement for life but if too much free Fe ions are 

present within a cell, iron can become potentially toxic. Based on Fenton and Haber-

Weiss chemistry, catalytic amounts of iron lead to the formation of the hydroxyl 

OH• radical.26 A hydroxyl radical is a powerful oxidising agent which can cause 

oxidative stress and cellular damage. Cells can regulate free iron ions through iron 

homeostasis using iron storage proteins, iron importers/exporters and regulators.27, 28 

A strategy to provide chemical stability via the surface coating must also be 

developed in order to achieve long term stem cell tracking. The intracellular fate of 

NPs after endocytosis is not clear for all NPs, and not a great deal of reports in this 

area, since there are many NP surface coatings with different surface chemistry and 

functionality that can have different interactions and thus lead down different 

pathways after endocytosis. The general consensus is that after endocytosis and 

reaching the lysosome, intracellular NPs eventually become exocytosed out of the 

stem cell or escape out of the endosome into the cytoplasm of the cell through 

endosomal escape.29-31   
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To successfully label cells with NPs, NPs are required to be colloidally stable in 

bioactive media at 37 °C during cell uptake for 24 to 48 hours in order to achieve 

efficient labelling. The timescale required to monitor and fully understand the stem 

cell behaviour of an administered stem cell therapy depends on the lifetime of the 

targeted cells/tissue. In addition, stem cells need to be monitored in term of health 

and safety if they start to migrate to other organs nearby and thus cause any potential 

serious health problems to the patient. The lifetime of human cells vary from days 

(small intestine epithelium) to the entire life span of the patient (brain cells).  

With respect to this Ph.D project, kidney murine stem cells (KSCs) and 

mesenchymal stem cells (MSCs) are of focus here. To develop contrast agents that 

are stable in a patient’s body and provide long-term tracking would mean contrast 

agents would need to be stable based on the life time of the stem cell after 

administration and the time it would take the labelled stem cells to graft to the target 

tissue and specialise. If administered stem cells migrate to neighbouring 

organs/tissue, then for health and safety purposes, the contrast agent would need to 

be stable until the stem cells eventually grafts onto the host tissue and specialise. The 

location of migrated stem cells could then be monitored. A problem to this is that the 

administered stem cells may not decide to differentiate or only partially differentiate 

once in contact with the desired tissue to repair. Stem cells could develop into 

cancers or teratomas by continuing to proliferate. It may then just be best to say that 

the stability of contrast agents would require a life-span long enough to locate areas 

where stem cells have grafted to so that the areas could be monitored long term. 

1.1.2.2 Imaging Methods 

There are various nanomaterials which have interesting optical and imaging 

properties required for stem cell labelling with the selected nanomaterial of choice 

for this project being superparamagnetic iron oxide NPs (SPIONs). 

1.1.2.3 Commonly used Materials 

Gold Nanoparticles 

At present, gold NPs are the most commonly used inorganic nanomaterials in 

biomedicine.32, 33 It is widely accepted that using gold NPs as a way to track and 
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monitor stem cells for long term in clinical trials is promising.34 Gold NPs have a 

strong vibrant colour due to their surface plasmon resonance (SPR) absorption at a 

specific wavelength in the UV-Visible spectrum which can be visualised using 

optical microscopy.35 The SPR absorbance wavelength can be fine-tuned by varying 

the size and shape of the gold NPs. Gold NPs can also be used for multimodal 

imaging since they can be visualised by photothermal microscopy and optoacoustic 

imaging.36 Advantages of gold NPs include excellent biocompatibility as they 

exhibit very low or non-cytotoxicity towards a broad range of biological cells and 

easy surface functionalisation as ligands can be easily co-ordinated to the NP surface 

via Au-thiol coupling chemistry.37 The principal limitations to the use of gold NPs in 

vivo imaging of stem cells focus on limited penetration depth due to low signal 

intensity from the SPR for imaging or tracking cells in vivo.  

Quantum Dots 

Quantum dots (QDs) are light-emitting semiconductor nanocrystals typically 

containing cadmium (such as CdS, CdSe, CdTe) with diameters ranging typically 

between 2 to 10 nm. QDs possess a stable, bright/intense and long fluorescence 

lifespan which is accounted for by their high Stokes shift.38 QDs come in a range of 

excitation wavelengths with narrow emission bandwidths. They have high resistance 

to photobleaching, high extinction coefficient and fluorescent quantum yields.39 

Their long fluorescent lifespan means that they outlive any biological sample with 

auto-fluorescence.40  QDs fluorescent colours can be adjusted depending on overall 

NP diameter.41 Smaller QDs emit light in the blue region, whereas larger ones emit 

light in the red region of the visible light spectrum. With regards to imaging cells in 

vivo, it is preferable to use QDs with excitation and emission wavelengths in the 

infrared region which achieve a greater penetration depth.42 The main disadvantage 

of QDs is that they are generally cytotoxic due the release of cadmium ions from the 

core. Cytotoxicity has been reduced by coating the core with another semiconductor 

material that possesses a wider bandgap (such as ZnS) to create a core/shell 

composite NP.43 The coating thus improves biocompatibility, slightly increases the 

size and improves their quantum yield to give a brighter fluorescence. These 

nanomaterials are likely to be the most extensively used nanomaterials to image 

biological samples at the cellular and tissue level however due to limitations of 
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optical intensity and poor imaging penetration depth in vivo tracking of cells is 

limited to small animals such as rodents.18,19 

1.1.3 Summary of Nanoparticle Qualities Required for Long Term 

Stem Cell Tracking 

To summarise the NP qualities required for long term stem cell tracking in vivo, the 

NPs need to either 1) possess excellent signal intensity to allow for deep imaging 

penetration or 2) be imaged using an non-invasive imaging technique which would 

allow NP imaging penetration in vivo. The NP must eventually be biodegradable past 

the required tracking time frame so the core needs to consist of a material which has 

low or no cytotoxicity.  The NP must also have a surface coating which is also 

eventually biodegradable, biocompatible, has low or non-cytotoxicity with cells and 

is readily up taken into stem cells via the endosome. The surface coating must be 

colloidally stable in bio-active media at 37 °C for cell labelling experiments which 

require 24 to 48 hours for efficient labelling. The surface coating must also protect 

the core during the required cell tracking time period from degradation inside the 

cell. 

1.2 Superparamagnetic Nanoparticles as Stem Cell Labelling 

Agents 

Superparamagnetic NPs can be used as contrast agents for imaging by magnetic 

resonance imaging (MRI). Superparamagnetism is a property of small ferromagnetic 

NPs in which they become magnetic only under the presence of a strong externally 

applied magnetic field such as that used for MRI. Once SPIONs are removed from 

the strong external magnetic field, they cease to be magnetic and thus their magnetic 

moment returns to random orientation via Brownian motion and magnetisation to 

zero. 

1.2.1 Magnetic Resonance Imaging (MRI) Technique 

A magnetic resonance (MR) image is produced by converting relaxation times of 

hydrogen nuclei in a specimen containing water and/or fat molecules to a black and 

white contrasting image. Since humans are made up of 70 % of water, this technique 

can be used as a non-invasive imaging method in medical practices to investigate 
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and visualise the anatomy of organisms. MRI theory is based on the same principles 

as nuclear magnetic resonance (NMR) spectroscopy.6  

Under normal conditions, the spin rotation orientation of hydrogen nuclei in water 

molecules precesses randomly; Figure 1.4A. Figure 1.4B and Figure 1.5 shows that 

in MRI, the spin orientation of hydrogen nuclei will precess and align with (parallel, 

low energy state, spin ‘up’) or against (anti-parallel, high energy state, spin ‘down’) 

the direction (z-axis) of the external magnetic field applied, B0. Figure 1.4C shows 

the direction of B0 on a patient when placed into the hospital MRI machine. In the 

bulk, according to the Boltzmann distribution, nuclear spins from hydrogen nuclei 

occupy slightly more low energy states than high energy states. The sum of all the 

spins leads to a net magnetisation vector, M. 

 

Figure 1.4. Direction of hydrogen nuclei in water molecules precesses A) randomly (normal 

conditions) and B) aligned under the presences of B0 (externally applied magnetic field). C) Showing 

the direction of B0 on a patient when placed into the hospital MRI machine.44 

A rapidly changing magnetic field (B1) perpendicular to B0 is additionally applied 

which is generated by radio frequency (RF) pulses (hydrogen nuclei under the 

presence of a strong/weak magnetic field have a corresponding high/low resonant RF 

respectively – this is known as resonance). The RF generated field B1 at a specific 

resonant frequency allows hydrogen nuclei under the presence of corresponding 

magnetic field strength with low energy state to absorb electromagnetic radiation 
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energy. The absorption of energy changes the energy state of the hydrogen nuclei by 

exciting it from low to high energy state and thus causing the spin rotation 

orientation of hydrogen nuclei to change and precess perpendicular to B0 in the 

direction of the x-/y-axis, Figure 1.5B. The nuclear spin rotation of hydrogen nuclei 

in the x-/y- axes causes the production of current. After the RF pulses have stopped, 

the B1 field ceases to exist therefore allowing the nuclear spin rotation of hydrogen 

nuclei to precess back to their low energy state and realign in the direction of B0 ( z-

axis) during which the production of current reduces and allows the nuclear spins to 

interact with the surrounding environment during precession. This interaction 

process is known as relaxation. The time taken for the disappearance of current 

produced is measured and is known as the relaxation time. Relaxation times taken 

from a sample are measured and used to produce a magnetic resonance image.6, 45 

 

Figure 1.5. Magnetic resonance theory. A) hydrogen nuclei precessing about the external magnetic 

field axis B0. B) schematic shows how RF pulses decrease longitudinal magnetisation Mz to form 

transverse magnetisation Mxy. Nuclear spins then return back to equilibrium Mz through relaxation.44  

Relaxation can be measured in two different ways: longitudinal (spin-lattice) 

relaxation time, T1 and transverse (spin-spin) relaxation time, T2. Superparamagnetic 

nanoparticles act as magnetic dipole moments (µ) and generate a localised magnetic 

field when under the presence of an applied external magnetic field (B0). This 

localised magnetic field perturbs the nuclear magnetic spin relaxation process of 

hydrogen nuclei present in water molecules contained within the cell which leads to 
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a shortening of the relaxation time (either T1 or T2) and an enhanced contrast in the 

MR image. Water molecules diffuse to the outer sphere of cell labelled induced 

magnetic dipole moments (superparamagnetic nanoparticles), thus allowing for 

tracking capabilities by MRI.7 

1.2.2 MRI Contrast Agents  

Superparamagnetic NPs are typically composed of gadolinium (Gd), manganese 

(Mn) or iron oxide, although other compositions do exist.46 Gd and Mn based 

superparamagnetic nanomaterials are positive T1 contrast agents which produce an 

enhanced whitened area in a T1 weighted MR image since they cause a reduction of 

the T1 relaxation time, thus an increased signal intensity on a T1 weighted MR image 

is observed. Iron oxide NPs are negative T2 contrast agents which produce an 

enhanced, darkened area of a T2 weighted MR image since they cause a reduction of 

the T2 relaxation time, thus an increased signal intensity on T2 weighted MR images 

is observed.47 The degree of T1 or T2 contrast is measured by relaxivity, R1 or R2 

respectively which is calculated by R1=1/T1 or R2=1/T2. The relaxivity coefficient of 

a contrast agent is represented at 1 mM of the metallic magnetic atom which is 

calculated from the construction of a calibration curve where higher relaxivity values 

result in greater contrast.44 

To achieve maximum R2 value, control of NP magnetism must be carried out when 

synthesising NPs. Since R2 is strongly related to the magnetic moment µ, 

synthesising nanoparticles with the maximum µ possible is important. The magnetic 

moment, µ, of a NP is dependent on size, the magneto-crystalline phase and 

composition.48  

Despite Gd and Mn based contrast agents possessing excellent contrast in T1 

weighted MR images, they are unsuitable for long term tracking in vivo due to 

having a short lifespan and concerns over safety caused by toxicity and stability 

issues.46 

1.2.3 Iron Oxides 

SPIONs are generally known to be biocompatible, have low cytotoxicity, are 

biodegradable and recyclable by cells and have received approval from the Food and 
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Drug Administration (FDA) for clinical use in humans as an MRI contrast agent (e.g. 

Feraheme® (also known as ferumoxytol)).49, 50 The disadvantage for the use of 

SPIONs is their negative dark contrast can be confused with low level MR signal 

such as bone or vasculature.51 Feridex I.V. is a clinically approved injectable 

aqueous colloidal solution of dextran coated SPIONs (120 nm to 180 nm). During 

the administration of the infusion in human clinical trials, 2.5 % of patients 

experienced severe pain which led interruption or discontinuation of its use.17, 52 

At a critical domain size up to 30 nm,53 iron oxide NPs are superparamagnetic. Two 

main iron oxides used as SPIONs for MR imaging are maghemite (γFe2O3) and 

magnetite (Fe3O4). The saturation magnetisation, Ms, values of magnetite and 

maghemite in bulk form can reach up to 92 emu g-1 Fe3O4 and 73.5 emu g-1 γFe2O3 

respectively.54 As size decreases, the Ms values also decrease; this is also contributed 

from surface effects.55 Magnetite, Fe3O4, has a cubic inverse spinel structure with a 

mixed (Fe2+ and Fe3+) iron oxide content where Fe ions occupy interstitial 

tetrahedral, t, and octahedral, o, sites with oxygen forming face-centred cubic (fcc) 

closed packing (Figure 1.6).56  

 

Figure 1.6. Images show A) a simplified structure of magnetite and B) the octahedral and tetrahedral 

sites.57 

The formula for magnetite is written as Fe3+
A[Fe3+Fe2+]BO4 or [Fe3+

8]t [Fe3+Fe2+
8]o 

O32 which oxidises to [Fe3+
8]t [Fe3+

5,33□2,67 Fe3+
8]o O32 for maghemite (where □ is 

vacancy). Due to large surface area and quantum size effects, magnetic properties 

are dramatically changed and thus each NP can be considered as a single domain. 
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This allows magnetic NPs to exhibit quantum tunnelling and superparamagnetic 

phenomena.58, 59 

1.2.4 Synthesis of Superparamagnetic Iron Oxide Nanoparticles 

(SPIONs) 

There are many synthetic methods for the synthesis of SPIONs. The main synthetic 

routes for the preparation of Fe3O4 NPs are defined by physical, wet chemical or 

microbial synthetic routes which are summarised in Table 1.1.60 

Table 1.1. Summary of synthetic methods used for the preparation of SPIONs. 

Synthetic Route Preparation Method(s) Comments 

Physical 
Electron beam lithography61, 62, gas-phase 

deposition63 

Difficult to achieve 

control of particle size 

down to the nanoscale. 

Wet Chemical 

Co-precipitation64, 65, oxidation66, 67, 

hydrothermal68, 69, thermal 

decomposition70, 71, sol-gel72, 73, 

sonochemical decomposition74, 75, 

aerosol/vapour phase76, 77, super critical 

fluid78, 79, micellisation80, 81, flow 

injection82, electrochemical83, 84. 

Properties vary 

depending on chemical 

reaction and the 

parameters/conditions 

used. Table 1.2 

summaries a selection of 

most commonly used 

methods. 

Microbial Iron oxidising bacteria85, 86, 

Efficient, simple and 

versatile. Good control 

over nanoparticle 

geometry. 

 

Wet chemical synthetic routes are highly practised. Co-precipitation is a technique 

most commonly used for the preparation of SPIONs because of quick reaction time, 

low reaction temperature, high yield and simplicity of protocol. Here, aqueous salt 

solutions of Fe2+ and Fe3+ (1:2 molar ratio) are mixed together and added to a base 

(typically NaOH or NH4OH) under high speed mixing or vortex to yield either 

magnetite (Fe3O4) or maghemite (γFe2O3) according to Equations (1.1) and (1.2).87 

A disadvantage to this approach is that it is difficult to control the shape of the NPs 
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synthesised and to achieve a very narrow size distribution.79,80 Control of size, shape 

and iron oxide type can be improved though reverse micellisation/mini-emulsion and 

by varying the Fe2+ and Fe3+ molar ratio, pH and ionic strength of the solutions and 

the type of salts used (e.g. chlorides, nitrates, sulphates).88  

𝐹𝐹𝐹𝐹2+ + 2𝐹𝐹𝐹𝐹3+ + 8𝑂𝑂𝑂𝑂− → 𝐹𝐹𝐹𝐹3𝑂𝑂4 + 4𝑂𝑂2𝑂𝑂 (1.1) 

𝐹𝐹𝐹𝐹3𝑂𝑂4 + 2𝑂𝑂+ → 𝛾𝛾𝐹𝐹𝐹𝐹2𝑂𝑂3 + 𝐹𝐹𝐹𝐹2+ + 𝑂𝑂2𝑂𝑂 (1.2) 

Thermal decomposition is a technique that provides excellent control over size and 

shape. The size distribution of NPs obtained is typically very narrow and often 

monodisperse.70 The reaction involves the decomposition and nucleation of an iron 

(III) complex precursor which is carried out at temperatures between 100 and 320 °C 

in the presence of a high-boiling point organic solvent containing surface capping 

agents. Sun et al.71 reported the thermal decomposition of iron (III) acetylacetonate 

(Fe(acac)3) in the presence of oleic acid and hexadeylamine for the nucleation of iron 

oxide nanoparticles. A large scale synthesis of magnetic iron oxide nanocrystals by 

thermal decomposition has been reported by Hyeon and co-workers.70  They have 

shown that batches of monodisperse oleic acid coated iron oxide NPs with yields up 

to 40 g can be synthesised. This was achieved through a two-step procedure whereby 

iron (III) oleate precursor is prepared and then the thermal decomposition of iron 

(III) oleate in the presence of oleic acid in 1-octadecene at 320 °C for 1 hour is 

carried out. The proposed mechanism for the synthesis procedure is that nucleation 

begins at 200 to 240 °C which is caused by the dissociation of an oleate ligand from 

the iron (III) oleate precursor through CO2 elimination. The remaining two oleate 

ligands dissociate around 300 °C where major growth occurs. 

Hydrothermal synthesis is an interesting synthetic approach since a variety of 

different nanocrystals can be formed through a liquid-solid-solution (LSS) process, 

Scheme 1.1.89 The mechanism of the hydrothermal reduction synthesis procedure is 

based at the liquid solid interface during general phase transfer and separation. Each 

layer is added to an autoclave tube in the order of solid, then liquid and then solution 

phase. The mechanism for this approach starts by the synthesis of the iron precursor 

which is formed through phase transfer via ion exchange at the solid/solution 

interface. 
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Scheme 1.1.  Hydrothermal reduction for the synthesis of SPIONs by liquid-solid-solution (LSS) 

phase transfer.90  

Wang et al.90 prepared SPIONs by hydrothermal reduction from iron(III) linoleate 

which was prepared by sodium linoleate and iron salt solution. An operating 

temperature of 160 °C, ethanol was used for the liquid/solid or solution/solid 

interface to reduce Fe3+ ions and thus spontaneously initiate the nucleation of iron 

oxide NPs. As NPs grew, fatty acids present in the liquid phase such as linoleic acid 

acted as capping agents and adsorbed onto the iron oxide NP surface through the co-

ordination of the carbonyl moiety which acted as a foot with the long chain alkyl 

arranged toward the solvent to provide an overall hydrophobic surface. Once NPs 

reached a specific density and size, a process of phase-separation and precipitation of 

NPs occurred. This process was not only driven by the instability of NPs through 

their density but also by the incompatibility of NPs with the hydrophobic/hydrophilic 

environment interface. The iron oxide NPs reported by Wang et al.90 had a number 

average diameter of 9.1 ± 0.8 nm by transmission electron microscopy (TEM). The 

reaction was run for 10 hours using a Fe2+:Fe3+ molar ratio of 1:2. A direct 

comparison of the synthetic techniques described is shown in Table 1.2. The 

synthetic methods listed in Table 1.2 require surface capping ligands which are 

typically added during the reaction. In the case of the co-precipitation method, 

surface capping ligands can be added after the reaction. To summarise, co-

precipitation is frequently the method of choice due to simplicity. However, poor 

control over shape, size and distribution deems this approach unsuitable for the 
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design of well-defined contrast agents. Thermal decomposition is a preferred 

technique if requiring control over shape, size and distribution to produce well 

defined NPs. In addition, high yield batches of SPIONs obtained from this synthetic 

route support its suitability as the SPION synthesis method for this project. The 

protocol can however be complicated due to efforts to maintain constant heating rate 

and control at high heating temperature. Hydrothermal reduction is an interesting 

simplistic method to achieve well defined SPIONs but requires improvement in the 

protocol to obtain higher yield SPION batches.  

1.3 SPION Surface Functionalisation 

SPIONs need to be dispersible in aqueous solution and physiological buffer if they 

are to be suitable for cell labelling experiments since NPs interact with themselves 

and/or biological molecules which cause them to rapidly aggregate and precipitate 

out of solution. 

1.3.1 Stabilisation Methods 

A colloidal suspension of NPs in solution can be achieved by various stabilisation 

mechanisms, Figure 1.7.  

 

Figure 1.7. Mechanisms of stabilisation of colloids.91 
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Table 1.2. A summary of reaction conditions and properties obtained from the most commonly used iron oxide wet chemical synthesis methods.92 

Synthetic 
Method 

Reaction 
Temperature (°C) 

Reaction 
Time Solvent Size 

Distribution 
Shape 

Control Yield Procedure 

Co-precipitation Up to 90 Minutes Water Reasonably 
Narrow Not good High Very simple 

Thermal 
Decomposition 100 – 320 Hours to 

days Organic Very narrow Very good High Complicated 

Hydrothermal 220 Hours to 
days Aqueous Very narrow Very good Medium Simple 
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The most commonly used methods are steric stabilisation and electrostatic 

stabilisation. Steric stabilisation involves using non-ionic polymer coupled to the NP 

surface which can create space between NPs. Electrostatic stabilisation involves 

using small ionic molecules which are coupled or co-ordinated to the NP which 

provide space between NPs through the repulsion of similar surface charge. 

Electrosteric stabilisation is another method which combines both steric and 

electrostatic mechanisms using charged steric polymers to create space between NPs. 

Other stabilisation mechanisms create space between NPs by hydration forces, 

masking van-der waals forces and depletion which uses unbound polymer. 

1.3.2 Coating Strategies 

Steric stabilisation of NPs in solution can be achieved by various surface coating 

methods. These include coating NPs in situ during the SPION synthesis procedure or 

through post synthesis methods, which involve micellisation (using phospholipids or 

amphiphilic polymers), end grafting or adsorption, Figure 1.8. Micellisation 

involves the use of amphiphilic polymers or phospholipids which contain 

hydrophobic and hydrophilic sections.93 During the micellisation reaction, 

amphiphilic polymers self-assemble so that the hydrophobic section of the polymer 

chain is facing the hydrophobic capping ligands on the NP surface and that the 

hydrophilic section is facing towards the outer peripheral of the NP in the direction 

of the solvent. Through this assembly, amphiphilic polymers create a micelle around 

either each NP or a cluster of hydrophobic NPs. The conditions of the coating 

reaction must be optimal and the amphiphilic polymers must have the optimal 

polymer chain length or branching of each section if coating of individual NPs is to 

occur. This is typically very difficult to do. The most likely outcome from the 

coating procedure is the formation and coating of a cluster of NPs rather than coating 

individual NPs.94, 95 Micellisation involving phospholipids also self-assemble in a 

similar fashion to amphiphilic polymers by arranging themselves based on the 

hydrophilic phosphate ‘head’ group and two hydrophobic fatty acid ‘tail’ groups. 

The phospholipids arrange so that the hydrophilic head groups both face the aqueous 

solvent and hydrophilic NP surface. By doing this, they form a phospholipid bilayer 

because of the two layers of phospholipids required to stabilise the NP in solution. 
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Figure 1.8. Nanoparticle coating strategies.96 

For the in situ coating method, a biocompatible polymer is used as a surface capping 

ligand during the synthesis reaction. This coating method is beneficial for reducing 

the number of steps required to prepare NPs for cell labelling experiments. 

1.2.2.1 Co-ordinating End Groups 

The end grafting coating method involves the use of polymers which are covalently 

attached to the NP surface through the co-ordination of a bi- or tri-dentate functional 

group present at the polymer chain end. There are a variety of functional groups that 

will co-ordinate to the SPION surface which have been highlighted in Scheme 1.2. 

Covalently bound polymers are a preferred choice for this project since they provide 

stability for long-term storage and colloidal stability in aqueous media.97, 98 The most 

commonly used functional groups that will co-ordinate to the SPION surface are 

silane, catechol, carboxylic acid and phosphonic acid.98 

Carboxylic acid functional ligands, such as oleic acid or citric acid, and phosphonic 

acid functional ligands have a bi-dentate co-ordination with iron oxide. These 

ligands have been known to become easily detached from the surface under 

moderate conditions, such as temperature increase and changes to pH.98 The catechol 

bi-dentate functional moiety, as represented by dopamine in Scheme 1.2. Examples 

of co-ordinating groups for the attachment of ligands to iron oxide NP surface. 98 



                                                                                                             Chapter 1 | 23 

 
 

 

Scheme 1.2. Examples of co-ordinating groups for the attachment of ligands to iron oxide NP surface. 
98  

has a strong affinity for the surface of iron oxide.99 However, catechol has been 

reported to detach from iron oxide surfaces under low pH conditions through 

hydrolysis.98 The instability issues of these functional ligands thus prove they are 

inadequate for the development of SPION coatings for long-term tracking. Silane 

functional ligands however, such as tetraethyl orthosilicate or alkoxy functional 

silanes, have a bi- or tri-dentate footprint depending on conformation and self-

polymerisation. The Si-O-Fe bond is one of the strongest bonds that can be used to 

covalently bind ligands to the SPION surface.98 The addition of the formation a thin 

biocompatible silica layer adds to the stability of the functional ligand to the surface 

of the SPION.100 

1.2.2.2 Ligand Exchange 

Thermal decomposition methods for the synthesis of SPIONs use lipophilic 

molecules as surfactants, which in turn, produce hydrophobic nanoparticles which 

dissolve in non-polar solvents. This means that the nanoparticles possess poor water 

solubility and bad compatibility with aqueous media which is highly unfavourable 

for use in biomedical applications. 

To provide SPIONs with a hydrophilic surface, ligand removal/addition and ligand 

exchange reactions have been investigated.101 Ligand removal/addition involves a 

two-step procedure whereby in the first step, lipophilic ligands from the nanoparticle 

surface are removed (typically under basic conditions and sonication). In the second 
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step, hydrophilic ligands such as hydrophilic polymers or small molecules can be 

attached.102 For an alternative method, a direct one step ligand exchange reaction of 

the lipophilic ligands with hydrophilic ligands can occur.103, 104 DePalma et al.105 

demonstrated direct ligand exchange of oleic acid coated nanoparticles with 3-

aminotrimethoxysilane (APTMS) ligands in order to provide covalent attachment by 

two or more bonds from the silane ligand. In addition to this, the ligand also 

provided an amino functionality as an anchor for polymer attachment further on.106 

Alkoxysilanes show promise as a way of obtaining stable surface functionalisation of 

nanoparticle surfaces. However, alkoxysilanes are moisture sensitive and can self-

polymerise if experimental conditions are not kept under anhydrous conditions.107 

The presence of excess APTMS can lead to the formation of multilayers around the 

surface of the nanoparticle as demonstrated in Figure 1.9.  

 
Figure 1.9. Arrangements of amino silanes on the surface of a nanoparticle. Image taken from 

reference.108 

The condensation and polymerisation of the silane ligand and its attachment to the 

surface can become uncontrolled if the conditions of the reaction are not pursued 

thus causing fusion and aggregation of NPs.109-111 

1.2.2.3 Grafting-to vs Grafting-from 

End grafted polymer coatings can be achieved by either grafting-from or grafting-to 

approaches.112 The grafting-from method firstly requires firm attachment of low 

molecular weight initiators to the NP surface. Monomer(s) is/are then added to the 

NP dispersion. Under the conditions for the polymerisation technique, polymer 

chains are grown from the NP surface at the initiating sites in situ as depicted in 

Scheme 1.3A. The advantage of this approach is that polymers are densely packed 

on the NP surface. However, the disadvantage is that broader molecular weight 

distribution is often found when compared to polymers prepared in solution.113 
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Therefore, difficulties are found when attempting to calculate polymer coverage. The 

second approach by the grafting-to method involves preparing the polymer prior to 

coating. The polymer chain possesses a reactive functional group at the chain end (or 

sometimes throughout the polymer chain) or a functional group that will readily co-

ordinate with the iron oxide NP surface, Scheme 1.3B.114, 115  

 

Scheme 1.3. End grafted polymer coating methods showing A) grafting-from and B) grafting-to 

approaches.112  

Using a ligand containing a reactive functional group at the chain end, small surface 

functional ligands will need to be firmly bound to the NP surface in order for the 

polymer chain end to react and conjugate to the NP surface. Advantages of this 

method are that well-defined polymers with known chain length and molecular 

weight which have previously been prepared and characterised can be used which 

allows for control over the polymer shell thickness. Polymer coverage calculations 

can be carried out which can provides information of the packing density of the 

surface with polymer dispersants. The ability to calculate polymer coverage is also 

beneficial for providing an insight to what the colloidal stability behaviour of the 

polymer coated NPs in aqueous media could be. A disadvantage is that the packing 

density is typically much lower than that for the grafting-from method. This is due to 

issues related to steric hindrance of the length and branching of polymer chains to 

which they are competing for conjugation to the NP surface. 116 There are many 

conjugation chemistries that have been explored for the end grafting attachment of 

polymers to functionalised NP surfaces. These are summarised in Scheme 1.4.96, 117  
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Amine functionalised NP surfaces provide a suitable handle for conjugation with a 

variety of moieties such as anhydride, N-succinimidyl activated ester, epoxide and 

isothiocyanate which all (apart from isothiocyanate) form a stable linkage. Amine 

functionalised NPs are dispersible in alcohols.110 This is advantageous since 

hydrophilic polymers that have solubility in alcohol can therefore be used during the 

coating procedure prior to transfer of the NPs into water or bio-active media. 

1.4 Coating Materials for Biocompatible SPIONs 

The nature of NP surface coatings is very important with regards to influencing NP 

cell uptake and interactions with cells. The selection of coating material is therefore 

a crucial aspect of this project. There are various materials that can be used to coat 

NPs. These fall under three main categories: organic, inorganic or hybrid (consisting 

of both organic and inorganic) coating forms. Organic coatings are classed under 

natural or synthetic polymers. Natural polymers consist in the form of polymeric 

macromolecules which include polysaccharides (dextran118, 119, cellulose120, 121, 

chitosan122-124, alginate125, 126), proteins (gelatin127-129, serum albumin130, 131), 

peptides132 (polylysine133, 134) and lipids (oleic acid70, 71, oleylamine135, 

phospholipid136, 137). Synthetic polymers classed as hydrophilic include polyethylene 

glycol (PEG)138-140, polyacrylic acid (PAA)141, 142, polyvinylalcohol (PVA)143, 144, 

polyethylenimine (PEI)145, 146 and polyvinylpyrrolidone (PVP).147, 148 Synthetic 

hydrophobic polymers include polystyrene149, 150, poly(n-butyl methacrylate) 

(PnBMA).149 

Amphiphilic polymers consist of a hydrophilic and hydrophobic block from either 

natural or synthetic classes.151, 152 For inorganic coatings, these include silica153, 154, 

titanium dioxide155, metallic (gold156-158, silver158, platinum159, palladium159) and 

carbon160, 161 (graphene162, 163). Figure 1.10 shows the molecular structures for a 

selection of hydrophilic polymers commonly used as NP surface coatings for 

bio-applications. 
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Scheme 1.4. Examples of direct nanoparticle conjugation chemistries.117,96  
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Figure 1.10. Molecular structures for a selection of hydrophilic polymers commonly used as SPION 

surface coatings. 

1.4.1 Organic Coatings 

Not only do polymeric surface coatings limit interactions between NPs through steric 

stabilisation but they provide options for conjugation with small molecules such as 

targeting ligands or drugs due to the presence of functional groups which act as 

chemical handle along the polymer chain.  

Hydrophilic polymers as surface NP coatings have been heavily researched with 

polyethylene glycol (PEG) and dextran polymers used most commonly as SPION 

surface coatings for contrast agents.7, 164  Polyethylene glycol (PEG) has proven to be 

a polymer that has provided excellent colloidal stability in aqueous and bio-active 

media. PEG coatings provide NPs with non-specific uptake which reduces undesired 

interactions with proteins.138-140 Interestingly, despite the benefits of PEG as an 

appropriate coating, the development of preclinical contrast agent ClariscanTM which 

consisted of low molecular weight PEG coated iron oxide nanoparticles was stopped 

due to safety concerns52 in addition anti-PEG antibodies have been found which 

supports its limitation as a coating for long-term labelling use.165 

Dextran, a polysaccharide, has shown excellent biocompatibility as a NP surface 

coating.77,78 Molday and Mackenzie166 first reported the in situ coating of iron oxide 

nanoparticles synthesised by co-precipitation with dextran 40 KDa. They oxidised 

dextran with periodate in order to create hydroxyl groups which would allow for 



                                                                                                             Chapter 1 | 29 

 
 

binding with amino acid groups of proteins. The size of dextran chains provides 

optimal polar interactions with the iron oxide surface of the NP. Since many 

hydrogen bonds along the polymer chain can form with the NP surface, thus 

providing very high binding stability when compared with only one or two hydrogen 

bonds from an end grafted polymer.167 Epichlorhydrin168, 169 can further cross-link 

dextran around the SPION core since dextran can become detached if diluted or 

heated to 120 °C.170, 171 

1.4.1.1 Polymer Synthesis 

Controlled free-radical polymerisation methods have been of much interest in the 

development of novel polymeric surface coatings for SPIONs.172, 173 This technique 

provides the ability to control the architecture of the polymer chains which has thus 

created much interest in the development of polymeric surface coatings for 

nanotechnology, in particular for biological applications.174-176 

Controlled free-radical polymerisation is a form of chain-growth (addition) 

polymerisation from which chain transfer and chain terminations are predominately 

reduced.177-179 The rate of chain initiation is fast compared with the rate of chain 

propagation. Therefore, the number of kinetic-chain carriers is essentially constant 

throughout the polymerisation to give polymer chains growing at a constant rate and 

chain length (low dispersity (Đ)). Advantages of this technique include 

pre-determined molar mass and control over end groups.180 

There are a number of controlled free radical polymerisation methods available. The 

most popular methods used include reversible addition-fragmentation chain transfer 

(RAFT), atom transfer radical polymerisation (ATRP) and nitroxide-mediated 

polymerisation (NMP) which occur via one of the two basic mechanisms: i) the 

persistent radical effect (PRE) - NMP and ATRP and ii) degenerative transfer – 

RAFT. These controlled free radical polymerisation systems are based on 

propagating radicals being reversibly deactivated (alternating between active and 

dormant states) where in NMP the dormant state is a polymeric alkoxyamine, in 

ATRP the dormant state is a polymeric alkyl halide and for RAFT the dormant state 

is a polymer chain with a RAFT end-group.181 
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i) Reversible Addition-Fragmentation chain Transfer 

(RAFT) Polymerisation 

RAFT is a controlled free radical polymerisation technique which uses a 

thiocarbonylthio compound as a chain transfer agent (CTA). The thiocarbonylthio 

CTA undergoes a reversible chain-transfer process whereby radical addition through 

the stabilisation of the Z-group and re-initiation of the R-group (Figure 1.11 and 

Scheme 1.5) is carried out.  

 

Figure 1.11. A generic structure of a thiocarbonylthio RAFT CTA where Z and R perform different 

functions.  

The continuous reversible deactivation of growing polymer chains allows the CTA 

to control the polymerisation. As one chain becomes dormant, another polymeric 

radical is generated for further propagation. Through this exchange, the 

polymerisation is mediated. The Z group controls the ease at which the radical 

species adds to the C=S bond and the R group is used as a good homolytic leaving 

group which allows new polymer chains to initiate.116  

 

Scheme 1.5. A generic RAFT mechanism showing M as the monomer and X as the initiator. 116 

RAFT is an attractive controlled free radical polymerisation technique because the 

technique provides the ability to use mild conditions and a wide range of monomers. 

In addition, functionalisation of the CTA and polymer can be carried out in 

numerous ways in order to provide polymers with a range of functionality options, 

Scheme 1.6.116 

Z S
R

S
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Scheme 1.6. An outline of functionalisation routes for polymers prepared via RAFT. Showing 

(i) RAFT polymerisation with a vinyl monomer and (ii) copolymerisation.  Functionalisation can be 

carried out on the (iii) R-group; (iv) Z-group; (v) polymer chain and (vi) thiocarbonylthio group. 

Showing X as a hydrogen or methyl group.116 

ii) Atom Transfer Radical Polymerisation (ATRP) 

Another controlled free-radical polymerisation technique is atom transfer radical 

polymerisation (ATRP) which is a widely used method for the synthesis of 

well-defined polymers.182 ATRP involves the use of a metal catalyst complex to 

activate a free radical species from the initiator. This free radical species allows for 

the addition of one or a few subunits (monomers) at a time onto a growing polymer 

chain. This controlled, synthetic process can be shut down or re-started at will by 

controlling the amount of monomer present in the reaction and by controlling the 

oxidation state of the metal catalyst complex.183 An ATRP reaction consists of the 

following components: a monomer (M), an initiator (R-X), a catalyst  (a metal halide 

(Mt) usually copper based), a ligand and solvent.184 An ATRP reaction must be 

carried out in a clean, oxygen free environment (to prevent oxidation of the metal 

catalyst).  

javascript:popupOBO('MOP:0000689','C3CC45319G')
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Scheme 1.7. Scheme for the mechanism of ATRP: (A) initiation; (B) equilibrium; (C) propagation. 

Where Pn is polymer, R is the initiator, M is monomer, X is halide (Cl or Br) and L(s) is ligand(s).185, 

186 

The ATRP mechanism171,172, Scheme 1.7, shows a transition metal compound 

(Cu(I)X|L(s) used in this example) acting as a halogen atom carrier in a reversible 

redox reaction. A continuous shift of the metal atom (Cu) between the two different 

oxidation states (Cu(I) to Cu(II)) leads to the formation of free radicals (R∙ or Pn∙), 

which can then react with an alkene monomer (M) forming the propagating macro 

radicals (Pn∙).  

The propagating step consists of a series of monomer additions to the radicals 

through halogen exchange. The polymeric halides (Pn-X) are the dormant form of the 

propagating radicals. This is another way of keeping the concentration of active 

centres low, suppressing possible termination reactions. 

The lower oxidation state metal complex (Cu(I)X|L(s)) reacts with the ATRP 

initiator (R-X) to yield a radical (R∙) and the corresponding higher oxidation state 

metal complex (Cu(II)X2|L(s)) can transfer the halogen atom (X) back to the radical 

(P∙), re-generating the alkyl halide (P-X) and the lower oxidation state metal 

complex (Cu(I)X|L(s)). The radicals (R∙) can then react with the monomer (M) to 

initiate the polymerisation process (Pn∙). 

The last step of ATRP yields the halogen-terminated polymeric dormant state (Pn-X) 

which can be reactivated to the polymeric radical (Pn∙) via a reaction with the higher 

oxidation state metal complex (Cu(II)X2|L(s)). If the deactivation process is efficient 

and all propagating radicals on all polymer chains are restarted within a short period 

by appropriate selection of the alkyl halide initiator (R-X), the resulting polymer will 

be characterised by a narrow molecular weight distribution.187, 188 
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1.5 Targets and Layout of Thesis 

The aim of this project is to develop a coating that will protect SPIONs from 

degradation to conditions found in the endosome/lysosome of a stem cell in order to 

achieve long-term stem cell tracking using MRI. The suitability of the coating 

developed will be assessed by its ability to allow the SPION to retain its magnetic 

properties (T2 relaxivity and Ms) in addition to providing colloidal stability in 

aqueous and bioactive medium. The coating needs to be hydrophilic, have low or 

non-cytotoxicity and be biocompatible with stem cells. The coatings investigated 

will be covalently attached to the SPION surface to ensure long term stability and 

will be thin enough to maintain overall nanoscale dimension of the SPION for stem 

cell up-take via endocytosis. Most importantly, the coating developed must not affect 

the overall function of the stem cell. 

In Chapter 3, oleic acid coated SPIONs are synthesised and surface functionalisation 

is carried out using amino functionalised silane. The attachment of polymer to the 

amine functionalised SPION surface is carried out and the properties and suitability 

of the coating is investigated for stem cell labelling. In Chapter 4 and 5, silica and 

gold inorganic coatings are investigated respectively. The synthesis of the inorganic 

coatings to the SPION surface is carried out and the properties and suitability as a 

coating for long term stem cell labelling is investigated. In Chapter 6, a summary of 

the biological cell uptake and retention studies of the coated SPIONs prepared in 

Chapters 3 to 5 are investigated to determine the most suitable coating for long term 

stem cell tracking. 
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2.1 Materials  

Sodium oleate (>97 %) was purchased from TCI. Gold (III) acetate (99.9 % metals 

basis) was purchased from Alfa Aesar. Toluene was pre-dried and purified via the 

solvent purification system Pure Solv MD-6 and stored over 3Å activated molecular 

sieves. All other reagents and solvents were obtained from Sigma-Aldrich and used 

without further purification unless stated. All aqueous solutions were prepared with 

ultrapure water from a Milli-Q system (Millipore, resistivity 18.2 MΩcm at 25 °C). 
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2.2 Characterisation Techniques 

2.2.1 Dynamic Light Scattering (DLS) 

Dynamic light scattering (DLS) was carried out using a Viscotek 802-100 Dynamic 

Light Scattering Analyser with 60 mW power class 3B laser with wavelength of 830 

nm. The target intensity attenuation was set to 300 k counts and each measurement 

was collected from data gathered over a 4 second reading. At least 25 experiments of 

5 runs each were recorded per sample measurement. Samples were run at 20 °C in 

the appropriate solvent. The refractive index of the solvent was imputed into the 

software prior to measurement. Measurements were processed using Malvern 

OmniSIZE software 3.0. 

2.2.1.1 DLS Technique Used 

The instrument used to carry out DLS measurements was set up whereby scattered 

light from a sample in the dispersion medium in the cuvette is detected at a right 

angle to the laser pathway. The measured data from the intensity of scattered light 

from a sample is shown as a correlation curve which holds information regarding the 

diffusion of particles in the solvent. The diffusion coefficient (D) can be calculated 

by fitting the correlation curve (or correlation function) to an exponential function. 

Using D, the hydrodynamic radius (Rh) can be calculated by using a variation of the 

Stokes-Einstein equation. If the sample population is monodisperse, a smooth single 

exponential decay function is observed. If the sample is polydisperse, the curve is a 

sum of exponential decays.  

The DLS measurements are reported in terms of hydrodynamic radius (Rh) or 

solvodynamic radius (Rs) whereby the data is reported by three different distribution 

types: Intensity, Mass and Number. The fundamental outcome from the 

measurement is found as an intensity distribution. The intensity distribution shows 

the relative intensity of light scattered by particles of each size fraction. The intensity 

distribution can however be somewhat misleading, since particles suspended in 

liquid undergo random Brownian motion which is related to temperature, solvent 

viscosity and particle size. The smaller the particle, the faster the Brownian motion. 

The larger the particle, the slower the Brownian motion. Because of this, the 
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intensity of light scattered from larger particles is greater than that of smaller 

particles Thus, the presence of a small number of aggregates or larger particles in the 

sample can dominate the intensity distribution. The intensity distribution can 

therefore be useful as a sensitive measurement for detecting larger species in the 

sample. Assuming there is no error in the intensity distribution, the particles in the 

sample are spherical, homogeneous and the optical properties are known, the data 

from the intensity distribution can be used and converted using Mie Theory to a mass 

or volume distribution weighted by their relative mass/volume of the particle size 

fraction rather than based on their scattering (intensity). Furthermore, the intensity 

distribution can also be converted using Mie Theory to a number distribution based 

on the relative number of particles in the given size fraction.1, 2  

2.2.2 Powder X-Ray Diffraction (PXRD) 

Powder X-ray diffraction (PXRD) was carried out using a Panalytical X’pert Pro 

multipurpose diffractometer with Co Kα1 radiation (λ = 1.789010 Å). PXRD was 

used to determine the composition of nanoparticles (NPs) synthesised and to 

measure their average crystal size using the Scherrer equation, Equation (1).  

𝜏𝜏 =
𝐾𝐾𝐾𝐾

𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽
 (1) 

Where τ is the mean crystal size in nanometres (nm), β is the line broadening at half 

the maximum intensity (FWHM), K is the shape factor (K = 0.9 for particles of 

unknown size), λ is the x-ray wavelength of the cobalt source (Co, λ = 1.789010 Å) 

and θ is the Bragg diffraction angle. β and θ are converted into radians and λ is 

converted to nanometres. PXRD patterns were assigned using reference patterns 

obtained from the JCPDS database. 

2.2.2.1 Wavelength Selection 

Atoms of a particular element can absorb incident X-rays and fluoresce X-rays at a 

different wavelength. Fluorescence can lead to an increase in background signal and  

absorption of X-rays can decrease the diffracted signal thus causing inaccuracies to 

the measurements required to calculate crystal size using the Scherrer equation. The 
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most problematic combination is with a copper anode radiation source to measure Fe 

and Co which fluoresce the most. For this reason, a different wavelength of radiation 

was used to measure iron oxide nanocrystal sizes by PXRD. In this case a cobalt 

anode radiation source was used to increase the diffracted beam signal.3  

 

2.2.3 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) images were collected using a FEI 120kV 

Tecnai G2 Spirit BioTWIN TEM operating at an accelerating voltage of 100 kV. NP 

samples were dispersed and allowed to dry onto 200 mesh hexagonal copper grids 

with a carbon sputter coated Formvar or Piloform substrate. For staining of polymer 

coating, a 3 % solution of phosphotungstic acid (PTA) was used. Measurements of 

NP sizes were carried out using ImageJ software. For imaging NPs within stem cells, 

stem cells were grown and labelled in 3.5 cm dishes followed by fixation with 4 % 

formaldehyde/2.5 % glutaraldehyde. For viewing organelles within stem cells, stem 

cells were stained using 5 % uranyl acetate and 2 % lead citrate. Post fixation of cells 

was carried out by dehydration and embedding in epoxy resin. Thin (70 nm) sections 

were then taken and imaged over 200 mesh hexagonal copper grids with a Formvar 

substrate. 

High resolution-TEM (HR-TEM), scanning-TEM (STEM) and high angle annular 

dark field electron energy loss spectroscopy (HAADF-EELS) measurements were 

carried out by Dr. Tobias Heil, Nanoinvestigation Centre, University of Liverpool. 

2.2.3.1 Conventional Transmission Electron Microscopy (TEM) 

theory 

TEM is a technique used to image the morphology of specimens on the nanoscale. 

Because electrons have a much lower wavelength than light, resolution is increased 

significantly due to strong interactions of electrons with atoms by elastic and 

inelastic scattering.4 In TEM, electrons are produced by thermionic or field electron 

emission through the connection of an emission source such as tungsten filament or 

lanthanum hexaboride (LaB6) cathode to a high voltage source (voltages 60-120 kV). 

Electrons are condensed and focused down a column held under vacuum using 
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electromagnetic lenses to produce an electron beam of uniform current density which 

irradiates a sample on the grid.  

 

Figure 2.1. Schematic diagram of a TEM.5  

The electron intensity distribution behind the sample grid is imaged using a lens 

system onto a phosphor fluorescent screen to create a “shadow image” which is then 

recorded by a charge-coupled device (CCD) camera. Figure 2.1 shows a schematic 

of the components found within a conventional TEM instrument. The sample must 

be thin enough (< 200 nm) to visualise the specimen. For cellular and polymeric 

material which has very low electron density, imaging can be improved by 

increasing the contrast using a stain containing electron-absorbing heavy metals such 

as phosphotungstic acid, uranyl acetate etc.5 

2.2.4 Fourier-Transform Infrared (FT-IR) Spectroscopy 

Fourier-transform infrared (FT-IR) spectroscopy was carried out using a Bruker 

Tensor 27 plate reading FT-IR. Samples were prepared with KBr to form a pellet for 

single sample analysis. For each sample, a background was taken and subtracted 

from the accumulation of 20 scan measurements in the region from 650 to 4000 cm−1 

with a resolution of 4 cm−1. 
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2.2.5 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) was carried out using a TA Instruments 

Q5000IR TGA under air atmosphere at 100 mL/min. For samples not containing 

polymer, a 5-10 mg sample was heated to 120 °C at 10 °C/min and kept at 120 °C 

for 20 min to remove all adsorbed solvent. The sample was then heated to 600 °C at 

10 °C/min and kept at 600 °C for 20 min. For samples containing polymer, a 5-10 

mg sample was heated to 120 °C at 20 °C/min and kept at 120 °C for 20 min to 

remove all adsorbed solvent. The sample was then heated to 1000 °C at 20 °C/min 

and kept at 1000 °C for 40 min. The weight loss was calculated by using the weight 

measured between the maximum boiling point temperature of the solvent used with 

the material (toluene 120 °C, ethanol 80 °C) and the final TGA temperature. The 

residual solvent weight loss was used to scale the weight loss of the organic and 

inorganic content without the presence of residual solvent.  

2.2.6 Gel Permeation Chromatography (GPC) 

Gel permeation chromatography (GPC) was carried out using a Malvern Viscotek 

GPCmax 2001 triple-detection GPC system in either 10 % methanol in deionised 

water eluent at 50 °C or 1 x PBS pH 7.4 eluent at 50 °C. using polyethylene oxide 

(PEO) narrow and calibration standards. The columns used were two GMPW-

XL18/19 plus guard using a flow rate of 1 ml/min. Measurements were performed by 

Dr. Sean Higgins at the University of Liverpool, Department of Chemistry. 

2.2.6.1 GPC Theory 

Gel permeation chromatography, a type of size exclusion chromatography (SEC), 

which is a technique used to sort polymers according to size in 

solution/hydrodynamic diameter. A solution containing polymers is passed through a 

column containing porous beaded packing material. The beads have a variety of pore 

sizes. Smaller MW polymers are retained for longer periods of time in small pores 

compared with larger MW polymers which are either retained for less time by the 

larger pores or are not retained at all and simply pass around the beads through the 

column. Due to this, separation of polymer molecules by size or MW occurs. Elution 

of polymers through the column occurs in the order of highest molecular weight first 
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and polymers with decreasing MW following after. Figure 2.2 shows the separation 

process of polymers by size/hydrodynamic diameter. This technique is primarily 

used to obtain information on the molecular weight distribution (also known as the 

dispersity (Đ)) in addition to the determination of the number average molecular 

weight Mn and the weight average molecular weight Mw.  

 

Figure 2.2. GPC size separation and detection process.6, 7 

Before this information can be obtained for a polymer sample, experimental 

conditions including column and eluent choice, temperature, pH etc. need to be 

considered for a proper separation of the sample. To determine the Mw and Mn, 

polymer standards are required to calibrate the retention volume/time to polymer 

molecular weight/size. There are two types of calibration methods that can be carried 

out. The first is conventional calibration whereby a series of up to 12 polymers of 

known MW are used. This method requires use of only one detector (refractive index 



52 | Chapter2                                                                                       

(RI) or UV) to create a calibration curve using their peak positions along the 

retention volume axis. 

Conventional calibration is often used on polymer samples where the polymer 

concentration in the sample is unknown - such as kinetic samples or polymers that 

are highly hydroscopic. The drawback of this approach is that the polymer standards 

used are often not an exact representative of the sample being measured (structure, 

type and their behaviour in the eluent conditions i.e. methacrylate polymers vs. linear 

PEO), so the MW data obtained is therefore only relative. In addition, no structural 

information of the polymer sample can be obtained from this method especially if 

analysing branched polymers. 

The other main calibration method is based on a polymer narrow standard of known 

Đ, Mn, Mw, intrinsic viscosity (IV) and concentration with the use of three detection 

methods known as triple detection GPC, using low angle light scattering (LALS), 

right angle light scattering (RALS), RI or viscometer. Information obtained from 

triple detection GPC is considered more sensitive to the detection of structure and 

true MW of the polymer sample since at least four detection methods are used rather 

than only one detection method which is used for the conventional calibration 

method.6, 7,8 

2.2.7 Nuclear Magnetic Resonance (NMR) 

1H and 13C Nuclear Magnetic Resonance (NMR) was carried out using a Bruker 

Avance 400 MHz spectrometer. Chemical shifts were measured in parts per million 

(ppm) relative to residual protic solvent. Polymer samples for NMR analysis were 

prepared in either deuterated methanol (CD3OD) or deuterated DMSO (DMSO-d6).  

NMR samples of small molecule initiators were prepared in deuterated chloroform 

(CDCl3).  

2.2.8 Micromass LCT Mass Spectroscopy (MS) 

Micromass LCT mass spectroscopy was used to confirm the composition of 

initiators synthesised for ATRP reactions. Measurements were performed by the 

Analytical Services at the University of Liverpool, Department of Chemistry. 
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2.2.9 Inductively Coupled Plasma Optical Emission Spectrometry 

(ICP-OES) 

Quantification of iron in samples containing gold 

A known aliquot (100 to 200 µL) of NP dispersion was added to a 10 mL volumetric 

flask made of perfluoroalkoxy copolymer (Corning, Sigma-Aldrich). 5 mL of fresh 

aqua regia was added and the sample was left to digest for > 48 h. The volume was 

then made up to 10 mL with deionised water.  

Quantification of iron oxide in samples analysed by SQUID 

After SQUID measurement, the gelatine capsule containing a dry sample was placed 

into a 10 mL volumetric flask made of perfluoroalkoxy copolymer (Corning, Sigma-

Aldrich). 5 mL of fresh aqua regia was added and the sample was left to digest for > 

48 h. The volume was then made up to 10 mL with deionised water. A control blank 

containing an empty gelatine capsule digested in aqua regia solution was also 

analysed alongside the samples. 

Quantification of iron in polymer coated SPION samples (not containing gold) 

A known aliquot (100 to 200 µL) of NP dispersion was added to a 10 mL volumetric 

flask made of perfluoroalkoxy copolymer (Corning, Sigma-Aldrich). The volume in 

the flask was made up to 10 mL with 5 M HCl solution and left to digest > 24 h. 

2.2.10  Elemental Analysis 

The carbon, hydrogen and nitrogen content of samples were analyzed with a Thermo 

EA1112 Flash CHNS-O Analyzer. The measurement taken for the elemental content 

(%) was an average of four measurements. Measurements were performed by the 

Analytical Services at the University of Liverpool, Department of Chemistry. 

2.2.11  Electrophoretic Mobility 

Electrophoretic Mobility (ζ-Potential) measurements of SPION samples dispersed in 

deionised water or buffer solutions were measured using a Malvern Zetasizer Nano 

ZS equipped with a helium laser 633 nm wavelength at 25 °C. A 1 mL aliquot of 
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sample was used for measurement. The ζ-Potential values were obtained using the 

Henry equation by measuring the velocity of particles using Laser Doppler 

Velocimetry (LDV) during electrophoresis. The ζ-Potential values reported were 

taken from 3 independent measurements; for each measurement, 50 repeat runs were 

taken.  

2.2.12 Differential Scanning Calorimetry (DSC)  

Differential Scanning Calorimetry using a TA Instruments Q2000 DSC was used to 

measure the lower critical solution temperature (LCST) of polymer sample in 

solution. Polymer sample in solution (1 % w/v) was prepared in PBS solution with 

pH 7.4. Closed aluminium sample pan contained 100 µL of the polymer solution and 

reference pan containing 100 µL of the PBS solution were prepared. The samples 

were heated from 20 °C to 80 °C at a rate of 1 °C/min under nitrogen gas. 

Measurements were performed by Dr. Sean Higgins, Centre for Materials Discovery, 

University of Liverpool. 

2.2.13 UV-Vis Spectroscopy 

For colloidal stability studies, UV-Vis Spectroscopy was carried out on a Thermo 

2000c Nanodrop UV-Vis spectrophotometer. The absorbance of SPIONs dispersed 

in PBS pH 7.4 was measured in a polypropylene cuvette with a path length of 1 cm.  

The sample volume used was ≥1 mL and was measured at a fixed wavelength of 400 

nm. Samples were kept at their studied temperature between measurements.  

For dissolution studies, UV-Vis Spectroscopy was carried out on a Biotek Synergy 

HT Multi-Mode 96 well micro titre plate reader. The sample volume used was ≥150 

µL and measured at a fixed wavelength of 590 nm. 

2.2.14  Magnetic Resonance Imaging (MRI) 

Magnetic Resonance Imaging (MRI) measurements were carried out on a Bruker 

Avance III MR scanner at 7 Tesla. Prior to measurement, the Fe content was 

measured via ICP-OES. Samples were prepared in 1 % low melting temperature 

agarose with final concentrations of 0.25, 0.12 and 0.06 mM Fe. Imaging was carried 

out using a sequence based on RARe (Rapid Acquisition with Relaxation 
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Enhancement)9 pulse sequence at base echo times  TE = 11, 33, 55, 77 and 99 ms 

and at a repetition time TR = 5 s. Relaxation time T2 was calculated based on an 

exponential fit of the signal intensity (S) as function of echo time (TE) using  the 

following Equation (2): 

𝑆𝑆 =  𝑆𝑆0 exp �
-𝑇𝑇𝑇𝑇
𝑇𝑇2

�+ 𝑆𝑆′ (2) 

Where: S0 and S' are signal intensities at TE = 0 and infinity, respectively. The MRI 

measurements were performed by Ms Karen Davies at the University of Manchester, 

Department of Imaging Science and Biomedical Engineering. 

2.2.15  Superconducting Quantum Interference Device (SQUID) 

Superconducting quantum interference device (SQUID) magnetometry 

measurements were carried out on an MPMS SQUID 7T Quantum Design 

magnetometer. Samples were measured at 2 T under a helium atmosphere at 300 K. 

Samples were prepared as follows: dry samples (1-5 mg) were contained and fixed in 

a size 4 gelatin capsule which was then placed inside the middle of a plastic drinking 

straw. The SQUID measurements were performed by Dr. Pavel Borisov and Dr. 

Pranab Mandal at the University of Liverpool, Department of Chemistry. Help with 

the magnetic core characterisation using the Langevin expression was provided by 

Dr. Lara Bogart at the University of Liverpool, Institute of Integrative Biology. 

2.2.15.1 Magnetic Core Characterisation 

The magnetic size distribution of superparamagnetic NPs can be extracted from 

SQUID magnetisation curves by fitting experimentally measured curves using the 

simple Langevin expression modified by a log-normal distribution, Equation (3). 

From this, extraction of the intracellular iron content from single cell 

magnetophoresis by cell tracking velocimetry can be achieved from the 

quantification of the magnetic radius of the iron oxide core.  

Using room temperature SQUID magnetometry curves for iron oxide cores in 

samples, the best fit data of the magnetic radius can be extracted using the Langevin 

formula multiplied by the log-normal polydispersity function:  
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𝑀𝑀(𝐻𝐻) =
𝑀𝑀𝑆𝑆𝑆𝑆

√2𝜋𝜋  𝜎𝜎𝜎𝜎
exp �−

ln(𝜎𝜎 − 𝜎𝜎𝑐𝑐)2

2𝜎𝜎2 � �coth(𝑏𝑏)−
1
𝑏𝑏� 

(3) 

Where MSP and MSB is the saturation magnetisation of the particles and of the bulk 

material, respectively in terms of volume by emu cm-1 Fe3O4, σ is the standard 

deviation of the population, V is the median physical volume, Vc is the volume of the 

magnetic core and the term b is given by Equation (4): 

𝑏𝑏 =
𝜇𝜇0M𝑆𝑆𝑆𝑆𝜎𝜎𝐻𝐻

kB𝑇𝑇
 (4) 

2.2.16  Atomic Force Microscopy (AFM)  

Atomic force microscopy measurements were collected in a Multimode atomic force 

microscope from Agilent. Samples were prepared by depositing a drop of NP 

solution from the appropriate solvent onto a clean Si wafer which was then allowed 

to air dry.  

A μmasch/MikroMasch NSC15 LS15 hard Al BS long scanning SPM probe with tip 

radius with coating of <20 nm and tip cone angle of 40° (resonant frequency 325 

kHz and a force constant 46 N/m) was used for tapping-mode in air at room 

temperature at a scan speed of 1ln/s.  

Images were recorded with 512 x 512 pixel camera. Processing and analysis of the 

images were carried out using the PicoImage Software. Measurements were obtained 

using PicoView1.10.7. The AFM measurements were performed by Dr Natasha 

Flack at the University of Liverpool, Department of Chemistry. 

2.2.17  Cell Tracking Velocimetry (CTV) 

CTV measurements and analysis were prepared and performed by Dr. Lara Bogart at 

the University of Liverpool, Institute of Integrative Biology. Cells were first 

trypsinised and fixed with 4% paraformaldehyde for 10 minutes and then finally 

washed with PBS to remove excess fixative10 before staining with 4′,6-diamidino-2-

phenyindole, dilactate (DAPI), a fluorophore that intercolates with DNA (DAPI-

DNA complex, λex = 364 nm, λem = 454 nm)11, to visualize the cell nucleus. The 



                                                                                                           Chapter 2 | 57 
 

 
 

cells were then suspended in a 30 % w/v glycerol solution and inserted into a square 

silicon borate glass capillary tube (I.D. 1 mm; CM Scientific). The capillary tube was 

then placed in a custom designed NdFeB magnet (acquired from/collaboration with 

Jeffrey J. Chalmers) with specially shaped pole pieces that yield a magnetic field 

gradient. The magnetic force generated by the magnetic field allowed for cells 

labeled with magnetic NP to move toward areas of high magnetic field with a 

velocity directly proportional to the number of magnetic NPs within the cell. 

Fluorescent cells were imaged using an Andor Neo sCMOS camera. The equipment 

was set up as found in Figure 2.3C and Figure 2.4.  

 

Figure 2.3. (a) Front view of the NdFeB magnet and channel in which cells are suspended in for 

magnetic characterisation (b) variation of magnetic field and field gradient within the pole pieces and 

indicating the magnetic pole pieces that give rise to the spatially varying magnetic field gradient and 

(c) simplified schematic of the magnetophoresis equipment used to measure magnetic velocity of 

cells. 

Captured images were visualised by Solis imaging software, Figure 2.5. Cell 

trajectory plots within the area of uniform magnetic field gradient (Figure 2.3a) 

were drawn using ImageJ software with MTrack2 plugin. The horizontal component 
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of the velocity of cells through the capillary could then be measured using the co-

ordinates (x,y) and the frame rate of each cell (Figure 2.5) to calculate the magnetic 

velocity, υm.  

 

Figure 2.4. Cell tracking velocimetry (CTV) showing A) the fluorescent sensitive camera, B) the 

microscope, C) the magnet. Top right zoomed image of the magnet shows the hole where the glass 

capillary is placed and bottom right images show the front end of the magnet with cover slip removed 

to so the gap between the two fixed rare earth magnets can be seen. 

 

Figure 2.5. Series of fluorescence images of cell nuclei using DAPI taken from (a) unlabelled cells 

and (b) labelled cells.  For each example, three cells are highlighted to indicate the direction of 

motion. 

A mean magnetic velocity over a population (n = 200 cells minimum) was then used 

with the magnetic saturation (Ms) of the SPION sample (emu g-1 Fe3O4 or 1x103 
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A.m2/kg Fe3O4), to calculate the average amount of magnetic material internalised 

within the cell using Equation (8). At uniform magnetic field gradient, the magnetic 

force (Fm), Equation (5), which is equal to the drag force (Fstokes) as found in 

Equation (6) of a cell containing magnetic NPs, Equation (7). Hence, to deduce the 

number of magnetic NPs (Nm) in a cell, the magnetic velocity as deduced in 

Equation (8) is used and rearranged as found in Equation (9): 

𝐹𝐹𝑚𝑚  ∝ 𝑁𝑁𝑚𝑚(𝑀𝑀𝑠𝑠𝑟𝑟3)
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 (5) 

𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 6𝜋𝜋𝑟𝑟𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐𝜂𝜂. 𝜐𝜐𝑚𝑚 (6) 

𝐹𝐹𝑚𝑚 = 𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (7) 

𝜐𝜐𝑚𝑚 =
2
9
𝑁𝑁𝑚𝑚.𝑀𝑀𝑠𝑠𝑟𝑟𝑚𝑚3

𝜂𝜂𝑟𝑟𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 (8) 

𝑁𝑁m =
9𝑣𝑣m⋅𝑟𝑟𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐𝜂𝜂𝑀𝑀𝑆𝑆𝑆𝑆

2𝑀𝑀𝑆𝑆𝑆𝑆𝑟𝑟𝑚𝑚3 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕�
 (9) 

Where B is the magnetic field; 𝜕𝜕B/𝜕𝜕𝜕𝜕 is the magnetic field gradient, Nm is the 

number of magnetic NPs, rm is the radius of the magnetic NP, rcell is the average cell 

radius, m  and η is the viscosity of the suspending fluid.12, 13 

2.2.18  Photothermal Microscopy 

Photothermal imaging is a technique used to investigate the intracellular localisation 

of SPIONs. In a typical photothermal imaging experiment, a low powered laser is 

emitted onto a dish containing labelled cells. The NPs present inside the cell will 

conduct heat which is generated by the laser. The small difference in heat compared 

to the surrounding area of the cells in the dish is imaged using a heat sensitive 

infrared camera and thus allows for the visualisation of NPs inside the cell. Figure 

2.6 outlines the setup for the photothermal imaging equipment.  
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Figure 2.6. Schematic representations for the setup of the photothermal imaging equipment as taken 

from reference14 for the measurement of “(A) fluorescence and (B) photothermal imaging of SPIONs 

in cells. In (B), the heating laser (green) is modulated by an acousto-optical modulator at a frequency 

of 530.5 kHz; the green laser is blocked before the photodiode, which measures the signal of the 

probe (red) beam only. A lock-in amplifier is used to extract the magnitude of the signal at the 

beatnote frequency, which is digitised to yield the photothermal signal. The system is based upon a 

modified Zeiss Axiovert 200 inverted microscope equipped with a microscope cage incubator”.  

Photothermal microscopy measurements were prepared and performed by Dr. Lara 

Bogart at the University of Liverpool, Institute of Integrative Biology. Imaging of 

SPIONs within stem cells were carried out on stem cells that were first fixed with 

4% paraformaldehyde for 10 minutes and then finally washed with PBS to remove 

excess fixative prior to imaging The procedures for this technique can be found as 

reported.14 “For imaging SPIONs in fixed cells, the sample in a glass dish was heated 

using a Laser Quantum ND:YAG frequency-doubled laser pump beam (λheating = 523 

nm) which was modulated at a frequency of  530.5 kHz by an acousto-optic 

modulator (Isomet Corporation) and set to a power of 2 mW. The local change in 

refractive index around the SPIONs was probed by a JDS Uniphase Corporation 

HeNe laser, (λprobe = 633 nm). Both laser beams were focused to the same focal plane 

within the sample using a Zeiss Plan Apochromat 63×, NA = 1.4 oil objective lens. 

A Zeiss Achroplan 40×, NA = 0.8 water dipping objective was used to collect the 

forward interfering beam after its interaction with the sample. For cell sections, a 

Zeiss EC Plan-NEOFLUAR 40×, NA = 1.3 oil objective was used.” 
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“All photothermal images were acquired 1 μm above the top surface of the glass 

bottom dish. The area of interest was raster scanned by moving a piezo-electric 

device (Physik Instrument) over the fixed laser beams, with the collected light 

focused onto a photodiode. For each pixel, the magnitude of the probe beam forward 

interfering field at 530.5 kHz was extracted using a lock-in amplifier and digitized, 

with the image constructed by integrating the signal in each pixel over a time of 10 

ms.”  

For polymer coated SPIONs and silica coated SPIONs, a heating power (green laser) 

of 2 mW and a probe power (red laser) of 9.8 mW was used.   

In the case of the Au-SPIONs, the fluorescence images were obtained using 

a Hammamastu camera illuminated with an X-Cite mecury lamp source. The DAPI 

images were obtained using a 1s exposure, whilst the immunostaining of 

the lysosomes was imaged using a 2s exposure.  The colour image was performed 

using a ThorLabs camera.  The photothermal image was obtained using a heating 

power (green laser) of 1 mW and a probe power (red laser) of 9.8 mW.  

2.3 Protocols and Assays used Throughout  the Thesis 

2.3.1 Colorimetric Iron Quantification Assay 

2.3.1.1 Stability of SPIONs in a Model of Lysosomal Environment 

Measurements were performed by the author and by Dr Arthur Taylor at the 

University of Liverpool, Institute of Translational Medicine. The rate of degradation 

of NPs in a model lysosomal environment was based on procedures that have been 

previously described.15, 16 NPs (5 µg Fe) were added to buffers at physiological or 

acidic pH and incubated at 37 oC for up to 40 days depending on the time taken to 

reach full dissolution of the iron core in solution. Alongside the samples incubated 

was a separate blank (0 µg Fe) and internal standard (5 µg Fe) in buffer solution at 

known pH. The buffers consisted of PBS supplemented with 20 mM of sodium 

citrate at a pH of 7.14, 5.5 or 4.5, the last two adjusted with hydrochloric acid. For 

each time point, a sample was taken for measurement of free iron ions in solution. 

The measurement was carried out by adding 20 % volume of a freshly prepared 

colorimetric reagent solution consisting of FerroZine (also known as 3-(2-Pyridyl)-
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5,6-di(2-furyl)-1,2,4-triazine-5′,5′′-disulfonic acid disodium salt) (6.5 mM) and 

ascorbic acid (10 mM).17 After colour development for 30 minutes, the sample was 

transferred to a 96-well plate and the absorbance at 590 nm was measured by a 

microplate reader. The absorbance value was compared to that of a calibration curve 

obtained from serial dilutions of an iron standard (TraceCERT, Sigma) containing an 

additional 20 % volume of the colorimetric reagent.  The concentration of free Fe 

obtained from each sample at a known time point was normalized to the amount of 

particles (Fe) added to each tube (5 µg Fe) yielding the percentage dissolved 

fraction. Three aliquots were taken from the blank, the internal standard, the 

calibration standards and all samples ran at each time point to yield an average 

measurement. For samples containing gold, a UV-Vis background absorbance 

measurement of the sample in buffer solution at known pH plus an additional 20 % 

volume of the buffer solution was taken at 590 nm and subtracted from the 

absorbance of the sample containing FerroZine colorimetric reagent prior to the 

calculation of free Fe in solution. The Fe concentration of the original samples was 

determined via ICP-OES prior to starting the dissolution assay to ensure 5 µg Fe mL-

1 solutions were used. 

2.3.1.2 Protocol for Iron Measurement in SPION Samples 

Measurements were performed by the author and by Dr Arthur Taylor at the 

University of Liverpool, Institute of Translational Medicine. This protocol was used 

as an alternative method to ICP-OES analysis in order to quickly measure the iron 

concentration of polymer coated SPION samples. A freshly prepared FerroZine 

colorimetric reagent was first prepared which consisted of the following reagents 

added to deionised water (12.5 mL) in the following order with sufficient vortexing 

after each addition until dissolved:  ammonium acetate (4.8 g, 5 M), ascorbic acid 

(4.4 g, 2 M), Ferrozine (40 mg (pre-dissolved in 500 µL of deionised water), 6.5 

mM) and finally neocuproine (40 mg (pre-dissolved in 500 µL of ethanol), 13.1 

mM). The FerroZine colorimetric reagent had a shelf life up to 3-6 weeks and was 

protected from light. Samples were prepared for digestion by adding 10-50 µl of 

SPION sample (the iron concentration of the original SPION sample should be 

between 0 and 1.5 µl) to a vial containing 1.2 M HCl (500 µL). The sealed sample 

vial was then heated to 50 °C for 1 h to speed up digestion. Once cooled, deionised 
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water (500 µL) was then added to the sample vial. The measurement was carried out 

by adding 20 % volume FerroZine colorimetric reagent (200 µL) to the sample vials 

containing digested SPIONs. After colour development for 30 minutes, the sample 

was transferred to a 96-well plate and the absorbance at 590 nm measured in a 

microplate reader. The absorbance value was compared to that of a calibration curve 

obtained from serial dilutions using 0.6 M HCl with an iron standard (TraceCERT, 

Sigma-Aldrich) containing an additional 20 % volume of the FerroZine colorimetric 

reagent.  Three aliquots were taken from the blank, the calibration standards and all 

samples to yield an average measurement.17 

2.3.2 In Vitro Studies 

All in vitro studies were performed by Dr Arthur Taylor at the University of 

Liverpool, Institute of Translational Medicine. Kidney-derived murine stem cells18 

and mesenchymal stem cell lines were used for uptake and cytotoxicity studies.  

Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 

with 10 % fetal bovine serum (FBS; PAA), 1 % L-glutamine and 100 U mL-1 of 

penicillin and streptomycin. In all cases, cells were grown under standard culture 

conditions (37 °C, 5 % CO2). All experiments involving KSC H6 were performed 

with cells between passage number of 10 and 30. Experiments using MSC D1 were 

performed with cells between passage number of 8 and 25. Cells were cryopreserved 

at their earliest passage number (10, 8), thus no cells at an earlier passage were used. 

At the later passage number (30, 25), these cells were known to preserve their stem 

cell like characteristics and had not undergone any phenotypic changes as a 

consequence of prolonged culture. 

2.3.2.1 Cell Cytotoxicity/Viability Assay  

For cytotoxicity screening of NP samples in a biocompatible solution, cells were 

seeded in 96 well plates and allowed to grow overnight. The culture medium was 

then replaced with fresh medium containing the NPs at a range of concentrations (0-

50 µg Fe mL-1) and the cells were allow to grow for a further 24 hours. The wells 

were then washed with PBS to remove excess NPs and replaced with fresh medium 

containing cell counting kit 8 (CCK-8) reagent (2-(2-methoxy-4-nitrophenyl)-3-(4-

nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,monosodium salt) according the 
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manufacturer’s specifications.19 After 2 hours, the absorbance of each well was 

measured by a UV-Vis microplate reader at 450 nm, where the absorbance intensity 

at this wavelength is directly proportional to the number of viable cells in the well. 

Experiments were performed in triplicate and results were normalised to control 

conditions (cells that were not exposed to NPs). A negative control where cells were 

exposed to 0.1 % Triton-X instead of the NPs was used in each experiment.  

2.3.2.2 Cell Uptake  

Cells were sub-cultured in 3.5 cm dishes at a density that yielded 40-50% confluence 

on the following day. At this time point, the culture medium was replaced with fresh 

medium containing the NPs at a concentration of 5-50 µg Fe mL-1 and cells were 

allowed to grow for a further 24 hours.  

After the incubation period, cells were washed twice with phosphate buffered saline 

(PBS) to remove excess SPIONs from the medium, fixed with 4% paraformaldehyde 

for 10 minutes and then finally washed with PBS to remove excess fixative. For 

imaging NPs taken up by cells those were stained with the Iron Stain Kit (Sigma 

Aldrich), which consists of a Prussian Blue staining for iron deposits and a 

Pararosaniline counterstain, followed by image acquisition under an optical 

microscope. 

For staining of gold in cells, a silver enhancement kit (Sigma Aldrich) was used. 

Cells were labelled and fixed with 4% paraformaldehyde for 10 minutes and then 

finally washed with PBS to remove excess fixative and then the protocol for silver 

enhancement as per manufacturer’s instructions were followed.20 

2.4 Synthetic Material used Throughout the Thesis 

2.4.1 Synthesis of Monodisperse oleic acid coated Magnetite 

SPIONs (Fe3O4) by Thermal Decomposition Reaction 

2.4.1.1  Preparation of Iron(III) Oleate Complex  

Iron(III) chloride hexahydrate (Fe3Cl3.6H2O) (10.8 g, 40 mmol) and sodium oleate 

(36.5 g (120 mmol)) were dissolved in a solvent mixture of deionised water (60 mL), 
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ethanol (80 mL) and hexane (140 mL). The mixture was heated under reflux at 70 °C 

for 4 hours. Scheme 1outlines the synthesis procedure. 

 
Scheme 1. Synthesis of iron(III) oleate complex 

The resulting upper dark red organic layer containing iron(III)-oleate was washed 

three times with 30 mL deionised water in a separating funnel. The remaining 

organic layer was dried over anhydrous magnesium sulphate and hexane removed 

via rotary evaporation. FT-IR (KBr pellet) ν: 722, 1302, 1441, 1526, 1586, 1712, 

2854, 2925 and 3006 cm-1. Elemental analysis: expected C 72.05 %, H 11.08 %, 

actual C 70.73 %, H 11.69 %. TGA analysis: expected 91.14 %, actual 91.37 %. 

2.4.1.2 Thermal Decomposition of Iron(III) Oleate to Synthesise 

Monodisperse Oleic Acid Coated SPIONs (OA-SPIONs) 

Monodisperse oleic acid coated iron oxide NPs were synthesised as reported.21 7.0 g 

(8 mmol) of the iron-oleate complex synthesised as described above and 1.10 g of 

oleic acid (4 mmol) were dissolved in 38.88 g of 1-octadecene at room temperature. 

The reaction mixture was heated to 320 °C maintaining a heating rate of 3.3 °C min-

1, and then kept at 320 oC for 30 minutes. Scheme 2 outlines the synthesis procedure. 

 

Scheme 2. Synthesis of monodisperse iron oxide nanocrystals 

The resulting solution was then cooled to room temperature, and 100 mL of ethanol 

was added to the black solution to precipitate the oleic acid coated iron oxide NPs. 

The NPs were separated using a NdFeB magnet (Magnet Sales; size, 10 mm D 5 mm 

H; strength ∼1.18 T) and stored as a solution of known concentration in chloroform 

in the fridge. Material submitted for characterisation using SQUID, FT-IR, TEM, 

DLS, PXRD, TGA and CHN. Results for all batches discussed in Chapters 3-5. 
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2.4.2 Ligand Exchange Reaction of OA-SPIONs with 

(3-amino)propyltrimethoxysilane (APTMS) to form Amino 

Silane Coated SPIONs (A-SPIONs). 

In a 100 mL round bottom flask, dried toluene (114 mL (filled to this volume to 

remove excess air space), dried over 4Å molecular sieves) and dried oleic acid 

coated iron oxide NPs (50 mg by inorganic iron oxide mass) was added. The round 

bottom flask was then sealed using an air tight rubber suba seal and the air space 

above the solvent in the flask replaced by nitrogen. The sealed flask was then 

sonicated using an ultrasonic bath (Fisher Scientific, model FB15051, frequency = 

30-40 kHz) for 5 minutes to ensure NPs were fully dispersed in the solvent. To this, 

3-aminopropyltrimethoxysilane (APTMS) (320 µL, excess) was then injected into 

the sealed flask during another minute of sonication. The flask was then left to mix 

using a rotary mixer for a period of one week at 22 °C with a daily sonication for one 

minute. Scheme 3 outlines the synthesis procedure. After this time, the solid was 

recovered using a NdFeB rare earth magnet. The supernatant was then decanted and 

the particles washed three times via sonication for one minute and centrifuged at 

2,907 G for 5 minutes with 40 mL aliquots of toluene followed by three times via 

sonication for one minute and centrifugation at 7,441 G for 10 minutes with 15 mL 

aliquots of ethanol. 

 

Scheme 3. Ligand exchange reaction for the synthesis of amino silane coated SPIONs. 

The particles were then re-suspended in the appropriate amount of ethanol for 

storage at a concentration of 2 mg mL-1. A dry sample of A-SPIONs was prepared 

for elemental and thermogravimetric analysis (TGA) by removing ethanol via rotary 

evaporation from a 5 mL sample which was then dried in the oven at 70 °C for 2 

hours. Material submitted for characterisation using FT-IR, TEM, DLS, PXRD, 

TGA and CHN. Zeta potential measurements of the amino silane coated SPIONs (A-
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SPIONs) in DIW and PBS pH 7.4 found as +25.6 ± 0.4 mV and +15.3 ± 0.8 mV 

respectively. Further results are discussed in Chapters 3 and 5. 

2.5 Chapter 3 Experimental Procedures 

2.5.1 Synthesis of N-succinimidyl-2-bromoisobutyrate Initiator for 

ATRP 

In a 1 L round bottom flask, dry dichloromethane (DCM, 500 mL) was added and 

cooled to 0 °C under a nitrogen atmosphere. Under magnetic stirring, 

N-hydroxysuccinimide (NHS, 2.980 g, 26 mmol) and triethylamine (TEA, 7.1 mL, 

51 mmol) were added. The mixture was left to stir under nitrogen until all the NHS 

had dissolved. 2-Bromoisobutyryl bromide (3.60 mL, 29 mmol) was then added to 

the mixture dropwise and the mixture was left to mix overnight and warm to room 

temperature. Scheme 4 outlines the synthesis procedure. The TEA salts were filtered 

from the mixture and the remaining organic solution washed with 0.1 M HCl and 0.1 

M Na2CO3 solutions. The DCM was then removed via rotary evaporation to leave an 

oil which was then precipitated using cold hexane. A fluffy cream solid was obtained 

and dried in a vacuum desiccator overnight.22 

 

Scheme 4. Synthesis of N-succinimidyl-2-bromoisobutyrate (NSBriB) initator. 

The structure and purity of the final product was confirmed by 1H-NMR, 13C-NMR 

and mass spectrometry, Figure 2.7. Chemical yield ~5 g (90 %). 1H-NMR 

(400 MHz, chloroform-d, ppm): δ 2.2 (s, 6 H, CH3), 2.9 (s, 4 H, CH2). 13C-NMR 

(100 MHz, chloroform-d, ppm): δ 168.9, 167.9, 31.1, 26.0. Elemental Analysis: 

expected C 36.39%, H 3.82%, N 5.30%, actual C 36.38%, H 3.81%, N 5.29%. 

Micromass LCT mass spectrometry expected (found): 264.07 g mol-1 (264.0 g 

mol-1). 
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Figure 2.7. 1H and 13C NMR of N-succinimidyl-2-bromoisobutyrate (NSBriB) initator for ATRP. 

2.5.2 Atom Transfer Radical Polymerisation (ATRP) of 

2-methacryloylethyl phosphorylcholine (MPC) Using 

N-succinimidyl-2-bromoisobutyrate (NSBriB) Initiator 

The ATRP reaction was carried out using molar ratios of 

[MPC]/[NSBriB]/[CuCl]/[bipy] = DPn:1:1:2.1 in a solvent mixture ratio 2:3 (v/v) of 

methanol/DMSO. In a dry 100 mL round bottom flask, MPC monomer (5.00 g, DPn 

equiv) was dissolved in degassed methanol (9.0 mL) over ice. In a separate flask, 

NSBriB initiator (1 equiv) was dissolved in DMSO (13.5 mL) with bipy ligand (2.1 



                                                                                                           Chapter 2 | 69 
 

 
 

equiv) and Cu(I)Cl (1 equiv). After purging both flasks with nitrogen for 30 min, the 

initiator/catalyst mixture in DMSO was added to the stirred MPC solution under 

nitrogen at 22 °C. Scheme 5 outlines the ATRP reaction.  

 

Scheme 5. ATRP of MPC using N-succinimidyl-2-bromoisobutyrate (NSBriB) initiator. 

The reaction parameters for all NS-pMPC polymers synthesised are outlined in 

Table 2.1. The reaction mixture was left for the required amount of time to ensure 

full conversion. Conversion was monitored by 1H NMR analysis by observing the 

disappearance of vinyl signals at δ 5.5−6.0. On exposure to air, the reaction solution 

turned blue, indicating aerial oxidation of the Cu(I) catalyst. The resulting NS−MPC 

homopolymer was mixed with Dowex Marathon MSC ion-exchange resin to remove 

Cu(II)Cl. The ion-exchange resin was then removed by filtration and remaining 

solution was rotary evaporated to remove methanol and precipitated into THF to 

remove DMSO. The precipitated polymer was then dried under vacuum and freeze 

dried. The sample was then stored in the fridge with sealed drying tube attached. The 

polymer was submitted for GPC and 1H-NMR. Results for all NS-pMPC polymers 

synthesised are reported in Chapter 3. 
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Table 2.1. Summary of polymers synthesised by ATRP (to be used for amidation coupling reaction) and their respective reaction parameters. Where NS refers to 

the N-succinimidyl functional initiator used. 

 

 

 

ID 
Polymer synthesised 

(I-(monomer)n 

Target 

Polymer 

DPn 

Target polymer 

Mw (K g mol-1) 

Initiator (I) 

weight 

(mg) 

Monomer  

weight used 

(g) 

Solvent  

(added to  catalyst 

/added to monomer), 

volume 

Catalyst mixture 

amounts 

(mg/mg) 

(Cu(I)Cl/bipy) 

1 NS-(MPC)n 15 4.5 112 2.06 
DMSO/MeOH, 

2 mL/ 1.3 mL 
45/143 

2 NS-(MPC)n 50 15 94.9 5.31 
DMSO/MeOH,  

4.5 mL/3 mL 
38/136 

3 NS-(MPC)n 100 29.5 44.5 5.03 
DMSO/MeOH,, 

 9 mL/3 mL 
16.9/56 

4 NS-(MPC)n 50 14.8 88.8 4.97 
DMSO/MeOH, 

4.5 mL/3 mL 
33.3/110 

5 NS-(MPC)n 50 14.8 87.7 4.87 
DMSO/MeOH, 

4.5 mL/3 mL 
35.7/112 

6 NS-(MPC)n 40 11.8 236 9.94 
DMSO/MeOH, 

27 mL/18 mL 
83.3/276 
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2.5.3 Amidation Reaction of N-succinimidyl Functional Polymers 

with A-SPIONs. 

Using the number of amino silane ligands per A-SPION calculated (Lexp), the 

amount of NS-pMPC polymer required for complete amidation reaction can be 

predicted. 

The amount of NS-pMPC polymer required for a monolayer per 10 mg of A-SPIONs 

can be calculated: Equation (10). 

⎣
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Scheme 6. Amidation reaction of NS-polymer with A-SPIONs. 

It is expected that not all amino groups on the A-SPION are available for reaction 

due to unfavourable conformations.23 Furthermore, it is expected that not all amino 

groups available could be reacted with a NS-polymer chain due to steric hindrance.24 

The amount of polymer used for amidation reaction was chosen as ~1 equivalents of 

all amino groups on the particle, which was expected to be in excess of actual 

available groups. 
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In a 15 mL vial, NS-pMPC polymer (0.41 g, 0.9 equiv) was dissolved in methanol to 

form a 10 % polymer/methanol solution. To this solution, amino silane coated iron 

oxide NPs (10 mg, pre-sonicated solution using an ultrasonic bath (Fisher Scientific, 

model FB15051, frequency = 30-40 kHz) dispersed in ethanol 5 mL) was added 

under bath sonicator set at 22 °C and further sonicated for 1 h. The reaction mixture 

was then left to rotary mix for 15 hours at 22 °C before dialysis into deionised water. 

The dialysis solution was changed with deionised water (4 L) five times over the 

course of a period of 8 hours. The dialysis bag was then left in the final change of 

deionised water (4 L) for 15 hours. Scheme 6 outlines the amidation reaction 

procedure. 

If polymer coated SPIONs were found to be colloidally stable in water for more than 

24 hours, SPIONs were concentrated using a 50,000 MWCO Corning Spin-X UF 

centrifugal concentrator. The concentrated solution of polymer coated SPIONs were 

then passed through a Sephadex G25 gel filtration chromatography column in 

phosphate buffered saline (PBS) pH 7.4 to remove any unreacted polymer present. 

Samples as prepared were characterised by DLS, TEM and MRI. Samples were 

assessed for colloidal stability in PBS solution and for stability into citrate buffer 

solutions prior to biological studies. To determine polymer coverage, dry samples 

were prepared by dialysing polymer coated SPIONs back into deionised water to 

remove PBS salts prior to freeze drying. Samples were characterised by TGA, 

elemental analysis, SQUID, DLS and FT-IR. Characterisation and stability results 

are discussed in Chapter 3. Results from biological experiments are discussed in 

Chapter 6. 

2.6 Chapter 4 Experimental Procedures 

2.6.1 Synthesis of pH 2 Stable Maghemite SPIONs (γFe2O3) by 

Co-Precipitation Reaction 

The procedure by Massart et al.25 and Valero et al.26 was followed. Aqueous 

solutions of iron (III) chloride (40 mL, 1 M) and iron (II) chloride (10 mL, 2 M in 2 

M HCl solution) were prepared and mixed together. The iron chloride solution 

mixture was then slowly poured into ammonia solution (500 mL, 0.7 M, pH 11) in a 

1 L conical flask under high vortex stirring using a magnetic stirrer bar to form a 
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black precipitate. Using a rare earth magnet, the black precipitate was separated and 

supernatant decanted. Under magnetic stirring, nitric acid solution (50 mL, 1 M) was 

added to the black precipitate to form pH 2 water dispersible maghemite colloid. 

TGA: 3.19 % (solvent), 3.19 % (organic), 2.36 %. Elemental analysis: 0.16 % (C), 

0.26 % (H), 0.55 % (N). DLS measurements for SPIONs in DIW: Rh, intensity = 20 ± 2 

nm and 88 ± 13 nm, Rh, mass = 19 ± 2 nm and 82 ± 12 nm and Rh, number = 18 ± 8 nm. 

pXRD 8 nm.  

2.6.2 Removal of Oleic Acid from the Surface of Oleic Acid Coated 

SPIONs (Fe3O4) to form pH 8 Water Dispersible SPIONs with 

a Bare Surface. 

In a 40 mL vial, oleic acid coated SPIONs (65 mg based on iron oxide mass) were 

added to 1 M ammonium hydroxide in butan-1-ol (35 mL). The vial was sealed with 

screw top lid and sonicated using an ultrasonic bath (Fisher Scientific, model 

FB15051, frequency = 30-40 kHz) for 2 hours at 60 °C. After this time; the solid 

material was separated by magnetisation by placing a rare earth magnet at the side of 

the vial. The supernatant was decanted and pH 8 sodium hydroxide solution (35 mL) 

was then added. The SPIONs were re-dispersed in this solution via sonication for 30 

minutes at 50 °C to yield pH 8 water dispersible SPIONs with a bare surface.27 

Elemental analysis: 1.54 % (C) and 0.34 % (H). TGA: 1.61 % (solvent and organic). 

2.6.3 Pre-treatment of pH 2 Water Dispersible Maghemite (γFe2O3) 

NPs to make them pH 8 Water Dispersible in Preparation for 

Silica Coating. 

The following pre-treatment was carried out on pH 2 stable SPIONs in order to 

prepare them for surface coating with tetra ethyl orthosilicate (TEOS) under basic 

conditions. The pre-treatment was carried out as follows: In a 40 mL vial, pH 2 

stable SPIONs (65 mg) were added. To this, a pre-mix of butan-1-ol (35 mL) and 

ammonium hydroxide (1.35 mL) was added. The vial was sealed with screw top lid 

and sonicated using an ultrasonic bath (Fisher Scientific, model FB15051, frequency 

= 30-40 kHz) for 2 hours at 60 °C. After this time, the solid material was separated 

by magnetisation by placing a rare earth magnet at the side of the vial. The 
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supernatant was decanted and pH 8 sodium hydroxide solution (35 mL) was then 

added. The SPIONs were re-dispersed in this solution via sonication for 30 minutes 

at 50 °C to yield pH 8 water dispersible SPIONs with a bare surface. Material 

submitted for characterisation using DLS, PXRD, TGA and CHN. Characterisation 

results for all batches are discussed in Chapter 4. 

2.6.4 Synthesis of Silica Coated Maghemite (γFe2O3) or Magnetite 

(Fe3O4) NPs using Sol-Gel Stöber Method 

Method adapted from Lu et al.28, in a two neck 100 mL round bottom flask, 

ammonia solution (30 %) (1.5 mL) was added to pH 8 water dispersible SPIONs (28 

mg) dispersed in pH 8 sodium hydroxide solution (22.0 mL). The mixture was pre-

mixed by overhead stirring (250 rpm) and sonicated using an ultrasonic bath (Fisher 

Scientific, model FB15051, frequency = 30-40 kHz) at 25 °C for 20 minutes. After 

this time, the stirring speed was increased to 715 rpm whilst under sonication. A 

mixture of a known amount of TEOS (50, 100, 150, 200 µL depending on required 

silica shell thickness) in 2-propanol (50 mL) was syringed into the reaction flask at a 

flow rate of 79 mL min-1. After the addition of the TEOS 2-propanol mixture, the 

reaction was left to further mix at 715 rpm under sonication for 4 hours. Scheme 7 

outlines the synthesis procedure. 

 

Scheme 7. Synthesis of silica coated SPION by sol-gel Stöber method. 

Material was submitted for characterisation using SQUID, MRI, DLS, TGA and 

CHN. Samples of interest were submitted for biological studies. Characterisation 

results for all batches are discussed in Chapter 4. Results from biological 

experiments are discussed in Chapter 6. 
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2.7 Chapter 5 Experimental Procedures 

2.7.1 Sonochemical Synthesis of Core/Shell Iron Oxide/Gold NPs 

using A-SPIONs 

In this method, a procedure by Wu et al.29 was followed. Amino silane SPIONs 

(1.5 mg mL-1) dispersed in ethanol (10 mL) were pre-sonicated using an ultrasonic 

bath (Fisher Scientific, model FB15051, frequency = 30-40 kHz) for 30 minutes. A 

solution of HAuCl4.3H2O (75 mg, 10.0 mL) was added to the amino silane coated 

iron oxide NPs and further sonicated for 10 minutes at 22 °C. Sodium citrate solution 

(20 mM, 20 mL) was added dropwise to the reaction mixture until a colour change 

from brown to black was observed (~19 mL). Once the colour change was observed, 

the reaction mixture was stopped and NPs centrifuged at 2,000 rpm for 2 minutes 

where the supernatant was then removed. 

 

Scheme 8. Synthesis of gold coated amino silane SPIONs. 

 Scheme 8 outlines the synthesis procedure. The NPs were washed 3 times in ethanol 

(15 mL) via magnetic separation using a rare earth magnet and re-suspension 

assisted via sonication for 10 minutes. The NPs were finally stored in ethanol (15 

mL) at 4 °C. Material was submitted for characterisation using SQUID, MRI, DLS, 

TGA, FT-IR and CHN. Results for all batches are discussed in Chapter 5.  
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2.7.2 Synthesis of Disulphide ATRP Initator bis[2-(2’-

bromoisobutyryloxy) ethyl] disulfide (BriBOEDS) 

Bis[2-(2’-bromoisobutyryloxy) ethyl] disulfide (BriBOEDS) was prepared by Dr 

Solène Cauët at the University of Liverpool, Department of Chemistry following the 

method as reported by Tsarevsky and Matyjaszewski.30 Scheme 9 outlines the 

synthesis procedure. 

 

 

Scheme 9. Synthesis of Bis[2-(2’-bromoisobutyryloxy) ethyl] disulfide (BriBOEDS) ATRP initiator. 

 

1H NMR (CDCl3, 400 MHz) δ (ppm) 4.43 (t, 2H, -CH2OOC-), 2.97 (t, 2H, -CH2S-), 

and 1.93 (s, 6H, (CH3)2C-). 13C NMR (CDCl3, 100.6 MHz) δ (ppm) 171.49 (-OOC-), 

63.56 (-CH2O-), 55.54(-C-(CH3)2), 36.81 (-CH2S-) and 30.76 (CH3). FTIR (ATR 

cell) 2975, 1731, 1267, 1152 and 1104 cm-1. Micromass LCT mass spectrometry 

expected (found): 452.22 g mol-1 (451.91 g mol-1).  Elemental Analysis: expected 

C 31.87 %, H 4.46 %, S 14.18 %, actual C 31.90 %, H 4.45 %, S 13.81 %.  

2.7.3 ATRP of MPC using Disulphide Initator bis[2-(2’-

bromoisobutyryloxy) ethyl] disulfide (BriBOEDS) 

The disulfide initiator synthesised above was used for the synthesis of disulfide 

functional MPC polymers which were prepared by ATRP by Dr Solène Cauët, 

University of Liverpool, Department of Chemistry. 

2.7.4 Coating Au-SPIONs with pMPC 

In a 10 mL vial, disulphide functional pMPC81 (1.08 g) or pMPC135 (1.0 g) was 

dissolved in distilled water (8 mL). To this, tris(2-carboxyethyl)phosphine (TCEP) 

(10 mg) was added and allowed to react with the polymer in solution via rotary 
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mixing for 10 minutes for the formation of thiol end groups. Au-SPIONs (10 mg, 2 

mL) of in ethanol/ water mixture were then added and the mixture was allowed to 

sonicate using an ultrasonic bath (Fisher Scientific, model FB15051, frequency = 30-

40 kHz) for 1 hour at 22 °C. Scheme 10 outlines the reaction procedure. 

 

Scheme 10. Stabilisation of Au-SPIONs with thiol functionalised-pMPC polymer. 

The reaction mixture was then left to rotary mix for 15 hours at 22 °C before dialysis 

into deionised water. The dialysis solution was changed with deionised water (4 L) 

five times over the course of a period of 8 hours. The dialysis bag was then left in the 

final change of deionised water (4 L) for 15 hours. Polymer-coated Au-SPIONs were 

concentrated using a 50,000 MWCO Corning Spin-X UF centrifugal concentrator. 

The concentrated solution of polymer coated Au-SPIONs were then passed through a 

Sephadex G100 gel filtration chromatography column in phosphate buffered saline 

(PBS) pH 7.4 to remove any unreacted polymer present. Samples of interest were 

submitted for biological studies. Characterisation results for all batches are discussed 

in Chapter 5. Results from biological experiments are discussed in Chapter 6. 

2.7.5 Sonochemical Synthesis of A-SPIONs with a Thin Gold Shell. 

In this method, a procedure by Wu et al.29 was followed and modified. Amino silane 

SPIONs (1.5 mg mL-1) dispersed in ethanol (10 mL) were pre-sonicated using an 

ultrasonic bath (Fisher Scientific, model FB15051, frequency = 30-40 kHz) for 30 

minutes. A solution of HAuCl4.3H2O (75 mg, 10.0 mL) was added to the SPIONs 

and further sonicated for 30 minutes at 22 °C. The reaction solution was then 

centrifuged at 5,000 rpm for 2 minutes and the yellow supernatant decanted. 

Particles were re-suspended in 10 mL of ethanol and sonicated for 15 minutes. 

Sodium citrate solution (20 mM, 15 mL) was added to the SPIONs and left to 

sonicate for 10 minutes. During sonication, the solution changed colour from brown 
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to dark brown/black. The reaction solution was then centrifuged at 5,000 rpm for 2 

minutes. The supernatant was decanted and particles were re-suspended through 

sonication for 30 minutes in a 1:1 (v/v) solvent mixture of ethanol and water (15 

mL). To this, HAuCl4.3H2O solution (75 mg, 10 mL) was again added and sonicated 

for 5 minutes. During sonication, the colour of the solution turned red. The solution 

was again centrifuged at 5,000 rpm for 2 minutes and supernatant decanted. The NPs 

were again re-suspended through sonication for 15 minutes in a 1:1 (v/v) solvent 

mixture of ethanol and water (15 mL). Solution was then further separated using a 

rare earth magnet and re-suspended via sonication for 15 minutes into ethanol and 

water solvent mixture (15 mL) – the magnetic separation step was again repeated to 

yield a red stable suspension in ethanol/water (15 mL). Material was submitted for 

characterisation using SQUID, MRI, DLS, TGA, FT-IR and CHN. Samples of 

interest were submitted for biological studies. Characterisation results for all batches 

are discussed in Chapter 5. Results from biological experiments are discussed in 

Chapter 6. 

2.7.6 Reaction of A-SPIONs with Auric Chloride Solution 

Amino silane SPIONs (1.5 mg mL-1) dispersed in ethanol (10 mL) were pre-

sonicated using an ultrasonic bath (Fisher Scientific, model FB15051, frequency = 

30-40 kHz) for 30 minutes. A solution of HAuCl4.3H2O (75 mg, 10.0 mL) was 

added to the SPIONs and further sonicated for 30 minutes at 22 °C. The reaction 

solution was then centrifuged at 5,000 rpm for 2 minutes and the yellow supernatant 

decanted. Particles were re-suspended in 10 mL of ethanol and sonicated for 15 

minutes. Material was submitted for characterisation using PXRD and TEM. Sample 

was assessed by dissolution stability assay. Results for all batches are discussed in 

Chapter 5. 
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3 
Preparation of Poly(2-methacryloyloxyethyl 
phosphorylcholine) Functionalised SPIONs for 
Stem Cell Labelling 

 

(Publication arising from this Chapter: 

 “Poly[2-(methacryloyloxy)ethylphosphorylcholine]-coated iron 

oxide nanoparticles: synthesis, colloidal stability and evaluation for 

stem cell labelling”, Anita K. Peacock, Solène I. Cauët, Arthur 

Taylor, Patricia Murray, Steve R. Williams, Jonathan V. M. 

Weaver, Dave J. Adams and Matthew J. Rosseinsky, Chem. Comm., 

2012, 48, 9373-9375) 
 
 
 

 

 

 

For experimental details related to this Chapter, see Chapter 2. 
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3.1 Introduction 

Polymers are versatile materials that can be tailored in numerous ways.1 Using 

controlled free radical polymerisation methods, polymers can be designed by 

controlling molecular weight (MW) or chain length (degree of polymerisation 

(DPn)), dispersity (Đ), solubility and their behaviour under a variety of conditions 
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(such as pH, temperature, light) and the ability to incorporate functional groups for 

bio-conjugation or surface chemistry.2 

Uncoated nanoparticles (NPs) in physiological buffer solution (such as phosphate 

buffered saline (PBS)) or cell culture medium interact with each other mainly by van 

der Waals forces, which induce aggregation. Salts present in the NP solution will 

additionally destabilise NP surface charges thus contributing to the aggregation 

process.3 Polymers are used as NP surface coatings because they create space 

between NP cores therefore allowing colloidal stability through a steric stabilisation 

mechanism, Figure 3.1.4  

 

Figure 3.1. Steric stabilisation of iron oxide NPs. Showing (1) core, (2) anchor, (3) ‘spacer’/ 

polymer.5 

In this Chapter, well-defined end functional hydrophilic polymers are prepared by 

atom transfer radical polymerisation (ATRP). To end-graft these polymers to the 

surface of superparamagnetic iron oxide NPs (SPIONs), a reactive N-succinimidyl 

activated ester group is incorporated onto the end of the hydrophilic polymer chain 

through the ATRP initiator which anchors onto the SPION surface through 

amidation conjugation/coupling reaction with amino silane surface functionalised 

SPIONs (A-SPIONs). An example of end-grafted polymer coating onto a SPION is 

represented in Figure 3.1.6, 7 The polymers synthesised will be characterised to 

determine MW, DPn and Đ prior to their use for the coating procedure.  The idea of 

using well-defined polymers with narrow distribution of known molecular weight 

(MW) synthesised by controlled radical polymerisation is attractive due to the ability 
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to accurately quantify the polymer coverage when using monodisperse SPIONs with 

known surface area and known available functional surface groups for conjugation. 

Polymers that are covalently bound through a strong stable bond to the SPION 

surface are likely to provide stability, which is attractive for the application of long-

term stem cell tracking.8, 9 

To achieve optimal colloidal stability through steric stabilisation, the mechanism of 

creating space between NPs through steric polymer chains, provides : 1) there needs 

to be sufficient polymer coverage or surface grafting density and 2) the optimal 

polymer chain length and molecular weight needs to be determined.10 Longer 

polymer chains are typically known to provide greater colloidal stability and steric 

stabilisation.11 There is however a trade-off when it comes to selecting polymer 

chain length versus achieving high surface grafting density. Steric hindrance issues 

exist surrounding the use of polymers with increased chain 

length/branching/molecular weight for grafting-to reactions with NP surfaces (thus 

leading to a decrease in surface grafting density during the grafting-to procedure). A 

balance between these two parameters is therefore required if optimal colloidal 

stabilisation of NPs in solution is to be achieved.12 

Selecting a suitable polymeric NP surface coating for optimal colloidal stability does 

require some understanding of the environmental conditions that the NP will face. In 

this project, the aim is to prepare stable SPIONS that can be stored for long periods 

at temperatures mimicking those in a fridge and ambient of 4 and 25 °C respectively. 

The NPs are expected to be stored in water, physiological buffer at pH 7.4 or cell 

culture media. 1 % penicillin or 0.05 % sodium azide will also be added to the 

storage solutions for the prevention of bacterial growth. Ideally, the concentration of 

the SPION suspension for storage should be at least 1 mg Fe mL-1. This is so that  

minimal sample volume can be used (~10 % v/v, maximum SPION cell labelling 

concentration of 100 and 50 µg Fe mL-1) so as to further avoid any bacterial 

contamination in the cell culture petri dishes during the cell labelling procedure. The 

SPION sample is to be diluted in bioactive media consisting of Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10 % foetal bovine serum (FBS; 

PAA), 1 % L-glutamine and 100 U/mL of penicillin and streptomycin. Stem cells 

were incubated at 37 °C, 5 % CO2 for 24 to 48 hours. The polymer of choice for this 
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project will therefore be one that can withstand these conditions and prevent NP 

precipitation at concentrations of 1 mg Fe mL-1 upon storage.3  The polymer must be 

highly hydrophilic and soluble in aqueous and bioactive solutions, be non-cytotoxic 

or have low cytotoxicity, be bio-compatible (i.e. it must not change any biological 

mechanisms or the overall function of the cell), and maintain the polymer coated 

SPION with nanoscale dimensions for easy internalisation into the stem cell.  

The polymer will also need to be soluble in solvents required for the coating 

reaction. Amino silane coated SPIONs (A-SPIONs) are found to only be dispersible 

in alcohols, so a polymer that is soluble in a solvent that is miscible with alcohols 

will be required for good reactivity and access to the amino sites on the NP surface.13  

The solution behaviour of polymers in ionic solutions at different temperatures can 

be studied to determine their suitability as a coating for colloidal stability. Coil-to-

globule formation or “salting-out” of hydrophilic polymers can be induced through 

dehydration from salt/dissolved ions in solution (e.g. PBS solution) which compete 

for water hydration and thus can effectively lower the lower critical solution 

temperature (LCST) of specific polymers.14-17 Interestingly, some zwitterionic 

polymers possess an upper critical solution temperature (UCST) in water or salt 

containing solutions whereby at a critical temperature, polymers become more 

soluble in solution upon increasing temperature.18 Salt has also been found to behave 

as counter ions in solution for zwitterionic polymers which can thus help the 

solubility of polymer in solution.19  

At the start of this Ph.D project, several polyethylene glycol (PEG) based polymers 

were prepared and screened due to having known colloidal stability and bio-

compatibility. The studies are found in Appendix B. In this Chapter, poly(2-

methacryloyloxyethyl phosphorylcholine) (pMPC) is discussed since at the 

beginning of this project (in 2011), there were only a few reports where pMPC had 

been used as a surface coating for SPIONs.20-22 PolyMPC a zwitterionic polymer is 

of interest for bio-applications mainly due to its biomimetic property and similar 

molecular composition to the hydrophilic head group of the phospholipid cell 

membrane, Figure 3.2. Like a cell membrane, the arrangement of the choline moiety 

on the end of the monomer provides polymers with anti-biofouling and stealth 

properties. PolyMPC homopolymer has been prepared by controlled radical 
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polymerisation methods to form well-defined polymers with controlled chain lengths 

and narrow distribution.23, 24 Interestingly, a similar monomer to MPC has been 

synthesised known as 2-(methacryloyloxy)ethyl choline phosphate (MCP) where the 

phosphate and choline moiety arrangement is reversed allows polyMCP to act as a 

bio membrane adhesive.25 Despite the interesting biomimetic properties of pMPC, 

very little biological studies have been carried out or reported with pMPC coated 

SPIONs. Yuan et al.21 synthesised superparamagnetic magnetite NPs by 

co-precipitation of ferric and ferrous salts in the presence of a double hydrophilic 

copolymer poly[2-(methacryloyloxy)ethyl phosphorylcholine]-block-glycerol 

monomethacrylate (pMPC30−pGMA30) upon the addition of ammonium hydroxide. 

The double hydrophilic copolymer was prepared prior to SPION synthesis via 

ATRP.  The pMPC30 chains acted as the stabilising block and the pGMA30 block 

were used to adsorb onto the surface of the SPIONs. PolyMPC-SPIONs were also 

prepared using a grafting from approach by surface initiated ATRP.  

 

Figure 3.2. Diagram of a cell membrane highlighting the polar phosphorylcholine as the head group 

of the phospholipid.26  

Sun et al.20 surface functionalised SPIONs with average particle diameter of 

9 ± 1 nm using 2-(4-chlorosulfonylphenyl)ethyltrichlorosilane (CTCS) in dry 
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toluene. Sui et al.22 also surface functionalised hydroxyl-functional SPIONs with 

diameter of 7 nm using a grafting from approach  this time using 2-bromoisobutyryl 

bromide (BriBBr) initiator which were attached to the bare hydroxyl SPION surface 

via esterification. PolyMPC homopolymers were then prepared by surface initiated 

ATRP in methanol at ambient for 2 hours. In this Chapter, poly(2-

methacryloyloxyethyl phosphorylcholine) coated SPIONs (pMPC-SPIONs) were 

prepared  using a grafting-to approach and were investigated as a potential R2 MRI 

contrast agent through the assessment of biocompatibility, colloidal stability prior to 

biological studies of the polymer coated SPIONs with stem cells. 

3.2 Results and Discussion 

3.2.1 Preparation of Oleic Acid Coated Superparamagnetic Iron 

Oxide Nanoparticles (OA-SPIONs) 

Monodisperse oleic acid coated superparamagnetic iron oxide nanoparticles 

(OA-SPIONs) were prepared following the method reported by Hyeon and 

co-workers.27 Dynamic light scatting (DLS) measurements of the OA-SPIONs in 

tetrahydrofuran (THF) gave solvodynamic radius peak height measurements by 

intensity, mass and number as the following: Rs, intensity = 14 ± 3 nm, Rs, mass = 12 ± 2 

nm and Rs, number = 11 ± 2 nm (Figure 3.3A). The DLS distribution of sizes are 

produced from a set of correlation functions using a variation of the Stokes-Einstein 

equation. Each function has its own amplitude and decay rate. Cumulants analysis 

proposed by ISO whereby a single or cumulant exponential fit of the correlation 

function to give an intensity weighted average or Z average hydrodynamic size using 

the Stokes-Einstein equation was not provided by the software. 

Hydrodynamic/solvodynamic radius peak height measurements were instead 

provided here.  

Powder X-ray diffraction (PXRD) was also obtained for the OA-SPIONs which 

showed good agreement with the reference pattern for magnetite (ICDD no. 00-019-

0629) and indicated the material was crystalline, Figure 3.3B. The average particle 

size diameter measured was 7.6 nm as derived from the Scherrer equation. A size 

distribution from over 400 measurements using a Transmission Electron Microscopy 

(TEM) image of OA-SPIONs was obtained using ImageJ software. The average 
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diameter of the cores were measured at 8 ± 3 nm with the mode found at 9 nm, 

Figure 3.3C and D.  

 

Figure 3.3. Characterisation data for oleic acid coated SPIONs showing A) intensity, mass and 

number solvodynamic radius peak height measurements by DLS B) PXRD pattern, C) TEM image 

and D) a size distribution taken from the TEM image. 

3.2.2 Preparation of Amino Silane Functionalised SPIONs 

(A-SPIONs) 

To prepare SPIONs for end-grafted polymer coating, chemical modification of the 

SPION surface was performed to convert the SPIONs from hydrophobic to 
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hydrophilic. Ligand exchange reaction was used to remove hydrophobic ligands 

from the SPION surface whilst the hydrophilic ligand was attached to the NP surface 

in situ. An amino functional silane, (3-amino)propyltrimethoxysilane (APTMS) was 

used as the ligand to provide a hydrophilic surface in addition to providing a stable 

covalently bound ligand to the SPION surface. Here, amino groups act as anchor for 

end-grafted conjugation of polymers to the surface. 

To control the condensation procedure of the amino silane ligand, the reaction was 

carried out in dry conditions using dried toluene under an inert atmosphere (N2 gas). 

The reaction took a period of one week whereby the reaction mixture was agitated 

continuously using a rotary mixer at 22 °C with a brief daily sonication throughout 

this timeframe. The mechanism for the condensation of the amino silane ligand and 

its attachment to the SPION surface is shown in Scheme 3.1, where R represents the 

propyl amine functional group.  

 

Scheme 3.1. Condensation of the propyl amine functional silane ligand and its attachment to the 

SPION surface.28, 29  

A size distribution of A-SPIONs measured by TEM (>400 measurements) gave an 

average core diameter of 8 ± 2 nm,  Figure 3.4, which was found to be similar to 

that measured for the OA-SPIONs by TEM.  
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Figure 3.4. TEM image and size distribution for A-SPIONs taken from >400 measurements.  

The presence of amine groups on the surface of A-SPIONs was confirmed by zeta 

potential measurements. The zeta-potential for the A-SPIONS was +25.6 ± 0.4 mV 

in deionised water (DIW), pH 8. Fourier transform infrared (FT-IR) spectroscopy 

also confirmed the presence of primary amine groups, as shown by the band at 

~1400 cm-1. Bands found at wavenumbers of 1100 cm-1 and lower also confirmed 

the presence of silane bonds, Figure 3.5. 

 

Figure 3.5. Fourier transform infrared (FT-IR) spectroscopy of A-SPIONs. 
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3.2.2.1 Quantification of Amine Groups Reacted to the SPION 

Surface 

The average number of actual amino silane ligands available on the surface of iron 

oxide nanoparticles was determined using both thermal gravimetric analysis (TGA) 

and nitrogen content obtained from elemental analysis measured. Using the surface 

area of the footprint from the tridentate amino silane ligand as 0.073 nm2,30 Figure 

3.6, the theoretical number of amine ligands for one mono-layer on the surface of a 

7.6 nm diameter nanoparticle (as determined by PXRD using the Scherrer equation, 

see above) was calculated as 2505 ± 249. This was determined by the following: 

 

Figure 3.6. Schematic representation of an amino silane footprint.  

The surface area (SA) of a 7.6 nm SPION: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 4𝜋𝜋𝑟𝑟2 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  = 183 ± 18 nm2 

Predicted number of reacted APTMS ligands that can fit as one monolayer on a 7.6 

nm SPION (Lpred): 

𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆
 

𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  = 2505± 249 ligands 
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Predicted elemental and thermal gravimetric analysis (TGA) percentage weight 

values for one monolayer of amino silane around a 7.6 nm SPION could also be 

calculated and compared with actual results. 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝐹𝐹𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  𝜌𝜌𝐹𝐹𝑝𝑝3𝑆𝑆4𝑥𝑥 ��
4
3
𝜋𝜋𝑟𝑟3� 𝑥𝑥10−21� 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝐹𝐹𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  = 1.20 x 10-18 ± 1.90 x 10-19 g 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙𝑀𝑀𝑚𝑚𝑜𝑜𝑟𝑟 𝐹𝐹𝑜𝑜𝑟𝑟 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  �
𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑆𝑆𝐴𝐴

𝑥𝑥𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑎𝑎𝑠𝑠𝑟𝑟𝑎𝑎𝑝𝑝 𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝� 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙𝑀𝑀𝑚𝑚𝑜𝑜𝑟𝑟 𝐹𝐹𝑜𝑜𝑟𝑟 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  = 5.58 x 10-19 ± 5.57 x 10-20 g 

Therefore,  

the total mass of one A-SPION 

= 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 1 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 +  𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙𝑀𝑀𝑚𝑚𝑜𝑜𝑟𝑟 𝐹𝐹𝑜𝑜𝑟𝑟 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 

the total mass of one A-SPION = 1.76 x 10-18 ± 2.40 x 10-19 g 

% 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝑜𝑜3𝑆𝑆4 =
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝐹𝐹𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑇𝑇𝐹𝐹𝐹𝐹𝑀𝑀𝑙𝑙 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑀𝑀 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑐𝑐𝐹𝐹𝑀𝑀𝐹𝐹𝑜𝑜𝑙𝑙 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
 𝑥𝑥 100 

% 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝑜𝑜3𝑆𝑆4  = 68.29 ± 2.99 % 

% 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑀𝑀ℎ𝑜𝑜𝑙𝑙𝑙𝑙 =
 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙𝑀𝑀𝑚𝑚𝑜𝑜𝑟𝑟 𝐹𝐹𝑜𝑜𝑟𝑟 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 
𝑇𝑇𝐹𝐹𝐹𝐹𝑀𝑀𝑙𝑙 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑀𝑀 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑐𝑐𝐹𝐹𝑀𝑀𝐹𝐹𝑜𝑜𝑙𝑙 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

 𝑥𝑥 100 

% 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑀𝑀ℎ𝑜𝑜𝑙𝑙𝑙𝑙  = 31.71 ± 2.99 % 

Using the percentage mass values for the contribution of Fe3O4 versus the 

contribution of the ligand shell, the molar composition of A-SPION with one 

monolayer of reacted APTMS could be written as (Fe3O4)1(C3H8NSiO3)0.8. 

The theoretical percentage mass for one monolayer of reacted amino silane ligands 

around a 7.6 nm Fe3O4 core was found as 31.71 ± 2.99 %. This percentage mass 

value includes the percentage mass contribution from the inorganic silane, which is 

not thermally decomposed during the TGA. The theoretical percentage mass 

contribution of the silane (SiO2) was therefore deducted to give a predicted TGA 

percentage for one monolayer of reacted APTMS. The theoretical percentage mass 
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contribution from C, H and N was also used to predict the elemental analysis. The 

predicted results are shown in Table 3.1.  

Table 3.1. Predicted elemental percentage weight and TGA weight loss values for one monolayer of 

amino silane ligands surrounding a 7.6 nm SPION. 

Element 
% mass for reacted 

amino silane ligand 

% mass for reacted amino silane 

ligand (scaled to 31.71 %) 

C 26.85 8.51 

H 6.01 1.91 

N 10.44 3.31 

O 35.77 11.34 

Si 20.93 6.64 

   

Predicted TGA 

weight loss  
43.30 13.73 

Total % mass 100 31.71 

 

The actual measured results obtained from the elemental analysis and TGA were 

used to determine the actual composition of A-SPION, Table 3.2. The actual results 

could then be used to calculate the average number of APTMS ligands reacted with 

the SPION surface with diameter of 7.6 nm and thus determine the average number 

of monolayer(s) of amino silane (Figure 3.7).  

 

Figure 3.7. Representation of monolayer and multilayer arrangements through the polymerisation of 

the APTMS on the surface of a nanoparticle. Figure taken from reference.31 

From the TGA measurements taken for A-SPIONs, there was 6.72 % weight loss 

measured from ambient to 120 °C which was considered to be residual solvent 



                                                                                                            Chapter 3 | 97 
 

 
 

(ethanol and toluene). The total weight loss found for A-SPIONs was 34.88 %, 

Figure 3.8.  

 

Figure 3.8. Thermal gravimetric analysis of A-SPIONs showing total weight loss of 34.88 %. The 

dashed vertical line shows the position of the isotherm held at 120 °C for the removal of adsorbed 

solvent. 

Table 3.2 summarises experimental elemental analysis results, TGA weight loss and 

calculations of weight contributions from APTMS, residual oleic acid, adsorbed 

solvent and SPION core. From the experimental procedure, the nitrogen content of 

the A-SPION product could only be attributed to APTMS ligands reacted onto the 

surface. Using the weight percentage measured for nitrogen, it was possible to 

calculate the carbon and hydrogen contribution for APTMS. Table 3.2 shows that, 

from the elemental analysis data, an excess of carbon and hydrogen was observed 

compared to the expected values for a pure APTMS coverage. The excess 

contaminant carbon and hydrogen values left over of 9.17 % were attributed to 

residual oleic acid, the theoretical percentage C, H and O has been predicted in 

Table 3.2.  
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Table 3.2. Experimental and calculated elemental analysis and TGA weight loss values for dried A-SPION. Shaded areas show actual experimental values. 

    

Actual 

experimental 

values 

Calculated from 

Nitrogen content 

Calculated from TGA 

weight loss 
    

APTMS 
Residual 

Oleic Acid 

Residual 

solvent 

Total 

values 

SPION 

(as Fe3O4) 

Elemental 

analysis 

C 23.6 11.78 7.02 4.8 23.6 
 

H 4.3 2.64 1.11 0.55 4.3 
 

N 4.58 4.58 
 

  4.58   

 
O   15.69 1.04 1.37 18.1 11.52 

 
Si   9.18 

 
  9.18 

 

 
Fe     

 
    28.72 

  Total weight % 32.48 43.87 9.17 6.72 59.76 40.25 

TGA Weight loss 34.88 18.99 9.17 6.72 34.88   
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The weight composition of A-SPION was determined as (Fe3O4), 40.25 %, 

(APTMS), 43.87 % (oleic acid), 9.17 % and (solvent), 6.72 %.  The molar 

composition of A-SPION was determined as (Fe3O4)1(C3H8NSiO3)1.9 

(C18H34O2)0.2(C6H8O1)0.4. The amount of APTMS on the A-SPION (with residual 

organic contaminate removed) corresponded to 2.2 equivalents of the value 

calculated earlier for a monolayer so the number of APTMS ligands on the surface 

(Lexp) was estimated at 5541 (5.29 % N). 

3.2.3 Preparation of N-Succinimidyl Functional 

Poly[2-(methacryroyloxy)ethylphosphorylcholine] (NS-pMPC) 

Homopolymers by Atom Transfer Radical Polymerisation 

(ATRP) 

The conditions for the ATRP of MPC were adapted from those reported by Samanta 

et al.24 who synthesised pMPC hompolymers by ATRP using 

N-succinimidyl-2-bromoisobutyrate (NSBriB) initiator in a methanol/dimethyl 

sulfoxide (DMSO) (1/3 v/v) solvent mix at ambient using Cu(I)Br/2,2-bipyridine 

(bipy) catalyst. For the ATRP of MPC carried out here, Cu(I)Cl/bipy catalyst was 

used with NSBriB initiator in methanol/DMSO (2/3 v/v) at 22 °C. The solvent ratio 

modified by reducing the amount of DMSO in order to improve control since the Đ 

reported for pMPC polymers with target DPn of 7.5 kDa and 11kDa were found at 

1.3 and 1.5 respectively. To demonstrate if the MPC polymers were suitable for the 

colloidal stabilisation of SPIONs in PBS solution at pH 7.4 and 37 °C, MPC 

polymers with target DPn of 15, 50 and 100 were prepared (labelled with NS-pMPC 

ID of 1, 2 and 3 respectively) and later on reacted with A-SPIONs. Proton nuclear 

magnetic resonance (1H-NMR) and gel permeation chromatography (GPC) results 

for polymers 1-3 (Figure 3.9 and Table 3.3) indicated NS-pMPCn polymers were 

successfully prepared. The DPn obtained by triple detection-GPC (TD-GPC) were 

found as 15, 45 and 133 with Đ of 1.09, 1.12 and 1.21 respectively. By 1H-NMR, a 

DPn of 24, 75 and 144 was found. Differences in DPn and Mn for both techniques 

were likely to be observed since GPC determines molecular weight based on 

hydrodynamic volume against a narrow standard that is not of the same composition 

as the polymer samples measured.  The samples measured are not likely to have the 

same degree of solubility and thus hydrodynamic volume at a particular molecular 
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weight in the solvent so results measured are only relative to the standard. For 1H-

NMR, no calibration was required so DPn and Mn results are fairly accurate.32 

Table 3.3. GPC and 1H-NMR results for NS-pMPC polymers. GPC samples were ran in PBS solution 

pH 7.4 eluent at 50 °C. Samples were analysed by TD-GPC using a narrow standard of polyethylene 

oxide (PEO) with MW of 22 kDa. Data in brackets represents samples analysed using PEO 

conventional calibration standards. 

NS-pMPC ID DPnTheo 

1H-NMR GPC 

DPn 
Mn / 

g mol-1 
DPn 

Mn / 

g mol-1 
Đ 

1 15 24 7,000 15 4,500 1.09 

2 50 75 22,100 45 13,400 1.12 

3 100 144 42,500 133 39,200 1.21 

4 50 50 15,000 
139 

(42) 

41,000 

(12,500) 

1.10 

(1.20) 

5 40 29 9,000 34 10,100 1.08 

 

The kinetics for the polymerisation of MPC were studied to understand if the 

reaction conditions were suitable to obtain a low Đ and expected Mn. Samples were 

taken during an ATRP reaction of MPC with target DPn of 50 and analysed by 1H-

NMR and GPC,(NS-pMPC ID 4, Table 3.3) with the results plotted in Figure 3.10. 

Polymer conversion was monitored by 1H-NMR through the disappearance of vinyl 

signals at δ 5.5−6.0. The Mn(GPC) versus conversion plot and kinetic plot, Figure 

3.10A and C, shows a step at low conversion with higher Mn than theoretically 

predicted. The rapid increase in Mn at low conversion corresponds to a slow 

initiation step.33 This behaviour is typically found when chains containing several 

monomer units are more reactive than the initiator itself.34 The chains that are 

already formed propagate more readily than the activation of the initiator allowing 

polymer chains with higher Mn to be formed than theoretically expected at low 

conversion. This could be explained by looking at the solubility of the NSBriB 

initiator, which is more hydrophobic than the highly hydrophilic MPC monomer. 

The rate of reactivity of the more hydrophobic NSBriB initiator with highly 
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hydrophilic MPC monomer could initially be lower when compared with the rate of 

reactivity of NSBriB initator containing several MPC monomer units attached since 

the initiator containing reacted hydrophilic monomer groups increases the overall 

hydrophilicity. It is possible to improve the initiating rate by increasing the 

temperature of the reaction. The activation energy of NSBriB initiator could be 

lowered if the temperature of the ATRP reaction was increased. Increasing the 

temperature could however increase the rate of polymerisation and termination thus 

potentially yielding polymers with higher Đ. 

 

Figure 3.9. GPC chromatograms of NS-pMPC polymers 1, 2 and 3 synthesised by ATRP showing 

refractive index (RI) and right angle light scattering (RALS) detector response (PBS solution pH 7.4 

eluent, 50 °C, TD-GPC using PEO 22 kDa narrow standard). 

Despite the step at low conversion (3,500 g mol-1 at 5% conversion which should be 

590 g mol-1) with high Mn polymers, the Đ remained around 1.20 throughout the 

polymerisation (Figure 3.10A), which indicates the dispersity created at the start is 

maintained throughout the polymerisation which is expected during a controlled 

polymerisation reaction. Figure 3.10C also shows that the reaction follows near 
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linear 1st order kinetics, indicating the concentration of radicals in the reaction 

remains the same throughout the polymerisation. 

 

Figure 3.10. Polymerisation kinetics of NS-pMPC40 (GPC: PBS solution pH 7.4 eluent, 50 °C, set of 

PEO calibration standards with Mp values of 125,8, 909.5, 442.8, 116.3, 62.1, 23.5, 12.1, 12, 3.9, 1.5 

kDa, differential refractive index (DRI) detector used). A) Mn(GPC) versus conversion plot, B) 

monomer conversion versus time plot, C) polymer kinetic plot and D) GPC plot of the kinetic samples 

taken. 

At 200 minutes, the polymer conversion had reached 60 % at 22 °C (Figure 3.10B). 

GPC results show as expected, Figure 3.10D, a reduction in the retention time of 

each kinetic sample whilst the refractive index (RI) normalised by percentage 

conversion increases with the growth of polymer with time. GPC results were 

obtained using conventional calibration with a set of polyethylene oxide (PEO) 

calibration standards to produce a calibration curve using the DRI detector, Table 

3.3 (NS-pMPC ID 4). This calibration method is commonly used for analysing 

kinetic samples when the concentration of polymer is unknown. The results obtained 

are only relative to the standards as they could be somewhat far from the theoretical 

values. The calibration standards used have a different composition to the samples 
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and therefore the solubility and thus hydrodynamic size in solution would be 

different compared to the measured samples. 

The solution behaviour of pMPC with target DPn of 50 (NS-pMPC ID 4) was 

checked by differential scanning calorimetry (DSC) using 1 % pMPC in PBS. DSC 

was chosen as the technique to measure LCST because it has been found to be more 

reliable regardless of polymer concentration when compared to the LCST value 

determined by UV-Vis.35 A DSC thermogram of pMPC50 is shown in Figure 3.11. 

An LCST peak would be expected in the endothermic direction at which the 

temperature at the minimum point of the endotherm peak would be referred to as the 

LCST. From the DSC measurement, an LCST was not observed suggesting that the 

LCST occurs higher than that measured up to 80 °C or that pMPC simply does not 

have an LCST. There is a slight dip in the curve around 43 °C, but this is not 

prominent enough to suggest a peak for the LCST of NS-pMPC50. 

 

Figure 3.11. Differential scanning calorimetry (DSC) themogram for 1 % NS-pMPC50 in PBS 

solution carried out for the measurement of a lower critical solution temperature (LCST).  

3.2.4 Amidation Reaction of NS-pMPC Homopolymers with 

A-SPIONs. 

As mentioned previously, A-SPIONs are only dispersible in alcohols and will 

aggregate and eventually precipitate when in water or PBS. Ethanol was found to 

provide the best dispersion of A-SPIONs. However, A-SPIONs are not fully 
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dispersible and colloidally stable in this solvent since A-SPIONs slightly 

aggregate/cluster in the dispersion. This was confirmed by the difficulty in obtaining 

size measurements by DLS. Protonation of the A-SPION surface by use of a weak 

acid solution breaks up aggregates into a colloidal dispersion through peptization 

whereby hydrogen protons protonate amines present on the SPION surface and 

provides better stability, however in terms of storage this is unsuitable since acidic 

solutions will dissolve the SPION core.31, 36, 37 The conditions for the amidation 

coupling reaction of A-SPIONs with NS-pMPCn were determined by assessing the 

solubility of NS-pMPC (of all MWs, NS-pMPC ID 1-3) with various solvents (which 

were miscible with ethanol). It was found that NS-pMPC polymers were insoluble in 

a wide range of solvents (such as dioxane, ethyl acetate, THF, DMSO, 

dimethylformamide (DMF)). The insolubility in DMSO and DMF led to difficulties; 

DMSO–d6 could not be used as a solvent for NMR analysis and that DMF could not 

be used as the eluent for GPC analysis. The only solvents found to solubilise NS-

pMPCn were water (or water-based solutions such as PBS), ethanol and methanol. 

The solubility of NS-pMPCn in methanol was higher than that found for ethanol, as 

indicated by the time taken to full dissolve the polymer.  The solubility of NS-

pMPCn in water was excellent (instant dissolution), however due to induced 

aggregation of the A-SPIONs in water and the issue that the N-succinimidyl 

activated ester would be actively hydrolysed in the presence of water and hence have 

a negative effect on the reactivity of the N-succinimidyl functional group, water was 

ruled out as a solvent for amidation.38 Instead, methanol was used as the solvent for 

NS-pMPC for the amidation reaction with A-SPIONs pre-dispersed in ethanol since 

NS-pMPC had a greater solubility in methanol compared to ethanol. NS-pMPC was 

pre-dissolved in methanol prior to the amidation reaction and remained miscible 

after addition into A-SPIONs dispersed in ethanol. 

The amount of NS-pMPCn required for the complete amidation reaction with 

A-SPIONs was predicted using the number of APTMS ligands per A-SPION (Lexp) 

and the MW of the polymer, which was calculated using the equations below:   

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 4𝜋𝜋𝑟𝑟2 

Predicted number of APTMS ligands that can fit as one monolayer on a 7.6 nm SPION, Lpred 

2505± 249 ligands.  
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𝐿𝐿𝑝𝑝𝑒𝑒𝑝𝑝 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆
.𝑆𝑆𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑟𝑟𝑚𝑚𝑝𝑝𝑝𝑝𝑠𝑠  

𝐿𝐿𝑝𝑝𝑒𝑒𝑝𝑝 = 2505 ± 249 ligands 

 

For example, the amount of NS-pMPCn , A, with DPn of 29 (MW of 9,000 g mol-1) 

required for 10 mg of A-SPIONs containing one monolayer of amino silane ligands: 

𝑆𝑆 = �
��𝜌𝜌𝐹𝐹𝑜𝑜3𝑆𝑆4

.��43𝜋𝜋𝑟𝑟
3�𝑥𝑥10−21��+��

𝐿𝐿𝑜𝑜𝑥𝑥𝐹𝐹
𝑆𝑆𝑆𝑆

�.𝑀𝑀𝑀𝑀𝑟𝑟𝑜𝑜𝑀𝑀𝑐𝑐𝐹𝐹𝑜𝑜𝑙𝑙 𝑆𝑆𝑆𝑆𝑇𝑇𝑀𝑀𝑆𝑆��
−1

100 � . �𝐿𝐿𝑜𝑜𝑥𝑥𝐹𝐹𝑆𝑆𝑆𝑆
𝑥𝑥𝑀𝑀𝑀𝑀𝐹𝐹𝐹𝐹𝑙𝑙𝑚𝑚𝑚𝑚𝑜𝑜𝑟𝑟�  

A = 0.462 g (1 equivalent) 

During a typical amidation coupling reaction for the synthesis of pMPCn-SPIONs, a 

solution of pre-sonicated A-SPIONs in ethanol was added to the NS-pMPC29 

polymer which was solubilised in methanol was sonicated for 1 hour and left to 

rotary mix for 15 hours at 22 °C before dialysis into DIW. 

To check if the amidation reaction was successful, an experiment was set up where 

APTMS would be reacted with NS-homopolymer using the same polymer 

concentration of NS-homopolymer in methanol added to the same molar ratio of 

APTMS in ethanol to that of a standard amidation reaction of NS-polymer with 

A-SPIONs. A-SPIONs were not used in this test experiment due to the magnetic 

interference from the SPIONs during 1H-NMR analysis. The test experiment reaction 

conditions were simulated to those of the standard amidation procedure. Briefly, the 

15 mL reaction vial was sonicated for 1 hour and left to mix on a rotary mixer for 

>15 hours. Figure 3.12 shows the 1H-NMR data for comparison of APTMS in 

deuterated chloroform (CDCl3), NS-polymer in deuterated methanol (MeOD) and 

APTMS plus NS-Polymer in MeOD after amidation reaction.  

The 1H-NMR spectra, Figure 3.12, confirmed the successful amidation reaction of 

the primary amine present in the APTMS molecule with the N-succinimidyl 

activated ester group on the polymer. The 1 H singlet found around δ 8.5 ppm 

indicated the formation of the amide bond which is not present in the 1H-NMR 

spectra for the NHS initiator (400 MHz, chloroform-d, ppm): δ 2.2 (s, 6 H, CH3), 2.9 

(s, 4 H, CH2) (see Chapter 2 Figure 2.7 section 2.5.1). 
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Figure 3.12. 1H-NMR data showing the amide proton from the amidation reaction of APTMS with 

N-succinimidyl functional polymer. APTMS analysed in CDCl3, polymer-containing samples 

analysed in DMSO-d6.  

FT-IR was also used to confirm the formation of the amide bond through the 

measurement of NS-pMPC29 reacted A-SPIONs, Figure 3.17C. Two bands with 

wavenumbers 1600 to 1700 cm-1 were observed and can be assigned as C=O or/and 

N-H bonds from an amide linkage.39  

Amine functional iron oxide nanoparticles have been known to be used in the 

removal of Cu(II) and other heavy metal ions from solution.40-42 The co-ordination 

interaction of the amine on the surface of the SPIONs with Cu(II) ions in solution 

can potentially interfere with the amidation reaction. To test whether this would be 

the case, two amidation reactions were set up. In one reaction vial, NS-pMPC29 with 

copper removed (using Dowex MSC-1 ion exchange resin) was reacted with A-

SPIONs in ethanol/methanol mixture. In another reaction vial, NS-pMPC29 without 

removing copper was reacted with A-SPIONs in ethanol/methanol mixture. The co-

ordination of amine groups with Cu(II) ions in solution and thus interference of the 
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amidation reaction was confirmed as indicated by the differences in the colloidal 

stability of the NPs in water, Figure 3.13. Here, vials A and B represent the reaction 

of A-SPIONs with NS-pMPC30 whereby for vial A, Cu(II) ions were removed from 

the mixture prior to the reaction using Dowex MSC-1 ion exchange resin. For vial B, 

no Dowex MSC-1 ion exchange resin was used so that Cu(II) ions could be kept in 

the mixture during the reaction. The NPs in both vials were then transferred to water 

through dialysis and the appearance and stability of the solutions were then assessed. 

The transparent appearance of the liquid in vial A confirmed a colloidally-stable 

suspension was achieved whereas vial B confirmed the interference of Cu(II) ions 

with the amidation reaction through the co-ordination of amine groups which was 

indicated by the cloudy appearance. Cloudy dispersions are an indication of 

aggregates in the solution/suspension. 

 

Figure 3.13. The effect of copper removal prior to amidation reaction. Vials show two different 

pMPC-SPION samples after reaction and dialysis into water.  Vials show amidation reactions carried 

out with and without copper removal, vials labelled A) and B) respectively. 

To determine the optimum polymer chain length and MW to be used for the 

stabilisation of SPIONs in PBS, three NS-pMPCn homopolymers (NS-pMPC ID 1-3), 

which had been prepared with DPn of 15, 45 and 133 (original DPns of 15, 50 and 

100 were originally targeted to start with. See Chapter 2, Table 2.1), were 

pre-dissolved in methanol before reaction of each with A-SPIONs which were 

dispersed in ethanol. The samples were transferred to water via dialysis and then 

PBS at pH 7.4. The colloidal stability was assessed through the appearance of the 

suspension over a period of 24 h since it has been established that A-SPIONs are 

unstable in water or PBS. Colloidal stability after this time is an indication of 
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successful amidation reactions on the A-SPION surface. Figure 3.14 shows images 

of the three pMPCn-SPION samples at the same SPION concentration in PBS after a 

period of 24 h. An image of a sample containing just A-SPIONs was also shown to 

demonstrate their instability in PBS.  

 

Figure 3.14. Initial screening of NS-pMPCn of different MW reacted with A-SPIONs. All samples are 

at the same SPION concentration.  

The results from observation of the initial screening indicated that the sample reacted 

with NS-pMPCn with highest DPn of 133 gave suspended NPs in solution but the 

cloudy appearance of the sample indicated the presence of small aggregates. This is 

most likely to be caused by a low coupling efficiency of the polymer with the NP 

surface due to steric hindrance issues caused by the long polymer chain length. For 

the sample reacted with NS-pMPCn containing the lowest DPn of 15, SPION 

aggregates were observed thus indicating the polymer chain length was too short and 

insufficient at providing space between NPs for steric stabilisation. For the sample 

containing NS-pMPCn with DPn of 45, SPIONs were provided with the best colloidal 

stability which was indicated by the transparency of the sample, which suggested a 

good balance of polymer coupling and polymer chain length for steric stabilisation in 

PBS was achieved. At this stage, pMPC coated SPIONs (pMPC-SPIONs) with 

polymer DPn around 45 were thus prepared and further investigated. 
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3.3 Poly[2-(methacryroyloxy)ethylphosphorylcholine]-Coated 

SPIONs (pMPC-SPIONs): Synthesis, Colloidal Stability and 

Evaluation for Stem Cell Labelling. 

3.3.1 Preparation of pMPC-SPIONs 

For the preparation of pMPCn-SPIONs with optimal polymer chain length, the 

synthesis of pMPCn homopolymer with target DPn of 40 and MW of 12,000 g mol-1 

was carried out (Table 3.3, NS-pMPC ID 5). The characterisation of the final 

precipitated freeze-dried polymer by 1H-NMR in CD3OD indicated a DPn of 29 and 

an MW 9,000 g mol-1 was obtained, Figure 3.15.  This was deduced by setting the 

integration for the 6H end group methyl protons as 6 found on the N-succinimidyl 

initiating group (Figure 3.15 labelled ‘g’) and then integrating either the 6H or 2H 

protons from the phosphorylcholine group on the polymer chain which were found 

as 174 and 57 respectively (Figure 3.15 labelled ‘a’ and ‘b’). Dividing 174 by 6 or 

57 by 2 gives DPn as 29. PolyMPC is highly hygroscopic and readily absorbs 

moisture.43  

 

Figure 3.15. 1H-NMR spectrum of the final precipitated NS-pMPC polymer in CD3OD indicated a 

DPn of 29, MW 9,000 g mol-1 deduced from the polymer chain end group protons ‘g’ against 

integration for H protons on polymer ‘a’ and ‘b’. 

To accurately determine the mass of pMPC weighed for TD-GPC analysis, a sample 

was measured by TGA at the same time pMPC was weighed for GPC analysis in 
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order to determine the percentage weight contribution by water. This was then 

deducted from the weight of pMPC weighed. Aqueous TD-GPC showed the polymer 

had a monodisperse distribution with Mn 10,100 g mol-1 and Mn/Mw of 1.08. 

In the case for the synthesis of pMPC29-SPIONs, previously prepared A-SPIONs 

were used. As multiple amino silane layers are present on the surface (2.2 

monolayers, 5541 amino silane ligands), it is expected that not all amino-groups will 

be available for reaction. To ensure maximum coverage, 1 equivalent of polymer per 

amino silane ligand on the A-SPION was used for the coupling reaction. The 

appearance of pMPC29-SPIONs after the amidation reaction provided a transparent 

and clear liquid, Figure 3.16A. After dialysis, Figure 3.16B and C, free polymer 

remaining from pMPC29-SPIONs was separated by passing the particles in PBS pH 

7.4 through a Sephadex G25 gel filtration chromatography column, Figure 3.16D. 

Two 1 mL aliquots of the pMPC29-SPIONs were placed in UV-Vis cuvettes, Figure 

3.16E, for colloidal stability studies at ambient and at 37 °C, section 3.3.3.  

 

Figure 3.16. Images of pMPC29-SPIONs through the sample preparation process. A) NPs after 

amidation in methanol/ethanol, B) NPs during dialysis into DIW, C) NPs after dialysis into water, D) 

NPs in PBS pH 7.4 passing through G25 sephadex column, E) NPs after G25 in PBS pH 7.4, F) NPs 

at 1 mg Fe mL-1 in PBS pH 7.4, G) NPs after freeze drying. 

For the determination of polymer coverage, pMPC29-SPIONs were dialysed back 

into DIW for the removal of inorganic PBS salt prior to being cryogenically frozen 

in liquid nitrogen and freeze-dried, Figure 3.16G, in preparation for TGA and 
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elemental analysis. After freeze-drying, the pMPC29-SPIONs appeared cream in 

colour with a light fluffy texture. 

3.3.2 Nanoparticle Characterisation 

Figure 3.17 shows FT-IR spectra comparing OA-SPIONs, A-SPIONs and 

pMPC29-SPIONs, which show bands confirming their surface chemistry indicated by 

the assigned bonds to peaks at the relevant wavenumbers. In particular, bands for 

amide bonds (N-H and C=O) were found around 1500 - 1700 cm-1 and secondary 

amide band found at 3400 cm-1.  

 

Figure 3.17. FT-IR absorbance spectra for A) OA-SPIONs, B) A-SPIONs and C) pMPC29-SPIONs 

(after passing through a G25 gel filtration column). The wavenumber bands are collected as a 

percentage of transmission. 
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The pMPC-SPION sample was found to be wet due to the highly hygroscopic pMPC 

polymer, which was confirmed by TGA, Figure 3.18. The weight contribution of 

water was determined as 12.2%, which was the percentage weight loss calculated 

from ambient to 120 °C. 

 

Figure 3.18. TGA spectra for A-SPIONs (red) and pMPC29-SPIONs (blue). The dotted line represents 

the isotherm at temperature of 120 °C for the removal of adsorbed solvent. 

The weight composition of the sample was determined as Fe3O4: 5.1%; 

APTMS/pMPC-coating: 82.7%. TGA total weight loss was found to be 94.90 %. 

Further determination of the composition of the coating of pMPC-SPION was 

achieved using TGA data (see section 3.3.3 polymer coverage). Size measurements 

by DLS of pMPC29-SPIONs in PBS pH 7.4 showed that the SPIONS have two 

hydrodynamic radius peak height populations observed by the intensity weighted 

distribution: Rh, intensity = 20 ± 2 nm and 108 ± 21 nm, Rh, mass = 19 ± 2 nm, Rh,number = 

18 ± 2 nm, Figure 3.19.  

TEM measurements of the core diameter = 8 ± 2 nm and polymer-coated particle 

diameter  = 17 ± 2 nm, Figure 3.20 and Figure 3.21. TEM images of 
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pMPC29-SPIONs initially showed the presence of iron oxide cores only and no 

visualisation of pMPC shell due to having insufficient electron density. 

 

Figure 3.19. DLS solvodynamic and hydrodynamic radius peak height measurements for OA-SPION 

starting material in THF compared with pMPC29-SPIONs in PBS solution pH 7.4. 

To visualise the shell, several negative stain solutions containing an electron dense 

chemical were used which included uranyl acetate and phosphotungstic acid (PTA). 

The interaction and retention of a stain with the polymer shell provides visualisation 

of the polymeric shell. This was achieved using a 3 % PTA solution and not with 

uranyl acetate. The pMPC shell stained using PTA allowed for polymer visualisation 

around the core, Figure 3.21. To prepare samples for staining, a 100 µL aliquot of 

3% PTA was added to 100 µL aliquot of a dilute pMPC29-SPION sample. 
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Figure 3.20. TEM images of pMPC29-SPIONs unstained. Here, only the iron oxide cores can be 

visualised.  

A drop of this mixture was placed onto parafilm and a carbon coated piloform TEM 

grid was placed upside down onto the surface of the drop. pMPC29-SPIONs were left 

to adsorb to the TEM grid for 5-10 minutes. The TEM grid was then washed a 

couple of times with DIW and left to air dry. The average zeta potential value of 

pMPC29-SPIONs in DIW pH 7 was near to neutral at +3.0 ± 0.3 mV indicating a 

good coverage with pMPC was achieved when compared to +25.6 ± 0.4 mV in DIW 

pH 8 measured for A-SPIONs. 

To demonstrate whether pMPC29-SPIONs were suitable for biomedical applications, 

R2 relaxivity, cytotoxicity and stability to dissolution in conditions to those 

mimicking the lysosomal environment inside the cell were studied prior to cell 

labelling studies and the level of cell uptake (Chapter 6). To compare the results for 

the pMPC29-SPIONs, a commercially available SPION reference material Molday 

Ion Rhodamine B (MIRB) from Biopal was used as a reference/control standard. 
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MIRB has been reported to contain a similar core size of 8 nm coated with cationic 

dextran containing a Rhodamine B fluorophore.44 

 

Figure 3.21: TEM images of pMPC29-SPIONs stained with 3 % PTA solution demonstrating the 

consistency of polymer coverage and core-shell architecture across the sample. 

Size measurements by DLS of MIRB in PBS pH 7.4 gave two hydrodynamic radius 

peak height populations observed by the intensity weighted distribution: Rh, intensity = 

19 ± 2 nm and 107 ± 45 nm, Rh, mass = 18 ± 2 nm, Rh,number = 17 ± 2 nm,  Figure 3.22. 

By TEM, MIRB appeared to be distributed evenly on the grid. The iron oxide cores 

were not found to be spherical in shape, as expected from their co-precipitation 

synthetic route.45  Endorem (a well-known former commercial clinical contrast agent 

which was withdrawn for commercial reasons) was also used for MRI 

measurements, as an additional reference due to its well-known high R2 relaxivity.  
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Figure 3.22. MIRB TEM image of SPIONs without stain and hydrodynamic radius peak height 

measurements by DLS in PBS solution pH 7.4. 

The size of pMPC29-SPIONs was also measured by Atomic Force Microscopy 

(AFM). pMPC29-SPIONs were first dispersed onto a silicon wafer which was then 

left to air dry. Using tapping mode, AFM topography images, Figure 3.23A and B, 

showed spherical particles which were evenly dispersed. The 3D topography images 

found in Figure 3.23C and D show spherical crater like shapes are likely to 

resemble the polymeric shell. Some of the craters showed a raised spherical centre 

suggesting the presence of a hard iron oxide core in the centre of the soft polymer 

shell. Intensity profiles of the 2D topography images were taken (Figure 3.23E and 

F) to measure the size of the particles. The sizes were found to range from 18 to 28 

nm in diameter with a height range of 6 to 15 nm. It was found that a sample of the 

freeze-dried pMPC29-SPIONs material could be reconstituted back into water or PBS 

to provide a colloidally-stable solution.  PolyMPC29-SPIONs appeared to re-disperse 

easily and rapidly in PBS/water with only a short sonication required to break up any 

particulates. The solution appeared transparent and colloidally stable. 
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Figure 3.23. AFM topography (images A and B), 3D topography (C and D) and intensity profiles (E 

and F) of pMPC30-SPIONs. 

No aggregation of the reconstituted sample was found after standing for 1 day at 

ambient. This is an interesting observation since lyophilisation is a widely used 

method for long-term storage of polymer-coated nanoparticles. In addition, this 

provides an easy method for the preparation of solutions with known Fe 

concentration and limits the exposure of nanoparticles to bacterial growth for cell 

labelling experiments. Reconstituted pMPC29-SPIONs in PBS solution pH 7.4 gave 

two hydrodynamic radius peak height populations observed by the intensity 

weighted DLS distribution: Rh, intensity = 22 ± 2 nm and 99 ± 13 nm, Rh, mass = 22 ± 2 

nm and 94 ± 13 nm, Rh,number = 21 ± 2 nm, Figure 3.24. The DLS measurements of 

reconstituted pMPC29-SPIONs in PBS solution pH 7.4 showed the NP distribution 

was restored to its original measurements prior to lyophilisation, Figure 3.24. 
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Figure 3.24. Hydrodynamic radius peak height measurements by DLS of pMPC29-SPIONs compared 

with reconstituted pMPC29-SPIONs in PBS solution pH 7.4. 

3.3.3 Polymer Coverage Calculations 

Predicted elemental and TGA percentage weight values for the reaction of NS-

pMPC29 with A-SPION containing an estimated 5541 surface APTMS ligands (Lexp) 

which corresponded to 2.2 monolayers of amino silane around a 7.6 nm SPION 

could also be calculated and compared with actual results. 

Theoretical pMPC29-SPION particle composition after complete reaction with all 

5541 amino groups: 
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𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑟𝑟𝑎𝑎𝑝𝑝𝑝𝑝 =  𝜌𝜌𝐹𝐹𝑝𝑝3𝑆𝑆4𝑥𝑥 ��
4
3
𝜋𝜋𝑟𝑟3� 𝑥𝑥10−21� = 1.20 x 10-18 g 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝑀𝑀𝑆𝑆𝑝𝑝 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝐹𝐹𝑜𝑜𝑟𝑟 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  �
𝐿𝐿𝑝𝑝𝑒𝑒𝑝𝑝
𝑆𝑆𝐴𝐴

𝑥𝑥𝑀𝑀𝑀𝑀𝑝𝑝𝐴𝐴𝑆𝑆𝑝𝑝−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝� =  8.16 x 10−17 g 

𝑇𝑇ℎ𝑜𝑜𝑟𝑟𝑜𝑜𝑜𝑜𝐹𝐹𝑟𝑟𝑜𝑜: 

𝑇𝑇𝐹𝐹𝐹𝐹𝑀𝑀𝑙𝑙 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝐹𝐹𝑜𝑜 𝐹𝐹𝑀𝑀𝑆𝑆𝑝𝑝-𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑟𝑟𝑎𝑎𝑝𝑝𝑝𝑝 +  𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙  𝐹𝐹𝑜𝑜𝑟𝑟 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 

𝑇𝑇𝐹𝐹𝐹𝐹𝑀𝑀𝑙𝑙 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝐹𝐹𝑜𝑜 𝐹𝐹𝑀𝑀𝑆𝑆𝑝𝑝-𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 8.28 x 10-17 g 

𝑇𝑇ℎ𝑜𝑜𝐹𝐹𝑟𝑟𝑜𝑜𝐹𝐹𝐹𝐹𝑐𝑐𝑀𝑀𝑙𝑙 % 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝑜𝑜3𝑆𝑆4 =
𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑟𝑟𝑎𝑎𝑝𝑝𝑝𝑝

𝑇𝑇𝐹𝐹𝐹𝐹𝑀𝑀𝑙𝑙 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 1 𝐹𝐹𝑀𝑀𝑆𝑆𝑝𝑝 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
 𝑥𝑥 100 

𝑇𝑇ℎ𝑜𝑜𝐹𝐹𝑟𝑟𝑜𝑜𝐹𝐹𝐹𝐹𝑐𝑐𝑀𝑀𝑙𝑙 % 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝑜𝑜3𝑆𝑆4 = 1.45 % 

𝑇𝑇ℎ𝑜𝑜𝐹𝐹𝑟𝑟𝑜𝑜𝐹𝐹𝐹𝐹𝑐𝑐𝑀𝑀𝑙𝑙 % 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝑀𝑀𝑆𝑆𝑝𝑝 𝑀𝑀𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹 𝑀𝑀𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑐𝑐𝐹𝐹𝑀𝑀𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙 =
 𝐴𝐴𝑟𝑟𝑠𝑠𝑠𝑠 𝑎𝑎𝑜𝑜 𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑟𝑟𝑚𝑚𝑝𝑝𝑝𝑝  𝑝𝑝𝑝𝑝𝑝𝑝 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 

𝐴𝐴𝑎𝑎𝑟𝑟𝑟𝑟𝑠𝑠 𝑎𝑎𝑟𝑟𝑠𝑠𝑠𝑠 𝑎𝑎𝑜𝑜 1 𝑝𝑝𝐴𝐴𝑆𝑆𝑝𝑝−𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
 𝑥𝑥 100 = 98.55 % 

A sample of freeze dried pMPC29-SPION was taken for TGA analysis and 

measurement of iron content based on previously published methods.46  The TGA 

data revealed a weight loss of 12.20 % between 20 and 120 °C, which was attributed 

to adsorbed water due to the highly hygroscopic nature of pMPC. The weight 

composition of the sample was determined as SiO2/Fe3O4, 5.10 %; propyl 

amine/pMPC-coating, 82.70 %. TGA total weight loss was found to be 94.90 %. By 

elemental analysis, the Fe content was found to be 0.0360 mg/mg of sample (3.60 

%). Considering a Fe3O4 SPION, the iron oxide content of the sample was calculated 

as 0.0498 mg Fe3O4/mg of sample (4.98 %) and SiO2 content deduced as 0.12 %. 

By removing the water contaminate mass, we can deduce that the organic shell mass 

actually contributes as 94.19 % and the Fe3O4/SiO2 core mass contributes to 5.81 %. 

The organic shell mass including SiO2 would therefore be 94.33 % and Fe3O4 as 

5.67 %. Using this data it was possible to calculate the weight fraction of coating 

(fc), in pMPC-SPION. 

𝑝𝑝𝐹𝐹𝑀𝑀𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙 𝑤𝑤𝑜𝑜𝐹𝐹𝑙𝑙ℎ𝐹𝐹 𝑜𝑜𝑟𝑟𝑀𝑀𝑐𝑐𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝑜𝑜𝑟𝑟 =
𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑐𝑐𝐹𝐹𝑀𝑀𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙

𝐹𝐹𝑜𝑜𝑜𝑜𝑟𝑟𝑀𝑀𝑙𝑙𝑙𝑙 pMPC-SPION 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀
= 

𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝑙𝑙𝑟𝑟𝑚𝑚 𝑀𝑀𝑀𝑀𝑚𝑚𝐹𝐹𝑙𝑙𝑜𝑜(𝑜𝑜𝑟𝑟𝐹𝐹𝑚𝑚 𝑇𝑇𝑇𝑇𝑆𝑆) −𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑐𝑐𝐹𝐹𝑟𝑟𝑜𝑜(𝑜𝑜𝑟𝑟𝐹𝐹𝑚𝑚 𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝑀𝑀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹)
𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝑙𝑙𝑟𝑟𝑚𝑚 𝑀𝑀𝑀𝑀𝑚𝑚𝐹𝐹𝑙𝑙𝑜𝑜(𝑜𝑜𝑟𝑟𝐹𝐹𝑚𝑚 𝑇𝑇𝑇𝑇𝑆𝑆)
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𝑝𝑝𝐹𝐹𝑀𝑀𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙 𝑤𝑤𝑜𝑜𝐹𝐹𝑙𝑙ℎ𝐹𝐹 𝑜𝑜𝑟𝑟𝑀𝑀𝑐𝑐𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =  𝑜𝑜𝑟𝑟 =
(1− 0.1220) − 0.0498

(1 − 0.1220) = 0.9433 

 

Using a different method to express fc, it was possible to calculate the fraction of all 

amino groups on the particle reacted with a polymer chain and then the percentage 

polymer coverage of reacted amino groups. The calculations are as follows: 

𝑝𝑝𝐹𝐹𝑀𝑀𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙 𝑤𝑤𝑜𝑜𝐹𝐹𝑙𝑙ℎ𝐹𝐹 𝑜𝑜𝑟𝑟𝑀𝑀𝑐𝑐𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝑜𝑜𝑟𝑟 =
𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑐𝑐𝐹𝐹𝑀𝑀𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙

𝐹𝐹𝑜𝑜𝑜𝑜𝑟𝑟𝑀𝑀𝑙𝑙𝑙𝑙 pMPC-SPION 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀
= 

2.00𝑒𝑒10−17 𝑙𝑙
2.12𝑒𝑒10−17 𝑙𝑙

= 0.9433 

Where: 

𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑐𝑐𝐹𝐹𝑀𝑀𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙 = 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀𝑝𝑝𝐴𝐴𝑆𝑆𝑝𝑝−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝 + 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀𝑢𝑢𝑎𝑎𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝𝑠𝑠 

𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑐𝑐𝐹𝐹𝑀𝑀𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙 = 1.90 x 10 -17 + 9.46 x 10 -19 = 2.00 x 10-17 g 

𝐹𝐹𝑜𝑜𝑜𝑜𝑟𝑟𝑀𝑀𝑙𝑙𝑙𝑙  𝐹𝐹𝑀𝑀𝑆𝑆𝑝𝑝-𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑟𝑟𝑎𝑎𝑝𝑝𝑝𝑝 +𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑐𝑐𝐹𝐹𝑀𝑀𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙  

𝐹𝐹𝑜𝑜𝑜𝑜𝑟𝑟𝑀𝑀𝑙𝑙𝑙𝑙  𝐹𝐹𝑀𝑀𝑆𝑆𝑝𝑝-𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 = 1.20 x 10-18 g + 2.00 x 10-17 g = 2.12 x 10-17 g 

With masspMPC-ligand, the total mass of pMPC ligand reacted on a particle, see Figure 

3.25 for structure. 

Terms defined as: 

𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀𝑝𝑝𝐴𝐴𝑆𝑆𝑝𝑝−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝 = 𝑆𝑆𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 ×
𝑀𝑀𝑀𝑀𝑝𝑝𝐴𝐴𝑆𝑆𝑝𝑝−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝

𝑆𝑆𝐴𝐴
= 1.90 𝑥𝑥 10−17 𝑙𝑙 

With massunreactedAPTMS-ligand, the mass of unreacted APTMS ligand on a particle, see 

Figure 3.25 for structure. 

𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀𝑢𝑢𝑎𝑎𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝 = 𝑆𝑆𝑢𝑢𝑎𝑎𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 ×
𝑀𝑀𝑀𝑀𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝

𝑆𝑆𝐴𝐴
 = 9.46 𝑥𝑥 10−19 𝑙𝑙 

Where 𝑆𝑆𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 = 𝐿𝐿𝑝𝑝𝑒𝑒𝑝𝑝 × 𝑐𝑐𝐹𝐹𝑜𝑜𝑜𝑜𝑟𝑟𝑀𝑀𝑙𝑙𝑜𝑜 

𝑆𝑆𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝= 1294 pMPC chains per SPION or the number of amino silane ligands reacted per 

SPION and 𝑆𝑆𝑢𝑢𝑎𝑎𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 = 𝐿𝐿𝑝𝑝𝑒𝑒𝑝𝑝 × (1 − 𝑐𝑐𝐹𝐹𝑜𝑜𝑜𝑜𝑟𝑟𝑀𝑀𝑙𝑙𝑜𝑜) = 4247 unreacted amino silane ligands 

per SPION. 
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Since Nreacted and Nunreacted are values that cannot be determined without knowing the 

coverage value, coverage values are entered into the equation below (found to be 

23.35 %)  in order to fit the weight fraction of coating value fc of 0.9433 and hence 

deduce the percentage polymer coverage of reacted amino groups. 

The expression of the coating weight fraction could then be developed: 

𝑜𝑜𝑟𝑟  = 

𝑆𝑆𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝
𝑀𝑀𝑀𝑀𝑝𝑝𝐴𝐴𝑆𝑆𝑝𝑝−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝

𝑆𝑆𝐴𝐴
+ 𝑆𝑆𝑢𝑢𝑎𝑎𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝

𝑀𝑀𝑀𝑀𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝
𝑆𝑆𝐴𝐴

𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑆𝑆𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝
𝑀𝑀𝑀𝑀𝑝𝑝𝐴𝐴𝑆𝑆𝑝𝑝−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝

𝑆𝑆𝐴𝐴
+ 𝑆𝑆𝑢𝑢𝑎𝑎𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝

𝑀𝑀𝑀𝑀𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝
𝑆𝑆𝐴𝐴

 

Which is also written as: 

𝑜𝑜𝑟𝑟 = 

�𝐿𝐿𝑝𝑝𝑒𝑒𝑝𝑝 × 𝑐𝑐𝐹𝐹𝑜𝑜𝑜𝑜𝑟𝑟𝑀𝑀𝑙𝑙𝑜𝑜�
𝑀𝑀𝑀𝑀𝑝𝑝𝐴𝐴𝑆𝑆𝑝𝑝−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝

𝑆𝑆𝐴𝐴
+ 𝐿𝐿𝑝𝑝𝑒𝑒𝑝𝑝 × (1 − 𝑐𝑐𝐹𝐹𝑜𝑜𝑜𝑜𝑟𝑟𝑀𝑀𝑙𝑙𝑜𝑜)

𝑀𝑀𝑀𝑀𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝
𝑆𝑆𝐴𝐴

𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + �𝐿𝐿𝑝𝑝𝑒𝑒𝑝𝑝 × 𝑐𝑐𝐹𝐹𝑜𝑜𝑜𝑜𝑟𝑟𝑀𝑀𝑙𝑙𝑜𝑜�
𝑀𝑀𝑀𝑀𝑝𝑝𝐴𝐴𝑆𝑆𝑝𝑝−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝

𝑆𝑆𝐴𝐴
+ 𝐿𝐿𝑝𝑝𝑒𝑒𝑝𝑝 × (1− 𝑐𝑐𝐹𝐹𝑜𝑜𝑜𝑜𝑟𝑟𝑀𝑀𝑙𝑙𝑜𝑜)

𝑀𝑀𝑀𝑀𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝
𝑆𝑆𝐴𝐴

 

The equation could be rearranged to calculate the coverage. 

𝑐𝑐𝐹𝐹𝑜𝑜𝑜𝑜𝑟𝑟𝑀𝑀𝑙𝑙𝑜𝑜 =
(1− 𝑜𝑜𝑟𝑟)𝑀𝑀𝑀𝑀𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝 −

𝑜𝑜𝑟𝑟  ×  𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑟𝑟𝑎𝑎𝑝𝑝𝑝𝑝 × 𝑆𝑆𝐴𝐴
𝐿𝐿𝑝𝑝𝑒𝑒𝑝𝑝

(𝑜𝑜𝑟𝑟 − 1) × (𝑀𝑀𝑀𝑀𝑝𝑝𝐴𝐴𝑆𝑆𝑝𝑝−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝 − 𝑀𝑀𝑀𝑀𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝)
 

 

The values of the parameters required to calculate the coverage are as such: 

𝑜𝑜𝑟𝑟 = 0.9433 

𝐿𝐿𝑝𝑝𝑒𝑒𝑝𝑝 = 5541 ligands expected for 2.2 monolayers 

𝑀𝑀𝑀𝑀𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝 = 134.19 g mol-1 

𝑀𝑀𝑀𝑀𝑝𝑝𝐴𝐴𝑆𝑆𝑝𝑝−𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝 = 8846 g mol-1  

Thus, the coverage was determined as 23.35 %, which is the percentage of amino 

groups which were reacted with a pMPC29 polymer chain resulting in 1294 polymer 

chains attached to the SPION surface based on 5541 amino groups on the A-SPION. 

Since the number of available amino groups represent an average 2.2 monolayers 

surrounding each nanoparticle, in terms of space for grafting pMPC, one monolayer 

provides 2505 amino groups so the polymer graft density would be 51.66 % based 
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on an average of 1294 polymer chains or 52 polymer chains grafted per 100 amino 

groups in a surface area of 7 nm2. 

 
Figure 3.25: Structure of surface reacted APTMS ligand and pMPC ligand. 

Table 3.4. Percentage elemental mass break down of surface reacted pMPC29-ligand as interpreted by 

the number of reacted and unreacted amino silane ligands (column 1). From this and the TGA 

percentage weight measured for the organic shell and water contribution, C, H and N values could be 

predicted. 

Element 

% mass of 

surface reacted 

pMPC29-ligand 

(1) 

% mass of 

organic surface 

reacted pMPC29-

ligand (TGA) 

% mass 

contribution from 

water contaminate 

(TGA) 

Total % mass 

of organic 

(TGA) 

C 40.90 37.16 
 

37.16 

H 6.92 6.29 1.37 7.65 

N 4.73 4.30 
 

4.30 

O 28.55 25.94 10.83 36.78 

P 9.11 8.27 
 

8.27 

Br 0.81 0.74 
 

0.74 

Si 1.22 
   

O3 2.08 
   

Sum 94.33 82.70 12.20 94.90 

 
Taking into account the amount of water present in this particular sample, the molar 

composition of pMPC29-SPION could be expressed as: 

(Fe3O4)1(C3H8NSiO3)1.4(Br-pMPC29-C7H13NSiO3)0.4(H2O)27. 
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Using the polymer coverage value to determine the number of amino groups reacted 

and unreacted, the total percentage elemental mass was broken down for the coating 

shell which could be deduced, Table 3.4 column 1. Using this information and the 

TGA percentage mass data measured for the contribution of water in the sample 

analysed (12.20 %) and the percentage mass of organic for the coating (87.20 %), C, 

H and N values could be predicted for the total percentage mass of organic measured 

in the TGA (94.90 %). This was found as C:37.16, H:7.65, N:4.30. When compared 

with actual elemental C, H and N values measured, C:38.35, H:7.57, N:3.92, the 

percentage elemental mass values predicted are found to be very close to those 

measured by elemental analysis. 

3.3.4 Cytotoxicity 

To determine if pMPC29-SPIONs were suitable for cell labelling studies, 

nanoparticles were first tested for cytotoxicity via a colorimetric assay, using cell-

counting kit-8 (CCK-8) for the quantification for the number of viable cells after a 

period of 24 to 48 hours.  

 

Figure 3.26: Relative viability of kidney murine stem cells exposed to a range of concentrations of 

pMPC coated SPIONs or MIRB nanoparticles. The cells were incubated in culture medium containing 

the nanoparticles for 24 h followed by viability measurement with CCK-8 reagent. Results are plotted 

as the relative viability in respect to control conditions as a function of nanoparticle concentration and 

error bars represent the standard deviation from three replicates. 
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A kidney-derived murine stem cell line47 was used and exposed to cell culture 

medium containing concentrations of nanoparticles ranging up to 50 µg Fe mL-1 for 

24 hours after which cell viability was then determined. It was found that cell 

viability was maintained after 24 hours despite exposure to pMPC29-SPIONs at 

different concentrations, Figure 3.26. At higher concentrations of pMPC29-SPIONs, 

the cell viability assay showed slightly higher percentages in the control of viability 

when compared to cells exposed to MIRB thus indicating pMPC has low cytotoxicity 

even at high concentrations and supports the selection of pMPC as a biocompatible 

surface coating for bio-application.48, 49  Percentages of viability above 100 % could 

suggest pMPC and dextran are providing the stem cells with material to encourage 

cell proliferation (i.e. dextran is a sugar and may provide the cell with energy. 

Phophorylcholine found in pMPC is also a component found in the phospholipid 

bilayer of a cell membrane). The cell viability assay was carried out by Dr Arthur 

Taylor at the University of Liverpool, Institute of Translational Medicine 

3.3.5 Stability Studies 

3.3.5.1 Colloidal Stability 

To assess whether pMPC29-SPIONs would be suitable for cell labelling experiments, 

their colloidal stability in PBS at 37 °C for at least 24 hours was evaluated. In 

addition, pMPC29-SPIONs need be colloidally stable at temperatures of 25 °C and 

lower for storage. The maximum nanoparticle concentrations used for cell labelling 

experiments is 100 and 50 µg Fe mL-1 with incubation periods of up to 48 hours.50 

For this reason, the colloidal stability of pMPC29-SPIONs with Fe concentration of 

53 and 187 µg Fe mL-1 at 37 °C was investigated. Colloidal stability studies of 

pMPC29-SPION samples at concentrations between 50 and 237 µg Fe mL-1 at both 

25 and 37 °C were carried out using UV-Vis spectroscopy by measuring the 

absorbance of the particles suspended in PBS at 400 nm over a period of days, 

Figure 3.27. An absorbance of 400 nm was selected since it gave the best correlation 

to Fe concentration of pMPC29-SPIONs, which was determined using a range of 

pMPC29-SPION samples prepared by serial dilution using a concentrated pMPC29-

SPION sample with known Fe concentration quantified by elemental analysis. A 

calibration curve with R2 value of 0.998 was obtained. 
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Figure 3.27 shows that pMPC29-SPIONs at 53 and 187 µg Fe mL-1 were colloidally 

stable for up to 7 days and 53 hours at 37 °C respectively. Interestingly, the 

difference in the colloidal stability periods were of a factor of 3.5 which is the same 

dilution factor between the two concentrations measured. This not likely to be a 

coincidence since diluted NPs are likely to have extended colloidal stability periods 

due to less NP interactions by Brownian motion. Further colloidal stability 

measurements at 37 °C using different NP concentrations would support the idea that 

the colloidal stability period could be predicted based on dilution of NPs.  

 

Figure 3.27. pMPC29-SPIONs stability study in PBS at 25 °C and 37 °C with images of solutions at 

t = 0 and at the end points of the 4 studies.  

The colloidal stability of pMPC29-SPIONs achieved past 48 hours in PBS at 37 °C 

confirmed the suitability of pMPC29 as a NP surface coating for the colloidal 

stabilisation of nanoparticles required for cell internalisation experiments.51 

Reconstituted pMPC29-SPIONs with a concentration of 215 µg Fe mL-1 in PBS at 

37 °C were also investigated and showed increased colloidal stability up to 94 hours. 

Thus, the freeze-drying and reconstitution procedure improves colloidal stability by 

~40 hours compared to standard pMPC29-SPIONs without a freeze-drying step. The 

difference in colloidal stability could be due to a difference in density of 

pMPC29-SPIONs  compared to freeze dried pMPC29-SPIONs. The polymer/amino 
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silane shell in freeze dried pMPC29-SPIONs may not be fully hydrated and may 

contain pockets of air. Particles with higher density sediment at a faster rate 

compared to less dense particles (Stokes law). The increase in colloidal stability 

therefore supports the potential of freeze-drying pMPC29-SPIONs for long-term 

storage without facing colloidal stability issues.  

The colloidal stability of pMPC29-SPIONs with concentration of 237 µg Fe mL-1 at 

25 °C was also investigated to determine the suitability and stability for storage. A 

concentration of 237 µg Fe mL-1 was used as the highest concentration in this study 

measured by UV-Vis spectroscopy at 400 nm since this concentration was just under 

the absorbance saturation limit for the instrument. This sample showed colloidal 

stability for 20 days at 25 °C, indicating a good shelf life could be obtained for 

concentrated samples in PBS.  

3.3.5.2 Chemical Stability 

The most likely cell internalisation mechanism for nanoparticles is via endocytosis 

whereby nanoparticles enter the cell through the endosome organelle which is 

created by the invagination of the cell wall to form a small vesicle.52 Early endosome 

pH is typically the same as the cell culture medium on the outside of the cell of pH 

7.4. However, endosome pH gradually decreases to pH 4.5 due to an increased 

concentration of the acid hydrolyase enzyme present (produced by the golgi body) 

which turns the late endosome into a lysosome.53-55 In this situation, SPIONs could 

be degraded by the acidic environment.56 The SPION core therefore needs to be 

stable to acidic conditions in order to maintain a R2 relaxivity for long-term cell 

labelling.  

To investigate the chemical stability, pMPC29-SPIONs were subjected to conditions 

modelling the lysosomal environment of a stem cell, Figure 3.28. Briefly, NPs (5 µg 

Fe) were added to buffers at physiological or acidic pH and incubated at 37 oC 

alongside a blank (0 µg Fe) and internal standard (5 µg Fe). For each time point, a 

sample was taken for measurement of free iron ions in solution by adding a 

colorimetric reagent solution consisting of FerroZine (6.5 mM).46 After colour 

development, the absorbance at 590 nm was measured and compared to a calibration 

curve containing colorimetric reagent.  The free iron content in solution was then 
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deduced and the degree of  dissolution of the sample was determined (see Chapter 2 

section 2.3.1.1 for full experimental details).47, 57  

 

Figure 3.28. Dissolution assay of pMPC29-SPIONs and MIRB in citrate buffer solution at 37 °C. 

The dissolution assay results showed that both pMPC29-SPION and MIRB possessed 

rapid dissolution of the iron oxide core at pH 4.5 over a period of 5 days with 

pMPC29-SPION showing an additional 20 % dissolution, Figure 3.28. As expected, 

pMPC29-SPION and MIRB samples exposed to less acidic pH environments at 5.5 

and 7.14 showed much slower dissolution rates. The dissolution of pMPC29-SPIONs 

after 5 days of exposure in pH 5.5 environment had reached 35 % dissolution which 

was over twice as high than that observed for MIRB which had reached only 15 % 

dissolution at 5 days exposure in pH 5.5 environment. For SPIONs with long-term 

stability inside the cell, further developments to the surface coating would be 

required to ensure long-term stability at pH 4.5 inside the cell.  

3.3.6 Magnetic Measurements 

3.3.6.1 Magnetisation Saturation (Ms) Measurements 

Superconducting quantum interference device (SQUID) magnetometry was used to 

determine whether OA-SPIONs and pMPC29-SPIONs were superparamagnetic and 



128 | Chapter 3                                                                                                             
 

to measure their magnetisation saturation (Ms) values. The Ms value of pMPC29-

SPIONs were measured at 33 emu g-1 Fe3O4
-1 which was found to be a decrease of 

20 emu g-1 Fe3O4
-1 when compared with OA-SPIONs of 53 emu g-1 Fe3O4

-1, Figure 

3.29. The drop in Ms suggests that transferring SPIONs into water induces the 

oxidation of the surface of Fe3O4 SPIONs to form Fe2O3 thus causing a magnetic 

dead layer and a decrease in Ms value.58, 59 Both magnetisation-field magnetic 

hysteresis curves show typical superparamagnetic behaviour (as indicated by the s 

shape curve and position of the curves through the origin Figure 3.29 inset) with 

minimal remanence and coercivity (magnetism is not retained (observed when 

SPIONs are demagnetised at 0 kOe)).60 The Ms values measured here will be used to 

calculate the level of uptake of pMPC29-SPION vs. MIRB and hence quantify the 

number of SPIONs up taken per cell and thus amount of Fe using cell tracking 

velocimetery (CTV) as discussed in Chapter 6. 

 

Figure 3.29: Magnetisation-field magnetic hysteresis curves for OA-SPION and pMPC29-SPION at 

300K. The 2 T magnetisation for OA-SPION is 53.50 emu g-1 iron oxide and pMPC29-SPION 33.20 

emu g-1 iron oxide. 

Magnetic Core Characterisation 

Dr. Lara Bogart at the University of Liverpool, Institute of Integrative Biology 

determined the magnetic SPION cores sizes using SQUID magnetometry curves 
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obtained from measurements taken for p(MPC)29-SPIONs, OA-SPIONs and MIRB 

particles. The curves which were originally represented in terms of mass (emu g-1 

Fe3O4) were converted in terms of volume (emu cm-3 Fe3O4), Figure 3.30. A 

Langevin expression modified by the log-normal polydispersity function was used to 

determine the magnetic SPION cores sizes and have been summarized in Table 3.5. 

The data confirm core sizes of OA-SPIONs and pMPC29-SPIONs are similar in size 

to those obtained from previous size measurements (Table 3.5). It was found that 

OA-SPIONs, pMPC29-SPIONs and MIRB had total core diameter of 8 nm, 8 nm and 

11 nm respectively and magnetic core diameter of 7 ± 0.1 nm, 7 ± 0.1 nm and 9 ± 

0.1 nm respectively. Magnetic core sizes have also been deduced from the 

intracellular iron content in single cell magnetophoresis measurements, which are 

discussed further in detail in Chapter 6.  

 

Figure 3.30.  Ambient temperature magnetisation curves of (a) Fe3O4 cores as synthesised in oleic 

acid (b) Following addition of amino-silanisation (c) after polymerisation with MPC block polymer 

and (d) MIRB SPIONs. Grey line indicates best model fit using simple Langevin expression modified 

by the log-normal polydispersity function.  Best fit parameters for all fits are provided in Table 3.5.  
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Table 3.5. Best fit parameters extracted from ambient temperature magnetisation curves presented in 

Figure 3.30. Where MSP and MSB is the saturation magnetisation of the particles and of the bulk 

material, respectively. Where Dt is the total SPION core diameter and Dm is the magnetic core 

diameter. 

Sample 
MSP 

(emu/cm3) 

MSB 

(emu/cm3) 

Dt 

(nm) 

Dm 

(nm) 

Standard 

deviation 
Comment 

OA-

SPIONs 
270 

480 

8 7 0.1 

Powdered 

sample p(MPC)29-

SPIONs 
160 8 7 0.1 

MIRB 320 11 9 0.1 
Sample in 

water 

 

3.3.6.2 Magnetic Resonance Imaging (MRI) 

pMPC29-SPION samples were evaluated for their potential for use as an MRI 

contrast agent. pMPC29-SPION samples (as prepared and reconstituted) with 

concentrations ranging from 0 to 1.0 mM Fe fixed in 1 % agarose were analysed by 

MRI to measure their R2 relaxivity. The R2 relaxivity for pMPC29-SPION samples as 

prepared and reconstituted were found at 127 and 112 mMFe-1 s-1 respectively 

compared with MIRB which had a lower R2 relaxivity of 77 mMFe-1 and Endorem 

which showed a higher R2 relaxivity of 159 s-1, Figure 3.31. The difference in R2 

relaxivity results observed for pMPC29-SPIONs and reconstituted pMPC29-SPIONs 

may support the idea proposed by differences observed for colloidal stability results 

for pMPC29-SPIONs and reconstituted pMPC29-SPIONs. The suggestion was that 

not all of the pMPC shell present for reconstituted pMPC29-SPIONs had become 

fully rehydrated. This would explain the lower R2 value observed for reconstituted 

pMPC29-SPIONs since the relaxation of more water protons surrounding the SPION 

cores would provide higher R2 values. Overall, the relaxivity results show that both 

pMPC29-SPION and reconstituted samples could be used as a potential contrast 

agent since the R2 relaxivity values both exceeded that observed for the commercial 

available contrast agent, MIRB. 
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Figure 3.31. Relaxivity data for pMPC29-SPIONs as prepared and reconstituted vs. Endorem and 

MIRB contrast agents. 

The relaxivity performance of pMPC29-SPIONs suggests that the highly hydrophilic 

characteristics of the pMPC coating provide good water contact and diffusion/supply 

with the SPION surface which is favourable for enhancing the R2 contrast signal.  

3.4 Conclusion 

To conclude, well defined bio-compatible NS-pMPC were prepared by ATRP and 

screened for the colloidal stabilisation of amino silane functional SPIONs in PBS at 

25 and 37 °C. Well defined N-succinimidyl functional poly MPC homopolymer with 

a DPn 29 or Mn ~9,000 g mol-1 was found to be a suitable polymer for the covalent 

grafting to amino silane coated SPIONs and providing SPIONs in PBS at 37 °C with 

good colloidal stability for more than 48 hours and up to 7 days with cell labelling 

concentrations of 187 μg Fe mL-1 and 53 μg Fe mL-1 respectively. A cell viability 

assay showed that pMPC29-SPIONs had non-cytotoxic behaviour when placed with 

kidney murine stem cells. This confirms the suitability of pMPC as a surface coating 

for SPIONs for potential cell labelling. The coverage of pMPC29 on the surface of A-

SPIONs was also measured using TGA and CHN elemental analysis. From the 

average number of available amine sites predicted on the surface of the A-SPIONs 

(5541 amino groups, 2.2 monolayers), an average of 23.35 % of amines were found 

to be reacted with NS-pMPC29. Further pre-biological studies showed as prepared 

and reconstituted pMPC29-SPIONs had an R2 relaxivity of 127 and 112 mM-1 s-1 

respectively which was found to be higher than the commercially available contrast 

agent MIRB which had a R2 relaxivity of 77 mM-1 s-1.  

PolyMPC29-SPIONs also had a magnetisation saturation value (Ms) of 33 emu g-1 

Fe3O4
-1 which was a reduction of 20 emu g-1 Fe3O4 from the starting material of oleic 
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acid coated SPIONs of 53 emu g-1 Fe3O4. This suggested that transferring SPIONs 

into water using pMPC29 caused possible oxidation of the surface of Fe3O4 SPIONs 

into Fe2O3 thus causing a magnetic dead layer and a decrease in Ms value.58, 59  

PolyMPC29-SPIONs were subjected to citrate buffers at pH 7.4 to 4.5 incubated at 

37 °C in order to mimic the endosomal and  lysosomal environments inside a stem 

cell. The dissolution assay showed that the SPION cores rapidly digested at pH 4.5 

within a period of 5 days with dissolution of 70 %. MIRB NPs showed a slightly 

slower rate of dissolution at pH 4.5 with 45 % of the core dissolved at T= 5 days. 

The rapid dissolution of the SPION core of pMPC29-SPIONs thus indicates that the 

MRI signal will rapidly be lost with time and therefore indicates that further 

improvements of the SPION coating is required in order to achieve SPIONs for long 

term stem cell labelling. 

Overall, the suitability of pMPC29-SPIONs as a contrast-labelling agent for bio 

application has been studied. The biological studies for pMPC29-SPIONs have been 

investigated and are discussed in the stem cell biology Chapter 6. 
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4 
Synthesis of Silica Coated SPIONs: 
The Development of SPIONs Stable to the 
Conditions of the Lysosomal Environment 
 

 

 

 

 

 

 

 

 

For experimental details related to this Chapter, see Chapter 2. 
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4.1 Introduction 

In Chapter 3, poly(2-methacryloyloxyethyl phosphorylcholine) functionalised 

superparamagnetic iron oxide nanoparticles (pMPC-SPIONs) were developed, which 
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showed excellent colloidal stability in PBS at 37 °C for up to 7 days at stem cell 

labelling concentrations of 50 µg Fe mL-1. Unfortunately, pMPC-SPIONs showed 

poor chemical stability under low pH conditions (conditions mimicking those of a 

lysosomal environment found in a stem cell) which thus determined their 

unsuitability for long term stem cell tracking. In this Chapter and Chapter 5, we 

focus on coating strategies for the protection of the iron oxide core from erosion 

under acidic conditions. 

Coating strategies are divided by composition using either organic or inorganic 

coatings (or a hybrid of both).1 Proposed ideas/strategies to tailor an organic shell by 

preventing the diffusion of acidic protons reaching the iron oxide core to improve 

chemical stability are i) incorporating a hydrophobic section in the shell, ii) 

incorporating a section of the polymer shell which acts as a buffer such as the 

presence of basic moieties which could slowly protonate or iii) incorporating a cross-

linkable section in the polymeric shell.  

In general, inorganic coatings compared to organic coating are best known for their 

chemical stability and are therefore likely to be successful at protecting the iron 

oxide core from dissolution on a long-term timescale.2 Most inorganic coatings 

provide nanoparticles (NPs) with imaging capabilities (such as silica, gold, silver, 

cadmium based). In terms of designing contrast agents for cell labelling, 

nanomaterials possessing multimodal imaging capabilities are an attractive target. In 

this Chapter, we focus on inorganic coating strategies using silica and in Chapter 5, 

we focus on coating strategies using gold. These coatings are selected for further 

investigation for this project since they are known to possess chemical stability and 

interesting imaging properties which thus appeal to the synthesis of a magnetic 

nanomaterial as a contrast agent for long term stem cell tracking.3-5 

Silica precursors (i.e. tetraethyl orthosilicate (TEOS), sodium silicate or silicic acid) 

are relatively cheap reagents to use for the preparation of silica coated NPs. As a NP 

surface coating, silica provides a hydrophilic surface which allows NPs to be 

colloidally stable in a range of aqueous solvents.6, 7 Silica has been known to 

stabilise magnetic NPs by shielding the magnetic dipole interaction.8 In addition, 

silica coatings can enhance the coulomb repulsion of magnetic NPs which is caused 

by electrostatic repulsion from its highly negatively charged surface.9 Silica is 
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porous due to its molecular framework to which oxygen or other species such as 

hydrogen protons could diffuse through.10 Silica can provide a surface for further 

surface modification due to the presence of surface silanol groups which can 

covalently react with a variety of coupling groups.11  

Disadvantages to using silica are that the co-ordination of orthosilicate ligands with 

the iron oxide NP surface can modify the magnetic moment and anisotropy of NP 

surface metal ions through surface pinning.12, 13 In addition, it has been proposed that 

surface magnetic moments are quenched through the bonding of surface ligands 

leading to a reduction in magnetisation.14 Therefore, direct reaction of silica to the 

surface of uncoated iron oxide NPs can lead to the creation of a magnetic dead layer 

through the oxidation of Fe3O4 to form γFe2O3 which can thus lead to a decrease in 

the magnetisation saturation (Ms) value of silica coated NPs. It would be interesting 

to see if the same would be observed if reacting silica onto γFe2O3 NPs and if this 

also lowers the Ms value. In addition to this, the chemical stability of silica coated 

SPIONs containing an γFe2O3 core versus an Fe3O4 core and their relative rate of 

dissolution to conditions mimicking those found in a lysosome would provide 

information regarding the stability of the silica shell versus stability of the core. 

Chemical stability of iron oxides in 0.5 M HCl (pH 0.3) at 25 °C and their rates of 

dissolution over a period of 100 hours (4.16 days) has been investigated and 

reported, Figure 4.1.15 At 80 hours (3.3 days), the dissolution of magnetite reached a 

dissolution fraction of 0.37 (37 %) and at 100 hours (4.16 days) a dissolution fraction 

of 0.45 (45 %) was observed. However, for maghemite, a dissolution fraction of 

around 0.12 (12 %) was reported at 80 hours thus a slower rate of dissolution was 

observed. These results therefore show that maghemite is more chemically stable 

than magnetite which may be an advantage when considering the development of 

chemically stable SPIONs for long term stem cell tracking. To support the chemical 

stability of maghemite compared to magnetite further, maghemite has been found to 

be stable in biological media and has thus showed a lower cytotoxicity when 

compared to magnetite. It has been suggested that the increased chemical stability of 

maghemite is due to the material containing fully oxidised Fe3+ ions only whereas 

magnetite contains Fe2+ which allows for ionic or electronic transfers (redox 

(reduction of O2)), Figure 4.2.16 Mineral surfaces containing transition metals may 

induce reactive oxygen species (ROS) through dissolution and release of metals, 
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thereby inducing oxidative stress (cytotoxicity). For the case of iron, the reaction of 

Fe2+ with O2 is fast when Fe2+ ions are adsorbed at the mineral surface than when 

Fe2+ ions are dissolved. Other factors affecting the rate of dissolution include the NP 

surface area, surface roughness and surface curvature.17 These findings support the 

need to compare and investigate the chemical stability and dissolution of the two 

different iron oxide core species (magnetite and maghemite) which will be studied in 

this Chapter. Biological studies with SiO2-SPION samples containing Fe3O4 and 

γFe2O3 cores will also be investigated in Chapter 6.  

 

Figure 4.1. Chemical stability of maghemite and magnetite showing the rate of dissolution of iron 

oxides in 0.5 M HCl (pH 0.3) at 25 °C over a period of 100 hours (4.16 days) Image taken from 

reference.15 

The main method to synthesise silica surface coatings on NPs is via the sol-gel 

Stöber method whereby hydrolysis and condensation of a sol-gel precursor (such as 

tetraethyl orthosilicate (TEOS)) polymerises in the presence of a base such as 

ammonia to form silica in situ.18 The conventional procedure for carrying out the sol-

gel Stöber method to form a surface NP coating involves the direct hydrolysis of 

TEOS with water dispersible bare NPs containing surface hydroxyl groups to which 

silica readily binds. Lu et al.19 have demonstrated control of the silica shell thickness 

onto 5-10 nm SPIONs by varying the ammonia concentration and the ratio of TEOS 

to water. Adapted methods of this procedure have been carried out by miniemulsion 
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using micelles or reverse micelles through the use of a surfactant which forms a 

nanoreactor to achieve control over the silica coating thickness.20-23 

 

Figure 4.2. Chemical stability of maghemite and magnetite showing the correlation between iron 

oxide dissolution/chemical stability and their toxicity. Eh represents the redox potential. Image 

adapted from reference.16 

An advantage to this latter approach is that NPs synthesised with a hydrophobic shell 

such as oleic acid can be used directly without modification of the surface prior to 

the micellisation reaction. A serious disadvantage to this approach is the surfactant 

which is used during the reaction is cytotoxic to cells and can be difficult to remove 

after coating reaction. For the removal of surfactant, silica coated SPIONs require 

harsh treatment through washing in acid which can lead to dissolution of the SPION 

core.  

The synthesis of a monodisperse distribution consisting of individual SPION cores 

coated with silica is difficult to achieve. A distribution of silica coated NPs 

containing two or more cores is likely to be formed during the reaction.19 An 

alternative method to depositing silica on the surface of NPs is to use sodium silicate 

or silicic acid solution in the presence of a base such as tetramethylammonium 

hydroxide with water dispersible bare NPs containing surface hydroxyl groups.24, 25 

Studies have shown the deposition of silica by this method provides better coverage 
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onto the NP surface than by via the TEOS sol-gel precursor route.26 Disadvantages 

found with this approach surround issues with control of the silica shell size and 

uniformity around the core.26 With regards to multimodal imaging, silica coated iron 

oxide NPs have been found to possess a photoacoustic absorbance in the near-IR 

spectral range at a laser excitation wavelength of 1064 nm.5 The 3 nm thick silica 

shell coated onto 8 nm core SPIONs were prepared by Alwi et al. and used as a 

contrast agent for photoacoustic imaging ex vivo, Figure 4.3. 

 

Figure 4.3. “(a) Frequency-domain photoacoustic (FD-PA) array image of a silica coated SPION-

filled tube inside chicken breast tissue. (b) Two-dimensional FD-PA image of a rat thigh containing 

silica-coated SPION obtained using a 3.5-MHz focused transducer.” Image taken from reference.5  

4.2 Results and Discussion 

Silica coated SPIONs were prepared using the conventional sol-gel Stöber method 

involving the hydrolysis of TEOS onto the surface of water dispersible bare SPIONs 

containing surface hydroxyl groups. The conventional method was selected since it 

avoided the use of surfactants and thus prevented harsh treatment for the removal of 

surfactant from samples prior to biological studies. The overall aim for the silica 

shell synthesis procedure was to obtain a method whereby a uniform silica shell 

could be achieved and the silica shell thickness could be controlled. Two different 

SPION cores were used to assess if silica coated SPIONs of different composition 

(i.e. maghemite (γFe2O3) (synthesised by co-precipitation) and magnetite (Fe3O4) 

(synthesised by thermal decomposition process involving the use of oleic acid to 

form OA-SPIONs)) would affect their overall performance and properties. 
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4.2.1 Synthesis and Characterisation of Magnetite Fe3O4 SPIONs 

Monodisperse oleic acid coated superparamagnetic iron oxide NPs (OA-SPIONs) 

were prepared following the thermal decomposition method reported by Hyeon and 

co-workers.27  

 

Figure 4.4. Characterisation data for oleic acid coated SPIONs showing A) solvodynamic radius peak 

height distributions by DLS, B) TEM image and size distribution C) and D) PXRD pattern. 
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Dynamic light scatting (DLS) size measurements of the OA-SPIONs in 

tetrahydrofuran (THF) gave solvodynamic hydrodynamic radius peak height 

measurements by intensity, mass and number of: Rs, intensity = 18 ± 5 nm and 167 ± 18 

nm, Rs, mass = 14 ± 4 nm, Rs, number = 11 ± 2 nm (Figure 4.4A). Transmission electron 

microscopy (TEM) showed OA-SPIONs were spherical in shape. From the TEM 

image, a size distribution from over 400 measurements was obtained using ImageJ 

software. The average diameter of the cores was measured at 10 ± 3 nm, Figure 

4.4B and C. Powder X-ray diffraction (PXRD) was also used to characterise the 

SPIONS and the PXRD pattern obtained for the OA-SPIONs showed good 

agreement with the reference pattern for magnetite (ICDD no. 01-088-0315) and 

indicated the material was crystalline, Figure 4.4B. The average particle size 

diameter measured was 9 nm as derived from the Scherrer equation. 

4.2.2 Synthesis and Characterisation of Maghemite γFe2O3 

SPIONs 

SPIONs stable and dispersible in pH 2 solution were prepared following the co-

precipitation methods reported by Massart and Valero et al.28, 29 The size of 

maghemite (γFe2O3) SPIONs was assessed by DLS in deionised water (DIW) pH 2 

and gave hydrodynamic radius peak height measurements of: Rh, intensity = 20 ± 2 nm 

and 88 ± 13 nm, Rh, mass = 19 ± 2 nm and 82 ± 12 nm and Rh, number = 18 ± 8 nm 

(Figure 4.5A). The co-precipitation method is known for producing NPs with 

uncontrolled shape and size.30, 31 This was confirmed by TEM of a sample of pH 2 

dispersible SPIONs, Figure 4.5B. A size distribution of the SPIONs was therefore 

not produced from the image using ImageJ software since the software had difficulty 

scanning NPs which were non-spherical in shape. PXRD was again used and the 

pattern obtained for the pH 2 dispersible SPIONs showed good agreement with the 

reference pattern for maghemite (ICDD no. 00-025-1402) and indicated the material 

was crystalline, Figure 4.5C. The average particle size diameter measured was 8.4 

nm as derived from the Scherrer equation. The core size obtained by PXRD was 

used to calculate and deduce silica shell thicknesses in samples produced from 

further reactions. 
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Dr. Lara Bogart at the University of Liverpool, Institute of Integrative Biology 

determined the magnetic SPION cores sizes using superconducting quantum 

interference device (SQUID) magnetometry curves obtained from measurements 

taken for γFe2O3 and Fe3O4 SPIONs, Figure 4.6. 

 

Figure 4.5. Characterisation data for pH 2 dispersible γFe2O3 SPIONs showing A) hydrodynamic 

radius peak height distributions by DLS, B) TEM image and C) PXRD pattern. 

The sizes were determined using a simple Langevin expression modified by the log-

normal polydispersity function, summarised in Table 4.1, where MSP and MSB is the 

saturation magnetisation of the particles and of the bulk material, respectively and 

where Dt is the total SPION core diameter and Dm is the magnetic core diameter. 

Size measurements obtained using this method (Table 4.1) for the core sizes of 

γFe2O3 and Fe3O4 were very similar to those obtained from PXRD, TEM and DLS. It 

was found that both γFe2O3 and Fe3O4 had total core diameter of 10 nm and magnetic 
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core diameter of 9 ± 0.1 nm and 8 ± 0.1 nm respectively. Magnetic core sizes have 

also been determined from the intracellular iron content in single cell 

magnetophoresis measurements, which are discussed further in detail in Chapter 6. 

Table 4.1. Best fit parameters extracted from magnetisation curves presented in Figure 4.6. 

Sample 
MSP 

(emu/cm3) 

MSB 

(emu/cm3) 

Dm 

(nm) 

Dt 

(nm) 

Standard 

Deviation 
Comment 

γFe2O3  375 375 9 10 0.1 Powdered 

sample Fe3O4  265 480 8 10 0.1 

 

4.2.3 Preparation of pH 8 Dispersible SPIONs from OA-SPIONs 

To prepare SPIONs for silica coating by the sol-gel Stöber method, chemical 

modification of the SPION surface was performed to convert the hydrophobic OA-

SPIONs to hydrophilic through the removal of oleic acid from the surface of the 

SPIONs, producing a bare surface containing only surface hydroxyl groups. The 

procedure to remove oleic acid from the surface of OA-SPIONs was adapted from a 

method reported by Kohler et al.32 The method involved conditioning OA-SPIONs 

in 1 M ammonium hydroxide in butan-1-ol solution via sonication using an 

ultrasonic bath for 2 hours at 60 °C. SPIONs with a bare surface containing only 

surface hydroxyl groups could then be separated using a rare earth magnet at the side 

of the vial and later on dispersed into pH 8 sodium hydroxide solution using further 

sonication. The removal of oleic acid from the surface was confirmed by elemental 

analysis which showed C: 0.74 % and H: 0.23 % and by TGA (air atmosphere at 100 

mL/min), which showed a total organic and adsorbed solvent content of 1.09 %, 

Figure 4.8 red line. Hydrodynamic radius peak height measurements by DLS 

indicated the pH 8 dispersible SPIONs were not fully colloidally stable since size 

distributions found were much larger than those measured for OA-SPIONs. This 

suggests aggregates were present in the dispersion which is likely to be caused by 

interactions of SPIONs with each other through van der Waals forces. Dispersibility 

was demonstrated by the ability of the SPIONs to remain in suspension in pH 8 

solution, Figure 4.7. 
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Figure 4.6. Room temperature magnetisation curves of (a) γFe2O3 and (b) Fe3O4 cores as synthesised. 

The grey line indicates best model fit using simple Langevin expression modified by the log-normal 

polydispersity function.  Best fit parameters are provided in Table 4.1. 

 

Figure 4.7. Image showing vials of pH 8 dispersible A) maghemite γFe2O3 and B) magnetite Fe3O4 

SPIONs at the same concentration showing orange and brown suspensions respectively.  
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A confirmation of the maghemite composition was carried out using TGA (Figure 

4.8), through the observation of the colour of the SPIONs in solution (Figure 4.7A) 

and by FT-IR spectroscopy (Figure 4.14 fingerprint region using Figure 4.16).  

 

Figure 4.8. TGA data for pH 8 dispersible magnetite Fe3O4 SPIONs (red line) and pH 2 dispersible 

maghemite γFe2O3 SPIONs (blue line). The line represents the isotherm held at 120 °C for the 

removal of adsorbed solvent. Air atmosphere at 100 mL/min. 

The TGA measurement of pH 8 dispersible SPIONs, Figure 4.8 red line, shows a 

2.62 % weight increase from 150 to 280 °C which indicates oxidation of Fe2+ during 

the heating process in air. The theoretical percentage weight increase for the 

oxidation of pure magnetite to maghemite is 3.45 % since each Fe3O4 can combine 

with half an oxygen unit (2Fe3O4 + ½ O2 → 3(γFe2O3)).24,25 The percentage weight 

increase obtained from the TGA (2.62 %) thus indicates the SPIONs are likely to 

consist mainly of magnetite Fe3O4 (76 %) with a small amount of maghemite also 

likely to be present (34 %).33, 34 The colour of a dry sample of pH 8 dispersible 

magnetite Fe3O4 SPIONs produced were found to be black, Figure 4.9(1A), which 

according to colour plates of iron oxide produced by R. Cornell indicates the sample 

is magnetite Fe3O4, Figure 4.9C.35 After the heating procedure from the TGA in air, 

the dry sample turned from black to brown, which indicates the formation of 

maghemite, Figure 4.9(1B).35  
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Figure 4.9. TGA pans containing 1) pH 8 dispersible magnetite Fe3O4 SPIONs and 2) pH 8 

dispersible  maghemite γFe2O3 SPIONs showing (A) before and (B) after heating the dry sample in 

the TGA to 600 °C in air. (C) shows colour plates for Magnetite and Maghemite taken from 

reference.35  

The colour change therefore suggests maghemite had been formed via oxidation of 

magnetite after heating in the TGA. When compared to pH 2 dispersible SPIONs 

synthesised by co-precipitation procedure, the colour of the dry SPION sample was 

brown, Figure 4.9(2A), and remained brown after heating, Figure 4.9(2B). The 

SPION sample also showed no increase in percentage weight by the TGA, Figure 

4.8 blue line, which thus indicated these SPIONs were maghemite γFe2O3 in 

composition. Interestingly, when samples of pH 8 dispersible maghemite γFe2O3 and 

magnetite Fe3O4 SPIONs in suspension at the same concentration were compared 

visually, the samples appear orange and brown respectively, Figure 4.7A and B. 

4.2.4 Preparation of pH 8 Water Dispersible SPIONs from pH 2 

Water Dispersible SPIONs 

For the silica coating procedure via the sol-gel Stöber method, alkaline conditions 

were required. It was found from observations that pH 2 dispersible SPIONs 
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aggregate at high pH. This aggregation behaviour in alkaline conditions for the silica 

coating procedure was not favourable since good dispersibility of SPIONs is 

required during the silica coating procedure to achieve a uniform coating around an 

individual SPION core.  

Since the method used previously for the removal of oleic acid from OA-SPIONs 

provided a bare NP surface with surface hydroxyl groups and dispersibility in pH 8 

solution, pH 2 SPIONs were subjected to the same conditions and reagents in order 

to attempt to provide the same stability in pH 8 solution. After this conditioning 

treatment, pH 2 SPIONs were found to be dispersible in pH 8 NaOH solution which 

was confirmed by their stability in suspension after >24 hours at ambient.  

4.2.5 Synthesis of Silica Coated SPIONs (γFe2O3 and Fe3O4) by the 

sol-gel Stöber process  

Silica coated SPIONs (SiO2-SPIONs) were prepared following an adapted method 

by Lu et al.36 Briefly, pH 8 dispersible SPIONs were added to a solution of DIW and 

ammonia and sonicated and stirred using an overhead mixer at a speed of 250 rpm 

for 20 minutes. After this time, the stirring speed was then increased to 720 rpm to 

help further break up any aggregates or clusters in the reaction mixture. To this, a 

solution of TEOS in propan-1-ol was added gradually to the reaction flask using 

syringe and pump at a flow rate of 79 cc min-1 and left under continuous stirring and 

sonication for 4 hours. After the coating procedure, NPs were transferred to water 

via dialysis in order to remove ammonia and propan-1-ol prior to characterisation. 

To prepare samples for biological studies, NPs were concentrated via rotary 

evaporation to remove two thirds of the water and a solution of sodium azide (0.01 

%) was added to aqueous samples to prevent bacterial growth. 

4.2.5.1 Preliminary Experiments  

 To decide on the amount of TEOS to use in the reaction for the preparation of SiO2-

SPIONs for stem cell labelling experiments, three different volumes of TEOS were 

used for separate experiments. The aim of this experimental setup was to synthesise 

SiO2-SPIONs containing different shell thicknesses in addition to determine the 

optimal amount of TEOS for the silica coating procedure. The volumes of TEOS 
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used in each experiment were 150, 100 and 50 µL which were denoted as 

Experiments A, B and C respectively. For the experimental setup, pH 8 dispersible 

γFe2O3 SPIONs were used as the starting material for the coating reaction due to the 

abundance of material available when compared with Fe3O4 SPIONs. The SiO2-

SPIONs prepared in Experiments A to C were then assessed by visual inspection 

using TEM, Figure 4.10. 

For the SiO2-SPIONs prepared in Experiments A and B larger volumes of TEOS 

were used, 150 and 100 µL respectively, thicker silica shells on the surface of 

γFe2O3 SPIONs were observed through TEM, Figure 4.10A and B respectively. For 

Experiment A, 150 µL of TEOS was used in the reaction. Nucleation and formation 

of silica NPs were found in addition to clusters of SPIONs coated by silica.  In 

Experiment B, where 100 µL of TEOS was used, fusion of NPs and silica coating 

surrounding a cluster of NPs were observed and large aggregates were found.  

For Experiment C, a 50 µL volume of TEOS was used. Silica was observed to 

mainly coat individual SPIONs. In some cases, a coating surrounding a cluster of 

SPIONs was observed. It was difficult to tell how many cores per coated NP since 

the SPION cores used have an ill-defined shape. The TEM image shown in Figure 

4.10C also demonstrated that some of the NPs appeared to be aggregated on the 

TEM grid, which could have been caused from the sample preparation of the TEM 

grid during the drying process. It is however likely that the few aggregates present 

are actually SiO2-SPIONs which have fused together during the later stage of the 

coating process.  

Silica coated γFe2O3 SPIONs synthesised using 50 µL of TEOS appeared to be the 

best volume of TEOS to work with since the sample showed synthesis of a thin silica 

shell surrounding the SPION core(s) and SPIONs appeared to be moderately uniform 

in size and distribution with very few aggregates observed. 

4.2.5.2 Characterisation of Silica Coated γFe2O3 SPIONs  

Characterisation by TEM of the silica coated γFe2O3 SPIONs synthesised using 50 

µL of TEOS for the coating reaction gave a histogram with average (mean) diameter 

of 33 ± 15 nm, which was determined from >200 measurements using ImageJ 
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software, Figure 4.11. Since TEM core diameter measurements could not be 

obtained for the γFe2O3 SPIONs, the silica shell thickness could only be determined 

using the core diameter taken from PXRD of 8.4 nm which gave a calculated shell 

thickness of 11-12 nm.  

 

Figure 4.10. TEM images of silica coated γFe2O3 SPIONs using TEOS aliquots of A) 150 µL, B) 

100 µL and C) 50 µL in the reaction. Image A) shows presence of silica NPs formed and A) and B) 

showing increased numbers of multiple SPION cores surrounds by a silica coating.  

A sample of the silica coated γFe2O3 SPIONs, Figure 4.10C, was diluted and briefly 

sonicated for TEM analysis in order to determine whether or not aggregation was 

caused from the sample preparation of the TEM grid during the drying process, 

Figure 4.12B. 
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Figure 4.11. Size distribution of silica coated γFe2O3 SPIONs by TEM. Average diameter 33 ± 15 nm 

taken from >200 measurements. 

 

Figure 4.12. TEM images of A) γFe2O3 SPION starting material and B) silica coated γFe2O3 SPIONs 

using TEOS aliquot of 50 µL with zoomed in areas highlighted in red and green inset. 
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From the TEM image (Figure 4.12B), NPs showed better dispersion. The small 

aggregates that had been previously seen in Figure 4.10C were also not found. A 

closer look at the NPs (red and green dashed boxes) provided visualisation of the 

silica shell and iron oxide core(s) and again confirmed that the iron oxide cores were 

not spherical and are more globular shaped.  

 

Figure 4.13. DLS hydrodynamic radius peak height measurements of silica coated maghemite 

SPIONs. 



158 | Chapter 4                                                                                                            
 

Some silica coated NPs showed more than one core present but it is difficult to 

visualise how many in each composite NP since the contrast of the cores compared 

to the shell in some silica coated NPs are found to be hazy and unclear. A rough 

measurement of the shell thickness measured by TEM using silica coated composite 

NPs which do have a good contrast compared to the cores gave a thickness of 5 - 7 

nm. The size of SiO2-γFe2O3 SPIONs was assessed by DLS in DIW pH 8 showed 

two hydrodynamic radius peak height populations found in both the intensity and 

mass weighted distributions: Rh, intensity = 31 ± 14 nm and 97 ± 22 nm, Rh, mass = 29 ± 

4 nm and 84 ± 19 nm and Rh, number = 27 ± 3 nm, Figure 4.19. 

FT-IR spectroscopy measurements of pH 8 dispersible γFe2O3 SPIONs before and 

after coating with TEOS were carried out to investigate the NP surface chemistry, 

Figure 4.14A and B.  

 

Figure 4.14. FT-IR spectra of A) pH 8 dispersible γFe2O3 SPIONs (before coating procedure) and B) 

silica coated γFe2O3 SPIONs (after coating procedure). The red dashed line represents the start of the 

fingerprint region to identify iron oxide composition using Figure 4.16.  
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Table 4.2. Infrared bands of iron oxides.  

Iron Oxide Bands found at 
wavenumber / cm-1 

Magnetite 590 
Maghemite 450, 570, 590, 630 
Hematite 470, 540 

 

From FT-IR spectrum  B, a strong Si-O-H stretching band at 1100 cm-1 was 

observed in addition to bands assigned to Si-O-Si vibration at 990 cm-1 and Si-O-Si 

asymmetric bending at 450 cm-1 were found which confirmed the presence of silica 

in the sample. Bands assigned to Si-O-Fe are expected in the region of 800 to 400 

cm-1.37 Bands for CO2 were seen for both samples around 2300 cm-1. The OH groups 

observed for FT-IR spectrum A and B around 3400 cm-1 (and 3000 cm-1 for B) 

confirm the surface hydroxyl groups present on the surface of uncoated and SiO2 

coated γFe2O3 SPIONs respectively. The CH band found around 3000 cm-1 in FT-IR 

spectrum B for SiO2 coated γFe2O3 SPIONs are likely to be C-H bonds from un-

hydrolysed TEOS on the outer surface of the SPION. 

 

Figure 4.15. FT-IR spectra fingerprint region of Figure 4.14A against Figure 4.20A. Peaks picked 

using reported wavenumbers for maghemite, Table 4.2. Red dash lines show the wavenumbers for 

when the broad peaks plateau with the baseline. 
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Figure 4.16. FT-IR spectra of iron oxides showing the fingerprint region of the FT-IR spectrum of 

iron oxides. Image taken from reference.38 Red lines added to figure to highlight the wavenumbers for 

when the broad peaks plateau with the baseline. 

FT-IR spectroscopy was used to determine the composition of the iron oxide NPs 

synthesised by looking at the band pattern in the fingerprint region reported, Table 

4.2 and Figure 4.16.38 Magnetite has a smooth broad peak with a characteristic left 

hand slope at 590 cm-1. The fingerprint peak pattern for Maghemite however is 

broader than magnetite and has a characteristic jagged tooth shaped foot to its peak 

due to four peaks found from 450 to 630 cm-1, Table 4.2. Another characteristic sign 

of magnetite compared to maghemite is the point at which the peak for magnetite 

joins the baseline. Magnetite reaches the baseline at a lower wavenumber compared 

to maghemite which joins the base line at a higher wavenumber due to being 

broader, Figure 4.16. A closer look at the fingerprint region of pH 8 dispersible 

γFe2O3 SPIONs before coating with TEOS, Figure 4.15 taken from Figure 4.14A, 

showed a peak with a broad jagged tooth foot shape and wavenumbers characteristic 

of maghemite as highlighted by peaks picked. Zeta potential measurements carried 

out on the SiO2- γFe2O3 SPIONs in DIW pH 8 gave a high negative zeta potential 

value of -61.6 ± 7.5 mV. The high zeta potential value and the observation of 

excellent colloidal stability of the NPs in water indicate these NPs achieved colloidal 

stability through an electrostatic repulsion/stabilisation mechanism. 
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4.2.5.3 Synthesis and Characterisation of Silica Coated Fe3O4 

SPIONs  

Using the same reaction conditions as described previously, pH 8 dispersible Fe3O4 

SPIONs were reacted using a TEOS volume of 50 µL. Silica coated Fe3O4 SPIONs 

were successfully prepared as confirmed by TEM, Figure 4.18B. Here, the silica 

coated particles are evenly dispersed on the grid with most silica coated NPs 

containing only one SPION core. There are also other composite NPs which show 

two or three SPION cores fused together during the silica coating procedure, Figure 

4.18. A closer look at the NPs (Figure 4.18B red dashed box) provided visualisation 

of a uniform silica shell and the iron oxide core. The size by TEM was measured as 

average (mean) diameter of 25 ± 12 nm and mode diameter as 21 nm. Using the core 

diameter determined by TEM of 10 nm, a shell thickness of 6 – 8 nm was deduced. 

Using the core diameter as determined by PXRD of 9 nm, a shell thickness of 6 - 8 

nm was calculated.  

A frequency histogram using TEM images taken from >100 measurements of silica 

coated composite NPs, Figure 4.18, showed that over 60 % of silica coated particles 

contained one SPION core with around 25 % and 10 % for silica coated particles 

contain two and three SPION cores respectively. 

 

Figure 4.17. Size distribution of silica coated γFe2O3 SPIONs by TEM. Average diameter of 

25 ± 12 nm  taken from >100 measurements. 
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Figure 4.18. TEM images of A) oleic acid coated Fe3O4 SPION starting material and B) silica coated 

Fe3O4 SPIONs using TEOS aliquot of 50 µL with zoomed in area highlighted in red inset. Bottom left 

shows a frequency histogram for the number of SPION cores counted per silica coated composite 

particle.  

The size of SiO2-Fe3O4 SPIONs was assessed by DLS in DIW pH 8 showed two 

hydrodynamic radius peak height populations found in both the intensity and mass 

weighted distributions: Rh, intensity = 32 ± 4 nm and 137 ± 35 nm, Rh, mass = 31 ± 4 nm 

and 114 ± 28 nm and Rh, number = 28 ± 3 nm, Figure 4.19. The bimodal distribution 

observed by DLS confirms the presence of silica SPIONs with single and multiple 

cores. When comparing to size measurements obtained by TEM, the DLS 

hydrodynamic radius peak height measurements are much bigger by a diameter 

difference of 31 to 39 nm which will include contribution from the 

hydrodynamic/solvation layers on the surface of SiO2- Fe3O4 SPIONs in addition to 

size contribution from the fusion of two or more silica coated SPION NPs together.39 
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Figure 4.19. DLS hydrodynamic radius peak height measurements of silica coated magnetite Fe3O4 

SPIONs. 

FT-IR spectroscopy measurements of pH 8 dispersible γFe2O3 SPIONs before and 

after coating with TEOS were carried out to investigate the NP surface chemistry, 

Figure 4.20. 
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Figure 4.20. FT-IR spectra of A) pH 8 dispersible Fe3O4 SPIONs (before coating procedure) and B) 

silica coated Fe3O4 SPIONs (after coating procedure). The red dashed line represents the start of the 

fingerprint region to identify iron oxide composition using Figure 4.16. 

The FT-IR spectrum for silica coated γFe2O3 SPIONs showed similar surface 

chemistry to that found in the FT-IR spectrum for silica coated Fe3O4 SPIONs and 

therefore similar bands were observed. From FT-IR spectrum B, a strong Si-O-H 

stretching band at 1100 cm-1 was observed in addition to bands assigned to Si-O-Si 

vibration at 990 cm-1 and Si-O-Si asymmetric bending at 450 cm-1 were found which 

confirmed the presence of silica in the sample. Bands assigned to Si-O-Fe are 

expected in the region of 800 to 400 cm-1.37 

Carbon dioxide for both samples were observed around 2300 cm-1. Again, the CH 

band found around 3000 cm-1 in FT-IR spectrum B for SiO2 coated γFe2O3 SPIONs 

is likely to come from un-hydrolysed TEOS on the surface of the coated NPs. The 

iron oxide composition of pH 8 dispersible Fe3O4 SPIONs was associated with 

magnetite, Figure 4.15  taken from Figure 4.21A compared to Figure 4.16 and 

Table 4.2, as observed by a single broad peak with a characteristic left hand slope 

shape found around 590 cm-1. 
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The zeta potential of SiO2-Fe3O4 SPIONs in DIW pH 8 was found to be -58.8 ± 10.5 

mV. As observed from SiO2-γFe2O3 SPIONs, a highly negative zeta potential value 

is an indication of excellent colloidal stability of the NPs in water through a 

electrostatic repulsion/stabilisation mechanism.  

4.2.5.4 Properties of Silica Coated SPIONs (γFe2O3 and Fe3O4)  

SiO2-SPIONs were tested for cytotoxicity via a colorimetric assay using cell 

counting kit-8 (CCK-8) for the quantification for the number of viable cells after a 

period of 24 hours.  

 

Figure 4.22. Relative viability of KSCs exposed to a range of concentrations of SiO2-SPIONs 

(γFe2O3 SPION core) or Molday Ions. The cells were incubated in culture medium containing the NPs 

for 24 hours followed by viability measurement with CCK-8 reagent. Results are plotted as the 

relative viability as a function of NP concentration and error bars represent the standard deviation 

from three replicates. Cell viability with SiO2-SPIONs (Fe3O4 SPION core) was not measured. 

A kidney-derived murine stem cell (KSC) line40 was used and exposed to cell culture 

medium containing concentrations of NPs ranging up to 100 µg Fe mL-1 for 24 hours 

after which cell viability was then determined. After 24 hour exposure for cells 

exposed to NP concentrations up to and including 50 µg Fe mL-1, the cell viability of 

KSCs exposed to SiO2-SPIONs was maintained ≥100 % and was found to be the 

same with error and within the percentage limits compared to the Molday Ion 

control. At 100 µg Fe mL-1, cell viability decreased to ~70 % and was found outside 

the percentage error limits of the Molday Ion control. KSC viability exposed to the 
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Molday Ion control was found to be maintained ≥100 % and was the same within 

error, Figure 4.22.  Overall, the cell viability results support the selection of silica as 

a biocompatible surface coating for bio-application. 

 

Figure 4.23. Dissolution assay of uncoated SPIONs (pH 8 and pH 2 dispersible) vs. silica coated-

SPIONs in pH 4.5 citrate buffer solution at 37 °C. 

Silica SPIONs were tested for their stability in pH 4.5 citrate buffer solution at 37 °C 

over a period of at least 25 days. This was carried out to assess whether SiO2-

SPIONs would be suitable for long term stem cell tracking. Here, the stability of 

SiO2-SPION samples containing Fe3O4 and γFe2O3 cores was investigated. For this 

study, the dissolution behaviour of pH 8 dispersible SPIONs (Fe3O4 and γFe2O3 

cores) with a bare surface was also investigated as a comparison to see if the silica 

surface coating affected stability and rate of dissolution when compared to uncoated 

SPIONs. Firstly, the dissolution results for uncoated SPIONs from the dissolution 

assay, Figure 4.23, showed that uncoated Fe3O4 SPIONs dissolved at a high rate and 

achieved 77 % dissolution by day 5. When compared to uncoated γFe2O3 SPIONs, 

the dissolution rate was found to be much lower with around 30 % dissolution 

observed after 12 days, which then was found to plateau around 35 %. The 

dissolution trend for uncoated SPIONs is in agreement with the data found for the 

dissolution of iron oxides as reported, Figure 4.1.15  
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For dissolution data regarding SiO2-SPION samples, a significant decrease in SPION 

dissolution rate was observed when compared to the uncoated SPION cores. 

Specifically, for SiO2-SPIONs containing magnetite Fe3O4 core, a very low rate of 

dissolution was found where at 5 days only 5 % dissolution had been reached. After 

this point, the dissolution rate began to increase which suggests there is an induction 

period and could be due to diffusion of acidic protons through the silica porous 

coating to reach the SPION core. In addition, dissolved Fe ions may take time to 

diffuse through the shell into the citrate solution. This would explain why the 

dissolution rate speeds up past 7-10 day. At 14 days, the dissolution reached 20 % 

and at 25 days, the dissolution reached 60 % thus confirming that silica coating 

provided Fe3O4 SPIONs with protection from dissolution in pH 4.5 citrate buffer 

solution at 37 °C. For SiO2-SPIONs containing maghemite γFe2O3, the results 

showed very little dissolution of the iron oxide core over the period of 25 days with 

only 5 % dissolution found at the final time point. Again, this confirms the suitability 

of silica as a NP surface coating with regards to providing protection and stability in 

the lysosomal environment of a stem cell. The difference in chemical stability of 

Fe3O4 SPION versus γFe2O3 (uncoated and silica coated) further supports the 

reported chemical stability results of iron oxides with different composition, Figure 

4.1and Figure 4.2.15,16 

4.2.5.5 Magnetic Measurements  

Magnetisation saturation (Ms) values for SiO2-SPIONs samples and their uncoated 

SPION cores were measured using SQUID. For SiO2-SPIONs containing magnetite 

Fe3O4, Figure 4.24A, an Ms of 52.9 emu g-1 Fe3O4
 was measured which was similar 

to the Ms value measured for oleic acid coated SPIONs of 51.6 emu g-1 Fe3O4. No 

changes to the magnetisation of the iron oxide cores were therefore observed after 

reaction with TEOS. For SiO2-SPIONs containing maghemite γFe2O3, Figure 4.24B, 

a Ms value of 85.8 emu g-1 γFe2O3 was obtained and higher than that measured for 

SiO2-SPIONs containing magnetite Fe3O4 . An Ms value of 73.7 emu g-1 γFe2O3 was 

measured for the γFe2O3 starting material which is lower than that found for SiO2-

SPIONs containing maghemite γFe2O3.  
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Figure 4.24. Magnetisation-field magnetic hysteresis curves for uncoated SPIONs vs. silica coated-

SPIONs at 300K. The results show samples containing A) Fe3O4 and B) γFe2O3 cores. 

An explanation for the increased Ms value for the silica coated SPION compared to 

the starting material could stem from the fact that the Ms value is measured by per 

gram of iron oxide. Because of this, excess unreacted/unco-preciptated free Fe ions 

are likely to be present in the starting material sample. This could have been caused 

by i) insufficient nucleation and reaction of all the Fe ions present during the reaction 

or ii) some dissolution of the SPION cores which may have been caused by the pH 2 

environment in the sample or iii) via the Oswald ripening process. Overall, the 

SQUID measurements show SiO2-SPIONs have high Ms values despite reaction of 

the iron oxide surface with TEOS. 
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SiO2-SPION samples, containing Fe3O4 and γFe2O3 cores, were evaluated for their 

potential for use as an MRI contrast agent, Figure 4.25. SiO2-SPION samples with 

concentrations ranging from 0 to 1.0 mM Fe fixed in 1 % agarose were analysed by 

MRI to measure their R2 relaxivity. The R2 relaxivity for SiO2-SPION samples 

containing Fe3O4 and γFe2O3 cores were found at 140 and 163 mMFe-1 s-1 

respectively. The high R2 relaxivity values observed confirms there is good diffusion 

of  hydrogen nuclei from water molecules through the porous silica shell framework 

to the iron oxide surface and therefore confirms silica as a suitable surface coating 

for SPIONs as a MRI contrast agent.  

 

Figure 4.25. R2 (1/T2) Relaxivity data for SiO2-SPION samples containing Fe3O4 and γFe2O3 cores. 

4.3 Conclusion 

To conclude, silica was investigated as a surface coating for SPIONs see whether it 

would provide protection and stability of the iron oxide core to dissolution in 

conditions mimicking those found in the lysosomal environment of a stem cell. 

SiO2-SPION samples containing Fe3O4 and γFe2O3 cores were first synthesised using 

core size of 9 and 8 nm (by PXRD) respectively. The amount of TEOS optimised for 

the silica coating reaction was determined as 50 µl which gave an average silica shell 

thickness of 5-8 nm and 11-12 nm for SiO2-SPION samples containing Fe3O4 and 

γFe2O3 cores respectively (as determined by TEM). For the coating procedure of 

SiO2-SPION samples containing Fe3O4 cores, SPIONs were found to be evenly and 
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uniformly coated (as observed by TEM). SiO2-SPIONs containing two or more 

SPION cores were also found to be coated during the silica coating reaction; 

however 60 % of the distribution of SiO2-SPIONs contained a single core. Prior to 

pre-biological studies, the biocompatibility of silica as a NP surface coating was first 

evaluated by cytotoxicity assay using KSCs. The cell viability remained high 

throughout exposure to all NP concentrations apart from kidney stem cells exposed 

to 50 and 100 µg Fe mL-1 which showed a decrease in viability (90 % and 70 % 

respectively). The results from the dissolution assay confirmed the silica coating 

provided a significant decrease in dissolution rate over a period of 25 days when 

compared with uncoated SPIONs. Pre-biological studies of SiO2-SPION samples 

containing Fe3O4 and γFe2O3 cores were found to have high R2 relaxivity values of 

140 and 163 mM-1 s-1 respectively which confirmed their suitability as a contrast 

agent for MRI imaging. The magnetisation of SiO2-SPION samples containing 

Fe3O4 and γFe2O3 cores were measured using SQUID and gave Ms values of 51.6 

emu g-1 Fe3O4
-1 and 85.8 emu g-1 γFe2O3

-1
 respectively. The high Ms values 

confirmed the suitability of silica as a surface coating since the interaction of silica 

onto the surface of iron oxide did not affect the Ms value after coating reaction. 

Overall, the suitability of silica as a surface coating for SPIONs used as a contrast-

labelling agent for long term stem cell tracking has been studied. The biological 

studies for SiO2-SPION samples containing Fe3O4 and γFe2O3 cores have been 

investigated and are discussed in the stem cell biology Chapter 6. 
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5 
Synthesis of Gold Coated SPIONs: 
The Development of SPIONs Stable to the 
Conditions of a Lysosomal Environment 
 

 

 

 

 

 

 

 

 

For experimental details related to this Chapter, see Chapter 2. 
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5.1 Introduction 

In Chapter 4, silica as a nanoparticle (NP) surface coating was investigated for chemical 

resistance and stability in acidic conditions which mimicked those found in a lysosome 

which was assessed by monitioring the rate of dissolution of the superparamagnetic iron 

oxide NP (SPION) core over a period of 25 days. In this Chapter, the investigations 

continue by looking at gold as an alternative NP surface coating to compare the 

chemical stability and dissolution rate of the SPION core to silica. As mentioned in the 

introduction (Chapter 1) to this project, gold NPs possess many qualities as a material 

suitable for a NP cell labelling agent such as excellent biocompatibility, chemical 

stability,1 optical properties from its surface plasmon resonance (SPR)2 and high affinity 
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for conjugation of gold with amine and thiol groups present in organic molecules (such 

as polymers and other steric stabilisers) to the surface of the NP which allows for 

benefits to colloidal stability in aqueous and bio-active media.3 The properties of gold as 

a surface coating for SPIONs are therefore benefical and can allow for the creation of a 

versatile and robust cell labelling magnetic resonance imaging (MRI) contrast agent 

with multimodal imaging capabilities through optical, photothermal, optoacoustic and 

MR imaging which is interesting for magnetic, optical and biomedical applications.4-6 

The disadvantages to the use of gold as a surface coating for SPIONs include 

demagnetisation (thus decreasing the magnetisation saturation value (Ms)) which is 

caused by direct reaction and reduction of gold onto the iron oxide surface which thus 

produces a magnetic dead layer.7-9 Direct contact of gold with the iron oxide surface 

would also prevent the relaxation of water protons which can thus lead to a reduction of 

the R2 relaxivity value.10 

For the preparation of gold coatings for NP surfaces, there are two commonly used gold 

chemical reagents which are auric chloride and gold acetate. Auric chloride 

(HAuCl4.3H2O) is the most commonly used reagent reported which is mainly due to its 

solubility in water and hence versatility during chemical reactions.7, 11, 12 Gold acetate 

however is only soluble in non-polar solvents and reactions require NPs with 

hydrophobic surfaces such as oleic acid coated SPIONs (OA-SPIONs) to achieve 

uniform coatings.13, 14 

To avoid the direct reaction and reduction of gold with the iron oxide NP surface, a 

barrier coating is typically used. Such barriers include silica or silanes and polymers 

containing functional groups for the attachment and reduction of gold. Examples of such 

gold coatings include: Wu et al.15 who reported the synthesis of gold coated SPIONs 

through a sonication approach whereby amino silane functionalised SPIONs 

(A-SPIONs) in ethanol were mixed with a 1 % solution (w/v) of HAuCl4. Sodium 

citrate is then added under sonication until the mixture turns from yellow to black. 

Magnetic separation of the resulting material and centrifugation provided a purple NP 

suspension in ethanol. A slight reduction of the Ms value was also observed. Bell et al.16 

used the same principles reported by Wu et al. and reported the synthesis of a single 

iron oxide core containing a five layered nanostructure whereby two individual layers 

consisted of gold. The overall diameter obtained was reported as 60 nm. 
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A similar approach was carried out by Ji et al.17 who synthesised iron oxide/gold 

core/shell nanoparticles with overall average size of 82 nm with a gold shell thickness 

found at 8 nm. For the synthesis procedure, Figure 5.1, 10 nm iron oxide NPs were first 

reacted with tetraethylorthosilicate (TEOS) to form a silica shell with thickness ~28 nm.  

 

Figure 5.1. A reaction scheme for the synthesis of core@shell iron oxide@gold nanoparticles and TEM 

images of A) silica coated iron oxide nanoparticles, B) APTMS functionalised silica coated iron oxide 

nanoparticles with gold seeds attached to the surface and C) core@shell iron oxide@gold nanoparticles. 

Image taken from reference.17 

The silica coated SPIONs were then subjected to reaction with 3-aminopropyl 

trimethoxysilane (APTMS). The gold nanoshell was synthesised through the co-

ordination of gold seeds with diameter of 2-3 nm to the amino silane NP surface. The 

shell was then grown by the addition of auric chloride solution in the presence of 

potassium carbonate and tetrakis(hydroxymethyl) phosphonium chloride (THPC). The 

transmission electron microscope (TEM) images in Figure 5.1 show A) silica coated 
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SPIONs, B) APTMS functionalised silica coated SPIONs with gold seeds on the surface 

and C) the overall core shell iron oxide gold NPs. The EDX characterisation D) also 

shows presence of Au and Fe in the sample. Ms values and R2 MRI relaxivity values 

were also observed for the gold coated NPs. 

5.2 Results and Discussion: First Generation Gold Coated SPIONs 

(Au-SPIONs) 

For the preparation of Au-SPIONs, the method reported by Wu et al.15 was followed 

which involves the co-ordination of amines present on the surface of SPIONs with Au3+ 

ions which are then subjected to reduction by sodium citrate to form Au0 and hence a 

gold shell/coating. Since A-SPIONs had successfully been prepared and characterised in 

Chapter 3, A-SPIONs were used as the starting material for the gold coating procedure. 

Sonication was used during the co-ordination and reduction steps as reported to ensure 

sufficient co-ordination and reduction of gold surrounding individual SPIONs. Here, the 

amino silane layer is likely to provide a barrier inbetween the iron oxide surface and the 

gold coating thus preventing any unwanted chemical interactions between gold and the 

iron oxide surface which may reduce the Ms value of the SPION core and the R2 

relaxivity value through the formation of a magnetic dead layer.7, 9 

5.2.1 Synthesis and Characterisation of OA-SPIONs  

Prior to the preparation of A-SPIONs for the gold deposition reaction, monodisperse 

OA-SPIONs were prepared following the thermal decomposition method reported by 

Hyeon and co-workers.18 The SPIONs used here were the same for those used in 

Chapter 4. The characterisation data can therefore be found in Chapter 4 

Section 4.2.1. 

5.2.2 Synthesis and Characterisation of A-SPIONs 

A-SPIONs were prepared as mentioned in Chapter 3 using (3-amino)propyl 

trimethoxysilane (APTMS) as the ligand to provide a hydrophilic surface in addition to 

providing a stable covalently bound ligand to the SPION surface.  

The presence of amine groups on the surface of A-SPIONs was confirmed by zeta 

potential, which was found at +28.5 ± 4.8 mV in deionised water (DIW) pH 8. Fourier 
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transform infrared (FT-IR) spectroscopy also confirmed the presence of primary amine 

groups at ~3450 cm-1and around 1500 cm-1. Bands were also found at wavenumbers of 

1200 cm-1 and lower which confirmed the presence of silane bonds, Figure 5.2.  

Measurements of the A-SPIONs by thermal gavimetric analysis (TGA) determined the 

weight contribution of adsorbed solvent as 5.25 % which was the percentage weight loss 

calculated from ambient to 120 °C.  The total organic weight loss for the A-SPIONs by 

TGA was found to be 35.32 %, Figure 5.3. As described and discussed in Chapter 3, the 

composition of the amino silane coating of an A-SPION prepared could be determined 

using the elemental analysis measured for A-SPIONs which was found as C: 22.52 %, 

H: 3.91 %, N: 4.95 % and TGA results (see appendix). In summary, the theoretical 

number of amine ligands for one mono-layer on the surface of a 9.2 nm diameter 

nanoparticle (as determined by powder X-ray diffraction (PXRD) using the Scherrer 

equation) was calculated as 3635 ± 149 amine ligands.  

Using the percentage mass values for the contribution of Fe3O4 versus the contribution 

of the ligand shell, the molar composition of A-SPION with one monolayer of reacted 

APTMS could be written as (Fe3O4)1(C3H8NSiO3)0.7. 

The theoretical percentage mass for one monolayer of reacted amino silane ligands 

around a 9.2 nm Fe3O4 core was found as 27.82 %. This percentage mass value includes 

the percentage mass contribution from the inorganic silane, which is not thermal 

decomposed during TGA. The theoretical percentage mass contribution of the silane 

(SiO2) was therefore deducted to give a predicted TGA percentage for one monolayer of 

reacted APTMS as 12.05 %. The theoretical percentage mass contribution from C, H 

and N was also used to predict the elemental analysis. The predicted results were 

deduced as C: 7.47 % , H: 1.67 % and N: 2.90 %. The actual measured results obtained 

from the elemental and TGA were used to determine the actual composition of A-

SPION. The actual results could then be used to predict the actual average number of 

APTMS ligands reacted with the SPION surface with diameter of 9.2 nm and thus 

determine the average number of monolayer(s) of amino silane. 
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Figure 5.2. FT-IR spectra for A-SPIONs. 

 

Figure 5.3. TGA spectra for A-SPIONs. The dotted line represents the isotherm at temperature of 120 °C 

for the removal of adsorbed solvent. 

From the experimental procedure, the nitrogen content of the A-SPION product could 

only be attributed to APTMS ligands reacted onto the surface. Using the weight 

percentage measured for nitrogen, it was possible to calculate the carbon and hydrogen 

contribution for APTMS. It was deduced from the elemental analysis data that an excess 

of carbon and hydrogen was observed compared to the expected values for a pure 

APTMS coverage. The weight composition of A-SPION was determined as Fe3O4: 
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37.80 %, APTMS: 47.41 %, oleic acid: 9.54 % and solvent: 5.25 %. The molar 

composition of A-SPION was determined as (Fe3O4)1 (C3H8NSiO3)2.2 (C18H34O2)0.2 

(C6H8O1)0.3. The amount of APTMS on the A-SPION (with residual organic 

contaminate removed) corresponded to 2.94 equivalents of the value calculated earlier 

for a monolayer so the number of APTMS ligands on the surface (Lexp) was estimated at 

10698 (5.55 % N).  

5.2.3 Sonochemical Synthesis and Characterisation of Gold Coated 

SPIONs 

In Chapter 3, A-SPIONs were found to only be dispersible in alcohols but were found 

not to be stable when added to water or phosphate buffered saline (PBS). Following the 

gold deposition method by Wu et al.15, ethanol was used to pre-disperse A-SPIONs 

prior to a deposition reaction with auric chloride solution. Ethanol was also the solvent 

of choice in Chapter 3 to disperse A-SPIONs prior to amidation reaction since it was 

found to be the best solvent to disperse A-SPIONs. To ensure the amino silane layer 

surrounding the NP core co-ordinates with sufficient Au3+ ions in solution and thus 

achieve a full coating/shell of gold, A-SPIONs were firstly pre-sonicated before the 

addition of 1 % HAuCl4 solution to the vial. The mixture was then further sonicated to 

allow for the co-ordination of Au3+ with the amine groups on the SPION surface. At the 

same time, the  amines on the surface of A-SPIONs surface will protonate which helps 

break up small aggregates in the suspension. Protonation of the amines on the SPION 

surface has been observed through increased colloidal stability and clarity of the 

reaction mixture. The addition of 1 % HAuCl4 solution significantly lowers the pH of 

the reaction mixture (from pH 8 to pH 1.8) which at this pH would dissolve the SPION 

core, if left to sonicate or stand for a long period of time (as seen by the dissolution of 

uncoated Fe3O4 in Chapter 4). A solution of sodium citrate (20 mM) was then added 

dropwise into the reaction vial under sonication until the colour of the reaction mixture 

turned from yellow to black at which point the addition of sodium citrate to the reaction 

vial was stopped. Using a NdFeB rare earth magnet, the magnetic NPs were separated 

and washed twice with ethanol using sonication during the washing steps. The sample 

was then finally re-suspended using sonication and stored in ethanol. The colour of the 

final suspension was purple. To make Au-SPIONs dispersible and colloidally stable in 

water/PBS, thiol functionalised pMPC polymer (S-pMPC) was used with DPn of 135 
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(see appendix for characterisation data), Scheme 5.1 and Table 5.1. To obtain thiol 

functionalised pMPC, cleavage of disulphide-poly(2-methacryloyloxyethyl 

phosphorylcholine) (SS-2pMPC))  disulphide bond using tris(2-carboxyethyl)phosphine 

(TCEP)was required. The bifunctional disulphide SS-2pMPC polymers were prepared 

by Dr. Solène Cauët by atom transfer radical polymerisation (ATRP) using bis[2-(2’-

bromoisobutyryloxy) ethyl] disulfide (BriBOEDS) initiator. The polymerisation of thiol 

functional pMPC with DPn of 100 and 135 were targeted. Here, DPns higher than pMPC 

polymers used in Chapter 3 were prepared in order to stabilise gold containing NPs 

with higher density and larger size. 

 

Scheme 5.1. disulphide-poly 2-methacryloyloxyethyl phosphorylcholine (SS-2pMPC) cleavage. 

The DPn of S-pMPC polymers measured by gel permeation chromatography (GPC) with 

target DPn of 100 and 135 were found as 120 and 145 with Đ of 1.44 and 1.54 

respectively, Table 5.1. The dispersity (Đ) of both S-pMPC polymers were found to be 

broader than expected for ATRP, however this may have been caused by the 

reformation of the disulphide bond  from S-pMPC to SS-2pMPC thus causing a broader 

distribution of polymer chains present, Scheme 5.1. By proton nuclear magnetic 
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resonance (1H-NMR) ,the DPn of S-pMPC with target DPn of 100 and 135 were found 

as 81 and 135 respectively.  

Table 5.1.  GPC and 1H-NMR results for S-pMPC polymers. GPC: PBS solution pH 7.4 eluent, 50 °C, set 

of polyethylene oxide (PEO) calibration standards with Mp values of 125,8, 909.5, 442.8, 116.3, 62.1, 

23.5, 12.1, 12, 3.9, 1.5 kDa, differential refractive index (DRI) detector used.  

Target 
polymer 

1H-NMR GPC 

DPn Mn / 
g mol-1 DPn Mn / 

g mol-1 Đ 

 (S-pMPC100)2 81 24,000 120  35,500 1.44 
(S-pMPC135)2 135 40,000 145 42,100 1.54 

 

To attach S-pMPC polymers to the gold NP coating of Au-SPIONs through gold-thiol 

coupling, cleavage of the disulphide bond  of SS-2pMPC using TCEP was first carried 

out in water and added to Au-SPIONs pre-dispersed in ethanol via sonication, Scheme 

5.2. 

 

Scheme 5.2. Stabilisation of Au-SPIONs with thiol functionalised-pMPC polymer. 

After cleavage of the bifunctional initiator disulphide bond (Scheme 5.1), S-pMPC in 

water was added to Au-SPIONs under sonication. The reaction was then left to further 

sonicate for an hour at 22 °C and then placed on the rotary mixer for 15 hours at 22 °C. 

Removal ethanol and unbound polymer was carried out by dialysis and using a 

Sephadex G100 gel filtration chromatography column in PBS pH 7.4. The pMPC135 

coated Au-SPIONs in PBS were colloidally stable and purple in colour, Figure 5.4. 
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Figure 5.4. pMPC135 coated Au-SPIONs showing dispersibility and colloidal stability in PBS. 

To determine size and morphology of Au-SPIONs, high resolution transmission electron 

microscopy (HR-TEM) was used, Figure 5.5. The TEM images showed nanoparticles 

with a range of sizes and shapes indicating poor control over shell thickness and 

morphology.  

 

Figure 5.5. HR-TEM images for Au-SPIONs. Images were carried out by Dr Tobias Heil at the 

University of Liverpool. 

DLS size measurements of the pMPC135 coated Au-SPIONs in water gave 

hydrodynamic radius peak height measurements by intensity, mass and number of: Rs, 

intensity = 16 ± 1 nm and 81 ± 13 nm, Rs, mass = 16± 1 nm and 75 ± 12 and Rs, number = 15 ± 

1 nm (Figure 5.6A). From the HR-TEM images, NPs have defined contrast and shape, a 

size distribution from over 100 measurements was therefore obtained using ImageJ 

software. The average diameter of the composite NPs was measured at 18 ± 9 nm and 
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the mode found at 20 nm, Figure 5.6B. PXRD was also used to characterise the Au-

SPIONS. The PXRD pattern obtained showed good agreement for gold and indicated 

the material was crystalline, Figure 5.6C. However, no magnetite peaks were observed 

since they were hidden by high intensity of the peaks obtained for gold. The average 

particle size diameter measured was 11 nm. A surface plasmon resonance of the 

pMPC135 coated Au-SPIONs in water was observed using UV-Visible spectroscopy an 

absorbance with maximum wavelength (λmax) of 540 nm which indicated the gold shell 

was overall 60 nm in diameter, Figure 5.6D.19  

 

Figure 5.6. Characterisation data for Au-SPIONs showing A) DLS hydrodynamic radius peak height 

measurements (by intensity, mass and number), B) size distribution by TEM, C) PXRD and D) SPR 

absorbance at 540 nm by UV-Vis. 
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The amount of Au, Fe and Si present in the sample was measured by inductively 

coupled plasma optical emission spectrometry (ICP-OES) via the digestion of the 

material in aqua regia prior to analysis, Table 5.2. The material was found to contain Fe 

0.15 µg mL-1 or ppm, Si 0.03 µg mL-1 or ppm and Au 5.0 µg mL-1 or ppm. Using the 

ICP data for the Au-SPION sample (Table 5.2), the mass for iron oxide (Fe3O4) and 

amino silane could be deduced using percentage elemental analysis of each 

compound.The percentage mass values of iron oxide (Fe3O4), Au and amino silane 

(reacted to the surface (C3H8NO2Si)) were thus determined as: iron oxide: 3.89 %, Au: 

93.22 % and amino silane: 2.89 % using elemental analysis results, Table 5.2. Since the 

density of gold, iron oxide (Fe3O4) and amino silane is 19.30 g cm-3, 5.17 g cm-3 and 

1.68 g cm-3 respectively, the percentage volume of each material can be deduced using 

the percentage mass obtained, Table 5.3. The volume of iron oxide can be calculated 

using the diameter measured for the SPION core as 9.2 nm. Using the volume fractions 

calculated in Table 5.3 the volume of amino silane and gold could then be calculated 

based on the volume calculated for iron oxide (406.39 nm3) as 929.13 nm3 and 2608.78 

nm3 respectively, Table 5.4. 

Table 5.2. Elemental analysis results obtained from ICP measurements for Au-SPION sample. 

Element 
Mass 

(µg mL-1 or ppm) 
Material 

Mass 

(µg mL-1 or ppm) 

% 

Mass 

Fe 0.149 
Iron oxide 

(Fe3O4) 
0.209 3.89 

Si 0.032 
Amino silane 

(C3H8NO2Si) 
0.155 2.89 

Au 5.005 Gold 5.005 93.22 

 

Using the volume calculated for each material, the shell thickness of each layer can be 

calculated from the total volume of iron oxide and amino silane together. This is done 

by rearranging the equation for the volume of a sphere to give the radius and thus 

deducting the radius of iron oxide only (4.60 nm) from the radius obtained from the total 

volume of iron oxide and amino silane (Vt( V1+V2)) together where V1 is the volume of 

iron oxide only and V2 is the volume of amino silane only. This is repeated to obtain the 

shell thickness for gold from the total volumes of all three materials (Vt( V1+V2+V3)) where 
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V3 is the volume of gold, this time deducting the total radius obtained for iron oxide and 

amino silane, Table 5.5.  

Table 5.3. Volume fractions deduced from percentage mass and density of the material. 

Material % Mass 
Density 

(g cm-3) 

Volume 

Fraction 

Iron oxide 3.89 5.17 0.75 

Amino silane 2.89 1.68 1.72 

Gold 93.22 19.30 4.83 

 

Table 5.4. Sphere volume for 9.2 nm iron oxide and the deduced sphere volumes for amino silane only 

and gold only using the volume fraction deduced from  

Using the volume calculated for each material, the shell thickness of each layer can be calculated from the 

total volume of iron oxide and amino silane together. This is done by rearranging the equation for the 

volume of a sphere to give the radius and thus deducting the radius of iron oxide only (4.60 nm) from the 

radius obtained from the total volume of iron oxide and amino silane (Vt( V1+V2)) together where V1 is the 

volume of iron oxide only and V2 is the volume of amino silane only. This is repeated to obtain the shell 

thickness for gold from the total volumes of all three materials (Vt( V1+V2+V3)) where V3 is the volume of 

gold, this time deducting the total radius obtained for iron oxide and amino silane, Table 5.5.  

Table 5.3. 

Material 
Sphere volume (nm3) based 

on iron oxide as 9.2 nm 

Diameter of  

sphere (nm) 

Iron oxide 406.39 9.2 

Amino silane 929.13 
12.1 

(amino silane only) 

Gold 2608.78 
17.1  

(gold only) 

   

A theoretical diagram representing an iron oxide core with amino silane and gold 

coatings/shells is found in Figure 5.7. 

The shell thicknesses obtained from each coating were calculated as the following: 

amino silane 2.2 nm and gold 3.0 nm. The overall diameter for Au-SPION was 
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calculated as 19.6 nm. The A-SPION was calculated to have an overall diameter of 13.7 

nm. Since the percentage mass of iron oxide is 3.89 % (or 2.81 % of Fe), the amount of 

sample to make up a concentration of 1 mg Fe ml-1 in 1 mL for biological studies is 

35.59 mg of Au-SPION sample calculated as the amount required. This is not 

considering the mass of polymer required for stability in aqueous solution. The amount 

of sample required containing polymer would therefore be much greater.  

 

Figure 5.7. A theoretical diagram representing an iron oxide core with amino silane and gold 

coatings/shells.  

Table 5.5. Shell thicknesses calculated from the total volumes of each material by re-arranging the 

volume of a sphere equation to give radius. 

Material Volume ID 
Volume 

(nm3) 

Radius 

(nm) 

Shell thickness 

(nm) 

Diameter 

(nm) 

Iron oxide V1 406.39 4.6 
 

9.2 

Amino silane V2 929.13  2.2 
 

 
Vt( V1+V2) 1335.52 6.8 

 
13.7 

Gold V3 2608.78  3.0 
 

 
Vt( V1+V2+V3) 3944.30 9.8 

 
19.6 

 

By TGA, Figure 5.8, the percentage mass contribution for pMPC (with the percentage 

adsorbed water content (9.97 %) removed and mass of pMPC-Au-SPION from TGA 

rescaled to 100 %) was determined as 88.09 % and the inorganic Au-SPION as 11.91 % 

(0.33 % Fe). Therefore for a 1 mg Fe ml-1 concentration in a 1 mL sample, 299 mg is 
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required. The large amount of sample required very little water to make a 1 mL volume 

sample and hence the sample became very viscous, Figure 5.9. 

 

Figure 5.8. TGA spectra for pMPC135 coated Au-SPIONs. The dotted line represents the isotherm at 

120 °C for the removal of adsorbed water. 

 

Figure 5.9. pMPC135 coated Au-SPIONs - 1 mg(Fe) ml-1 sample in PBS. 

5.2.3.1 First Generation Au-SPIONs: Cytotoxicity 

pMPC135 coated Au-SPIONs were tested for cytotoxicity via a colorimetric assay using 

cell counting kit-8 (CCK-8) for the quantification for the number of viable cells after a 

period of 24 hours. A kidney-derived murine stem cell (KSC) line 20 was used and 

exposed to cell culture medium containing concentrations of NPs ranging up to 100 µg 

Fe mL-1 for 24 hours after which cell viability was then determined. KSCs exposed to 

pMPC135 coated Au-SPIONs showed no cytotoxicity at concentrations up to 25 µg Fe 

mL-1 .In fact cell viability was found to be above 100% within the limits of the Molday 
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Ion control at NP concentrations up to 25 µg Fe mL-1. At a NP concentration of 25 µg 

Fe mL-1, the cell viability was above the percentage error limits for the control and was 

observed around 170 %. The increase in cell viability is likely to have been caused by 

interference with the CCK-8 reading at 450 nm from pMPC135 coated Au-SPIONs 

which have a maxium peak absorbance at 540 nm. The cell viability for Molday Ions 

was found to be ≥100 % for KSCs exposed to all NP concentrations used. At NP 

concentrations above 25 µg Fe mL-1 (50 and 100 µg Fe mL-1), the pMPC135 coated Au-

SPIONs sample became difficult to pipette due to the high viscosity liquid sample and 

the amount of sample required to add to stem cells to achieve the required Fe 

concentration. The exposure of KSCs with a high viscous sample resulted in complete 

cytotoxicity of all cells. The safe NP concentration limit to label KSCs with pMPC135 

coated Au-SPIONs therefore lies at 25 µg Fe mL-1, Figure 5.10.  

 

Figure 5.10. Relative viability of KSCs exposed to a range of concentrations of pMPC135 coated Au-

SPIONs or Molday Ion nanoparticles. The cells were incubated in culture medium containing the 

nanoparticles for 24 hours followed by viability measurement with CCK-8 reagent. Results are plotted as 

the relative viability as a function of nanoparticle concentration and error bars represent the standard 

deviation from three replicates. 

5.2.3.2 First Generation Au-SPIONs: Chemical Stability 

Au-SPIONs coated with S-pMPC135 were tested for their stability in pH 4.5 citrate 

buffer solution at 37 °C over a period of 25 days. This was carried out to assess whether 

they would be suitable for long term stem cell tracking. For this study, the dissolution 

behaviour of pH 8 stable SPIONs (Fe3O4) with a bare surface containing only surface 
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hydroxyl groups were included as a comparison to check if the gold coating affected 

stability and rate of dissolution compared to uncoated SPIONs, Figure 5.11A. from the 

dissolution assay, a significant decrease in SPION dissolution rate was observed for 

pMPC135 coated Au-SPIONs. At 25 days the dissolution of Fe had reached <5 % when 

compared to the uncoated SPION cores which reached an Fe dissolution of just over 75 

% at 5 days and just over 95 % at 8 days was observed. The significant increase in 

chemical stability observed for the Au-SPIONs indicated a good coating of gold 

surrounding SPION cores had been achieved. This confirms the suitability of gold as a 

NP surface coating with regards to providing protection and stability in the lysosomal 

environment of a stem cell. 

One factor during the dissolution assay process that was observed was that the Au-

SPIONs had a maximum absorbance of 540 nm which overlapped with the maximum 

absorbance of Prussian blue at 590 nm used to quantify the amount Fe of in the sample.  

A calibration curve was prepared to check if the absorbance from Au-SPIONs effected 

the accuracy of the Prussian blue assay (containing FerroZine) used to determine Fe 

concentration. The calibration curve consisted of a series of Fe standards prepared by 

serial dilution in pH 4.5 citrate buffer including a blank. To each standard and blank, an 

liquot containing 5 µg Fe mL-1 pMPC135 coated Au-SPIONs was added. The absorbance 

value obtained from the blank containing 5 µg Fe mL-1 pMPC135 coated Au-SPIONs 

was deducted from the absorbance value obtained for each Fe standard containing 5 µg 

Fe mL-1 pMPC135 coated Au-SPIONs and plotted to make a calibration curve, Figure 

5.11B. The calibration curve provided an R2 value of 0.999 and thus confirmed the 

absorbance of pMPC135 coated Au-SPIONs did not interefere with the absorbance 

measurements used to quantify Fe by the Prussian blue dissolution assay.  

5.2.3.3 First Generation Au-SPIONs:Magnetisation Saturation 

Measurements  

The Ms values for OA-SPION starting material and Au-SPIONs after the gold 

deposition reaction were measured using SQUID magnetometry to assess if their were 

any chemical interations with auric chloride during the gold deposition reaction/coating 

procedure with the iron oxide surface and thus affecting the magnetisation. For OA-

SPIONs the Ms value obtained was found at 49.8 emu g-1 Fe3O4
 and for Au-SPIONs the 
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Ms value obtained was found at 47.8 emu g-1 Fe3O4,  Figure 5.12. From this, it can be 

deduced that very little change to the Ms value was observed after reaction with auric 

chloride solution which confirms there were no interactions of the Au3+ ions with the 

iron oxide surface. This synthesis procedure for the deposition of gold is therefore 

suitable with regards to preventing the formation of a magnetic dead layer which has 

been seen in the literature for procedures involving the deposition of a gold directly onto 

the SPION surface. 9, 21-23 

5.2.3.4 First Generation Au-SPIONs: Relaxivity Measurements  

Au-SPIONs coated with thiol functionalised pMPC135 were evaluated for their potential 

for use as an MRI contrast agent, Figure 5.13. pMPC135-Au-SPIONs with 

concentrations ranging from 0 to 1.0 mM Fe fixed in 1 % agarose were analysed by 

MRI to measure their R2-relaxivity. The R2-relaxivity for pMPC135-Au-SPIONs were 

found at 123.0 mMFe-1 s-1. The high R2-relaxivity value observed confirms there is good 

diffusion of water protons through the porous silica shell framework to the iron oxide 

surface and therefore supports the use of gold as a suitable surface coating for SPIONs 

as a MRI contrast agent.10, 24 

5.2.4 Outlook: First Generation Au-SPIONs 

The chemical stability results for the first generation Au-SPIONs in pH 4.5 citrate buffer 

over a period of 25 days showed less than 5 % dissolution. However, due to the issues 

surrounding the amount of sample required to obtain a 1 mg Fe mL-1 solution and the 

difficulty found after working with a sample with high viscosity thus leading to 

pipetting problems during the preparation of solutions at concentrations of 100 and 

50 µg Fe mL-1 required an improvement in the sample so that it may be easier to use for 

cell labelling experiments. The proposed solution to this problem was to reduce the 

amount of gold in the sample since its density is much higher than silica or iron oxide 

and therefore contributes to much of the overall sample mass. This way, the percentage 

mass of Fe in the sample would be greater and thus the overall amount of sample 

required would be lower. 
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Figure 5.11. Dissolution assay of uncoated Fe3O4 SPIONs and Au-SPIONs in pH 4.5 citrate buffer 

solution at 37 °C. 
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Figure 5.12. Magnetisation-field magnetic hysteresis curves for OA-SPION and Au-SPIONs at 300K. 

The 2 T magnetisation for OA-SPION is 49.80 emu g-1 Fe3O4 and Au-SPION 47.80 emu g-1 Fe3O4. 

 

Figure 5.13. Relaxivity data for Au-SPIONs showing R2 (1/T2) as 123.0 mM-1 s-1 

5.3 Results and Discussion: Second Generation Au-SPIONs 

In this section of the Chapter, a modification to the gold deposition reaction on the 

surface of A-SPIONs was carried out to attempt to increase the percentage Fe mass in 

the sample and thus reduce the overall amount of sample required to make a 1 mg mL-1 

solution for cell labelling experiments. At the same time, trying to reduce the shell 

thickness of the gold shell and control the size and the morphology of the gold coating 

on the surface of A-SPIONs. 
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5.3.1 Synthesis and Characterisation of OA-SPIONs  

A different batch of OA-SPIONs was used for the second generation Au-SPIONs prior 

to the preparation of A-SPIONs. Again, monodisperse OA-SPIONs were prepared 

following the thermal decomposition method reported by Hyeon and co-workers.18 

Dynamic light scatting (DLS) size measurements of the OA-SPIONs in tetrahydrofuran 

(THF) gave solvodynamic radius peak height measurements by intensity, mass and 

number of: Rs, intensity = 8 ± 2 nm and 28 ± 8 nm, Rs, mass = 7 ± 1 nm and 22 ± 7 nm, 

Rs, number = 6 ± 1 nm (Figure 5.14A). TEM showed OA-SPIONs were spherical in shape. 

From the TEM image, a size distribution from over 400 measurements was obtained 

using ImageJ software. The average diameter of the cores was measured at 8 ± 4 nm, 

Figure 5.14B and C. PXRD was also used to characterise the SPIONS and the PXRD 

pattern obtained for the OA-SPIONs showed good agreement with the reference pattern 

for magnetite (ICDD no. 01-088-0315) and indicated the material was crystalline, 

Figure 5.14D. The average particle size diameter measured was 7.4 nm as derived from 

the Scherrer equation. 

5.3.2 Synthesis and Characterisation of A-SPIONs 

A-SPIONs were prepared as mentioned in Chapter 3 using (3-amino)propyl 

trimethoxysilane (APTMS) as the ligand to provide a hydrophilic surface in addition to 

providing a stable covalently bound ligand to the SPION surface.  

The presence of amine groups on the surface of A-SPIONs was confirmed by zeta 

potential, which was found at + 22.8 ± 3.68 mV in deionised water (DIW) pH 8.  

Fourier transform infrared (FT-IR) spectroscopy also confirmed the presence of primary 

amine groups at ~3450 cm-1. Bands found at wavenumbers of 1200 cm-1 and lower also 

confirmed the presence of silane bonds,  

From thermal gravimetric analysis (TGA), the weight contribution of adsorbed solvent 

was determined as 4.98 % which was the percentage weight loss calculated from 

ambient to 120 °C.  The total organic weight loss for the A-SPIONs by TGA was found 

to be 35.47 %,Figure 5.15.  
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Figure 5.14. Characterisation data for OA-SPIONs used for the second generation Au-SPIONs showing 

A) DLS solvodynamic radius peak height measurements (by intensity, mass and number), B) TEM image 

C) size distribution by TEM and D) PXRD. 

As described and discussed in Chapter 3, the composition of the amino silane coating 

of A-SPION prepared could be determined using the elemental analysis measured for 

A-SPIONs which was found as C:22.55 %, H: 3.87 %, N: 4.12 % and TGA results (see 

appendix A). In summary, the theoretical number of amine ligands for one mono-layer 

on the surface of a 7.4 nm diameter nanoparticle (as determined by PXRD using the 

Scherrer equation) was calculated as 2338 ± 229 amine ligands.  
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Using the percentage mass values for the contribution of Fe3O4 versus the contribution 

of the ligand shell, the molar composition of A-SPION with one monolayer of reacted 

APTMS could be written as (Fe3O4)1(C3H8NSiO3)0.8. 

 

Figure 5.15. TGA spectra for A-SPIONs used in the second generation Au-SPIONs. The dotted line 

represents the isotherm at temperature of 120 °C for the removal of adsorbed solvent. 

The theoretical percentage mass for one monolayer of reacted amino silane ligands 

around a 7.4 nm Fe3O4 core was found as 32.46 %. This percentage mass value includes 

the percentage mass contribution from the inorganic silane, which is not thermal 

decomposed during the TGA. The theoretical percentage mass contribution of the silane 

(SiO2) was therefore deducted to give a predicted TGA percentage for one monolayer of 

reacted APTMS as 14.06 %. The theoretical percentage mass contribution from C, H 

and N was also used to predict the elemental analysis. The theoretical percentage mass 

contribution from C, H and N was also used to predict the elemental analysis. The 

predicted results were C: 8.72 %, H: 1.95 % and N: 3.39 %. 

The actual measured results obtained from the elemental analysis and TGA were used to 

determine the actual composition of A-SPION. The actual results could then be used to 

predict the actual average number of APTMS ligands reacted with the SPION surface 

with diameter of 7.4 nm and thus determine the average number of monolayer(s) of 

amino silane. From the experimental procedure, the nitrogen content of the A-SPION 

product could only be attributed to APTMS ligands reacted onto the surface. Using the 

weight percentage measured for nitrogen, it was possible to calculate the carbon and 
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hydrogen contribution for APTMS. It was deduced from the elemental analysis data that 

an excess of carbon and hydrogen was observed compared to the expected values for a 

pure APTMS coverage. The weight composition of A-SPION was determined as Fe3O4 

42.15 %, APTMS 39.46 %, oleic acid 13.40 % and solvent 4.98 %. The molar 

composition of A-SPION was determined as (Fe3O4)1 (C3H8NSiO3)1.6 (C18H34O2)0.3 

(C6H8O1)0.3. The amount of APTMS on the A-SPION (with residual organic 

contaminate removed) corresponded to 1.74 equivalents of the value calculated earlier 

for a monolayer so the number of APTMS ligands on the surface (Lexp) was estimated at 

4074 (4.76 % N).  

5.3.3 Sonochemical Synthesis and Characterisation of Gold Coated 

SPIONs 

For the preparation of Au-SPIONs containing a lower percentage mass of gold, the gold 

deposition reaction on the surface of A-SPIONs was modified. Here the gold deposition 

method by Wu et al.15 was again followed. Instead of following the procedure as 

reported  in Section 5.2.3 and adding a solution of sodium citrate (20 mM) drop wise, 

the yellow supernatant containing uncoordinated Au3+ (HAuCl4 solution) was instead 

removed by centrifugation at 5,000 rpm for 2 minutes and the A-SPIONs reacted with 

Au3+ ions were re-dispersed into ethanol under sonication. Sodium citrate (20 mM) was 

then added drop wise under sonication until a colour change from brown to black was 

observed. The reaction solution was then centrifuged at 5,000 rpm for 2 minutes. The 

supernatant was decanted and particles were re-suspended through sonication 1:1 (v/v) 

solvent mixture of ethanol and water. To this, a 1% HAuCl4.3H2O solution was again 

added and further sonicated. During sonication, the colour of the solution turned red. 

The solution was again centrifuged at 5,000 rpm for 2 minutes and supernatant 

decanted. The nanoparticles were again re-suspended through sonication in a 1:1 (v/v) 

solvent mixture of ethanol and water. The NPs were further separated using a rare earth 

magnet and re-suspended via sonication into ethanol and water solvent mixture – the 

magnetic separation step was again repeated to yield a red stable suspension in 

ethanol/water, Figure 5.16. 
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Figure 5.16.  Au-SPIONs uncoated in DIW. 

To make Au-SPIONs dispersible and colloidally stable in water/PBS, S-pMPC (as 

prepared by Dr. Solène Cauët) was used with DPn of 81 (see appendix for 

characterisation data). The polymer coating procedure was the same as that used for the 

first generation Au-SPIONs. DLS size measurements of the S-pMPC81 coated Au-

SPIONs in water gave hydrodynamic radius peak height measurements by intensity, 

mass and number of: Rs, intensity = 9 ± 1 nm and 143 ± 20 nm, Rs, mass = 9 ± 1 nm and 

Rs, number = 9 ± 1 nm. PXRD was also used to characterise the Au-SPIONS. The PXRD 

pattern obtained showed good agreement for gold and lower intensity peaks found for 

iron oxide and indicated the material was crystalline, Figure 5.17B The presence of 

magnetite peaks indicate the magnetite NPs are exposed to the X-rays through the shell 

or are simply uncoated. The average particle size diameter measured was 11.4 nm using 

the Scherrer equation. An SPR of the Au-SPIONs in water was observed using UV-

Visible spectroscopy an absorbance with maximum wavelength (λmax) of 525-530 nm 

which indicated the gold shell or gold NPs were overall 25 to 40 nm in diameter, Figure 

5.17C.19  

A closer look at the second generation Au-SPIONs (uncoated with S-pMPC) by HR-

TEM, Figure 5.18, show a population of two different types of NPs which consist of 

NPs containing a dark contrast and NPs containing a grey contrast. It appears that not all 

NPs have been coated with gold or simply that the coating procedure did not work at all 

and there are a population of gold NPs and a population of SPIONs.  
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Figure 5.17. Characterisation data for second generation Au-SPIONs showing A) DLS of pMPC coated 

Au-SPIONs hydrodynamic radius peak height measurements (by intensity, mass and number), B) PXRD 

and D) SPR absorbance at 525 - 530 nm by UV-Vis. 

The images show that the NPs are clumped together which may have been caused 

through sample preparation of the TEM grid during the sample application and drying 

step. The measurements by DLS indicate a narrow distribution in addition to the SPR 

absorbance at 525 nm which suggest no gold to gold NP interactions. To investigate 

whether there are gold NPs in the sample, Au-SPIONs coated with pMPC81 were 

dispersed in PBS and the magnetic NPs were separated using magnetic separation over a 

period of 48 hours. The images of the magnetically separated pMPC81 Au-SPION 

sample, Figure 5.19, show that by 48 hours, a clear colourless supernatant was observed 

with magnetic NPs drawn to one side of the glass vial. The fact that none or very few 
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gold NPs remained in the supernatant suggested there were no gold NPs present in the 

sample or that they were attached to the uncoated A-SPIONs in the sample through co-

ordination with amine groups. 

 

Figure 5.18. HR-TEM of second generation Au-SPIONs. Images were captured by Dr Tobias Heil at the 

University of Liverpool. 

The zeta potential for Au-SPIONs without coating gave +24.3 ± 3.3 mV and for 

pMPC81 coated Au-SPIONs a measurement of -15.03 ± 0.9 mV were found. The 

colloidal stability of uncoated Au-SPIONs at 37 °C for 48 hours was found to be stable 

in PBS and cell medium containing serum. However, in cell medium not containing 

serum, the uncoated Au-SPIONs precipitated within 24 hours.  

FT-IR was carried out on the uncoated Au-SPIONs to investigate their surface 

chemistry. Figure 5.20 shows bands for carbonyl groups and hydroxyl groups 
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associated around 1450 and 3200 cm-1 which are likely to be from the citrate stabilised 

onto the gold surface. A band was found for amine groups around 1600 cm-1 and silane 

band found around 1100 cm-1 which indicates that not all the A-SPIONs were coated 

with gold. The CH2 groups around 2850 and 1150 cm-1 are likely to come from either 

citrate or the amino silane. 

 

Figure 5.19. Magnetic separation study of pMPC81 coated Au-SPIONs. 

 

Figure 5.20. FT-IR of second generation Au-SPIONs. 

Again, the amount of Au, Fe and Si present in the sample was measured by ICP via the 

digestion of the material in aqua regia prior to analysis. Using the ICP data for the Au-

SPION sample (Table 5.6), the mass for iron oxide (Fe3O4) and amino silane could be 

deduced using percentage elemental analysis of each compound. 
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Table 5.6. Elemental analysis results obtained from ICP measurements for Au-SPION sample. 

Element 
Mass 

(µg/ml or ppm) 
Material 

Mass 

(µg/ml or ppm) 

% 

Mass 

Fe 9.009 
Iron oxide 

(Fe3O4) 
12.662 31.79 

Si 1.663 
Amino silane 

(C3H8NO2Si) 
7.946 19.95 

Au 19.228 Gold 19.228 48.27 

 

 The percentage mass values of iron oxide (Fe3O4), Au and amino silane (reacted to the 

surface (C3H8NO2Si)) were thus determined as: iron oxide: 31.79 %, Au: 48.27 % and 

amino silane: 19.95 % using elemental analysis obtained from Table 5.6.  

The volume of iron oxide was calculated using the diameter measured for the SPION 

core as 9.2 nm. Using the volume fractions calculated in Table 5.7, the volume of 

amino silane and gold could then be calculated based on the volume calculated for iron 

oxide (209.60 nm3) as 404.79 nm3 and 85.26 nm3 respectively, Table 5.8. 

Table 5.7. Volume fractions deduced from percentage mass and density of the material 

Material % Mass 
Density 

(g cm-3) 

Volume 

Fraction 

Iron oxide 31.79 5.17 6.15 

Amino silane 19.95 1.68 11.88 

Gold 48.27 19.30 2.50 

 

Using the volume calculated for each material, the shell thickness of each layer was 

calculated from the total volume of iron oxide, amino silane and gold, Table 5.9.  

The shell thicknesses obtained from each coating was calculated as the following: amino 

silane 1.59 nm and gold 0.23 nm. The overall diameter for Au-SPION was calculated as 

11.01 nm. The A-SPION was calculated to have an overall diameter of 10.55 nm. 

Since the percentage mass of iron oxide is 31.79 % (or 23.00 % of Fe), the amount of 

sample to make up a concentration of 1 mg Fe ml-1 in 1 mL for biological studies was 
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determined as 4.34 mg of Au-SPION sample. Compared to the first generation 

Au-SPIONs containing no pMPC coating, this is over 8 times less the amount of overall 

sample required to achieve the Fe concentration desired. 

Table 5.8. Sphere volume for 7.4 nm iron oxide and the deduced sphere volumes for amino silane and 

gold using volume fraction deduced from Table 5.7. 

Material 

Sphere volume 

(nm3) based on iron 

oxide as 7.4 nm 

Diameter of 

sphere (nm) 

Iron oxide 209.60 7.4 

Amino silane 404.79 
9.2  

(amino silane only) 

Gold 85.26 
5.5 

(gold only) 

 

Table 5.9. Shell thicknesses calculated from the total volumes of each material by re-arranging the 

volume of a sphere equation to give radius. 

Material Volume ID 
Volume 

(nm3) 

Radius 

(nm) 

Shell thickness 

(nm) 

Diameter 

(nm) 

Iron oxide V1 209.6 3.7  7.4 

Amino silane V2 404.8  1.6  

 
Vt( V1+V2) 614.4 5.3  10.6 

Gold V3 85.3  0.2  

 
Vt( V1+V2+V3) 699.7 5.5  11.0 

 

5.3.3.1 Second Generation Au-SPIONs: Cytotoxcity  

To determine if Au-SPIONs were suitable for cell labelling studies, NPs were tested for 

cytotoxicity via a proliferation study whereby cells were counted over a 48 hour period 

and monitored for growth and increased cell numbers. This method was chosen to assess 

cytotoxicity rather than using the CCK-8 assay since the sample used contained 30 % 

ethanol and at high concentrations the cells died so the upper toxic limits of this sample 

could not be established. Ethanol could not be removed from the sample since it 

provided colloidal stability to the Au-SPIONs. Dialysis of the sample to remove ethanol 
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caused aggregation and sedimentation. A MSC line20 was used and exposed to cell 

culture medium containing concentrations of NPs at 25 µg Fe mL-1 for 24 hours after 

which cell viability was then determined. The cell proliferation assay was carried out by 

Dr Arthur Taylor at the University of Liverpool, Institute of Translational Medicine.  

 

Figure 5.21. Retention experiment: 24 hour labelling with MICB or Au-SPIONs for 24 hours, wash and 

then measurement 0 hours, 24 hours or 48 hours after labelling. Bar charts show A) cell count, B) total 

cell count (0 and 24 hours: 500 µl, 48 hours: 1000 µl) and C) growth ratio over 48 hour period. 

Comparing cell count over 48 hours, Figure 5.21A and B, at 0 hours MSCs exposed to 

Au-SPIONs showed less cell numbers compared to the blank control and Molday Ion 

Coumarin Blue (MICB) which suggested some cytotoxicity with cells. At 24 hours, 

MSC numbers exposed to Au-SPIONs had tripled indicating proliferation and cell 

viability but cell numbers were still around 25 % fewer compared with the blank control 

and MICB. At 48 hours, MSC numbers exposed to Au-SPIONs were similar to those 

measured at 24 hours and were within the error limits measured for the blank control. 

MSCs exposed to MICB however continued to proliferate. 
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From the results comparing cell growth ratios, Figure 5.21C, at time point 0 to 24 

hours, the cell division for Au-SPIONs showed the highest growth ratio of 2.7 when 

compared to the blank control and MICB which had cell growth ratios of 2.3 and 2.5 

respectively. From time point 0 to 48 hours the cell growth division for Au-SPIONs was 

5.3 which was higher than that found for the control of 3.5 but slightly lower than that 

for MICB which was found at 5.8. Overall the data shows cells proliferate over 48 hours 

after exposure to Au-SPIONs which the cells survived and proliferated as much as the 

controls which indicated good biocompatibility. 

5.3.3.2 Second Generation Au-SPIONs: Chemical Stability 

Second generation Au-SPIONs (no polymer) were tested for their stability in pH 4.5 

citrate buffer solution at 37 °C over a period of 40 days. This was carried out to assess 

whether they would be suitable for long term stem cell tracking. For this study, the 

dissolution behaviour of pH 8 stable SPIONs (Fe3O4) with a bare surface containing 

only surface hydroxyl groups were again included in addition to A-SPIONs (since the 

FT-IR and TEM characterisation data indicate the existence of two populations of NPs 

with one population likely to be uncoated A-SPIONs). The dissolution for the 

A-SPIONs and pH 8 stable SPIONs (Fe3O4) will be used as a comparison to determine 

whether gold coating was formed and thus determine whether the presence of gold NPs 

would affect chemical stability and rate of dissolution. 

For dissolution data regarding Au-SPIONs without a polymer coating, Figure 5.22, a 

decrease in SPION dissolution rate was again observed however the dissolution was 

greater than that found for the first generation Au-SPIONs containing more gold. At 40 

days the dissolution of the Au-SPION sample had reached a dissolution of around 40 % 

which is over 8 times the amount observed for the first generation Au-SPIONs 

containing more gold. When compared to the dissolution of A-SPIONs, at 40 days the 

percentage Fe dissolution reached ~ 82 % which is lower than that observed for 

uncoated SPION cores which reached an Fe dissolution of just over 75 % at 5 days and 

just over 95 % at 8 days. The fact that there is around 18 % of Fe in the A-SPION 

sample undissolved suggests that the amine groups may provide a protective layer. In 

Chapter 3, it was mentioned that amino silane groups co-ordinate with heavy metal ions 

in solution.25-27 This co-ordination behaviour may be occurring with free Fe ions in 

solution which are not readily used to form the Prussian blue complex.28 Dissolution 
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behaviour was also assessed for Au NPs (diameter of 15 nm) which had been premixed 

with A-SPIONs. The dissolution assay showed a similar dissolution trend to that found 

for uncoated pH 8 stable SPIONs (Fe3O4) which confirms that Au NPs do not provide 

sufficient protection and chemical stability to A-SPIONs.  

To understand the dissolution behaviour (chemical stability and rate of dissolution) of 

the second generation Au-SPIONs further, different samples of A-SPIONs were 

subjected to the same conditions used for the gold deposition reaction. The first 

condition was to sonicate A-SPIONs with a 1 % solution of HAuCl4.3H2O (simulating 

conditions used in the gold deposition reaction) which were then separated from the 

yellow supernatant and washed in a 1:1 mix of ethanol/water. The second condition was 

to sonicate A-SPIONs in a pH 1.8 solution of HCl. 

 

Figure 5.22. Dissolution assay of uncoated Fe3O4 SPIONs, A-SPIONs, Au-SPIONs (no polymer) and a 

1:1 mix of A-SPIONs with Au NPs in pH 4.5 citrate buffer solution at 37 °C. 

Since 1 % HAuCl4.3H2O solution is pH 1.8, chemical modification of the amino silane 

layer might occur which could be providing protection and a degree of chemical 

stability. The dissolution data of these A-SPIONs, Figure 5.23, showed that 

conditioning in pH 1.8 HCl solution gave a dissolution trend similar to that obtained for 

A-SPIONs without treatment. For A-SPIONs subjected to 1% HAuCl4, the dissolution 

was found to be slower. At 0 to 10 days the trend appears to be very similar to those 
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observed for the second generation Au-SPIONs without polymer. However, after this 

time point the dissolution rate increases and reaches 72 % dissolution at 34 days. This 

indicates that the co-ordination of Au3+ ions with surface amines provides some 

chemical stability of the SPION core. 

 

Figure 5.23. Dissolution assay of A-SPIONs subjected to conditioning in HAuCl4 solution (red line) and 

pH 1.8 solution (green line) in pH 4.5 citrate buffer solution at 37 °C. 

The chemical stability results from the dissolution assay for the second generation Au-

SPIONs without polymer indicate that the co-ordination of Au3+ with amines 

contributes to its chemical stability. The low contrast NPs observed by HR-TEM, 

Figure 5.18, are therefore likely to consist of Au3+ co-ordinated A-SPIONs. 

TEM images of Au-SPIONs without polymer were taken at 0 and 20 days which were 

subjected to the same conditions used for the dissolution assay. Samples were 

magnetically separated to image only magnetic NPs, Figure 5.24. From time 0 to day 

20, a disappearance of most of the low contrast NPs was observed. A silica matrix 

surrounding the NPs was also seen which confirm the low contrast NPs were indeed A-

SPIONs which were likely to contain Au3+ ions co-ordinated to amino silane layer.  
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Figure 5.24. TEM images taken of Au-SPIONs (no polymer) which were subjected to dissolution assay 

conditions(pH 4.5 citrate buffer solution at 37 °C). 

PXRD was carried out on all gold containing samples investigated by the dissolution 

assay study, Figure 5.23, in addition to Au NPs with diameter of 15 nm which were 

measured as a comparison. The spectra obtained for each sample was normalised by 

relative intensity and were overlayed onto the same graph, Figure 5.25. The spectra 

obtained for A-SPIONs mixed with Au NPs was very closely related to the PXRD 

pattern obtained for Au-SPIONs (second generation, no polymer) which suggests the 

composition of Au-SPIONs are gold NPs mixed with A-SPIONs. Interestingly, for A-

SPIONs treated with HAuCl4, a PXRD pattern for Au was only observed. A closer look 

at the baseline of the PXRD pattern, Figure 5.26, shows the high intensity peaks for Au 

are hiding peaks for iron oxide which has a much lower intensity. The Scherrer equation 

for peaks matching gold give a crystal size of 71 nm which maybe the reduction of Au3+ 

ions to Au0 upon drying of the sample. 
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Figure 5.25. PXRD spectra for Au-SPIONs, Au NPs, mix of A-SPIONs/Au NPs and A-SPIONs treated 

with HAuCl4 solution. 

 

 

Figure 5.26. PXRD spectra for A-SPIONs treated with HAuCl4 solution. 

Kumar et al.29 synthesised hollow gold nanoshells and demonstrated the appearance of 

these by TEM, Figure 5.27A. Here, transparent shells showing a dark rim are observed 

which thus confirmed the success of the synthesis. Hollow gold nanoshells containing 
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AgCl cores Figure 5.27B were also imaged and the presence the gold shell could not be 

distinguished from the core. PXRD was carried out on the hollow gold nanoshells and 

the pattern obtained follows a similar trend to those observed for solid Au NPs. 

Therefore this data indicates that gold nanoshells provide a similar PXRD pattern to that 

of solid gold NPs which thus supports that a Au coated SPION could be obtained.  

 

Figure 5.27. Shows TEM image of a) hollow gold nanoshells and b) the appearance of the gold 

nanoshells containing AgCl cores . The PXRD spectra (bottom) shows the pattern obtained for hollow 

gold nanoshells. Image taken from reference.29 

5.3.3.3 Second Generation Au-SPIONs: Magnetisation Saturation 

Measurements 

The Ms values measured from A-SPIONs  gave 50.9 emu g-1 Fe3O4
 and for Au-SPIONs 

49.2 emu g-1 Fe3O4, Figure 5.28 . As observed with the first generation Au-SPIONs, 

very little change to the Ms value was observed after reaction with auric chloride 

solution confirming no interactions of the Au3+ ions with the iron oxide surface. 7, 9, 30  
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Figure 5.28. Magnetisation-field magnetic hysteresis curves for OA-SPION and Au-SPIONs at 300K. 

The 2 T magnetisation for A-SPION 50.9 emu g-1 Fe3O4 and Au-SPION 49.2 emu g-1 Fe3O4. 

Dr. Lara Bogart at the University of Liverpool, Institute of Integrative Biology 

determined the magnetic SPION cores sizes using SQUID magnetometry curves 

obtained from measurements taken for A-SPIONs, Au-SPIONs and Molday Ion 

Rhodamine B, Figure 5.29. The sizes were determined using a simple Langevin 

expression modified by the log-normal polydispersity function, where Dt is the total 

SPION core diameter and Dm is the magnetic core diameter. For the A-SPIONs, a total 

core diameter of 10.0 ± 0.11 nm was deduced which contained a magnetic core diameter 

of 8.2 ± 0.11 nm. For the second generation Au-SPIONs, a total core diameter of 9.5 ± 

0.12 nm was deduced which contained a magnetic core diameter of 7.5 ± 0.12 nm. On 

average, there is around a 2 nm difference in size (or a 1 nm thick shell dead layer) for 

both SPION samples. 



                                                                                                         Chapter 5 | 215 

 
 

 

Figure 5.29. Room temperature magnetisation curves of (a) A-SPIONs, (b) Au-SPIONs (2nd generation) 

measured using SQUID magnetometry. Values of the total and magnetic radius as deduced from log-

weighted Langevin expression are indicated for each particle, respectively. 

Table 5.10. Best fit parameters extracted from ambient temperature magnetisation curves presented in 

Figure 5.29. Where Dt is the total SPION core diameter and Dm is the magnetic core diameter. 

Sample Dt (nm) Dm (nm) Standard 
deviation Comment 

A-SPIONs 10.0 8.2 0.11 
Powdered 

sample Au-SPIONs 
(2nd gen) 9.5 7.5 0.12 

 

5.3.3.4 Second Generation Au-SPIONs: Relaxivity Measurements 

Au-SPIONs were evaluated for their potential for use as an MRI contrast agent, Figure 

5.30. Au-SPIONs with concentrations ranging from 0 to 1.0 mM Fe fixed in 1 % 

agarose were analysed by MRI to measure their R2 relaxivity. The R2 relaxivity for Au-

SPIONs was found at 194 mMFe-1 s-1. The high R2 relaxivity value observed confirmed 

there was good diffusion of water protons to the iron oxide surface and therefore 

supports the use of gold as a suitable surface coating for SPIONs as an MRI contrast 

agent.10, 24 
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Figure 5.30. Relaxivity data for second generation Au-SPIONs showing R2 (1/T2) relaxivity as 

194 mM-1 s-1 .  

5.3.3.5 Second Generation Au-SPIONs: Elemental Mapping 

Measurements 

Elemental mapping of Au-SPIONs was carried out using scanning transmission electron 

microscopy-high angle annular dark field (STEM-HAADF) and bright field imaging, 

Figure 5.31. Here elements with the highest atomic number appear brighter than those 

containing lower atomic number. From the dark field image, two separate populations of 

NPs exist which is likely to be gold NPs and iron oxide NPs. For a core shell NP 

containing a core with low atomic number and shell containing higher atomic number, a 

dark core is expected with a lighter shell on the dark field image. Here, this is not 

observed which indicates the bright NPs are likely to be solid gold NPs. Elemental 

mapping was also carried out using HAADF-electron energy loss spectroscopy (EELS) 

which is a technique complimentary to energy dispersive X-ray (EDX) spectroscopy, 

Figure 5.32. A map of Fe is scanned over Au-SPIONs during TEM. Unfortunately Au 

could not be mapped over the Au-SPIONs due to limitations of the instrument from low 

signal intensity for Au. Instead, a HAADF image was used to highlight areas for Au. 

The image for the Fe map show strong signals for NPs which have low contrast under 

conventional TEM. For the dark contrast NPs, weak Fe signal is observed which may be 

an artefact from the instrument. 
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Figure 5.31. A) OA-SPION starting material observed by conventional TEM, Au-SPIONs imaged by B) 

STEM-HAADF bright field, C) STEM-HAADF dark field. Images were carried out by Dr Tobias Heil at 

the University of Liverpool. 

 

Figure 5.32. Shows from left to right TEM Au-SPIONs under bright field (black and white image), Fe 

map by HAADF-EELS (green and black), high energy view under dark field with highest atomic number 

appearing brightest (red and black) and finally an overlay of the Fe map with the high energy dark field 

image. Images were carried out by Dr Tobias Heil at the University of Liverpool. Scale bar :100 nm. 

Core shell iron oxide gold nanoparticles synthesised by Sharma et al.31 were analysed 

by TEM- EELS, Figure 5.33. Here, the signal intensity level measured for Fe was also 

found to be low over the NPs found in the TEM image of core/shell iron oxide/gold 

NPs. This Fe mapping thus provides a view to whether core/shell of iron oxide/gold can 

be adequately characterised through EELS mapping.  
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Figure 5.33. Showing a) TEM image of gold coated iron oxide NP, b) EDX intensity profile for Au and 

Fe and C) the EDX plot, d), e) and f) show an overalay and individual elemental maps using EELS over a 

TEM image of NPs for the distribution of Fe (purple) and gold (red). Image taken from reference.31 

5.4  Conclusions 

To conclude, in this Chapter gold was investigated as a NP surface coating to see if 

improvements to the chemical stability and protection of the SPION core to dissolution 

in conditions mimicking those found in the lysosomal environment of a stem cell. The 

initial stage of the work in this Chapter involved the use of A-SPIONs as a surface to 

co-ordination with Au3+ ions and reduction to Au0 to form a gold shell/coating. SPIONs 

containing a core diameter of 9.2 nm (by PXRD) were used. TEM images indicated the 

gold deposition process was uncontrolled as confirmed by the morphology of different 

shapes obtained. Au-SPIONs were found to have average crystal diameter of 10.8 nm 

by PXRD. The first generation Au-SPIONs were found to be purple in colour after the 

reaction procedure and an SPR with maxium absorbance of 540 nm was observed by 

UV-Vis spectroscopy. The SPR absorbance of known spherical Au NPs indicate at this 

wavelength an average size of 60 nm gold NPs is expected. By TEM, an average 

diameter of 18 ± 9 nm was measured and a total shell thickness of around 4 nm 

containing silane and gold was obtained. ICP analysis showed 2.81 % percentage mass 

of Fe was present in the sample. A large amount of Au was also present. To prepare a 1 

mg Fe mL-1 concentrated sample for cell labelling experiments, a mass of 35.6 mg of 
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overall sample was required per 1 mL. Thiol functionalised pMPC polymer was 

required to stabilise Au-SPIONs in PBS or water. From TGA results, 88 % polymer 

weight contribution was found and which thus significantly reduced the Fe weight 

percent to 0.33 % in the overall sample. Thus, 299 mg of pMPC135-Au-SPION sample 

was now required in 1 mL to prepare a 1 mg Fe mL-1 concentrated sample. The large 

amount of sample required lead to a high viscosity sample which was difficult to pipette 

and dispense into cell culture petri dishes. Cytotoxicity results at cell labelling 

concentrations of 100 and 50 µ Fe mL-1 were found to be cytotoxic with cells which was 

likely to have been caused by the excessive mass of sample present in the petri dish. The 

dissolution assay data for pMPC135 coated Au-SPIONs provided significant chemical 

stability and protection of the iron oxide core to dissolution over a period of 25 days in 

pH 4.5 citrate buffer at 37 °C which confirms the suitability of gold as a surface coating 

for the protection of the SPION core. The magnetic properties were found to be retained 

which was confirmed by the Ms value which was measured at 47.8 emu g-1 Fe3O4 and by 

the R2 relaxivity value of 123 mM-1 s-1 which again, further supports the suitability of 

gold as a surface coating. 

In the second stage of this Chapter, the gold deposition reaction was modified in order 

to try and reduce the amount of gold present in the sample and thus reduce the amount 

of sample required to make a 1 mg Fe mL-1 sample for cell labelling studies and thus 

reduce viscosity of the sample and the cytotoxic effects observed with stem cells. A-

SPIONs containing 7.4 nm SPION cores (by PXRD) were used for the gold deposition 

reaction. The second generation Au-SPIONs were found to be red in colour after the 

reaction procedure and an SPR was observed by UV-Vis spectroscopy whereby the 

maxium absorbance was found at 525-530 nm.The SPR absorbance for known spherical 

Au NPs indicate at this wavelength an average size of 25 to 40 nm gold NPs is expected. 

ICP analysis of the sample indicated a percentage mass of Fe as 23 % with the amount 

of sample required to make a 1 mg Fe mL-1 solution as 4.3 mg which was an 8 fold 

reduction compared to the first generation Au-SPIONs. Cytotoxity was assessed by cell 

proliferation over a period of 48 hours and cells showed better growth rates compared to 

the control which confirmed their biocompatibility. The dissolution assay data for the 

second generation Au-SPIONs provided a degree of chemical stability and protection of 

the iron oxide core to 40 % dissolution at 40 days in pH 4.5 citrate buffer at 37 °C. By 

TEM, two populations of NPs were observed which showed darker NPs containing Au 
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as confirmed by HAADF imaging and lighter contrast NPs which were determined to be 

uncoated A-SPIONs or A-SPIONs containing Au3+ ions co-ordinated to surface amine 

groups which was confirmed by EELS and taking a TEM image at 20 days during 

conditions simulated for the dissolution assay. The interaction of Au3+ ions with surface 

amine groups were found to contribute to the chemical stability results, however a full 

mechanism to the chemical stability for the second generation Au-SPIONs has not been 

determined. It is likely that the dark contrast NPs observed by conventional TEM are 

solid gold NPs and that a gold shell was not produced during the gold deposition 

reaction which was confirmed by HAADF. The magnetic properties were again found to 

be retained which was confirmed by the Ms value which was measured at 49.2 emu g-1 

Fe3O4 and by the MRI R2 relaxivity value of 194 mM-1 s-1 which again, further support 

the suitability of the use of gold to provide chemical stability to SPIONs. 

Overall, the suitability of the use of gold for SPIONs used as a contrast-labelling agent 

for long term stem cell tracking has been studied. The biological studies for Au-SPION 

samples have been investigated and are discussed in the stem cell biology Chapter 6. 
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Stem Cell Labelling Studies  

 
 

 

 

 

 

 

 

 

 

 

 

For experimental details related to this Chapter, see Chapter 2. 
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6.1 Introduction 

The intracellular fate of nanoparticles (NPs) is largely dependent on their 

endocytotic pathway type. Depending on the type(s) of endocytotic pathway present 

in the cell membrane of a particular cell (see Figure 6.1),1, 2 extracellular material 

can be selectively internalised depending on its properties. This selectivity can allow 

different cell types containing one or more endocytotic pathway type to internalise 

material at different rates.3 The design and development of nanomaterial and their 

surface coating is therefore important in obtaining good internalisation of material 

for cell labelling and tracking capability and knowledge of the endocytotic 

pathway(s) present in the targeted cell for labelling is beneficial. Properties of 

materials that can influence selectivity and rate of internalisation include size, 

shape/morphology, and surface charge/chemistry.4, 5 For example, electrostatic 
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interactions with the membrane of a cell are known to occur with NPs which possess 

a surface charge since the membrane of a cell is known to have an overall net 

negative charge.6 Positively charged NPs are therefore likely to have high affinity for 

a negatively charged cellular membrane and can thus encourage a faster rate of NP 

internalisation.7 Negatively charged particles are likely to be electrostatically 

attracted to positively charged proteins present in the membrane of the cell but due to 

an overall electrostatic repulsion with the overall net negative charge of the cell 

membrane, the rate of internalisation by endocytosis is likely to be lower than that 

seen for NPs with a positively charged surface.8 A neutral surface present on NPs 

coated with hydrophilic ligands does not show a preference for a specific endocytotic 

pathway and their uptake is typically labelled as non-specific but interaction with the 

cell membrane is still likely to occur through hydrogen bonding.9  

 

Figure 6.1. Showing various endocytotic pathways and their appearance under a transmission 

electron microscope (TEM). Image taken from reference.1 
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The administration and internalisation of NPs with stem cells in this project is 

carried out in vitro whereby stem cells are cultured in a petri dish and are exposed to 

cell culture medium containing NPs for a period of 24 to 48 hours to allow for the 

internalisation of NPs to take place. In Chapters 3-5, the chemical stability and 

dissolution of NPs prepared in this Thesis were assessed using a citrate buffer assay 

which was carried out at pH as low as 4.5 in order to mimic the conditions of an 

acidic lysosomal environment within a stem cell. 

In this Chapter, magnetically labelled stem cells were studied by a technique known 

as cell tracking velocimetry (CTV), a concept similar to flow cytometry, whereby the 

magnetic velocity of each cell was measured.10 Using magnetic velocity and the 

magnetic saturation (Ms) value obtained by SQUID for the magnetic NP sample 

internalised, the cell uptake of SPIONs for each cell could be quantified using 

Equation 9 of Chapter 2, Section 2.2.17.  

The biological studies in this Chapter are discussed by the author, who did not carry 

out any of the biological experiments/studies or process any of the data. The author 

provided nanomaterials to the collaborating cell biologist (Dr Arthur Taylor) and 

biophysist (Dr Lara Bogart), who were funded on this EPSRC project. The 

nanomaterials prepared in this Thesis were submitted for cell labelling studies to 

understand the behaviour and suitability of the prepared materials as potential 

contrast agents for long term stem cell labelling/tracking. Cell labelling studies 

involved the use of murine derived kidney stem cells (KSCs) and mesenchymal stem 

cells (MSCs). The KSC lines used for cell labelling studies were isolated by the 

laboratories at the University of Liverpool Institute of Translational Medicine and 

their use was not commonly reported in the literature. The reason for using KSC 

lines in this project was that earlier work from the laboratory showed its potential use 

to help regenerate damaged kidneys which was the main area of research for this 

group.11 All experiments in this Chapter involving KSC H6 were performed with 

cells between passage number of 10 and 30. Experiments using MSC D1 were 

performed with cells between passage number of 8 and 25. Cells were cryopreserved 

at their earliest passage number (10, 8), thus no cells at an earlier passage were used. 

At the later passage number (30, 25), these cells were known to preserve their stem 
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cell like characteristics and had not undergone any phenotypic changes as a 

consequence of prolonged culture. 

Dr Arthur Taylor performed stem cell labelling experiments and prepared and took 

images of stem cells by optical and transmission electron microscopy (TEM) for the 

determination of cell uptake and intracellular localisation of NPs. In addition, Dr 

Lara Bogart used labelled stem cells prepared by Dr Arthur Taylor for CTV 

measurements for the determination of NP cell uptake and retention of NPs over a 

period of time. Photothermal imaging was also carried out by Dr Lara Bogart for the 

determination of NP cell uptake and for the determination of intracellular 

localisation of NPs. Alongside the nanomaterials prepared in this project; Molday 

Ion Rhodamine B (MIRB) and Molday Ion Coumarin Blue (MICB) commercially 

available contrast agents were used as controls to compare NP cell uptake and 

retention. 

6.2 Results and Discussion 

The uptake protocol for the following studies can be found in the experimental 

section of this Thesis Chapter 2 sections 2.2.17 and 2.3.2.2 and describes the process 

conditions used to prepare cells for optical, photothermal and CTV imaging.  

6.2.1 Molday Ion Contrast Agents 

To compare uptake of NPs prepared in this Thesis against commercially available 

contrast agents, the uptake/performance of the different Molday Ion contrast agents 

used was first determined. MSCs were exposed to a Molday Ion NP concentration of 

25 µg Fe mL-1 for a period of 24 hours. To quantify the level of uptake, the magnetic 

velocities of MSCs exposed to MIRB, MICB and Molday Ion Evergreen (MIEG) 

contrast agents were measured by single cell magnetophoresis using CTV, Figure 

6.2.10 Average magnetic velocity measurements were found for MIRB, MICB and 

MIEG as 145 ± 80 µm s-1, 270 ± 200 µm s-1 and 130 ± 60 µm s-1 respectively with 

mean intercellular iron content determined as 5.0 ± 3.0 pg, 8.7 ± 6.4 pg and 4.1 ± 2.0 

pg respectively. MIRB and MIEG were found to have very similar levels of uptake 

compared with MICB which showed a higher level of uptake by a factor of two. For 

MICB, the standard deviation for the magnetic velocity measurements was found to 
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be much higher than that seen for MIRB and MIEG at ± 200 µm s-1, which suggests 

a heterogeneous level of uptake behaviour measured from cell to cell. MSCs are 

perhaps selective at internalising MICB unlike MSC samples exposed to MIRB and 

MIEG which show a more homogeneous level of uptake behaviour. All three 

Molday Ion contrast agents have an average 8 nm diameter SPION core and cationic 

dextran proprietary shell with average zeta potential of ~+31 mV.12 The only 

difference between each contrast agent is the fluorescent tag. The higher level of 

uptake for MICB must be considered when using this contrast agent when comparing 

against NPs prepared in this Thesis. 

 

Figure 6.2. Velocity histogram (left) and mean intracellular iron (right) of MSCs following a 24 hour 

exposure period to 25 μg Fe mL-1 of three different Molday Ion SPIONs as measured by single cell 

magnetophoresis. For each condition, the magnetic velocity was measured for cells suspended in 30% 

glycerol. A minimum of 300 cells were tracked over at least 3 image acquisitions.  

6.2.2 Stem cell labelling studies using 

poly[2-(methacryroyloxy)ethylphosphorylcholine] (pMPC) 

coated SPIONs 

In Chapter 3, pMPC coated SPIONs were prepared and their suitability as a contrast 

labelling agent for bioapplication was assessed prior to cell uptake studies. In this 

Chapter, the cell uptake of pMPC29-SPIONs with MSCs and KSC lines were 

investigated. In addition, the chemical stability of pMPC29-SPIONs was investigated 

through a retention study with KSCs over a period of 14 days and is compared 

against the dissolution assay results obtained from Chapter 3 which were also used to 

assess the chemical stability of pMPC29-SPIONs over time. 
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For cell uptake studies, KSCs were exposed to cell culture medium containing 

pMPC29-SPIONs and MIRB NP concentrations of 1-50 µg Fe mL-1 and incubated 

for a period of 24 hours.11 MIRB was initially selected due to having a similar core 

size to pMPC29-SPIONs and containing a polymeric shell (dextran). The only 

difference was their average zeta potential value (pMPC29-SPIONs in DIW pH 7 was 

near to neutral at +3.0 ± 0.3 mV compared to Molday Ion contrast agents which have 

an average zeta potential value of +31 mV). After this period, cells were washed, 

fixed and the iron oxide cores were stained using Prussian blue to form a complex 

with iron for imaging of SPIONs. Pararosaniline counterstain was used to visualise 

and image KSCs using bright field optical microscopy. For KSCs exposed to SPION 

concentrations of 5 µg Fe mL-1 of MIRB and pMPC29-SPIONs (Figure 6.3A and B 

respectively), the Prussian blue staining appeared to be more intense with KSCs 

exposed to MIRB when compared to pMPC29-SPIONs and thus indicated higher 

levels of uptake were obtained with MIRB. At higher labelling concentrations of 50 

µg Fe mL-1, the Prussian blue staining intensity for KSCs exposed to MIRB and 

pMPC29-SPIONs (Figure 6.3C and D respectively) appeared even and thus 

suggested an even level of uptake was obtained in both cases. The even levels of 

Prussian blue staining could also indicate KSCs had become saturated at this 

labelling concentration.  

At cell labelling concentrations of 5 µg Fe mL-1, the lower level of uptake of 

pMPC29-SPIONs suggests the pMPC surface coating is ‘stealthy’ and provides non-

specific uptake as observed from the lower levels of Prussian blue staining, Figure 

6.3, when compared with MIRB.13 MIRB showed higher levels of uptake at lower 

NP concentrations. This is likely due to its cationic dextran surface coating, which 

results in a positive surface charge as measured by zeta potential of ~+31 mV when 

compared with the neutral pMPC29-SPIONs (pMPC29-SPIONs in DIW pH 7 was 

+3.0 ± 0.3 mV).14 The optical microscopy images, Figure 6.3, also show 

heterogeneous uptake of pMPC29-SPIONs at low NP concentrations within the KSC 

sample as observed from varying intensity of Prussian blue staining from cell to cell. 

This is thought to be due to the presence of more than one KSC type present in this 

population whereby cells have become more specialised than others and are 

therefore more selective in terms of the level of uptake.11  
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KSCs were also exposed to re-constituted pMPC29-SPIONs (freeze dried and 

re-dissolved in PBS pH 7.4 solution) at a NP concentration of 50 µg Fe mL-1 for 24 

hours, Figure 6.4. Here, a lower intensity of Prussian blue staining was observed 

within KSCs and thus suggested a lower level of uptake was achieved when 

compared to non-reconstituted pMPC29-SPIONs (Figure 6.3D). In addition, 

adhesion of reconstituted pMPC29-SPIONs to the outer cell membrane occurred as 

observed from the presence of blue staining around the outside of the cells. This may 

have been caused due to a number of reasons: 1) the reconstituted pMPC29-SPIONs 

required a longer period of time to fully hydrate the pMPC shell coating, 2) the 

reconstituted pMPC29-SPIONs were not fully dissolved and dispersed into the PBS 

solution or 3) the surface of the pMPC shell had been modified by the lyophilisation 

process thus changing the surface chemistry and hence changing the NP interaction 

with KSCs. 

 

Figure 6.3: Particle uptake study using a KSC line exposed to NP concentrations of 5 µg Fe mL-1 of 

A) MIRB, B) pMPC29-SPIONs and 50 µg Fe mL-1 C) MIRB and D) pMPC29-SPIONs incubated for 

24 hours. Cells were stained with the Iron Stain Kit (Sigma Aldrich), which consists of a Prussian 

Blue staining for iron deposits and a Pararosaniline counterstain (pink). 

Overall the results show pMPC29-SPIONs provided non-specific cell uptake at lower 

NP concentrations and indicate that the pMPC surface coating may require further 
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development in order to obtain a coating which can provide higher levels of uptake 

within cells if requiring the use of less nanomaterial for future cell labelling studies.  

To determine the intracellular location of pMPC29-SPIONs and MIRB within MSCs 

and KSCs, TEM was used, Figure 6.5 and Figure 6.6 respectively. For both cell 

lines, TEM images showed the intracellular internalisation route for pMPC29-

SPIONs and MIRB into stem cells had been via the endosome of the cell through 

endocytosis. From the TEM images, the endocytotic pathway is not clear but to 

speculate by looking at the shape of the endosomes and the way the cell plasma 

membrane forms a vesicle through invagination it is likely to be via clathrin or 

caveolae mediated endocytosis.1 For the visualisation of organelles within cells by 

TEM, cells were stained using 5% uranyl acetate and 2 % lead citrate, Figure 6.5. 

 

Figure 6.4: KSC line exposed to re-constituted pMPC29-SPIONs (after freeze drying) at 50 µg Fe mL-

1 incubated for 24 hours. Cells were stained with the Iron Stain Kit (Sigma Aldrich), which consists of 

a Prussian Blue staining for iron deposits and a Pararosaniline counterstain (pink). 

Here, endosomes appear darker compared to the endosomes observed in TEM 

images found in Figure 6.6 which show unstained KSCs and MSCs exposed to 

pMPC29-SPIONs. Not staining KSCs and MSCs allows a clearer visualisation of the 

location of pMPC29-SPIONs where they are clearly seen within the endosomes of the 

stem cell and are thus not confused with other stained material and organelles within 

the cell. Areas within the endosome that contain SPIONs are highlighted in yellow 
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on the TEM images (right hand side set of TEM images Figure 6.5A to C). Here, 

the yellow outlines highlight jagged and broken shaped areas where NPs are 

contained within the stained endosomes and highlights that pMPC29-SPIONs are not 

fully occupying all the space within the endosomes of the cell. pMPC29-SPIONs also 

do not occupy all of the space within the endosomes and are more clearly observed 

without a stain. 

 

Figure 6.5. TEM images of stained KSCs incubated with 5 µg Fe mL-1 MIRB for 24 hours.  Images 

A, B, C are captured at different magnification whereby the red area highlighted in the square of A 

represents the image presented in B. The orange area highlighted in the square of A represents the 

image presented in C. The yellow outlines found on the right hand side set of images are highlighted 

versions of the same set of images represented on the left and  represent areas within the endosome 

where pMPC29-SPIONs appear to be contained.  
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Figure 6.6. TEM images of areas of KSC and MSC lines exposed to 25 µg Fe mL-1 of pMPC29-

SPIONs for 24 hours. Images A) to F) shows areas of KSCs captured at different magnification where 

A, C, D, E and F show different magnifications of endosomes within the cell.Image B shows the 

membrane of the cell. Images G) to L) show areas of MSCs captured at different magnification of 

endosomes within the cell. Image G shows the membrane of the cell. 

Photothermal imaging was used to investigate the intracellular localisation of 

pMPC29-SPIONs vs. MIRB in KSCs. Cells were exposed to two different NP 
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concentrations of 5 and 25 µg Fe mL-1 for 24 hours and were then washed to remove 

free NPs from the cell dish before imaging. The photothermal images produced, 

Figure 6.7, confirmed a lower level of intracellular uptake of pMPC29-SPIONs at the 

NP concentration of 5 µg Fe mL-1 when compared with MIRB. This was observed 

by the difference of photothermal intensity/contrast between the two sample images 

where lighter areas showed higher concentrations of NP uptake compared to darker 

areas which indicated lower levels of NP uptake. For the exposure of stem cells to 

NP concentrations of 25 µg Fe mL-1, the level of intensity for pMPC29-SPIONs again 

seemed to be lower compared to stem cells exposed to MIRB at both 5 and 25 µg Fe 

mL-1. A small increase in the level of intensity for pMPC29-SPIONs at 25 µg Fe mL-1 

was noticed compared to 5 µg Fe mL-1 but was not significant when compared to the 

cell uptake images of cells taken under optical microscopy using Prussian Blue 

staining, Figure 6.3. 

 

Figure 6.7. Photothermal images of KSCs labelled with pMPC29-SPIONs compared to KSCs labelled 

with MIRB. Cell images in the green and red boxes show cells after 24 hour exposure to 5 μg Fe mL-1 

and 25 μg Fe mL-1 of SPIONs respectively. Scale bar 62 µm.  

Overall from Figure 6.7, the intracellular location for both SPION samples appear to 

be different. At both concentrations used, pMPC29-SPIONs appear to have a uniform 

distribution within the cells, whereas the photothermal images of stem cells exposed 

to MIRB showed granular areas which are likely to suggest the endosomes inside the 

cell are highly compacted with NPs. In addition, the stem cell membranes of cells 

exposed to MIRB were visualised by photothermal microscopy which may suggest 

there are attractions/adhesion of MIRB to the outer cell membrane which might have 
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been caused by an electrostatic attraction of the cationic dextran surface coating to 

the overall negatively charged cell membrane. For cells exposed to pMPC29-SPIONs, 

cell membranes were not visualised; again suggesting the pMPC surface coating is 

stealthy and that non-specific uptake is likely. 

Labelled KSCs were further investigated by CTV to determine the average number 

of SPIONs internalised per cell and thus quantify the average amount of iron oxide 

per cell. This was measured from the magnetic velocity (υm) of each cell which was 

obtained from the horizontal component of the trajectory plots drawn of the velocity 

of cells moving through a capillary under a uniform magnetic field gradient (single 

cell magnetophoresis).10 Figure 6.8 shows CTV trajectory plots of KSCs exposed to 

SPION concentrations of 1 and 5 μg Fe mL-1 for 24 hours and Figure 6.9 shows the 

complementary υm and mass histograms for MIRB and pMPC29-SPIONs.  

 

Figure 6.8. CTV trajectory plots of KSCs exposed to pMPC29-SPIONs and MIRB after 24 hours 

incubation. Cells were suspended in 30 % glycerol.  

At the lowest NP concentration of 1 μg Fe mL-1, the trajectory plots for MIRB were 

found to have unbroken horizontal tracks, which indicate a sufficient level of NP 

uptake was obtained to ensure cells could travel through the capillary under a 

uniform magnetic field gradient. For cells exposed to 1 μg Fe mL-1 of 

pMPC29-SPIONs, broken trajectory plots were observed and therefore suggest a 
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lower level of uptake since cells were not able to travel a full length through the 

capillary under a uniform magnetic field gradient. The average υm for KSCs exposed 

to 1 and 5 μg Fe mL-1 of pMPC29-SPIONs was found at 12 ± 6 µm s-1 and 56 ± 35 

µm s-1 respectively compared with average υm of KSCs exposed to 1 μg Fe mL-1 of 

MIRB which was found at 43 ± 25 µm s-1, which is a factor of 3.6 times higher 

average υm.  

 

Figure 6.9. Magnetic velocity histogram (right) and total mass of Fe per cell histogram (left) 

comparing intracellular content of KSCs exposed to p(MPC)29-SPIONs and MIRB SPIONs for 

24 hours as measured by single cell magnetophoresis. For each condition, a minimum of 400 cells 

were tracked over at least 3 acquisitions.  

In terms of mass of iron per cell (mFe) or intracellular iron, the mean mFe per KSC for 

pMPC29-SPIONs exposed to 5 μg Fe mL-1 compared with MIRB was found to be 1.8 

± 1.0 pg and 3.1 ± 1.7 pg respectively. This shows that there was twice the level of 

uptake of MIRB as compared to pMPC29-SPIONs, Figure 6.9. However at lower NP 

concentration of 1 μg Fe mL-1, the mean mFe per KSC for pMPC29-SPIONs 

compared with MIRB was found at 0.4 ± 0.2 pg and 1.0 ± 0.6 pg respectively which 

shows there was two and a half times the level of uptake of MIRB. The CTV results 

overall confirm higher levels of uptake for KSCs exposed to MIRB compared to 

pMPC29-SPIONs. 

6.2.2.1 Stem Cell Retention of pMPC29-SPIONs  

In Chapter 3, the chemical stability of the pMPC29-SPION core was assessed by a 

dissolution assay which measured the amount of iron oxide dissolved in an acidic 

citrate buffer solution overtime. This was to mimic the endosomal and lysosomal 

environments inside a stem cell (see Chapter 2 for Experimental).15, 16 The 
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dissolution assay showed that pMPC29-SPION cores were rapidly digested at pH 4.5 

within a period of 5 days with dissolution at 70 %. The rapid rate in dissolution 

showed that pMPC29-SPIONs would not be a suitable candidate for long-term stem 

cell tracking using Magnetic Resonance Imaging (MRI). 

Before completely ruling out the suitability of pMPC29-SPIONs for long term 

application, the chemical stability of pMPC29-SPIONs was further investigated, this 

time by exposing pMPC29-SPIONs with stem cells and measuring/monitoring their 

initial uptake and retention over time using CTV. By measuring the magnetic 

velocity per labelled stem cell and determining the mean magnetic mFe per cell over 

a period of 14 days, the chemical stability of pMPC29-SPIONs could be more 

realistically determined. 

To determine the mean mFe per cell, it was assumed that the mean magnetic and total 

radius does not decrease due to degradation within the acidic environment of the 

lysosomes. Firstly, KSCs were exposed to a NP concentration of 10 µg Fe mL-1 of 

MIRB SPIONs and pMPC29-SPIONs for 24 hours, after which the cell culture 

medium was rinsed three times and replaced with SPION free cell culture medium. 

KSCs were then left to proliferate for an additional 14 days and the magnetic 

velocity was measured on day 1, 3, 6 and 14 following initial exposure to magnetic 

NPs. Figure 6.10 compares the magnetic velocity and mean mFe per KSC exposed to 

a NP concentration of 10 µg Fe mL-1 of MIRB (top) and pMPC29-SPIONs (bottom) 

measured in 30 % glycerol. Cell proliferation is taken into account by counting the 

number cells prior to measuring the mean magnetic velocity and mean mFe per cell, 

Table 6.1. KSCs exposed to MIRB showed an initial decrease in numbers after 

which they increased by a factor of approximately 3.5 after 14 days, whilst the mean 

mFe per cell decreased by a factor of approximately 6. For cells exposed to the 

pMPC29-SPIONs, a similar initial decrease in cell numbers was observed after which 

they increased by a factor of 2 and after 14 days. Over this time period, the mean mFe 

per cell decreased by a factor of 3. The magnetophoresis measurements suggest that 

the pMPC29-SPION retention was comparable to that of MIRB, suggesting that 

material was diluted during cell division and not degraded and that the pMPC29 shell 

was offering good protection and preventing degradation of the iron oxide core.  
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In summary, the retention study using KSCs shows that pMPC29-SPIONs cores do 

not degrade as fast as initially predicted by the dissolution assay carried out in 

Chapter 3. The chemical stability results of pMPC29-SPIONs found from the 

retention study show pMPC29-SPIONs cores last for at least 14 days as confirmed by 

magnetic velocity measurements found on day 14, Table 6.1. 

 

Figure 6.10. Comparison of (a)  magnetic velocity and (b) mean mFe per KSC exposed to MIRB 

SPIONs and (c)  magnetic velocity and (d) mean mFe per KSC exposed to p(MPC)29-SPIONs. Cells 

were initially exposed to a NP concentration of 10 µg Fe mL-1 of the respective magnetic NPs and left 

in NP free medium for a further 1, 3, 6 and 14 days. Cells were suspended in 30% glycerol for 

magnetophoresis measurements. The mean magnetic velocity, mean mFe per cell and cell numbers for 

each condition are indicated in Table 6.1.  

These findings show that the conditions used in the dissolution assay are harsh and 

do not realistically simulate the true conditions found with the endosome/lysosome 

of the cell.17, 18 In addition, pH in the endosome/lysosome naturally reduces with 

time. This is a condition that is not simulated in the dissolution assay but occurs 

naturally in the retention study. This would help to account for the extended 
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dissolution period observed for MIRB and pMPC29-SPIONs by the retention study. 

Improvements to the dissolution assay to account for this would be needed to closely 

represent conditions within the endosome/lysosome. Work carried out by Lévy et 

al.19 and Soenen et al.17 report findings of a correlation between dissolution rate of 

iron oxide NPs and citrate concentration. Iron is readily transported out of the 

endosome into the cytoplasm after chelating with ligands such as citrate.  

Table 6.1. Summary of the cell count, mean magnetic velocity and mean mFe per cell of KSCs 

exposed to an initial NP concentration of 10 μg Fe mL-1 in the culture medium and left to grow in 

particle free medium. In deducing the mean mFe per cell, it has been assumed that the mean magnetic 

and total radius does not decrease due to degradation within the acidic environment of the lysosomes. 

* indicates KSCs in 40 % glycerol solution. 

Sample Time after 
exposure (days) 

Cell count 
(x103) 

Mean magnetic 
velocity  
(µm s-1) 

Mean mFe 
(pg) 

MIRB 

0 35 - - 
1 30 420 ± 440 20.5 ± 21.2 
3 80 270 ± 260 13.5 ± 12.7 
6 96 205 ± 120 9.9 ± 5.9 
14 120 70 ± 90 3.3 ± 4.3 

p(MPC)29-
SPIONs 

0 49 - - 
1 40 120 ± 85* 12.9 ± 9.2 
3 70 180 ± 180 11.6 ± 11.6 
6 63 114 ± 115 7.4 ± 7.5 
14 100 65 ± 71 4.2 ± 4.5 

 
The reports suggests that NP dissolution is controlled by the availablility and 

affintity of chelates (such as citrate) produced intracellularly. The concentration of 

chelates present in the endsome/lysosome of the stem cell are unlikely to be known 

and to vary depending on active biological mechanisms with the cell. The dissolution 

assay developed by Arbab et al.16 which has been used in this Thesis to model the 

conditions of the endosome/lysosome of a stem cell uses a sodium citrate 

concentration of 20 mM in PBS whereas above this concentration (50 mM) the 

dissolution rate accelerates. A question therefore remains to what citrate 

concentration would represent that found within the cell. 

The retention study results compared to results from the dissolution assay to assess 

chemical stability in the long term highlights that there are likely to be mechanisms 
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at play within the cell which decrease the rate of SPION core degradation. Such 

mechanisms are likely to be caused by the compacted environment of the SPIONs 

within the endosome/lysosome. Here, there is likely to be a decrease in surface area 

for acidic protons to reach all of the compacted SPIONs in the centre of the 

endosome/lysosome. Another mechanism could be that extra layers of polymer 

around the compacted SPIONs may be created from SPIONs which have degraded 

on the outer surface within the endosome leaving only the polymer shell. In addition, 

any proteins present within the endosomes containing SPIONs may become 

protonated with acidic protons thus acting as a buffer or scavenger and slowing 

down the drop in pH environment. 

6.2.3 Conclusions: pMPC coated SPIONs 

Cell uptake of pMPC29-SPIONs was achieved as confirmed by Prussian blue staining 

within KSCs as visualised by optical microscopy. The level of uptake of KSCs 

exposed to MIRB compared to pMPC29-SPIONs was noticeably higher which was 

observed by the intensity levels of blue staining. The level of uptake was also 

confirmed by CTV magnetophoresis measurements of labelled cells and determining 

the amount of intracellular iron content. A summary of all the CTV measurements 

are outlined in Table 6.1 which highlights the level of NP uptake of cells exposed to 

MIRB was around twice as high compared to cells exposed to pMPC29-SPIONs.  

Table 6.2. Summary of average magnetic velocities of KSCs exposed to pMPC29SPIONs compared 

with MIRB. 

Sample Stem Cell 
Line 

NP 
Concentration 
(µg Fe mL-1) 

Average Magnetic 
Velocity (µm s-1) 

Mean mFe 
(pg) 

MIRB KSC 1 43 ± 25 1.0 ± 0.6 
pMPC29-SPIONs KSC 1 12 ± 6 0.4 ± 0.2 

MIRB KSC 5 93 ± 50 3.1 ± 1.7 
pMPC29-SPIONs KSC 5 56 ± 35 1.8 ± 1.0 

 

Photothermal images of both SPION samples also showed differences in the level of 

intensity which again confirmed a difference in the level of uptake. TEM images of 

stem cells exposed to pMPC29-SPIONs confirmed the internalisation NPs via the 
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endosome through endocytosis. The chemical stability of pMPC29-SPIONs was 

investigated by a retention study with KSCs over a period of 14 days. The results 

showed that pMPC29-SPIONs cores did not degrade as fast as initially predicted by 

the dissolution assay carried out in Chapter 3 and that the chemical stability results 

of pMPC29-SPIONs found from the retention study show pMPC29-SPIONs cores last 

for at least 14 days. 

6.2.4 Stem cell labelling studies using silica coated γFe2O3 and 

Fe3O4 SPIONs 

In Chapter 4, silica coated γFe2O3 and silica coated Fe3O4 SPIONs were prepared 

and their suitability as a contrast labelling agent for bioapplication was studied and 

evaluated prior to cell uptake studies with MSC and KSC lines. To prepare silica 

coated γFe2O3 and silica coated Fe3O4 SPIONs for cell uptake, KSCs and MSCs 

were exposed to cell culture medium containing NP concentrations of 5 and 25 µg 

Fe mL-1 and incubated for a period of 24 hours.11 After this period, cells were 

washed and fixed. 

Optical microscopy images were captured of MSCs and KSCs exposed to SiO2 

coated γFe2O3 SPIONs at NP labelling concentration of 25 µg Fe mL-1, Figure 

6.11C. For the visualisation uptake of SPIONs within cells, iron oxide cores within 

cells were stained using Prussian blue. From the images, compared to cells labelled 

with MICB, no staining of the iron oxide cores was found for cells exposed to SiO2 

coated γFe2O3 SPIONs as indicated by the lack of Prussian blue staining and thus 

suggested either a very low uptake was obtained or that the silica shell may have 

protected the Prussian blue reaching the iron oxide core. 

To determine whether a very low uptake of SiO2 coated SPIONs with MSCs exposed 

to NP concentration of 25 μg Fe mL-1 was obtained, CTV measurements were 

carried out. CTV measurements were also carried out on MSCs exposed to SiO2 

coated SPIONs with a NP concentration of 5 μg Fe mL-1, Figure 6.12. The CTV 

results showed that the  intracellular iron uptake of SiO2 coated γFe2O3 and SiO2 

coated Fe3O4 SPIONs exposed to 5 and 25 μg Fe mL-1 were 0.9 ± 0.8 pg to 5.4 ± 3.1 

pg and 1.6 ± 1.6 pg to 5.2 ± 3.0 pg respectively, Figure 6.12.  At cell labelling 

concentrations of 5 and 25 μg Fe mL-1, the CTV results showed a 6 fold increase in 
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uptake for SiO2 coated γFe2O3 SPIONs and a 3 fold increase in uptake for SiO2 

coated Fe3O4 SPIONs compared to MICB, the intracellular iron uptake was found at 

5.7 ± 3.6 pg to 8.7 ± 6.4 pg, which gave a 1.5 fold increase in uptake. 

 

Figure 6.11. Optical microscopy images of stem cell lines which have undertaken 24 hour exposure 

of 25 µg Fe mL-1 of B) MICB with Prussian blue stain and C) SiO2 coated γFe2O3 SPIONs with 

Prussian blue stain. A) Shows stem cells not exposed to NPs. Scale bar 100 µm. Cells were stained 

with the Iron Stain Kit (Sigma Aldrich), which consists of a Prussian Blue staining for iron deposits. 

Earlier in the Chapter, MICB was found to give higher levels of uptake compared to 

MIRB which was used as a control for cell labelling studies using pMPC29-SPIONs. 

As a reminder, for the uptake of MSCs exposed to a NP concentration of MIRB of 

25 μg Fe mL-1, an average intracellular iron uptake of 5.0 ± 3.0 pg was obtained. 

Compared to SiO2 coated γFe2O3 and SiO2 coated Fe3O4, SPIONs exposed to the 

same NP concentration of 25 μg Fe mL-1, the intracellular iron uptake results are 

slightly higher and thus confirms that the silica shell prevented Prussian blue staining 
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of the SPION cores which is used to visualise cell uptake by optical microscopy, 

Table 6.3 and Figure 6.11C.  

Table 6.3. Average magnetic velocities of MSCs exposed to 25 μg Fe mL-1 silica coated SPIONs 

compared with Molday Ion samples.   

Sample Stem Cell 
Line 

NP 
Concentration 
(µg Fe mL-1) 

Average Magnetic 
Velocity (µm s-1) 

Mean mFe 
(pg) 

MIRB MSC 25 145 ± 80 5.0 ± 3.0 
MICB MSC 25 270 ± 200 8.7 ± 6.4 
MIEG MSC 25 130 ± 60 4.1 ± 2.0 

SiO2-Fe3O4 MSC 25 130 ± 75 5.2 ± 3.0 
SiO2-γFe2O3 MSC 25 101 ± 60 5.4 ± 3.1 

 

 

Figure 6.12. Magnetic velocity histograms (top left and bottom left) and mean mFe per MSC (top 

right and bottom right) exposed to (a) 5 μg Fe mL-1 and (b) 25 μg Fe mL-1 of SiO2 coated γFe2O3, 

SiO2 coated Fe3O4 and MICB SPIONs as measured by single cell magnetophoresis in 30% glycerol. 

The mean and standard deviation of each condition is indicated. For each condition, a minimum of 

300 cells were imaged over a minimum of 3 different image acquisitions.  
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Figure 6.13. Comparison of the mean mFe per KSC and MSC exposed to 5μg Fe mL-1 of MICB 

SPIONs to SiO2-γFe2O3 and SiO2-Fe3O4 SPIONs. For each condition, the magnetic velocity of at least 

800 cells were imaged over at least 3 different acquisitions. Error bars correspond to standard 

deviation of the population.  

 

Figure 6.14. Magnetic velocity (υm) histograms (top left and bottom left) and mean mFe (top right and 

bottom right)  for (a) KSCs and (b) MSCs exposed to 5 μg Fe mL-1 of SiO2 coated γFe2O3, SiO2 

coated Fe3O4 and MICB SPIONs as measured by single cell magnetophoresis in 30% glycerol. The 

mean and standard deviation of each condition is indicated. For each condition, a minimum of 300 

cells were imaged over a minimum of 3 different image acquisitions.  
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This means that optical microscopy would not be a reliable technique to assess cells 

for uptake with silica coated SPIONs and that other microscopy methods such as 

TEM and photo thermal microscopy would be required. To see if there were any 

differences in uptake between MSCs and KSCs, CTV measurements were carried 

out on MSCs and KSCs exposed to 5 μg Fe mL-1 of SiO2 coated γFe2O3, SiO2 coated 

Fe3O4 and MICB SPIONs, Figure 6.13 and Figure 6.14. 

The CTV results determined the intracellular iron uptake of SiO2 coated γFe2O3 and 

SiO2 coated Fe3O4 SPIONs exposed to MSCs and KSCs at a NP concentration of 5 

μg Fe mL-1 and showed that with MSCs the uptake was slightly higher than that 

observed with KSCs however the level of uptake with MSCs and KSCs was 

significantly lower than MSCs and KSCs exposed to MICB. The differences in 

uptake were also highlighted by the average magnetic velocity measurements from 

which the mean intracellular iron content was calculated, Figure 6.14. 

6.2.5 Conclusions: Silica coated γFe2O3 and Fe3O4 SPIONs 

Optical microscopy images of MSCs exposed to silica coated γFe2O3 SPIONs at NP 

cell labelling concentration of 25 µg Fe mL-1 showed no Prussian blue staining 

which from CTV measurements, confirmed uptake had actually occurred and that 

staining with Prussian blue was unsuccessful. This finding suggested the SPION 

cores were shielded by the silica coating and prevented them from being stained. 

MSCs and KSCs exposed to silica coated γFe2O3 and Fe3O4 SPIONs at cell labelling 

concentrations of 5 µg Fe mL-1 showed very low levels of NP cell uptake which was 

confirmed by magnetic velocity measurements from CTV when compared to MICB. 

However, upon increase of the NP cell labelling concentration to 25 µg Fe mL-1 a 6 

fold increase in uptake for silica coated γFe2O3 SPIONs and a 3 fold increase in 

uptake for silica coated Fe3O4 SPIONs was observed when compared with MSCs 

exposed to MICB which showed a 1.5 fold increase in NP cell uptake. A summary of 

all the CTV measurements are outlined in Table 6.4 which highlights that MSCs and 

KSCs exposed to silica coated γFe2O3 and Fe3O4 SPIONs at cell labelling 

concentrations of 25 µg Fe mL-1 provide slightly higher levels of uptake when 

compared to MSCs exposed to MIRB at the same labelling concentration.  
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Table 6.4. Summary of average magnetic velocities of stem cell lines exposed to silica coated 

SPIONs compared with Molday Ion samples.   

Sample Stem 
Cell Line 

NP 
Concentration 
(µg Fe mL-1) 

Average Magnetic 
Velocity (µm s-1) 

Mean mFe 
(pg) 

MIRB KSC 5 93 ± 50 3.1 ± 1.7 
MICB KSC 5 178 ± 115 5.6 ± 4.0 

SiO2-Fe3O4 KSC 5 26 ± 20 1.2 ± 0.5 
SiO2-γFe2O3 KSC 5 21 ± 14 0.5 ± 0.6 

MICB MSC 5 175 ± 115 5.7 ± 3.6 
SiO2-Fe3O4 MSC 5 43 ± 42 1.6 ± 1.6 
SiO2-γFe2O3 MSC 5 25 ± 23 0.9 ± 0.8 

MIRB MSC 25 145 ± 80 5.0 ± 3.0 
MICB MSC 25 270 ± 200 8.7 ± 6.4 
MIEG MSC 25 130 ± 60 4.1 ± 2.0 

SiO2-Fe3O4 MSC 25 130 ± 75 5.2 ± 3.0 
SiO2-γFe2O3 MSC 25 101 ± 60 5.4 ± 3.1 

 

Overall, at low cell labelling concentrations used, a low NP uptake of silica coated 

SPIONs was observed. This could be due to silica’s highly negative surface charge 

as confirmed by zeta potential measurement for SiO2-Fe2O3 and SiO2-Fe3O4 SPIONs 

which may have reduced NP interactions with the membrane of the cell. This is 

likely to occur through electrostatic repulsion with the membrane of the cell which 

has an overall net negative surface charge.7 

6.2.6 Stem Cell Labelling Studies using Gold SPIONs 

In Chapter 5, gold reacted amino silane functionalised SPIONs (Au-SPIONs) were 

prepared and their suitability as a contrast labelling agent for bioapplication was 

studied and evaluated prior to cell uptake studies with MSCs and KSC lines. Two 

generations of Au-SPIONs were prepared containing two different amounts of 

reacted gold in order to simplify the sample preparation of a 1 mg Fe mL-1 stock 

solution for use in biological studies. 
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6.2.6.1 First Generation Gold SPIONs 

To prepare pMPC135-Au-SPIONs for cell uptake, KSCs and MSCs were exposed to 

cell culture medium containing a NP concentration of 25 µg Fe mL-1 and incubated 

for a period of 24 hours.11 After this period, cells were washed, fixed and the uptake 

was assessed by optical microscopy, Figure 6.16. Prussian blue and silver staining 

was used to stain iron oxide and gold respectively, Figure 6.16C and D.  

Due to the nature of the purple colour of the Au-SPION sample, the Prussian blue 

staining used to highlight uncoated residual iron oxide was difficult to distinguish 

from the purple colour obtained from the gold in the sample. The silver stain used on 

stem cells compared to stem cells stained with Prussian blue appeared darker in 

colour and therefore confirmed the presence of gold within the cells surrounding cell 

nuclei. Overall, both staining methods confirmed uptake of Au-SPIONs within cells. 

A photograph of KSCs and MSCs in their culture dishes after exposure to 

25 µg Fe mL-1 of pMPC135 coated Au-SPIONs (no staining used), Figure 6.15, show 

that uptake could clearly be seen after washing cells due to the nature of the purple 

colour from Au-SPIONs.  

 

Figure 6.15. Photograph of cell culture dishes containing cell lines exposed to 25 µg Fe mL-1 

pMPC135 coated Au-SPIONs with no staining. Exposure for 24 hour at 37 °C.  
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Figure 6.16. Optical microscopy images of stem cell lines. Images 1 are KSCs and images 2 are 

MSCs. A) Stem cells not exposed to NPs. B) to D) cell lines exposed for 24 hours to 25 µg Fe mL-1 of 

B) MICB stained with Prussian blue, C) and D) first generation pMPC135 coated Au-SPIONs stained 

with Prussian blue and silver  respectively. Scale bar 100 µm.  

6.2.6.2 Second generation gold SPIONs 

In the second half of Chapter 5, a second generation of gold SPIONs was prepared in 

order to produce Au-SPIONs that contained less gold and thus simplify the sample 

preparation of a 1 mg Fe mL-1 stock solution for stem cell labelling experiments. The 

second generation Au-SPIONs did not require thiol functionalised pMPC polymer 
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for colloidal stabilisation upon storage since the second generation Au-SPIONs were 

found to be stable in a 30 % ethanol solution. To prepare Au-SPIONs for cell uptake, 

MSCs were exposed to cell culture medium containing a NP concentration of 25 µg 

Fe mL-1 and incubated for a period of 24 hours.11 After this period, cells were 

washed, fixed and NP uptake was assessed and visualised via phase contrast optical 

microscopy and compared to MSCs exposed to MICB, Figure 6.17.  

 

Figure 6.17. Optical microscopy via phase contrast images of MSCs. A) MSCs not exposed to NPs. 

MSCs exposed for 24 hours to 25 µg Fe mL-1 of B) MICB and C) second generation Au-SPIONs.  
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Optical microscopy via phase contrast images allowed the visualisation of dead cells 

as observed by the lighter spherical MSCs when compared against living MSCs not 

exposed to NPs, Figure 6.17A. Figure 6.17B and C show MSCs exposed to MICB 

and second generation Au-SPIONs respectively. For MSCs exposed to MICB, image 

B, orange areas found within MSCs highlight the intracellular uptake and 

localisation of MICB SPIONs. For MSCs exposed to second generation Au-SPIONs, 

image C, red areas were found within MSCs were clearly observed and confirmed 

uptake of the Au-SPION sample within stem cells. 

Images of MSCs which were not stained captured by bright field optical microscopy 

prior to photothermal imaging also show clearly pink areas contained within the cells 

which is characteristic of the colour of the Au-SPIONs, Figure 6.18. Comparing the 

phase contrast image of MSCs with those under bright field, Figure 6.17 and Figure 

6.18 respectively, it appears that cells have a different shape and this is simply due to 

the type of imaging method used. Phase contrast shows many more cellular 

structures and features that cannot be observed via bright field optical microscopy. In 

addition, the images taken under bright field view show less features at double the 

magnification. The nuclei and Au-SPIONs (pink areas) can be seen very well under 

bright field however the cytoplasm is not clearly observed. The cell in the top of the 

left image of Figure 6.18 shows a shape that is comparable to those observed via 

phase contrast. Cells were fixed prior to imaging and thus were not biologically 

active so could not have changed shape/feature between imaging techniques. 

 

Figure 6.18. Example bright field microscopy images of MSCs exposed to 25 μg Fe mL-1 of Au-

SPIONs for 24 hours captured using a Thor Labs colour CCD camera. Scale bar left 50 µm, scale bar 

right 25 µm.  
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Unstained TEM images, Figure 6.19, confirmed uptake of Au-SPIONs by 

endocytosis. Au-SPIONs were found to be contained within endosomes of the MSC 

as indicated by the clustered areas of dark and light NPs. Darker NPs were likely to 

be NPs containing gold, and lighter NPs were likely to be unreacted amino silane 

coated SPIONs (A-SPIONs) not containing any gold. As observed previously in this 

Chapter for the unstained TEM images seen for pMPC-SPION labelled cells, the 

TEM images labelled with Au-SPIONs Figure 6.19 (top left picture) show broken 

areas of NP clusters. The endosomes for cells labelled with Au-SPIONs compared to 

pMPC-SPIONs appear to be severely broken which may be due to an increase in 

contrast under the TEM by visualising gold when compared with iron oxide which is 

less electron dense. The severely broken areas could also suggest Au-SPIONs are 

present in the cytoplasm of the cell and caused by endosomal escape.20 Another 

possibility could be that the level of uptake is lower than that observed with pMPC-

SPION labelled cells.  

 

Figure 6.19. Example TEM images of MSCs exposed to second generation Au-SPIONs.  

Uptake of Au-SPIONs via endocytosis within MSCs was also confirmed using bright 

field optical, fluorescence and photothermal microscopy, Figure 6.20, where the 
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same area was imaged and overlaid to understand areas of uptake within the cell. 

Fluorescent dyes were used to highlight cell nuclei (blue, stained with DAPI) and 

lysosomes (green). By overlaying the green fluorescent image (indicating lysosomes 

contained within the cells, Figure 6.20 K and L) with the red photothermal image 

(location of Au-SPIONs, Figure 6.20 O and P), Figure 6.20 S and T, uptake and 

localisation of Au-SPIONs within lysosomes was confirmed by overlap of the 

coloured images. The brightness and contrast settings were lowered, images L, P 

and T Figure 6.20, to demonstrate quenching/ photo bleaching of the dye as 

observed by low intensity green fluorescence seen in image K. By lowering the 

brightness and contrast settings, an increased intensity of green fluorescence was 

observed in image L which demonstrated quenching/photo bleaching had occurred in 

image K. Photo bleaching of the fluorescence signal after photothermal scanning is 

due to the proximity of peak excitation wavelength of the fluorophore to the heating 

laser (555 nm and 523 nm respectively, see Photothermal experimental details in 

Chapter 2). The reason why this was observed for images containing Au-SPIONs 

and not for those containing MICB is due to interference with Au-SPIONs within the 

lysosomes, since the peak absorbance wavelength of Au-SPIONs measured by UV-

Vis was found at 525-530 nm.  

Magnetic velocity measurements were carried out to assess the level uptake of Au-

SPIONs with MSCs. Here, MSCs were exposed to three different Au-SPION 

concentrations of 25, 50 and 100 µg Fe mL-1, Figure 6.21. The results showed 

MSCs exposed to Au-SPION concentrations of 50 µg Fe mL-1 provided the highest 

mean magnetic velocity of 170 ± 90 µm s-1 with a mean intracellular iron content of 

5.6 ± 3.7 pg and thus indicated the highest level of uptake at this NP concentration. 

At a higher NP concentration of 100 µg Fe mL-1, a mean magnetic velocity of 155 ± 

82 µm s-1 was obtained with a mean intracellular iron content of 5.1 ± 3.5 pg, 

suggesting MSCs are saturated with Au-SPIONs past a NP concentration of 50 µg Fe 

mL-1. At lower Au-SPION concentration, a lower mean magnetic velocity of 120 ± 

70 µm s-1 was obtained with a mean intracellular iron content of 4.0 ± 3.0 pg as 

expected since MSCs were exposed to a lower Au-SPION concentration.  
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Figure 6.20. Comparison of bright field imaging (A-D), fluorescent stain of nuclei (DAPI) (E-H), 

fluorescent stain of lysosomes (I-L), photothermal microscopy (M-P) and overlays (Q-T) of MSCs 

only and cells exposed to 25 μg Fe mL-1 of MICB and Au-SPIONs for 24 hours. All fluorescence and 

photothermal images are presented in false colours using the same brightness and contrast settings 

apart from images D, H, L, P and T which used lower brightness and contrast settings to demonstrate 

fluorescence quenching within lysosomes.  
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Figure 6.21. Magnetic velocity (υm) histogram (left) and mean intracellular iron (right) of MSCs 

following a 24 hour exposure period to three different NP concentrations (25, 50 and 100 μg Fe mL-1) 

of Au-SPIONs as measured by single cell magnetophoresis. For each condition, the magnetic velocity 

was measured for cells suspended in 30% glycerol. A minimum of 400 cells were imaged over a 

minimum of 3 different image acquisitions.  

6.3 Conclusions: Au-SPIONs 

Optical microscopy images under bright field view of MSCs exposed to first 

generation Au-SPIONs at NP cell labelling concentration of 25 µg Fe mL-1 

confirmed uptake using Prussian blue and silver staining methods. Optical 

microscopy images via phase contrast of MSCs exposed to second generation Au-

SPIONs at NP cell labelling concentration of 25 µg Fe mL-1 allowed the 

visualisation of uptake without the use of a stain and confirmed uptake of second 

generation Au-SPIONs within cells. Uptake of second generation Au-SPIONs could 

also be clearly observed under bright field optical microscopy as shown by pink 

areas within cells. TEM confirmed the internalisation route into MSCs occurred via 

the endosome through endocytosis and was also confirmed by photothermal and 

fluorescent imaging by overlaying fluorescent stained lysosome images with 

photothermal images. CTV showed the intracellular iron uptake level of second 

generation Au-SPIONs with MSCs at NP concentration of 25 µg Fe mL-1 to be 

comparable with those found using MIEG. The CTV data has been summarised in 

Table 6.5. The CTV results show that a NP labelling concentration of 50 µg Fe mL-1 

provides the highest intracellular iron content before the MSC is likely to become 

saturated. 



258 | Chapter 6                                                                                                           
 

Table 6.5. Summary of average magnetic velocities of MSCs exposed to Au-SPIONs compared with 

Molday Ion samples. 

Sample Stem Cell 
Line 

NP Concentration 
(µg Fe mL-1) 

Average Magnetic 
Velocity (µm s-1) 

Mean mFe 
(pg) 

MIRB MSC 25 145 ± 80 5.0 ± 3.0 
MICB MSC 25 270 ± 200 8.7 ± 6.4 
MIEG MSC 25 130 ± 60 4.1 ± 2.0 

Au-SPIONs 
(2nd Gen) MSC 25 120 ± 70 4.0 ± 3.0 

Au-SPIONs 
(2nd Gen) MSC 50 170 ± 90 5.6 ± 3.7 

Au-SPIONs 
(2nd Gen) MSC 100 155 ± 82 5.1 ± 3.5 

 

6.4 Conclusions: Overall 

The overall outlook of the project and whether the goal of long-term stem cell 

labelling can be achieved will be discussed in depth in the Conclusions, Chapter 7. In 

summary here, subtle differences in cell uptake have been best observed at low cell 

labelling concentrations (1- 5 µg Fe mL-1) and provided information on the surface 

interactions of NP coatings prepared in this thesis with the membrane of the stem 

cell, Table 6.6. At higher cell labelling concentrations (25 - 100 µg Fe mL-1) the 

intracellular iron content appears comparable to commercial contrast agents MIRB 

and MIEG with the exception of MICB which provides higher uptake, Table 6.6. 

TEM and photothermal microscopy confirm the internalisation route of most NPs 

used in this Thesis via the endosome through endocytosis. The retention study has 

shown that the chemical based dissolution assay used to test NPs for long term 

chemical stability does not provide a realistic modal of conditions found within the 

endosome and lysosome of the stem cell. Improvements to such dissolution assay are 

required if a realistic result is to be obtained and so the retention study using cells at 

present seems to be the best way to measure this. The dissolution assay however can 

be one way to easily measure differences in chemical stability if developing a ‘bullet 

proof’ chemically stable coating. 
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Table 6.6. Summary of average magnetic velocities of stem cell lines exposed to all SPIONs covered 

in this Chapter. 

Sample Stem Cell 
Line 

NP 
Concentration 
(µg Fe mL-1) 

Average 
Magnetic 

Velocity (µm s-1) 

Mean 
mFe (pg) 

MIRB KSC 1 43 ± 25 1.0 ± 0.6 
pMPC29-SPIONs KSC 1 12 ± 6 0.4 ± 0.2 
pMPC29-SPIONs KSC 5 56 ± 35 1.8 ± 1.0 

MIRB KSC 5 93 ± 50 3.1 ± 1.7 
MICB KSC 5 178 ± 115 5.6 ± 4.0 

SiO2-Fe3O4 KSC 5 26 ± 20 1.2 ± 0.5 
SiO2-γFe2O3 KSC 5 21 ± 14 0.5 ± 0.6 

MICB MSC 5 175 ± 115 5.7 ± 3.6 
SiO2-Fe3O4 MSC 5 43 ± 42 1.6 ± 1.6 
SiO2-γFe2O3 MSC 5 25 ± 23 0.9 ± 0.8 

MIRB MSC 25 145 ± 80 5.0 ± 3.0 
MICB MSC 25 270 ± 200 8.7 ± 6.4 
MIEG MSC 25 130 ± 60 4.1 ± 2.0 

SiO2-Fe3O4 MSC 25 130 ± 75 5.2 ± 3.0 
SiO2-γFe2O3 MSC 25 101 ± 60 5.4 ± 3.1 
Au-SPIONs 
(2nd Gen) MSC 25 120 ± 70 4.0 ± 3.0 

Au-SPIONs 
(2nd Gen) MSC 50 170 ± 90 5.6 ± 3.7 

Au-SPIONs 
(2nd Gen) MSC 100 155 ± 82 5.1 ± 3.5 
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7 
Conclusions and Outlook 
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7.1 Conclusions 

The aim of this project was to develop iron oxide based superparamagnetic magnetic 

resonance imaging (MRI) contrast agents with a biocompatible surface coating to 

allow easy stem cell labelling capability in vitro. The location of stem cells 

administered in vivo to patients would be closely monitored/tracked via MRI in order 

to help understand the fate and behaviour of stem cells long-term and ensure patients 

remain healthy and safe during the course of the stem cell therapy treatment. 

Throughout the development process of bionanomaterials prepared in this Thesis, 

several obstacles have arisen. The main obstacle has been achieving good chemical 

stability of coatings developed onto the surface of superparamgnetic iron oxide 

nanoparticle (SPION) cores that readily dissolve and degrade in acidic environments 

typically found within the endosome/lysosome of a stem cell. Without the SPIONs, 

there is no MRI contrast signal to image stem cells long-term. The importance of 

obtaining a chemically stable SPION surface coating was first highlighted in the 

initial stages of this project (Chapter 3) whereby polymer coatings were first 

prepared and screened. 

7.1.1 Chapter 3 

In Chapter 3, well-defined biocompatible poly (2-methyacryloyloxyethyl 

phosphorylcholine) (pMPC) homopolymers were prepared by atom transfer radical 
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polymerisation (ATRP) and screened for the colloidal stabilisation of amino silane 

functional superparamagnetic iron oxide nanoparticles (A-SPIONs) in physiological 

buffer solution at 25 and 37 °C. Well defined N-succinimidyl functional pMPC 

homopolymers with a degree of polymerisation (DPn) 29 or Mn ~9,000 g mol-1 was 

found to be a suitable polymer for the covalent grafting to A-SPIONs and provided 

good colloidal stability in PBS at 37 °C for more than 48 hours and up to 7 days with 

cell labelling concentrations of 187 μg Fe mL-1 and 53 μg Fe mL-1 respectively. 

PolyMPC29 coated SPIONs (pMPC29-SPIONs) showed good biocompatibility and 

low cytotoxicity with stem cells which confirmed the suitability of pMPC as a 

surface coating for SPIONs for potential cell labelling. Further pre-biological studies 

showed pMPC29-SPIONs had a good relaxivity (R2) which was found to be higher 

than the commercially available contrast agent Molday Ion Rhodamine B (MIRB). 

PolyMPC29-SPIONs provided a good magnetisation saturation value (Ms). The 

chemical stability of polyMPC29-SPIONs were measured in citrate buffers at pH 7.4 

to 4.5 incubated at 37 °C in order to mimic the endosomal and lysosomal 

environments inside a stem cell. The dissolution assay showed that the SPION cores 

rapidly digested at pH 4.5 within a period of 5 days. The rapid dissolution of the 

SPION core of pMPC29-SPIONs thus indicates that the MRI signal will rapidly be 

lost with time and therefore indicates that further improvements of the SPION 

coating is required in order to achieve SPIONs for long term stem cell labelling. 

7.1.2 Chapter 4 

In Chapter 4, silica was investigated as a SPION surface coating to see if 

improvements could be made to the chemical stability and protection of the SPION 

core to dissolution in conditions modelling those found in the lysosome of a stem 

cell. Silica coated SPION (SiO2-SPION) samples containing Fe3O4 and γFe2O3 cores 

were synthesised. The amount of tetra ethyl orthosilicate (TEOS) optimised for the 

silica coating reaction was determined as 50 µl which gave an average silica shell 

thickness of 5.2 -7.7 nm and 11.3-12 nm for SiO2-SPION samples containing Fe3O4 

and γFe2O3 cores respectively. For the coating procedure of SiO2-SPION samples 

containing Fe3O4 cores, SPIONs were evenly and uniformly coated. Prior to cell 

uptake studies, the biocompatibility of silica as a nanoparticle (NP) surface coating 

was evaluated. The cell viability remained high throughout exposure to all NP 
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concentrations apart from kidney stem cells (KSCs) exposed to 50 and 100 µg Fe 

mL-1 which showed a decrease in viability (90 % and 70 % respectively). The results 

from the dissolution assay confirmed the silica coating provided a significant 

decrease in dissolution rate over a period of 25 days when compared with uncoated 

SPIONs. SiO2-SPION samples containing Fe3O4 and γFe2O3 cores were found to 

have high R2 relaxivity values which confirmed their suitability as a contrast agent 

for MRI. The magnetisation of SiO2-SPION samples containing Fe3O4 and γFe2O3 

cores were measured using SQUID and were found to give high Ms values which 

confirmed the suitability of silica as a surface coating since the interaction of silica 

onto the surface of iron oxide did not affect the Ms value after coating reaction. 

7.1.3 Chapter 5 

In Chapter 5, gold was investigated as a SPION surface coating to see if 

improvements could be made to the chemical stability and protection of the SPION 

core to dissolution in conditions modelling those found in the lysosome of a stem 

cell. Amino silane coated SPIONs (A-SPIONs) were used to provide a surface for 

the co-ordination of Au3+ ions and reduction to Au0 for the formation of a gold 

shell/coating. Transmission electron microscopy (TEM) images indicated the 

deposition process was uncontrolled which was confirmed by the morphology of 

different shapes obtained. The first generation of gold reacted amino silane SPIONs 

(Au-SPIONs) were purple in colour after the reaction procedure and a surface 

plasmon resonance (SPR) at 540 nm was observed. The SPR for known spherical Au 

nanoparticles (NPs) indicate that at this wavelength an average diameter of 60 nm 

was expected. By TEM, an average diameter of 18 ± 9.2 nm was measured which 

indicated a total shell thickness of around 4 nm containing silane and gold was 

obtained. It was found that a total overall mass of 299 mg of pMPC135-Au-SPION 

sample was required in 1 mL in order to prepare a 1 mg Fe mL-1 concentrated sample 

for cell labelling experiments. The large quantity of sample required lead to a sample 

with high viscosity and thus provided a difficult solution to pipette and dispense into 

cell culture petri dishes. At cell labelling concentrations of 100 and 50 µg Fe mL-1, 

cytotoxic results were observed and was likely caused by the excessive mass of 

sample present in the petri dish. The dissolution assay data for pMPC135 coated 

Au-SPIONs provided significant chemical stability and protection of the iron oxide 
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core to dissolution over a period of 25 days in pH 4.5 citrate buffer at 37 °C which 

confirms the suitability of gold as a surface coating for the protection of the SPION 

core. The magnetic properties were found to be retained which was confirmed by the 

Ms value which was measured at 47.8 emu g-1 Fe3O4 and by the MRI R2 relaxivity 

value of 123 mM-1 s-1 which again, further supports the suitability of gold as a 

surface coating. 

In the second half of Chapter 5, a second generation of Au-SPIONs were prepared 

by modifying the gold deposition reaction in order to reduce the amount of gold 

present in the sample. Through this, the amount of sample required to prepare a 1 mg 

Fe mL-1 was reduced and thus the viscosity of the sample was suitable for cell 

labelling studies thus avoiding any cytotoxic effects observed with stem cells at high 

cell labelling concentrations.  

The amount of sample required to make a 1 mg Fe mL-1 solution was determined as 

4.3 mg using elemental analysis which was an 8 fold reduction compared to the first 

generation Au-SPIONs. The colour of the second generation Au-SPIONs were found 

to be red and had a SPR at 525-530 nm. Cytotoxicity was assessed by cell 

proliferation over a period of 48 hours and cells showed better growth rates 

compared to the control which confirmed their biocompatibility. The dissolution 

assay data for the second generation Au-SPIONs provided a degree of chemical 

stability and protection of the iron oxide core to 40 % dissolution at 40 days in pH 

4.5 citrate buffer at 37 °C. By TEM, two populations of NPs were observed which 

showed darker NPs containing Au as confirmed by high-angle annular dark-field 

(HAADF) imaging. Lighter contrast NPs were determined to be uncoated A-SPIONs 

or A-SPIONs containing Au3+ ions co-ordinated to surface amine groups as 

confirmed by electron energy loss spectroscopy (EELS) and by observations using 

TEM at 20 days during conditions simulated for the dissolution assay. The 

interaction of Au3+ ions with surface amine groups were found to contribute to the 

chemical stability results, however a full mechanism to the chemical stability for the 

second generation Au-SPIONs was not determined. It is likely that the dark contrast 

NPs observed by conventional TEM are solid gold NPs and that a gold shell was not 

produced during the gold deposition reaction which was confirmed by HAADF. The 

magnetic properties were again found to be retained which was confirmed by the Ms 
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value and MRI R2 relaxivity value which again, further support the suitability of the 

use of gold to provide chemically stable SPIONs. 

7.1.4 Chapter 6 

In Chapter 6, stem cell labelling studies were carried out with NPs prepared 

throughout this Thesis. Firstly, cell uptake of pMPC29-SPIONs was achieved as 

confirmed by Prussian blue staining within KSCs as visualised by optical 

microscopy. The level of uptake of KSCs exposed to MIRB compared to 

pMPC29-SPIONs was noticeably higher which was observed by the intensity levels 

of blue staining. The level of uptake was also confirmed by cell tracking velocimetry 

(CTV) magnetophoresis measurements of labelled cells and determining the amount 

of intracellular iron content. A summary of all the CTV measurements are outlined 

in Table 7.2 which highlights the level of NP uptake of cells exposed to MIRB was 

around twice as high compared to cells exposed to pMPC29-SPIONs.  

Photothermal images of both SPION samples also showed differences in the level of 

intensity which again confirmed a difference in the level of uptake. TEM images of 

stem cells exposed to pMPC29-SPIONs confirmed the internalisation NPs via the 

endosome through endocytosis. The chemical stability of pMPC29-SPIONs was 

investigated by a retention study with KSCs over a period of 14 days. The results 

showed that pMPC29-SPIONs cores did not degrade as fast as initially predicted by 

the dissolution assay carried out in Chapter 3 and that the chemical stability results 

of pMPC29-SPIONs found from the retention study show pMPC29-SPIONs cores last 

for at least 14 days. 

Optical microscopy images of mesenchymal stem cells (MSCs) exposed to silica 

coated γFe2O3 SPIONs at NP cell labelling concentration of 25 µg Fe mL-1 showed 

no Prussian blue staining which from CTV measurements, confirmed uptake had 

actually occurred and that staining with Prussian blue was unsuccessful. This finding 

suggested the SPION cores were shielded by the silica coating and prevented them 

from being stained. 

MSCs and KSCs exposed to silica coated γFe2O3 and Fe3O4 SPIONs at cell labelling 

concentrations of 5 µg Fe mL-1 showed very low levels of NP cell uptake which was 
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confirmed by magnetic velocity measurements from CTV when compared to Molday 

Ion Coumarin Blue (MICB). However, upon increase of the NP cell labelling 

concentration to 25 µg Fe mL-1 a 6 fold increase in uptake for silica coated γFe2O3 

SPIONs and a 3 fold increase in uptake for silica coated Fe3O4 SPIONs was 

observed when compared with MSCs exposed to MICB which showed a 1.5 fold 

increase in NP cell uptake. A summary of all the CTV measurements are outlined in 

Table 7.2 which highlights that MSCs and KSCs exposed to silica coated γFe2O3 

and Fe3O4 SPIONs at cell labelling concentrations of 25 µg Fe mL-1 provide slightly 

higher levels of uptake when compared to MSCs exposed to MIRB at the same 

labelling concentration. 

Optical microscopy images under bright field view of MSCs exposed to first 

generation Au-SPIONs at NP cell labelling concentration of 25 µg Fe mL-1 

confirmed uptake using Prussian blue and silver staining methods. Optical 

microscopy images via phase contrast of MSCs exposed to second generation 

Au-SPIONs at NP cell labelling concentration of 25 µg Fe mL-1 allowed the 

visualisation of uptake without the use of a stain and confirmed uptake of second 

generation Au-SPIONs within cells. Uptake of second generation Au-SPIONs could 

also be clearly observed under bright field optical microscopy as shown by pink 

areas within cells. TEM confirmed the internalisation route into MSCs occurred via 

the endosome through endocytosis and was also confirmed by photothermal and 

fluorescent imaging by overlaying fluorescent stained lysosome images with 

photothermal images. CTV showed the intracellular iron uptake level of second 

generation Au-SPIONs with MSCs at NP concentration of 25 µg Fe mL-1 to be 

comparable with those found using Molday Ion EverGreen (MIEG). The CTV data 

has been summarised in Table 7.2. The CTV results show that a NP labelling 

concentration of 50 µg Fe mL-1 provides the highest intracellular iron content before 

the MSC is likely to become saturated. 
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7.1.5 Overall Conclusions 

Based on all results obtained throughout this Thesis which include chemical stability 

(Figure 7.1), relaxivity (Table 7.1) and cell uptake by intracellular iron content 

(Table 7.2) of all nanomaterials prepared, the most promising nanomaterials for use 

as potential contrast agents for long-term stem cell tracking are silica coated γFe2O3 

SPIONs, silica coated Fe3O4 SPIONs and second generation Au-SPIONs. The main 

conclusions from the results are: 

1. Inorganic coatings provide greater chemical stability compared to hydrophilic 

polymer coatings, which has been observed using silica and gold compared to 

pMPC and dextran (Molday Ion), Figure 7.1. 

2. The dissolution/degradation rate of pMPC29-SPIONs measured by the 

retention study was slower when compared to the dissolution assay. The 

dissolution assay therefore showed that it did not truly represent a model of 

the conditions found within the endosome of a stem cell. This was likely due 

to the amount of time it would take for the endosome of a stem cell to 

decrease in pH in addition to mechanisms of degradation, which exist inside 

the endosome containing compacted NPs, which were not considered by the 

dissolution assay. The results therefore show that all nanomaterials prepared 

in this Thesis have a slower dissolution/degradation rate than initially 

predicted by the dissolution assay. 

3. The composition of the iron oxide core is an important parameter in 

providing greater chemical stability in acidic conditions modelling those of 

an endosome/lysosome of a stem cell. Maghemite (γFe2O3) provided greater 

chemical stability compared to magnetite (Fe3O4), Figure 7.1. 

4. All nanomaterials prepared in this Thesis have an R2 relaxivity value above 

the commercial contrast agent MIRB. In addition, silica coated γFe2O3 

SPIONs, and second generation Au-SPIONs show an R2 relaxivity value 

above that measured for the commercial contrast agent Endorem, Table 7.1.  
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Table 7.1. Summary of relaxivity for all SPIONs prepared in this Thesis in addition to 

commercial contrast agents Endorem and MIRB. 

SPION  
(core/shell) 

Relaxivity R2  
(mM-1 s-1) 

Fe3O4/amino silane/pMPC29 127 
Fe3O4/amino silane/pMPC29 reconstituted 112 

Fe3O4/silica 140 
γFe2O3/silica 163 

Fe3O4/amino silane/Au/pMPC135  
(1st gen) 

123 

Fe3O4/amino silane/Au/pMPC81  
(2nd gen) 

194 

Endorem 159 
MIRB 77 

 

Table 7.2. Summary of average magnetic velocities and the mean intracellular iron content of stem 

cell lines exposed to all SPIONs covered in this Chapter. 

Sample Stem Cell 
Line 

NP 
Concentration 
(µg Fe mL-1) 

Average Magnetic 
Velocity (µm s-1) 

Mean 
mFe (pg) 

MIRB KSC 1 43 ± 25 1.0 ± 0.6 
pMPC29-SPIONs KSC 1 12 ± 6 0.4 ± 0.2 
pMPC29-SPIONs KSC 5 56 ± 35 1.8 ± 1.0 

MIRB KSC 5 93 ± 50 3.1 ± 1.7 
MICB KSC 5 178 ± 115 5.6 ± 4.0 

SiO2-Fe3O4 KSC 5 26 ± 20 1.2 ± 0.5 
SiO2-γFe2O3 KSC 5 21 ± 14 0.5 ± 0.6 

MICB MSC 5 175 ± 115 5.7 ± 3.6 
SiO2-Fe3O4 MSC 5 43 ± 42 1.6 ± 1.6 
SiO2-γFe2O3 MSC 5 25 ± 23 0.9 ± 0.8 

MIRB MSC 25 145 ± 80 5.0 ± 3.0 
MICB MSC 25 270 ± 200 8.7 ± 6.4 
MIEG MSC 25 130 ± 60 4.1 ± 2.0 

SiO2-Fe3O4 MSC 25 130 ± 75 5.2 ± 3.0 
SiO2-γFe2O3 MSC 25 101 ± 60 5.4 ± 3.1 

Au-SPIONs (2nd 
Gen) MSC 25 120 ± 70 4.0 ± 3.0 

Au-SPIONs (2nd 
Gen) MSC 50 170 ± 90 5.6 ± 3.7 

Au-SPIONs (2nd 
Gen) MSC 100 155 ± 82 5.1 ± 3.5 
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5. Subtle differences in cell uptake have been best observed at low cell labelling 

concentrations (1- 5 µg Fe mL-1) and provided information on the surface 

interactions of NP coatings prepared in this Thesis with the membrane of the 

stem cell, Table 7.2.  

 

Figure 7.1. Dissolution assay comparing all SPIONs prepared in this Thesis exposed to pH 4.5 citrate 

buffer solution at 37 °C. 

At higher cell labelling concentrations (25 - 100 µg Fe mL-1) the intracellular 

iron content appears comparable to commercial contrast agents MIRB and 

MIEG with the exception of MICB which provides higher uptake, Table 7.2. 

TEM and photothermal microscopy confirm the internalisation route of most 

NPs used in this Thesis via the endosome through endocytosis. The retention 

study has shown that the chemical based dissolution assay used to test NPs for 

long term chemical stability does not provide a realistic modal of conditions 

found within the endosome and lysosome of the stem cell. Improvements to 

such dissolution assay are required if a realistic result is to be obtained and so 

the retention study using cells at present seems to be the best way to measure 
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this. The dissolution assay however can be one way to easily measure 

differences in chemical stability if developing a ‘bullet proof’ chemically 

stable coating. 

7.2 Future Outlook - Can Long-Term Stem Cell Labelling be 

Achieved? 

At present, the goal of achieving long-term stem cell labelling is still quite a way off 

but the goal is getting closer. As observed with this project, many obstacles exist. 

The biggest obstacle in obtaining this goal will be maintaining a strong relaxivity 

signal required to monitor and track stem cells long-term in vivo. The R2 relaxivity 

signal diminishes with time through the dilution of NPs via natural proliferation of 

active stem cells. The best solution to ensure the concentration of internalised NPs is 

kept constant thus preventing a decline in contrast signal long-term would be to 

develop a contrast agent which contains aggregated NPs or clustered NPs created by 

micellisation or induced aggregation.1 Here the MRI contrast would remain strong 

and diffuse long-term in the area administered compared to the uptake of individual 

SPIONs where the signal would become weakened and diluted by proliferation of 

stem cells. There are unanswered questions about whether stem cells would readily 

uptake such large sized aggregates of NPs and be happy to retain them long-term. 

Would there be any affect to the overall function of the stem cells long-term? 

 

The R2 relaxivity signal can also diminish long-term through the loss of NPs initially 

internalised into stem cells in vitro. The long-term intracellular fate of nanomaterials 

is still unclear. Reports currently show that some of the endocytosed intracellular 

NPs eventually become exocytosed out of the stem cell or escape out of the 

endosome into the cytoplasm of the cell through endosomal escape.2-4   

Cationic or positively charged NPs can escape endosomes into the cytoplasm of the 

cell by the ‘proton-sponge’ effect whereby surface groups (such as low pKa amines) 

are able to buffer the acidic endosomal vesicle environment thus leading to 

endosomal swelling through a build-up of osmotic pressure and finally lysis.4, 5 In 

this Thesis, Au-SPIONs (2nd generation) and Molday Ion contrast agents used have a 

cationic surface charge as measured by zeta potential of +24.3 ± 3.3 mV and + 31 
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mV respectively. It is possible that these nanomaterials may have or would have 

eventually escaped the endosome into the cytoplasm of the cell by the ‘proton-

sponge’ effect.  

 

Facilitating endosomal escape could be one way to retain NPs long-term and prevent 

dissolution. Entrapment of SPIONs by the endosome has been shown to significantly 

reduce R2 relaxivity compared to those dispersed freely.6 It has been hypothesised 

that by releasing SPIONs into the cytoplasm via endosomal escape or other 

mechanism, R2 relaxivity will significantly improve compared to SPIONs trapped in 

the endosome.4 

 

Other methods used to facilitate endosomal escape include ion-pair formation, 

membrane-destabilising macromolecules and hydrophobic modifications of cationic 

polymers, pH sensitive degradable vectors.7 Further work would be required to 

understand whether this would be beneficial or if it would change/disrupt the overall 

function of the cell. Cytotoxic effects have been observed with NPs possessing a 

highly positive surface charge (through the use of a transfection agent such as 

poly(lysine)) via adhesion of NPs with the cell plasma membrane.8  

 

Externalised SPIONs via exocytosis (a cell mechanism which removes endocytosed 

intracellular NPs out of the stem cell via reverse endocytosis) can migrate to other 

neighbouring stem cells or untargeted host cells in tissues/organs. Externalised 

SPIONs can be transported around the body via the blood system, lymphatic system, 

digestive system, urinary system etc. SPIONs could be reabsorbed by neighbouring 

stem cells by cell death and entosis.9 Not only does this reduce the R2 relaxivity 

signal but also the location of labelled stem cells administered can become unclear 

long-term through a creation of false positives. Multimodal imaging is currently used 

as a way to ensure the location of original targeted labelled stem cells are tracked 

correctly long-term.10 Contrast agents would require multimodal imaging capabilities 

in order to be successful at reaching the goal of long-term tracking.  
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7.3 Future Work 

To continue with this project, the following proposed future work would be carried 

out in order to further improve the development of contrast agents for long-term 

stem cell tracking: 

- Synthesis of spherical monodisperse γFe2O3 SPIONs. 

o The dissolution assay has shown γFe2O3 is more chemically resistant 

than Fe3O4. The synthesis route used in this Thesis by co-precipitation 

produces SPIONs with undefined shape and morphology. By 

producing spherical monodisperse γFe2O3 SPIONs, the surface 

density of reacted polymers or functional end groups can be measured 

and calculated as carried out in Chapter 3. It would be interesting to 

investigate the chemical stability of pMPC coated γFe2O3 SPIONs 

compared to pMPC coated Fe3O4 SPIONs prepared in Chapter 3. 

- Synthesis of a range of SPIONs with different core diameters. 

o To determine if the dissolution rate and relaxivity is affected. 

- Further biological studies investigating the intracellular fate of SPIONs 

prepared in this Thesis. 

o Are SPIONs exocytosed back out of the cell? Do any nanomaterials 

escape the endosome into the cytoplasm of the cell? Does the surface 

coating make a difference in either scenario and does it affect the cell 

functionality? Do any NPs remain long-term?  

 

Possible deviations from the design used in this Thesis to improve the development 

of contrast agents for long-term stem cell tracking: 

- Using an alternative superparamagnetic material which provides a stronger 

contrast signal and maintains low cytotoxicity with cells such as FePt, 

MnFe2O4, FeCo.11, 12 
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The number of amino silane ligands available on the surface of iron oxide 

nanoparticles was predicted using both the thermal gravimetric analysis (TGA) and 

the N value obtained from elemental analysis measured. Using the surface area of the 

footprint from the tridentate amino silane ligand as 0.073 nm2,1  The theoretical 
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nanoparticle (as determined by PXRD using the Scherrer equation) was calculated as 

3635 amine  ligands. This was determined by the following: 
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The surface area (SA) of a 9.2 nm SPION: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 4𝜋𝜋𝑟𝑟2 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆= 265 ± 11 nm2 

Predicted number of reacted APTMS ligands that can fit as one monolayer on a 9.2 

nm SPION (Lpred): 

𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆
 

𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝= 3635 ± 149 ligands 

 

Predicted elemental and thermalgravimetric analysis (TGA) percentage weight 

values for one monolayer of amino silane around a 9.2 nm SPION could also be 

calculated and compared with actual results. 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝐹𝐹𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  𝜌𝜌𝐹𝐹𝑝𝑝3𝑆𝑆4𝑥𝑥 ��
4
3
𝜋𝜋𝑟𝑟3� 𝑥𝑥10−21� 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝐹𝐹𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 2.10 x 10-18 ± 1.27 x 10-19 g 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙𝑀𝑀𝑚𝑚𝑜𝑜𝑟𝑟 𝐹𝐹𝑜𝑜𝑟𝑟 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  �
𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑆𝑆𝐴𝐴

𝑥𝑥𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑎𝑎𝑠𝑠𝑟𝑟𝑎𝑎𝑝𝑝 𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝� 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙𝑀𝑀𝑚𝑚𝑜𝑜𝑟𝑟 𝐹𝐹𝑜𝑜𝑟𝑟 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 8.10 x 10-19 ± 3.3 x 10-20 g 

Therefore, the total mass of one A-SPION 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 1 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 +  𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙𝑀𝑀𝑚𝑚𝑜𝑜𝑟𝑟 𝐹𝐹𝑜𝑜𝑟𝑟 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆= 2.9 x 10-18 ± 1.6 x 10-19 g 

% 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝑜𝑜3𝑆𝑆4 =
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝐹𝐹𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑇𝑇𝐹𝐹𝐹𝐹𝑀𝑀𝑙𝑙 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑐𝑐𝐹𝐹𝑀𝑀𝐹𝐹𝑜𝑜𝑙𝑙 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
 𝑥𝑥 100 

% 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝑜𝑜3𝑆𝑆4 = 72.18 % 

% 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑀𝑀ℎ𝑜𝑜𝑙𝑙𝑙𝑙 =
 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙𝑀𝑀𝑚𝑚𝑜𝑜𝑟𝑟 𝐹𝐹𝑜𝑜𝑟𝑟 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 
𝑇𝑇𝐹𝐹𝐹𝐹𝑀𝑀𝑙𝑙 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑐𝑐𝐹𝐹𝑀𝑀𝐹𝐹𝑜𝑜𝑙𝑙 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

 𝑥𝑥 100 

% 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑀𝑀ℎ𝑜𝑜𝑙𝑙𝑙𝑙 = 27.82 % 

Using the percentage mass values for the contribution of Fe3O4 versus the 

contribution of the ligand shell, the molar composition of A-SPION with one 

monolayer of reacted APTMS could be written as (Fe3O4)1(C3H8NSiO3)0.7. 
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The theoretical percentage mass for one monolayer of reacted amino silane ligands 

around a 9.2 nm Fe3O4 core was found as 27.82 %. This percentage mass value 

includes the percentage mass contribution from the inorganic silane, which is not 

thermal decomposed during the TGA. The theoretical percentage mass contribution 

of the silane (SiO2) was therefore deducted to give a predicted TGA percentage for 

one monolayer of reacted APTMS as 12.05 %. The theoretical percentage mass 

contribution from C, H and N was also used to predict the elemental analysis. The 

theoretical percentage mass contribution from C, H and N was also used to predict 

the elemental analysis. The predicted results are highlighted in Table A.1 as C: 

7.47 % , H: 1.67 % and N: 2.90 %. 

Table A.1. Predicted elemental percentage weight and TGA weight loss values for one monolayer of 

amino silane ligands surrounding a 9.2 nm SPION. 

Element 
% mass for reacted 

amino silane ligand 

% mass for reacted amino silane 

ligand (scaled to 27.82 %) 

C 26.85 7.47 

H 6.01 1.67 

N 10.44 2.90 

O 35.77 9.95 

Si 20.93 5.82 

   

Predicted TGA 

weight loss  
43.30 12.05 

Total % mass 100 27.82 

 

The actual measured results obtained from the elemental and TGA were used to 

determine the actual composition of A-SPION, Table A.2. The actual results could 

then be used to predict the actual average number of APTMS ligands reacted with 

the SPION surface with diameter of 9.2 nm and thus determine the average number 

of monolayer(s) of amino silane. Table A.2 summarises experimental elemental 

analysis results, TGA weight loss and calculations of weight contributions from 

APTMS, residual oleic acid, adsorbed solvent and SPION core. From the 

experimental procedure, the nitrogen content of the A-SPION product could only be 
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attributed to APTMS ligands reacted onto the surface. Using the weight percentage 

measured for nitrogen, it was possible to calculate the carbon and hydrogen 

contribution for APTMS.  

Table A.2 deduces from the elemental analysis data that an excess of carbon and 

hydrogen was observed compared to the expected values for a pure APTMS 

coverage. From the TGA, there was 5.25 % weight loss taken from ambient to 120 

°C which was considered to be residual solvent (ethanol and toluene). The excess 

contaminant carbon and hydrogen values left over of 9.54 % were considered 

residual oleic acid, the theoretical percentage C, H and O has been predicted in 

Table A.2. The weight composition of A-SPION was determined as (Fe3O4), 37.80 

%, (APTMS), 47.41 % (oleic acid), 9.54 % and (solvent), 5.25 %.  The molar 

composition of A-SPION was determined as (Fe3O4)1(C3H8NSiO3)2.2 (C18H34O2)0.2 

(C6H8O1)0.3. The amount of APTMS on the A-SPION (with residual organic 

contaminate removed) corresponded to 2.94 equivalents of the value calculated 

earlier for a monolayer so the number of APTMS ligands on the surface (Lexp) was 

estimated at 10698 (5.55 % N).  
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Table A.2. Experimental and calculated elemental analysis and TGA weight loss values for dried A-SPION. Shaded areas show actual experimental values. 

    

Actual 

experimental 

values 

Calculated from 

Nitrogen content 

Calculated from TGA 

weight loss 
    

APTMS 
Residual 

Oleic Acid 

Residual 

solvent 

Total 

values 

SPION 

(as Fe3O4) 

Elemental 

analysis 

C 22.52 12.73 7.30 2.49 22.52 
 

H 3.91 2.85 1.16 -0.10 3.91 
 

N 4.95 4.95 
 

  4.95   

 
O   16.96 1.08 2.86 20.90 10.82 

 
Si   9.92 

 
  9.92 

 

 
Fe     

 
    26.97 

  Total weight % 31.38 47.41 9.54 5.25 62.20 37.80 

TGA Weight loss 35.32 20.53 9.54 5.25 35.32   
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Synthesis of disulphide ATRP initator bis[2-(2’-

bromoisobutyryloxy) ethyl] disulfide (BriBOEDS) 

Bis[2-(2’-bromoisobutyryloxy) ethyl] disulfide (BriBOEDS) was prepared by Dr 

Solène Cauët at the University of Liverpool, Department of Chemistry. Following 

the method as reported by Tsarevsky and Matyjaszewski.2 Bis(2-hydroxyethyl) 

disulfide (12.84 g, 0.08 mol) was dissolved in 200 mL of dry THF, excess 

triethylamine (35.0 mL, 0.25 mol) was added under a nitrogen atmosphere, and this 

solution was cooled in an ice bath. 2-Bromoisobutyryl bromide (25 mL, 46.5 g, 0.20 

mol) was added dropwise from a dropping funnel over a 1 h period and the reaction 

solution turned reddish brown. The solution was allowed to warm up to ambient 

temperature and stir for 24 h. Scheme A.1 outlines the synthesis procedure. 

 

Scheme A.1. Synthesis of Bis[2-(2’-bromoisobutyryloxy) ethyl] disulfide (BriBOEDS) ATRP 

initiator. 

The insoluble triethylammonium bromide salt was removed by filtration and the 

resulting yellowish solution was concentrated under vacuum. The concentrated 

solution was stirred with 100 mL 0.10 M aqueous Na2CO3. The crude product was 

then extracted three times with 100 mL dichloromethane using a separating funnel. 

The combined dichloromethane extracts were first dried with anhydrous magnesium 

sulfate and then concentrated to afford a reddish brown oil (24.6 g; yield 68%). The 

crude product was purified by dissolution in dichloromethane, followed by passage 

through a basic alumina column to yield a yellow liquid which was stored in the 

freezer. 

1H NMR (CDCl3, 400 MHz) δ (ppm) 4.43 (t, 2H, -CH2OOC-), 2.97 (t, 2H, -CH2S-), 

and 1.93 (s, 6H, (CH3)2C-). 13C NMR (CDCl3, 100.6 MHz) δ (ppm) 171.49 (-OOC-), 

63.56 (-CH2O-), 55.54(-C-(CH3)2), 36.81 (-CH2S-) and 30.76 (CH3). FTIR (ATR 

cell) 2975, 1731, 1267, 1152 and 1104 cm-1. Micromass LCT mass spectrometry 

expected (found): 452.22 g mol-1 (451.91 g mol-1). Elemental Analysis: expected 

C 31.87 %, H 4.46 %, S 14.18 %, actual C 31.90 %, H 4.45 %, S 13.81 %.  
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Characterisation data for thiol functionalised pMPC polymers used 

to stabilise Au-SPIONs 

 

 

Figure A.1. 1H-NMR of thiol-pMPC polymer. DPn 81 where the 4 H end group protons are at ~3 

ppm.  

GPC data (Figure A.2) Mn 35,500 g mol-1, Mw 50,900 g mol-1, Mw/Mn 1.44 DPnGPC 

120. GPC data (Figure A.2) Mn 42,100 g mol-1, Mw 65,000 g mol-1, Mw/Mn 1.54 

DPnGPC 145.  

 

Figure A.2. Disulphide-pMPC polymers. Where n is the degree of polymerisation (DPn).  
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Second Generation Au-SPIONs: Quantification of Amine Groups 

Reacted to the SPION Surface 

The number of amino silane ligands available on the surface of iron oxide 

nanoparticles was predicted using both the thermal gravimetric analysis (TGA) and 

the N value obtained from elemental analysis measured. Using the surface area of the 

footprint from the tridentate amino silane ligand as 0.073 nm2,1 The theoretical 

number of amine ligands for one mono-layer on the surface of a 7.4 nm diameter 

nanoparticle (as determined by PXRD using the Scherrer equation) was calculated as 

2338 amine  ligands. This was determined by the following: 

The surface area (SA) of a 7.4 nm SPION: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 4𝜋𝜋𝑟𝑟2 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆= 171 ± 17 nm2 

Predicted number of reacted APTMS ligands that can fit as one monolayer on a 

7.4nm SPION (Lpred): 

𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑟𝑟𝐹𝐹𝐹𝐹𝐹𝐹𝐴𝐴𝑆𝑆𝐴𝐴𝐴𝐴𝑆𝑆
 

𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝= 2338 ± 229 ligands 

 

Predicted elemental and thermal gravimetric analysis (TGA) percentage weight 

values for one monolayer of amino silane around a 7.4 nm SPION could also be 

calculated and compared with actual results. 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝐹𝐹𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  𝜌𝜌𝐹𝐹𝑝𝑝3𝑆𝑆4𝑥𝑥 ��
4
3
𝜋𝜋𝑟𝑟3� 𝑥𝑥10−21� 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝐹𝐹𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 1.08 x 10-18 ± 1.51 x 10-19 g 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙𝑀𝑀𝑚𝑚𝑜𝑜𝑟𝑟 𝐹𝐹𝑜𝑜𝑟𝑟 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  �
𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑆𝑆𝐴𝐴

𝑥𝑥𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑎𝑎𝑠𝑠𝑟𝑟𝑎𝑎𝑝𝑝 𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝� 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙𝑀𝑀𝑚𝑚𝑜𝑜𝑟𝑟 𝐹𝐹𝑜𝑜𝑟𝑟 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 5.21 x 10-19 ± 5.11 x 10-20 g 

Therefore, the total mass of one A-SPION 
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𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 1 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 +  𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑚𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝑙𝑙𝑀𝑀𝑚𝑚𝑜𝑜𝑟𝑟 𝐹𝐹𝑜𝑜𝑟𝑟 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 1.6 x 10-18 ± 2.0 x 10-19 g 

% 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝑜𝑜3𝑆𝑆4 = 𝐴𝐴𝑟𝑟𝑠𝑠𝑠𝑠 𝑎𝑎𝑜𝑜 𝑎𝑎𝑎𝑎𝑝𝑝 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝐴𝐴𝑎𝑎𝑟𝑟𝑟𝑟𝑠𝑠  𝑎𝑎𝑟𝑟𝑠𝑠𝑠𝑠 𝑎𝑎𝑜𝑜 𝑎𝑎𝑎𝑎𝑝𝑝 𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝 𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

 𝑥𝑥 100  

% 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝐹𝐹𝑜𝑜3𝑆𝑆4 = 67.54 % 

% 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑀𝑀ℎ𝑜𝑜𝑙𝑙𝑙𝑙 =  𝐴𝐴𝑟𝑟𝑠𝑠𝑠𝑠 𝑎𝑎𝑜𝑜 𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑟𝑟𝑚𝑚𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 
𝐴𝐴𝑎𝑎𝑟𝑟𝑟𝑟𝑠𝑠 𝑎𝑎𝑟𝑟𝑠𝑠𝑠𝑠 𝑎𝑎𝑜𝑜 𝑎𝑎𝑎𝑎𝑝𝑝 𝑠𝑠𝑎𝑎𝑙𝑙𝑟𝑟𝑎𝑎𝑝𝑝 𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

 𝑥𝑥 100  

% 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀 𝐹𝐹𝑜𝑜 𝑙𝑙𝐹𝐹𝑙𝑙𝑀𝑀𝐹𝐹𝑙𝑙 𝑀𝑀ℎ𝑜𝑜𝑙𝑙𝑙𝑙 = 32.46 % 

Using the percentage mass values for the contribution of Fe3O4 versus the 

contribution of the ligand shell, the molar composition of A-SPION with one 

monolayer of reacted APTMS could be written as (Fe3O4)1(C3H8NSiO3)0.8. 

The theoretical percentage mass for one monolayer of reacted amino silane ligands 

around a 7.4 nm Fe3O4 core was found as 32.46 %. This percentage mass value 

includes the percentage mass contribution from the inorganic silane, which is not 

thermal decomposed during the TGA. The theoretical percentage mass contribution 

of the silane (SiO2) was therefore deducted to give a predicted TGA percentage for 

one monolayer of reacted APTMS as 14.06 %. The theoretical percentage mass 

contribution from C, H and N was also used to predict the elemental analysis. The 

theoretical percentage mass contribution from C, H and N was also used to predict 

the elemental analysis. The predicted results are highlighted in Table A.3 as C: 8.72 

% , H: 1.95 % and N: 3.39 %. The actual measured results obtained from the 

elemental and TGA were used to determine the actual composition of A-

SPION,Table A.4. The actual results could then be used to predict the actual average 

number of APTMS ligands reacted with the SPION surface with diameter of 7.4 nm 

and thus determine the average number of monolayer(s) of amino silane. Table A.4 

summarises experimental elemental analysis results, TGA weight loss and 

calculations of weight contributions from APTMS, residual oleic acid, adsorbed 

solvent and SPION core. From the experimental procedure, the nitrogen content of 

the A-SPION product could only be attributed to APTMS ligands reacted onto the 

surface. Using the weight percentage measured for nitrogen, it was possible to 

calculate the carbon and hydrogen contribution for APTMS. 
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Table A.3. Predicted elemental percentage weight and TGA weight loss values for one monolayer of 

amino silane ligands surrounding a 7.4 nm SPION. 

Element 
% mass for reacted 

amino silane ligand 

% mass for reacted amino silane 

ligand (scaled to 27.82 %) 

C 26.85 8.72 

H 6.01 1.95 

N 10.44 3.39 

O 35.77 11.61 

Si 20.93 6.80 

   

Predicted TGA 

weight loss  
43.30 14.06 

Total % mass 100 32.46 

 

Table A.2 deduces from the elemental analysis data that an excess of carbon and 

hydrogen was observed compared to the expected values for a pure APTMS 

coverage. From the TGA, there was 4.98 % weight loss taken from ambient to 

120 °C which was considered to be residual solvent (ethanol and toluene). The 

excess contaminant carbon and hydrogen values left over of 13.40 % were 

considered residual oleic acid, the theoretical percentage C, H and O has been 

predicted in Table A.4. The weight composition of A-SPION was determined as 

Fe3O4  42.15 %, APTMS 39.46 %, oleic acid 13.40 % and solvent 4.98 %.  The 

molar composition of A-SPION was determined as (Fe3O4)1(C3H8NSiO3)1.6 

(C18H34O2)0.3(C6H8O1)0.3. The amount of APTMS on the A-SPION (with residual 

organic contaminate removed) corresponded to 1.74 equivalents of the value 

calculated earlier for a monolayer so the number of APTMS ligands on the surface 

(Lexp) was estimated at 4074 (4.76 % N).  
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Table A.4. Experimental and calculated elemental analysis and TGA weight loss values for dried A-SPION. Shaded areas show actual experimental values. 

    

Actual 

experimental 

values 

Calculated from 

Nitrogen content 

Calculated from TGA 

weight loss 
    

APTMS 
Residual 

Oleic Acid 

Residual 

solvent 

Total 

values 

SPION 

(as Fe3O4) 

Elemental 

analysis 

C 22.55 10.60 10.26 1.70 22.55 
 

H 3.87 2.37 1.63 -0.13 3.87 
 

N 4.12 4.12 
 

  4.12   

 
O   14.12 1.52 3.41 19.04 12.07 

 
Si   8.26 

 
  8.26 

 

 
Fe     

 
    30.09 

  Total weight % 30.54 39.46 13.40 4.98 57.84 42.15 

TGA Weight loss 35.47 17.09 13.40 4.98 35.47   
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Appendix B 

Studies using Polyethylene glycol (PEG) 
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 Screening Polymer Coatings for SPIONs 

At the very start of this Ph.D project, polyethylyene glycol methacrylate (PEGMA) 

with Mn of 300 and 1100 g mol-1 were the first monomers of choice to polymerise by 

atom transfer radical polymerisation (ATRP) due to known bio-compatibility of 

polyethylene glycol (PEG).1-3 In addition, PEG(monomethyl ether)succinic acid ester 

(PEG-COOH) was prepared in order to compare the stabilisation of 

superparamagnetic nanoparticles (SPIONs) using linear vs branched polymers, 

Scheme AB.1. 

Preparation of PEG(monomethyl ether)succinic acid ester 
(PEG-COOH) 

PEG-COOH was prepared by Dr Solène Cauët at the University of Liverpool, 

Department of Chemistry. Following the method by Parrish et al.4 PEG(monomethyl 

ether) 5 kDa (5.0g, 1 eq), succinic anhydride (0.18g, 2 eq), and 4-

(dimethylamino)pydrine (DMAP) (25 mg, 0.2 eq) were dissolved in 

dichloromethane (85 mL) and heated to reflux for 48 h. Scheme AB.1 outlines the 

synthesis procedure. 

 

Scheme AB.1. Preparation of PEG(monomethyl ether)succinic acid ester (PEG-COOH). 

The crude reaction mixture was washed with water several times. The organic phase 

was then dried over MgSO4. The solvent was removed and the polymer obtained as a 

white powder from precipitation from THF in diethyl ether (yield 80%). 1H NMR 

(CDCl3, 400 MHz) δ (ppm) 2.72 (m, 4H, HOOC-CH2-CH2-COO), 3.37 (s, 3H, O-

CH3), 3.66 (br, 426 H, O-CH2-CH2-O), 4.28 (t, 2H, CH2-CH2-OCO-) 13C NMR 

(CDCl3, 100.61 MHz) δ (ppm) 28.88 (OOC-CH2-CH2-COOH), 29.39 (OOC-CH2-

CH2-COOH), 59.04 (CH3-O-), 63.77 (O-CH2-CH2-OCO-), 68.97(O-CH2-CH2-OCO-

), 70.54 (O-CH2-CH2-O), 71.90 (CH3O-CH2-, 172.16 (O-CO-CH2-), 173.57 (-

COOH). FTIR (ATR cell) ν(C=O) 1733 cm-1, Figure AB.1, Figure AB.2 and 

Figure AB. 3. 
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Figure AB.1. 1H-NMR of PEG(monomethyl ether)succinic acid ester (PEG-COOH) 5kDa. 

 

Figure AB.2. 13C-NMR of PEG(monomethyl ether)succinic acid ester (PEG-COOH) 5kDa. 
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Figure AB. 3. FT-IR of PEG(monomethyl ether)succinic acid ester (PEG-COOH) 5kDa.  

N-Succinimidyl Functionalisation of PEG-COOH and Amidation 
with A-SPIONs 

In a 15 mL vial, PEG-COOH ((0.2 g, 5kDa) or (0.1 g, 2 kDa)) was added to 

methanol. To this, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC.HCl) (8 

mg) and N-hydroxy succinimde (NHS) (4 mg) was added. The vial was sealed and 

left to rotary mix for 10 minutes. To this, DMAP (4 mg)  and then A-SPIONs (pre-

sonicated solution using an ultrasonic bath (Fisher Scientific, model FB15051, 

frequency = 30-40 kHz) in ethanol, 5 mL, 2 mg mL-1) were added. The vial was 

resealed and sonicated for 1 hour in a sonication bath set to 22°C, Scheme AB.2. 

The sonication bath warmed up over the course of the 1 hour time period which 

reach a final temperature of 40°C. The reaction mixture was then left to rotary mix 

for 15 hours at 22 °C before dialysis into deionised water. The dialysis solution was 

changed with deionised water (4 L) five times over the course of a period of 8 hours. 

The dialysis bag was then left in the final change of deionised water (4 L) for 15 

hours. 
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If polymer coated SPIONs were found to be colloidally stable in water for more than 

24 hours, SPIONs were concentrated using a 50,000 MWCO Corning Spin-X UF 

centrifugal concentrator. The concentrated solution of polymer coated SPIONs were 

then passed through a Sephadex G25 gel filtration chromatography column in 

phosphate buffered saline (PBS) pH 7.4 to remove any unreacted polymer present. 

Samples as prepared were characterised by DLS, TEM and MRI. Samples were 

assessed for colloidal stability in PBS solution and for stability into citrate buffer 

solutions prior to biological studies. To determine polymer coverage, dry samples 

were prepared by dialysing polymer coated SPIONs back into deionised water to 

remove PBS salts prior to freeze drying. Samples were characterised by TGA, 

elemental analysis, SQUID, DLS and FT-IR. 

 

Scheme AB.2. mPEG-COOH coupling reaction with EDC/NHS and amidation with A-SPIONs. 

Synthesis of benzyl-2-bromoisobutyrate (BzBriB) Initiator for 
ATRP 

Benzyl-2-bromoisobutyrate (BzBriB) initiator was used as a control to demonstrate 

whether the amidation coupling reaction of N-succinimidyl functional polymers was 

successful and if there was any physisorption interaction of the polymers with the 

amino silane coated SPIONs (A-SPIONs) to cause colloidal stabilisation, Scheme 

AB.3.  
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Scheme AB.3. Synthesis of benzyl-2-bromoisobutyrate (BzBriB) initiator. 

In a 1 L round bottom flask, dry dichloromethane (DCM, 500 mL) was added and 

cooled to 0 °C under a nitrogen atmosphere. Under magnetic stirring, benzyl alcohol 

(BzOH, 5.20 mL, 50 mmol) and triethylamine (TEA, 14.0 mL, 100 mmol) were 

added. 2-bromoisobutyryl bromide (8.00 mL, 55 mmol) was then added to the 

mixture dropwise and the mixture was left to mix overnight and warm to room 

temperature. The TEA salts were filtered from the mixture and the remaining organic 

solution washed with 0.1 M HCl and 0.1 M Na2CO3 solutions. The DCM was then 

removed via rotary evaporation to leave a brown liquid which was then purified by 

vacuum distillation to yield a straw coloured liquid. The structure and purity of the 

final product was confirmed by 1H-NMR, 13C-NMR and mass spectrometry. 

Chemical purity (1H-NMR) > 95 %. Chemical yield 9.98 g (78 %). 1H-NMR (400 

MHz, chloroform-d, ppm): δ 7.38-7.33 (m, 5 H, C6H5), 5.2 (s, 2 H, CH2), 1.95 (s, 6 

H, CH3). 13C-NMR (100 MHz, chloroform-d, ppm): δ 171.5, 135.4, 128.6, 128.3, 

127.9, 67.6, 55.7, 30.8. Elemental Analysis: expected C 51.38 %, H 5.10 %, actual C 

50.75 %, H 5.10 %. Micromass LCT mass spectrometry expected (found): 256.0 g 

mol-1 (256.0 g mol-1). 

2.1.1 Preparation of Hydrophillic Polymers by ATRP  

The reagent amounts and conditions for the ATRP of the polymers synthesised for 

preliminary screening can be found in Table AB.1. Typically, ATRP reactions were 

carried out using molar ratios of [monomer]/[initiator]/[CuCl]/[bipy] = target 

DPn:1:1:2.1 in a solvent or solvent mixture. In a dry 100 mL round bottom flask, 

monomer(s) (target DPn equiv) was dissolved in degassed solvent (50 % of total 

solvent volume unless stated). In a separate flask, initiator (1 equiv) was dissolved in 

solvent (50 % of total solvent volume unless stated) with bipy ligand (2.1 equiv) and 

Cu(I)Cl (1 equiv). After purging both flasks with nitrogen for 30 min, the 

initiator/catalyst mixture was added to the stirred monomer(s) solution under 
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nitrogen at 22 °C. The reaction mixture was left for the required amount of time to 

ensure full conversion. Conversion was monitored by 1H NMR analysis by observing 

the disappearance of vinyl signals at δ 5.5−6.0. On exposure to air, the reaction 

solution turned blue, indicating aerial oxidation of the Cu(I) catalyst. The resulting 

polymer was mixed with Dowex Marathon MSC ion-exchange resin to remove 

Cu(II)Cl. The ion-exchange resin was then removed by filtration and remaining 

solution was rotary evaporated to remove solvent and precipitated into diethylether. 

The precipitated polymer was then dried under vacuum and freeze dried. Sample was 

then stored in the fridge under an argon atmosphere with sealed drying tube attached. 

Characterisation of polymers prepared are summarised in Table AB.2. 

Amidation Reaction of N-succinimidyl Functional Polymers with 
A-SPION 

The amidation reaction was followed using the method found in Chapter 2, 

Figure AB.4. 

Reactions were carried out in a 15 mL vial with NS-polymer or Bz-PEGMA (for 

amounts see Table AB.3) . Colloidal stability results are summarised in Table AB.3. 

 

Figure AB.4. Amidation reaction of NS-polymer with A-SPIONs. 
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Stem Cell Labelling Studies using PEG112-SPIONs 

For cell uptake studies, kidney murine derived stem cells (KSCs) and mesenchymal 

stem cells (MSCs) were exposed to cell culture medium containing PEG112-SPIONs 

and Molday Ion Coumarin Blue (MICB) NP concentrations of 5 µg Fe mL-1 and 

incubated for a period of 24 hours, Figure AB. 5.5  

 

Figure AB. 5. Particle uptake study using a KSC and MSC line exposed to NP concentrations of 5 µg 

Fe mL-1 of MIRB and PEG112-SPIONs incubated for 24 hours. Cells were stained with the Iron Stain 

Kit (Sigma Aldrich), which consists of a Prussian Blue staining for iron deposits and a Pararosaniline 

counterstain (pink). 
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After this period, cells were washed, fixed and the iron oxide cores were stained 

using Prussian blue to form a complex with iron for imaging of SPIONs. 

Pararosaniline counterstain was used to visualise and image stem cells using bright 

field optical microscopy. Lower uptake levels observed from very little Prussian blue 

staining for cells exposed to PEG112-SPIONs  confirms the PEG surface coating is 

‘stealthy’ and provides non-specific uptake. MICB however showed much higher 

levels of uptake as expected from previous cell uptake results observed throughout 

this Thesis.
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Table AB.1. Summary of polymers synthesised by ATRP (to be used for amidation coupling reaction) and their respective reaction parameters. Where NS and Bz are N-

Succinimidyl and benzyl functional initiators used respectively. 

 

 

 

 

 

 

ID Polymer synthesised 
(I-(monomer)n 

Target 
Polymer 

DPn 

Target polymer 
Mw (K g mol-1) 

Initiator (I) 
weight 
(mg) 

Monomer 
weight used 

(g) 

Solvent  
(added to  catalyst 

/added to 
monomer), volume 

Catalyst mixture 
amounts 
(mg/mg) 

(Cu(I)Cl/bipy) 
1 NS-(PEGMAMn300)n 50 15.5 88.4 5.01 MEK, 5 mL 37/109 

2 Bz-(PEGMAMn300)n 50 15.2 84.9 5.00 DMSO, 5 mL 33/109 

3 NS-(PEGMAMn300)n 16 5 274.6 5.00 DMSO, 5 mL 103/344 

4 NS-(PEGMAMn1100)n 5 5 240.1 5.00 DMSO, 10 mL 90/298 
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Table AB.2. 1H-NMR and GPC summary data of preliminary synthesised polymers. Note, shaded in grey are purchased mPEG polymers which were further prepared to 

contain a carboxyl moiety. These polymers were included in the table as a comparison to those synthesised. 

Polymer used 
Target Mn 

 / g mol-1 

Target 

Polymer 

DPn 

DPn  

(1HNMR) 

GPC Mn 

 / g mol-1 

DPn 

(GPC) 
Đ 

NS-(PEGMAMn300)50 15,500 50 43 6,900 23 1.28 

Bz-(PEGMAMn300)50 15,200 50 92 7,000 23 1.84 

NS-(PEGMAMn300)16 5,000 16 98 3,000 10 1.55 

NS-(PEGMAMn1100)5 5,000 5 99 5,500 5 1.22 

m(PEG)45-COOH 2,000 45   - - 

m(PEG)112-COOH 4,600 112 -  - - 
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Table AB.3. Summary of amidation coupling reactions of selected polymers with amino silane coated SPION and the colloidal stability results. 

SPION core 
diameter (nm) 

(pXRD) 

amino 
silane 

monolayers 
Polymer used Amount of 

polymer used  

Av. Zeta 
potential 

(mV) 

colloidally stable 
after dialysis into 

water? (y/n) 

colloidally 
stable in PBS 

pH 7.4 @ 22 °C 
24 h? (Y/N) 

colloidally stable in 
PBS pH 7.4 @ 

37 °C 24 h? (Y/N) 

6.3 2.98 NS-(PEGMAMn300)50 0.75 + 0.95  Y N 
 

6.3 3.20 Bz-(PEGMAMn300)50 0.75 + 10.24 N 
  

6.3 2.81 NS-(PEGMAMn300)16 0.24 + 18.9  N 
  

6.3 2.81 NS-(PEGMAMn1100)5 0.28 + 31.8 N 
  

6.3 2.81 m(PEG)45-COOH 0.10 + 9.48  Y Y N 

6.3 2.81 m(PEG)112-COOH 0.20 -2.42 ± 13.3 Y Y Y 
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