
1 
 

 

 

 

 

Pre-Clinical Development of Best-in-Class 

Zn0.4Fe2.6O4 Magnetic Nanoparticles  

for Thermal Treatment of  

Brain Glioblastoma 

 

 

Georgios Kasparis 

 

PhD Thesis 

 

 

 

Faculty of Mathematical and Physical Sciences 

Department of Physics & Astronomy 

University College London 



2 
 

Declaration of Originality 

 

I, Georgios Kasparis, declare in lieu of an oath that I have written this 

document myself. Where the work of others is used is clearly indicated and all 

sources are properly referenced. Opinions expressed herein do not represent 

the university and are solely the opinions of the author. I confirm that this 

document has not been submitted before or elsewhere for another degree. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

Abstract 

Nanomaterials are intensely researched and developed for a wide range of 

applications. The focus of this work is on developing novel nanomaterials with 

augmented physicochemical properties for biomedical applications. 

Specifically, developing magnetic nanoparticles for thermal treatment of 

neoplasms as this method offers a potentially drug-free approach to cancer 

treatment currently approved for clinical use for a limited number of 

malignancies and undergoing further trials for assessing its effect on others. 

To date, several procedures have been established to produce nanoparticles 

with variable shapes, sizes and compositions and their effect on various 

technologies are intensely investigated. Among both anisotropic and isotropic 

magnetic nanoparticles synthesised as part of this work, superparamagnetic 

zinc doped ferrite nanoparticles were the most suitable for further development 

owing to their high magnetisation, superparamagnetic nature, low anisotropy 

and biocompatibility as characterised by their chemical and physical attributes 

and compared with iron oxide nanoparticles of same size and morphology. 

These nanoparticles have been developed using liquid chemistry routes under 

high temperature and pressure. Their extensive characterisation renders them 

as the best-in-class nanoparticles in terms of their magnetic properties and 

size exceeding the magnetic properties of the next most magnetic zinc ferrite 

synthesised to date whilst having ten times smaller magnetic volume. Their 

ability to convert magnetic energy to heat (magnetothermal) and light to heat 

(photothermal) has been assessed with photothermia being far more efficient 

than magnetothermia both in suspension and in cellular confinement. 

Magnetothermal conversion was similar to other superparamagnetic materials 

and of limited clinical use while photothermal conversion showed enhanced 

performance achieving complete cell death in 10 minutes using clinically 

relevant settings. The nanoparticles showed extensive cellular uptake in vitro 

on brain glioblastoma cells as indicated by imaging and magnetometry. The 

biocompatibility of the nanoparticles has been assessed with several 

techniques to assess mitochondrial function, cell membrane integrity and 

clonogenicity indicating a well-tolerated material of similar toxicity to iron oxide 

which itself is cleared for medical use by the Food and Drug Administration 
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and the European medicines Agency. A practical treatment time has been 

determined to induce preferentially irreversible apoptosis than necrosis in in 

vitro experiments as a result of apoptosis-related proteins expression or 

inhibition and reactive oxygen species formation before, during and after 

thermal treatment. Biodistribution studies made use of nuclear medicine 

tomographic imaging techniques to monitor the biodistribution profile of the 

nanomaterial in real-time including positron emission tomography and single 

photon emission computed tomography integrated with computed tomography 

on physiological and immunocompromised mice via intravenous and 

intranasal administration. The nanomaterial mainly accumulates in organs 

involved in the clearance pathway; the liver and the kidneys with a small 

amount of material reaching the brain. 
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Impact Statement 

Cancer in general, is a disease that scares most of us. Its occurrence is 

increasing year after year with only a few cancers having a good prognosis. 

Many, such as brain cancer, is viewed as a death sentence hence there is an 

urgent need to advance the development and number of treatments for this 

disease. 

Hyperthermia, as a treatment for malignancies, undergone clinical trials with 

conflicting results and is now undergoing more. Nanotechnology has 

advanced so much since the initiation of the latest clinical trials that the 

nanomaterials currently used seem outdated with limited performance. To this 

end, the preparation of novel nanomaterials to augment the performance of 

nanoparticles in localized hyperthermia was proposed. 

Through extended literature review and experimental attempts to prepare  

state-of-the-art nanoparticles, best-in-class materials were prepared. By 

making use of pressure close to perfect nanocrystals were obtained which is 

reflected in their magnetic properties. As such, many collaborators around the 

globe are utilising the developed nanomaterial to further their own work in 

several different applications. Further, the semiconducting properties of the 

magnetic nanoparticles instead of their magnetic were exploited, an 

unorthodox approach, with a massive enhancement in performance in situ and 

in vitro in hyperthermia tests. Additionally, the exploitation of uncommon routes 

of administration such as the intranasal cavity was used for direct delivery of 

nanoparticles to the brain by-passing this way the blood-brain-barrier, a 

significant obstacle for drug delivery to the brain. 

It is believed that many can benefit from this work especially scientists 

investigating the current issues in hyperthermia. By using non-standard 

methods and techniques great outcomes can come and only this way an 

unexpected great treatment can be achieved. Ultimately, it is hoped that 

people suffering from brain cancer will, one day, benefit from localised 

hyperthermia and the approach paved.  
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 Introduction 

1.1 Hyperthermia as a Medical Tool 

Hyperthermia is derived from the Greek words "υπέρ" meaning "above" or 

"over", and "θερμός" meaning "hot" and is used to describe a situation where 

the temperature has been increased to levels above a set normal1. In 

biomedicine, this is used to describe situations where the body temperature 

has been elevated by external factors while the body’s temperature set point 

remains at physiological values and this is how hyperthermia differs from fever 

(disease).  

Exploiting hyperthermia for cancer treatment dates back many years. The 

physiology of neoplasms, being hypoxic and acidic, renders them susceptible 

to heat and prone to deteriorate at temperatures between 41-46 °C, 

temperatures that healthy cells can withstand and this is what gives 

hyperthermia specificity1,2. The concept of hyperthermia in oncology is that a 

controlled level of heat can be applied at the site of interest which would kill 

nearby malignant cells which are damaged by the temperature increase. The 

temperature increase must be in a range where healthy cells remain 

unaffected, ideally achieving selective elimination of cancerous populations. 

Usually trialled as an adjunctive modality to radiotherapy or chemotherapy, 

thermotherapy has gone a long way since the first hot water applicators. Bags 

with water were heated up with radiofrequency radiation to warm up a region 

on the body, so called regional hyperthermia1. Due to various factors, 

thermotherapy never took off, either because of limited number of companies 

making the applicators, the inability of the small companies making those to 

advertise in mass media or conflicting clinical trial results3,4. Today, research 

has progressed beyond whole body or regional hyperthermia to a highly 

specific alternative, local hyperthermia. Nanotechnology allowed the precise 

manipulation of matter at the nanoscale, which in turn allowed the 

maximisation of heat released by nanoparticles (NPs). Consequently, the 

number of scientific articles published through the years has been increasing 

exponentially as shown in Figure 1 (Scopus, term ‘hyperthermia’, extracted on 

the 02/12/2018).  
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There are two major materials that are intensively researched for this purpose, 

magnetic NPs in which case magnetic energy is converted into heat5,6 or noble 

metal NPs to transform light into heat7,8. Magnetic NPs can induce 

hyperthermia, as do gold NPs albeit with different mechanism, but magnetic 

NPs can also be externally manipulated due to their magnetic properties 

hence, magnetic nanomaterials offer multifunctionality over other 

nanomaterials.  

 

The recent advances in matter manipulation and development of 

nanomaterials with augmented properties sparked again the interest of the 

clinical community which is reflected in the latest clinical trials reassessing the 

clinical potential of hyperthermia as a medical tool in oncology with a German 

company leading the way4. MagForce AG, has developed the first clinical 

alternating magnetic field (AMF) applicator (necessary to heat magnetic NPs 

– discussed in 2.1.1). The NPs are injected inside the tumour where they 

remain for a long time allowing for multiple consequent treatments. An official 

approval has been obtained, valid for all states in the European Union, for the 

treatment of brain tumours. Currently, a pilot study with 80 patients is 

underway to extend this modality to pancreatic, breast and oesophageal 

cancers9.   

 

Figure 1: Number of publications with the term ‘hyperthermia’ between 1997-2017. 
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1.2 Specificity of Nanomedicines to Tumours 

Nanomedicine is the medical application of nanotechnology used to prevent 

or treat disease. Although this branch of medicine involves nanoscale 

materials10,11, nano-electronic biosensors12,13, biological machines14 and 

others, herein the focus is on the development of magnetic nanomaterials for 

cancer hyperthermia. 

Materials scaled down to the nanoscale exhibit different physical and chemical 

properties compared to their bulk counterparts. For example, a gold nugget 

has a shiny golden colour while nano-scaled gold can vary between deep red 

to green as shown in Figure 215. Magnetic materials scaled down to the 

nanoscale change their magnetic properties from ferro- and ferrimagnetic to 

superparamagnetic behaviour16. 

 

Another property of nano-pharmaceutics for cancer treatment is their ability to 

specifically target vascularised tumours over healthy tissue17. Tumours grow 

substantially and quickly and to sustain their intense growth, they release 

factors to initiate angiogenesis, a vasculature growth process. This facilitates 

the delivery of nutrients throughout the tumour to support further growth18. This 

rapidly formed vasculature has fenestrae due to its rapid formation19. These 

pores can be exploited for preferential accumulation at such sites giving this 

delivery method specificity. Once NPs exit the circulation, they are retained on 

the side due to constant positive pressure from flowing blood17. This 

phenomenon is called enhanced permeation and retention (EPR) effect also 

known as passive targeting and is the most common targeting technique for 

cancer nano-pharmaceutics. An illustration of this effect is shown in Figure 3. 

In addition to passive targeting, one can engineer the surface of the NPs in 

 

Figure 2: Gold NPs of different sizes. 
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such manner to target at the cellular level through special recognition17. This 

method is called active targeting and does not exclude passive targeting. In 

this case, molecules such as peptides20, antibodies21, sugars22, aptamers23 

and other biomolecules have been used to recognise structures on the surface 

of cells that express or overexpress the appropriate binding site in contrast 

with other cell populations that might be present nearby. This way, preferential 

uptake at the cellular level can occur and many studies have shown the 

efficiency of both methods17. 

 

1.3 Magnetism and Magnetic Nanoparticles 

Magnetic NPs consist of a large family of magnetic materials that have been 

scaled-down to nano-sized crystals. Typical examples and the only Food and 

Drug Administration (FDA) approved materials today are based on magnetite 

(Fe3O4) and maghemite (γ-Fe2O3). These two materials have long been 

studied and today one can produce variable sizes24,25 and shapes26,27. 

Research in the field is on-going with substituted ferrites; cobalt28, zinc29, 

manganese30, magnesium31 and others that adapt the formula MxFe3-xO4. 

Other materials include metallic nickel32, iron33,34 and their alloys, iron cobalt35, 

iron platinum36, iron nickel37 and others. Beyond being a biocompatible 

 

Figure 3: NPs exiting the systemic circulation due to fenestrae on cancer 

neovasculature. 
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material with small size for passive targeting, magnetic nanomaterials have 

further attributes that need to be met to be suitable for clinical use. These are 

closely linked to their magnetic properties and are discussed in detail in section 

1.4. 

1.4 Types and Properties of Magnetic Materials 

There are six types of magnetism; paramagnetism, diamagnetism, 

ferromagnetism, ferrimagnetism, antiferromagnetism and spin-glass38. 

Paramagnetic substances display a weak attraction to an applied magnetic 

field and is observed in atoms and molecules with an odd number of electrons 

since the net magnetic moment cannot be zero. Diamagnetism is the opposite 

to paramagnetism, it is a weak repulsion from an applied magnetic field 

because of a current induced in the electron orbits of the atoms by the applied 

magnetic field; all materials exhibit this behaviour more often masked by other 

phenomena. For extended networks of atoms such as in crystals, the other 

four types of magnetism are rather more common due to long range ordering 

of the atoms with the exception of spin-glass which refers to lack of spatial 

orientation similar to paramagnetism although frozen in time. The magnetic 

moment of each atom can align parallel or antiparallel with a neighbouring 

atom while the third case arises when the antiparallel alignment is composed 

of two unequal in magnitude magnetic moments as shown in Figure 4. These 

three ways of ordering make up ferromagnetic, antiferromagnetic and 

ferrimagnetic materials, respectively.  

In ferromagnetic materials, all magnetic moments are aligned in-parallel and 

such materials exhibit a big permanent magnetic moment. In the case of 

antiferromagnetic materials, the spins are aligned antiparallel and they cancel 

each other out while in ferrimagnetic materials the spins of opposing directions 

 

Figure 4: Types of magnetic ordering. 
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are not of equal magnitude hence these materials also exhibit a permanent 

magnetic moment. Fe3O4 and γ-Fe2O3 fall in this last category of magnetic 

materials, they are ferrimagnetic. 

The interest in ferrimagnetic materials stems from the ability to manipulate the 

crystal lattice and introduce new properties or manipulate pre-existing. The 

scientific principle termed superexchange is a phenomenon where the 

electrons of a cation are coupled with another through an adjacent anion38. A 

simplification of this effect is shown in Figure 5.  

In the case of iron oxides, the Fe3+ cations are surrounded by O2- anions. The 

valence electrons of Fe3+ interact with the electrons of the oxygen ion and this 

effect percolates though the crystal. The eventual effect, whether 

ferromagnetic or antiferromagnetic is geometry dependent but often is an 

antiferromagnetic interaction. Taken Fe3O4 as an example, the crystal consists 

of two interpenetrating magnetic sublattices. The iron ions between the two 

sublattices have an angle of 127° which renders the interaction 

antiferromagnetic. In order to increase the magnetic properties of this material 

non-magnetic cations were to be incorporated in the crystal and break the 

antiferromagnetic coupling39. Further discussion on this effect follows in 

section 3.3.2. 

Magnetic behaviour is also hugely influenced by the size of the crystallites38,40. 

Bulk magnetic materials spontaneously split into magnetic domains, regions 

where the magnetic vector faces at a direction different from the neighbouring 

domains. These domains arise from structural defects. Such materials are 

referred to as multi-domain and the magnetic vectors of the domains will align 

 

Figure 5: Illustration of superexchange of two metal cations via a non-metallic 
anion. 
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when a magnetic field is applied. Reducing the size down smaller to that of 

domains in bulk materials, the particles are single-domain and their magnetic 

moment is uniform throughout, oriented to a specific direction called the easy 

axis which is intrinsic to each material based on its crystal lattice. The energy 

required to flip the spin in single-domain particles from its easy axis is known 

as the magnetocrystalline anisotropy and is illustrated in Figure 641. 

Reducing the size even further, one enters the superparamagnetic regime. At 

a small enough size, ambient thermal energy is enough to overcome the 

magnetocrystalline anisotropy barrier flipping the magnetic vector at random. 

Even though each individual particle will have a magnetic moment, the 

collective random flipping manifest itself as a zero-magnetic moment in the 

absence of a magnetic field. This phenomenon is known as 

superparamagnetism and is the type of magnetism required for biomedical 

applications. Multi-domain, single-domain and superparamagnetic crystals are 

illustrated in Figure 7A, while some indicative size limits for when crystals of 

different materials become superparamagnetic40 are shown in Figure 7B. 

 

 

Figure 6: Magnetocrystalline anisotropy energy barrier. 
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Single- and multi-domain crystallites will retain some magnetisation when the 

applied magnetic field is removed, known as remnant magnetisation. The 

importance of using superparamagnetic particles for clinical applications is the 

lack of remnant magnetisation in the absence of a magnetic field which would 

otherwise cause nearby crystals to attract each other, aggregate and possibly 

lead to vascular occlusion. The field required to be applied in the opposite 

direction to bring the magnetisation to zero is known as the coercive field. In a 

field versus magnetisation plot [M(H)], a loop is formed known as hysteresis 

and is indicative of non-superparamagnetic particles. Coercivity, or  resistance 

to demagnetisation, is also size dependent and is illustrated in Figure 842. 

 

Figure 7: A) The transition of a multi-domain crystal (left) to a single domain crystal 

(centre) and a superparamagnetic crystal (right) and B) Superparamagnetic and 

single-domain size limits for magnetic NPs. 
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1.5 Commercial Use of Magnetic Nanoparticles 

Magnetic NPs had previously been commercialised as negative contrast 

agents in magnetic resonance imaging (MRI). Two well-known examples 

include Feridex®, a polymer coated 4-6 nm spherical magnetic crystallite and 

Resovist®, also a polymer coated 5-10 nm spherical magnetic crystallite. The 

preferential use of positive, gadolinium-based contrast agents led to lack of 

use and the discontinuation of negative contrast agents. With on-going 

research, impressive positive contrast using iron oxide NPs has been 

achieved43,44 as shown in Figure 944 and can potentially replace nephrotoxic 

gadolinium contrast agents45 in the future. 

 

Magnetic NPs are also exploited for drug delivery as delivery platforms 

themselves by attaching the medicinal molecule on their surface or as a part 

 

Figure 8: Coercivity as a function of size. 

 

 

Figure 9: T1 MRI contrast with iron oxide NPs. 
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of a larger entity46,47. Such use of magnetic NPs offers selective spatial 

accumulation by the application of an external magnet while their heating 

ability offers triggerability or controlled release of molecules on-demand46. The 

delivery system can be thermo-responsive and as such heat released by 

magnetic NPs can initiate the release of cargo. This approach often appears 

in academic literature46,48. 

Blood detoxification and pathogen removal has also been achieved using 

magnetic NPs49,50 and this technology is reaching the market51. MediSieve Ltd, 

UK, has used surface engineered iron oxide NPs to clear blood-borne 

diseases such as malaria, leukaemia, and sepsis. The principle is illustrated 

in Figure 10. 

 

 

Figure 10: Blood detoxification system based on iron oxide NPs from MediSieve 

Ltd, UK. 
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Magnetofection is another use of magnetic NPs where DNA-bound magnetic 

NPs deliver nucleic acids to specific targets in vivo, or more efficiently in cell 

cultures after forced contact with the cells by a magnet47. Additionally, 

magnetic NPs are encapsulated in viral vectors to deliver nucleic acids in vivo 

in laboratory settings from OZBiosciences SAS, France. 

Last but not least, iron oxide NPs are also commercially available for 

laboratory use from different companies such as Resonant Circuit Ltd, UK, 

NanoStructured & Amorphous Materials Inc., USA, Skyspring Nanomaterials 

Inc., USA, Creative Diagnostics, USA, Merck Ltd, UK and many others while 

those that made it into clinical trials are much less in numbers and are focused 

on treating brain glioblastoma and prostate adenocarcinoma by 

thermotherapy, assessed by MagForce AG, Germany9. Such products and 

their uses are tabulated in Table 1. 

 

1.6 Current Needs for Clinical Translation of Hyperthermia 

There are many commercially available magnetic NPs formulations, all of them 

are based on iron oxide NPs. Even though superparamagnetic iron oxide NPs 

appear in literature in magnetic fluid hyperthermia (MFH) studies, their 

Table 1: Companies selling magnetic NPs, their trade name and intended use. 

Company Product Laboratory Use Clinical Use 

Nanoscale 

Biomagnetics 
Magno ✓  

Resonant Circuits RCL-01 ✓  

Endomagnetics Sienna+ ✓  

Chemicell FluidMag ✓  

AMAG Feraheme  ✓ 

AMAG Ferridex  ✓ 

Pharmacosmos Ferrisat  ✓ 

Sanofi Ferrlecit  ✓ 

Vifor Ferinject  ✓ 

MagForce NanoTherm  ✓ 
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performance is usually poor. To this end, introducing anisotropy in 

nanomaterials such as altering the shape of the NPs was shown to enhance 

the performance of MFH at least in in situ scenarios52,53. The preparation of 

shaped NPs is not trivial and many of these reports produce inadequate 

quantities of materials, require specialised techniques and equipment, or 

suffer from irreproducibility. 

In addition to the physical properties of the NPs themselves, intravenously (IV) 

administering iron oxide NPs leads to a protein corona formation, which is the 

attachment of blood-borne proteins on the coating of the NPs54,55. 

Consequently, this leads to recognition from the mononuclear phagocyte 

system (MPS) which is responsible for removing foreign bodies from the body 

leading to liver accumulation as the main metabolic organ of the human 

body54. This translates to subtherapeutic levels of material reaching the 

tumours. Subsequently, this leaves scientists with the only option to 

intratumourally deliver the NPs to reach the high concentration required to 

achieve a therapeutic level of heat. This is a highly risky procedure itself and 

is not expected to reach clinical practice. Therefore, there is a need to develop 

nanomaterials with higher performance in MFH to achieve adequate levels of 

heat. There are three main prospects to achieve this:  

• Increasing the amount of material able to reach the tumour and/or  

• Investigate other routes of administration and/or  

• Devise other ways of inducing hyperthermia. 

The focus of this study was concentrated on two types of malignancies. Breast 

adenocarcinoma which is a superficial tumour best suited for non-or minimally-

invasive treatment and brain glioblastoma which due to its low survival rates 

and severity there is an urgent need for novel treatments. 

Our approach to tackle the aforementioned obstacles as far as material design 

is concerned, included the preparation of the highest performing NPs for MFH 

as they appear in literature with the aim of increasing their magnetic properties 

by quenching superexchange enhancing their magnetothermal properties 

further, discussed in sections 2.1.1 and 4.3.4. Our efforts also focused on 

modifying current synthetic procedures to synthesise biocompatible magnetic 
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nanomaterials with augmented electronic and magnetic properties and 

investigate unconventional methods to induce heat based on the semi-

conducting properties of such materials enhancing the heating effect while 

reducing the necessary dose. 

 

1.7 Aims of the Thesis 

The purpose of this work was to prepare novel nanomaterials with potential 

use in clinical practice for the treatment of cancer. As such, it had to be a 

biologically compatible material with minimal toxicity, facile and scalable 

preparation methods, and high performance in thermotherapy.  

Current state-of-the-art iron oxide NPs were to be replicated and doped with 

Zn2+ to increase their magnetic properties and reassess their magnetothermal 

conversion. Three syntheses were of interest to prepare: 

• Cubic iron oxide NPs 

• Spindle iron oxide NPs 

• Multi-core iron oxide NPs 

If the above methods were to be proven reproducible, materials would be 

doped and characterised. The most suitable material would be biologically 

evaluated for biocompatibility and performance in cellular experiments.  

In the unfortunate case, where the above protocols could not be replicated in 

our labs, the most magnetic spherical iron oxide NPs would be prepared, 

doped and assessed. 

The preparation of spherical iron oxide NPs prepared under high pressure with 

a scalable and facile method was to be replicated and have their performance 

assessed after Zn2+ doping. If this method was to be proven reproducible, a 

specific level of doping should be determined to produce the most magnetic 

NPs and assess their magnetothermal conversion. If magnetothermia was 

highly effective, biocompatibility experiments of these NPs would follow and 

assess magnetothermia performance in the cellular environment.  
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If magnetothermia was poorly performing, the electronic effects altered by Zn2+ 

doping would be evaluated for photothermal conversion. If photothermal 

conversion was efficient, biological evaluation of the material would take place 

and a comparison between the effectiveness of both thermotherapies would 

take place.   

Once a material has been reproducibly prepared, extensively characterised, 

proven biocompatible and highly converting either magnetic work or light to 

heat efficiently, a suitable timeframe would be determined that can be easily 

adopted in real-life scenarios. Towards this end, cell death against treatment 

time experiments would be performed and molecularly characterise the 

biochemical processes occurring to preferentially achieve apoptosis. 

Lastly, the biodistribution of the material would be determined to assess the 

percentage of material reaching the tumour and assess whether this amount 

is sufficient for elevating the temperature at levels where malignant cells would 

die. These experiments should also prove if there is any need to re-evaluate 

the coating of the NPs in case first-pass metabolism limits their distribution.  
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 Syntheses of Anisotropic Ferrite Nanoparticles 

2.1 Introduction 

Anisotropy is derived from Greek meaning ‘uneven behaviour’ referring to the 

directionally dependent physical or mechanical properties of a material. 

Relating to this work, shape and magnetic anisotropy will be considered; 

whether materials have a non-spherical shape such as cubes, rods, triangles 

etc. or having a preferential orientation to align their magnetic moment for each 

anisotropy type respectively. Both anisotropies can affect the performance of 

NPs in certain applications. For example, iron oxide nanorods were shown to 

induce a stronger magnetic field around themselves and therefore exhibit 

better T2 contrast in MRI compared to spherical NPs56. Iron oxide nanocubes57 

and clustered iron oxide (nanoflowers)58 showed enhanced performance in 

MFH compared to their isotropic counterparts. For the above reasons, there is 

a great amount of work being done on developing such materials. To optimise 

such materials specifically for MFH, one needs to understand the relaxation 

mechanisms which allow magnetic NPs to produce heat which are explained 

in section 2.1.1. 

2.1.1 Mechanisms of Magnetic Relaxation 

To illustrate the enhanced performance of anisotropic against isotropic NPs 

one needs to explore the mechanisms of conversion of magnetic work to heat 

upon the application of an AMF59. Most anisotropic NPs are not 

superparamagnetic and hence their mechanisms differ based on their 

magnetic relaxation10,16. 

The heat release occurs by hysteretic or susceptibility losses; the latter shown 

by superparamagnetic particles and the former by all others. A ferri- or ferro-

magnetic crystal responds to an external variation of a magnetic field in a 

retarded way known as hysteresis. Applying reversal cycles through an AMF, 

the internal energy of the system increases, some of which is released as heat 

as all energy forms do eventually60. Graphically, hysteresis manifests itself as 

a loop on an M(H) curve as shown in Figure 1148. 
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The power loss due to hysteresis is mathematically expressed in equation 1. 

 PFM = µ0f ∮ H dM (1) 

Where µ0 is the permeability of free space, f is the frequency and H the magnitude of the field 

and M is the magnetisation. 

Therefore, from the schematic above and equation 1, it seems that the larger 

the loop the greater the power released by the material. The anisotropic nature 

of the crystals poses a high-energy barrier for magnetisation reversal resulting 

in large coercivity (resistance to alignment with externally applied field), hence 

great heat release.  

In the case of superparamagnetic particles and at high enough frequencies, 

the particles do not follow the reversal and show an out-of-phase 

susceptibility59. This also increases the internal energy of the particles 

subsequently translating to heat. When the magnetic field oscillates, the 

crystal can physically rotate to align or it can rotate the individual magnetic 

moments of the atoms to align with the reversed field; the processes are also 

known as Brownian and Néel relaxations respectively illustrated in Figure 12. 

They have different dependencies on the size and frequencies at which they 

manifest themselves but generally a combination of the two is assumed to take 

place. These relaxations are the cause of the out-of-phase susceptibility 

increasing the internal energy of the crystals.  

 

Figure 11: Hysteresis loop on a magnetisation cycle. 
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Losses from superparamagnetic materials are expressed as in equation 2. 

 
PSPM =

μ0
2πMS

2Vν2H2τN/B

kt [1 + (ντN/B)
2

]
 

(2) 

Where V is the volume, ν is the frequency, k is Boltzmann constant and τN/B is the Néel and 

Brownian relaxation times, respectively. 

Ferro- and ferri-magnetic NPs release more heat compared to 

superparamagnetic NPs and hence there are intense efforts in producing 

anisotropic magnetic NPs. Due to this multi-angle enhanced performance of 

anisotropic magnetic NPs, γ-Fe2O3 nanoflowers were initially pursued followed 

by Fe3O4 nanocubes. Lastly, a two-step hydrolysis-reduction method was 

investigated to produce iron oxide nanorods from iron oxyhydroxide NPs.  

2.2 Materials and Methods 

2.2.1 Reagents 

FeCl3.6H2O (99%), branched PEI solution 50 wt% (Mw 750 kDa) and branched 

PEI (Mw 25 kDa), NaOH, diethylene glycol (DEG), N-methyldiethanolamine 

(NMDEA), Fe(NO3)3.9H2O, diethyl ether, decanoic acid, tetradecanoic acid, 

octadecanoic acid, Fe(acac)3 (99.9%), squalene, 65% N2H4.H2O (98%), 70% 

HNO3 (99.999%) dibenzyl ether, CHCl3 and n-hexane were purchased from 

Merck, UK. FeCl2.4H2O (99%) was purchased from Honeywell, UK. 

Oleylamine (80-90%) and 37% HCl (trace metals) were purchased from Acros 

Organics, UK. Acetone (technical grade) was purchased from VWR, UK. 

 

Figure 12: Néel and Brownian relaxations. 

Néel Relaxation

Brownian Relaxation
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Ethanol (100%) was purchased from HaymanKimia Ltd. Trisodium citrate 

(99%) was purchased from BDH, UK. Water was purified by Purelab Ultra, 

Elga, UK. All chemicals have been used without further treatment. 

2.2.2 Experimental Methods 

2.2.2.1 Synthesis of γ-Fe2O3 Nanoflowers 

For the synthesis of γ-Fe2O3 nanoflowers a previously described protocol was 

followed26. In detail, FeCl3.6H2O (1.09 g, 4 mmol) and FeCl2.4H2O (0.4 g, 2 

mmol) were dissolved in a mixture of DEG (37 ml) and NMDEA (37 ml) in a 

three-neck round bottom flask (RBF). The solution was stirred for 1 h at room 

temperature (RT) to solubilise both precursors. Separately, NaOH (0.64 g, 16 

mmol) was dissolved in a mixture of DEG (17.5 ml) and NMDEA (17.5 ml) 

under stirring at 80 °C to form a pale-yellow solution. Once the hour has 

passed, the NaOH solution was added to the solution of iron chlorides and 

stirred for 3 h. Subsequently, the reaction mixture was heated to 220 °C at a 

rate of 2 °C/min using an Oakton Temp 9500 advanced multiparameter 

controller and kept at 220 °C for 12 h. After the reaction mixture cooled to RT 

the NPs were magnetically separated and washed three times with a 1 : 1 v/v 

ethanol : ethyl acetate mixture (100 ml). The NPs were washed with 10% 

HNO3 and a solution of Fe(NO3)3.9H2O (0.2 M, 20 ml) was added to the NPs 

and heated at 80 °C under stirring for 45 min to oxidise the NPs to γ-Fe2O3. 

After another wash with 10% HNO3, the NPs were washed three times with 

acetone and once with diethyl ether. The solid product was redispersed in a 

trisodium citrate solution (0.002 M, 30 ml) to form a stable suspension. 

2.2.2.2 Synthesis of Fe3O4 Nanocubes 

To synthesise Fe3O4 nanocubes a recently developed protocol was followed57. 

Fe(acac)3 (0.35 g, 1 mmol) was dissolved in dibenzyl ether (25 ml) in the 

presence of decanoic acid (0.7 g, 4 mmol) under a nitrogen atmosphere in a 

three necked RBF. After degassing under vacuum and replacing the 

atmosphere with nitrogen three times on a Schlenk line, the reaction mixture 

was heated in two steps. Initially, the mixture was heated to 200 °C at a rate 

of 5 °C/min and kept there for 2.5 h using a Julabo LC6 PID controller equipped 

with 2 platinum probes. Consequently, the mixture was heated to 290 °C with 

a rate of 10 °C/min and kept at reflux for 1 h. The reaction mixture was let cool 
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to RT and the NPs were precipitated by acetone and magnetically collected. 

The NPs were washed three times with acetone and stored in CHCl3. 

2.2.2.3 Synthesis of Elongated Iron Oxide Nanoparticles 

Synthesis of β-FeOOH Nanoellipsoids. A general synthesis of β-FeOOH 

nanoellipsoids was previously described56. Briefly, FeCl3.6H2O (5.4 g, 20 

mmol) was added in water (100 ml) containing PEI. The mixture was heated 

at 80 °C in an oil bath for 2 h under magnetic stirring (500 rpm). The NPs were 

isolated by centrifugation (8000 g, 10 min), rinsed with acetone and ethanol 

sequentially and dried at 80 °C. The amount of PEI, its molecular weight and 

the reaction time have been varied to investigate the role of each parameter 

in the formation of β-FeOOH nanoellipsoids. 

Reduction with Oleylamine. Oleylamine was used as a mild reducing agent. 

200 mg of β-FeOOH nanoellipsoids were mixed with oleylamine (3.14 g, 11.7 

mmol) in a three-neck RBF. Under a nitrogen atmosphere, the mixture was 

heated to 200 °C under magnetic stirring (500 rpm) for 4 h. The product was 

let cool down and washed three times with ethanol and centrifuged (8000 g, 5 

min). The solid product was recovered from acetone and dried at 80 °C. 

Reduction with Hydrazine. Hydrazine was employed as a strong reducing 

agent. 90 mg of β-FeOOH nanoellipsoids were dispersed in water (20 ml) in a 

three-neck RBF. The NPs were fully resuspended after 20 min of magnetic 

stirring. Approximately 1 ml of 65% N2H4.H2O was added to reach a pH value 

of 10.5 which was determined by Thermo Scientific Orion 3-Star pH meter. 

The mixture was refluxed at 100 °C under magnetic stirring (500 rpm) for 4 h. 

The reaction mixture was let to cool down and the product was washed with 

ethanol and acetone and centrifuged (8000 g, 5 min) three times. The NPs 

were dried at 80 °C. 

2.2.2.4 Characterisation Methods 

The NPs were visualised by transmission electron microscopy (TEM) using a 

JEOL JEM 1200-EX operating at an accelerating voltage of 120 kV using the 

software Gatan DigitalMicrograph. Samples were casted on carbon coated 

copper grids and air dried. Size analysis was performed by image analysis 

software Image J (National Institute of Health). X-ray diffraction (XRD) patterns 
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of powder samples were recorded at RT between 20-110° on a PANalytical 

X’Pert3 equipped with a cobalt source (λ=1.789 Å) on transmission-reflection 

spinning mode. Thermogravimetric analysis (TGA) was performed using a 

DiscoveryTGA (TA Instruments) under a nitrogen atmosphere between RT up 

to 700 °C with a heating rate of 10 °C/min. Infrared spectra were recorded on 

a PerkinElmer Spectrum 100 attenuated total reflectance Fourier transformed 

infrared spectrometer (ATR-FTIR) on dry powder samples at RT accumulating 

20 scans between 600-4000 cm-1 for each sample and analysed with the 

software Spectrum. Magnetic measurements were recorded on a Quantum 

Design MPMS 3 superconducting quantum interference - vibrating sample 

magnetometer (SQUID-VSM) between ±70 kOe at 300 K. 

2.3 Results and Discussion 

2.3.1 γ-Fe2O3 Nanoflowers 

Nanoflower-shaped NPs have shown enhanced performance in MFH 

compared to isotropic NPs which makes them an attractive material for 

biomedical applications. Although their synthesis is a multi-step procedure 

spanning over two days, it is simpler compared to other high temperature 

thermal decomposition reactions as it is carried out at ambient atmosphere. 

Repeating the synthesis more than once revealed reproducibility issues which 

can be seen from the TEM images shown in Figure 13. 

 

The morphology of the NPs obtained from repeating the nanoflower synthesis 

varies greatly. On occasions, the NPs would come out as clustered small 

crystallites to form one bigger nanoparticle whilst on other, bigger crystallites 

 

Figure 13: TEM images of NPs prepared from three independent experiments 

following the nanoflower synthesis protocol. 
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would aggregate to form a nanoflower with bigger petal-like structures. Often 

the resulting NPs had a spheroidal shape instead. This would result in 

irreproducible performance. The formation of the NPs was followed by 

aliquoting to determine the point at which the synthesis would result in 

nanoflower-shaped NPs or not. To do this, aliquots were extracted from the 

reaction mixture at different time-points and observed under a TEM. NPs were 

counted using ImageJ by measuring at least 300 NPs. 

Addition of NMDEA. In the first step of the reaction, a Lewis base, NMDEA, 

is added in the iron chloride precursors. This would initiate the nucleation part 

of the synthesis and hence it was investigated whether aging in that reaction 

mixture could produce nuclei of different sizes which could affect the final 

morphology and size of the NPs. Aliquots from the reaction mixture were taken 

between 0-120 min and imaged under a TEM. As it can be seen in Figure 14, 

the size of the nuclei remained constant throughout and hence this step was 

not considered to be influential in the final morphology. 

 

 

Figure 14: A), B) and C) TEM images of NPs produced after NMDEA addition at 30, 

60 and 120 min respectively. D) Time-resolved size change after NMDEA addition 

as obtained from counting at least 300 NPs per aliquot from TEM images. 

 

0

0.5

1

1.5

2

0 20 40 60 80 100 120 140

S
iz

e
 (

n
m

)

Time (min)

A B C

D



34 
 

Addition of NaOH. The addition of NaOH in the polyol mixture of iron 

chlorides was studied during stirring at RT as well as during the heating-up to 

220 °C. These experiments were carried out with an NMDEA stirring time of 1 

h according to the published procedure. The TEM images of these aliquots are 

shown in Figure 15. The number of NPs was extremely low for any quantitative 

analysis because of the dilute reaction mixture and the little amount withdrawn 

from the reaction to prevent possible thermodynamic or kinetic factors 

interfering. Qualitatively, it can be observed that there is a time-dependent 

growth of the nuclei post NaOH addition to produce poorly defined 8-10 nm 

NPs. 

 

According to the published procedure, after 3 h of stirring the two reaction 

mixtures together at RT, the flask was heated to 220 °C at a rate of 2 °C/min. 

This is the main growth phase of the reaction when the reaction mixture turns 

black and magnetic NPs can be separated thereafter. 

The biggest morphological changes occur during the heating stage of the 

reaction as it can be seen from Figure 16 and as such it seems the most 

probable stage at which the final morphology of the NPs will be determined. 

 

Figure 15: A), B), C) and D) TEM images of post-NaOH mixture addition after 1 h of 

NMDEA stirring at RT, aliquots taken at 0.5, 1, 2 and 3 h respectively. 
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Due to the irreproducibility of the system, further investigation in this synthetic 

procedure was stopped at this stage as no firm conclusions could be obtained 

from repeating it.  

 

Factors Influencing the Reproducibility of γ-Fe2O3 Nanoflower 

Formation. It was not until recently, a publication addressed possible 

parameters which can affect the formation of the nanoflower morphology61. 

The authors concluded that the amount and timing of water present in the 

reaction seems to be a key factor in determining the morphological fate of the 

NPs. Additionally, they comment on the effects of various stirring methods and 

different heating-up protocols and how these, influence the final morphology. 

Ambient humidity does not seem like a possible source of water as these 

reactions are carried in open air and a well-ventilated space and in addition, 

the iron chloride precursors used are in their hydrated state. Ethylene glycols 

as well as NaOH are known to be hygroscopic materials, and these could 

introduce variability in the synthesis of these materials depending on how and 

for how long these materials have been stored. Even though they exhibit good 

 

Figure 16: A), B), C) and D) TEM images of NPs formed after NaOH addition at 220 

°C at 0, 1, 4 and 8 h respectively. E) Size analysis of the corresponding samples. 
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results in MFH, these difficulties in producing them might be a hindering factor 

towards their clinical translation. 

2.3.2 Fe3O4 Nanocubes 

The next highly performing system in MFH is Fe3O4 nanocubes. This synthetic 

procedure is more complex than the synthesis of γ-Fe2O3 nanoflowers in the 

sense that it requires airless and waterless conditions as well as specialised 

equipment. The synthesis involves the thermolysis of a commercially available 

precursor, Fe(acac)3, in the presence of decanoic acid in dibenzyl ether. This 

synthesis also requires a controlled heating rate. As observed with the 

previous anisotropic formation of iron oxide NPs, this synthetic procedure was 

also difficult to reproduce as shown in Figure 17. 

 

Heating-up. The heating up of the reaction was followed by aliquoting at both 

heating steps of the reaction, Figure 18A.  

 

Figure 17: TEM images of three independent syntheses of Fe3O4 NPs made 

according to the published procedure for Fe3O4 nanocubes. 
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During both heating stages there are significant morphological changes. Not 

only the size of the nuclei grows, they then aggregate in a regular fashion to 

form clusters as shown in Figure 18B-E. These clusters have poor crystallinity 

which increases as the temperature is further increased evidenced by the 

 

Figure 18: A) Heating-up profile of Fe3O4 nanocubes procedure colour-coded for the 

three main stages of the reaction. B), C), D) and E) TEM images obtained by 

aliquoting the reaction mixture at 0, 30, 60 and 150 min covering the whole span of 

the first heating plateau at 200 °C. F) TEM image of aliquot taken at 270 °C during 

the second stage of heating-up and G) and H) TEM images of aliquots taken at 15 

and 45 min after refluxing at 290 °C. 
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higher definition of the NPs under the TEM. As the temperature is increased 

to 290 °C the clusters seem to fill up (Figure 18F-H) from additional iron as 

more precursor is deposited due to quick decomposition (decomposition 

temperature of Fe(acac)3 is 200 °C, Figure 19). The final product even though 

faceted, is not the defined cubic shape shown in literature. 

 

Effect of Surfactant. It has been previously shown in high temperature 

reactions used to produce iron oxide NPs, that in the presence of fatty acids, 

an intermediate complex is formed between the iron and the surfactant62. This 

has implications at the consequent decomposition temperature of the 

precursor and hence affecting the nucleation and growth of a given 

crystallisation procedure. To this end, the surfactant was varied from decanoic 

to tetradecanoic and octadecanoic acid to investigate the effect on the 

resulting NPs in attempts to separate nucleation from growth to produce cubic 

NPs reproducibly. 

It can be seen in Figure 20 that the longer the carbon-chain length of the fatty 

acid, the bigger the cubic edge of the resulting NPs. This might be a direct 

precipitate of different decomposition temperatures such as less early 

decomposing material being present, and more material being available for 

deposition during growth at higher temperature. These reactions also suffered 

irreproducibility. 

 

Figure 19: TGA of Fe(acac)3 and Zn(acac)2.xH2O under nitrogen. 

 

 

 

0 100 200 300 400 500
0

20

40

60

80

100  Zn(acac)2.xH2O

 Fe(acac)3

W
e

ig
h

t 
(%

)

Temperature (C)



39 
 

 

 

The reaction temperature was dropping after reflux with violent eruptions 

which the original authors recently addressed by changing the solvent from 

dibenzyl ether to squalene63. Our results with the new proposed solvent also 

did not result in the cubic morphology reported and hence this system was 

abandoned. 

2.3.3 β-FeOOH Nanoellipsoids 

Reaction Scale-up. The amount of β-FeOOH nanoellipsoids obtained with the 

published procedure was inadequate and was limiting the characterisation and 

future use of the product. To obtain sufficient characterisation data and 

expedite the development of β-FeOOH as potential precursors for the 

synthesis of magnetic NPs, the scalability of the reaction was initially 

assessed. For the scaled-up syntheses, two PEI with different molecular 

weights (25 and 750 kDa) were separately used and the amount of all reagents 

was increased by a factor of two. Both reactions were successfully scaled-up 

as it was confirmed from TEM images shown in Figure 21 producing 

morphologically identical nanoellipsoids. Using TGA, the yield of the initial and 

scaled-up reactions was determined; it was found that the weight of the 

products had increased from 0.25 g to 0.76 g (10.5 and 16.3% yield 

respectively), corresponding to a yield increase of 55%. All further experiments 

were performed with the scaled-up reactions.  

 

Figure 20: TEM images of Fe3O4 nanocubes prepared in the presence of A) 

decanoic, B) tetradecanoic and C) octadecanoic acids. 
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Time-dependent Growth of Nanoellipsoids. The growth of β-FeOOH has 

not been previously investigated with respect to reaction time. Aliquots have 

been taken from the reaction mixture at different times and TEM images were 

collected. The size and aspect ratio of the NPs were assessed using ImageJ 

for at least 100 NPs per condition. The reaction was performed in the presence 

of 0.2 g of 750 kDa PEI and aliquots were taken between 30 and 180 min. As 

it can be seen from Figure 22A, the length of the nanoellipsoids increases with 

time (p value=0.0005, 0.04, 3.4×10-24) for student t-test between 60 and 90; 

90 and 120; 120  and 180 min respectively). The different spatial growth rate 

of the anisotropic structure is observed here with a two times faster growth in 

the long axis in comparison with the short axis resulting in the same aspect 

ratio at all times as shown in Figure 22B. 

 

Figure 21: TEM images of β-FeOOH nanoellipsoids. A) and C) Nanoellipsoids 

prepared with 750 kDa and 25 kDa PEI respectively. B) and D) Their corresponding 

2x scaled-up syntheses. 
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Surfactants play a very important and complex role in NP synthesis in 

controlling facet kinetics64, forming by-products crucial for some reactions65, 

in-situ generation of precursors28,65,66, acting as reducing agents67 and even 

act as solvents in some cases67. Even more complex is the case of polymers, 

when it is possible to crosslink particles or engulf multiple nuclei at the same 

time68, something not possible with singly functionalised molecules. To this 

end, the effect of PEI on the forming NPs was investigated. 

Role of PEI on the Composition and Morphology of NPs. To increase 

understanding of the role of PEI in the synthesis of the material, the synthesis 

was performed in the presence or absence of different molecular weights of 

PEI. Interestingly, β-FeOOH phase was obtained in all cases as shown in 

Figure 23A.  

 

Figure 22: A) Long axis and B) Aspect ratio of β-FeOOH nanoellipsoids with 

increasing reaction time prepared with 0.2 g of 750 kDa PEI. The solid line is a guide 

to the eye. Values reported as mean ± SD. p-Values were calculated based on a two-

tailed t-test: *** indicates p<0.001 and * indicates p<0.05. 
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Similar to the NPs prepared in the presence of PEI, NPs obtained in the 

absence of PEI also exhibit an elongated structure although of much less 

definition and homogeneity, shown in Figure 23B. The elongated morphology 

observed in the absence or presence of PEI is a result of the monoclinic crystal 

structure of β-FeOOH favouring anisotropic growth69. In combination, the data 

suggest that PEI plays a role in determining morphology predominantly while 

the composition is independent of whether PEI is present. The length of the 

nanoellipsoids was shown to depend on the amount of PEI used. The more 

PEI (25 kDa) used led to a decrease in the length of the long axis of the NPs 

from 225 nm to 25 nm as shown in Figure 24. The aspect ratio of the ellipsoids 

remains the same at a value of 6 and therefore the amount of PEI can be used 

to tune the size of the resulting β-FeOOH nanoellipsoids while retaining the 

same aspect ratio. The homogeneity of the nanoellipsoids remains high over 

the PEI amounts tested (6-300 mg).  

 

Figure 23: A) XRD patterns of NPs formed in the presence and absence of PEI. B) 

Synthesis of β-FeOOH in the absence of PEI at 80 °C for 2 h. 
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A similar trend is observed with PEI with a molecular weight of 750 kDa for 

both the size and the aspect ratio of the NPs with the length of the 

nanoellipsoids varying between 50-25 nm and a constant aspect ratio of 5 as 

shown in Figure 25. 

 

 

Figure 24: A), B) and C) TEM images of β-FeOOH nanoellipsoids synthesised with 

10, 100 and 300 mg of 25 kDa PEI respectively. D) Size and E) Aspect ratio change 

with different amount of PEI. 

 

 

Figure 25: Length (left) and aspect ratio (right) changes of β-FeOOH nanoellipsoids 

with different amount of 750 kDa PEI.  
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As β-FeOOH is paramagnetic, the reduction of these nanoellipsoids with both 

mild and strong reducing agents with variable experimental conditions, to form 

anisotropic Fe3O4 NPs were studied. 

Effects of Oleylamine High Temperature Reaction With β-FeOOH on the 

Composition, Morphology and Magnetic Properties of NPs. It was 

previously reported that oleylamine could reduce β-FeOOH to Fe3O4 as solid 

nanorods56. This method was employed to convert the nanoellipsoids to Fe3O4 

but instead porous nanoellipsoids of an FeOOH phase with orthorhombic 

crystal habit were obtained as shown in Figure 26A and B 

 

The pores could be exploited for potential application in drug delivery. The 

porous and hollow ellipsoids are believed to be the result of the dehydration of 

the oxide-hydroxide to form an oxide70. Chandy et al. indicated that the 

removal of chloride and water molecules from the tunnels in the β-FeOOH 

crystal structure are partially removed due to the thermal treatment71. 

Consequently, there is a contraction in the crystal lattice changing from the 

monoclinic structure of β-FeOOH to an orthorhombic FeOOH before 

converting to α-Fe2O3. This is true in this case of reacting with oleylamine at 

high temperature. It is also stated that further heating treatment at 320 °C of 

this FeOOH would result in α-Fe2O3 as with all iron oxide-hydroxides38. The 

intensity of the peaks on diffraction patterns obtained from XRD is low 

suggesting poor crystallinity, which might be due to a transitioning phase in-

between the oxide-hydroxides and the oxide phases. Previously, a single 

condition has been used to reduce β-FeOOH to iron oxide. Herein, different 

 

Figure 26: A) TEM image of oleylamine reduced β-FeOOH nanoellipsoids with voids 

visible. B) XRD patterns of oleylamine reduced β-FeOOH nanoellipsoids. 
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experimental parameters were investigated such as the amount of oleylamine, 

reaction time and temperature in attempts to preserve the shape and control 

the extent of phase transformation to increase the crystallinity. 

The amount of oleylamine used during the reaction did not make a difference 

with regards to the material formed as it can be concluded from XRD data 

shown in Figure 26B. Similarly, the size of the resulting NPs also remained 

constant with changing the amount of oleylamine used (Figure 27A-C). 

Oleylamine was found to coordinate on the surface of the NPs by infrared 

spectroscopy (Figure 27D). 

 

 

Even though the colour of the NPs changes from light brown before reaction 

with oleylamine to black after reaction, which is indicative of Fe3O4 formation, 

 

Figure 27: TEM images of β-FeOOH nanoellipsoids reduced by A) 5 ml, B) 10 ml and 

C) 15 ml oleylamine. Numbers are indicative of the length of the nanorods in each 

region in the TEM image at each condition. D) ATR-FTIR spectra of oleylamine and 

oleylamine reduced NPs. 
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the magnetic behaviour of the resulting particles was almost purely 

paramagnetic as it can be seen from magnetometry measurements shown in 

Figure 28A. The nanoellipsoids, after reaction with oleylamine, have a shorter 

long axis by approximately 10 nm while their width remained the same, 

essentially decreasing their aspect ratio. The reaction time seems to have a 

small effect on the magnetic properties of the material as shown in Figure 28B. 

From the shape of the magnetisation curve, it can be seen that a paramagnetic 

component of FeOOH remains in the material because a plateau is not 

reached even at high applied magnetic fields although an iron oxide 

ferrimagnetic phase is formed in higher extent as indicated from the steep 

increase of magnetisation at low applied magnetic fields which is absent at 

shorter reaction times.  

 

Lastly, the reaction temperature was further increased to 250 °C to overcome 

any thermodynamic or kinetic barriers for atom rearrangement and promote 

the formation of highly crystalline materials. The temperature increase resulted 

in phase transformation to Fe3O4 to a great extent with only a small 

contribution of FeOOH as shown from the XRD measurement (Figure 29B). 

The magnetic properties increased manifold to values typical of high-quality 

magnetic NPs as indicated in Figure 29C. Unfortunately, the morphology of 

the resulting NPs is lost, and a variety of shapes are formed including cuboid 

and parallelepiped shapes (Figure 29A). 

 

Figure 28: A) M(H) plots of β-FeOOH nanoellipsoids reduced with different amounts 

of oleylamine. B) M(H) plots of oleylamine reduced β-FeOOH nanoellipsoids at 

different reaction times 

 

-60 -40 -20 0 20 40 60
-3

-2

-1

0

1

2

3

M
a
g
n
e
ti
c
 m

o
m

e
n
t 
(e

m
u
/g

)

Magnetic field (kOe)

 -FeOOH

 5 ml oleylamine

 10 ml oleylamine

 15 ml oleylamine

-4 -2 0 2 4
-0.2

-0.1

0.0

0.1

0.2 BA

0 20 40 60
0

5

10

15

M
a
g
n
e
ti
c
 m

o
m

e
n
t 
(e

m
u
/g

)

Magnetic field (kOe)

 4 h

 15 h



47 
 

 

Other high temperature reductions observed in literature often result in 

sintering, merging many NPs together losing the nano-size and morphological 

characteristics. To promote reduction and allow the reaction to proceed at 

lower temperature, hydrazine has been used as a stronger, water-miscible 

reducing agent. 

Physicochemical Changes of β-FeOOH Induced by Hydrazine Reduction. 

Hydrazine has not been previously used to reduce β-FeOOH nanoellipsoids. 

As a stronger reducing agent than oleylamine, was employed to induce the 

reduction at lower temperature to prevent thermal dehydroxylation and 

possibly avoid porous/hollow structure formation. The transformation was 

shown to follow a dissolution-recrystallization mechanism through the 

formation of Fe(OH)4
- species in a basic medium72. A pH value of 10.5 was 

shown to induce the slowest rate of transformation within the window of 9-11.5 

where this process takes place38. By adopting the pH value of 10.5 it was 

hypothesised that the transformation could be better controlled due to its slow 

kinetics possibly retaining the overall shape of the NPs. The reduction reaction 

of β-FeOOH with hydrazine is described in equation (3. 

The reduction with hydrazine is fast and occurs at 100 °C as opposed to 250 

°C with oleylamine. The reaction mixture turns from brown to black after 

approximately 10 min of stirring and aliquots from 30-240 min show the same 

morphology at every time-point indicating that the reaction is complete after 

30 min (Figure 30A-D). The XRD patterns reveal primarily an iron oxide phase 

with a few low intensity peaks indexed to α-FeOOH as shown in Figure 30E. 

 12 β − FeOOH + N2H4 → 4 Fe3O4 + 8 H2O + N2 (3) 

 

Figure 29: A) TEM image and B) XRD of NPs reduced with oleylamine at 250 °C for 

4 h. C) M(H) plots of oleylamine reduced β-FeOOH at different temperatures. 
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The resulting NPs from hydrazine reduction lose their ellipsoidal morphology 

producing faceted NPs including cuboids, wires and truncated triangles 

(Figure 30A-D). Due to loss of morphology, PEI was introduced into the 

reaction mixture to reduce the rate of reaction by coordinating on the surface 

of β-FeOOH and iron oxide as it forms, limiting further growth. Initially, 0.2 g of 

 

Figure 30: A) – D) are TEM images of hydrazine reduction at different reaction times. 

E) XRD pattern of N2H4 reduced β-FeOOH nanoellipsoids at 100 °C after 4 h reaction. 

Indexed reflections are colour-coded with respect to the reference patterns. 
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PEI was introduced, and the reaction time was varied from 30 min to 4 h. At 

30 min, hollow nanoellipsoids prevail on the TEM image with a few wires also 

being visible shown in Figure 31A. The TEM image of the prolonged reaction 

time shows mostly nanowires with some rod-shaped particles as well shown 

in Figure 31B. The XRD data show a mixture of Fe3O4 and α-FeOOH as shown 

in Figure 31C. When the reaction time was increased to 4 h, the product was 

an almost pure α-FeOOH phase with some low intensity Fe3O4 peaks (for 

clarity of Figure 31C, not all reflections have been indexed). The formation of 

α-FeOOH with increasing reaction time and disappearing of Fe3O4 can be 

monitored by the 220, 311 and 400 reflections of Fe3O4 at 35.1°, 41.3° and 

50.4°, respectively. From the population of wires on the TEM images and in 

accordance with the XRD data it can be concluded that nanowires are 

composed of α-FeOOH and a longer reaction time favours the formation of α-

FeOOH making this a polymorphic transformation rather than a reduction. The 

effect arises from the presence of PEI only since at the same experimental 

conditions but in its absence only Fe3O4 is obtained. This might be the result 

of strong coordination of the amine groups of the PEI with the iron atoms which 

might prohibit or considerably slow their desorption from the nanoellipsoids to 

perform the dissolution-recrystallization reduction mechanism and favour a 

polymorphic transformation instead.  
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To further understand what the role of PEI is in these reactions its amount was 

doubled to 0.4 g and the reaction was carried out for 4 h. The composition of 

the resulting materials is similar with the 0.2 g PEI reaction, a predominant α-

FeOOH with some Fe3O4 peaks although the TEM image shows smaller 

nanowires as shown Figure 32A and B. The products of reduction by hydrazine 

in the presence and absence of PEI were analysed by SQUID-VSM. The 

results shown in Figure 32C show a high saturation magnetisation (MS) for 

NPs reduced in the presence of hydrazine only while when PEI was used the 

MS was significantly lower which agrees with the XRD data of a dominant α-

FeOOH phase. These data suggest that the formation of α-FeOOH is favoured 

 

Figure 31: A) and B) TEM images of β-FeOOH reduced in the presence of N2H4 and 

0.2 g PEI at 100 °C for 0.5 h and 4 h respectively. C) XRD patterns of the NPs in A) 

and B). Indexed reflections are colour-coded with respect to the reference patterns. 
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in the presence of PEI while the more magnetic phase Fe3O4 is formed in its 

absence. 

 

2.4 Conclusion 

The direct synthesis of anisotropic Fe3O4 NPs is challenging. Their 

advantages have been presented in literature although their preparation 

remains problematic and was hindering progress of further work. The 

synthesis of nanoflower NPs was studied in a time-resolved manner at all 

steps noting significant changes during the heat-up stage. Their formation 

seems complex and sensitive to environmental settings but the inability to 

reproducibly prepare them deemed it an unviable procedure. The preparation 

of cubic NPs was also monitored during the reaction revealing an impressive 

regular aggregation to form bigger entities. An effect of the surfactant used on 

the final cubic edge size was observed although their irreproducibility also 

 

Figure 32: A) TEM image of β-FeOOH nanoellipsoids reduced by N2H4 at 100 °C in 

the presence of 0.4 g PEI. B) XRD patterns of β-FeOOH nanoellipsoids reduced by 

N2H4 at 100 °C in the presence of 0.2 and 0.4 g PEI. C) M(H) plots of β-FeOOH 

nanoellipsoids reduced by N2H4 in the absence or presence and different amounts 

of PEI. 
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deemed this method impractical for further studies. The advances in 

controlling the size of β-FeOOH NPs will find use in oxide-hydroxide based 

catalysis, environmental remediation and possibly in anisotropic magnetic NPs 

synthesis all of which have been previously attempted using β-FeOOH based 

materials. A high degree of control over the synthesis of β-FeOOH 

nanoellipsoids has been achieved by changing the molecular weight and 

amount of PEI used in the reaction providing a wider range of sizes to 

scientists interested in iron oxide-hydroxide based nanomaterials. 

Experimental variables in the synthesis of β-FeOOH nanoellipsoids were 

studied and the PEI used during the preparation of the material was shown to 

play a morphological role only. The long-axis growth of the nanoellipsoids is 

time-dependent and affected by the molecular weight of the PEI used. The 

aspect ratio of the nanoellipsoids is independent of the reaction time but it can 

also be changed by changing the molecular weight of PEI. Oleylamine used 

as a mild reducing agent to convert β-FeOOH nanoellipsoids to iron oxide 

produced porous nanoellipsoids at all reaction times and amounts tested at 

200 °C but magnetic measurements and XRD did not show a ferrite material. 

Increasing the temperature to 250 °C pushes the transformation to completion 

according to XRD and magnetometry studies which is accompanied by a loss 

of morphology. Hydrazine employed as a strong reducing agent also caused 

a loss of morphology when used alone but successfully forms Fe3O4 confirmed 

by XRD and magnetometry fast and at lower temperature. When PEI is 

present during reduction with hydrazine, the morphology is retained, hollow 

NPs are observed along with a mixture of Fe3O4 and α-FeOOH whose ratio is 

dependent on the amount of PEI present in the reaction. From the experiments 

performed herein, it is shown that when phase transformation occurs a loss of 

morphology is also observed while when the morphology is preserved a 

polymorphic transformation takes place instead of reduction indicating the 

need for further studies to achieve the formation of anisotropic iron oxide NPs 

by using FeOOH materials as precursors. 
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 Novel Bio-Magnetic Nanomaterial Development and 

Physicochemical Characterisation 

3.1 Introduction 

Magnetic NPs are of interest in various fields and their MS is of paramount 

importance in many such as drug delivery73,74, bio-separation75,76 and MFH77. 

More complex systems are pursued to enhance the magnetic properties of 

magnetic materials including metallic NPs78, their alloys79 or core-shell 

architectures80. Such materials are difficult to prepare, they suffer from 

extensive and immediate oxidation once exposed to air, consequently losing 

their magnetic properties and they may cause cellular damage when used in 

vivo81. To date, only iron oxide NPs have been approved by the FDA and 

European Medicines Agency (EMA) despite them having limited magnetic 

properties. Alternative materials to either iron oxide or metallic NPs are doped 

ferrites; spinel-based lattices into which different metal cations are introduced 

to alter the properties of the material. Such materials take the general form 

MxFe3-xO4 where M is the dopant cation and examples of dopants include Ni2+, 

Mn2+, Zn2+, Ho3+, Co2+, Mg2+, Eu3+ and Cu2+ 16. Doping can change the 

structural82, electronic83 and magnetic properties of materials84,85. Although 

many of them might find use in solar cells83 or batteries82 dopants for 

biomedical applications are limited due to the inherent toxicity of some 

elements. 

NPs at the larger-size end of the superparamagnetic limit are pursued to 

achieve a smaller spin-canted layer-to-volume ratio which minimizes the 

reduction in the observed MS value due to this effect44. The larger size might 

be beneficial in certain applications such as bio-separation or other ex-vivo 

applications but might limit others such as MFH and drug delivery due to 

hysteretic behaviour causing colloidal instability and the possibility of vascular 

occlusion86. Also, smaller sized NPs were shown to have prolonged systemic 

circulation87, the ability to cross the blood-brain barrier88, enhanced cellular 

uptake and sub-cellular size-dependent localization compared to their larger 

analogues20. Traditionally, smaller NPs suffer from lower values of MS 

compared to larger NPs of the same composition due to a smaller magnetic 
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volume and the spin canting effect. A challenging need exists for a scalable, 

reproducible and facile synthesis to produce highly magnetic and biomedically 

relevant NPs. 

Zn2+ has the second highest abundance among d-block metals in the human 

body after iron and its deficiency poses several risks to health such as 

oxidative stress and DNA damage89,90. Its importance in many enzymatic 

processes and food fortification with Zn2+ indicate the high tolerance to and 

need of Zn2+ for the human body to function properly91. Therefore, Zn2+ would 

be a biocompatible dopant for the preparation of magnetic ferrite NPs. Herein, 

it is demonstrated how a high temperature reaction with autogenous pressure 

can be used to prepare small, biocompatible, and highly crystalline zinc ferrite 

NPs as best-in-class. The preparation of zinc ferrite NPs with ten times less 

magnetic volume but similar MS as the current highest reported value29 is 

presented. The high reproducibility of the reaction and the ability to prepare 

iron oxide and zinc ferrite NPs with the same size and morphology allowed for 

an in-depth statistical study of various structural and magnetic properties such 

as unit cell parameter, lattice strain, MS, Curie temperature (TC), coercivity, 

blocking temperature (TB) and effective, surface and magnetocrystalline 

anisotropies arising from Zn2+ doping. The surface of these high-quality NPs 

was functionalized with citrate in a one-pot functionalization step producing 

NPs dispersions whose magnetic and colloidal stability were assessed. 

3.2 Materials and Methods 

3.2.1 Reagents  

Fe(acac)3 (99.0%), Zn(acac)2.xH2O (99.995% trace metal basis), 70% HNO3 

for ICP (99.999% trace metal basis) and 1,10-phenanthroline monohydrate 

(99%), triethylene glycol (TREG) (ReagentPlus® 99%), Zn standard for atomic 

absorption spectroscopy (TraceCERT®), Fe standard for ICP (TraceCERT®) 

and hydroxylamine hydrochloride (ReagentPlus® 99%) were purchased from 

Merck, UK. 37% HCl (trace metals) was purchased from Acros Organics, UK. 

Acetone (technical grade) was purchased from VWR, UK. Trisodium citrate 

(99%) was purchased from BDH, UK. FeCl2.4H2O (99.0%) was purchased 

from Honeywell, UK. Sodium acetate anhydrous (ReagentPlus® 99.0%) was 
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purchased from Sigma Life Science, UK. Water was purified by Purelab Ultra, 

Elga. All chemicals have been used without further treatment. 

3.2.2 Experimental Methods 

3.2.2.1 Synthesis of Zinc Ferrites 

High Temperature Autogenous Pressure. For the synthesis of Zn0.4Fe2.6O4 

NPs, Fe(acac)3 (1.23 g, 3.5 mmol) and Zn(acac)2.xH2O (0.14 g, 0.5 mmol) 

were dispersed in TREG (20 ml) by inversion and short bath sonication. The 

mixture was transferred into a 45 ml Teflon liner and assembled with an 

autoclave jacket. The mixture was heated to 250 °C at a rate of 5 °C/min using 

a Memmert UFP400 oven and kept at that temperature for 8 h after which it 

was let cool to RT. The NPs were precipitated with acetone using a 1 : 8 

reaction mixture : acetone ratio at 9000 g for 10 min three times.  

High Temperature Ambient Pressure. The synthesis of NPs under ambient 

pressure used the same reaction mixture in a three-necked RBF equipped with 

a Liebig condenser. Under no stirring, the flask was heated to the same 

temperature, rate and duration controlled by a Julabo LC6 PID controller 

equipped with two platinum probes. 

Yield Quantification. Powder samples underwent elemental analysis with 

inductively coupled plasma-optical emission spectrometry (ICP-OES) to 

determine the metal fraction in the samples. The theoretical metal content 

assumed 100% conversion of the metallic content of the precursors to 

nanoparticulate form. The percent yield was calculated according to equation 

(5). 

 Yield % =
actual [Fe + Zn]

theoretical [Fe + Zn]
× 100 (5) 

3.2.2.2 Surface Functionalisation  

The crude NPs suspension could be functionalized by thermally equilibrating 

8 ml of the suspension at 70 °C with intense magnetic stirring (1300 rpm). An 

equal volume of trisodium citrate solution (0.2 M) was added and the mixture 

was stirred for further 2 h. The product was collected by magnetic decantation 
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and washed with acetone (2 × 10 ml) after which the NPs were dispersed in 

the minimum volume of water to form stable suspensions (Figure 33A andB). 

 

3.2.2.3 Elemental Analysis  

Atomic Emission Spectroscopy. The metallic content was assessed by ICP-

OES and UV-Vis spectroscopy. For ICP-OES, a solid or liquid sample was 

digested in 70% HNO3 and diluted to 1% for measurements. A calibration plot 

was prepared with ICP standards for iron and zinc and measurements were 

obtained with an Agilent Varian-720ES ICP-OES spectrometer.  

Colourimetry. For UV-Vis analysis the sample was dissolved in 4 M HCl with 

mild heat at 65 °C and diluted if necessary. Hydroxylamine hydrochloride 

solution (50 μl, 0.15 M) were added in sodium acetate (450 μl, 1.5 M) solution. 

200 μl of the digested sample were added and vortexed to facilitate the 

reduction of Fe3+ to Fe2+. Finally, an acidic solution of 1,10-phenanthroline 

(300 μl, 0.06 M in 0.04 M HCl) was added and the vials were vortexed and 

stored overnight in the dark to facilitate the complexation. The same procedure 

was followed to prepare a calibration plot from FeCl2.4H2O dissolved in 4 M 

HCl between 0.000625-0.02 mgFe/ml. Aliquots of 100 μl of each sample were 

plated in a clear 96-well plate and the absorbance values were taken at 510 

nm on a Molecular devices SpectraMax Me2 UV-Vis spectrometer. 

 

Figure 33: A) ATR-FTIR of TREG, trisodium citrate and citrate coated Zn0.4Fe2.6O4 

NPs. B) Digital image of stable citrate coated Zn0.4Fe2.6O4 ferrofluid under the 

influence of a bar magnet. 
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3.2.2.4 Magnetic Properties Measurements  

Magnetic measurements were performed on a Quantum Design MPMS3 

SQUID-VSM. Powder samples were placed in gelatine capsules and 

immobilized with cotton wool. The gelatine capsule was placed in the interior 

of a diamagnetic plastic straw and measurements were taken between ±70 

kOe. Data were corrected for diamagnetic contribution.  

Zero-field cooled – field-cooled (ZFC-FC) measurements were recorded 

between 5-300 K at an applied field of 50 Oe.  

The TC was extracted from magnetoTGA measurements using a Discovery 

TGA, TA Instruments. Powder samples were placed in a single use aluminium 

crucible suspended on a platinum pan. The heating rate was set at 10 °C/min 

with a chamber nitrogen flow of 10 ml/min and a sample nitrogen flow of 25 

ml/min. The temperature was increased from RT to 500 °C twice consecutively 

to first burn off ligands on the surface and then to reveal the TC as a sudden 

decrease in weight due to loss of attraction to the electromagnet operating at 

80% of its capacity. 

3.2.2.5 Electron Microscopy  

The NPs were visualized under a JEOL JEM 1200-EX electron microscope at 

an accelerating voltage of 120 kV. Samples were casted on a carbon-coated 

copper grid and air dried. High resolution TEM (HRTEM) and scanning 

transmission electron microscopy (STEM) with energy-dispersive X-ray 

spectroscopy (EDX) mapping were recorded on a Titan G2 60-300 equipped 

with a coefficient spherical aberration image corrector operating at 300 kV. 

Elemental mapping was carried out in STEM with a condenser aperture of 70 

μm and a windowless silicon drift detector. The sample was tilted 15° towards 

the EDX detector for acquisition.  

3.2.2.6 X-ray Diffraction  

Diffraction patterns of powder samples were recorded at RT on a PANalytical 

X’Pert3 equipped with a cobalt source (λ=1.789 Å) between 20-110° on 

transmission-reflection spinning mode. The results were fitted and analysed 

by X’Pert HighScore Plus software.  
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Crystallite Size. The crystallite size was calculated by the Scherrer equation 

shown in equation (6). 

 τ =
Kλ

β cos θ
 (6) 

Where τ is the crystallite size, K is the shape factor with a typical value of 0.9, λ is the 

wavelength of the X-ray source, β is the line broadening at half the maximum intensity and θ 

is the Bragg angle. 

Lattice Strain. The lattice strain of the NPs was calculated based on the 

Williamson-Hall analysis as shown in equation (7).  

 βtotal cos θ = η sin θ +
Kλ

τ
 (7) 

Where βtotal is the line broadening arising from all effects, θ is the Bragg angle, η is the lattice 

strain, K is the shape factor with a typical value of 0.9, λ is the wavelength of the X-ray source 

and τ is the crystallite size. 

Lattice Parameter. To calculate the lattice parameter, Bragg’s law, equation 

(8), was used to calculate the interplanar space d, which then relates to the 

lattice parameter according to equation (9). 

 nλ = 2d sin θ (8) 

 d =
α

√h2 + k2 + l2
 (9) 

Where n is a positive integer, λ is the wavelength of the X-ray source, d is the interplanar 

spacing, θ is the Bragg angle, α is the lattice parameter and h, k, l are Miller indices. 

Percent Composition. The percentage of Fe3O4 and γ-Fe2O3 component in 

the synthesized Fe3O4@γ-Fe2O3 NPs was estimated using Vegard’s law 

shown in equation (10). 

 αA(1−x)Bx
= (1 − x)αA

+ xαB
 (10) 

Where α is the lattice parameter, x is the molar fraction and A and B are the two different 

materials. 

3.2.2.7 Surface Monitoring 

Infrared Spectroscopy. Surface ligands were identified by PerkinElmer 

Spectrum100 ATR-FTIR on dry powder samples at ambient conditions. Scans 
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were recorded between 600-4000 cm-1 and 20 scans were accumulated for 

each measurement. Spectra were analysed using the software Spectrum.  

Thermogravimetric Analysis. Quantification of surface ligands was done by 

TGA under nitrogen flow up to 500 °C. Data were analysed by Trios software. 

3.2.2.8 Photon Correlation Spectroscopy 

Hydrodynamic Size. The hydrodynamic radius of the functionalized NPs was 

assessed by dynamic light scattering (DLS) measurements on a Malvern 

Zetasizer nano ZS operating with a 633 nm He-Ne laser.  

Colloidal Stability. Solutions with different pH values or electrolyte 

concentrations were prepared and 1 drop of ferrofluid with a concentration of 

10 mgFe+Zn/ml was added and mixed. The mixture was immediately filtered by 

syringe filtration (0.2 μm) and the filtrate was monitored for one week. All 

measurements were recorded at 25 °C in independent triplicates. 

3.3 Results and Discussion 

3.3.1 Nanoparticle Synthesis Under High Temperature with Autogenous 

Pressure  

The synthesis of zinc ferrite NPs under high temperature and autogenous 

pressure was inspired by a previously developed polyol synthesis producing 

iron oxide NPs of high MS values92. The reaction for the preparation of zinc 

ferrites involves the thermal decomposition of Fe(acac)3 and Zn(acac)2.xH2O 

in TREG at different ratios to produce zinc ferrite NPs with variable doping 

levels. As the temperature increases reaching the decomposition temperature 

of the precursors, the nucleation and growth steps of nanocrystal formation 

are initiated and decomposition products such as acetone, water and carbon 

dioxide build up and pressurize the vessel in accordance to the ideal gas law, 

PV=nRT, illustrated in Figure 34.  
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To facilitate Zn2+ doping without affecting the size and morphology of the 

product, the total amount of Fe(acac)3 and Zn(acac)2.xH2O was kept constant 

while their ratio was systematically varied as shown in Table 2 to reproducibly 

produce zinc ferrite NPs with the corresponding composition as confirmed by 

ICP-OES or UV-Vis spectroscopy shown in Figure 35.  

 

 

Figure 34: Schematic representation of the high temperature with autogenous 

pressure synthesis of zinc ferrite NPs in a Teflon-lined autoclave vessel. 
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Figure 35: Comparison of ICP-OES and UV-Vis colourimetry on measuring the iron 

content of Fe3O4@γ-Fe2O3 and Zn0.4Fe2.6O4 NPs (n=5, p>0.05). 
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The yield of the synthesis based on clean product was calculated according to 

equation (5) and was found to be 35 ± 2% for iron oxide and 40 ± 3% for 

Zn0.4Fe2.6O4 NPs with no statistical difference between them based on a two-

tailed t-test. 

 

3.3.2 Material Characterisation 

Structural Analysis. The size of the spherical Zn0.4Fe2.6O4 NPs (Figure 36A) 

was compared with that of spherical iron oxide NPs produced by the same 

method and no statistical difference was observed as shown in Figure 36B 

and C after independent syntheses (n=3×300 NPs, p>0.05). HRTEM showed 

a single phase throughout the NP volume in both iron oxide and Zn0.4Fe2.6O4 

syntheses as shown in Figure 36D and E while the Fourier transform (FFT) 

patterns shown in Figure 36F and G reveal high periodicity within the NPs. 

Selected area electron diffraction (SAED) shows diffraction rings of spinel 

structures in both nanomaterials as indexed in Figure 36H and I. These results 

suggest that further analogous analyses between the two nanomaterials are 

possible since the iron oxide and Zn0.4Fe2.6O4 NPs prepared by this high 

temperature with autogenous pressure method are morphologically and 

structurally the same. 

Table 2: Concentration of precursors used to prepare different Zn2+ doped ferrites. 

Values shown are averages of five syntheses per composition. The volume of TREG 

was constant at 20 ml. 

Material Fe(acac)3 (mM) Zn(acac)2.xH2O (mM) 

FexOy 200 0 

Zn0.2Fe2.8O4 187 13 

Zn0.4Fe2.6O4 174 26 

Zn0.7Fe2.3O4 153 47 

ZnFe2O4 133 67 
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Due to a significant difference (~50 °C) in the decomposition temperature of 

the precursors (Figure 19) and in addition to SAED, XRD (Figure 37A) and 

EDX mapping (Figure 37B) were performed to rule out the formation of a ZnO 

phase prior to the formation of ferrites leading to a core-shell architecture. 

 

Figure 36: A) TEM image of Zn0.4Fe2.6O4 NPs prepared under high temperature with 

autogenous pressure. B) and C) Size distributions, D) and E) HRTEM images, F) and 

G) FFT patterns down the [211] axis and H) and I) SAED patterns with denoted 

crystal planes for iron oxide and Zn0.4Fe2.6O4 NPs respectively. 
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The uniform distribution of zinc and iron throughout the NP volume and in 

combination with SAED (Figure 36H and I) and XRD diffraction patterns 

(Figure 37A) show that only spinel based materials are formed. The uniform 

distribution of zinc and iron also excludes the formation of a ZnxFe3-xO4@ZnO 

or FexOy@ZnO core-shell architectures. In accordance to a change of 

occupancy between the interstices of the lattice with cations of different ionic 

radius, the diffraction peaks are observed to shift in proportion to the Zn2+ 

doping level. A magnification of the most intense peak of the diffraction pattern 

of spinel structures (311) is shown in Figure 37C where the peak angle moves 

to lower values with increased doping. Bragg’s law, shown in equation (8), 

relates the interplanar space with the angle at which a diffraction peak is 

observed. The interplanar space relates to the lattice parameter according to 

equation (9) and the effect of Zn2+ doping on the lattice parameter is shown in 

Figure 37D. The lattice parameter increases with increasing Zn2+ doping 

before reaching a plateau. In the case of γ-Fe2O3, the structure includes 

 

Figure 37: A) XRD patterns of iron oxide and Zn0.4Fe2.6O4 NPs (ICDD references 01-

075-0449 and 01-086-0510 respectively). B) Elemental mapping of iron and zinc by 

EDX. C) Magnified region around the (311) diffraction peak. D) Dependence of unit 

lattice parameter on the level of Zn2+ doping (n=3). Values reported as mean ± SEM. 

p-Values were calculated based on a two-tailed t-test: ** indicates p<0.01. 
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vacancies in octahedral interstices [(Fe8
3+)Td (Fe40

3

3+V8

3

)
Oct

O32], numbers refer 

to number of atoms in a unit cell, while Fe3O4 does not have vacancies 

[(Fe3+)Td(Fe3+Fe2+)OctO4] and consequently has an increased lattice 

parameter indicated with a blue line in Figure 37D. The introduction of Zn2+ 

displaces tetrahedral Fe3+ to octahedral interstices which changes the degree 

of inversion of the inverse spinel structure of iron oxide to a normal spinel. The 

ionic radius of Zn2+ is bigger than the ionic radius of high spin Fe3+ which it 

displaces93. The Fe3+ ion then occupies an octahedral interstice previously 

occupied by an Fe2+ ion which has a smaller ionic radius than Fe3+. Hence the 

lattice must expand to accommodate the cation substitution and redistribution 

which is reflected in the lattice parameter shown in Figure 37D. Using Vegard’s 

law, shown in equation (10), which describes the molar fraction of two solids 

in a mixture using the lattice parameter of materials, an estimate of the 

composition of the iron oxide NPs used herein was determined. The estimated 

content of Fe3O4 and γ-Fe2O3 is 50% each making the iron oxide NPs used 

herein a Fe3O4@γ-Fe2O3 composite.  

In addition to TEM size measurements, the Scherrer equation shown in 

equation (6) can be applied on XRD data to calculate the crystallite size from 

the angle and broadening of a peak. Results obtained with either technique 

are in good agreement with each other verifying the results on a larger 

population of NPs as shown in Table 3. By combining the crystallite size, the 

peak position and broadening of the peak, a Williamson-Hall analysis shown 

in equation (7), can yield the lattice strain of the NPs which is related to 

interatomic bond changes, vacancies and defects94. Since the magnetic 

properties of these materials are tightly correlated to the interatomic coupling 

between cations at different interstices within the lattice structure, an increase 

in strain would be detrimental. As shown in Table 3, the lattice strain of the 

NPs does not change by the introduction of Zn2+ in the lattice (n=3, p>0.05). 



65 
 

 

 

Magnetic Characterization. The magnetic properties of Fe3O4 come from the 

four unpaired electrons of the d6 high-spin configuration of the Fe2+ cations 

only, since the d5 high-spin Fe3+ are antiferromagnetically coupled by 

superexchange between octahedral and tetrahedral interstices38. The 

introduction of Zn2+ cations in the crystal with a d10 configuration and 

preferential localization in the tetrahedral interstices of the lattice due to σ-type 

interaction between the cation and the oxide anion, quench the 

antiferromagnetic coupling between the Fe3+ cations and enhance the 

magnetic properties of the material95,96 as illustrated in Figure 38. 

Table 3: Lattice strain and size of Fe3O4@γ-Fe2O3 and Zn0.4Fe2.6O4 NPs (n = 3). Values 

reported as mean ± SEM. 

Material dXRD (nm) dTEM (nm) Lattice strain (%) 

Fe3O4@γ-Fe2O3 10.3 ± 0.7 10.1 ± 2.0 1.15 ± 0.08 

Zn0.4Fe2.6O4 9.9 ± 1.6 10.2 ± 2.5 1.1 ± 0.2 
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Figure 38: Illustration of antiferromagnetic coupling between octahedral and 

tetrahedral Fe3+ cations in a spinel lattice and subsequent quenching and 

augmentation of MS by Zn2+ doping. 
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The synthesized NPs were characterized by means of their MS, 

superparamagnetism, TC and long-term magnetic stability as shown in Figure 

39. 

 

The zinc ferrites exhibit complex doping-dependent MS values with an 

observed increase of the MS before diminishing with further increasing doping 

levels. An optimal doping level when the highest MS values are obtained is 

approximately 13.5% with a molecular formula of Zn0.4Fe2.6O4 which agrees 

with previous studies. Examples of zinc ferrite NPs published in literature with 

their corresponding size and MS are tabulated in Table 4. 

 

Figure 39: A) MS (in emu per gram of material), B) Coercive field and C) TC of 

synthesized ferrites with variable levels of Zn2+ doping (n=3). D) Long-term 

monitoring of the MS of Fe3O4@γ-Fe2O3 and Zn0.4Fe2.6O4 NPs. Values reported as 

mean ± SEM. p-Values were calculated based on a two-tailed t-test: *** indicates 

p<0.001 and ** indicates p<0.01. 
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Among isotropic zinc ferrite NPs, the most magnetic to date was a 22 nm NP 

with an MS value of 105 emu/g with a calculated volume of 5.6×10-24 m3 

prepared under high temperature conditions. The isotropic Zn0.4Fe2.6O4 NPs 

presented herein, prepared under high temperature with autogenous pressure 

have a 10.2 nm size and 110 emu/g. Their size translates to ten times less 

magnetic volume at 0.5×10-24 m3 rendering it the smallest isotropic zinc ferrite 

nanomaterial with the highest MS prepared to date. Calculations on volume 

estimates are shown in Figure 40.  

 

Table 4: Zinc ferrite NPs with their respective elemental composition, average size 

and MS. 

Composition Average size (nm) MS (emu/g) Reference 

Zn0.39Fe2.61O4 13.4 30 173 

Zn0.16Fe2.84O4 14 97 174 

Zn0.4Fe2.6O4 15 99.3α 96 

Zn0.34Fe2.66O4 17 64.6 175 

Zn0.4Fe2.6O4 22 105α 29 

Zn0.4Fe2.6O4 10.2 110 Shown herein 

α value converted to emu/g of material from emu/gFe+Zn. 

 

 

Figure 40: Volume calculation of spherical NPs. 
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Equally important is the true superparamagnetic nature of the NPs presented 

which makes them suitable for biomedical applications as shown from the 

coercivity measurements (Figure 39B) and TB values (Table 5) obtained, 

unlike the next most magnetic zinc ferrite NPs with TB values above ambient 

temperature. 

 

From TB values the effective anisotropy (Keff) can be estimated according to 

equation 11.  

 TB =
KeffV

kB ln (
τm

τ0
)
       (11) 

Where TB is the blocking temperature (221 K for Fe3O4@γ-Fe2O3 and 175 K for Zn0.4Fe2.6O4 

NPs), Keff is the effective anisotropy, V is the volume of the NPs, kB is the Boltzmann constant 

(1.38×10-23 J/K), τm is the measurement time and τ0 is the attempt time; the value 𝑙𝑛 (
𝜏𝑚

𝜏0
) has 

the value of 25 in typical laboratory measurements. 

Given that the volume of both Fe3O4@γ-Fe2O3 and Zn0.4Fe2.6O4 NPs, the 

Boltzmann constant and the natural logarithm function are constant, a reduced 

Keff value is obtained for Zn0.4Fe2.6O4 (1.21×10-5 J/m3) compared to iron oxide 

NPs (1.52×10-5 J/m3). As a sum of the surface and the magnetocrystalline 

anisotropy contributions, Keff is defined as shown in equation 12 and it is shown 

that the magnetocrystalline anisotropy (K) of Zn0.4Fe2.6O4 has a lower value 

than the K value of Fe3O4@γ-Fe2O3 NPs calculated in Figure 41. 

 Keff = K + 6
KS

d
      (12) 

Where KS is the surface anisotropy, K is the magnetocrystalline anisotropy, d is the diameter 

of the NPs (10.1×10-9 m for Fe3O4@γ-Fe2O3 and 10.2×10-9 m for Zn0.4Fe2.6O4). 

Table 5: TB of Fe3O4@γ-Fe2O3 and Zn0.4Fe2.6O4 NPs (n = 3). Values reported as mean 

± SEM. p-Values were calculated based on a two-tailed t-test: * indicates p<0.05. 

Material TB (K) 

Fe3O4@γ-Fe2O3 221 ± 23 

Zn0.4Fe2.6O4 175 ± 13 

Significance * 
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This magnetic softening observed by Zn2+ doping could be used as a strategy 

to soften a borderline superparamagnetic/ferrimagnetic material and render it 

superparamagnetic, boosting its magnetic properties and retaining other 

properties of larger sized NPs. The softening of the material is also seen in the 

TC values obtained where a reduction of more than 150 °C was observed for 

Zn0.4Fe2.6O4 in comparison to Fe3O4@γ-Fe2O3 NPs shown in Figure 39C.  

Of interest is how so small NPs could exhibit such high MS values considering 

that based on the finite and very small size of NPs, ions with uncompensated 

spins should be a large proportion of the overall number of ions, up to 30% for 

 

Figure 41: Calculations of the Keff of Fe
3
O

4
@γ-Fe

2
O

3
 and Zn0.4Fe2.6O4 NPs and 

qualitative estimation of their K value. 

 

 

Calculation of Keff and comparable evaluation of magnetocrystalline anisotropy of

Fe3O4@γ-Fe2O3 and Zn0.4Fe2.6O4 NPs.



71 
 

a 10 nm ferrite NP97. Also known as a spin-canted layer this effect becomes 

important at the nanoscale in contrast to the bulk form. This spin-canted layer 

is detrimental to the MS of the nanomaterial and its effects are also more 

significant in smaller sized compared to larger sized NPs due to the surface to 

volume ratio changing proportionally as illustrated in Figure 42A. Over time 

and as Fe2+ oxidizes to Fe3+, iron oxide-based nanomaterials might lose their 

magnetic properties. In the case of zinc ferrites, partial replacement of Fe2+ 

with Zn2+ which is redox inactive at ambient conditions extends the magnetic 

stability of the NPs as shown in Figure 39D for at least two years. Given that 

other high temperature reactions exist in literature describing the synthesis of 

magnetic NPs, the possible role of pressure in producing high quality NPs was 

investigated. 

 

Effects of Pressure. In order to evaluate the role of pressure in NP synthesis 

and how it might relate to the preparation of high-quality nanomaterials, NPs 

prepared at ambient pressure (Figure 43) were used for comparison of their 

structural and magnetic properties.  

 

Figure 42: A) Illustration of the proportion of spin-canting on large versus small 

sized NPs. B) Tabulated data of size, lattice strain and MS measurements of 

Zn0.4Fe2.6O4 NPs prepared under high temperature with ambient or autogenous 

pressure (n=3). Values reported as mean ± SEM. p-Values were calculated based on 

a two-tailed t-test: *** indicates p<0.001, ** indicates p<0.01 and * indicates p<0.05. 

 

A

B
Pressure Size (nm) MS (emu/g) Lattice strain (%)

Autogenous 10.2  2.5 108  3 1.1  0.2

Ambient 7.7  1.7 80  7 1.5  0.3

Significance *** ** *
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As it can be seen from Figure 42B, the size of the NPs prepared at ambient 

pressure is significantly smaller compared to NPs prepared under autogenous 

pressure. Interestingly, a significant increase in lattice strain is observed for 

NPs prepared at ambient pressure and consequently a decreased MS value is 

also observed in accordance with the lattice dependent magnetic properties of 

the materials explained earlier. In conclusion, pressure has beneficial effects 

on NP synthesis producing superior materials to high temperature only 

synthetic protocols, in this case due to a better structured crystal. 

Colloidal Stability. The NP surface was studied before and after washing 

procedures and a suitable functionalization protocol was developed for the 

successful conjugation of citrate molecules on the surface of the NPs to 

produce stable dispersions (Figure 33). The stability of the NPs was assessed 

in terms of colloidal stability over a range of pH values and electrolyte 

concentrations. The colloidal stability was assessed over a one-week period, 

over a pH range between 3-12 and  electrolyte concentration range between 

0-300 mM to mimic physiological pH (7.2) and tonicity (150 mM NaCl), as 

shown in Figure 44. 

 

Figure 43: A) TEM of Zn0.4Fe2.6O4 NPs prepared under ambient pressure. B) Size 

distribution histograms of Zn0.4Fe2.6O4 NPs prepared at high temperature and 

ambient or autogenous pressure. 
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NPs had a short-lived colloidal stability at pH values of 11 and 12 (not shown) 

for 2 and 1 day respectively after which the hydrodynamic size increased 

sharply. At pH 3 the NPs precipitated immediately and hence no 

measurements could be obtained. NPs were stable between pH 4-10 for the 

duration of the study. The NPs exhibit good stability in electrolyte 

concentrations up to 150 mM. At 300 mM electrolyte concentration the NPs 

were unstable with sharp increases in their hydrodynamic size. The results 

suggest that the citrate stabilized NPs are stable in physiologically mimicking 

conditions (pH 7.2, 150 mM NaCl). 

It is important for NPs to retain their original small size to be able to flow 

through blood capillaries unobstructed and successfully reach their 

destination. In practice, when NPs are injected in the bloodstream which has 

many entities such as red and white blood cells, platelets, proteins, hormones 

and small molecules, these can attach to the surface of the NPs.55,98 Such 

action can increase the size of the NPs as well as screen their electrostatic 

charge leading to destabilisation. This phenomenon, known as protein corona 

formation, can have detrimental effects on the biodistribution of a given NP 

and the stability of NPs in more complex media such as cell growth media or 

blood should be tested.  

Optical Properties. All energetic levels are quantised. Different wavelengths 

of the electromagnetic spectrum interact differently with molecules. Radio-

waves interact with nuclear spins while infrared affects vibrational transitions, 

 

Figure 44: Colloidal stability of Zn0.4Fe2.6O4 NPs at different A) pH values and B) 

electrolyte concentrations (n=3). 
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UV-vis interacts with electronic states and microwaves with rotational motion. 

The energy needed to excite electrons is greater than the energy needed to 

excite vibrational levels. Each electronic state is split by many vibrational levels 

which themselves are split by rotational levels. To excite electrons by the 

absorption of a photon, the energy of the photon must be equal to or higher 

than the gap the electron is jumping from the ground state to the excited state. 

The minimum energy required is known as the bandgap energy (Egap). The 

excited electron must return to its ground state and the process involves both 

radiative (normal arrows) and non-radiative (wavy arrows) processes. The 

excitation of the electron equals the energy of the absorbed photon. This 

excites the electron to the next electronic state while the vibrational level 

occupied in the excited electronic state depends on the exact energy of the 

photon. The transition from the excited to the ground electronic state occurs 

from the lower vibrational level of the excited electronic state to any of the 

vibrational levels of the ground state in a radiative process. It is clear then, that 

before the electronic transition occurs, energy is lost through vibrational 

energy known as thermal phonons or heat. Once in the ground electronic 

state, thermal energy continues to be released until the vibrational ground 

state is also reached. The process is illustrated in Figure 45. 

 

Depending on the Egap between the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) materials are 

classified as conductors, semiconductors, or insulators. In the case of 

 

Figure 45: Illustration of the mechanism of photothermal conversion through 

vibrational relaxation. 
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insulators, the bandgap is so big, electrons cannot get excited from the 

valence band (ground state) to the conduction band (excited state). Fe3O4, 

with a band gap of 0.1 eV is a semiconductor with a very small bandgap38. The 

smaller the band gap the less energy is needed to excite an electron, and the 

less energy will be lost in radiative processes maximizing the light to heat 

conversion. This principle is currently used to modify materials for solar energy 

to heat conversion99. 

Fe3O4 and Zn0.4Fe2.6O4 NPs have a dark colour indicating absorbance 

throughout the visible spectrum. This makes ferrite nanomaterials 

semiconductors and consequently they can find applications in semiconductor 

photothermia. Zn0.4Fe2.6O4 appear darker compared to Fe3O4@γ-Fe2O3 at the 

same concentration as shown in Figure 46A which is indicative of a smaller 

bandgap. A smaller bandgap should result in augmented photothermal 

conversion due to less energy lost in radiative processes during electron 

relaxation illustrated in Figure 45.  

To estimate the Egap of each nanomaterial, UV-Vis-NIR spectra were recorded 

and converted to Tauc plots shown in Figure 46B and C respectively. The 

linear parts of the curves in the Tauc plots were extrapolated to y=0 to yield 

the Egap. This method reveals a 30% reduction in the Egap of Zn0.4Fe2.6O4 with 

a value of 1.07 eV compared to 1.42 eV for Fe3O4@γ-Fe2O3 NPs illustrated in 

Figure 46D. If the mechanism of photothermal conversion is solely due to 

transformation of electromagnetic radiation to phonons (crystal vibrations) 

then Zn0.4Fe2.6O4 NPs should perform better in photothermia. 
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3.3.3 Reduction of Polydispersity Index by Digestive Ripening  

For the commercialization and effective characterization of NPs, they should 

have reproducible properties. To this end, great efforts have been put into 

preparing monodisperse NPs with a large number of publications exploring the 

use of different solvents28,100, surfactants28,100, precursors101 and other 

synthetic parameters. Even though some methods succeed in preparing 

monodispersed NPs, these are often irreproducible and/or require specialized 

techniques and equipment.  

Liquid routes to the preparation of NPs involve the chemical transformation of 

molecular complexes or salts to supramolecular clusters/solid networks called 

nuclei, which are the templates where further deposition of material will occur 

upon62,102. These two steps consist of the classical nucleation and growth of 

the crystals, also referred to as the LaMer model. The process is divided into 

three distinct steps where the concentration of monomers is increasing in 

 

Figure 46: A) Digital photographs of Fe3O4@γ-Fe2O3 (left) and Zn0.4Fe2.6O4 (right) NPs 

at a concentration of 0.2 mgFe+Zn/ml. B) UV-Vis-NIR spectra of Fe3O4@γ-Fe2O3 and 

Zn0.4Fe2.6O4 NPs for concentrations between 0.05–0.2 mgFe+Zn/ml. C) Tauc plots of 

Fe3O4@γ-Fe2O3 and Zn0.4Fe2.6O4 NPs with extrapolation of the linear region to y=0. D) 

Schematic of bandgap energy reduction by Zn2+ doping. 
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solution. At a supersaturated state a burst nucleation occurs which brings the 

concentration of monomers down virtually prohibiting further nucleation and 

the rest of the monomer diffuses on existing nuclei. Detailed explanations103 

and mathematic derivations102 of these processes have been described 

elsewhere. 

Nucleation is a thermodynamically governed process and is accounted for by 

the sum of the surface free energy and the bulk free energy. Since the surface 

free energy is always positive and the bulk free energy always negative, there 

must be a critical size above which the clusters are sustainable and avoid 

redissolution. Supersaturation seems to have a drastic effect on nucleation 

and the present of surfactants can alter the surface free energy. Generally, 

this process is extremely fast and specialised instruments are needed to study.  

The growth of nanocrystals is dependent on two processes, the diffusion of 

reactant to the surface of the crystal and the reaction on the surface for 

subsequent deposition. Growth can be a slow process and it has been studied 

extensively103,104. There are several different growth processes that can take 

place depending on the reaction conditions. If nanocrystal growth was solely 

controlled by diffusion there should not be a size spread, while experimental 

results sometimes show considerable polydispersity. Ostwald ripening is a 

thermodynamic process that explains the fact that big particles tend to grow 

bigger on the expense of re-dissolution of smaller particles. Coalescence and 

oriented attachment are also mechanisms where particles merge to form a 

single bigger particle. Lastly, intraparticle growth describes the transfer of 

monomer along the surface of the crystal for the formation of less energetic 

crystallographic planes. The presence of surfactants also plays a crucial and 

complex role. There are certain planes of materials that have higher affinity 

towards specific functional groups, and this differs from material to material. 

Some surfactants can prevent monomer from depositing on the seeds while 

some others cause their aggregation, sometimes so ordered that form ordered 

aggregates61. There are multiparametric complex reactions and interactions 

occurring at the atomic scale during the formation of NPs that is often difficult 

to understand or manipulate. To this end, a post-synthetic procedure was 

developed towards the reduction of size spread. 
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Digestive ripening (DR) as a post-synthetic procedure, had until recently only 

been applied to gold NPs to transform a polydisperse sample to 

monodisperse105–107. Due to its remarkable ability to produce size controlled, 

monodisperse NPs from an initially polydisperse sample, DR is now in the 

process of being extended to other NP systems such as CdSe and FeS2 but 

to this date it has never been applied to ferrite-based materials108,109. In the 

process, NPs are suspended in an excess of surfactant which changes the 

energetics of the dissolution of monomers to and from the NP surface such 

that there is a thermodynamically stable size which the NPs tend towards 

to105,110. This equilibrium state is the key element of DR that allows such 

monodisperse NPs to be produced. The procedure in this work is based off 

that used by Yoder et al. on FeS2 as this was deemed the closest system for 

which DR had been successfully applied109. The process is largely determined 

by the interaction between the ligand and the NP surface and it was believed 

this could be replicated for the ferrite system through exploiting surfactant-NP 

interactions. Synthetic variables, such as heating rate, solvent, temperature 

and the presence of monofunctional and multifunctional surfactants, have 

been studied leading to DR conditions reducing the polydispersity index (PDI) 

by 17% down to 9.4%. 

The Zn0.4Fe2.6O4 NPs presented herein have a large PDI value of 25%. 

Chemical and physical parameters were explored to reduce the PDI. 

The reaction involves the thermolysis of acetylacetonate precursors which 

release acetone, CO2 and H2O as by-products. These gases pressurize the 

vessel hence the amount of precursor causally relates to the pressure 

developed within the vessel. The empty space above the reaction mixture is 

filled with these gases and consequently the more TREG present the less 

available ‘empty’ space and the higher the pressure. The resulting size and 

PDI of the NPs produced as the volume of solvent was varied between 5-20 

ml are shown in Figure 47A. Within this range, there is a statistically significant 

increase in PDI from 21.1% to 24.6%. This indicates that pressure has a strong 

influence on PDI while size seems to be unaffected. Since the molarity of 

precursors was constant, it was speculated that an increase in TREG, which 

is hygroscopic, and the increase of Zn(acac)2.xH2O which comes as the 
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hydrate could be a source of water in the reaction which has been shown to 

be detrimental to PDI111. Higher pressures could change the equilibrium 

vapour pressure of water from the reaction solution which could explain the 

worsening of PDI as the pressure is increased. The observed decrease at 

volumes above 20 ml is attributed to pressure release of the vessel as 

calculated based on the ideal and modified gas laws. This was also supported 

from liquid leaks. 

The number of moles of precursor was then varied between 1-8 mmol whilst 

keeping the volume of TREG at 20 ml for which the resulting size and PDI of 

the NPs can be seen in Figure 47B.  

 

It is already documented in literature that increasing the concentration of 

precursors for iron oxide NPs produces larger sizes with higher PDI values112, 

113. Given that higher precursor concentration will produce more gasses 

resulting in a larger pressure, which has already been found to increase the 

PDI, one would expect the two effects to be additive. Indeed, as the moles of 

precursors was increased from 1-8 mmol the PDI increased significantly from 

22.1% to 30.1%. This increase of 8% is over twice as large as that obtained 

from the pressure alone and was statistically significant. Overall, through 

increasing the number of moles of precursors, the NPs size changed from 8.4 

± 1.3 nm to 11.7 ± 2.3 nm. This increase is explained by a greater availability 

 

Figure 47: A) and B) Changes in size and PDI by varying the amount of TREG and 

precursors respectively in the high temperature reaction with autogenous pressure. 

Values reported as mean ± SD. p-Values were calculated based on a two-tailed t-

test: ** indicates p<0.01 and * p<0.05. 

 

0 2 4 6 8

6

8

10

12

14

16

 Size

 PDI

Amount of precursor (mmol)

S
iz

e
 (

n
m

)

0

6

12

18

24

30

 P
D

I 
(%

)

*

*

*

5 10 15 20 25 30
5

10

15

20

 Size

 PDI

TREG (ml)

S
iz

e
 (

n
m

)

16

18

20

22

24

 P
D

I 
(%

)

**A) B)



80 
 

of monomers after nucleation for NP growth114. This will lead to an extended 

growth period, which as the monomer concentration decreases will enter an 

Ostwald ripening regime explaining the increased PDI. 

The interaction of various ligands with the NPs was investigated by introducing 

them in the reaction mixture. This included ligands with some bulk, such as 

alkyl chains or polymers with functional groups known to have high affinity for 

the ferrite surface such as phosphonates, carboxylates, amines, and 1,2-diols. 

Due to the hydrophilic nature of TREG, there was a limiting number of carbon 

atoms in an alkyl chain that could be solubilized in it. Decanoic acid, 

decylphosphonic acid, decylamine and 1,2-decanediol were used for the small 

alkyl chain to provide steric effects and functional groups to interact with the 

NPs surface. The effect of the amount of each surfactant was investigated as 

shown in Figure 48. 

 

For decanoic acid and decylamine, an increasing trend in size was observed 

proportionally to the amount of surfactant added. At the highest tested 

amounts, 16 mmol of decanoic acid produced NPs with size 16.6 ± 4.0 nm 

(PDI: 24.3%) and for 16 mmol decylamine, 15.5 ± 4.0 nm (PDI: 25.8%), both 

statistically significant in comparison to the reference procedure (no ligand 

present). This would characterise both as ripening agents. They are increasing 

 

Figure 48: Zn0.4Fe2.6O4 NPs synthesized under high temperature with autogenous 

pressure in the presence of A) decanoic acid, B) decylamine, C) decylphosphonic 

acid and D) 1,2-decanediol. 
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the NP size through forming stable complexes with the monomers and 

reducing nucleation rates. These ripening agents also lead to significant 

decreases in the PDI at lower concentrations. At 1 mmol of decanoic acid the 

PDI was reduced to 19.1% from 24.5% and for 2 mmol of decylamine it was 

reduced to 19.4% also both statistically significant. It is possible that this 

reduction in the PDI comes from the stable complexes these surfactants form 

with the monomers. When the nucleation window has passed these 

complexes can feed the growth of the NPs115 essentially putting them into the 

size focusing regime discussed by Sugitmo116. If too much ripening agent is 

added, then nucleation will be greatly inhibited, more complexes will be 

available for growth leading to larger particles and PDI values. 

Decylphosphonic acid on the other hand inhibited the NP growth, so much that 

when used in excess of 1 mmol no NPs could be observed under the TEM 

shown in Figure 48C. This difference in behaviour from that of decanoic acid 

and decylamine is a result of the strong tridentate bonding of the phosphonic 

acid group to the NP surface117. Given this inhibition of growth, the amount of 

decylphosphonic acid was decreased below 1 mmol in order to determine its 

effect on PDI. However, at 0.1 mmol the NPs produced were sized 3.2 ± 0.9 

nm with a large increase in PDI of 27.7% with statistical significance of >99.9% 

compared to the reference reaction without surfactant. The influence of the 

decylphosphonic acid on growth mirrored that of a nucleating agent. By 

binding strongly to the surface of the NPs it was arresting growth, entirely at 

higher concentrations, producing much smaller NPs at lower concentrations. 

When compared to the synthesis without surfactants, 1,2-decanediol gave a 

slight reduction in the size of the NPs produced. This is in agreement with 

literature which shows diols forming strong bidentate bonds with iron oxide 

NPs118. The 1,2-decanediol is acting as a nucleating agent, like 

decylphosphonic acid, but with weaker binding to the NPs surface and so less 

inhibition of growth. At 4 mmol the NPs size is 8.6 ± 1.6 nm with a PDI of 19.0% 

which is statistically significant compared to the absence of a surfactant to 

>99.9%. Nucleating agents are known to hinder Ostwald ripening119, which is 

likely the mechanism responsible for this improvement. Clearly, the functional 

group of the surfactant has a strong effect on how it interacts during the 

synthesis of NPs and can be used to alter both their size and PDI. Both the 
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ripening agents decanoic acid and decylamine along with the nucleating agent 

1,2-decanediol were able to reduce the PDI significantly from 24.8% to 19%. 

The mechanisms by which these two types of surfactants are proposed to 

reduce the PDI are different and have been shown to give further 

improvements in combination120. 

Even though clear effects are obtained from singly functionalized surfactants, 

the values obtained are far from the 10% hallmark for good quality NPs. To 

this end, the potential of polymers was investigated. Histograms of the NPs 

synthesized using polyvinyl alcohol (PVA) and polyacrylic acid (PAA) can be 

seen in Figure 49A and B to be compared to 1,2-decanediol and decanoic acid 

respectively baring similar functional groups. In contrast to the reduction in NP 

size with increasing amount of surfactant observed with 1,2-decanediol, 

increasing the amount of PVA increases the size of the NPs produced from 

9.7 ± 2.2 nm at 1 mmol to 15.9 ± 3.8 nm at 16 mmol with >99.9% statistical 

significance. This shift from a nucleating agent to the behaviour of a ripening 

agent could be explained by the greater separation between hydroxyl groups 

on the polymer backbone. This shifts the behaviour from the strong bidentate 

bonding of 1,2-decanediol to weaker monodentate bonding between PVA and 

the NP surface. The PDI is only marginally improved over that with no 

surfactant with a reduction of just 2.3%. Despite having the same functional 

group, PAA displays contrasting behaviour to decanoic acid. Increasing the 

amount of PAA from 1–8 mmol reduces the size of the NPs from 11.0 ± 3.5 

nm to 8.6 ± 2.4 nm with >99.9% statistical significance. This shift from ripening 

agent for decanoic acid to nucleating agent for PAA, could imply that the 

binding strength to the surface of the NP has increased. Further, the much 

longer chain of the PAA (MW=400,000 g/mol) would be decreasing monomer 

diffusion and sterically hinder the formation of the NPs. The last polymer 

tested, polyvinylpyrrolidone (PVP), interacts differently with the NPs compared 

to PVA and PAA. At 4 mmol the PDI is reduced to 18.0% which is statistically 

significant to >99% compared to the synthesis in the presence of no surfactant. 

Due to a stiffer polymer backbone due to the cyclic five-membered ring, it is 

speculated that less tangling and wrapping occurs in comparison to PVA which 

would improve the coordination of the polymer to the NP surface resulting in 
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an improved PDI. This is reflected in the size of the NPs which remains within 

1 nm of that with no surfactant using 1–8 mmol of PVP indicating that the 

polymer chains cannot be significantly inhibiting growth at these 

concentrations. However, from 8 mmol to 16 mmol there is an increase in size 

and PDI from 10.7 ± 2.2 nm (PDI: 20.8%) to 15.0 ± 3.5 nm (PDI: 23.5%) which 

is statistically significant to >99%. These results appear to show that the 

increase in chain length from PVA and PAA increasingly restrict the growth of 

NPs. This is deduced from the opposite behaviour observed from that 

expected if the functional group were the dominant factor in determining 

growth with polymers as surfactants. In general, as a result of a lack of 

uniformity to this inhibition of growth, the PDI of the NPs synthesized using 

polymers only offered a marginal improvement over that with no surfactant. 

The exception to this behaviour was PVP which produced NPs sized 10.1 ± 

1.8 nm with a PDI of 18%. This was attributed to the stiffer chains of the PVP 

reducing entanglement. From the results obtained from changing the reaction 
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parameters and addition of surfactant, none has achieved lowering the PDI 

below 10%. 

 

Due to the complexity of monitoring in detail reactions under pressure 

enclosed in an oven, the NPs prepared in the absence of any additives were 

used in a post-synthetic step for optimization.  Based on synthetic conditions 

from other materials, 0.15 mmol of NPs were refluxed at 155 °C in 50 ml 

dimethylformamide (DMF) with dodecylamine (DDA). As a large excess of 

ligand is required in order for DR to occur105, the ratio of the number of moles 

 

Figure 49: Size distributions of Zn0.4Fe2.6O4 NPs prepared in the presence of (A) PVA, 

(B) PAA and (C) PVP at various proportions. 
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of NPs to surfactant was varied from 1 : 32 to 1 : 256, for which the resulting 

size and PDI of the NPs are shown in Figure 50A and B. 

  

The initial size of NPs was 10.5 ± 2.6 nm with a PDI of 24.7%. A significant 

improvement on this was observed in all cases with the best result obtained 

with more surfactant (1 : 256) after 5 h, resulting in NPs of 9.4 ± 1.4 nm with a 

PDI of 15.4%. For all three reactions the NPs slowly decreased in size and 

eventually completely dissolved, Figure 50C. This dissolution was faster the 

lower the concentration of ligand used which can be seen in Figure 50A. 

Control experiments in the absence of any ligands left the NPs unchanged 

even after 21 h of heating. A change in colour from black to brown is attributed 

to oxidation from prolonged heating and the high polarity of DMF. These 

results are in aggreement with literature ascribing the DR action solely to 

surfactants106. 

However, even though significant improvements in PDI were attained, the NPs 

were eventually dissolving even with remarkably high excess of ligand 

indicating that these reaction conditions were not producing a 

thermodynamically stable size. Lowering the temperature has previously 

 

Figure 50: Change in A) size and B) PDI of NPs during DR with varying ratios of NPs 

to surfactant. C) Digital and TEM images of the NPs before DR and after complete 

dissolution. 
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shown to prevent dissolution110, hence the temperature was lowered to 110 

°C. Due to the minimally better results of the 1 : 256 ratio compared to 1 : 128, 

the experiments at lower temperatures were performed with NPs : DDA ratio 

of 1 : 128. 

It can be seen in Figure 51A that when the temperature of the reaction was 

reduced to 110 °C, the dissolution of NPs in DMF was slower, finishing at 21 

h instead of 5 h for the experiment using the same concentration at 155 °C 

shown in Figure 50A and B. However, the NPs were still dissolving, and it was 

proposed that the polar nature of DMF (Figure 51C) could be the cause of this 

by coordinating the ligand monomer complexes and preventing redisposition 

on NPs. Consequently, the less polar non-coordinating solvents toluene and 

mesitylene were used and the size and PDI of the NPs produced in all three 

solvents can be compared in Figure 51A and B. Toluene was shown not to 

prevent dissolution of the NPs although largely delaying it to very long reaction 

times and gave NPs with low PDI of 14.2% at 84 h. This marks a significant 

reduction from the initial PDI value of 24.7% with only a small but significant 

decrease in size to 9.3 ± 1.3 nm. In contrast, the change in NP size at 60 h for 

mesitylene was not statistically significant from the initial size of the NPs 

(p=0.1) which is desirable for the equilibrium conditions sought after here. 

 

 

Figure 51: Change in A) size and B) PDI of the NPs during DR with different solvents. 

C) The molecular structures of the solvents used. 
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From the conclusions as to the nature of amine-based ligands, that of being 

ripening agents, it would seem likely that the DDA being used here is a 

ripening agent too. Ripening agents form soluble complexes with monomers 

which could have been the cause of the difficulty in preventing the NPs from 

dissolving during the DR process.  

Changing the surfactant to a nucleating agent, which forms insoluble 

precipitates may prevent dissolution and improve the DR procedure. DPA was 

earlier found to behave as a very strong nucleating agent (Figure 48C) and so 

it was used in place of DDA. Due to the very strong effects observed with DPA 

at very low amounts, the molar ratio of NPs to  surfactant changed to 1 : 30, 

matching that used by Prasad et al. for gold NPs also using a nucleating 

agent106. Within our experimental scope, mesitylene was the only solvent that 

did not show signs of dissolution within the experimental time-frame as seen 

in Figure 51. Using the nucleating agent DPA a size equilibrium is achieved 

successfully producing monodisperse NPs without a reduction in size. After 21 

h the NPs were sized 13.8 ± 1.3 nm corresponding to a PDI of only 9.4%. This 

is below 10% which is widely accepted as a hallmark for high quality NPs. This 

marks a considerable improvement over the initial NPs, sized 10.5 ± 2.6 nm, 

which had a PDI of 24.7%. These results for DPA after 21 h can be seen in 

Figure 52 compared alongside the lowest PDI attained using DDA as the 

surfactant taking 83 h. 
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3.4 Conclusion 

A series of Zn2+ substituted ferrites were prepared and characterized using a 

high temperature with autogenous pressure synthesis. A Zn2+ level dependent 

augmentation of the MS is observed with the highest value observed for the 

material with the composition Zn0.4Fe2.6O4. The developed synthetic procedure 

produces material with less lattice strain compared to high temperature-only 

reactions leading to the most magnetic Zn0.4Fe2.6O4 isotropic NPs with the 

smallest volume reported to date. The NPs dispersions prepared exhibit good 

colloidal stability in physiologically mimicking conditions and magnetic stability 

for at least two years. The Zn0.4Fe2.6O4 NPs exhibit a decreased Egap which 

could be exploited as a photothermal agent for cancer hyperthermia. Through 

a post-synthetic procedure, the PDI of the NPs was reduced to 9.4% from 

24.7%. 

 

 

Figure 52: A) Tabulated data of the lowest achievable PDI values using DDA and 

DPA along with their sizes compared to the reference reaction. B) TEM images of 

Zn0.4Fe2.6O4 NPs before and after DR with DPA. 
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 Nanotoxicological Studies of Best-in-Class 

Zn0.4Fe2.6O4 Nanoparticles and Their Applicability 

as an Agent for Cancer Hyperthermia 

4.1 Introduction 

Many materials show potential for several biomedical applications with great 

potential in treating disease, sometimes showing manifold increased 

performance compared to current standards. Within the scope of hyperthermia 

treatment there are two classes of materials that are used in biomedical 

nanotechnology; magnetic NPs that convert magnetic work to heat and noble 

metal NPs which transform light into heat5-8. Each modality has its own 

advantages and disadvantages such as effective heating, penetration to deep 

tissue and availability and cost of applicators. Metallic NPs such as gold, have 

been previously utilised for photothermal conversion through the localised 

plasmon resonance they exhibit7,8. Gold NPs absorb only a specific 

wavelength of light. Gold spheres normally absorb UV light not normally 

penetrating the skin while the gold nanorods that can be made to absorb in 

the NIR region currently contain silver which itself is toxic121. Organic materials 

have also shown this ability due to strong light absorption, although suffering 

from aging instability11. Therefore, there is a potential to utilise the 

semiconducting properties of magnetic NPs towards the development of a 

photothermal therapy (PTT) agent which is currently underexploited. 

The process of moving pharmaceutics from the laboratory to clinical testing is 

long and thorough to ensure their safety prior to administrating such materials 

to human subjects. For such purposes, cell cultures are used to screen and 

prove concepts of safety and efficacy of new pharmaceutics. As such, the 

biocompatibility of the synthesised nanomaterial was thoroughly assessed. 
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4.2 Materials and Methods 

4.2.1 Reagents  

1,10-phenanthroline monohydrate (99%), hydroxylamine hydrochloride 

(ReagentPlus® 99%), nuclear fast red solution (0.1% in 5% aluminium sulfate), 

potassium hexacyanoferrate (II) trihydrate (98.5% ACS reagent), crystal violet 

solution for staining, sodium cacodylate trihydrate (98%), trypan blue 0.4% 

solution, Poncaeu S (0.1%) solution, tert-butyl hydroperoxide (TBHP) and 

sucrose (99.5%) were purchased from Merck, UK. 37% HCl was purchased 

from Acros Organics, UK. FeCl2.4H2O (99.0%) was purchased from 

Honeywell, UK. Eagle minimum essential medium (EMEM), dimethyl sulfoxide 

(DMSO) (BioReagent, 99.9%) and sodium acetate anhydrous (ReagentPlus® 

99.0%) were purchased from Sigma Life Science, UK. Fetal bovine serum 

(FBS), Penicillin/Streptomycin (P/S), GlutaMAX, Trypsin-EDTA 0.05%, 

phosphate buffered saline (PBS) and Dubelco’s minimum essential medium 

(DMEM) were purchased from Gibco, UK. 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) (98%) was purchased from Alfa Aesar, 

UK. Paraformaldehyde (PFA) (96.5%) was purchased from TAAB, UK. Alamar 

Blue was purchased from Invitrogen, UK. Ethanol (100%) was purchased from 

HaymanKimia Ltd. Pierce lactose dehydrogenase (LDH) cytotoxicity assay kit, 

radioimmunoprecipitation assay buffer (RIBA), phosphatase and protease 

inhibitor cocktail, DRAQ7, NuPAGE LDS sample buffer (x4), Bolt MES SDS 

running buffer (x20), Bolt bis-tris gradient (4-12%) gels, bicinchoninic acid 

assay (BCA) kit, livin monoclonal antibody, Caspase 3 monoclonal antibody, 

Cytochrome C monoclonal antibody, heat shock protein (HSP) 70 monoclonal 

antibody, surviving monoclonal antibody were purchased from Thermo 

Scientific, UK. Anti-x-linked inhibitor of apoptosis (XIAP) monoclonal antibody 

was purchased from Abcam, UK. Fluorsave antifade solution was purchased 

from Calbiochem, UK. Water was purified by Purelab Ultra, Elga. All chemicals 

have been used without further treatment. 

4.2.2 Experimental Methods 

4.2.2.1 Cell Maintenance 

Cell Culture Medium. All cell lines were grown in MEM supplemented with 

10% FBS, 1% P/S and 1% GlutaMAX, referred to as a complete medium. 
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Cell Thawing. Cell lines were recovered from liquid nitrogen and quickly 

defrosted in a water bath at 37 °C. The suspension was gently transferred to 

a centrifuge tube and slowly topped up with pre-warmed complete medium 

with constant gentle swirling of the tube. After centrifugation (1500 g, 3 min) 

the cell pellet was resuspended in fresh complete medium and seeded in a 

culture flask. The flask was kept in a humidified incubator at 37 °C and 5% 

CO2. 

Cell Keeping. Tissue culture flasks were maintained in a humidified incubator 

at 37 °C and 5% CO2. The growth medium was changed every other day with 

pre-warmed complete medium. Near confluency, cells were split to keep them 

in a logarithmic growth phase. To split the cells, the medium was removed, the 

cells were washed twice with PBS and detached with trypsin (0.05%). The 

enzyme was quenched with complete medium and cells isolated by 

centrifugation (1500 g, 3 min). After counting using a haemocytometer, the 

necessary number of cells was seeded in a new tissue culture flask and 

propagated in a humidified incubator at 37 °C and 5% CO2. 

Cell Storing. Excess cells were resuspended in complete medium 

supplemented with 1% DMSO. Acting quickly, the cells were added in freezing 

vials at a concentration of 1.5 million cells per vial and cooled down to -80 °C 

at a rate of 1 °C/min. The next day, the vials were placed in the liquid nitrogen 

cell bank. 

4.2.2.2 Cellular Uptake of Nanoparticles 

Quantification. The uptake of NPs was quantified by single cell 

magnetophoresis. U87-MG and MCF-7 cells were grown to near-confluency 

in T25 flasks. The medium was removed and NPs at a concentration of 0.2 

mgFe+Zn/ml in complete EMEM medium were added in each flask and 

incubated between 1-24 h. After, the cells were washed with EMEM (2×3 ml) 

and PBS (2×3 ml). The cells were detached with trypsin and collected by 

centrifugation (1500 rpm, 3 min). 1 ml of complete EMEM was used to 

resuspend the cells to singe cell suspension by pipetting and transferred in a 

1 mm thick Hellma chamber and subjected to a magnetic field (B=321 mT, 

gradB=4.7 T/m, Figure 53) generated by a neodymium permanent bar magnet.  



92 
 

 

The cells are attracted to the magnet by the magnetic force expressed in 

equation 13. 

 F = MgradB   (13) 

Where M is the magnetic moment.  

The magnetic force is countered by Stoke drag force and equilibrium is quickly 

reached described in equation 14.  

 Fdrag = 6πηrV   (14) 

Where r is the cell radius, η the dynamic viscosity of water and V the speed of the cell.  

Videos of the cell movements were recorded on a Leica DMIL inverted 

microscope equipped with an MC170 HD camera at 4 images per second. 

Using the image analysis software ImageJ, the diameter and distance travelled 

by cells were measured. Assuming a material density of 5×106 g/m3 the 

amount of iron in each cell could be calculated by converting the cell magnetic 

moment using the magnetic moment of Zn0.4Fe2.6O4 NPs at the field strength 

applied by the bar magnet from SQUID-VSM measurements. 

Histology and Localization Studies. U87-MG cells were grown on glass 

cover slips in a clear 24-well plate at a seeding density of 1×105 cells/well. 

After overnight incubation, the cells were treated with different concentrations 

of NPs (0-300 μgFe+Zn/ml) in complete EMEM for 24 h. After, the cells were 

washed with medium (2×3 ml) and PBS (2×3 ml). Fresh complete medium 

was added to the cells and incubated for further 2-3 h to allow the cells to relax 

 

Figure 53: Magnetic field measurements over distance using a gaussmeter for the 

bar magnet used in single cell magnetophoresis. 
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from handling stress. Sucrose supplemented (2%) PFA solution in PBS (100 

μl, 4%) was added to each well as a prefixation step and incubated at 37 °C 

for 10 min. After, the cells were washed with PBS (2×3 ml) and fixed with 100 

μl of sucrose-PFA solution. After 10 min incubation at 37 °C the cells were 

stained with a 1 : 1 mixture of 4% HCl and 4% potassium hexacyanoferrate (II) 

trihydrate for 3 min. The cells were washed with water (2×100 μl) and 

counterstained with Nuclear Fast Red solution for 5 min. Stained cells were 

dehydrated with ascending alcohol by immersion in 70% (2 min) and 100% (5 

min) ethanol. The cover slips were mounted on microscope slides over anti-

fade oil and sealed with nail polish. Images were obtained on an inverted 

microscope Leica DMI6000B in bright field mode. 

4.2.2.3 Toxicological Assessment  

Metabolic Activity. For the MTT assay, U87-MG cells were plated in 96-well 

plates at a density of 5000 cells/well and incubated for 24 h. The experimental 

groups were exposed to NPs suspensions with concentrations up to 1500 

μgFe+Zn/ml in complete EMEM with no phenol red and the cells were incubated 

for further 24 h. Dilution of the culture medium from NPs suspension was 

capped at 10% to prevent viability decrease from osmotic imbalance. The NPs 

were removed and syringe-filtered (0.2 μm) MTT solution (10 μl, 0.2 mg/ml) 

was added in each well and incubated for 4 h at 37 °C. After, the MTT solution 

was removed and DMSO (200 μl) was added to dissolve the purple formazan 

crystals on a plate shaker for 30 min. 150 μl of the supernatant were 

transferred in another 96-well plate and the absorbance was measured at 570 

nm. The assay was performed in quadruplicate and statistical analysis was 

performed by two-way Anova using SPSS software.  

Membrane Integrity. The LDH assay requires an optimum cell number which 

needs to fall within the linear part of the absorbance curve which needs to be 

experimentally determined for different cell lines as they have different 

physiological LDH activity. In conjunction with the cell growth curve and LDH 

activity with respect to cell number (Figure 54), 3000 cells/well was the 

experimentally determined optimum seeding number.  
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Cells were seeded in 96-well plates and incubated overnight. NPs were added 

to final concentrations between 0-1000 μgFe+Zn/ml. Complete EMEM, EMEM, 

spontaneous (ultrapure water) and maximum (10X lysis buffer) LDH activity 

(SA and MA respectively) served as controls. 24 h after, 50 μl of all samples 

were transferred into a clean 96-well plate and mixed with reaction mixture (50 

μl). Wells treated with NPs rest on a bar magnet for 5 min to prevent 

transferring any NPs to the clean plate. The plate was left at RT for 30 min 

protected from light. Stop solution (50 μl) was added in all wells and the 

absorbance was measured at 490 nm and 680 nm. The absorbance values at 

680 nm were subtracted from the 490 nm values before calculating cytotoxicity 

as shown in equation 15. 

 

% Cytotoxicity =
NPs activity − SA

MA − SA
× 100  (15) 

 

Proliferation. The clonogenic assay was performed by seeding 100 NP-

treated U87-MG cells (0.2 mgFe+Zn/ml, 24 h) as single cell suspension per well 

of a 6-well plate. Untreated cells were used as controls. The cells were 

incubated at 37 °C, 5% CO2. When large enough colonies were formed (50 

cells or more to score), the medium was removed, cells were washed with PBS 

and fixed with 6% glutaraldehyde for 10 min. Colonies were stained with 

 

Figure 54: A) U87-MG cell growth curve. B) Spontaneous and maximum LDH activity 

controls with respect to cell number for optimum cell seeding number. n = 3. Values 

reported as mean ± SEM.  
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crystal violet solution for 30 min and washed by immersion in water until clear, 

let air-dry and counted under a microscope. 

4.2.2.4 Hyperthermia Measurements  

In Suspension. Temperature was measured using an infrared thermal 

imaging camera (FLIR SC7000) in real time every second and processed with 

the software Altair. MFH was performed on a commercially available 

instrument from Nanoscale Biomagnetics, Spain. Field and frequencies for the 

AMF were electronically controlled using the software Magno. PTT was 

performed using lasers from Laser Components SAS, France, calibrated to 

irradiate samples with 0.3 W/cm2 and 1 W/cm2. Small volumes of samples (50-

100 μl) were placed in Eppendorf tubes and treated with either method. The 

heating power was measured by the temperature plateau and specific 

absorption rate (SAR). The temperature plateau was directly measured by the 

infrared camera while the SAR value was calculated according to equation 16. 

 
SAR =

msamplec

mFe+Zn

dT

dt
 

   (16) 

Where msample is the total mass of the sample (g), c is the specific heat capacity approximated 

to that of water (4.185 J/g/K), mFe+Zn is the total mass of iron and zinc in the sample (g) and 

dT/dt is the initial slope of the heating curve over the first 30 s. 

In Cellular Confinement. The impact of cellular confinement was assessed 

in cacodylate fixed U87-MG cells. Briefly, cells were grown to near confluency, 

treated with 0.2 mgFe+Zn/ml Zn0.4Fe2.6O4 NPs for 24 h, washed with PBS and 

trypsinised. Fixation was done with 0.2 M sodium cacodylate : 25% 

glutaraldehyde : water mixture with a ratio of 5 : 2 : 3. The cell pellet was 

resuspended in PBS and treated.  

For live-cell experiments, cells were treated with NPs, washed with PBS and 

trypsinised. The cell pellet was treated with MFH or PTT (pre-equilibrated at 

37 °C), resuspended in complete DMEM and plated in a 96-well plate. After 

24 h, cells were washed with DMEM with no phenol red and incubated with 

DMEM with no phenol red supplemented with 10% Alamar Blue for 1 h. Then, 

50 μl from each well were transferred to a clean plate and fluorescence was 

measured on a multimode plate reader Enspire, Perkin Elmer, at an excitation 

wavelength of 570 nm and fluorescence detection at 585 nm. 
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4.2.2.5 Protein Expression 

Cell Lysis. A near confluent T75 tissue culture flask of U87-MG cells was 

treated with Zn0.4Fe2.6O4 NPs at a final concentration of 10 μgFe+Zn/ml in 

complete medium. After 24 h, the cells were washed with PBS and trypsinised. 

The cells (approximately 7 million cells) were plated in three 60 mm Petri 

dishes and allowed to adhere for 4 h in the incubator at 37 °C and 5% CO2. All 

Petri dishes were removed from the incubator and 2 of them treated with an 

808 nm laser at 0.3 W/cm2 for 0.5 min and 1 min respectively. They were then 

returned to the incubator for 2 h after which they were washed with ice-cold 

PBS and lysed. The lysis buffer was RIBA complemented with phosphatase 

and protease inhibitors (x2). The buffer (400 μl) was added in each petri dish, 

sat in ice and put on a shaker for 30 min. The resulting suspension was 

centrifuged (12000 rpm, 20 min, 3 °C) and the supernatant was collected and 

frozen until needed. 

Bicinchoninic Acid Assay. Albumin standard was serially diluted to prepare 

concentrations from 0-2000 μg/ml. The working reagent was prepared by 

mixing 50 : 1 Reagent A : Reagent B provided in the kit, to produce a clear 

green solution. 25 μl of each standard was transferred in triplicate in a 96-well 

plate and 200 μl of working reagent was added in each. The plate was shaken 

for 30 s on a plate shaker and incubated at 37 °C for 30 min. The plate was 

returned to RT and the absorbance was taken at 562 nm on a multimode plate 

reader, infinite M200 Pro, TECAN. From the calibration plot the concentration 

of total protein in the unknown sample was calculated. 

Western Blot. The necessary volume of cell lysate was added in each well of 

the gel to have 5 μg total protein. An equal volume of loading buffer was added, 

and the gels were running for approximately 1 h at 0.4 A. The dry transfer of 

the proteins to the membrane was performed using iBlot 2, ThermoFisher 

Scientific, at 20 V for 1 min, 23 V for 3 min and 25 V for 1 min. Successful 

transfer was confirmed by Ponceau S. The membrane was blocked by 5% 

BSA solution in PBST (PBS + 0.1% tween-20) for 2 h on a rocking platform. 

Proteins were probed with monoclonal antibodies prepared in 3% BSA 

solution for 1 h on a rocking platform. After thorough washing, the secondary 

antibody conjugated with horseradish peroxidase was incubated with the 
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membrane in 3% BSA for 1 h at RT. After washing off excess secondary 

antibody, bands were stained with Western ready and imaged on a ChemiDoc 

XRS+ system, Bio-Rad. 

4.3 Results and Discussion 

The way in which magnetic nanomaterials convert magnetic work to heat was 

explained in section 2.1.1. Although ferri- and ferromagnetic particles dissipate 

greater heat compared to superparamagnetic NPs, the field amplitude limit for 

application on human subjects does not allow for the utilisation of the full 

hysteresis loop, substantially reducing their heating efficiency. In multi-domain 

particles, the domain walls are less energetically demanding to move and take 

place at lower fields allowing for the full hysteresis loop at low fields2. 

Nevertheless, for clinical applications none of these two systems are suitable 

due to their permanent magnetic moment, restating the need for 

superparamagnetic NPs. 

An alternative to MFH, is PTT. In this case, light, instead of magnetic energy, 

is converted into heat. To achieve light to heat conversion, a material must 

absorb light. Materials that are coloured under visible light indicate the 

absorbance of certain wavelengths of radiation. Fe3O4 and Fe3O4@γ-Fe2O3 

are black/brown which indicates the absorption of the whole visible spectrum. 

4.3.1 Considerations for Magnetic Fluid Hyperthermia 

In the case of MFH, the field and frequency applied should be carefully 

selected to prevent damage to healthy tissue. If the product of frequency and 

field is above a certain limit induction heating will occur and the specificity of 

the treatment will be lost60. Such a criterion was first set in 1984 and has been 

the subject of debate ever since. This criterion is known as the Brezovich 

criterion and has a value of 4.5×108 Am-1s-1. Those experiments are not known 

to have been repeated and the use of smaller coils with multiple turns and off-

axis field direction as opposed to a large big turn used in 1984 are substantially 

different conditions. These conditions are expected to reduce eddy currents 

and hence allow for a larger product of frequency and field. The current revised 

working value is set at 5×109 Am-1s-1 which is ten times larger than the 
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previous limit value. This safety limit has been adhered to in the following 

magnetothermal experiments. 

4.3.2 Considerations for Photothermal Therapy 

On the other hand, one should consider possible obstacles for the clinical 

translation of PTT. Unless the light will be delivered invasively, i.e. by a fibre 

optic, the skin is not invisible to all wavelengths of light. There are molecules 

in the body that can absorb or scatter light some of which are listed below. 

Absorption • Haemoglobin 

• Water 

• Melanin 

• Fat 

  

Scattering • Cell membrane 

• Mitochondria 

• Nuclei 

• Whole cells 

 

Therefore, the wavelength of light that can penetrate the skin is limited to the 

near-infrared window between 650-1350 nm. In addition, the penetration depth 

is not very deep and is in the order of cm, hence non-invasive PTT should 

work best for superficial tumours. 

4.3.3 Biocompatibility Studies 

MTT is a colourimetric assay for the evaluation of cell metabolic activity as an 

indicator of alive and dead cells. Reduced nicotinamide adenine dinucleotide 

phosphate (NADPH)-dependent cellular oxidoreductase enzymes present 

within the cells can reduce a yellow soluble tetrazolium dye to its insoluble 

purple formazan as shown in Figure 55.  This assay is being routinely used to 

screen materials as a first line of testing. It is a simple assay and only requires 

a UV-Vis plate reader to assess. 
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The LDH assay is another tool to assess the cytotoxicity of an agent by 

assessing the integrity of the cell membrane. It detects an enzyme in the 

growth medium which is only released from the cell upon membrane 

permeabilization which itself is indicative of cellular damage. This initiates a 

series of reactions eventually converting a tetrazolium salt to a formazan 

(Figure 56). 

 

A clonogenic assay evaluates the ability of cells to survive and proliferate after 

treatment of a drug or radiation. This assay was used to evaluate any long-

term effect of NP treatment. With conventional assays such as the MTT or 

LDH assays the assessment is based on immediate effects of toxicity while 

clonogenic assay requires the cells to grow over long periods of time therefore 

assessing their proliferation. A typical procedure involves the treatment of cells 

which are then plated as single cell suspensions and at low numbers. The 

individual cells eventually form colonies (at least 50 cells to score) which are 

stained and counted (Figure 57). 

 

Figure 55: Principle of the MTT assay where a soluble tetrazolium is reduced to an 

insoluble purple formazan. 

 

 

Figure 56: Principle of the LDH assay where leaking LDH results in a coloured 

product. 
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Prior to selecting a cell line to assess the cell viability after treatment with NPs, 

the NP uptake was evaluated between brain glioblastoma U87-MG and breast 

adenocarcinoma MCF-7 cells, both applicable for hyperthermia treatment, by 

single-cell magnetophoresis as described recently122. U87-MG cells were 

uptaking NPs more readily compared to MCF-7 as shown in Figure 58A and 

hence were used to assess the toxicity of the materials. To visualize the uptake 

of NPs, both cell lines were incubated with NPs for 24 h and then the cells 

were washed, fixed and the iron content stained with Prussian blue formation. 

The blue colour indicative of iron ions are profound in U87-MG cells while no 

blue colour could be detected inside the MCF-7 cells as it can be seen in 

Figure 58B and C respectively. 

 

Figure 57: Illustration of colony formation for control and treated cells. 
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To quantify cell viability after treatment with NPs, U87-MG cells were 

incubated with Fe3O4@γ-Fe2O3 and Zn0.4Fe2.6O4 NPs for 24 h after which the 

reduction of the tetrazolium salt was monitored by UV-Vis spectroscopy. 

Neither of the materials show significant decrease of cell viability up to 1500 

μgFe+Zn/ml as shown in Figure 58D, concentrations much higher than 

previously tested58,92. Nanomaterials decreased cell viability to 80% for 

concentrations over 500 μgFe+Zn/ml. In addition to MTT, the enzyme LDH was 

measured as an indicator of cellular membrane integrity, another marker for 

cell health. Similarly to the MTT assay, the LDH assay reveals a similar trend 

 

Figure 58: A) Iron uptake of U87-MG and MCF-7 cells as calculated from single-cell 

magnetophoresis incubated with 10 μgFe+Zn/ml Zn0.4Fe2.6O4 NPs respectively for up 

to 24 h. B) and C) Optical microscope images of stained, with nuclear fast red and 

acidic potassium hexacyanoferrate (II) solutions, U87-MG and MCF-7 cells with 

incubated with 10 μgFe+Zn/ml Zn0.4Fe2.6O4 NPs respectively for 24 h. D) Cell viability 

of U87-MG cells as measured by the MTT assay after treatment with Fe3O4@γ-Fe2O3 

and Zn0.4Fe2.6O4 NPs at different concentrations for 24 h. E) Cytotoxicity of Fe3O4@γ-

Fe2O3 and Zn0.4Fe2.6O4 NPs obtained by the LDH assay. F) Number of colonies 

formed from single-cell suspensions of U87-MG cells via clonogenic assay after 

treatment of cells with 0.2 mgFe+Zn/ml Zn0.4Fe2.6O4 NPs for 24 h. Values reported as 

mean ± SEM. p-Values were calculated based on a two-tailed t-test: *** indicates 

p<0.001, ** indicates p<0.01 and * indicates p<0.05. 
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with concentrations over 500 μgFe+Zn/ml having a negative effect on the cells 

shown in Figure 58E. Further to metabolism and membrane integrity of cells 

which are short-term markers of cell health, a clonogenic assay was used to 

evaluate the longer-term impact of NPs. Accumulation of genetic changes, i.e. 

through reactive oxygen species (ROS) which can damage DNA and produce 

malfunctioning proteins whose accumulation can lead to apoptosis123. A 

clonogenic assay uses the cell cycle and proliferation of cells to assess cell 

health. Treating the cells with a high concentration of NPs of 200 μgFe+Zn/ml 

would exclude damages caused by metabolic and membrane integrity effects 

as seen previously with the MTT and LDH assays respectively and probe any 

genetic changes that would manifest themselves in longer timeframes than 

those used in the colourimetric assays. Cells formed the same numbers of 

colonies whether treated with Zn0.4Fe2.6O4 NPs or not indicating that they are 

tolerated and do not alter protein expression or arrest the cell cycle, shown in 

Figure 58F. The fact that both materials exhibit the same trend in cell viability 

by two different assays, the unaffected proliferation when treated with NPs as 

well as the fact iron oxide is an FDA approved material shows that the 

developed Zn0.4Fe2.6O4 NPs is a biocompatible and well-tolerated material. 

4.3.4 Application in Hyperthermia  

Magnetic NPs are typically used in MFH where their magnetic relaxation 

increases the internal energy of the system which dissipates to heat. Current 

obstacles for the clinical translation of MFH are the high concentration of NPs 

that need to reach the tumour due to the limited heating of superparamagnetic 

NPs. Many have relied on intratumoural injections to achieve the concentration 

of NPs needed at the site of interest, but this procedure is unlikely to become 

medical practice. Other potential approaches include the preparation of 

anisotropic NPs which have a higher magnetothermal conversion compared 

to isotropic NPs although no longer superparamagnetic, a prerequisite for in 

vivo applications. The Brezovich criterion is also an upper limit of the product 

between the frequency and amplitude of the AMF to prevent unspecific heating 

from induction of eddy currents which in attempts to make NPs heat is 

sometimes exceeded. Herein, superparamagnetic isotropic NPs of Fe3O4@γ-

Fe2O3 and Zn0.4Fe2.6O4 compositions were compared whilst complying with 
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the revised Brezovich criterion (H×f = 5×109 Am-1s-1).Our results indicate a 

magnetothermal performance typical of superparamagnetic NPs as shown in 

Figure 61D and E. Depending on the product of frequency and amplitude, the 

values of SAR and absolute change in temperature vary proportionally as 

shown in Table 6.  

 

It is observed that the change in temperature achieved after heating the 

aqueous dispersions of NPs is proportional to concentration with Fe3O4@γ-

Fe2O3 and Zn0.4Fe2.6O4 NPs producing the same amount of heat, 

approximately 1 °C per mgFe+Zn. The SAR value which is a measure of the rate 

of heating (also called SLP) is desirable to be high to prevent thermal energy 

from dissipating to the surrounding tissue before it can elevate the tumour 

temperature. This property was found to be independent of concentration or 

the material and with a value typical of superparamagnetic NPs, in the 50-100 

W/gFe range. Changing the frequency and amplitude of the AMF whilst 

remaining within the acceptable product between the two, the same absolute 

change in temperature and SAR is obtained as shown in Figure 59A and B. 

Table 6: Absolute change in temperature and SLP values of Fe3O4@γ-Fe2O3 and 

Zn0.4Fe2.6O4 NPs at 20 mgFe+Zn/ml subjected to an AMF with different product of 

frequency and amplitude. Values reported as mean ± SEM. p-Values were calculated 

based on a two-tailed t-test: ** indicates p<0.01. 

 ΔT ± S.D (°C) SLP ± S.D (W/gFe+Zn) 

Field  

(kA/m) 

Frequency  

(kHz) 

Fe
3
O

4
@γ-

Fe
2
O

3
 

Zn0.4Fe2.6O4 
Fe

3
O

4
@γ-

Fe
2
O

3
 

Zn0.4Fe2.6O4 

10.4 
342 10.3 ± 1.2 10.7 ± 1.5 21.6 ± 2.8 23.4 ± 3.8 

471 17.9 ± 2.9 18.1 ± 2.7 38.5 ± 5.5 40.5 ± 6.8 

Significance  ** ** ** ** 

14.4 
342 17.6 ± 2.4 17.4 ± 2.2 37.2 ± 6.6 37.8 ± 5.9 

471 24.9 ± 2.2 25.0 ± 3.4 63.1 ± 6.6 63.1 ± 10.1 

Significance  ** ** ** ** 
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An augmentation in performance with NPs of same size and morphology but 

higher MS (Fe3O4@γ-Fe2O3 vs Zn0.4Fe2.6O4) was not observed according to 

P =
μ0πχ0ν2H2τN B⁄

[1+(ντN B⁄ )
2

]
, where χ0 =

μ0MS
2V

kT
, showing a dependence of the power 

generated to the square MS value of the NPs. From the magnetic 

characterization it can be concluded that the introduction of Zn2+ causes 

magnetic softening and consequently a decrease in the K value reducing 

particle motion contribution to heating. 

 

Recently, the ability of iron oxide NPs to produce heat from light was 

shown5,122. Herein, a thorough comparison between the two heating 

modalities, MFH and PTT, was evaluated and for the first time, the effect of 

the smaller bandgap of Zn0.4Fe2.6O4 compared to iron oxide NPs (1.07 vs 1.42 

eV respectively) was assessed for enhanced photothermal performance. Light 

wavelengths tested are within the near-infrared biological window11 where 

water and other biomolecules do not quench the light (Figure 60).  

 

Figure 59: A) and B) is the absolute change in temperature and SLP values 

respectively, of Fe3O4@γ-Fe2O3 and Zn0.4Fe2.6O4 NPs at a concentration of 20 

mgFe+Zn/ml subjected to AMF of different combinations of frequency and field but 

the same product of the two (n = 3). Values reported as mean ± SEM. 
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The photothermal performance of NPs is independent of laser wavelength at 

saturating conditions and it increases linearly with power density up to the 

values tested as shown in Figure 61A. In contrast to magnetothermal 

conversion, photothermal conversion saturates at very low concentrations (1 

mgFe+Zn/ml) with a much bigger effect than MFH at much lower concentrations, 

Figure 61B. This is explained based on the limiting factor being the incoming 

light and not the light absorbing material, which when enough material is 

present, it will absorb the whole energy of the incoming light. SAR, also a 

measure of heating rate, is therefore inversely proportional to concentration in 

PTT, Figure 61C.  

 

Figure 60: PTT treatment of aqueous suspension of NPs with 680, 808 and 1064 nm 

lasers compared to water only with the same lasers. 
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As the material has a dark colour with high molar attenuation coefficient 

(ε=111.1 M-1cm-1, derivation from Figure 62) the higher the concentration the 

less penetrating distance the light can travel before it is absorbed.  

 

Figure 61: A) Change in temperature dependence on the power density of different 

wavelength lasers at a power density of 0.3 W/cm2. B) Change in temperature and 

C) SAR values of Zn0.4Fe2.6O4 NPs at different concentrations irradiated with an 808 

nm laser at 0.3 and 1 W/cm2. D) and E) Change in temperature and SAR values 

respectively of Fe3O4@γ-Fe2O3 and Zn0.4Fe2.6O4 NPs at different concentrations 

under an AMF (f=342 kHz, H=14.4 kA/m). F) and G) Change in temperature and SAR 

values of Fe3O4@γ-Fe2O3 and Zn0.4Fe2.6O4 NPs irradiated with 0.3 W/cm2 at 808 nm 

and H) and I) show the same for 1 W/cm2. Values reported as mean ± SEM. p-Values 

were calculated based on a two-tailed t-test: *** indicates p<0.001, ** indicates 

p<0.01 and * indicates p<0.05. 
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It is observed that Zn0.4Fe2.6O4 NPs exhibit a higher photothermal effect 

compared to Fe3O4@γ-Fe2O3 NPs in both their ability to increase temperature 

and the rate with which they do so as it can be seen in Figure 61F and G. The 

effect is profound up to the saturating concentration of 1 mgFe+Zn/ml. The trend 

continues with increasing the power density to 1 W/cm2, the Zn0.4Fe2.6O4 NPs 

outperform Fe3O4@γ-Fe2O3 with decreasing concentration increasing the 

effect. At the minimum concentration tested of 0.05 mgFe+Zn/ml, Zn0.4Fe2.6O4 

NPs had SAR values of 1900 and 7000 W/gFe+Zn for 0.3 and 1 W/cm2 while 

Fe3O4@γ-Fe2O3 had only 1300 and 5000, respectively. In comparison, MFH 

at a concentration of 1 mgFe+Zn/ml does not show any detectable increase in 

temperature. Comparing the optimal conditions for MFH (20 mgFe+Zn/ml) and 

PTT (1 mgFe+Zn/ml) the change in temperature is the same at about 18 °C for 

both modalities whilst the SAR value of PTT is more than 16 times bigger with 

20 times less concentration. The ability to increase the heating effect whilst 

reducing the amount of material needed might offer a solution for the clinical 

translation of localized hyperthermia.  

Both heating modalities have then been assessed in vitro, within cancer cells. 

Previous reports showed the magnetothermal effect diminishing once the NPs 

are associated with the cells while the photothermal effect remains 

unaffected77. This is in relation to the environment-dependent mechanism of 

 

Figure 62: Absorbance of 808 nm light of Zn0.4Fe2.6O4 NPs at different 

concentrations. The slope yields the molar attenuation coefficient according to 

Beer-Lambert law. 
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magnetothermal conversion (reorientation in space) and the independent 

mechanism of photothermal conversion (production of phonons by vibrational 

relaxation of excited electrons). In agreement with previous studies, the NPs 

presented herein experienced a small decrease in the magnetothermal effect 

(35 W/gFe+Zn vs 45 W/gFe+Zn for cellular confinement and aqueous suspension 

respectively), as shown in Figure 63A. This is because these NPs have a low 

shape anisotropy and therefore an order of magnitude less Keff compared to 

other NPs such as magnetosomes, nanocubes or nanoflowers which suffer a 

ten-fold decrease in their SAR values77,124. This indicates that the NPs are 

relying more on Néel than Brown relaxation, the first is environment 

independent whilst the latter is environment-dependent due to physical 

reorientation of the particle, minimally affecting their heating properties in 

aqueous dispersions and in cells. Similarly, PTT results are in agreement with 

literature which states that the effect remains unaffected both in suspension 

and in cellular confinement shown in Figure 63A. It is important to note that 

the final temperature reached remained unchanged for both MFH and PTT in 

aqueous dispersions and in cells as shown in Figure 63B, only the heating rate 

changed slightly for MFH. Nevertheless, the change in temperature reached 

after incubation of Zn0.4Fe2.6O4 NPs at a concentration of 0.2 mgFe+Zn/ml for 24 

h with U87-MG cells (final concentration in cell pellet was 2 mgFe+Zn/ml) was 

inadequate for therapy using MFH while PTT reached thermoablation-level 

temperatures shown in Figure 63C. The effect of both thermotherapies was 

evaluated on live U87-MG cells with MFH achieving only 30% cell death while 

PTT achieved an impressive 100% cell death after 10 min treatment with a low 

laser power density of 0.3 W/cm2 shown in Figure 63D. The above findings 

illustrate that semiconductor PTT is a more efficient thermotherapy than MFH 

and that Zn2+ doping in ferrite structures enhances the photothermal effect 

further. 
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4.3.4.1 Phenotypic and Biochemical Changes of U87-MG Cells After 

Photothermal Treatment - Identifying a Point-of-no-Return 

Cells can recover from extreme damage in a process called anastasis125 only 

recently discovered. This can be beneficial if exploited for the regeneration of 

neural cells or heart cells126 which are for life as well as other diseases127. On 

the other hand, the same mechanism can also lead to cancer relapses128. 

Cells with an apoptotic phenotype are often assumed dead although recently, 

they have been shown to come back to life even after typical signs of cell death 

such as nuclear pyknosis, blebbing, changes in membrane integrity, DNA 

damage and others125,128. To this end, there has been a change of identifying 

 

Figure 63: A) Initial part of heating curves of Zn0.4Fe2.6O4 NPs in situ and in vitro at 

a concentration of 2 mgFe+Zn/ml under MFH and PTT treatment. B) Infrared images of 

NPs in suspension and in cells at the same concentration under MFH and PTT. C) 

Absolute temperature of U87-MG cell pellet with Zn0.4Fe2.6O4 NPs at 2 mgFe+Zn/ml 

treated with MFH and PTT. D) Cell viability after MFH and PTT treatment as obtained 

from the Alamar blue assay. Values reported as average ± SD. p-Values were 

calculated based on a two-tailed t-test: *** indicates p<0.001. 
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cell death beyond just morphological changes to include molecular changes 

and biochemical processes. 

In order to develop an effective PTT cancer treatment and prevent relapses 

while minimising collateral damage to healthy cells, the minimum treatment 

time should be determined which would achieve a point-of-no-return for the 

target cell population. To this end, the morphological and molecular changes 

have been explored towards identifying a suitable treatment timeframe for the 

minimum laser exposure time to achieve complete cell death, even though a 

point-of-no-return remains controversial among experts129. It was shown in 

Figure 63D, that 10 min of treatment was enough time to achieve 100% cell 

death as determined by viability assay. Those experiments were performed in 

the small volume of an Eppendorf tube. Even after surgical removal of 

tumours, treating the tumour bed with PTT to kill residual cells should require 

a lot of time. Therefore, in the following experiments shorter times of 0.5-, 1- 

and 2-min laser exposure time were used to simulate practicality in clinical 

practice.  

Cells loaded with Zn0.4Fe2.6O4 NPs undergone treatment with the laser and 

monitored over time. Their phenotypic changes were imaged as shown in 

Figure 64.  
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Untreated cells and NPs-loaded cells treated with 0.5-min laser exposure 

continue to normally grow indicating that the temperature reached was not 

high enough to induce cellular death. In contrast, cells treated with 1-min or 

longer show extensive cell death with 2 min exposure only showing detached 

cells (indicative of death) within the direct illumination area. Cells at the 

perimeter of direct illumination (Figure 66A) where still attached to the petri 

dish even though the global temperature of the dish was elevated to the same 

degree (Figure 65).  

 

Figure 64: Optical imaging of U87-MG cells treated with Zn0.4Fe2.6O4 NPs and laser 

irradiation for different times and their time-resolved morphological changes. 
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Morphologically, cells at the periphery of the illumination area were identical 

with untreated cells despite the global temperature increase within the dish. 

Consequently, the cell-impermeant fluorescent dye DRAQ7 was used to 

differentiate permeabilized cells which is an early sign of cell death shown in 

Figure 66B. Immediately after treatment, no group shows significant dye 

activation. After 2 h, cells irradiated with laser start showing fluorescence even 

at 0.5 min which increases with time as evidenced by the increased signal. 

Cells irradiated with 1 min or more show significant blebbing at 2-6 h post-

treatment which then disappears showing that cells are recovering. 

Morphologically healthy cells are permanently stained with DRAQ7 indicating 

a transient membrane permeabilization with consequent repair. This shows 

that cells not-directly irradiated with laser can suffer from damage due to global 

temperature increase but are able to restore normal functions and proliferate. 

 

Figure 65: Absolute change in temperature of NPs-loaded U87-MG cells treated with 

0.3 W/cm2 808 nm laser for different times. The line is a guide to the eye. 
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Protein Expression. Proteins are essential parts of organisms and they 

participate virtually in every process. Cell homeostasis is also regulated by the 

production and degradation of proteins and so is survival and death. Cell death 

is often characterised based on the pathway leading to cell death with specific 

morphological and biochemical processes. Apoptosis and necrosis are the two 

 

Figure 66: A) Schematic of laser treatment set-up on live cells. B) Merged images of 

optical and fluorescent microscopy of DRAQ7 loaded U87-MG cells treated with 0.3 

W/cm2 808 nm laser for different times and their time-dependent permeabilization.  
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cell death pathways of interest herein where the first is the controlled 

dissection of cellular organelles and proteins and the consequent engulfment 

from other cells while necrosis is characterised by an uncontrolled death 

releasing cellular components on the surrounding cells, often leading to 

inflammation130. Ideally, the treatment trigger should cause the cells to 

undergo apoptosis irreversibly. For this purpose, a selection of proteins 

involved in apoptosis and survival mechanisms, as schematically shown in 

Figure 67, were monitored to reveal the biochemical impact of PTT on U87-

MG cells and possibly identify, through morphological and biochemical data, 

an optimum treatment time. 

 

Caspases. Caspases is a family of protease enzymes playing essential roles 

in programmed cell death131. Their function maintains cell homeostasis. While 

their overactivation leads to disease such as neurodegenerative diseases, 

their insufficient activation can lead to cancer and infection130. Caspases have 

been targeted to combat cancer131. Caspases are activated by the release of 

cytochrome C from mitochondria to the cytosol which assemble the 

 

Figure 67: Cell signalling in selected apoptotic pathways. 
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apoptosome converting inactive procaspases to the active enzymes, the 

caspases131. 

Caspase-3 is an executioner protein of apoptosis and plays a major role in 

chromatin condensation and DNA fragmentation. Its overexpression is 

indicative of apoptotic mechanisms being activated. Qualitative and 

quantitative analysis of caspase-3 regulation is shown in Figure 68. There is 

a physiological level of caspase-3 present in the control group shown in Figure 

68A which does not show in fluorescent images (Figure 68B). Upon treatment 

with laser for 0.5 and 1 min, the levels of caspase-3 increase significantly and 

proportionally to the treatment time. In contrast, the levels of caspase-3 

expression in the group treated with laser for 2 min shows significantly lower 

fluorescent signal. This might be the result of immediate cell death without 

undergoing the apoptotic signal transduction pathway, typical of necrosis since 

at 0 min after treatment cells treated for 2 min are already showing decreased 

fluorescence in Figure 68A. From the fluorescent images in Figure 68B, 

fluorescent intensity and therefore the level of caspase-3 expression 6 h after 

laser treatment seems similar. In conjunction with Figure 64 which shows the 

vast majority of cells detached, it is assumed that once fluorescence intensity 

is normalised to cell number, the caspase-3 level should be at least similar 

between groups 1-min and 2-min treatment. 

 

 

Figure 68: A) Quantitative measurement of caspase-3 (n = 3). B) Merged images of 

optical and fluorescent microscopy for qualitative detection of caspase-3 6 h post-

treatment. Values reported as mean ± SD. p-Values were calculated based on a two-

tailed t-test: *** indicates p<0.001, ** indicates p<0.01 and * indicates p<0.05. 
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Cytochrome C. Under stress, cells elevate the production of ROS in the 

mitochondria. The oxidation processes occurring from ROS, release 

cytochrome C to the cytosol which is normally located within the mitochondria. 

Its release to the cytoplasm is involved in the formation of the apoptosome 

which activates procaspase-9 leading to the activation of caspases-3 and -7 

leading to onset of apoptosis132.  

Visualisation of ROS was performed on NPs-loaded U87-MG cells, cells 

treated with TBHP as a positive control and NPs-loaded cells irradiated with 

the laser for 0.5- and 1-min and imaged 2 and 6 h post-treatment as shown in 

Figure 69. At 2, 4 and 6 h after laser treatment, cells show an increase in ROS 

production for all treatment times. At 6 h, the ROS increase observed for 0.5 

min laser treatment is statistically significant compared to control. Throughout, 

levels of ROS for 1- and 2-min laser treatment appear equal to or lower than 

controls. Taking into account the fluorescent images of 0.5- and 1-min laser 

treatment showing a higher signal for the longer treatment time it seems likely 

that cells at 2 min have undergone necrosis bypassing the intrinsic apoptotic 

pathway while cells treated with laser for 1-min are probably undergoing 

apoptosis and necrosis simultaneously explaining the reduced total 

fluorescent signal. This takes into account both the higher green fluorescent 

intensity in fluorescent imaging compared to controls but also the equal value 

of total fluorescent between control group and 1 min laser treatment time 

shown in Figure 68A.  
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Heat Shock Protein 70. HSP70 is a family of proteins produced in response 

to biological stress including thermal shock133. It is a crucial part of cell’s 

machinery in protein folding and protection from stress133. It stabilizes proteins 

against aggregation and remodels folding. They participate in protein disposal 

of damaged and defective proteins. HSP70 also inhibit apoptosis by blocking 

the binding of procaspase-9 to the apoptosome preventing the formation of 

caspase-3134.  

 

Figure 69: A) Quantitative measurement of ROS (n = 3) and B) Fluorescent 

microscopy images of U87-MG cells up to 6 h after treatment. Values reported as 

mean ± SD. p-Values were calculated based on a two-tailed t-test: * indicates p<0.05. 
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X-Linked Inhibitor of Apoptosis. XIAP, the most potent IAP identified135, is 

an apoptotic suppressor by mediating the proteasomal degradation of 

apoptotic proteins such as caspase-3 and SMAC136. It is an inhibitor of 

caspase-3, -7 and -9. XIAP does not interfere with cytochrome C release137.  

Using western blot to qualitatively estimate the expression of HSP70 and 

XIAP, whole cell lysates have been used as shown in Figure 70. HSP70 

(MW=70 kDa) is upregulated compared to controls for all treatment times. XIAP 

on the other hand, shows a decreasing trend from controls up to 1-min 

treatment where cells exposed to 2-min laser irradiation show an increase of 

XIAP level close to controls. HSP70 levels are expected to increase as 

temperature denatures proteins and puts cell under thermal stress as it is this 

family of proteins who are responsible to maintain cell health including protein 

stabilisation and refolding. As shown in Figure 67, SMAC is released from 

mitochondria along with cytochrome C. As a negative regulator of XIAP its 

effect is observed as a decreased level of XIAP on western blot. This would 

prevent the inhibition of caspases from XIAP and allow for caspase dependent 

apoptosis to proceed and as such XIAP downregulation is considered another 

sign of apoptosis initiation138. As explained earlier, after 2-min irradiation time, 

cells directly illuminated are entirely detached hence they washed away before 

lysis. The level of XIAP measured then, must represent the population on the 

periphery of the petri dish. 
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4.4 Conclusion 

Testing well above other cell viability tests on ferrite NPs published to date, 

the produced NPs show no signs of cytotoxicity up to 500 μgFe+Zn/ml and a 

viability of 80% at 1500 μgFe+Zn/ml based on metabolic activity. Similar results 

were obtained when assessing membrane integrity while the clonogenicity of 

cells is not affected by the NPs at all concentrations tested. These 

biocompatible-proven NPs show augmented performance compared to 

currently investigated iron oxide NPs in photothermia, a recent alternative 

cancer thermotherapy using magnetic NPs achieving total cell death in a short 

time. Besides, PTT is compared in-depth with the more typical MFH 

thermotherapeutic modality, resulting in an impressive enhanced potential. 

Live cells experiments using PTT show that inadequate treatment time induces 

signs of stress and damage to the cells although able to recover and proliferate 

given enough time. ROS production and Caspase-3 activation is observed for 

all treatment times. Initiation of the apoptotic transduction pathway is observed 

 

Figure 70: Peroxidase probed gels for the detection of proteins. From left to right 

are molecular weight ladder, cells (C), cells with NPs (CNP), cells with NPs treated 

with 0.3 W/cm2 808 nm laser for 0.5-min (CNP0.5), 1-min (CNP1) and 2-min (CNP2).  
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at short treatment times between 0.5- and 1-min with necrosis suspected at 2-

min or longer treatment times. Having shown in vitro biocompatibility and 

effectiveness in inducing cell death their biodistribution profile must be 

determined for further development.  
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 Labelling of Citrated Zn0.4Fe2.6O4 Nanoparticles with 

Radioactive Isotopes of Gallium for Real-Time 

Tracking in Vivo. 

5.1 Introduction 

The biodistribution profile of medicines is dependent on the physicochemical 

properties of a substance139. Depending on parameters such as size, charge 

and method of administration, materials may be excreted fast or exhibit 

prolonged circulation, may be more toxic or might accumulate in specific 

organs. Such examples include materials of less than 5 nm which are quickly 

excreted by renal clearance140. Above this size threshold, liver is the main 

organ of metabolising such materials. Comparing the charge of materials, 

positively charged materials cause haemolysis141 when administered IV while 

neutral charges can avoid detection by the MPS142 which is responsible for 

removing foreign bodies from circulation. Materials of less than 100 nm can 

accumulate in vascularised neoplasms as explained in section 1.2. It is thus 

important to evaluate the biodistribution profile of new medicines to confirm 

that the intended action occurs. 

Traditionally, such studies occur by administering a medicine to animals which 

are then sacrificed at different time points, have their organs harvested and 

analysed for the drug. This can give a distribution profile post-hoc, requires 

many animals and it is laborious. In the interest of the 3Rs framework of the 

National Centre for Replacement, Refinement and Reduction of Animals in 

Research (NC3Rs) organisation143 nuclear medicine imaging techniques were 

employed to obtain real-time tracking of NPs significantly reducing the number 

of animals sacrificed. 

5.1.1 Nuclear Decay 

Unstable nuclei lose energy in the form of radiation known as radioactivity. The 

emitted radiation is classified as α, β, or γ depending on whether the emitted 

particle is a helium nucleus, an electron or a photon as shown in Figure 71. 

Unintended exposure to radioactivity can be dangerous to human health. 

Controlled dosing though can be exploited in medicine, a subspecialty known 

as nuclear medicine. 
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5.1.2 Nuclear Medicine 

Nuclear medicine is a specialty of medicine which makes use of radioactive 

substances, or radiopharmaceuticals, to image and treat disease. Its focus is 

not in anatomic imaging rather it is about physiological function. Common 

nuclear medicine imaging techniques are single photon emission computed 

tomography (SPECT) or positron emission tomography (PET). Their use 

involves 2D and 3D imaging and are used to detect hyperthyroidism with 123I, 

haemangioma detection with 99mTc even cancer detection, staging and follow-

up with fludeoxyglucose with 18F. To this end, nuclear medicine imaging 

techniques have been applied to monitor the biodistribution profile of NPs. 

5.2 Materials and Methods 

5.2.1 Reagents 

Fe(acac)3 (99%), Zn(acac)2.xH2O (99.995% trace metals basis), TREG 

(ReagentPlus® 99%), 1,10-phenanthroline monohydrate (99%), 

hydroxylammonium hydrochloride (ReagentPlus® 99%), sodium acetate, 

human serum, glacial acetic acid, 37% hydrochloric acid (trace metals), 

ethanol (100%) and acetone (trace free) were purchased from Merck, UK. 

67Ga citrate injectable solution was obtained from CIS bio international, 

 

Figure 71: Radioactive decay of an unstable nucleus via α, β, and γ emission. 
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France.  PBS was purchased from Gibco, UK. Water was purified by milli-Q® 

integral system. 

5.2.2 Experimental Methods  

All radiolabelling experiments were performed at the Radiochemical Studies 

Laboratory of the Institute of Nuclear and Radiological Sciences and 

Technology, Energy and Safety at NCSR ‘Demokritos’. The Radiochemical 

Studies Laboratory is licensed by the Greek Atomic Energy Commission 

(License number: A/435/4092/2017/22.03.17) for the use of radioactive 

sources. 

Animals used for biodistribution studies were obtained from the breeding 

facilities of the Institute of Biosciences and Applications at NCSR ‘Demokritos’. 

The experimental animal facility is registered according to the Greek 

Presidential Decree 56/2013 (Registration number: EL 25 BIO 022), in 

accordance to the European Directive 2010/63 which is harmonized with 

national legislation, on the protection of animals used for scientific purposes. 

All applicable national guidelines for the care and use of animals were 

followed. The study protocol was approved by the Department of Agriculture 

and Veterinary Service of the Prefecture of Athens (Protocol number: 1607/11-

04-2018). The animals were housed in air-conditioned rooms under a 12 h 

light/dark cycle and allowed free access to food and water. 

5.2.2.1 Elution of 68Ga from 68Ge Generator 

For the elution of the generator, four solutions were prepared before the 

initiation of the procedure. Two hydrochloric acid solutions of 0.1 and 4 M and 

solutions N1 and N2 which have the following constituents: 

N1 • 0.79 ml 37% trace free HCl 

 • 9.21 ml trace free H2O 

 • Trace free acetone to 50 ml 

  

N2 • 0.53 ml 37% trace free HCl 

 • 0.69 ml trace free H2O 

 • Trace free acetone to 50 ml 
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In a designated, lead-shielded fume hood, HCl (7 ml, 0.1 M) was passed 

through a 0.2 µl syringe filter going directly into the generator at a slow rate. 

The liquid leaving the generator was passing through a resin column and all 

eluates were discarded. Air was passed through the line to remove all liquid. 

After, N1 (1 ml) was injected directly in the resin column and the eluate 

discarded including after passing air. The N2 was injected in the resin column 

but left in to soak for 5 min before passing it through. The eluent was collected 

in an Eppendorf tube. HCl (1 ml, 4 M) and air were passed through the resin 

column to wash it. The 68Ga content was determined using specific activity 

measurements (Capintec, CRC-15R, USA). 

5.2.2.2 Radioactive Labelling of Zn0.4Fe2.6O4 Nanoparticles 

The citrate coated NPs have many free carboxylate functional groups. Gallium 

has high affinity for carboxylate (COO-) groups144. Laboratory generators exist 

to produce 68GaCl3 as needed. 68Ga was used for establishing an efficient 

labelling procedure due to its short half-life of 68 min which makes it safer to 

handle but also its abundance having a generator in-house. These conjugates 

were consequently used for acute biodistribution monitoring by PET. 67Ga 

citrate was used to label NPs for longer term monitoring due to its longer half-

life of 3.3 days monitored by SPECT. 

Attachment of 68Ga on Carboxylated Nanoparticles. The reaction of 68Ga 

and citrated NPs was performed in a sodium acetate buffer. For the 

preparation of 50 ml buffer, sodium acetate trihydrate (0.245 g), water (25 ml), 

glacial acetic acid (469.5 µl) and 96% ethanol (5 ml) were mixed until 

homogenous and topped up with water. All reagents were of trace free purity. 

The NPs were diluted in sodium acetate buffer and 68Ga solution was then 

added. The solution was heated on a lead-shielded heating block. The 

conjugation reaction was tested at different temperatures, NPs concentration 

and 68Ga amount to increase the radiochemical yield (RcY). The product was 

purified by acetone precipitation, magnetic decantation and water washes until 

a stable suspension was obtained with high radiochemical purity (RcP). The 

reaction temperature was varied between 25-90 °C. 
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Attachment of 67Ga on Carboxylated Nanoparticles. 67GaCl3 would easily 

adopt to the procedure developed with 68GaCl3. Unfortunately, its price was 

prohibiting, and hence alternative compounds had to be used. For this 

purpose, the commercially available formulation used in the clinic for SPECT 

imaging was used.  

Determination of Radiochemical Yield. RcY refers to the percentage of 

attachment of the isotope vs the percentage of isotope in solution. To 

determine the radiochemical yield, a suitable stationary phase and conditions 

were determined to run radio thin layer chromatography (radio-TLC). The 

stationary phase was measured on a radio-TLC detector (Scan-RAM, 

LabLogic, UK). 

Stability Studies. To assess the stability of the 67/68Ga-labelled NPs, 10 µl of 

a dilute suspension was added in 90 µl of water, PBS, and human serum at 

37 °C. At pre-determined time points, radio-TLC or γ-counter (Packard, Cobra 

II, USA) were used to assess the percentage of free Ga (68Ga and 67Ga 

respectively) vs the conjugated Ga onto the NPs. 

5.2.2.3 Ectopic Tumour Xenograft 

U87-MG cells were cultured according to the method described in section 

4.2.2.1. 1 million cells were subcutaneously injected under the front right arm 

(looking at mice from below) of adult severe combined immunodeficient (SCID) 

BALB/c mice. After approximately two weeks when the tumour has grown 

sufficiently the mice were used for biodistribution studies. 

5.2.2.4 Administration of 67/68Ga Labelled Zn0.4Fe2.6O4 Nanoparticles to 

Mice 

Intravenous Administration. For IV administration, Ga-labelled NPs were 

injected through the orbital sinus on anaesthetised mice. Retroorbital (RO) 

administration was solely performed by a competent person to prevent eye 

injury. 

Intranasal Administration. Intranasal (IN) administration was performed by 

casting drops  of the Ga-labelled suspension on to the nostrils of mice (inverted 

position) and allowed to be inhaled naturally. Appropriate caution was taken 

to prevent drowning. 
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5.2.2.5 Nuclear Imaging 

SPECT-CT. For SPECT-CT imaging, the mouse was placed on a heating pad 

and anaesthetised with isoflurane. After, the radiolabelled NPs were 

administered (150 µl, 20 MBq), the mouse was placed on the bed of the 

scanners (γ-cube and x-cube, Molecubes, Belgium) with continuous flow of 

isoflurane. For SPECT, a whole-body spiral acquisition of 30-60 min was 

carried out. The noise was removed, and a 1.6 Gauss smoothing filter was 

applied. MLEM reconstruction assumed 250 µm voxel size and 500 iterations 

using all energy peaks. For CT, a whole-body spiral acquisition at 50 kV was 

obtained. ISRA reconstruction with a 100 µm voxel size was applied. 

Static and Dynamic PET. For PET measurements, the mouse was placed on 

a heating pad and anaesthetised with isoflurane. After the radiolabelled NPs 

were administered (50-100 µl, 1-3 MBq) the mouse was placed on the bed of 

the scanner (β-eye, BIOEMTECH, Greece). The whole-body planar 

acquisitions were collected in static and dynamic modes between 10-20 min 

scans. The PET heads were 6 cm apart and the energy window was 350-700 

keV. Digital images were also obtained from the same instrument. Dynamic 

PET (dPET) is a series of images accumulated to produce a video of the 

radiopharmaceutical circulating in the body. Movies of dPET lasting for 2 min 

every 15 min were acquired for the first hour.  

5.3 Results and Discussion 

5.3.1 Monitoring of Radiolabelling by Radio-Thin Layer 

Chromatography 

For the purpose of process development for efficient radiolabelling radio-TLC 

was used to determine the level of conjugated vs free 68Ga, the principle is 

illustrated in Figure 72A. Different materials were employed to determine the 

most appropriate stationary phase, which needs to be experimentally 

determined for each material. For the effective separation of free 68Ga3+, citric 

acid has been previously determined as a suitable mobile phase. After 

thorough testing, it was concluded that casting of NPs suspension on alumina 

and drying it at 60 °C for 5 min was adequate for effective separation of 

conjugated and free 68Ga as shown in Figure 72B and C. 
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Method Optimisation. Process development was done using 68Ga which is 

easier to handle due to its short half-life. The procedure described in section 

5.2.2.2 was used as a baseline for method optimisation. The temperature and 

time of the reaction as well as the 68Ga% were varied and the RcY was 

assessed by radio-TLC. As shown in Figure 73, temperature had a huge effect 

on the RcY which at high enough temperatures reaches a plateau when no 

more 68Ga can be conjugated on the NPs. Since the half-life of 68Ga is short, 

the least amount of time resulting in the highest RcY was chosen at 30 min. In 

addition, the amount of 68Ga present in the reaction mixture also affected the 

RcY with more 68Ga resulting in a higher RcY. In combination, the optimum 

parameters were determined as 30 min at 90 °C with 33% 68Ga content. The 

fact that more 68Ga yields a higher RcY indicates that there are available 

carboxylate groups for attachment and the limiting factor is 68Ga content, only 

limited by the concentration eluted from the generator. Kinetic factors are 

overcome by increasing the reaction temperature whilst it seems 

thermodynamic reasons do not allow for 100% RcY probably due to an 

established equilibrium which shifts according to 68Ga% content. 

 

Figure 72: A) Schematic of the TLC set up. B) Various stationary phases used in 

separating free from bound 68Ga on the NP surface right after drop casting (wet) and 

after drying for 5 min at 60 °C (dried). C) Radio-TLC result for bound and free 68Ga. 
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The ferrofluid properties were reversibly lost during radiolabelling. To eliminate 

free 68Ga and resuspend the NPs as a ferrofluid, water washes with magnetic 

decantation were performed until the pH reached 7. When the pH was neutral, 

an acetone precipitation, magnetic decantation and resuspension in water 

produced the initial consistency of ferrofluid. The washing procedure was 

effectively removing free 68Ga with radiochemical purity (RcP) reaching 95% 

as shown in Figure 74. 

 

Conjugate Stability. The stability of the conjugate was assessed in water, 

PBS and human serum as described in section 5.2.2.2. The 68Ga remained 

 

Figure 73: RcY as a function of A) reaction temperature and time and B) 68Ga% and 

time (n = 3). Values reported as mean ± SEM. p-Values were calculated based on a 

two-tailed t-test: ** indicates p<0.01 and * indicates p<0.05. 
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Figure 74: RcP of crude and washed 68Ga-labelled Zn0.4Fe2.6O4 NPs (n = 3). Values 

reported as mean ± SEM. p-Values were calculated based on a two-tailed t-test: * 

indicates p<0.05. 
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attached to the NPs after washing and resists dilution (1:10). In PBS and 

human serum, 68Ga showed a burst release of about 15% and then stabilised. 

The results are summarised in Figure 57. This is probably due to phosphates 

and macrocycles present in PBS and human serum respectively which would 

form a more stable complex with Ga compared to carboxylates145. 

  

5.3.2 Routes of Administration 

Many NPs require a post-synthesis treatment to change the coating acquired 

during the synthesis with a more biocompatible or functional coating. 

Examples include biocompatible polymers146, smart polymers46, inorganic 

polymers97, small molecules147, peptides122 and others. The primary goal is to 

control the stability of the NPs through electrosteric stabilisation in suspension 

and subsequently control their fate in vivo148,149. Coating of NPs should be 

carefully designed depending on the intended use, target, and route of 

administration. Oral administration involves acidic conditions of the stomach, 

neutralisation in the intestines and the opening of tight junctions for absorption 

from the intestines to systemic circulation150. IN administration requires 

prolonged residence in the nasal cavity for absorption to the trigeminal nerve 

or lymphatic system151. IV administration directly delivers a drug in the 

complex environment of blood where proteins tag foreign bodies for clearance 

in a process called opsonisation54. Additionally, liver and kidneys are 

constantly filtrating the blood to maintain a healthy environment.  

 

Figure 75: Stability of 68Ga conjugated onto the surface of Zn0.4Fe2.6O4 NPs upon 

dilution, phosphate buffer and human serum (n = 3). Values reported as mean ± SD. 
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In the case of MFH, the amount required to reach the tumour for an efficient 

treatment is not currently reached through IV administration while oral and IN 

routes are under-exploited. To by-pass this problem, scientists rely on 

intratumoural injections to reach the high doses of NPs required at the site of 

interest152. This method of administration is not currently used in clinical 

practice and carries high risk of metastasis through trauma hence it is not 

considered ideal for clinical translation. Given the alternative PTT treatment 

which is much more efficient in terms of the amount required to elevate the 

temperature to the same degree, IV and IN administration were performed and 

the amount of NPs reaching organs of interest was measured. 

5.3.2.1 Intravenous Administration 

The blood is a complex environment with many molecules and cells. Vitamins, 

hormones, proteins, erythrocytes, leukocytes, antibodies and platelets are 

some of the circulating bodies in it. Its function is to deliver nutrients and 

oxygen to tissues and remove metabolic waste outside the human body. It is 

a highly regulated component of the body, with a tight tolerable pH range and 

any imbalance can cause disease. Consequently, beyond the homeostatic 

mechanisms regulating blood composition, blood is guarded against foreign 

bodies such as viruses, bacteria, or NPs. Circulating proteins adsorb on the 

NPs tagging it for clearance153. The MPS recognises these proteins and 

remove the foreign body from circulation. To this end, polyethylene glycol 

(PEG) have shown the ability to reduce opsonisation and allow for longer 

circulation times154. Bi-functional PEG needed for the conjugation of 

biomolecules and electrostatic stability are expensive and require skilful 

chemistry. Other considerations for IV administration include, charge and 

charge density155,156, the target cell population156,157 as well as shape32,157,158 

and size88,155,158 of NPs. Charge affects cellular uptake; the cell membrane of 

most cells carries a negative charge due to the terminal sialic acid of the 

glycocalyx and phospholipids in the membrane bilayer159. According to 

Coulomb’s law, opposite charges attract each other and therefore a positively 

charged particle would be attracted to the cell membrane leading to enhanced 

uptake17. On the contrary, there would be an energetic barrier between a 

negatively charged particle and a negatively charged cell surface. 
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Nevertheless, positive charges are not considered optimal for biological 

applications because they seem to be more cytotoxic than negatively charged 

particles of similar size156 due to higher interaction with plasma membrane 

causing haemolysis141. An example of how different types of cells affect the 

cytotoxicity results is the phagocytic cells which preferentially interact with 

anionic particles and shown to be more cytotoxic than cationic NPs156 while 

non-phagocytic cells show higher cytotoxicity with positively charged 

particles156. In all cases, size and shape are important factors and, in some 

experiments, were shown to play a bigger role than charge156. The importance 

of a carefully selected coating is then apparent as it serves many purposes; 

stabilising the particles in the biological environment but also ensure they 

interact with what were initially designed to. 

Many elaborate coatings have been attached to magnetic NPs and tested in 

vivo although few, if any, succeeded in delivering the required amount to the 

tumour for effective MFH. Given the enhanced performance of PTT against 

MFH and the manifold less material needed to increase the temperature to the 

same degree, the negatively charged and biocompatible molecule, citrate was 

evaluated as it is biocompatible and to serve as a baseline for future work. 

IV administration via the tail vain proved to be problematic. SCID mice have a 

smaller size than physiological mice and their vessels are easy to brake 

resulting in thrombosis. Consequently, a series of unsuccessful attempts going 

upwards the tail vein were causing unnecessary stress and suffering to the 

animal. As a cumulative result, a larger number of mice would have to be used 

as many would be rendered unusable after having their tails thrombosed. It 

was then considered necessary to find another IV route and as such the orbital 

sinus seemed a reasonable alternative. The orbital sinus takes a lot of skill to 

do successfully and safely to prevent damage to the eye and for this reason 

an experienced animal handler performed these administrations. The orbital 

sinus is underexploited due to the dangers posed to the eyes of the mice. With 

careful technique, this can prove an efficient IV route reducing the number of 

animals used. Although the chances of clinical translation of retroorbital 

administration are practically zero, herein it was used purely as an IV method 

since studies have shown that IV administration through the tail vein and the 
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orbital sinus are equal for all biodistribution concerns160. The acute 

biodistribution was monitored with dynamic PET (dPET) for the first 20 min 

post-administration. Static PET scans were performed at 1, 2 and 3 h post-

administration before the activity of 68Ga diminished. As shown in Figure 76, 

PET scans of mice indicate accumulation to the area of liver and spleen post 

retro-orbital administration. This is in accordance with administration of highly 

charged NPs which strongly interact with opsonins leading to their 

accumulation in the clearance organs. 

 

A similar pattern has been observed after 24 h of administration as shown in 

SPECT-CT images in Figure 77. 

 

Figure 76: A), B) and C) Static PET scans co-registered with digital images of SCID 

BALB/c mice retro-orbitally administered with 68Ga-labelled Zn0.4Fe2.6O4 NPs, 1, 2 

and 3 h post-administration respectively. D) Digital image of a dissected mouse with 

lungs and liver indicated in red and yellow ovals, respectively. 
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5.3.2.2 Intranasal Administration 

Recently, the IN route has been exploited for vaccines151,161 and direct delivery 

of medicines162,163 to the brain by-passing the blood brain barrier (BBB) which 

is a significant obstacle for delivering drugs to the brain164. The role of the BBB 

is neuroprotective as it regulates which molecules go in and out of the brain 

as well as blocking viruses and bacteria. It also blocks approximately 100% of 

large molecule neurotherapeutics and antibodies164. Therefore, there is a 

great potential for nanotechnology to aid in the delivery of molecules to the 

brain. The trigeminal nerve connects areas such as the eye, the nose and 

mouth with the brain as illustrated in Figure 78165. 

 

Figure 77: SPECT-CT scan of mouse 24 h post retro-orbital administration of 67Ga-

labelled Zn0.4Fe2.6O4 NPs. 
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Physiology of the Intranasal Cavity. To achieve sufficient delivery of 

substances from the nasal cavity to the trigeminal and olfactory nerves, the 

physiology of the area needs to be taken into consideration to determine what 

properties can be exploited to enhance this effect. The respiratory segment of 

the nasal cavity, specifically the septum, hosts the nasopalatine nerve (part of 

the trigeminal nerve) while at the olfactory segment of the nose the olfactory 

region hosts the olfactory nerve. The upper respiratory system is covered with 

a ciliated pseudostratified columnar epithelium which acts as a protective 

barrier166. The mucus-excreting goblet cells produce mucus to trap pathogens 

and foreign particles while the ciliated cells are responsible for mucociliary 

clearance166. Since cells have a negative charge on their surface due to the 

glycocalyx a positive charge would increase the residence time of particles in 

the cavity increasing the potential for passive transfer of NPs to the nerves166. 

Another strategy of entering the submucosal layer is the use of penetration 

enhancers which ideally reversibly open the intercellular junctions between the 

epithelial cells allowing the paracellular transport of materials to the sub-

mucosa167. In addition to the paracellular transport pathway, the transcellular 

pathway carries larger materials through the cells via non-specific or receptor-

 

Figure 78: Illustration of the distribution of the trigeminal nerve. 
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mediated endocytosis168. The methods of transport across the mucosa are 

illustrated in Figure 79. 

 

 

Since the positive charge of various polymers used in IN delivery was shown 

not to be the only factor in successfully exploiting the IN cavity168, the 

negatively charged citrated Zn0.4Fe2.6O4 NPs were used for IN delivery for 

comparison of their biodistribution profile against the same NPs administered 

IV to deliver NPs to the brain. This would serve as a reference biodistribution 

for any future work to achieve higher amounts reaching the brain via the IN 

route. 

To compare the biodistribution profile via the two administration routes, 68Ga-

labelled Zn0.4Fe2.6O4 NPs have been administered (50-200 μl for IV, 20 μl for 

IN) and mice were sacrificed after 2 h. The biodistribution profiles for both 

routes are shown in Figure 80. 

 

Figure 79: Illustration of the IN mucosa and epithelium. 
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The distribution vastly differs between IV and IN administrations. IV shows 

accumulation in the liver, spleen, and lungs while IN administration shows 

mainly stomach and intestines. The percentage reaching the tumour with 

either technique is around 0.1%. Given that the concentration of the NPs was 

30 mgFe+Zn/ml this means the actual mass of NPs reaching the brain would not 

be suffice for either PTT or MFH. Even though time was shown to increase the 

tumour accumulation monitored over 72 h reaching more than 0.5% (Figure 

81) this route surely needs further work such as introducing a positive charge 

to increase residence time in the septum or exploit the use of penetration 

enhancers. One suggestion would be a chitosan based polymer which offers 

biocompatibility, water solubility, control over the methylation and 

consequently the amount of positive charge it will carry and tentative evidence 

in scientific literature of its ability to cross the nasal mucosa151,162,169. 

 

Figure 80: Biodistribution at 2 h of 68Ga-labelled Zn0.4Fe2.6O4 NPs after retroorbital 

and intranasal administrations (n = 4). Values reported as mean ± SD. 
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5.4 Conclusion 

Citrated Zn0.4Fe2.6O4 NPs were successfully radiolabelled with 68Ga and 67Ga. 

Method optimisation took in account the reaction time, temperature, and 

amount of Ga to yield NPs with up to 95% RcP. These NPs were administered 

in physiological mice via the IV and IN routes and their distribution was 

monitored by PET, SPECT-CT and γ-counter. NPs mainly accumulate in the 

liver and spleen after IV administration while NPs accumulate mainly in the 

stomach and intestines after IN administration. There was a time-dependent 

increase in accumulation in the tumour up to 72 h reaching up to 0.5% of the 

administered dose. NPs administered with either method were well tolerated 

with no adverse events observed in any of the animals. The results suggest 

that further work needs to be done to achieve successful IN delivery of NPs to 

the brain. 

 

  

 

Figure 81: Time dependence of %dose of administered NPs reaching the tumour 

xenograft (n = 1). 
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 Conclusion – Future Work 

Highly performing anisotropic nanomaterials have been proven difficult to 

prepare. The crystal habit of ferrites renders their direct synthesis challenging. 

Many of the reported protocols for such syntheses require special conditions 

regulating pressure and temperature to remove residual water and gases from 

raw materials prior to experimenting, introducing variability among batches. 

Studying individual steps of their synthetic protocols in greater detail did reveal 

further information but unfortunately to no avail. The preparation of anisotropic 

NPs of different composition than the desired, such as iron oxide-hydroxides 

which are better suited for anisotropic growth was also investigated. Such NPs 

were used as an intermediate which would then be converted to iron oxide by 

reduction as previously shown to occur by Mohapatra et al.56 The procedures 

followed and those developed, successfully convert the material to iron oxide 

although fail to retain a uniform anisotropic shape and superparamagnetic 

nature. This is the case with others that attempted to do such a conversion 

who to do so introduce inorganic coatings on the material prior to reduction to 

limit the space ions can move about.170,171,70 The inability to consistently 

produce NPs with certain specifications hindered their further development 

and a different approach was therefore taken. 

Although ferrite nanomaterials, especially those with spherical geometry, have 

been known for some time, it is evidenced from this work that they can still be 

perfected through careful exploitation of their chemistry. Use of pressure 

during synthesis was shown to produce materials outperforming previous 

members of its class. The crystals made were of higher quality in terms of 

lattice strain which consequently translates to better magnetic properties, a 

property onto which many applications of magnetic NPs rely on such as 

medical imaging and drug delivery. In addition, the introduction of Zn2+ ions in 

the crystal lattice further augmented their magnetic properties and extended 

the retention of their magnetic properties in time by replacing oxidizable Fe2+ 

ions with redox inactive Zn2+. Digestive ripening, a procedure never used in 

ferrite NPs, was adopted to successfully reduce the polydispersity of the NPs 

from 24.7% to 9.4% entering the hall of high-quality nanomaterials. 
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The potential of Zn-doped ferrite NPs was assessed in the current topic of 

magnetic hyperthermia. The modality has received approval from the 

European union for brain malignancies and is currently under clinical 

assessment for other types of cancers by MagForce AG. Magnetothermal 

performance was shown to be typical of superparamagnetic NPs which is 

underwhelming for effective clinical use. A novel approach to induce heat 

using magnetic NPs is the exploitation of their semiconducting properties used 

to convert light into heat upon the application of a laser. This method is 

conventionally encountered with noble-metal NPs with exceptional 

performance77,172 but was shown to work equally well with the Zn-doped NPs 

prepared. An inverse relationship to dose was shown which itself is a great 

obstacle in the translation of many superparamagnetic NPs to clinical agents 

for magnetic hyperthermia treatment. Also, Zn-doped NPs out-performed iron 

oxide NPs due to better-suited properties for photothermal conversion 

achieving complete cell death within clinically acceptable settings at short 

treatment times of 10 min or less. 

Citrate molecules grafted on the surface of the NPs allowed for the preparation 

of a magnetic ferrofluid with good colloidal stability in biologically mimicking 

conditions. This allowed for further evaluation of their potential toxicity in vitro. 

The biocompatibility of the NPs was shown to be excellent with various assays 

such as MTT, LDH and clonogenic assays. Brain glioblastoma cells seemed 

unaffected up to 200 μg/ml in terms of their metabolic functions and membrane 

integrity. Furthermore, the clonogenicity of the cells was not affected which 

translates into a healthy cell population in the absence of long-term genetic 

changes. 

The biodistribution profile of the NPs was assessed in vivo by radiolabelling 

the NPs and monitoring the circulation of NPs in real-time using SPECT-CT 

and PET. Procedures for radiolabelling efficiency and purity were developed 

to attach Ga isotopes to free carboxylate groups of the citrate coating of the 

NPs exceeding 90% labelling. The NPs were administered intravenously and 

intranasally and their biodistribution was monitored by PET and SPECT-CT 

imaging and verified by a γ-counter. The studies performed indicate that 

although citrate grafting confers great colloidal stability the aim of non-
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invasively delivering the NPs to the brain cannot be effectively achieved with 

less than 1% of the administered dose reaching the brain after 72 h whilst the 

majority of the administered dose is accumulated in the clearance organs, the 

liver and kidneys. 

There is potential for technological advancements through nanotechnology. 

The future of NPs seems bright with potential applications in clinical practice, 

laboratory instrumentation and methods and electronics just to name a few. 

Magnetic NPs have just made it through to clinical and certain laboratory 

applications. The scope of this work revolved around clinical applications and 

therefore the lack of approval from FDA and EMA for any zinc ferrite material 

to date is concerning. Based on overwhelming evidence that zinc ferrites 

outperform currently investigated iron oxide NPs and appear as biocompatible 

as iron oxides should provide enough incentive for material scientists to 

investigate these materials further hopefully obtaining approval. In addition to 

a highly-performing magnetic core there is an urgent need to successfully 

develop an appropriate coating for such NPs to achieve adequate colloidal 

stability, deliver the NPs to their intended location and of course exhibit low 

toxicity. To this end, an interdisciplinary approach from material scientists, 

polymer chemists, biologists and physicians is necessary to strike a balance 

towards a functioning product.  
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