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Summary 

This thesis begins with an introduction to pancreatic ductal adenocarcinoma (PDAC), its 

clinical burden and issues involved with treating such an aggressive cancer. Following 

this, potential novel treatments that have shown promise in treating PDAC are described, 

one of which is iron oxide nanoparticles (IONP), and their ability to treat cancer with heat 

when exposed to alternating magnetic fields. Expanding on IONP, their biocompatibility 

is discussed, with particular emphasis placed on their potential to induce hypersensitive 

effects. Finally, a brief overview of Trinity College’s experience in magnetic 

hyperthermia research and nanomedicine translation is provided which leads into the aims 

of the project. 

 After the introduction, the thesis is divided into four chapters: the first has been 

submitted to a peer-reviewed journal, and the other three are currently in writing with 

many internal and external collaborators involved. In chapter 1, the efficacy of IONP to 

treat PDAC in vitro through magnetic hyperthermia is confirmed. One key conclusion 

from this chapter is that intracellular nanoparticles played no role in the efficacy of the 

treatment, whereas extracellular nanoparticles could induce significant levels of necrosis 

in the cells. Chapter 2 assessed the nanoparticles used in chapter 1 for endotoxin 

contamination and found there to be high levels which would prevent this nanoparticle 

continuing into preclinical assessment. Additionally, chapter 2 finds the source of the 

endotoxin in this nanoparticle, and also summarizes a subsequent screen of 21 

nanoparticles that were also tested for endotoxin. Chapter 3 takes the IONP with the 

lowest endotoxin levels from the screen and assesses its potential to activate the 

complement system in humans as this is one of the contributing reasons to why IONP 

have failed in the clinic. In the final chapter, the lead nanoparticle is tested in vivo to 

determine the dose at which it induces acute infusion reactions. This study was 

undertaken with consideration to publications by the European Medicines Agency and 

the Food and Drug Administration highlighting the risk associated with intravenous iron 

and allergic reactions.  

 Following the four chapters is an overall conclusion which describes the lessons 

learned from each and how they led to the selection of the lead nanoparticle for the 

project. Finally, a section on future work explains the experiments that will follow-on 

from this research.   
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Abstract 

5-year survival for pancreatic cancer is about 10% worldwide. A subset of this cancer, 

pancreatic ductal adenocarcinoma (PDAC), is estimated to become the second leading 

cause of cancer-related deaths in the US by 2030. This cancer is commonly diagnosed 

late, so by the time the patient presents with symptoms, current treatments are ineffective 

against PDAC in its advanced stage. Research into novel therapies is therefore necessary 

to tackle this aggressive malignancy. Iron oxide nanoparticles (IONP) are small, magnetic 

materials with a variety of interesting properties that make them promising candidates for 

treating and diagnosing cancer. Upon exposure to external alternating magnetic fields, 

these materials can heat up and treat tumours through a procedure called magnetic 

hyperthermia. Moreover, this magnetic hyperthermia treatment can be incorporated into 

current treatment regimens for PDAC patients, where it has shown to enhance the effects 

of chemotherapy and radiation. Currently, an IONP called Nanotherm® is clinically 

approved to treat glioblastoma, an aggressive brain cancer, with magnetic hyperthermia. 

It has also shown promising results in trials for prostate cancer.  

 This project follows the testing of new IONP to treat PDAC with magnetic 

hyperthermia. The nanoparticles were characterized, tested for their heating capabilities, 

assessed for endotoxin contamination and their potential to induce immunotoxicities in 

vitro and in vivo. This work was run in parallel to the work of collaborators with the hopes 

of contributing to a dossier for a clinical trial for these nanoparticles. 
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1. Chapter 1: Introduction 

1.1.  Pancreatic ductal adenocarcinoma 
 

Pancreatic ductal adenocarcinoma (PDAC) comprises 90% of pancreatic cancers and 

develops within the lining of the ducts in the pancreas. Carrying a 20% 1-year survival 

post-diagnosis, and about 6% survival after 5 years, PDAC is one of the world’s most 

deadly malignancies [1-3]. There are many reasons that contribute to this poor survival 

rate, but the underlying issue behind each of these is the fact that 80% of PDAC patients 

present with locally advanced or metastatic disease that is inoperable and therefore the 

majority of patients can only receive palliative care [4]. Symptoms of this cancer display 

late, so by the time a patient presents, the tumour is too progressed and conventional 

treatments (chemotherapy and radiation) are minimally effective. This is emphasised by 

the fact that the overall survival for PDAC has barely increased in the last 40 years (<4%) 

[5-7]. Additionally, PDAC is epidemiologically projected to be the second leading cause 

of cancer-related deaths in the United States by 2030 [8]. Clearly, there is a huge unmet 

need for novel treatment options with this malignancy.  

1.1.1. The PDAC microenvironment as a hurdle for conventional 

treatments 
 

Chemotherapy struggles with the dense desmoplastic stroma and low blood perfusion 

rates characteristic of pancreatic tumours. An extensive stroma is a defining feature of 

PDAC, which can comprise up to 90% of the tumour volume [9, 10]. This desmoplastic 

reaction, or desmoplasia, refers to significant upregulations in activated pancreatic stellate 

cells and immune cell infiltrate within the tumour microenvironment, along with 

significant increases in extracellular protein deposition, which cumulatively increase 

interstitial fluid pressure and thereby inhibit drug accumulation into the tumour [11, 12]. 

Moreover, the gene signature of the stroma alone has been shown to have prognostic 

value in PDAC [13]. The acellular component of this microenvironment is the 

extracellular matrix (ECM), which contains a cocktail of structural fibres, adhesion 

proteins, pro-metastatic enzymes, growth factors, and glycoproteins – to name but a few 

- that act in unison to aid in tumour proliferation, resistance and metastasis [14, 15]. 

Pairing this with an abundance of cancer-associated fibroblasts and pro-tumour immune 

cell infiltrate, this creates an environment that enables the cancer to thrive while 
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simultaneously acting as a mechanical barrier for chemotherapeutic drugs [16] (Figure 

1.1). Likewise, the notably poor blood flow into these tumours creates an extremely 

hypoxic environment which inhibits the efficacy of chemotherapy and radiation [17, 18]. 

The current standard-of-care for locally advanced PDAC – FOLFIRINOX with 

gemcitabine or Abraxane® with gemcitabine – has brought the median overall survival 

time for these patients closer to the 1 year mark in comparison to gemcitabine alone (6-8 

months) [19]. With regards to radiation, the benefits at this stage are questionable due to 

the variability in delivery methods used in trials along with the various study endpoints 

measured (overall survival versus time to progression versus quality of life). The overall 

consensus is that currently, the benefits of radiation may not outweigh its associated toxic 

effects [20-22]. Stratifying patients most likely to respond to radiation, optimizing its 

delivery and standardizing trial endpoints will shine light into the true benefits of this 

avenue in the future. Currently, conventional treatments such as chemotherapy and 

radiation are yet to make an impressionable impact in the overall survival of PDAC 

patients.  
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Figure 1.1. Illustration of the PDAC microenvironment. 

The PDAC tumour develops on the lining of the duct in the pancreas. A dense 

desmoplastic stroma consisting of fibroblasts, immune cells and the ECM aid in tumour 

progression and can also act as a mechanical barrier for therapies entering the tumour. 

Once large enough, the tumour can generate its own vascular system enabling metastasis 

and the secretion of extracellular vesicles and genetic material. Image adapted from [23]. 

Abbreviations: PSC, pancreatic stellate cell; EV, extracellular vesicle; CTC, circulating 

tumour cell; ECM, extracellular matrix; ctDNA/RNA, circulating tumour DNA/RNA. 
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1.1.2. Novel treatment approaches for PDAC 
 

Because of the poor survival statistics related to conventional treatments, a large amount 

of research has gone into novel mechanisms to treat this cancer. Many of these aim at 

either improving the current standard-of-care through alleviating the chemoresistant 

mechanisms common to PDAC, re-wiring the immunosuppressive pathways in the cancer 

to boost the anti-tumour immune response, or utilising the novel therapeutic properties of 

nanomaterials in an effort to treat PDAC through alternative approaches [24]. Some of 

the most promising of these are described below. 

1.1.2.1. Stoma-targeting agents 

A vast number of targeted therapies acting on the various markers of PDAC and its 

microenvironment are currently in preclinical and clinical evaluation. One such avenue 

currently in clinical trials involves targeting the stromal microenvironment in 

combination with chemotherapy for PDAC [25].  

Cancer- associated fibroblasts (CAF’s)- which can even outnumber the cancer 

cells in a pancreatic cancer tumour [26, 27]- have been shown to progress PDAC through 

the secretion of growth factors, inflammatory cytokines, structural proteins, and 

metabolites. Importantly, CAF’s rely on the sonic hedgehog (SHH) ligand produced by 

PDAC cells to generate ECM proteins which develops the stroma and invasive potential 

of these tumours [28, 29]. This ligand is overexpressed in PDAC, where it binds to its 

receptor Ptch (or Patched) on CAF’s and leads to an activation of the hedgehog pathway 

resulting in an increased proliferative and metastatic potential of cancer cells [30]. 

Various inhibitors of SHH have been developed and tested preclinically and clinically in 

combination with chemotherapy with the hope of improving penetration into the tumour 

[31]. However, despite showing promise preclinically [32, 33], overall response, 

progression-free survival, and overall survival was not significantly increased in phase II 

trials using Vismodegib (SHH inhibitor) in combination with gemcitabine 

(NCT01064622) [34].  

 The ECM contains a vast array of potential targets for novel therapies. Many of 

these targets have been explored with limited success. Notably, a structural 

polysaccharide called hyaluronan was found to be expressed 12 times more in PDAC 

tissue versus healthy pancreas [35]. Hyaluronan is an adhesion molecule with multiple 

roles in healthy tissue including cell motility. In PDAC xenograph models, high levels of 
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hyaluronan has been shown to accelerate tumour growth and promote metastasis [36, 37]. 

Similarly, preclinical data has created optimism by inhibiting hyaluronan in combination 

with chemotherapy to improve efficacy [38]. This has resulted in clinical trials which 

evaluated PEGPH20 – an inhibitor of hyaluronan – in combination with Abraxane® and 

gemcitabine (NCT01839487 and NCT02715804 respectively) or FOLFIRINOX (NCT 

01959139). Despite phase II trials of PEGPH20 in combination with Abraxane® and 

gemcitabine showing an improved progression-free survival, questions remain on the 

safety of this treatment with adverse effects to the musculoskeletal system and 

thromboembolic events commonly observed [39].  

1.1.2.2. Immunotherapy 

As with most malignancies, the microenvironment of PDAC is strongly 

immunosuppressive. Studies suggest PDAC escapes immune control early on in its 

development, with myeloid-derived suppressor cells (MDSC) and regulatory T cells 

(Tregs) seemingly the major mediators of this immune suppression [40, 41]. Moreover, 

levels of Tregs and PD-L1 (programmed cell death protein- 1) have shown prognostic 

value for PDAC [42-45]. Efforts have been made to target the immunosuppressive 

mechanisms of MDSCs, Tregs, and PD-L1 in a number of clinical trials [46]. Although 

these therapies have been largely unsuccessful as monotherapies, there are a number of 

phase I and II trials ongoing using checkpoint inhibitors (anti-PD-L1 and anti-CTLA-4) 

in combination with various inhibitors and chemotherapeutics [47]. During activation, T 

cells upregulate the receptors PD-1 and CTLA-4 (cytotoxic T-lymphocyte-associated 

protein 4) as a method of controlling the over stimulation of the immune system. When 

these receptors bind to their respective ligands (PD-L1 and CD80/86), the activated T cell 

can lose its proliferative and effector ability, dampening the immune response. In cancer, 

this process is hijacked by the tumour to evade the immune system, with immunotherapies 

aiming to counteract this suppression [48, 49]. It remains to be seen whether 

immunotherapies hold true promise in the treatment of PDAC. Until now, PDAC has 

remained resistant to such treatments, however, results from these ongoing trials with 

combination therapies will shed light on their potential in the near future [46].   

1.1.2.3. Nanoparticle- based therapies 

As noted in section 1.1.1., the desmoplastic stroma and poor blood supply characteristic 

of PDAC tumours creates an extremely hypoxic microenvironment that is high in 

interstitial pressure and can strongly hinder the efficacy of chemotherapies for this cancer.  
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Moreover, issues with solubility, off-target effects and poor circulation time are 

additional challenges commonly observed with chemotherapeutics. Nanotechnology has 

subsequently been suggested as a promising approach to potentially circumvent the 

obstacles arising with the use of conventional treatments [50]. The unique physiochemical 

characteristics (PCC) of nanotechnology (e.g. size, charge and surface area) means they 

can be loaded with chemotherapies noted for their poor tumour accumulation and/or 

safety profile in order to improve their pharmacokinetics and toxic effects within the 

patient. This is possible due to the various biocompatible coatings around the nanoparticle 

which shield the carried drug until its timely release in the tumour, and the nanoparticles 

ability to utilise the enhanced permeability and retention (EPR) effect to preferentially 

accumulate in tumours. The EPR effect enables nanoparticles to capitalise on the porous 

vasculature and irregular lymphatic drainage of the tumour to selectively accumulate and 

be retained at this site [51, 52]. A systematic review in 2016 analysed the results of 

clinical trials using nanoparticles as delivery systems for various therapeutics 

(chemotherapy, cytokines and gene therapies) in pancreatic cancer and found that the 

overall safety and efficacy of these treatments were improved via this mechanism [53]. 

This has resulted in the clinical approval of two nanomedicines to treat PDAC: Albumin-

bound paclitaxel (Abraxane®) and liposomal irinotecan (Onivyde®) in 2013 and 2015 

respectively [54]. Although the improvements in median overall survival with these 

treatments were modest (<2 months against their respective control groups [55]), both 

displayed improved safety profiles and increased tumour accumulation against their 

carried chemotherapeutic alone [56-61]. The success of these treatments subsequently 

opened the floodgates to a massive amount of work in the space of nanomedicines to treat 

PDAC [54].  

In addition to the large amount of work testing nanocarriers of chemotherapeutics 

against PDAC, novel methods of treating these tumours through the unique properties of 

nanoparticles have surfaced. One such promising treatment is hyperthermia – an elevation 

in temperature within the tumour – which relies on an external trigger (mainly light or 

magnetic fields) to generate a thermal response via stimuli-responsive nanoparticles 

residing in tumours [62-64]. Although gold nanoparticles have shown promise in this area 

as photothermal agents that generate heat in response to light [65], the most successful of 

these thermal treatments so far has been magnetic hyperthermia. This treatment approach 

uses external alternating magnetic fields (AMF) to stimulate iron oxide nanoparticles 

(IONP) localised in tissue, resulting in elevations of heat [66]. Magnetic hyperthermia 
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has been tested in many solid malignancies and has even achieved clinical approval to 

treat Glioblastoma and Prostate cancer [67-69].  

1.2. Hyperthermia and magnetic hyperthermia in cancer 

The use of heat to treat cancer is not a novel idea. In fact, there are reports of the Egyptians 

and Greek philosophers using such treatments as early as 2000- 3000 BC and 300- 500 

BC respectively for various solid tumours [62, 70]. Albeit, in these cases, the treatment 

was not very controlled and usually consisted of hot blades pressed against tissue in order 

to thermally ablate the tumour. It was not until the 19th century, however, where greater 

advances were made after the connection between cancer and fever was first identified. 

In these cases, cancer patients that subsequently contracted infections (intentional or not) 

were noted to have a better outcome than those that did not [71]. This newfound 

knowledge is famous for laying the foundations of cancer immunotherapy as we know it 

today; however, it also worth noting that temperature elevations were also a determinant 

in the success of these treatments [72, 73]. 

1.2.1. The origins of magnetic hyperthermia 

The first published record of the use of magnetic particles and magnetic fields to generate 

temperature elevations in tumours comes from Gilchrist et al in 1957 [74]. In this paper, 

20 – 100 nm maghemite nanoparticles were injected directly into the lymphatic system 

of canines. Subsequent AMF were then applied with the aim of treating lymph node 

metastasis not identified during surgical resection. This basic procedure of using IONP 

exposed to AMF as a form of controlled hyperthermia has remained popular ever since. 

Following this, significant advances were made in the early 2000’s, where IONP of 

various designs that would allow for improved tumour targeting and a more controlled 

application of heat to cancer were explored [75-77]. Additionally, a large amount of in 

vivo efficacy studies began to emerge [78-82]. It was through this work that the now well-

recognised clinical procedure of magnetic hyperthermia emerged which relies on the 

intratumoural injection of the nanoparticles to ensure the temperatures achieved within 

the tumour are controlled and off-target heating was limited [83-86]. 
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1.2.2. The effects of hyperthermia on cancer: benefits, drawbacks and 

considerations 

1.2.2.1. Hyperthermia and vasculature 

It is well recognised that cancer cells are more sensitive to elevated temperatures than 

healthy cells [87, 88]. The irregular vasculature characteristic of tumours makes them less 

efficient at thermoregulation than healthy tissue, and so vascular stasis occurs in a tumour 

at temperatures of approximately 43°C, whereas this effect manifests closer to 47°C in 

healthy tissue [89]. The mechanisms behind this stasis include endothelial cell damage, 

platelet and leukocyte adhesion and capillary thrombosis [90, 91]. Following this 

circulatory disruption, the tumour becomes nutrient deprived and increasingly hypoxic 

which in turn leads to elevated levels of acidosis [92, 93].  

Another dimension to this hyperthermia/vascular effect, however, is that at 

slightly lower temperatures (41-43°C), blood perfusion can actually increase in tumours 

[89, 93, 94]. An increase in blood perfusion can enhance the chemosensitivity of tumours 

through a number of mechanisms such as increasing levels of chemotherapy reaching the 

tumour [95], increasing tumour cell proliferation thereby enabling chemotherapies to 

induce their cytotoxic effect [96] and a restoration of the augmented resistant mechanisms 

associated with hypoxic tumours (i.e. upregulation of multidrug resistant genes and 

inhibitions to p53 signalling) [97, 98]. Additionally, oxygenation of a tumour can also 

improve the efficacy of radiotherapy through increases in reactive oxygen species (ROS) 

and subsequent DNA damage following radiation treatment [99]. Therefore, a slight 

change in temperature could have large implications on the efficacy of combination 

treatments such as chemotherapy and radiation [93].  

1.2.2.2. Hyperthermia and cytotoxicity 

With regards to the direct cytotoxic effects of magnetic hyperthermia in cancer, 

temperatures of 42°C and above have been shown to damage cellular architecture through 

protein denaturation, leading to cell membrane and mitochondrial damage as well as 

disruption to many signalling pathways [100, 101]. Additionally, magnetic hyperthermia 

has been shown to upregulate ROS by both hyperthermia and as a by-product of IONP 

natural metabolism which in itself can induce apoptosis [102, 103]. Interestingly, 

depending on the temperatures generated, apoptosis or necrosis can be induced. 

Temperatures of approximately 42-43°C have shown to induce apoptosis in cells, whereas 

temperatures of 45°C or more induce cell death primarily through necrosis [104-106]. 
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This is an important consideration as inducing high levels of necrosis in a tumour will 

result in an inflammatory response that could harm healthy tissue if not properly 

controlled and isolated to the desired location. Likewise, unintentionally heating healthy 

tissue to these higher temperatures will induce off-target side-effects. 

1.2.2.3. Hyperthermia and DNA repair 

As described, heat can damage proteins and disrupt intracellular signalling so it is possible 

that an elevation in heat could interfere with DNA repair processes in cells. Reviews by 

Oei A. L. et al (2015) and Kampinga H. H. et al  (2004) describe the evidence associated 

with hyperthermia and its ability to inhibit various DNA repair pathways [107, 108]. 

Much of the research described, however, is based on indirect effects of repair inhibition, 

such as increased cell sensitivity to chemotherapy or radiation following hyperthermia as 

an indicator for DNA repair inhibition [109, 110]. The molecular mechanisms behind 

these inhibitions remain elusive in most cases. Below is a description of a number of 

papers that hint at molecular events associated with DNA repair inhibition.  

Fantini D. et al showed that heating HeLa cells to 42°C for four hours could inhibit 

8-oxoguanine DNA glycosylase (OGG1) signalling, resulting in its ubiquitination and 

proteasomal degradation [111]. OGG1 recognises the purine lesion 8-oxo-7,8-

dihydroguanine (8-oxoG) and initiates base excision repair (BER) signalling [112]. 

Additionally, a number of studies have shown reduced activity of DNA polymerase β in 

cells following exposure to temperatures between 40- 46°C – lending weight to the 

potential inhibition of BER [113, 114]. Otherwise, little literature is available on the 

alterations to nucleotide excision repair and miss-match repair systems following heat 

and so further investigation is required for these pathways.  

 The majority of research in this space, however, derives from double strand break 

(DSB) repair signalling [115]. DNA-dependant protein kinase (DNA-PK) and its subunits 

p470 and Ku were isolated from human leukaemia cells through column chromatography 

and centrifugation and exposed to 44°C for 30 minutes. A strong suppression of kinase 

activity was identified following treatment [116]. This result complemented in vitro 

experiments hinting at an aggregation of Ku80 in the nucleus of melanoma cells following 

heat treatment at 45.5°C for 15- 30 minutes [117] and a reduction in DNA-PK activity in 

hybrid (DNA-PK expressing) severe combined immunodeficient (SCID) cells heated to 

44°C for 15 minutes [118]- all pointing towards a potential inhibition of the non-

homologous end-joining (NHEJ) pathway of DSB repair. One study published in 2014 
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took these same cells and treated them with 44°C for various timepoints to measure the 

degree of DSB repair inhibition and radiosensitization [119]. Heating the hybrid cells to 

44°C for 15 minutes could reduce Ku80 and Ku70 levels, resulting in a reduction in DNA-

PK activity and increased radiosensitization. Interestingly, cells negative for DNA-PK 

also exhibited an enhanced radiosensitization following heat treatment. The paper 

additionally showed a slight reduction in BRCA1 and 53BP1 (76% and 83% of their 

control levels respectively) following heat treatment of the hybrid cells so it could be 

theorized that both NHEJ and homologous recombination (HR) is inhibited in these cells 

thus eliminating any compensatory effects from alternative pathways following DNA 

damage.  

A reduction in BRCA2 signalling following hyperthermia has been well reported 

in the literature and has been discussed as a potential mechanism involved in the 

inhibition of the HR pathway [120]. One comprehensive study by Krawczyk P. M. et al 

assessed the potential of hyperthermia (41- 42.5°C for various durations) to mitigate HR 

in vitro and in vivo [121]. Treating multiple cell lines and a cervix tumour biopsy with 

hyperthermia resulted in a reduction in BRCA2 and HR efficiency. Moreover, two 

different in vivo cancer models were shown to be highly sensitive to hyperthermia 

combined with poly (ADP-ribose) polymerase-1 inhibitors (inducing synthetic lethality 

of the HR repair pathway) and hyperthermia combined with heat shock protein- 90 

inhibitors (inhibiting regulation of BRCA2 signalling), prolonging survival in both 

systems, particularly when all three treatments were used together.  

There are a number of points to acknowledge when considering the potential of 

heat to inhibit DNA repair as an adjuvant to chemotherapy and/ or radiation. It is 

important to note that although a number of studies can point to the molecular events 

associated with inhibitions of various DNA repair pathways in cells, there are also papers 

that determine otherwise. For example, many studies have shown that cells deficient in 

the repair pathway inhibited by hyperthermia in the wild type cells still experience the 

same sensitization to chemotherapy and/ or radiation following treatment, potentially 

nullifying results from the molecular studies discussed here [108]. Reasons suggested for 

this include the transient nature of this inhibition (literature consistently shows that the 

levels of the repair mechanism of interest normalizes after a varied period of time 

following exposure to heat), the ability of the DNA repair system to compensate with an 

alternative pathway when one is compromised and the ability of chemotherapy and 

radiation to induce both SSB and DSB in DNA, thus not relying on one pathway for repair 
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[107, 119, 122]. Hence, it is clear that heat can disrupt DNA repair processes in cells, but 

in order to take advantage of this potential therapeutic enhancement, it must be assessed 

in a case-by-case basis for each cancer to determine whether the elevated repair signalling 

characteristic of the cancer is sensitive to heat, and whether the potential inhibition 

observed complements the combination treatment of interest. Finally, comparing these 

hyperthermia effects to magnetic hyperthermia treatment is also essential to see if they 

occur regardless of the heating source as there is limited literature in this regard [123, 

124]. 

1.2.2.4. Hyperthermia and tumour mechanics 

Recent studies have demonstrated the ability of nanoparticle- generated heat to alter 

mechanical properties of tumours [125, 126]. As discussed in section 1.1.1., the 

desmoplastic stroma of PDAC is a major barrier for chemotherapies which has led to a 

surge of research into treatments aiming to normalize the stroma in an effort to enhance 

penetration of drugs. Heat has been shown to alter the mechanical properties of tumours 

at both the micro and macroscopic scale. Photodynamic therapy and magnetic 

hyperthermia have both been shown to denature collagen fibres locally, with multiple 

treatments allowing for increased nanoparticle penetration that in turn enables a larger 

area of the tumour to be heated in the following runs (43°C and above) [127]. This paper 

also evaluated tumour stiffness following photothermal therapy and noted a significant 

reduction in comparison to untreated controls days after treatment. Importantly, a 

significant increase of drug and nanoparticle penetration into the tumour was observed 

following magnetic hyperthermia treatment (Figure 1.2.). Similar results have also been 

reported elsewhere at 42-43°C [128, 129]. 
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Figure 1.2. Utilising stimuli-responsive nanoparticles to improve penetration of 

therapies into tumours. 

 Nanoparticles residing in tumours can generate heat in response to various stimuli 

(infrared radiation and magnetic fields). This heat treatment has been shown to alter the 

mechanical properties of the tumour microenvironment, enabling combination therapies 

to accumulate further into the tumour and at higher concentrations. Image adapted from 

Kolosnjaj-Tabi J. et al [126].   
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1.2.2.5. Hyperthermia and the immune system 

As fever is a by-product of an immune reaction, it makes sense that hyperthermia would 

induce an immunomodulatory effect. A review by Peer A. J. et al 2010 looks at the diverse 

effects to the immune system following various thermal treatments [130]. The literature 

regarding heat and the immune system is varied and complex, and depending on 

temperatures generated and duration of treatment, contrasting responses can be observed. 

What is well known, however, is the fact that controlled, localised hyperthermia can 

stimulate an anti-tumour immune response. Many mechanisms of anti-tumour immunity 

have been suggested in the literature including induction of dendritic cell (DC) maturation 

and antigen presentation to CD8+ T cells, heightened cytotoxic profile of natural killer 

(NK) cells and a sensitization of cancer cells to these and a decrease in regulatory T cells 

levels in tumours [131]. One interesting in vivo study took rats with rat glioma tumours 

generated on both their left and right femurs. Liposomes encapsulating IONP were then 

injected into the left femur tumours only and the rats were treated with 3 cycles (24 hours 

apart) of magnetic hyperthermia that lasted 30 minutes and reached temperatures between 

42- 45°C. Remarkably, after 28 days, both tumours had disappeared in the animals and 

did not regrow after 3 months, achieving complete regression [132]. Immunohistological 

analysis revealed that NK cells, CD8+ and CD4+ cells were present in both tumours and 

so it was determined that an anti-tumour immune response was induced following the 

heat treatment. 

 Following temperature elevations in cells, heat-shock proteins (HSP) are 

upregulated as a form of thermotolerance. Mathematical modelling has suggested that 

temperatures of 43°C for 100 minutes are optimum to achieve the maximum extracellular 

concentration of HSP [133]. HSP main role in cells are to act as molecular chaperones to 

prevent protein aggregating and misfolding [134]. It is now believed that following 

hyperthermia treatment in a tumour, some cells will undergo necrosis, some will become 

apoptotic, and some will be spared from any cytotoxic effects. For the necrotic and 

apoptotic cells, HSP will be upregulated as a response to this heat which will in turn 

chaperone tumour antigens. Necrotic cells will release these antigens into the tumour 

microenvironment, while apoptotic cells will have elevated expression of these on the 

surface of their cells. Antigens released into the tumour microenvironment can be 

recognised and processed by DC that in turn present these antigens to T cells which elicits 

an adaptive immune response through cytotoxic T cells, killing the remaining cells that 

were spared from the heat treatment. For the apoptotic tumour cells, the elevated 
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expression of tumour antigens on their surface will increase their chances of recognition 

and elimination by cytotoxic T cells (Figure 1.3.) [133, 135, 136]. 

While the immune stimulatory effects of HSP are well reported and considered 

beneficial to hyperthermia treatment of cancers, the thermotolerance role of HSP can also 

protect cells from temperature- associated effects, and so some groups have sought to 

inhibit HSP as a combination therapy to hyperthermia [137, 138]. In these cases, 

inhibition of HSP70 in combination with hyperthermia (43°C for two hours) significantly 

benefited the treatment and even acted synergistically with magnetic hyperthermia (41°C 

/ 43°C for 30 minutes) in in vitro and in vivo studies. In these cases, both gene silencing 

and inhibitors of HSP70 function were used to successfully achieve the desired response.  

Therefore, depending on the desired endpoint for a study (treating metastatic 

disease versus a localised tumour), magnetic hyperthermia treatment could be tailored to 

suit a particular scenario. An important consideration in this regard is that most in vivo 

studies testing the efficacy of magnetic hyperthermia are conducted in 

immunocompromised mice, which may not portray the true efficacy of the treatment as 

the immune system could play a key role in its response. Noteworthy, hyperthermia 

generated through IONP may also elicit an inherent inflammatory response through the 

upregulation of ROS associated with their metabolism which has been shown to polarise 

macrophages in tumours and induce an anti-tumour immune response [139].  
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Figure 1.3. Suggested mechanism for the stimulation of an anti-tumour immune 

response following magnetic hyperthermia treatment.  

Step I. The basal levels of heat shock protein (HSP) in tumour cells is relatively low. 

Nanoparticle-mediated hyperthermia at temperatures between 42- 45°C results in an 

increased expression of HSP in the successfully treated cells which chaperone 

endogenous antigens. Step II. The HSP-antigen complexes can be processed and 

expressed on the cells surface enabling immune recognition. Step III. Cells undergoing 

necrosis as a result of the heat treatment release the HSP-antigen complexes into the local 

microenvironment which act as danger signals for the immune system. Step IV. Dendritic 

cells recognise the danger signals and activate local monocytes which recruit more 

antigen presenting cells to the tumour. Step V. The dendritic cells internalise and process 

the HSP-antigen complexes and present them to T lymphocytes through MHC class I or 

MHC class II signalling. Step VI. The cytotoxic T lymphocytes specific for the presented 

tumour antigens can induce apoptotic cell death on the remaining cells left following heat 

treatment. Image adapted from [135]. Abbreviations: MHC, major histocompatibility 

complex; MNP, magnetic nanoparticles; HSP, heat shock proteins; DC, dendritic cells; 

APC, antigen presenting cells.  
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1.2.2.6. Hyperthermia and metabolism 

There are few reports on the effects of heat on cancer cell metabolism, particularly with 

SeahorseTM extracellular flux technology. One study published in 2007 compared base 

line oxygen consumption rates in PANC-1 and AsPC-1 pancreatic cancer cell lines 

following five minutes treatment at 46°C and found a significant reduction in both cases 

24 hours post treatment. A healthy pancreatic epithelial cell control on the other hand 

showed a significant increase in oxygen consumption following treatment [140]. These 

results were not normalised for cell count or protein concentration, however. A more 

recent study measured changes in glycolysis and mitochondrial function following heat 

treatment of colorectal cancer cells. Heat treatment at 42°C for 60 minutes could induce 

significant increases in all measures of glycolysis (non-glycolytic acidification, 

glycolysis, glycolytic reserve and glycolytic capacity) during the glycolytic stress test, 

while a significant increase in proton leakage was observed in the mitochondrial stress 

test [141].  As no other changes were observed during the mitochondrial test, it could be 

surmised that heat treatment may damage the mitochondrial membrane without having 

any influence on adenosine triphosphate (ATP) synthase functional capacity. Other than 

these two relatively recent studies, most of the research published on heat and metabolism 

was undertaken in the mid-to-late 1900’s. This work was reviewed by Streffer C. in 1985 

and 1988 [142, 143] and led to the conclusions that metabolic activity is overall increased 

when cells are treated with hyperthermia, however, conflicting results make it difficult to 

decipher which metabolic mechanism becomes favourable following treatment, and 

whether this could be cell dependant.  

 It is clear that hyperthermia alters the metabolic activity of cancer cells. Despite 

this, many questions remain unanswered with regards to this response. Much of the early 

research in this space is in vivo work which does not consider the potential changes in 

blood perfusion to different tumours following heat treatment which would certainly 

affect metabolism in itself and give varied results. Additionally, most of this in vivo work 

treated the tumours through whole body hyperthermia and not the localised treatment 

associated with magnetic hyperthermia. Therefore, it is difficult to draw comparisons in 

this regard. Identifying which metabolic processes are dominant following heat 

treatments is essential to determine whether the tumour microenvironment is becoming 

more acidic and which molecular processes are active. This, in turn, will aid in decisions 

as to what combination therapies would be most appropriate for each individual case. 
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1.2.2.7. Hyperthermia and metastasis  

A number of studies have shown the potential of heat (whole body or localised through 

magnetic or light stimulation of nanoparticles) to inhibit the invasive potential of cancer 

[144-146]. Heating melanoma and breast cancer cells in a water bath to 43, 45 and 47°C 

for 30 minutes was shown to significantly inhibit cell invasiveness (via Matrigel invasion 

assay) and expression of MMP-2, MMP-9 and TGF-β1 in a temperature dependant 

manner [144, 145]. Likewise, photothermal therapy using IONP to generate temperatures 

of 42, 45 and 48°C for 10-20 minutes could selectively kill triple-negative breast cancer 

stem cells in vitro, while also inhibiting secondary mammosphere formation in these cells 

in a temperature-dependent manner. This treatment was additionally shown to 

significantly inhibit lymph node and lung metastasis in mouse models of this cancer 

[146]. Many papers have described this ability of nanoparticle-mediated hyperthermia to 

kill cancer stem cells and/or inhibit their renewal capacity [147-149]. In a similar study, 

Jia D. et al  aimed to inhibit lung metastasis in a mouse melanoma model following whole 

body hyperthermia [150]. Treating with 40°C for 30 minutes proved more efficient at 

reducing the number of lung metastatic colonies against chemotherapy alone. Moreover, 

there was a negligible difference in metastasis between a combination of hyperthermia 

and chemotherapy versus hyperthermia alone.  

Despite these results, some reports do exist which show that heat alone has no 

effect (or even detrimental effect) on cancer spread. Wang C. et al showed that 

photothermal therapy with carbon nanotubes alone (45-55°C for 10 minutes) was 

ineffective at suppressing lung metastasis but required the addition of anti-CTLA-4 

therapy to achieve this desired response [151]. Strikingly, a similar paper by Bear A. S. 

et al noted photothermal therapy (treatment lasted 3 minutes; temperatures not provided) 

significantly increased lung metastasis in a mice melanoma model [152]. This increased 

metastasis was associated with a dramatic rise in proinflammatory cytokines and an 

expansion and recruitment of myeloid-derived suppressor cells into the tumour 

microenvironment. When this heat treatment is combined with adoptive T cell transfer, 

however, a significant reduction in tumour mass and near complete reduction in 

metastasis is observed. This worrying response has also been reported in the clinic in a 

small number of patients (4 out of 96) receiving laser hyperthermia for liver metastasis 

with colorectal cancer [153]. 

It is apparent that in the majority of cases, hyperthermia can elicit an anti-

metastatic response in cancer. The mechanisms behind this effect vary but can include a 
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downregulation in metastatic protein expression, as well as a cytotoxic response to cancer 

stem cells. It is important to note, however, that in rare cases, heat treatments have been 

shown to accelerate metastasis in cancer. Although literature in this regard is limited, 

available data would suggest that this is due to a stimulation of the immune system which 

may aid in angiogenesis and hence cancer invasion.  

1.2.2.8. Hyperthermia and DNA damage 

There is an abundance of literature describing heat-induced DNA damage. This damage 

may occur directly (heat alone) or indirectly (ROS associated or inhibition of DNA repair 

pathways – see section 1.2.2.3.) [154, 155]. As magnetic hyperthermia has been shown 

to upregulate ROS more than hyperthermia alone (either as a by-product of IONP 

metabolism or through more localised heating) [85, 156, 157], it may exacerbate the DNA 

damage observed in hyperthermia studies [158].  

Until recent times there has been conflicting evidence as to whether heat could 

induce DSB in DNA. Some papers used levels of phosphorylated H2AX (γH2AX) as a 

marker for DSB following heat treatment (40-47°C for multiple durations) [159, 160]. 

Following DSB, H2AX becomes phosphorylated close to the damage site and plays a 

major role in DSB repair [161]. However, heat alone (43°C for 30 minutes) has been 

shown to phosphorylate H2AX independent of DNA damage [162]. On the other hand, 

Nueda A. et al could show that cells negative in DNA-PK signalling (pathway involved 

in DSB repair – see section 1.2.2.3.) are highly sensitive to heat treatment [163]. A study 

published in 2012 treated MCF-7 breast cancer cell line with 42, 44 and 45.5°C in a water 

bath for 30 minutes. This paper found that heat could induce DSB in G1 and G2 phase 

cells (measured by γH2AX levels, neutral comet assay and terminal deoxynucleotidyl 

transferase incorporation assay), but not S phase cells, where it causes an attenuation in 

the progression of replication forks that occurs in a temperature dependant manner [164]. 

It has been well established that cells in S phase of cell cycle are most thermosensitive 

and so identifying potential mechanisms involved in this sensitization is essential for 

advancing this treatment [165-167]. Subsequently, another paper by this group probed 

further the molecular mechanisms associated with heat-induced SSB observed with cells 

in S phase of cell cycle [168]. HeLa and human fibroblast cells in early S phase were 

shown to be most vulnerable to heat shock at 45.5°C (but not 41°C or 43°C) for 30 

minutes which resulted in a senescence-like state marked by nuclear enlargement, 

elevated expression of β-galactosidase and p21CIP1 and persistent DNA damage initiated 
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by SSB generated through inhibitions to topoisomerase-1. It is thought that these SSB are 

subsequently converted to DSB during DNA replication which triggers this senescence-

like phenotype. Moreover, inhibiting DNA replication in these cells could prevent the 

generation of these senescent-like cells. Following this, the group showed that the heat-

induced senescent-like state in HeLa cells can be transient, and the cells could progress 

to mitosis four days after heat treatment. However, these cells have amplified centromeres 

resulting in a multipolar mitosis [165].  

Interestingly, Bewicke-Copley F. et al (2017) identified a potential bystander 

effect with MCF-7 cells treated with heat. Here, the cells were heated to 45°C for one 

hour in an incubator. After 24 hours, extracellular vesicles (EV) were isolated from their 

medium and added to the medium of untreated cells. Both the heat treated and EV treated 

cells experienced a significant increase in DNA damage via the alkaline comet assay, 

along with a significant decrease in viability against cells treated with EV’s derived from 

untreated cells. Moreover, these cells were also more resilient to subsequent heat 

treatment [169].  

 It is clear that heat is capable of inducing DNA damage in cells. Both DSB and 

SSB have been generated following heat treatment, with the literature suggesting that the 

response is cell cycle dependent. Interestingly, cells in S phase have been shown to be 

most thermosensitive, making radiation an ideal combination therapy as S phase cells are 

most resistant in this case [100]. The mechanisms behind SSB have recently been 

determined and associated with an inhibition of topoisomerase-1 activity in S phase cells. 

This can also indirectly lead to DSB following DNA replication. DSB have also been 

shown to be selective to cells in G1 and G2 phase of cell cycle, however the mechanisms 

behind this are yet to be elucidated [107, 155]. It is important to note that this work must 

be repeated in multiple cell lines from multiple cancers to determine if this is a universal 

response that can be hijacked to enhance the effects of combination therapies.  
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Figure 1.4. Effects of hyperthermia on the hallmarks of cancer. 

Based on the literature detailed above, the effects of hyperthermia on the hallmarks of 

cancer are described here. Hyperthermia has been shown to both inhibit and augment 

various cancer hallmarks. Image adapted from [170].  
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1.2.2.9. Considerations to the application of magnetic hyperthermia in 

cancer 

It is therefore clear that there is no ‘one size fits all’ approach to hyperthermia treatment 

of cancer. The variety of different preferential responses that can occur at different 

temperatures and durations make this treatment very complex and so it is important to 

explore all scenarios to ensure the most effective response is achieved (Figure 1.4.). For 

example, if the aim is to combine magnetic hyperthermia with a chemotherapy, it might 

be detrimental to use temperatures of 43°C and above as this may induce vascular stasis 

and inhibit drug accumulation in the tumour. On the other hand, temperatures of 43°C 

and above can reduce tumour stiffness and enable increased concentration of 

chemotherapeutic drugs into the tumour. To complicate things further, the inhibition of 

DNA repair mechanisms at various temperatures are a further consideration that could 

enhance the effects of chemotherapy. Likewise, aiming to improve blood perfusion into 

a tumour to enhance the efficacy of radiotherapy at temperatures of 42°C may benefit this 

therapy alone, but increasing this to 43°C may increase the expression of HSP further and 

elicit a stronger anti-tumour immune response (Figure 1.5).  

It is therefore necessary to explore multiple temperatures and durations when 

combining magnetic hyperthermia with conventional treatments. Importantly, different 

cancers may also respond to temperatures differently (for example, PDAC has a notably 

tough stroma and low blood perfusion therefore heat treatment may alleviate one or both 

of these) and so it is not expected that one temperature will fit all cancers.  
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Figure 1.5. Summary of the various effects of heat on tumours. 

This summary is based on the literature described in section 1.2. For the purposes of 

simplicity in this figure, durations of time related to these temperatures were not included 

but play a contributing factor. This image combines the effects of both hyperthermia and 

magnetic hyperthermia data. Numbers mentioned are in degrees Celsius.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 

1.3. IONP and magnetic hyperthermia 

IONP used in biomedical applications consist of an iron oxide core - mainly magnetite 

(Fe3O4) or maghemite (Fe2O3) - which is coated in a biocompatible polymer such as 

polyethylene glycol (PEG) or dextran to provide stability and prevent aggregation to the 

system as well as limiting potential toxic effects [171, 172]. This basic design has been 

successful in the clinic for a range of applications including magnetic resonance imaging 

of various diseases, iron supplementation for iron-deficiency anaemia, and magnetic 

hyperthermia for various cancers [173, 174].  

1.3.1. Superparamagnetism with IONP 

Below sizes of approximately 50 nm, it becomes energetically favourable for IONP to 

become single domain structures. Domains in this case refer to the orientation of the 

atomic magnetic moments within the nanoparticle. When these magnetic moments line 

up uniformly in one direction within the nanoparticle, this is defined as a single domain 

IONP. Larger IONP have multiple domains due to magnetic moments orientated in many 

different directions [175].  

Single domain IONP can experience spontaneous reversals or ‘flips’ in magnetic 

moments as a result of thermal fluctuations in the system which overcome the energy 

barrier for magnetisation reversal; the time between two of these flips is known as Néel 

relaxation time. When the time required to measure magnetisation is greater than the Néel 

relaxation time, the overall average of magnetic moments in the absence of a magnetic 

field equals zero. These nanoparticles are defined as superparamagnetic [175-177]. 

Superparamagnetic IONP are ideal materials for inducing hyperthermia in tumours as 

they have a high net magnetisation when subjected to an external magnetic field and retain 

no remnant magnetisation after a magnetic field is removed, thus eliminating potential 

for aggregation (Figure 1.6.). Therefore superparamagnetic IONP can provide a very 

controlled method of inducing temperature elevations in tumours with minimal side 

effects to healthy tissue [178].  
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Figure 1.6. Effects of external magnetic fields on single domain and multi-domain 

IONP. 

At sufficiently small sizes (<50nm) IONP exist in single magnetic domains. This allows 

the nanoparticles to act uniformly in response to an externally applied magnetic field, B, 

and retain no remnant magnetisation following field removal. This is not the case with 

multi-domain nanoparticles and so single domain are the predominant nanoparticles used 

for the magnetic hyperthermia.  
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1.3.2. Using IONP to generate heat in tumours 

Upon exposure to an external AMF, both single and multi-domain IONP can generate 

heat. In multi-domain nanoparticles, these temperature elevations are mainly a result of 

domain wall reorganization known as hysteresis losses. In superparamagnetic IONP, 

however, heat is generated predominantly through Néel and Brownian relaxation. Néel 

relaxation refers to the change in direction to the magnetic moment of a nanoparticle in 

response to a magnetic field, whereas Brownian relaxation refers to the physical rotation 

of the nanoparticle in suspension (Figure 1.7.) [176, 179, 180]. When these nanoparticles 

are localised in tissue, Brownian motion is inhibited and so Néel relaxation becomes the 

predominant mechanism of heat generation in tumours [86]. 
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Figure 1.7. Mechanism of heat generation of IONP exposed to AMF. 

Single domain IONP generate heat through Néel and Brownian relaxation when exposed 

to AMF. By contrast, multi-domain IONP achieve this temperature elevation principally 

through hysteresis losses. B refers to the direction of the applied magnetic field.  
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1.3.3. Measuring the heating efficiency of IONP  

In order to measure and compare the heating efficacy of various IONP, two parameters 

are commonly measured – specific absorbance rate and intrinsic loss power. Specific 

absorbance rate, or SAR, is a measure of the heating potential of IONP per unit mass of 

iron, and defined as: 

𝑆𝐴𝑅 =  c ∗  
mF

mP
∗

ΔT

Δt
  , 

where c is the specific heat capacity of the solution, mF and mP are the mass of the fluid 

and mass of the nanoparticles respectively, and 
ΔT

Δt
  is the initial slope of the heating curve 

after the AMF is applied to the IONP [181-183]. In order to account for the variability in 

field strengths and frequencies used in these measurements in the literature, intrinsic loss 

power (ILP) can be calculated as follows: 

ILP = 
SAR

𝐻2𝑓
 , 

where H is the applied field and f is the frequency, which enables direct comparisons to 

be made between different experiments [184]. An ideal IONP used for magnetic 

hyperthermia would have a high ILP value as less material would be required to induce a 

desirable thermal effect, limiting potential toxic effects.   

1.3.4. Application of IONP and magnetic hyperthermia in the clinic 

Magforce AG (Germany) successfully achieved regulatory approval from the European 

Medicines Association (EMA) in 2011, and the United States Food and Drug 

Administration (FDA) in 2018 for the use of their IONP (Nanotherm®) and AMF 

generator (NanoActivator®) to treat glioblastoma multiforme and prostate cancer 

respectively. Additional trials are also ongoing for the use of this therapy in various 

cancers such as pancreatic, breast, and oesophageal cancer [68]. Their treatment uses 

aminosaline-coated magnetite nanoparticles approximately 12 nm in diameter that are 

injected intratumorally and imaged using computed tomography scans to develop a 

treatment plan. For patients with glioblastoma, they receive six hour-long therapy 

sessions (aiming to generate no more than 43°C) in conjunction with standard radiation 

treatment for their disease [185, 186]. Magforce AG has reported survival benefits with 

the use of their therapy on primary and recurrent glioblastoma multiforme [68, 186]. Since 

Magforce AG achieved approval for glioblastoma, many clinical trials are now ongoing 

using magnetic hyperthermia to treat a range of cancers [187].  
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1.4.  Biocompatibility of IONP 

IONP are generally considered as biocompatible due to the fact that iron occurs naturally 

in high levels in the body and that IONP can be naturally metabolised and utilised for 

subsequent cellular processes [188-190]. Despite this, four clinically approved IONP 

have been subsequently discontinued (Combidex® in  2007,  Feridex®  in  2008,  

Resovist®  in  2009,  and  Gastromark®  in  2012) which has led to the EMA and FDA 

publishing reports regarding their safety [191-193]. In these reports, hypersensitive 

reactions were highlighted as major risks when administering these nanoparticles 

intravenously and recommendations were provided to tackle these. To limit these 

potentially fatal allergic reactions upon treatment, particular attention should be given 

during and at least 30 min after infusion, with appropriate treatment administered if 

reactions do occur.  

1.4.1. Role of the complement system in allergic reactions to 

nanomedicines 

Upon reaching the bloodstream, nanoparticles are immediately covered with proteins 

from the serum. This surface covering can occur in a dynamic manner referred to as the 

“Vroman effect,” which explains the competitive adsorption of proteins with respect to 

their concentration, affinity and incubation time [194]. Once bound, these proteins may 

decide the nanoparticles fate in vivo, acting as markers for phagocytic uptake and 

clearance of nanoparticles [195, 196]. One such family of proteins that play a major role 

in these reactions are the complement system [197]. This system acts as a rapid response 

to pathogens, enabling their recognition, destruction and opsonization through a 

stimulation of the immune system [198]. More than 30 plasma proteins comprise the 

complement system, which can become activated through three independent mechanisms: 

the classical, alternative, and lectin pathways. Each of these mechanisms converges at the 

point of complement alternative 3 (C3) convertase with cleavage into its active subunits 

C3a and C3b, the defining step in complement activation [198, 199] (Figure 1.8.).  
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Figure 1.8. Graphical illustration of the complement system. 

Three individual pathways (classical, lectin and alternative) become activated by 

distinctive events: the classical pathway becomes activated following IgG or IgM-antigen 

binding, the lectin pathway requires mannose-binding lectin to associate to carbohydrate 

residues on pathogens and the alternative pathway begins with the activation of C3 

following pathogen binding.  Regardless of the pathway activated, each converge at the 

point of C3 cleavage into its subunits C3a and C3b.  From here, downstream proteolytic 

events lead to the formation of C5b-9 (membrane attack complex) which lodges into 

cellular membranes and induces cell lysis. Abbreviations: MAC, membrane attack 

complex; C1-9, complement proteins; MBL, mannose-binding lectin; MASPs, mannose-

binding-lectin-associated serine proteases. Reproduced with permission from Cook H. T. 

et al (2006) [200]. Copyright 2019, Springer Nature.  
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Uncontrollable complement activation, however, can lead to overstimulation of 

the immune system, resulting in acute allergic reactions that can be fatal in some instances 

[197]. These IgE independent reactions are referred to as CARPA (or complement 

activation- related pseudoallergy), which is a common dose-limiting infusion reaction 

that occurs with many medicinal products, including nanomedicines [201]. CARPA 

involves a complex network of cells including white blood cells, platelets, endothelial 

cells, masts cells, basophils and macrophages which manifests in a variety of symptoms 

involving many organ systems that can be mild or severe depending on the individual 

(Figure 1.9.) [202]. Reviewed by Szebeni in 2014, CARPA is not sufficiently evaluated 

at the preclinical stage of nanomedicine development [197, 203],  potentially  leading  to  

hypersensitivity  reactions  occurring  in  patients  during  clinical  trials  resulting in 

implications for time, money and potentially lives [204].  
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Figure 1.9. Graphical illustration of the “CARPA cascade” and its associative 

effects. 

Many different nanomaterials have been shown to activate complement and induce 

CARPA effects in the clinic. These effects can vary hugely from pulmonary 

microembolisms and cytokine storm, to systemic vasodilation and capillary leakage. 

Abbreviations: C, complement; ATR, anaphylatoxin receptor; Mast C, mast cells; sMF, 

secretory macrophages; WBC, white blood cells; PL, platelets; EC, endothelial cells and 

SMC, smooth muscle cells. Reproduced with permission from Szebeni J. (2014) [197]. 

Copyright 2019, Elsevier. 
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1.4.2. Evidence for IONP activating the complement system 

 

There is an abundance of literature published on the effects of IONP on the complement 

system [205-207]. Negatively-charged, 10 nm maghemite nanoparticles coated in an 

amphiphilic polymer were shown to increase C3a, C5a and C5b-9 in human whole blood 

(at 10 µg/ml) which also resulted in a pro-inflammatory response (significant 

upregulation of IL-6, IL-1β, TNF-α). This inflammatory response could be neutralised 

using inhibitors for C3 and C5 [205]. Likewise, Escamilla-Rivera V. et al (2019) came to 

a similar conclusion with negatively-charged polyethylene glycol (PEG)-coated 

magnetite nanoparticles of a similar size in human plasma (1 mg/ml) and BALB/c mice 

(5 mg/kg) following intravenous injection. This same study also found that bare magnetite 

nanoparticles and polyvinylpyrrolidone-coated magnetite nanoparticles (also negatively 

charged and of similar size) did not induce this response in either system. The 

complement activation observed with the PEG-IONP was proposed to be a result of 

selective complement-activating proteins deposited on the surface of these nanoparticles 

[207]. Taking this a step further, Banda N. K. et al (2014) investigated which pathway 

was activated between human and mouse serum with dextran-coated iron oxide 

nanoworms (IONW). The nanoworms (hydrodynamic diameter of 169 ± 77.43 nm and 

zeta potential of −6.05 ± 8.29 mV) could activate the lectin pathway and alternative 

pathway (indirectly) in mouse serum (100 µg/ml), whereas the alternative pathway was 

found to be activated directly in addition to the lectin pathway in human serum (200 

µg/ml) [206]. Two years later, this same group investigated whether this complement 

activation with IONW was related to the iron/ dextran ratio of the nanoparticles, and 

whether modification of its surface chemistry could dampen this response. It was found 

that complement activation occurred primarily via the alternative route regardless of the 

dextran ratio, and modifications to the dextran surface (neutralising hydroxyl groups or 

anionic charge) could not hamper this activation [208]. A further publication with these 

IONW showed that this complement activation resulted in the uptake of these nanoworms 

by monocytes, lymphocytes and neutrophils of healthy and tumour-bearing mice and 

humans. Interestingly, when C3 is depleted in mice, and the alternative complement 

pathway is inhibited in humans, leukocyte uptake is dramatically reduced. Moreover, this 

study could also significantly dampen this leukocyte uptake in mice and humans through 

hydrogelation (via epichlorohydrin) of the dextran surface coating [209]. Finally, a recent 

publication in Nature could pinpoint the role of the protein corona (the protein covering 
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that develops on nanoparticles when they reach the blood) and subsequent 

immunoglobulin deposition on nanoparticles (including the IONW and the clinically-

approved Feraheme®) to be significant steps in the activation of complement [210]. 

Pairing the evidence in the literature with the reports for hypersensitive effects in the 

clinic suggests that the complement system is a significant hurdle to overcome when 

advancing an IONP to the clinic [204, 211]. It is therefore essential that these effects are 

evaluated early into preclinical assessment of these nanoparticles.     

1.5.  Trinity College’s experience with magnetic hyperthermia research and 

nanomedicine translation 

As described previously, magnetic hyperthermia is certainly not a straight-forward 

treatment approach for cancer and requires expertise from many specialist areas to ensure 

efficient translation. Over the last decade, the Nanomedicine and Molecular Imaging 

Group at Trinity College Dublin – led by Professors Yuri Volkov and Adriele Prina-

Mello- has been involved in large, multinational collaborations aiming to translate 

nanomedicines to the clinic for cancer. These collaborations brought together experts 

from many different areas which proved hugely beneficial for advancing knowledge in 

the areas of nanomedicine translation and magnetic hyperthermia. A description of some 

of these projects is provided next. 

1.5.1. MultiFun Project 

MultiFun- or MultiFunctional nanotechnology for selective detection and treatment of 

cancer- was the first major project involving magnetic hyperthermia research to be 

awarded, in part, to Trinity College’s Nanomedicine and Molecular Imaging Group. This 

project was funded by the European Commission’s 7th Framework Programme and lasted 

from 2011 to 2015, with a budget of more than €13 million. The overall aim of this project 

was to develop and validate multifunctional magnetic nanoparticles to diagnose and target 

pancreatic and breast cancer. This project brought 13 universities and 3 industrial partners 

from a variety of disciplines all across Europe together to achieve this goal (Figure 1.10.).  
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Figure 1.10. The MultiFun consortium. 

7 countries were brought together for this collaboration. This included Trinity College, 

Dublin; University College, Cork; University of Manchester; Queen Mary University of 

London; Kings College, London; University Hospital, Jena; University of Paris; National 

Institute of Applied Sciences, Toulouse; Institute of Physics of the Czech Academy of 

Sciences; Pepric, Leuven; PharmaMar, Madrid; IMDEA, Madrid (Project Coordinator). 

Image adapted from https://cordis.europa.eu/project/rcn/99273/factsheet/en. 
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 MultiFun proved hugely successful with over 50 peer-reviewed papers published, 

which eventually led to the selection of two lead candidate multifunctional nanoparticles 

capable of treating pancreatic cancer and breast cancer tumours with magnetic 

hyperthermia, and also capable of acting as magnetic resonance imaging contrast agents 

[86, 212, 213]. These lead nanoparticle designs were subsequently patented (Patent 

number: WO2016150521A1).  

1.5.2. NoCanTher Project 

Following the success of MultiFun, a follow-up project was also funded by the European 

Commission’s Horizon 2020 Programme: NoCanTher (Nanomedicine upscaling for early 

clinical phases of multimodal Cancer Therapy). This project also brought together a large 

collaboration of 6 universities and 5 industrial partners (Figure 1.11.)- many retained from 

the MultiFun project- with an overall budget of more than €10 million spanning 5 years 

(2016-2021).  
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Figure 1.11. The NoCanTher Consortium. 

6 countries are participating in this project, many of which were involved in MultiFun. 

These partners include Trinity College, Dublin; University Hospital, Jena; University of 

Paris; Institute of Research, Vall d’Hebron; Institute of Oncology, Vall d’Hebron; 

ImmuPharma, London; Resonant Circuits, London; Chemicell, Berlin; BioKeralty, 

Minano; IMDEA, Madrid (Project coordinator). Image adapted from 

https://cordis.europa.eu/project/rcn/200812/factsheet/en. 
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 The overall aim of this project is narrowed with respect to MultiFun. NoCanTher 

aims to scale-up the patented nanoparticle design from MultiFun and generate enough 

safety and efficacy data to initiate a clinical trial for patients with pancreatic ductal 

adenocarcinoma. Work with this project is ongoing, but some key publications so far 

include [127, 214-218]. 

1.5.3. European Union Nanoparticle Characterization Laboratory 

(EUNCL) 

In addition to experience in magnetic hyperthermia to treat cancer, the Nanomedicine and 

Molecular Imaging group at Trinity College Dublin is also a core member of the EUNCL. 

The EUNCL was set up in 2015 (through funding from Horizon 2020) following the 

establishment of the USNCL in 2004, with the aim of providing pre-clinical 

characterization and assessment to promising nanomedicines. Because the 

characterization of nanomaterials can be very complex, large scale cooperation is required 

to adhere to regulatory requirements for approval. The EUNCL has brought together 

many research institutions within the EU with the aim of ‘combining diverse core 

competences in one unique service center’, providing data for promising nanomedicines 

to seek clinical approval, free of charge [219] (Figure 1.12.). The Nanomedicine and 

Molecular Imaging Groups role as part of the EUNCL is to provide characterization, 

endotoxin and sterility testing and in vivo safety assessments of selected nanoparticles.  
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Figure 1.12. The members that make up the core expert team of the EUNCL. 

7 countries make up the EUNCL core expert team, contributing different skills required 

to fully assess nanomedicines towards clinical evaluation. Abbreviations: CEA, French 

Alternative Energies and Atomic energy Commission; FR, France; ULP, University of 

Liverpool; UK, United Kingdom; TCD, Trinity College Dublin; IRL, Ireland; SINTEF, 

Stiftelsen Sintef; NO, Norway; JRC, Joint Research Centre; IT, Italy; EMPA, 

Eidgenössische Material- und Prüfungs-Anstalt; CH, Switzerland; MUN, Bioanalytik-

Muenster; DE, Germany. Image adapted from http://www.euncl.eu/. 
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1.5.4. The importance of collaboration to nanoparticle translation 

The most important lesson learned from these experiences so far is the fact that large-

scale collaboration is essential for translational research with nanomaterials [220] (Figure 

1.13.). The fact that the European Commission granted more than €5 million for the 

formation of the EUNCL is telling. Projects like MultiFun and NoCanTher with specific 

and novel objectives show that a large array of expertise is required for specialised 

nanoparticle research. Specialists in nanoparticle synthesis and functionalization, 

characterization, magnetic field testing, stability, sterility and endotoxin contamination, 

in vitro cytotoxicity, biocompatibility assessment and in vivo safety and efficacy testing 

were needed for these projects. Therefore, these consortiums included pharmaceutical 

and bioscience companies, engineering companies, hospitals, physicist, biologists, 

chemists and oncologists which were required to ensure smooth transition between 

disciplines when needed.  
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Figure 1.13. The scale of testing required for the translation of nanomaterials. 

A vast amount of expertise is required to translate a nanomaterial towards a clinical trial. 

If a nanoparticle shows desirable efficacy, extensive physicochemical characterization, 

contamination assessment and in vitro and in vivo toxicity evaluations are required before 

a dossier can be submitted for clinical evaluation. This will likely require the work of a 

large network of institutions to be fulfilled.  
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1.6.  Project hypothesis and aims 

The overall goal of this Ph. D. project is to contribute data to a clinical trial dossier for a 

new superparamagnetic IONP to treat PDAC through magnetic hyperthermia. This is 

described in the project hypothesis and four separate aims, which are detailed below. 

1.6.1. Project hypothesis 

Iron oxide nanoparticles are promising candidates for treating cancer. 

 

1.6.2. Project aims 
 

1. Evaluate magnetic hyperthermia efficacy in vitro  

Sub-aims: 

• Analyse the physicochemical characteristics of the IONP 

• Assess their heating capabilities under an AMF 

• Measure cytotoxicity of the IONP alone in PDAC cells 

• Measure cytotoxicity following magnetic hyperthermia treatment in PDAC cells 

 

2. Determine levels of endotoxin contamination in the IONP 

Sub-aims: 

• Identify suitable assay to test IONP for endotoxin contamination 

• Test for nanoparticle interference with the assay 

• Test nanoparticle for endotoxin contamination  

 

3. Assess complement activation with the IONP 

Sub-aims: 

• Determine suitable test in which the nanoparticles do not interfere  

• Use this test to assess for complement activation at clinically relevant doses 

 

4. Assess in vivo toxicity of the IONP 

Sub-aims: 

• Determine suitable doses of IONP to test in vivo 

• Carry out an acute toxicity study of IONP to identify the limiting effects of the 

nanoparticles in vivo 
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2. Chapter 2: Evaluating magnetic hyperthermia efficacy in vitro 
 

2.1. Background to chapter 

Superparamagnetic IONP supplied by Chemicell GmbH (Berlin, Germany) were 

analysed for their physicochemical characteristics by various techniques and assessed for 

their heating potential in response to AMF. Following this, the cytotoxic effects and 

cellular internalisation of the nanoparticles was determined with BxPC-3 (PDAC) cells. 

Finally, BxPC-3 cells were effectively treated with in vitro magnetic hyperthermia using 

extracellular IONP, but not intracellular IONP. This led to the conclusion that 

intracellular IONP may play a limited role in the overall efficacy of magnetic 

hyperthermia. This work has been submitted to a peer-reviewed journal and is currently 

undergoing review.  

2.2. Introduction 

As introduced previously in section 1.3.3., magnetic hyperthermia has made significant 

clinical advances in the last decade which has resulted in its clinical approval and testing 

in multiple cancers. Despite this, many fundamental questions related to the underlying 

mechanisms of this therapy remain. One such question is the role that intracellular and 

extracellular IONP play in this therapy, and whether one or both are necessary for 

successful magnetic hyperthermia treatment. In this chapter, the efficacy of magnetic 

hyperthermia is assessed in vitro with BxPC-3 cells, and the role that intracellular and 

extracellular IONP play in this treatment is compared. Extracellular magnetic 

hyperthermia was shown to effectively kill cells whereas intracellular magnetic 

hyperthermia showed no therapeutic effect, leading to a discussion on its true relevance 

to overall treatment efficacy. 

2.3. Materials  

Unless stated otherwise, all materials related to this chapter were purchased from Sigma 

Aldrich, Ireland. The superparamagnetic IONP used in this study were fluidMAG/C11-

D magnetite nanoparticles coated in a starch matrix. Sterilisation was ensured through 

autoclaving. This material was produced and generously provided by Chemicell, GmbH 

(Berlin, Germany) as part of the NoCanTher project (Grant agreement #685795).  
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2.4.  Methods 

2.4.1. Characterization  

The hydrodynamic diameter of the nanoparticles was assessed using nanoparticle tracking 

analysis (NS500 Nanosight, Malvern-Panalytical, UK; Software version 3.2) according 

to protocols published by our group previously [221, 222] and now established as a 

validated protocol for nanoparticle characterisation under the EUNCL (EU 

Nanomedicine Characterisation Laboratory) [223]. These results were confirmed with 

dynamic light scattering (DLS) measurements (Malvern Nano- ZS, Malvern-Panalytical, 

UK), following the EUNCL protocol for DLS size analysis [224]. Zeta potential data was 

provided by the nanoparticle supplier (at pH 7), Chemicell. For determining the dry 

diameter of the nanoparticles, transmission electron microscopy was used. Here, 

nanoparticles were diluted 1 in 1000 from the stock (100 mg/ml) in double distilled water 

(ddH20) and adhered to Lacey carbon grids (AGAR Scientific, UK). Images were taken 

using the JOEL 2100 (JOEL, Japan) at an acceleration of 200 kV and a beam current of 

100-110 µA. The longest diameter of 200 individual nanoparticles is measured using 

ImageJ software to generate a size distribution (for hydrodynamic size, zeta potential and 

dry size analysis, see Supplementary Figure 1). Iron concentration was determined by 

atomic absorption spectroscopy (SpectraAA-200, Varian, US). Here the nanoparticles 

were dissolved in 1 ml 67-69 % trace-element nitric acid (Fisher, UK) at a concentration 

of 125 µg/ml and heated to 60 °C for four hours. The nanoparticles were then diluted in 

trace-elemental water (Fisher, UK) for analysis. A standard curve between 0 – 2.5 mg/L 

of iron was generated, and the concentration of the nanoparticles was determined from 

the average of 3 readings.  

2.4.2. Heating performance 

The thermal efficiency of these nanoparticles in response to an AMF was measured using 

a Five Celes inductor system (Five Celes, France). This system uses a six- turn, moulded 

solenoid coil with an internal diameter of 71 mm. In these experiments, 100 µl of the 

magnetic nanoparticles were dispersed in ddH20 and exposed to 35 mT, at a frequency of 

92 kHz for 60 seconds. Temperature changes were monitored using fiber optic 

temperature sensors (Optocon, Germany) with an accuracy of ±0.2 °C. From these 

temperature changes, specific absorbance rate (SAR) and intrinsic loss power (ILP) were 

calculated at a frequency of 92 kHz, and a field of 35 mT, as reported in [184] and 

described in section 1.3.3. 
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2.4.3. In vitro cytotoxicity 

BxPC-3 cells (ATCC, CRL- 1687; Pancreatic adenocarcinoma of a female human aged 

61) were cultured at 37°C and 5% CO2 in RPMI 1640 media supplemented with 10% FBS 

and 1% penicillin-streptomycin (Invitrogen) at 10,000 U/ml and 10,000 µg/ml 

respectively. Cells were seeded at 10,000 cells/ well in a 96 well plate for 24 hours. The 

cells were then washed with PBS and treated with either nanoparticles (12.5, 25, 50, 100 

and 200 µg/ml; 200 µg/ml of nanoparticle corresponded to 147 µg Fe/ml), tacrine at 100 

µM (positive control for organelle damage [225]), valinomycin at 120 µM (positive 

control for membrane damage [226, 227]), or media alone (untreated) for 72 hours. 

Following treatment, the cells were washed three times with PBS and stained with 50 µl 

of Lysotracker® red (acidic organelle stain) and YO- PRO®-1 (membrane permeability 

stain) at 3.5 µl and 0.35 µl per ml of media respectively for 30 minutes at room 

temperature (stains originate from Thermoscientific, UK and are summarized in Table 1). 

Lysotracker® red stains acidic organelles, with increases in intensity corresponding to 

pH, and indicative of nanoparticle localisation into lysosomes. Decreases in intensity, 

however, is a marker for lysosomal damage [222, 228]. YO- PRO®- 1 is a green dye that 

measures cell membrane permeability; it’s localisation into the nucleus is a measure of 

cytotoxicity [222]. After staining for 30 minutes, the dyes are removed, and the cells fixed 

with 100 µl of 3.7% formaldehyde for 20 minutes at room temperature. Following 

fixation, 0.5 µl of Hoechst 33342/ ml in wash buffer is added to each well at 100 µl for 

10 minutes. After two subsequent washes, the cells could be imaged. Images were taken 

using the Cytell Imaging System (GE Healthcare, UK), with 7 fixed fields acquired from 

each well. These images were recoded and analysed through the InCell Investigator 

software (GE Healthcare, UK) and intensity and morphology values for cell count, 

nuclear intensity, and organelle intensity were obtained and compared against untreated 

cells as measures of cytotoxicity. 
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Table 1: A description of each stain used for high content screening analysis. 

Summary of excitation and emission wavelengths along with the stock concentrations for 

each dye used in the multiparametric analysis. 

Stain Excitation/Emission 

(nm) 

Stock Concentration 

Lysotracker® red 577/590 1 mM 

YO-PRO®-1 491/509 1 mM 

Hoechst 33342 350/461 16.2 mM 
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2.4.4. Cell uptake and Prussian blue staining 

To measure the levels of nanoparticle internalised into the cells, 1x105 cells/ well were 

seeded for 24 hours in a 12 well plate. The cells were then treated with 200 µg/ml of 

nanoparticles for 24 hours before being washed with PBS, detached with trypLE, and 

washed a further two times with PBS (centrifugation at 1000 rpm -at 94 RCF- for 5 

minutes could effectively separate the cells from most of the nanoparticles in media). 

Finally, the cells were counted using trypan blue staining and eventually dissolved in 67-

69%, trace-element nitric acid (Fisher, UK) overnight at room temperature for subsequent 

inductively coupled plasma - optical emission spectrometry (ICP-OES) analysis (Liberty 

150, Varian, US). For this measurement, each treatment group is pooled within each 

experiment (five experiments in triplicate) and the volume is made up to 5 ml in pure, 

trace-element water (Fisher, UK). ICP-OES was performed on these pooled samples as 

well as six iron standards in duplicate (from 0 – 2.5 mg/L). To complement this data, 

Prussian blue staining (iron- specific stain) was performed on three experiments in 

triplicate to provide representative images of this iron uptake and identify where the 

nanoparticles were localised. The experiment was performed as before except, following 

24 hours treatment, the cells were washed three times with PBS, fixed with 4% 

formaldehyde for 20 minutes at room temperature, washed again as before, stained 1:1 

with 4% HCl and 4% potassium ferrocyanide, and finally washed three times with PBS 

again. Bright field images were taken using Lionheart FX microscope (BIOTEK, 

Germany) at 10x magnification. 

2.4.5. In vitro magnetic hyperthermia 

For this experiment, intracellular hyperthermia was compared against extracellular 

hyperthermia and a combination of intracellular and extracellular hyperthermia. 

Intracellular hyperthermia involves the exposure of intracellular IONP to AMF (IONP 

allowed to internalise 24 hours) while extracellular hyperthermia only exposes 

extracellular IONP (IONP added to the media directly before) to AMF. Intracellular and 

extracellular hyperthermia contains both. A summary of this experiment is illustrated in 

Figure 2.1. below. BxPC-3 cells were seeded at 1x105 cells/ well in a 12 well plate. After 

24 hours, cells to be treated with intracellular nanoparticles alone, intracellular 

hyperthermia, intracellular and extracellular nanoparticles alone, or intracellular and 

extracellular hyperthermia were treated with 200 g/ml of nanoparticles (corresponding 

to 147 µg Fe/ml). At 48 hours, cells are treated with magnetic hyperthermia. Here, the 
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cells are washed with PBS and detached with trypLE into 1.5 ml Eppendorf tubes. They 

are then washed again in PBS and redispersed in 100 µl of either media (for intracellular 

hyperthermia or magnetic field alone), or 500 µg of nanoparticle (368 µg Fe) in 100 µl 

media (for extracellular nanoparticles alone, extracellular hyperthermia, intracellular and 

extracellular nanoparticles alone, or intracellular and extracellular hyperthermia). For the 

cells exposed to 500 µg of nanoparticle alone, they are kept at 37 °C for 30 minutes. For 

the cells exposed to the magnetic field, the Eppendorf’s are wrapped in parafilm and a 

sterile fibre optic temperature probe (washed in 70% ethanol) is pierced through the film 

into the cells and media. A water bath keeps the cells at 37  1.0 °C before the AMF is 

applied. The cells are then exposed to a field of 35 mT at a frequency of 92 kHz. Once 

the temperature in the media of the cells treated with extracellular nanoparticles reaches 

40 °C (within 60- 120 seconds), the timer is started and the cells are exposed to 

temperatures of 40-42.5 °C, or ‘mild hyperthermia’ [101, 229] for a total of 30 minutes. 

Following AMF exposure, the cells are washed three times with their original RPMI 

media (1000 rpm -at 94 RCF- for 5 minutes could effectively separate cells from most of 

the nanoparticles in media) and placed back into a 12 well plate. After 24±1 hour, the 

cells are analysed by flow cytometry to identify populations or apoptotic and necrotic 

cells. As reported in Blanco-Andujar et al [230] and Ludwig et al [85] the effects of 

magnetic hyperthermia on viability are the most reflective in the first 24 hours, with 

changes in viability between 24 and 48 hours proving to be negligible. 
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Figure 2.1. Summary of in vitro magnetic hyperthermia protocol. 

BxPC-3 cells are seeded at time zero (T0). Cells to contain intracellular nanoparticles are 

treated with 200 µg/ml (147 µg Fe/ml) at 24 hours (T24). At 48 hours (T48), cells exposed 

to extracellular nanoparticles are treated with 500 µg of nanoparticles (368 µg Fe) in 100 

µl media, and cells to be treated with magnetic fields, are exposed to 35 mT at 92 kHz for 

30 minutes. Finally, at 72 hours (T72), all treatment groups are stained with annexin V 

and 7- AAD and analysed by flow cytometry for detection of apoptotic and necrotic cells. 

Abbreviations: NPs, nanoparticles; AMF, alternating magnetic field. 
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2.4.6. Apoptosis/ Necrosis detection 

To detect levels of apoptosis and necrosis in the BxPC-3 cells after treatment, APC-

Annexin V and 7-AAD stains (BioLegend, UK) were used as the nanoparticles were 

shown not to interfere in these channels (Supplementary Figure 2). 24 hours after the 

exposure to the AMF, the media and detached cells (trypLE) were pooled and washed 

twice with staining buffer and stained with 50 µl of APC- Annexin V (2.5 µl/ ml of 

Annexin binding buffer) for 30 minutes. After such staining, the cells were washed three 

times with Annexin binding buffer and redispersed in 2.5 µl/ ml of 7-AAD in staining 

buffer. The cells were then analysed with the FACSCanto II flow cytometer from BD 

Biosciences (10,000 recorded events per treatment) and the data was subsequently 

analysed via FlowJo 10 and Prism7 software (gating strategy: Supplementary Figure 3). 

Positive stain controls for APC- Annexin V were cisplatin treated cells at 50 µM for 24 

hours and for 7-AAD was 10% DMSO treated cells for 1 hour.  

2.4.7. Caspase 3 activity 

Following apoptosis/ necrosis detection by flow cytometry, caspase 3 activity was 

measured colorimetrically at 405 nm according to manufacturer’s protocol (Abcam 

ab39401, UK) to distinguish whether the main mechanism of cell death was apoptosis or 

necrosis. For this analysis, in vitro magnetic hyperthermia was repeated as before in four 

more experiments. In order to get enough protein for the analysis, each treatment group 

from two experiments had to be pooled together. For each experiment, BxPC-3 cells were 

also treated with 50 µM of cisplatin for 24 hours as a positive control. 1 µg/ µl of protein 

from each treatment group was tested in the assay and results were corrected for total 

protein concentration (BCA kit, Thermoscientific). Caspase activity was presented as 

levels of absorbance at 405 nm in each treatment group against the untreated.   

2.4.8. Statistical analysis 

All statistical analysis was done using GraphPad Prism7 software. Results are reported as 

mean± standard deviation. High content screening data was analysed via one-way 

ANOVA followed by Dunnett’s test. Apoptosis/Necrosis data was analysed by two-way 

ANOVA followed by Tukey’s test for multiple comparisons. Caspase activation was 

measured with one-way ANOVA followed by Dunnett’s test. Significance was 

represented by *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.  
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2.5. Results 

2.5.1. Nanoparticle characterization and heating performance 

NTA reported a mean size of 100 nm, which closely resembled the DLS measurements 

of 91.2 nm. DLS measured an average zeta potential of -21 mV at pH 7, while TEM 

images were analysed on ImageJ to determine a mean diameter of 11 nm (based on 200 

individual measurements of the largest diameter of each nanoparticle; see Supplementary 

Figure 1). Upon exposure to 35 mT at 92 kHz for 60 seconds, the nanoparticles displayed 

a SAR of 98 W/g Fe in water, corresponding to an ILP of 1.4 nHm2kg-1 (Table 2 and Figure 

2.2). 
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Table 2. Summary of fluidMAG/C11-D characterization. 

Summary of characterization data by NTA, DLS, AAS, TEM and heating capability 

assessment through SAR and ILP values. Zeta potential was provided by the supplier: 

Chemicell, GmbH. Values represented as mean ± standard deviation.  

 

Measured Parameter Value 

Mean hydrodynamic 

size 

100.0± 2.6 nm (NTA) 

91.2 nm (DLS) 

Polydispersity index 0.145 (DLS) 

Zeta potential -21.0± 5.86 mV (DLS) 

Mean dry size 11±3 nm (TEM) 

Specific absorbance 

rate 

98 W/gFe 

Intrinsic loss power 1.4 nHm2kg-1 

Fe content 0.736 mg Fe/ mg NP 

(AAS) 
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Figure 2.2. Representative TEM images of fluidMAG/C11-D nanoparticles. 

Scale bar = 100 nm. Captured with the JOEL 2100 (JOEL, Japan) at an acceleration of 

200 kV and a beam current of 100-110 µA. 
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2.5.2. In vitro cytotoxicity 

High content screening analysis showed no significant changes to cell count, nuclear 

membrane permeability, or lysosomal permeability after 72 hours treatment of up to 200 

µg/ml of nanoparticles against the untreated negative control, while positive controls 

(valinomycin and tacrine) quantitatively and visibly reduced cell count and lysosomal 

mass, while increasing nuclear permeability (Figure 2.3.).  
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D.      E. 

 

 

 

 

 

 

 

 

F.       G. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. High content screening analysis of BxPC-3 cells treated with fluidMAG 

nanoparticles. 

Graphs representing cell count (A), nuclear membrane permeability (B) and lysosomal 

permeability (C) of BxPC-3 cells after treatment with nanoparticles, tacrine and 

valinomycin. Results are normalised against the untreated and represent 3 experiments in 

triplicate. Significance was against the untreated and tested via one-way ANOVA 

followed by Dunnett’s test. Error bars = standard deviation. ***P<0.001. ****P<0.0001. 

Moreover, representative merged images of untreated BxPC-3 cells (D), cells treated with 

200 µg/ml of nanoparticles (E), cells treated with tacrine (F) and cells treated with 

valinomycin (G) are provided. Scale bar: 100 µm. 
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2.5.3. Cell uptake and Prussian blue staining 

Cellular uptake of the nanoparticles was assessed through qualitative and quantitative 

measures. ICP- OES identified an average uptake of 12.8 ± 3.6 pg Fe/cell (12.8 pg Fe 

corresponds to 16,487 nanoparticles, measured by NTA) after 24 hours. Prussian blue 

staining confirmed this internalisation and an accumulation of the nanoparticles around 

the nuclear membrane was consistently observed (Figure 2.4.).  
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Figure 2.4. Prussian blue staining of untreated and treated BxPC-3 cells. 

Blue staining for iron indicates the nanoparticles become internalised, complementing the 

results from ICP-OES. Moreover, the nanoparticles show a tendency to accumulate 

around the nucleus of the BxPC-3 cells, as highlighted by the yellow arrows. Results 

show representative images of three experiments in triplicate. Scale bar: 200 µm. 

200µg/ml 

Untreated 
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2.5.4. In vitro magnetic hyperthermia 

Temperature graphs below show successful, controlled heating of the nanoparticles when 

used for extracellular hyperthermia (500 µg IONP – 368 µg Fe- in 100 µl media) and 

intracellular and extracellular hyperthermia with temperatures of 41.2±0.6 °C being 

achieved across all experiments. No changes in media temperature were seen with 

intracellular nanoparticles in comparison to cells treated with the magnetic field and 

media alone. Noteworthy, cells exposed to AMF alone never reached temperatures above 

38 °C (Figure 2.5.). 
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C. 

 

Figure 2.5. Temperature graphs of magnetic hyperthermia with BxPC-3 cells. 

Intracellular and extracellular nanoparticles (A) and extracellular nanoparticles alone (B) 

successfully generated temperatures required for mild hyperthermia when stimulated by 

the AMF. Intracellular exposed to AMF only remained at biologically viable temperatures 

(C). Graphs show the average temperature at each time-point for 6 experiments. Error 

bars = standard deviation. Abbreviations: MH, magnetic hyperthermia; AMF, alternating 

magnetic field; NP, Nanoparticle. 
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2.5.5. Apoptosis/ Necrosis detection 

Intracellular magnetic hyperthermia displayed no significant effect on the viability of the 

BxPC-3 cells when compared against the untreated, whereas extracellular magnetic 

hyperthermia- both alone and in combination with intracellular magnetic hyperthermia – 

showed significant reductions in cell viability after 30 minutes treatment. Additionally, 

the presence of the magnetic field alone had no effect on the cells either. This significant 

reduction in viability with extracellular magnetic hyperthermia is also observed when 

compared against the nanoparticles alone; therefore, the nanoparticles by themselves are 

not inducing this effect, but the whole magnetic hyperthermia treatment (Figure 2.6. and 

Table 3.). Moreover, heating the BxPC-3 cells with an incubator to 42.5 °C for 30 minutes 

showed no significant effect on viability against untreated cells, confirming that the 

magnetic hyperthermia treatment as a whole was affecting the cells, and not just the 

inherent temperature elevation (Supplementary Figure 4). 
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C.       D. 

E.       F. 

 

Figure 2.6. Viability of BxPC-3 cells after in vitro magnetic hyperthermia. 

A. Representative flow experiment depicting Annexin V+ /7- AAD- (early apoptotic), 

Annexin V+ /7- AAD+ (late apoptotic), 7- AAD+ (necrotic) and Annexin V-/7-AAD- 

(vital) cells in each treatment group. B. Graph comparing populations of vital, early 

apoptotic, late apoptotic, and necrotic cells in each treatment group. C. Annexin V-/7-

AAD- cells for each treatment group. D. Annexin V+/7-AAD- cells for each treatment 

group. E. Annexin V+/7-AAD+ cells for each treatment group. F. Annexin V-/7-AAD+ 

cells for each treatment group. Results are from 6 individual experiments with 10,000 

events recorded for each. Error bars = standard deviation. Abbreviations: NP, 

nanoparticle; Intra, intracellular; Extra, extracellular; AMF, alternating magnetic field.  
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Table 3. Statistical analysis if in vitro magnetic hyperthermia in BxPC-3 cells. 

A. Significant differences in vital, early apoptotic, late apoptotic and necrotic cells from 

each treatment group against untreated cells. B. C. and D. describe the significant 

differences of these same cellular populations with nanoparticles exposed to AMF versus 

nanoparticles alone. Results are from 6 individual experiments with 10,000 events 

recorded for each. Abbreviations: ns, not significant; NP, nanoparticle; Intra, 

intracellular; Extra, extracellular; AMF, alternating magnetic field. Analysed using two-

way ANOVA followed by Tukey’s test for multiple comparisons. *P<0.05. **** 

P<0.0001. 
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2.5.6. Caspase 3 activity 

Differences in caspase 3 activity were negligible in all treatment groups except for the 

positive control (Figure 2.7.). Pairing this with the flow cytometry data suggests that the 

primary mechanism of cell death in this case was necrosis, as the cells stained positive 

for both Annexin and 7- AAD, following extracellular magnetic hyperthermia treatment. 
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Figure 2.7. Caspase activation in BxPC-3 cells following magnetic hyperthermia. 

Results are from four individual experiments, of which two experiments are pooled 

together to get the desired concentration of protein required for the assay. Values are a 

result of absorptions at 405 nm. Significance is against the untreated. Significance was 

assessed using one-way ANOVA followed by Dunnett’s test. Abbreviations: NP, 

nanoparticle; Intra, intracellular; Extra, extracellular; AMF, alternating magnetic field. 

Error bars = standard deviation. **P<0.01. 
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2.6. Discussion 

FluidMAG/C11-D nanoparticles were characterized and assessed for their heating 

capabilities in response to an AMF of 35 mT at 92 kHz. The nanoparticles were deemed 

safe at concentrations up to 200 µg/ml in vitro using high content screening analysis and 

so this concentration was used to evaluate their uptake into the cells. ICP- OES 

demonstrated that an average of 12.8 ± 3.6 pg Fe was internalised into each cell (with 

12.8 pg Fe equating to 16,487 nanoparticles) and subsequent Prussian blue staining 

confirmed this internalisation and identified the nanoparticles propensity to accumulate 

around the nuclear membrane. This level of iron uptake into cells is similar to the results 

reported from similar protocols published previously [231-233]. Next, intracellular 

hyperthermia, extracellular hyperthermia, and intracellular and extracellular 

hyperthermia were compared in order to define differences in viability through Annexin 

V/ 7- AAD staining. Intracellular hyperthermia showed no change in viability against the 

untreated, whereas cells exposed to extracellular nanoparticles and magnetic fields 

underwent significant apoptosis/necrosis (staining positively for both Annexin V and 7- 

AAD) against untreated cells and nanoparticle- treated cells alone. This result was similar 

to that reported in Ludwig et al for BxPC-3 cells [85].  

 Cells that stain positively for 7-AAD have a permeabilised cellular membrane 

characteristic of cells undergone late apoptosis or necrosis, which allows 7-AAD to 

become internalised and intercalate to guanine and cytosine regions of DNA [234]. By 

contrast, Annexin V relies on the extracellular exposure of phosphatidyl serine (PS) from 

the plasma membrane -which normally faces internally in healthy cells- where it binds to 

PS in a calcium-dependant manner, acting as a positive early stain for apoptosis [235]. 

These two mechanisms of cell death can overlap if the cells undergoing apoptosis don’t 

get phagocytosed, and so enter a stage of secondary necrosis which shares many features 

of primary necrosis [236, 237]. In order to distinguish the primary mechanism of cell 

death following hyperthermia, caspase 3 activity was evaluated using a colorimetric 

assay. Caspase-3 activity is essential for efficient apoptosis and so its expression levels 

against the untreated will indicate if apoptosis is occurring or not [238]. No changes in 

caspase activity was identified following magnetic hyperthermia and so necrosis was 

deemed the primary mechanism of cell death in this case. This strong population of 

necrotic cells was also observed in the above- mentioned Ludwig et al [85].  

 Although no differences in cell viability were established after intracellular 

hyperthermia, it is yet to be fully elucidated whether intracellular nanoparticles can 
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contribute to magnetic hyperthermia in alternative ways such as activating the immune 

system, or inhibiting DNA repair mechanisms, that magnetic hyperthermia is known to 

induce and so it may contribute to treatment efficacy indirectly. Elaborating on this point 

further, papers have shown that intracellular magnetic hyperthermia alone requires much 

longer times to induce significant effects on the viability of cells (up to 2 hours, at 200-

400 pg of Fe per cell [230]) , and so the effects that are observed in in vivo and clinical 

studies may be primarily due to extracellular magnetic hyperthermia. Additionally, efforts 

to improve the internalisation of IONP with targeting peptides before magnetic 

hyperthermia in vivo has shown mixed results and not all cases have proven entirely 

beneficial to the efficacy of the treatment. For example, treating breast cancer xenographs 

with bare nanoparticles versus nanoparticles conjugated with the tumour-internalising 

peptide nucant and/ or doxorubicin showed that there were negligible differences between 

the two formulations following hyperthermia treatment [86]. On the other hand, BxPC-3 

models were shown to be highly sensitive to nanoparticles conjugated with nucant and/ 

or gemcitabine when compared to bare nanoparticles alone [212]. This response could be 

cancer dependant, and some cancers are more sensitive to ‘free’ nucant than others which 

may enhance the hyperthermic response [239]. Another consideration to this matter is the 

fact that SAR and ILP values of nanoparticles reduce when they are conjugated with an 

active pharmaceutical ingredient (API) due to a restriction of motion [86], which means 

a higher concentration of the nanoparticle would be required to induce the desired heating 

effect. Therefore, there is a trade- off between improved treatment efficacy versus safety. 

Finally, there are also considerations derived from the regulatory front; functionalising a 

nanoparticle with an API would change its regulatory path of a medical device to that of 

a medicinal product [216], which costs considerably more time and finances. It is also 

worth noting that MagForce’s Nanotherm® treatment that is clinically approved (since 

2011) to treat glioblastoma utilising magnetic hyperthermia- and is undergoing clinical 

trials in other cancers [68]- and has yet to undergo clinical testing with a functionalised 

version of its nanoparticle. 

2.7. Conclusion 

The effect of intracellular and extracellular magnetic hyperthermia on the viability of 

BxPC-3 cells was compared after 30 minutes treatment. It was found that extracellular 

magnetic hyperthermia (at temperatures of 41.2±0.6 °C) induced significant levels of 

necrosis in these cells whereas intracellular magnetic hyperthermia showed no effect. 
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This therefore leads to questions on the overall importance of intracellular IONP to the 

efficacy of the treatment, and whether it can play indirect functions that could enhance 

this treatment, such as DNA repair inhibition or immune stimulation in tumours.  
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3. Chapter 3: Endotoxin Contamination Assessment of 

fluidMAG/C11-D nanoparticles 

3.1. Background 

Following in vitro efficacy experiments, fluidMAG/C11-D nanoparticles were tested for 

endotoxin contamination to establish whether they were within regulatory guidelines in 

this regard. It was established that the nanoparticles had levels of endotoxin above 

regulatory requirements for a medical device and so an endotoxin screen of 

superparamagnetic IONP from many industrial partners was undertaken to identify a new 

suitable candidate nanoparticle to bring into preclinical assessment. In addition to this 

work, many more nanoparticles were tested for endotoxin as part of collaborations with 

academia, industry and the EUNCL; this work is also summarized in this chapter. 

 This work, and work of others in the group (Dr Elena De Calatrava-Pérez), will 

form a paper that is currently in writing.   

3.2. Introduction 

Endotoxin – or lipopolysaccharide (LPS) – is a large (200 – 1000 kDa), essential 

component of the cell membrane of gram- negative bacteria. It consists of a highly 

conserved, intracellular lipid A anchor, an extracellular polysaccharide antigen termed 

‘O-antigen’, and an interconnected oligosaccharide core (Figure 3.1.). Upon cell death, 

and during growth and division, endotoxin is released into the local environment. 

Endotoxin in the circulation triggers TLR-4 signalling, which subsequently mounts an 

inflammatory response against bacteria [240, 241]. Our bodies are highly sensitive to this 

toxin, with picogram to nanogram levels known to induce inflammatory cytokine 

expression in vitro [242], while 2-4 ng/ kg levels associated with systemic inflammation 

and sepsis in humans [243].  
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Figure 3.1. Schematic representation of endotoxin derived from E. coli O111:B4.  

Endotoxin consists of a highly conserved lipid A region which carries most of the potency 

of endotoxin. The lipid is embedded in the cell membrane, acting as an anchor for the 

polysaccharide backbone. The O-antigen region consists of repeating oligosaccharide 

units which varies in structure between species. Figure adapted from [244]. 
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Endotoxin is notoriously heat- stable and so this molecule is ubiquitously found 

on surface tops, glassware, lab reagents and in the air [245-247]. Nanomaterials are 

particularly vulnerable to endotoxin contamination due to its available phosphate groups 

and hydrophobic lipid sites, and nanoparticles high surface- to- volume ratios (Figure 

3.2.). Removing it is also incredibly difficult, with common sterilisation techniques such 

as autoclaving and ionization radiation proving ineffective [248]. The United States 

Nanoparticle Characterization Laboratory (USNCL) reported previously that more than 

a third of the nanomaterials they tested failed early preclinical assessment due to 

endotoxin levels that do not satisfy regulatory requirements [249].  
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A.         B. 

 

Figure 3.2: Endotoxin binding to cationic and hydrophobic surfaces on 

nanoparticles. 

A. Nanoparticles with cationic surfaces are susceptible to endotoxin binding due to their 

negatively- charged phosphate groups (illustrated in red). Endotoxin can also form 

micelles due to their hydrophobic lipids and hydrophilic polysaccharides, which too can 

interact electrostatically via their available phosphate groups. B. The lipid A structure on 

endotoxin can hydrophobically bind to lipophilic surfaces on nanoparticles.  
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 Nanoparticles have been approved as both ‘Medical Devices’ and ‘Medicinal 

products’, and the endotoxin requirements vary between each. It is important to note that 

in the regulatory setting, endotoxin levels are described as endotoxin units, or EU, to 

account for the varying potencies of endotoxin derived from various bacteria [250, 251]. 

In the research setting, it is common to approximate 1 EU to 100 picograms of endotoxin 

[252]. For medical devices that do not come into contact with cerebral spinal fluid (CSF), 

their limits are 0.5 EU/ ml at no more than 20 EU/ device. If contact with CSF does occur, 

the limits are 0.06 EU/ ml at no more than 2.15 EU/ device. Medicinal products that avoid 

the CSF have a limit of 5 EU/ kg per hour, whereas contact with CSF results in a limit of 

0.2 EU/ kg per hour [253, 254] 

 In order to evaluate the levels of endotoxin in a nanoparticle, two methods are 

commonly used: the in vitro limulus amoebocyte lysate (LAL) assay, and the in vivo 

rabbit pyrogen test (RPT). The LAL assay can be further broken down into the 

chromogenic, turbidimetric and gel clot assays [252, 255]. The lysate used in LAL assays 

derives from the blood of a horseshoe crab – Limulus polyphemus – which clots at a rate 

dependant on the concentration of endotoxin [256]. Based on this physiological 

mechanism, three regulatory approved assays have been developed that rely on three 

different endpoint measurements: turbidity, absorbance and gel clotting [257]. These 

assays are also accepted under ISO 29701:2010, the international standard for endotoxin 

contamination assessment of nanomaterials [258] and the United States Pharmacopoeia 

standards for endotoxin testing [254] . 

Nanoparticles are well known for interfering with many different common assays, 

such as MTT, LDH and ELISA’s [259]. They have also been shown to interfere 

commonly with the LAL assays. Nanoparticles with high absorbance between 400 – 550 

nm may interfere with the chromogenic assay, nanoparticles with high turbidity may 

interfere with the turbidimetric assay, and nanoparticles may interfere with the clotting 

cascade of the gel clot assay; additionally, the surface chemistry of nanoparticles may 

lead to the adsorption of endotoxin, or components of the LAL assay itself, which can 

also lead to interference. For this reason, the inhibition/ enhancement control (IEC) is 

now included with these assays to identify any potential interference [255, 260].  

 In this chapter, the fluidMAG/C11-D nanoparticles from chapter 1 are assessed 

for endotoxin contamination using the chromogenic LAL assay. After overcoming initial 

interference with the assay, it was discovered that the nanoparticle contained levels of 

endotoxin above regulatory requirements, making it unsuitable for preclinical testing. 
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Following this result, the manufacturers of the nanoparticle sent the iron oxide core, the 

polymer coating and the dispersant to be tested individually for endotoxin to identify the 

source of the endotoxin. Following this work, many more superparamagnetic IONP from 

various suppliers were screened for endotoxin to identify a new lead nanoparticle to bring 

forward to preclinical assessment. In parallel to this study, the lab began testing endotoxin 

for academic labs, industry and the EU nanoparticle characterization laboratory 

(EUNCL). A summary of this work is also detailed herein.   

3.3. Materials 

Nanomaterials tested were obtained from a variety of sources as described above. LAL 

assays used were the endpoint chromogenic assay and the gel clot assay (Associates of 

Cape Cod, UK). Tips and tubes were certified endotoxin- free and diluents were certified 

to have levels of endotoxin lower than 0.001 EU/ml. Each of these were also from 

Associates of Cape Cod, UK.  

3.4. Methods 

3.4.1. Nanoparticles  

All nanoparticles were handled in a sterile hood and only opened directly before testing 

for endotoxin. Manufactures guidelines for handling were followed at all times (i.e. light 

sensitive nanoparticle, nanoparticles that must be stored frozen etc.). If the nanoparticles 

were in solid form, they were dispersed in endotoxin-free water before testing; if in 

solution, they were diluted directly into endotoxin- free water. All materials were pH 

tested (Fischer Scientific pH indicator paper) to ensure they were between pH 6.0 and 

8.0, to prevent assay interference from this regard [261], and if they were outside this 

range, their pH was adjusted with pyrogen-free 1M NaOH or HCl (Sigma Aldrich, 

Ireland).  

Information on nanoparticle concentrations were obtained from the suppliers and 

used to determine the maximum valid dilution (MVD). The MVD refers to the maximum 

dilution a nanomaterial can undergo before it reaches its endotoxin limit and cannot be 

diluted any further for endotoxin assessment [253, 254]. To calculate MVD, the following 

equation is used: 

 

MVD = 
𝐸𝐿 𝑥 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝐴𝑠𝑠𝑎𝑦 𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦
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where EL is the endotoxin limit of the particular nanoparticle, concentration is the 

undiluted concentration of the nanoparticle (or carried active pharmaceutical ingredient) 

in mg/ml and assay sensitivity is the lowest concentration of endotoxin recognised by the 

LAL assay. For determining the EL, the regulatory path of the nanoparticle must be first 

established. Based on the nanoparticles desired mechanism or action – pharmacological 

or physical – the nanoparticle was considered a medicinal product or medical device 

respectively [216]. Therefore, as described above, the endotoxin limits associated with 

these are used to calculate the MVD. With regards to assay sensitivity, this will vary 

between LAL assays. For the chromogenic and turbidimetric assays this would be the 

lowest value on the standard curve, for the gel clot assay this value is provided with the 

kit [262] [Note: The sensitivity of the gel clot assay was confirmed before undergoing 

endotoxin testing of materials]. 

3.4.2. Chromogenic endpoint assay 

The USNCL protocol (NCL Method STE-1.1) for endpoint chromogenic assay was 

followed for this test [261], this is in compliance with ISO 29701:2010 [258], and the US 

Pharmacopoeia standard for endotoxin testing [254]. In summary, a standard curve was 

made from the control standard endotoxin (CSE) and endotoxin- free water based on the 

sensitivity of the LAL reagent. Each nanoparticle to be tested was diluted in endotoxin- 

free water (not exceeding the MVD) and spiked with a known concentration of CSE. 

Negative and quality controls were also included which consisted of endotoxin- free water 

and a known concentration of CSE respectively. Standards, samples and controls were 

tested in duplicate in 50 µl volumes in a 96 well plate. Each of these wells were incubated 

with 50 µl LAL reagent for 15 ±5 mins (incubation time varies between LAL reagents) 

at 37°C. Once this time has passed, 25 µl of acetic acid is added to each well to terminate 

the reaction (at a final concentration of 10%). The plate is then read at 405 nm with an 

Epoch microplate reader (BioTek, US). The test was deemed a success if the standards, 

samples, IEC and quality control have a coefficient of variation (CV) within 25%, the 

standard curve has a correlation coefficient of at least 0.98 and the spike recovery was 

within 50%- 200%. A spike recovery of <50% was considered an inhibition of the assay, 

where the nanoparticle itself gave a false negative result. Likewise, a spike recovery of 

>200% was considered an enhancement, or false positive result.  

 In order to get over interference with nanoparticles that absorb highly at 405 nm, 

a modification is made to the chromogenic assay to shift the absorbance endpoint to 540-
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550 nm. In this case, the protocol is followed as before but instead of stopping the reaction 

with acetic acid, the reaction is stopped with 50 µl of sodium nitrite in HCl, 50 µl 

ammonium sulfamate and 50 µl N-(1-Naphthyl) ethylenediamine sequentially. The plate 

can then be read at 540- 550 nm. 

3.4.3. Gel clot assay 

The EUNCL (EUNCL-STE-001.3.2) and USNCL (NCL Method STE-1.3) protocols 

were followed for the gel clot assay [261, 263]. Again, this was in compliance with ISO 

and the US pharmacopeia standards for endotoxin assessment of nanomaterials. For each 

gel clot lysate used, a sensitivity test was initially performed to confirm the sensitivity of 

the lysate. For this, the CSE was diluted in endotoxin- free water at 4X, 2X, X and 0.5X, 

where X is the ‘known’ sensitivity of the lysate, provided by the manufacturer. 100 µl of 

these dilutions was added to gel clot tubes (Associates of Cape Cod, UK) in replicates of 

four. Additionally, there are four negative controls which were endotoxin- free water 

alone. Then, 100 µl of LAL reagent is added to each tube, making the final concentrations 

tested 2X, X, 0.5X and 0.25X the sensitivity of the lysate, along with the negative 

controls. Each tube is vortexed and then incubated at 37°C for one hour. Following 

incubation, the tubes are inverted 180 degrees to observe if a clot has been formed. A 

positive result consisted of a firm clot that is maintained following inversion. Anything 

other than a firm clot following inversion was considered a negative result. The test was 

deemed successful if all negative controls failed to clot the gel. From these results, a 

geometric mean sensitivity for the lysate is calculated by taking the antilog of the sum 

log endpoints for each concentration divided by the number of replicates (seen in the 

equation below):  

Geometric mean sensitivity = Antilog ((∑e) / f), 

where ∑e is the sum of the log endpoints and f is the number of replicates. If the calculated 

mean sensitivity is between 0.5X – 2X of the stated manufacturer sensitivity, the 

sensitivity of the lysate is confirmed.  

 Following this confirmation, an interference/ enhancement control (IEC) is 

performed. Here, nanoparticles are tested at a concentration that doesn’t clot the gel in 

replicates of four. At this concentration, the nanoparticles are spiked with CSE at a 

concentration of 4X the sensitivity of the lysate and serial diluted three times so that you 

test nanoparticles alone, nanoparticles and 4X CSE, nanoparticles and 2X CSE, 

nanoparticles and X CSE and finally nanoparticles and 0.5X CSE. Again, when 100 µl of 
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the LAL reagent is added, this equates to a final concentration of nanoparticles and 2X 

CSE, nanoparticles and X CSE, nanoparticles and 0.5X CSE, nanoparticles and 0.25X 

CSE, as well as nanoparticles alone. In addition to the IEC, a sensitivity test is run again 

in duplicate in parallel as a quality control. For this test to be deemed successful, the 

nanoparticles alone must not clot the gel and the lysate sensitivity must be confirmed 

again in the parallel test. Additionally, if the lysate retains its sensitivity when the 

nanoparticles are added to the CSE, the nanoparticles are deemed to not interfere with the 

assay; however, if the sensitivity is outside the 0.5X- 2X range then the nanoparticles do 

interfere. Furthermore, if the lysate sensitivity is calculated below 0.5X, the nanoparticles 

induce an inhibition to the assay; likewise, a sensitivity above 2X is associated with an 

enhancement. If the nanoparticles pass the IEC, it can then be tested for the quantity of 

endotoxin it possesses. 

 For the limit test, the nanoparticles are diluted continuously from their stock with 

endotoxin-free water (not exceeding the MVD) and tested in duplicate until no clotting 

of the gel is observed. At this concentration, an additional test is run with nanoparticles 

alone, nanoparticles spiked with 2X the sensitivity of the lysate, an additional 2X CSE in 

water, and water alone in duplicate. If the spiked nanoparticle sample and water sample 

is positive, and nanoparticles alone and water alone is negative, the limit test is successful 

and endotoxin results at this concentration can be reported (Figure 3.3.).  
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Figure 3.3. The three tests required for endotoxin contamination assessment with 

nanoparticles and the gel clot assay. 

X in this case is the concentration of endotoxin that the gel clot lysate is reportedly 

sensitive to. The forward slash refers to the dilution of nanoparticle. Dark blue colours 

refer to a gel clot, whereas light blue is an unclotted gel. If these three tests occur as 

illustrated above, and the nanoparticle is not diluted further than its calculated MVD, the 

endotoxin levels of the nanoparticle can be reported.  
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3.5. Results 

3.5.1. FluidMAG/ C11-D endotoxin assessment 

The fluidMAG/ C11-D nanoparticles described in chapter 2 were found to interfere with 

the chromogenic assay, but this interference was overcome using the diazo modification 

to shift the absorbance endpoint after the nanoparticles were shown to have a high 

absorbance at 405 nm and a lower absorbance at 550 nm (Varian Cary 500 UV-Vis 

spectrometer). Results showed an endotoxin concentration of 0.8 EU/mg of nanoparticle 

which corresponded to 80 EU/ml of stock concentration (100 mg/ml). In order to 

determine the source of the endotoxin, the nanoparticle core, polymer coating (starch) 

and diluent (water) were tested for endotoxin. The starch polymer showed high levels of 

contamination (1.38 EU/mg), whereas the iron core and diluent had lower levels (0.63 

EU/mg and <0.125 EU/ml respectfully) (Figure 3.4.). 

 

 

 

 

 

 

 

 

 

 

 



82 

 

Figure 3.4. Endotoxin assessment of fluidMAG/C11-D nanoparticle.  

Following interference in the chromogenic assay, the UV-Vis absorbance spectra of 

fluidMAG/C11-D nanoparticles showed that they absorbed highly at the wavelengths 

used in the assay (0.91 AU at 405 nm). With wavelengths used in the diazo chromogenic 

assay, however, it absorbed considerably less (0.23 AU at 550 nm). Based on this, the 

diazo chromogenic assay was successfully used to get over the interference and determine 

the endotoxin contamination of the nanoparticle. This concentration was deemed too high 

to fulfil the requirements of a medical device and so the nanoformulations constituents 

were tested for endotoxin to find the source of the contamination. The starch polymer 

coating around the nanoparticle was found to have a considerable amount of endotoxin, 

whereas the iron oxide core contributed less than half this concentration, and the diluent 

had levels of endotoxin that were undetected by the assay (i.e. levels below the standard 

curve). 
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3.5.2. Summary of all nanoparticles tested for endotoxin assessment 

21 nanomaterials from industry, academia, the EUNCL or nanomaterials produced in-

house were successfully tested for endotoxin contamination (Table 4. and Figure 3.5.). If 

the nanomaterial interfered with a particular assay, the assay was changed (chromogenic 

to gel clot) or modified (diazo reagent) until it could be successfully measured. 9 of the 

21 nanomaterials had levels of endotoxin that prevented progress to further testing. These 

9 nanomaterials consisted of 7 IONP and 2 gold nanoparticles (GNP) derived from in-

house, academia and industry. The liposome and polymeric nanoparticles all passed 

endotoxin assessment and have proceeded into further testing.  
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Table 4. Summary of all nanoparticles tested for endotoxin contamination. 

Nanoparticle source, potential medical application, predicted regulatory path, assay used 

for assessment, MVD value calculated, determined EU stock concentration and whether 

it passes or fails based on these levels are described within. Abbreviations: NM, 

Nanomaterial; MH, magnetic hyperthermia; Multiple, multiple potential applications; 

DD, drug delivery; IONP, iron oxide nanoparticle; GNP, gold nanoparticle; Liposome, 

Lipid-based nanoparticle; Polymer, polymeric-based nanoparticle; MVD, maximum 

valid dilution, EU conc., endotoxin unit concentration. 

 
NM Source Medical 

application 

Expected 

regulatory 

path 

Assay  MVD EU conc 

(EU/ml) 

Pass/Fail 

IONP1 Industry MH Device Gel clot 633 0.4EU Pass 

IONP2 Industry MH Device  Gel clot 671 98.4EU Fail 

IONP3 Industry Imaging Device Diazo 467 0.48EU Pass 

IONP4 Industry Multiple Medicinal Gel clot 1000 15.75EU Fail 

IONP5 Industry Multiple Medicinal Diazo 4167 77.5EU Fail 

IONP6 Industry Multiple Medicinal Gel Clot 1,000 30EU Fail 

IONP7 Industry Multiple Device Diazo 1667 80EU Fail 

IONP8 Industry Multiple Medicinal Gel Clot 1000 43.75EU Fail 

IONP9 Industry Multiple Medicinal Diazo 517 31EU Fail 

GNP1 Academia DD Medicinal Diazo 25 0.26EU Pass 

GNP2 Academia DD Medicinal Diazo 25 0.28EU Pass 

GNP3 Academia DD Medicinal Diazo 25 4.1EU Fail 

GNP4 Academia DD Medicinal Diazo 25 5.64EU Fail 

GNP5 Industry DD Medicinal Gel clot 41667 4.8EU Pass 

GNP6 In-house DD Medicinal Diazo 28.5 0.06EU Pass 

GNP7 In-house DD Medicinal Diazo 27.8 0.43EU Pass 

GNP8 In-house DD Medicinal Gel Clot 5 <0.06EU Pass 

GNP9 In-house DD Medicinal Diazo 27.5 1.49EU Pass 

Liposome1 EUNCL Imaging Device Diazo 8333 0.37EU Pass 

Liposome2 EUNCL Imaging Device Diazo 833 0.28EU Pass 

Polymer1 EUNCL DD Medicinal Diazo 16667 1.7EU Pass 
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Figure 3.5. Nanoparticles passing the IEC and successfully tested for endotoxin 

contamination.  

Interference with these assays is determined using a spike recovery control (given by the 

red lines). Spike recovery is given by percentage. Abbreviations: IONP, iron oxide 

nanoparticle; GNP, gold nanoparticle; NP, nanoparticle; Liposome, Lipid-based 

nanoparticle; Polymer, polymeric-based nanoparticle. 
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3.5.3. Overcoming interference  

Interference with the chromogenic assay was commonly observed with IONP and GNP. 

In both cases, this interference was in the form of inhibitions. Interference by IONP can 

be observed in Figure 3.6 where five IONP were shown to strongly inhibit the 

chromogenic assay. From Figure 3.4. above, it was shown that fluidMAG/C11-D had 

high absorbance at 405 nm which could interfere with the assay and shifting the 

absorbance to 550 nm could overcome this. 4 other IONP showed similar interference, 

and so they were tested with the diazo chromogenic also. Shifting to 550 nm was effective 

at removing inhibitions for all but one nanoparticle: IONP4. In order to overcome this 

interference, the gel clot assay was used in an attempt to change the endpoint measured. 

The gel clot assay proved successful in overcoming interference and the endotoxin levels 

for all of these IONP could be reported (Figure 3.6.).  
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Figure 3.6. Overcoming IONP interference with LAL assays 

IONP strongly inhibited the chromogenic assay, with spike recoveries falling far below 

the 50% concentration. Adding the diazo reagent to shift the absorbance endpoint to 550 

nm proved successful at overcoming interference for most IONP, except IONP4. 

Subsequently, the gel clot assay was used to get over this inhibition and endotoxin 

contamination for IONP4 was successfully measured. 
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3.6. Discussion 

Nanotherm®, as described in section 1.3.3., is currently the only treatment approved in 

the clinic to treat cancers through magnetic hyperthermia. Importantly, Nanotherm® is 

approved as a medical device, as its mechanism of action can be described as ‘physical’ 

rather than ‘pharmacological’[216]. As such, fluidMAG/ C11-D nanoparticles would be 

regulated in the same manner and so would have endotoxin limits associated with a 

medical device: 20EU/device at no more than 0.5 EU/ ml [193, 254]. The median dose 

used by Nanotherm® in the clinic is 504 mg Fe [216], which, if fluidMAG/C11-D 

nanoparticles were to be used in that concentration range, would make them non-

clinically viable (0.8 EU/mg). Because of this, it was important to determine where 

exactly this endotoxin originated from in the nanoformulation. Therefore, the iron oxide 

core, starch polymer coating and nanoparticle diluent were tested individually to establish 

to what extent each constituent was contaminated. The levels of endotoxin in the diluent 

were below the levels of detection in the assay, the iron oxide core was found to have 

0.625 EU/mg and the starch coating contributed 1.38 EU/mg to the nanoformulation. 

Based on these results, an important lesson was learned: ensuring that the starting reagents 

are endotoxin-free is essential to producing a final nanoparticle product within the 

regulatory guidelines for endotoxin contamination. Other groups have also voiced this as 

the most important consideration to preventing contamination [248, 264].  

 Following the detection of high levels of endotoxin in the fluidMAG/C11-D 

nanoparticles, superparamagnetic IONP from various suppliers were screened to identify 

a new lead nanoparticle to take into preclinical evaluation. The levels of endotoxin of 

these nanoparticles were compared against the levels identified with Sienna +®, a 

clinically approved IONP used to detect lymph node metastasis in breast cancer patients 

[265] (kindly provided by Endomagnetics, UK). Of these tested, one nanoparticle had 

levels of endotoxin comparable (in fact lower) to the clinically-approved Sienna +®: 

RCL-01. RCL-01 had an endotoxin level of 0.006 EU/mg which corresponded to 0.4 

EU/ml of stock concentration, whereas Sienna +® had more than double this value with 

0.017 EU/mg, corresponding to 0.48 EU/ml of the stock. Moreover, RCL-01 had ILP 

values 5 times larger than fluidMAG/C11-D (1.1 versus 5.7 nHm2kg-1; ILP data for RCL-

01 was provided by the supplier: Resonance Circuits Limited), meaning less of the 

nanoparticle would be required to achieve the desired temperature elevations in vivo. 

Notably, other than RCL-01 and Sienna+®, all of the IONP had levels of endotoxin above 

regulatory requirements.  
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 Interference was commonly encountered with IONP and GNP using the 

chromogenic  and diazo chromogenic assay. Both of these materials are known to absorb 

highly between 405 nm and 550 nm and so interference can occur if endpoints are 

measured close to these wavelengths [255, 259, 266, 267]. 5 IONP were shown to 

interfere strongly through inhibitions when assessed with the chromogenic assay at 405 

nm. The spike recovery was lower than 10% in some cases for these nanoparticles. 

Shifting the absorbance to 550 nm proved effective at removing this interference with 4 

of the 5 nanoparticles. Interestingly, the nanoparticle that still interfered -IONP4- was the 

only cationic nanoparticle tested in this screen, and so it can be surmised that the 

inhibitions that remained in its case are from direct binding of endotoxin to the 

nanoparticle via its negatively-charged phosphate groups, resulting in a false negative in 

the assay [248]. Following this, IONP4 was assessed for endotoxin with the gel clot assay. 

This test proved successful with the spike recovery at exactly 200% and within 

requirements for a successful test.  

Of the total 21 nanoparticles tested, 9 had contamination that prevented further 

progress into preclinical studies. What is of additional importance in this regard is the fact 

that these nanoparticles have been developed specifically for biomedical applications and 

have now failed due to excessive endotoxin levels. Moreover, these materials originated 

from many different sources including in-house, academia and industry, and so this is a 

major issue across-the-board that must be considered at all levels.  

3.7. Conclusion 

The fluidMAG/C11-D nanoparticles from chapter 2 were assessed for endotoxin 

contamination following successful efficacy data in vitro. The nanoparticles were found 

to have concentrations of endotoxin that would make them clinically non-viable when 

compared to Nanotherm®, which is regulated as a medical device. Subsequent endotoxin 

testing of the nanoparticle components determined that the polymeric coating of the 

nanoparticle was introducing a significant amount of endotoxin into the final product, 

with a smaller contribution from the iron oxide core. Following these results, many more 

IONP were screened to identify a new lead candidate to bring into further testing. 

Additionally, many nanoparticles synthesised in-house and obtained from academic and 

industrial institutions were also tested. It was found that 9 of the 21 nanomaterials 

contained endotoxin levels that would prevent them progressing further into preclinical 

testing. These results emphasise the extent of this issue at all levels of research. 
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4. Chapter 4: Complement Activation Assessment with Lead 

Nanoparticles 

4.1. Background 

Based on the endotoxin screen, one IONP (RCL-01) was shown to have levels of 

endotoxin within regulatory requirements for a medical device and so this nanoparticle 

was taken forward into a blood compatibility assessment. In addition to this lead IONP, 

an IONP found to be contaminated with high levels of endotoxin (NOC-0001) was 

included as a contaminated control, and the clinically- approved Sienna+® was also 

included as a clinical comparison. For this study, human plasma was treated with each 

nanoparticle at clinically relevant concentrations to determine the concentration a positive 

complement activation response occurs with each material. Complement activation is a 

marker for hypersensitive effects in vivo that is a concern for IONP in the clinic.  

 This work will contribute to a paper in collaboration with Dr. Neill Liptrott and 

his group at the University of Liverpool who are testing these same nanoparticles for their 

potential to induce coagulopathies, haemolysis and immune stimulation/suppression in 

human plasma.  

4.2. Introduction 

The complement system plays an integral role in the opsonization and removal of 

pathogens form the body. As described in section 1.4, this complex system comprises 

more than 30 proteins that can be activated through three mechanisms: the classical, lectin 

and alternative pathways. Each of these pathways is linked by the cleavage of 

complement 3 (C3) into its active subunits C3a and C3b, the critical step in complement 

activation [198]. The surface chemistry and large surface area of nanoparticles make them 

susceptible to complement activation, and efforts to limit their recognition with 

biocompatible coatings are not always successful [197, 202, 268]. Significant activation 

can cause hypersensitive reactions than manifest as symptoms  such as  rash,  dyspnea,  

flushing,  hypertension,  hypotension,  and  even  fatal  cardiopulmonary syndrome in rare 

cases [269]. One such hypersensitive reaction is complement activation related 

pseudoallergy (CARPA), which, as the name suggests, is a non- IgE mediated reaction. 

CARPA can result in harmful haematological alterations such as leukopenia and 

thrombocytopenia [202]. Nanoparticles have been highly associated with inducing 

CARPA, and it is thought to have contributed to the withdrawal of several IONP in the 

clinic [211]. Following these withdrawals, health warnings from the FDA and EMA were 
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published regarding hypersensitivity reactions associated with IONP and recommended 

precautions to take [191, 192].  

Based on this evidence, complement activation was assessed with the lead 

nanoparticle identified from the endotoxin contamination screen (RCL-01). Additionally, 

Sienna +® was used as a clinical comparison along with another IONP (NOC-0001) that 

was found to have high levels of endotoxin (98.4 EU/mg) as a contaminated comparison. 

The aim of this chapter was to determine doses of IONP that induce complement 

activation, providing an indication for potential hypersensitive effects further down the 

line. 

4.3. Materials 

Sienna +® was kindly provided by Endomagnetics, UK as a clinical standard for these 

experiments. NOC-0001 and RCL-01 were also generously provided by BioKeralty and 

Resonance Circuits Limited respectively. Each of these IONP are coated in a form of 

dextran and sterilised through gamma irradiation. iC3b ELISA’s were purchased from 

Pathway Diagnostics, UK. Zymosan was purchased from Sigma Aldrich, Ireland, and 

phosphate buffered saline free from magnesium and calcium ions was purchased from 

VWR International, UK. Sodium citrate vacutainer tubes were from Fischer Scientific, 

UK.  

4.4. Methods 

4.4.1. Characterization 

Size distribution (NTA and DLS) and zeta potential (DLS) measurements were performed 

according to protocols from the EUNCL [223, 224, 270] (See Supplementary Figures 5, 

6 and 7).   

4.4.2. Dose selection 

The dose chosen was based on the median dose used by Nanotherm® in the clinic – 504 

mg of iron [216]. Based on this concentration, a 70 kg individual would be treated with 

7.2 mg Fe/kg. A 70 kg individual has approximately 5.6 L of blood, and so at this 

concentration, the levels of iron in the blood would be 90 µg/ml. On top of this 

concentration, additional concentrations of 2X, 0.5X, 0.25X, 0.125X, 0.06X, 0.03X and 

0.015X (where X is the median concentration of Nanotherm®) were tested with the aim 

of identifying a window at which complement activation occurs and stops. This method 

of dose calculation is recommended by the EUNCL and USNCL [271, 272]. 
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4.4.3. Blood treatment with nanoparticles and zymosan 

The EUNCL and USNCL protocols for complement activation assessment of 

nanoparticles was followed herein and described below [271, 272]. This test is also in 

compliance with ISO standards for biological evaluation of medical devices (ISO 10993-

4:2017). In short, 3 healthy donors (2 females and 1 male; on no medication) supplied 

blood that was drawn directly into sodium citrate vacutainer tubes. The first 5 ml of blood 

was discarded and not used for assessment. The blood is immediately spun at 2500 g for 

10 minutes to extract the plasma. Upon completion, the plasma is inspected for signs of 

haemolysis (reddening of the plasma). In these experiments, no indications of haemolysis 

were observed with any donors. The plasma is then extracted and ready for treatment. For 

this, 100 µl of plasma, 100 µl of veronal buffer and 100 µl of test sample (at each 

concentration described above) is added together in 1.5 ml falcon tubes (each test is run 

in duplicate). The tubes are vortexed and then heated to 37 °C for 30 minutes. Following 

heating, the samples are aliquoted and frozen at -80 °C for subsequent analysis by ELISA. 

The negative control for this experiment was Ca2+ and Mg2+ -free PBS, while the positive 

control was activated zymosan (activated by dispersal in 1% 0.15M NaCl, heated to 100 

°C for one hour, centrifuge for 30 minutes at 4000 rpm and re-disperse at 15 mg/ml in 

0.15M NaCl) at a final plasma concentration of 5 mg/ml, as used in [203, 273].  

4.4.4. iC3b ELISA 

iC3b was chosen as the component of the complement system to measure as an indicator 

of activation. Upon cleavage of C3 to C3a and C3b, C3b is quickly broken down further 

into iC3b through the activity of factor I and H [274, 275]. The level of iC3b in serum is 

reflective to the level of complement activation [201]. Additionally, iC3b ELISA has 

previously been shown to have a larger signal-to-noise ratio than C3a [201]. 

Manufacturers recommendations were followed for this ELISA (Pathway Diagnostics, 

UK). Serum samples were thawed no more than once. If the sample dilution had to be 

adjusted to fit the standard curve, a separate unthawed aliquot was used.   

4.5. Results 

4.5.1. Characterization 

Sienna +® were deemed the smallest nanoparticle by NTA and DLS measurements, 

followed by NOC-0001 and RCL-01 respectively. Both Sienna+® and RCL-01 were 

anionic while NOC-0001 was considered neutral in charge [276]. With regards to 

endotoxin contamination, Sienna+® and RCL-01 have low levels within regulatory 
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requirements for medical devices, whereas NOC-0001 have levels vastly exceeding the 

other two and not suitable for clinical applications (Table 5). 
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Table 5. Summary of characterization data from NOC-0001, RCL-01 and 

Sienna+®. 

Values for size distribution, zeta potential and endotoxin contamination are provided for 

each nanoparticle. pH = 7 for all nanoparticles. Values represent mean± standard 

deviation. NOC-0001 and RCL-01 were tested for endotoxin contamination using the gel 

clot assay. Sienna +® was tested for endotoxin contamination using the diazo 

chromogenic assay. See Supplementary Figures 5,6 and 7 for NTA and DLS graphs. 

Abbreviations: NTA, nanoparticle tracking analysis; DLS, dynamic light scattering; PDI, 

polydispersity index; EU, endotoxin unit. 

 

Nanoparticle Mean size 

(NTA) 

Mean size 

(DLS) 

PDI 

(DLS) 

Zeta 

potential 

(DLS) 

Endotoxin 

contamination 

NOC-0001 72.5±3.8 

nm 

106.3 nm 0.224 -2.59± 

1.08 mV 

98.4 EU/mg 

RCL-01 128.1±13.2 

nm 

115.4 nm 0.25 -5.72± 0.15 

mV 

0.006 EU/mg 

Sienna +® 62.1±8.4 

nm 

58.7 nm 0.177 -16.2± 

0.895 mV 

0.017 EU/mg 
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4.5.2. Complement activation 

All nanoparticles activated complement at concentrations 2X, X, 0.5X 0.25X, where X is 

the median concentration used by Nanotherm® in the clinic (7.2 mg/kg for a 70 kg 

individual). A positive response in this case is described as at least a two-fold induction 

of the complement component in question against the negative control [271, 272] (as 

highlighted by the red line in A. and B. of Figure 4.1.). This positive response stops at 

concentrations of 0.125X and below for each nanoparticle. Moreover, as described in 

section 3.1, nanoparticles have been shown to interfere with ELISA’s, giving false 

positive/ negative results, and so nanoparticle interference was evaluated with the assay. 

At the highest concentration used in the assay (2X median Nanotherm® dose), the 

nanoparticles are spiked with 0.6 µg/ml of iC3b standard with the aim of assessing their 

spike recovery against the standard alone. The nanoparticles were shown to have 

negligible effects on the assay (Graph C of Figure 4.1.). Finally, as NOC-0001 was shown 

to have high levels of endotoxin from chapter 3 (98.4 EU/mg), endotoxin (US 

Pharmacopeia endotoxin standard; Sigma Aldrich, Ireland) alone was assessed for its 

ability to activate complement also. No concentration of endotoxin (up to 5 ng/ml) 

induced a positive response, however a slight increase in iC3b against the negative control 

was observed (Graph D of Figure 4.1.). 
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A.       B. 

 

 

C.       D. 

 

Figure 4.1. Summary of complement activation results. 

A. Complement activation with nanoparticles up to 0.125X the median dose of 

Nanotherm®. B. Complement activation with nanoparticles up to 2X the median dose of 

Nanotherm®. C. Interference test for highest concentration of nanoparticles used in the 

assay (2X). D. Complement activation with endotoxin alone. Red line in A. and B. 

indicates what is considered as a positive complement response by the EUNCL and 

USNCL. Error bars = standard deviation. X = median dose used by Nanotherm® in the 

clinic (504 mg of iron). A. and B. shows results for N=3 independent donors in duplicate. 

C. shows results for 3 independent donors in duplicate. D. shows results from 3 

independent donors pooled plasma in duplicate. Abbreviations: NOC, NOC-0001 

nanoparticles; RCL, RCL-01 nanoparticles; S+, Sienna +® nanoparticles. 
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4.6. Discussion 

A dose could be determined where each nanoparticle stopped inducing a positive 

complement response (Figure 4.1.). This was found to be between 0.125X and 0.25X the 

median dose of Nanotherm® used in the clinic for all three nanoparticles. This 

corresponds to 1.8 – 3.6 mg/kg for a 70 kg individual. Interestingly, the maximum dose 

used by Sienna +® in the clinic is 56 mg of iron or 0.8 mg/kg for a 70 kg individual [216], 

and so this matches up well to what is currently being used in the clinic. To ensure that 

this response is not a result of interference from the nanoparticles with absorbance 

readings or through interactions with the constituents of the assay, a spike recovery test 

was performed with the highest concentration of each nanoparticle used in the assay. The 

nanoparticles were shown to have negligible effects on the assay (Graph C of Figure 4.1.). 

Moreover, as NOC-0001 nanoparticles were shown to be highly contaminated with 

endotoxin, an endotoxin assessment was performed with increasing concentrations tested 

to observe if the endotoxin alone could induce a complement response at these 

concentrations. Although a positive response didn’t occur, a slight increase in iC3b was 

observed following endotoxin treatment, and so it cannot be ruled out that endotoxin 

contributed to the increased iC3b levels observed at the higher concentrations of NOC-

0001 used (2X concentration corresponds to 1.8 ng/ml of endotoxin), even though similar 

complement responses were observed with Sienna+® and RCL-01, and they have 

negligible endotoxin levels in their formulations.  

 As each of these nanoparticles are coated in dextran, it is possible that basal levels 

of C3b in serum is directly binding to the nanoparticles through nucleophilic attack of the 

hydroxyl groups on dextran to the thioester sites on C3b, forming stable covalent bonds 

[277, 278]. From here, the C3b could be brought into close proximity to convertases on 

the surface of the nanoparticles which cleave C3b, and initiate the complement cascade 

[279]. Efforts to shield or modify these alcohol groups have had mixed results: modifying 

hydroxyl groups on dextran beads could inhibit their capacity to activate complement 

[280], whereas crosslinking of the hydroxyls on IONW mentioned previously showed no 

similar damping effect [208]. Additionally, a study published in Nature in 2019 found 

that complement activation could be dependent on the protein corona formed on 

nanoparticles, which can facilitate immunoglobulin deposition and in-turn C3b binding 

[210]. Therefore, there could be many potential mechanisms involved in the complement 

activation observed in this case. 
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Importantly, although EUNCL and USNCL guidelines for complement activation 

recommend the use of sodium citrate anticoagulant in their protocols, citrate is known to 

chelate Ca2+ and Mg2+ ions, thus inhibiting complement activation [281]. Moreover, these 

protocols approximate the test drugs final blood concentration with the final plasma 

concentration tested, which may not be truly reflective. Based on this, it is possible that 

these results underestimate the true complement activation associated with these 

nanoparticles.   

4.7. Conclusion 

Three nanoparticles were assessed for their ability to activate complement and potentially 

induce hypersensitive affects if introduced intravenously. RCL-01 (lead nanoparticle), 

NOC-0001 (endotoxin contaminated nanoparticle) and Sienna +® (clinically approved 

nanoparticle) were tested at multiple concentrations relevant to the doses used by 

Nanotherm® in the clinic. It was discovered that all nanoparticles activated complement 

strongly up to a certain point, but this response stopped at concentrations of 1.8 mg/kg 

(for a 70 kg individual). Additionally, these nanoparticles were shown not to interfere 

with the assay via a spike recovery control. A further test with endotoxin alone suggested 

that it may have contributed to the complement activation observed with NOC-0001, but 

the similar results for complement activation observed with the low-endotoxin RCL-01 

and Sienna+® make this questionable. These results, although potentially 

underestimating the true complement activation, provide an important insight into the 

potential acute effects to expect during in vivo safety assessments.  
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5. Chapter 5: In vivo safety Assessment with Lead Nanoparticles 

5.1. Background  

The lead IONP identified from the endotoxin screen was evaluated here for acute 

toxicities and organ damage in vivo. Single, high doses of RCL-01 were administered 

intravenously into rats with the aim of determining the concentration at which acute 

effects occur, their manifestation, and their level of severity. The rats are scored and 

weighed continuously to monitor the severity of these effects and the recovery time. 

Seven days post injection, the animals are euthanized, and their organs are harvested for 

ICP-MS and histological analysis. A dose at which acute effects begin occurring with 

RCL-01 was identified, and all animals went on to make a full recovery from these initial 

effects. 

 This chapter will form a paper when combined with the histological data currently 

being generated within our group by Anna Bogdanska and Dr Olivero Gobbo.  

5.2. Introduction 

IONP have been shown to display multiple haemotoxic effects both in vivo and in the 

clinic. These effects range from clinical reports of hypersensitive reactions, to many in 

vivo studies reporting haemolysis, coagulation dysfunction and immune stimulation/ 

suppression [193, 211, 282]. Therefore, predicting the toxic effects of these nanoparticles 

can be complicated as the literature contradicts itself quite regularly; for example, there 

are reports of IONP both prolonging and shortening thrombin time in vivo [283, 284], 

while there are an abundance of studies showing the immunosuppressive and 

immunostimulatory effects of these materials [285, 286]. Resovist®, for example, has 

been shown to induce an M1-like phenotype in THP-1’s in vitro, while also showing 

reductions in levels of IL-6 and TNF-α at site of injection in vivo [144, 287]. Additionally, 

liver damage and chronic kidney disease has been reported for clinically approved IONP 

that were subsequently discontinued [211]. 

Based on this, an in vivo study with Wistar rats was undertaken to determine any 

potential acute systemic toxicities associated with the lead nanoparticle RCL-01 in 

accordance with ISO 10993-11:2018 (biological evaluation of medical devices). In this 

study, RCL-01 were injected intravenously as a single, high dose based on the highest 

doses of IONP used in rats in the literature [288] (30 mg/kg, 45 mg/kg and 60 mg/kg) to 

determine the point at which acute affects occur and identify the dose-limiting effects 

associated with the lead nanoparticle. Additionally, the study aimed to identify organ 



100 

accumulation and damage through inductively coupled plasma mass spectrometry (ICP-

MS) and histological analysis.  

5.3. Materials 

5.3.1. Nanoparticles  

The nanoparticles used for this study were RCL-01 IONP supplied by Resonance Circuits 

Limited, UK. These nanoparticles are coated in dextran and sterilised through gamma 

irradiation, which was confirmed by microorganism contamination analysis by the 

supplier. Characterization was performed in Chapter 4 but summarized again in Table 6 

below (also see Supplementary Figure 5). Additionally, endotoxin contamination 

assessment and complement activation was also assessed in previous chapters (Chapter 3 

and 4 respectively). The nanoparticles displayed lower levels of endotoxin than the 

clinically approved Sienna +® (0.006 EU/mg versus 0.017 EU/mg respectively). 

5.3.2. Animal ethics 

This work was carried out following ethical approval from the Animal Research Ethics 

Committee at Trinity College Dublin and Health Project Regulatory Authority (HPRA) 

under the project license number AE19136 /P0890. 

5.3.3. Animal husbandry 

Female Wistar rats weighing 239±20 g were bred in-house and kept at Trinity College’s 

Institute for Neuroscience where they were provided food and water ad libitum. They 

were kept under 12 hr light/dark cycles at temperatures of 20±3 °C. Acclimatisation to 

the facility was allowed for two weeks prior to experimentation. 

5.4. Methods 

5.4.1. Nanoparticle characterization 

EUNCL protocols for characterization by NTA and DLS was followed for analysing these 

nanoparticles [223, 224, 270] (Supplementary Figure 5).  

5.4.2. Study procedure  

The animals were randomised into two blocks of 12 where they were treated in triplicate 

with either saline, 30 mg/kg, 45 mg/kg or 60 mg/kg of RCL-01 in 1 ml total volume 

(Figure 5.1.). Treatments were administered through tail vein injections with 26-gauge 

1ml syringes (BD PlastiPak, Ireland). For this, the animals were placed under anaesthetic 

with 3% isoflurane for no more than 5 minutes and injected with treatments or controls. 
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As the injection time of IONP can be critical to the development of any potential 

hypersensitive affects [289], this was kept consistent as best as possible to between 90 – 

120 seconds for each injection. Following injection, each animal was monitored for two 

hours or until full recovery. The animals were housed randomly post injection in groups 

of four with weight and severity scores taken 0.5, 1 and 2 hours post injection and then 

every day until study completion (7 days), where they are euthanised via anaesthetic and 

cardiac perfusion. The severity score system used was approved by HPRA and described 

in Supplementary Figure 8. Finally, the liver, spleen, lungs and kidney were harvested, 

weighed and sampled for both ICP-MS and histological analysis. 
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Figure 5.1. In vivo study summary. 

This study was divided into two identical blocks. In each block, animals are treated in 

triplicate with either saline, 30 mg/kg, 45 mg/kg or 60 mg/kg of RCL-01. After 7 days, 

the animals are euthanized, and their organs are processed to determine iron accumulation 

(ICP-MS) and organ damage (histological analysis). 
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5.4.3. Organ processing 

Following organ sampling, each tissue is dissolved in 67-69 % trace-element nitric acid 

(Fischer Scientific, UK) at a concentration that is ten times the weight of the sample (i.e. 

1 g of tissue would be dissolved in 10 ml nitric acid) in 15 ml tubes with colourless caps 

(Eppendorf, UK). [Note: Caps with colours contain metals including iron that can 

dissolve in acid and interfere with the analysis]. The tubes are then heated to 60 °C and 

left overnight to dissolve. The dissolved samples are then diluted into trace-element water 

(Fischer Scientific, UK) to a total volume of 5 ml for subsequent ICP-MS analysis. 

5.4.4. ICP-MS 

Following organ processing, all samples were sent to the London Metallomics Facility at 

Kings College London for ICP-MS analysis using the NexION 350D. The procedure 

involved a seven standard calibration curve between 1 µg/L and 10,000 µg/L and negative 

controls every twenty samples as an internal quality control.  

5.4.5. Statistics 

All statistical analysis was done using GraphPad 7. Data presented with error bars 

describes the mean ± standard deviation. All results represent n=6 per treatment group. 

Severity score is analysed using a two-way ANOVA followed by a Dunnett’s test. 

5.5. Results 

5.5.1. Nanoparticle characterization 

RCL-01 characterisation data has been described previously in chapter 4. In addition to 

the previous data, the suppliers also provided data for ILP and microorganism 

contamination which is included in the table below (Table 6).  
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Table 6. Summary of RCL-01 characterization. 

Values for size distribution, zeta potential (pH = 7), endotoxin and microorganism 

contamination and ILP are provided within (see Supplementary Figure 5 for NTA and 

DLS graphs). Endotoxin contamination was assessed using the gel clot assay. 

Microorganism contamination and intrinsic loss power was provided by the supplier: 

Resonance Circuits Limited. Values represent mean± standard deviation. Abbreviations: 

NTA, nanoparticle tracking analysis; DLS, dynamic light scattering; EU, endotoxin unit; 

CFU, colony forming units. 

 

Measured Parameter Value 

Mean size (NTA) 

Mean size (DLS) 

128.1±13.2 nm 

115.4 nm 

Polydispersity index (DLS) 0.250 

Endotoxin level (Gel clot) 0.006 EU/mg 

Zeta potential (DLS) -5.72±0.152 

mV 

Microorganism 

contamination 

<1 CFU 

Intrinsic loss power 5.7 nHm2kg-1 
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5.5.2. Body weight 

Negligible changes in body weight were observed for all treatments up to 7 days post 

injection (Figure 5.2.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



106 

0 1 2 3 4 5 6 7

9 0

9 5

1 0 0

1 0 5

1 1 0

B o d y  W e ig h t o f  R a ts  o v e r  T im e

D a y s

B
o

d
y

 w
e

ig
th

 (
%

)

S a lin e

3 0 m g /k g

4 5 m g /k g

6 0 m g /k g

 

Figure 5.2. Body weight of rats each day post injection. 

Changes in body weight of rats is given as a percentage of weight recorded at time zero. 

Each data point represents the mean with error bars indicating standard deviation. n=6 for 

each treatment. 
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5.5.3. Severity score 

All animals injected with saline or 30 mg/kg recovered swiftly after the anaesthetic and 

showed no signs of suffering. Following injections with concentrations of 45 mg/kg and 

60 mg/kg, however, the rats were slower to recover from the anaesthetic and displayed a 

considerable drop in mobility. Additionally, these same animals underwent a dramatic 

drop in body temperature up to 1 hour post injection, and also produced soft stools 

throughout this time. Piloerection and arching of the back could also be observed with 

these animals. Of particular note, one animal treated at the highest dose (60 mg/kg) 

showed delayed, heavy breathing and was completely unresponsive for 30 minutes post 

injection. Importantly, all animals went on to make a full recovery within 2 hours (Figure 

5.3. and Table 7).  
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Figure 5.3. Severity score of rats post injection. 

Changes in rat severity scores over time. Each coloured dot represents the mean severity 

score of a treatment group at a particular time point. Error bars represent standard 

deviation. Severity scores were taken regularly post-injection (0.5, 1 and 2 hours post 

injection), and then daily after 24 hours. n=6 for each treatment.  
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Table 7: Statistical analysis of severity scores in rats. 

Summary of significance in severity scores of nanoparticle-treated rats against saline-

treated controls. n=6 for each treatment. Analysed with two-way ANOVA followed by 

Dunnett’s test for multiple comparisons. P*** < 0.001; P**** < 0.0001. Abbreviations: 

NS, not significant. 

 

Hours post 

injection 

30mg/kg 45mg/kg 60mg/kg 

0 NS NS NS 

0.5 NS **** **** 

1 NS *** NS 

2 NS NS NS 

24 NS NS NS 

48 NS NS NS 

72 NS NS NS 

96 NS NS NS 

120 NS NS NS 

144 NS NS NS 

168 NS NS NS 
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5.5.4. Levels of iron in organs 

A dose dependant increase in iron concentrations in the liver and spleen was observed in 

treated animals after 7 days. This was not observed in the kidneys or lungs (Figure 5.4.). 
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Figure 5.4. Levels of iron in rat organs 7 days post injection. 

Levels of iron in organs of rats displayed as mean± standard deviation. n=6 for each 

treatment. 
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5.6. Discussion 

RCL-01 nanoparticles were characterized in previous chapters and shown to have low levels of 

endotoxin and microorganism contamination making them suitable for clinical applications in this 

regard. Noteworthy, these nanoparticles also have a considerably higher ILP value than the 

fluidMAG/C11-D nanoparticles described in Chapter 2 (1.4 versus 5.7 nHm2kg-1), meaning a 

smaller concentration of these nanoparticles would be needed to achieve the desired 

temperature elevations in vivo.  

Following injection, the animals exposed to concentrations of 45 mg/kg and 60 mg/kg 

experienced a slower recovery after anaesthetic than the saline treated and 30 mg/kg 

treated animals, although all rats eventually recovered fully. Most of the 45 mg/kg and 

60 mg/kg treated groups had a significant reduction in mobility, a noticeable drop in 

temperature and soft stools up to 30 minutes post injection. Additionally, up to 1 hour 

post injection the rats also showed signs of discomfort through arching of the back and 

piloerection. In one notable case, one rat treated with 60 mg/kg was completely 

unresponsive for 30 minutes post injection and showed signs of acute dyspnea, but then 

went on to make a full recovery (Figure 5.3.). Additionally, body weight measurements 

confirmed this full recovery with all animals displaying negligible changes at each day of 

the study (Figure 5.2.). Based on these results, it would suggest that hypersensitive effects 

occur at doses starting from 45 mg/kg in rats. Interestingly, the concentrations of IONP 

injected intravenously here are one the highest reported in the literature. To the best of 

our knowledge, in vivo studies in the literature similar to this have tested a maximum 

concentration of 30 mg/kg in rats and 50-60 mg/kg in mice [286, 288, 290].  

Organ accumulation was measured through ICP-MS and both spleen and liver were 

shown to have dose-dependent increases in iron levels after seven days (Figure 5.4.). 

Accumulation at these sites is commonly observed with nanoparticles as they are in the 

same size range of viruses and other nanoparticles naturally present in the air, water and 

food that living organisms have always been exposed to. Therefore, our immune system 

has evolved ways of overcoming potential toxic effects associated with their exposure, 

and so nanoparticles inherently face this hurdle [291, 292]. As mentioned in section 1.4., 

nanoparticles become immediately covered with serum-derived proteins when they reach 

the circulation. Of these proteins, opsonins (including complement proteins) bind to 

nanoparticles and act as signals for phagocytosis and clearance by the mononuclear 

phagocyte system. Once internalised, the nanoparticles are then directed to organs of the 

reticuloendothelial system (liver, spleen, lymph nodes and bone marrow) which 



113 

macrophages readily localise to [293]. It can therefore be suggested that when the RCL-

01 nanoparticles were injected intravenously they become covered in opsonins, 

internalised by the MPS and cleared from the blood over time into the liver and spleen. 

In addition to these ICP-MS measurements, histological analysis is ongoing within our 

group to determine whether this accumulation subsequently results in organ damage. 

Furthermore, to fully investigate the manifestation of hypersensitive effects with these 

nanoparticles - and the doses at which they occur- further haematological and biochemical 

evaluation is required. Pigs have been shown to be the most relevant animal model for 

assessing hypersensitive effects [203]. This study would provide information on changes 

to blood pressure, blood cell count and inflammatory and allergy markers that would be 

the most relevant predictor of potential acute effects in humans [294].  

5.7. Conclusion 

The lead IONP with low levels of endotoxin and microorganism contamination and high 

ILP values was assessed for its acute systemic effects in Wistar rats. As IONP are known 

for inducing hypersensitive effects in the clinic, it is imperative to assess acute infusion 

reactions as part of their preclinical assessment. A single, high dose of these IONP were 

injected intravenously with the aim of determining doses at which hypersensitive 

reactions occur. Symptoms of hypersensitive reactions were observed in the majority of 

rats injected with concentrations of 45 mg/kg and 60 mg/kg. Moreover, iron levels in 

organs were measured after the study and a dose-dependent increase in iron was 

observed.in both the liver and spleen of treated animals. Histological analysis by our 

group will reveal whether this accumulation coincides with any associative organ 

damage. Additionally, assessing these acute toxicities further in pigs would provide the 

most reflective data to the expected hypersensitive effects in humans.  
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6. Overall Conclusion 
 

FluidMAG/C11-D IONP were characterized and assessed for their ability to treat BxPC-

3 cells with magnetic hyperthermia. In this chapter, it was discovered that extracellular 

hyperthermia was shown to effectively kill cells through necrosis, whereas intracellular 

hyperthermia was shown to have no role in treatment efficacy.  

Following successful efficacy data in vitro, these nanoparticles were tested for 

endotoxin contamination. The nanoparticles were found to have high levels of endotoxin 

which would make them unsuitable for clinical applications as they did not satisfy 

regulatory requirements for a medical device. Following this result, a large amount of 

superparamagnetic IONP were screened for endotoxin contamination in an effort to find 

a lead nanoparticle to take into preclinical assessment. Subsequently, new lead IONP was 

identified and found to have lower levels of endotoxin than a clinical approved IONP 

control. In parallel to this, the laboratory began doing endotoxin assessment of 

nanoparticles from a variety of sources included academia, industry, in-house and 

nanoparticles submitted for evaluation with the EUNCL. During this work, a total of 21 

nanoparticles were tested for endotoxin contamination, with 9 having unsatisfactory 

levels, emphasising the significance of this issue across-the-board. 

As IONP are well known to induce hypersensitive effects related to complement 

activation, the lead nanoparticle was tested for complement activation in human serum 

and compared against a clinically approved and contaminated IONP control. A dose was 

identified for the lead nanoparticle where complement activation stops occurring. 

Finally, an in vivo safety assessment was undertaken to determine any potential 

hypersensitive effects that are observed in vivo with these nanoparticles, and at what doses 

these effects occur. Rats were injected intravenously with high doses of the lead 

nanoparticle and, once again, a window was identified where their hypersensitive effects 

stop occurring.  

The characterization data generated with the lead IONP, along with the endotoxin, 

complement activation and in vivo assessments, will contribute to the clinical trial dossier 

for this lead nanoparticle (figure 6.1.). 
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Figure 6.1. Contribution to the translation of a nanomedicine to the clinic. 

Reproduced from figure 1.13. in the introduction is the work this thesis has contributed 

to in relation to the translation of an IONP to a clinical trial (highlighted in green). Size, 

shape, zeta potential, pH and stability were assessed for multiple nanoparticles during the 

initial characterization step. Magnetic hyperthermia proved efficient at inducing 

membrane permeability in vitro. An endotoxin screen was performed on many 

nanoparticles to identify a new lead that would satisfy regulatory requirements. This lead 

IONP was assessed for complement activation, along with clinical and positive controls. 

Finally, the nanoparticle was tested for safety in vivo.  
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7. Future Work 
 

Following this work, further in vivo safety and efficacy studies are necessary to generate 

the clinical data required for a clinical trial. These studies are ongoing with our 

collaborators of the NoCanTher project and aim to answer questions related to the right 

temperatures to use, their duration and how they can be best incorporated into the 

conventional treatment regime for PDAC to ensure maximum overall efficacy. 

 An in vivo safety study that would shed light on the true hypersensitive effects 

associated with the lead IONP would involve assessment in pigs. Pigs have been shown 

to be the most sensitive and relevant model for evaluation of hypersensitive effects with 

nanomedicines and other pharmaceuticals [203]. This model can provide haematological 

(pulmonary arterial pressure, systemic arterial pressure, O2 saturation and blood cell 

count), biochemical (inflammatory and allergy marker analysis) and skin rash analysis 

which enables a relevant dose to be established at which hypersensitive effects can occur 

[294].  

One important efficacy experiment would be to assess the inhibition of DNA 

repair mechanisms in PDAC tumours following magnetic hyperthermia and how 

combination treatments can be used to take full advantage of this effect. As discussed in 

section 1.2.2.3., magnetic hyperthermia can inhibit DNA repair mechanisms in cells, and 

this response may vary depending on treatment temperatures, durations and the cells 

involved. Mutations to DNA repair genes occur in 10-33% of metastatic PDAC cases, 

with alterations to BRCA1 and BRCA2 genes being the most prevalent and occurring in 

both germline and sporadic forms of PDAC [295, 296]. Interestingly, clinical trials have 

shown encouraging results with BRCA-mutated PDAC treated with platinum drugs in 

combination with PARP inhibitors [297]. As previously discussed, hyperthermia and 

PARP inhibition could induce synthetic lethality in vivo, prolonging survival in both 

cancer models [121]. If magnetic hyperthermia is optimised to inhibit BRCA1 or BRCA2 

signalling in PDAC (through a screen of different temperatures and durations), it could 

be combined with PARP inhibitors and chemotherapies that generate double stranded 

breaks (platinum drugs) with the hopes inducing synthetic lethality in DNA repair and 

active, irreparable DNA damage in the cancer. Likewise, if PDAC harbours BRCA 

mutations, magnetic hyperthermia alone may induce synthetic lethality on this pathway, 

and so combination with chemotherapy may induce the same effect in this case.  
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 Another avenue yet to be fully exploited is the potential of magnetic hyperthermia 

to induce an anti-tumour immune response. As mentioned in section 1.2.2.5., most in vivo 

efficacy studies with magnetic hyperthermia use immunocompromised mice which may 

undervalue the immunostimulatory effects of this treatment. Available literature lends 

weight to a potential anti-tumour immune response following magnetic hyperthermia 

which needs to be explored further in relevant models [81, 132]. In vivo cancer models 

with immunocompetent mice are required to shed light on this effect, with 

immunophenotyping of tumours necessary to decipher the immune infiltrate following 

treatment. Additionally, once the mechanism by which the immune response is 

understood, this could provide indications to potential immunotherapies that could be 

combined with this treatment.  

Finally, establishing the parameters necessary to improve vascular perfusion and 

reduce tumour stiffness simultaneously will give combination therapies the best chance 

of success following magnetic hyperthermia treatment. Important factors to consider in 

this case is the fact that achieving both effects at the same temperature and duration will 

take considerable optimisation and mathematical modelling may be required. 

Additionally, as both effects are transient, treatment timepoints will be an essential 

consideration to fully capitalise on these effects within a narrow time window.  
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8. Supplementary Data 

Supplementary Figure 1: Nanoparticle tracking analysis, dynamic light scattering 

and transmission electron microscopy graphs for fluidMAG/C11-D. 

A. 

 

B.  

 

C. 
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D. 

 

A. Nanoparticle tracking analysis size versus concentration graph. Here, the nanoparticles 

were diluted to 10 µg/ml in particle- free water (Sigma Aldrich, Ireland) and analysed 

through 5, 60 second recordings. B. Dynamic light scattering graphs depicting size 

distribution and apparent zeta potential at pH 7. Zeta potential data was provided by the 

suppliers, Chemicell (C). For size measurements with DLS, the nanoparticles were 

diluted to 50 µg/ml in particle-free water. The nanoparticles are then analysed with 10 

measurements of 12 runs. D. Size distribution graph of 200 individual nanoparticles 

imaged via transmission electron microscopy and analysed through ImageJ software.  
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Supplementary Figure 2: Nanoparticle shows little interference with APC or PerCP-

Cy5.5 channels. 

 

After gating for 99% of nanoparticles, less than 10% of the population were shown to 

interfere with APC and PerCP- Cy5.5 channels. It is also important to note that care was 

taken to avoid any nanoparticles when gating BxPC-3 cells in these experiments.  
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Supplementary Figure 3: Gating strategy for BxPC-3 cells 

 

BxPC-3 treated with nanoparticles were gated to ensure nanoparticle avoidance. Doublets 

are removed through forward scatter height versus forward scatter area. BxPC-3 cells 

APC-/PerCP-Cy5-5- were considered vital, APC+/PerCP-Cy5-5- were considered early 

apoptotic, APC+/PerCP-Cy5-5+ were considered late apoptotic and APC-/PerCP-Cy5-5+ 

were considered necrotic. 
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Supplementary Figure 4: Annexin V/ 7- AAD staining of cells treated with incubator 

hyperthermia (42.5 °C for 30 minutes) versus untreated.   

 

The levels of apoptosis and necrosis in incubator heated cells were not significantly 

different to untreated cells. n=5 (triplicate). Analysed with unpaired t-test. 
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Supplementary Figure 5: Nanoparticle tracking analysis and dynamic light 

scattering measurements for RCL-01. 

A. 

B. 

C. 

 

A. Nanoparticle tracking analysis size versus concentration graph. The nanoparticles were 

diluted to 0.0076 µg/ml in particle-free water and analysed with 5, 60 second recordings. 

B. Dynamic light scattering size versus intensity graph. The nanoparticles were diluted to 

30 µg/ml and analysed with 10 measurements of 12 runs.  C. Dynamic light scattering 

counts versus apparent zeta potential graph (sample pH = 7). The nanoparticles are diluted 

to 100 µg/ml in particle-free water and analysed with 3 measurements of 100 runs.  
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Supplementary Figure 6: Nanoparticle tracking analysis and dynamic light 

scattering measurements for Sienna+®. 

A. 

 

B. 

 

C. 

 

A. Nanoparticle tracking analysis size versus concentration graph. The nanoparticles were 

diluted to 0.06 µg/ml in particle-free water and analysed with 6, 60 second recordings. B. 

Dynamic light scattering size versus intensity graph. The nanoparticles were diluted to 30 

µg/ml and analysed with 10 measurements of 12 runs.  C. Dynamic light scattering counts 

versus apparent zeta potential graph (sample pH = 7). The nanoparticles are diluted to 

100 µg/ml in particle-free water and analysed with 3 measurements of 100 runs. 
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Supplementary Figure 7: Nanoparticle tracking analysis and dynamic light 

scattering measurements of NOC-0001. 

A. 

 

B. 

C.  

 

A. Nanoparticle tracking analysis size versus concentration graph. The nanoparticles were 

diluted to 0.08 µg/ml in particle-free water and analysed with 6, 60 second recordings. B. 

Dynamic light scattering size versus intensity graph. The nanoparticles were diluted to 50 

µg/ml and analysed with 10 measurements of 12 runs. C. Dynamic light scattering counts 

versus apparent zeta potential graph (sample pH = 7). The nanoparticles are diluted to 

100 µg/ml in particle-free water and analysed with 3 measurements of 100 runs. 
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Supplementary Figure 8: Severity score system for in vivo study. 

Score Variables measured Clinical signs of sickness Care to be provided 

0 1. Body weight 

2. Activity 

3. Appearance 

All clinically normal 

 

Not applicable 

1 1. Body weight 

2. Activity 

3. Appearance/

behaviour 

1. Weight loss <10% 

2. Decreased 

3. Normal, Oculo-nasal 

discharge 

Monitor animal twice 

daily. 

 

2 1. Body weight 

2. Activity 

3. Appearance/

behaviour 

 

 

1. Weight loss >10% 

2. Reduced activity 

3. Normal, Dehydration, 

Pilo-erection, 

Reduced peer 

interaction, Subdued 

behaviour 

Provide moistened 

food pellets on floor 

of the cage. 

Check body 

temperature 

regularly.  

If suffering persists, 

the animal will be 

rehydrated daily with 

injections of saline.  

If there are 

observable signs of 

pain, 0.05-0.1 mg/kg 

of buprenorphine will 

be administered 

subcutaneously. 

3 1. Body weight 

2. Activity 

3. Temperature 

4. Appearance/

behaviour 

1. Weight loss >15% 

2. Reduced activity 

3. Cold when handled 

4. Hunched posture, 

Decrease in 

grooming behaviour, 

Diarrhoea 

Separate weak rat 

from stronger 

animals. 

Monitor and weigh 

animal twice a day. 

Provide water and 

food by oral gavage 

to compensate the 

dehydration and 

weight loss. 

A hypothermic 

animal will be placed 

in an individual cage 

under an infrared 

lamp or a heating 

pad. 

If there are 

observable signs of 

pain, 0.05-0.1 mg/kg 

of buprenorphine will 

be administered 

subcutaneously.  
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4 1. Body weight 

2. Activity 

3. Temperature 

4. Appearance/

behaviour 

5. Appetite 

 

1. Weight loss >20%  

2. Reduced activity 

3. Persistent 

hypothermia 

4. Hunched posture, 

Hind-limb paralysis 

or weakness, visible 

signs of anaemia  

5. Inability to obtain 

food & water 

 

This animal must be 

euthanized 

immediately.  

It will be humanely 

sacrificed with CO2 

followed by post 

mortem analysis. 

 

 

This table describes a scoring system of 0 to 4 based on weight changes and observable 

signs of suffering or discomfort in the animals. Depending on the score of the animal, 

appropriate action was taken which is described in the far-right column. The animals were 

weighed prior to injection and this formed the baseline for subsequent scoring daily, on 

top of visible behavioural/appearance changes. Following injection, the animals were 

observed closely for two hours (or until full recovery). At no point in this study did any 

animal have a score of four. Three animals scored had a score of three after injection, 

however all animals completely recovered within three hours.  
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