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ABSTRACT 

Magnetic iron oxide nanoparticles (MNP) are superparamagnetic below 30 nm in size, have high surface 

to volume ratio in the nanometre size range, display no remnant magnetism in the absence of a magnetic 

field yet have high coercivity at high magnetisation and have high magnetic susceptibility. These beneficial 

properties favour the use of MNP in applications such as magnetic resonance imaging where they can be 

used as contrast agents, and in therapeutic applications such as magnetic-hyperthermia. In addition, the 

ability to coat the MNP with a range of surface modifying molecules provides further potential to 

functionalise the surface with targeting moieties and therapeutic agents such as chemotherapeutic drugs. 

Detecting cancers at an early stage not only increases the potential for complete removal of the diseased 

tissue, such as the lumpectomy of breast cancers, but also increases survival rate in diseases such as 

pancreatic cancer, where symptomatic presentation occurs mostly at the late stage of disease progression. 

Current therapies involving chemotherapeutic drugs, radiotherapy regimens and surgical intervention are 

highly invasive and generate undesirable side effects. The advent of nanomedicines has opened up a new 

avenue for potential detection and therapeutic applications. Through precise targeting of MNP via the 

incorporation of a surface bound targeting molecule specific for the diseased tissue, and the controlled 

release of chemotherapy drug at the site of the tumour, the systemic exposure to the chemotherapy drug 

can be dramatically reduced or completely eliminated, thereby preventing the associated side effects. In 

addition, the systemic dose delivered can be substantially lowered while maintaining the therapeutic dose 

delivered to the tumour bed. Furthermore, through exploiting the magnetic properties of the MNP, their in 

vivo biodistribution can be determined via imaging applications such as magnetic resonance imaging and 

in situ hyperthermia can be conducted in order to kill the cancer cells via thermal ablation. Therefore MNP 

could provide both a diagnostic and therapeutic modality for the detection and treatment of cancers at an 

early stage.  

In this study, a three-tiered safe-by-design characterisation approach was employed to facilitate 

the selection of a theranostic MNP. Characterisation steps included physicochemical characterisation 

(PCC), in vitro cytotoxicity, determination of in vitro anticancer efficacy, and in vivo biodistribution of 

seven MNP as part of the European Commission FP-7 project of Multifun. MNP synthesized by co-

precipitation in water or by thermal decomposition were characterised by nanoparticle tracking analysis 

(NTA) and compared with characterisation conducted by Multifun partners in IMDEA, Madrid, Spain, 

using transmission electron microscopy (TEM) and dynamic light scattering (DLS). MNP High content 

screening analysis (HCSA) in four breast cancer cell lines (MCF-7, MDA-MB-231, BT-474 and SK-BR-

3) and a normal-like breast-derived cell line (MCF-10A) was conducted to identify non-cytotoxic 

formulations. Lysosomal uptake was determined using LysoTracker® stained cells and bright field overlay 

to confirm localization of MNP following 24h exposure, which was confirmed as active uptake into 

lysosomes via clathrin-mediated endocytosis and micropinocytosis by partners in IMDEA, Madrid, Spain. 

Two biocompatible MNP were identified, OD15 and MF66. In vivo biodistribution and biocompatibility 

testing of MF66 MNP using a 7T magnetic resonance imaging device found that reliable detection of the 

MNP in the mouse was possible with imaging conducted at 4h post-injection. MNP uptake into mouse 

liver, spleen, lung, kidney, heart and brain was analysed by pEPR and blood circulation half-life was 

determined in a rat model. Furthermore, three linkers to facilitate functionalization onto OD15 and MF66 
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MNP were screened by HCSA for the ability to release an active drug compound (doxorubicin 

hydrochloride) and induce an anticancer effect. In addition, OD15 and MF66 were functionalized with the 

Nucant (N6L) pseudopeptide which, despite being cytotoxic in free form, enabled enhanced uptake of 

nanoparticles into cells. Multifunctionalised formulations including the N6L targeting moiety and 

gemcitabine hydrochloride chemotherapy drug were shown to have higher uptake into cells compared to 

non-targeted formulations and anticancer efficacy of both non-targeted and targeted formulations was 

similar to drug alone. Further in vitro evaluation demonstrated mitochondrial toxicity following exposure 

to drug-functionalised MNP which was associated with an increase in cell death by apoptotic or necrotic 

pathways. Evaluation of genotoxic potential by the OECD guideline (test 487) cytokinesis block 

micronucleus assay demonstrated that the MNP formulations did not induce chromosomal aberration 

compared to colchicine, a known micronucleus inducing compound. 

Therefore, this study enabled the identification and elimination of cytotoxic MNP formulations 

and facilitated the selection of the most suitable lead drug-functionalised MNP through systematic selection 

following a three-tiered safe-by-design approach. 
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Chapter 1: Introduction 

 

1.1 Nanotechnology: a brief history 

Nanotechnology is the manipulation of matter on the nanoscale (10-9 meter) encompassing the fields of 

science, engineering and technology. From the historical perspective, nanotechnology has been harnessed 

for thousands of years in the production of stained glass and for medicinal purposes using liquid gold. Gold 

and silver nanoparticles added to molten glass provided a means to fine tune optical properties and produce 

an array of colours. A famous example of this is the “Lycurgus cup”, a 4th century Roman glass cage cup 

with red-green colouration. These colloidal dispersions, whether added by intent or by accident, are one of 

the first examples of nanoparticle use existing to this day. It is proposed that the basis for modern-day 

nanoparticle research was established during the 19th century, with the research of Michael Faraday on 

dispersions of colloidal gold [1]. It was not until 1959 that nanotechnology was brought into the spotlight 

following a radical lecture by Richard Feynman who proposed that “there is plenty of room at the bottom”, 

and is heralded as the inspiration for modern day nanotechnology. He considered the ramifications of being 

able to manipulate at the atomic scale, and the possibility of developing increasingly smaller devices that 

would be capable of building even smaller devices. Feynman’s lecture however went largely unnoticed at 

the time and it wasn’t until Kim Eric Drexler published his PhD thesis “Nanosystems: Molecular 

Machinery, Manufacturing and Computation” that nanotechnology, as we know it, was born [2]. Since 

then, nanotechnology has progressed rapidly, facilitated largely by the immense technological 

advancements made over the past two decades. 

 

1.1.1 Nanomaterials  

The term nanomaterials refers to an extensive and highly varied population of nanosized objects (chemicals 

and materials) that have been systematically researched over the past few decades. Nanomaterials can fall 

into three major categories, whether they are naturally occurring, incidentally produced, or engineered for 

a specific purpose. Naturally occurring nanosized materials include viruses, antibodies, lipids, proteins and 

other small molecules such as glucose and water (Figure 1). It is accepted that a material can be referred to 

as a nanomaterial if it satisfies a set of pre-defined physical conditions as outlined by the European 

Commission [3]:  

 

A natural, incidental or manufactured material containing particles, in an unbound state or as an aggregate 

or as an agglomerate and where, for 50 % or more of the particles in the number size distribution, one or 

more external dimensions is in the size range 1 nm - 100 nm. 
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Figure 1: Nanomaterials size range in relation to biological examples.  

Nanomaterials range between 1 and 100 nm in size, similar in size to glucose, antibodies and viruses. 

Adapted from: http://www.particlesciences.com/services/micro-nano-technology/ 

 

It is estimated that approximately 11 million tonnes of nanomaterials are produced per year, with a market 

value of €20 billion. Applications of nanomaterials are diverse, with research providing new and unique 

uses of a vast array of material; for example gold nanoparticles have been used in the purification of air, 

when embedded in a porous manganese oxide as a room temperature catalyst [4]; as probes in the 

application of transmission electron microscopy owing to their dense structure and in fuel cell applications 

[5]. In comparison, silver in its nanosized forms have been extensively used for their anti-bacterial 

properties [6]. Carbon black nanomaterials have been utilised for their black pigment and also for their 

conductive properties in vehicle tyres [7]. It has been shown to facilitate heat dissipation from the thread 

and belt area of tyres therefore extending tyre life. It has also been used as toner and printer ink, as a food 

colouring (E153), in electronics on account of its high conductivity, and in food packaging due to its 

retention in plastics [8]. Silica based nanomaterials have also been used as an additive in tyres, as a 

strengthening agent in concrete, in lithium ion batteries, in solar panels, in food and in cosmetics [9-13]. 

Superparamagnetic iron oxide nanoparticles (MNP) are used in a wide range of applications including data 

storage [14], toners and inks [15], tattoos [16], water purification and waste water management systems 

[17, 18], but most importantly they have shown huge promise in medical applications as diagnostic and 

therapeutic compounds [19-24]. Due to their small size, MNP have a large surface-to-volume ratio and 

along with their suitability to act as scaffolds for the functionalization of a wide range of therapeutic 

compounds, a high concentration of drug delivery to the site of a tumour is possible. Their 

superparamagnetism opens up an array of possibilities such as the in vivo visualisation of MNP by magnetic 

resonance imaging, in cellular labelling, and biosensing applications [25, 26]. They have been utilised in 

molecular biology as an efficient means of transfection through exploiting their superparamagnetic 

properties in a technique called magnetofection [27]. In this application, nucleic acids, transfection reagents 

or viruses are electrostatically attached onto the surface of the nanomaterials and the nanoparticles are 

concentrated onto cells by the influence of a magnetic field, thereby increasing cellular uptake through 

natural biological processes such as endocytosis and pinocytosis. The application of MNP in this manner 
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is unique in transfection as the membrane architecture and structure remain intact, unlike other physical 

transfection reagents, which damage and create holes in the cell membrane. An alternative approach, and 

one that does not require the use of a magnetic field, is the surface modification of nanomaterials with 

targeting ligands. Such targeting can increase the concentration and deposition of nanomaterials within the 

tumour bed by exploiting the surface presentation of markers on tumour cells, which are otherwise not 

expressed in normal, healthy tissue. MNP have the potential to be tailored on a per-case basis through 

functionalization with tumour-targeting ligands such as monoclonal antibodies, peptides or small molecules 

and therapeutic agents to improve diagnostic rigor and therapeutic effect [28-32]. Such properties make 

MNP suitable candidates for theranostic applications and their role as MRI contrast agents [33], in 

drug/gene delivery platforms [34-36] and hyperthermia [37, 38] are being intensively researched. The 

capability to visualise MNP using techniques such as MRI and the ease with which they are functionalized 

with drugs heralded them as the most widely used and important nanoparticle type developed to date. While 

nanomaterials have been employed in a vast array of applications, it is their use in medicine that will be 

explored in greater detail in the subsequent sections.  

 

1.1.2 Superparamagnetic iron oxide nanoparticles 

The family of MNP display outstanding properties on account of their small size, and high surface-to-

volume ratios, which differentiate them from larger particles and their bulk material. The major advantage 

of MNP is largely owing to their superparamagnetic properties: high coercivity at high magnetisation, low 

to zero coercivity when the field is removed, low curie temperature and very high magnetic susceptibility 

which favours their use in a broad range of applications (Figure 2) [39, 40]. These properties make 

superparamagnetic nanoparticles attractive for the purpose of drug delivery and hyperthermia, as 

magnetisation within the nanoparticle exposed tumour is lost as soon as the magnetic field is removed due 

to thermally induced spin flipping. This is beneficial as remnant magnetisation could induce MNP 

agglomeration and embolization of capillary vessels [41]. 

 

 

Figure 2: Hysteresis loops (magnetisation versus applied magnetic field) of nanoparticles.  

Characteristic hysteresis loops of ferromagnetic and superparamagnetic MNP. Adapted from [40]. 

 

The most prevalent iron oxide nanomaterials are magnetite (Fe3O4) and its oxidised form maghemite (γ-

Fe2O3), and are preferentially used in medical research on account of their biocompatibility and 
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superparamagnetism [42]. Iron is ordinarily present in the human body and the liberation of free iron by 

the biodegradation of the MNP could be utilised in subsequent metabolic processes, thereby preventing 

prolonged risk from exposure [43]. While both magnetite and maghemite are ferromagnetic at room 

temperature (retain their magnetisation in the absence of a field), it is known that below a critical size of 30 

nm, the permanent magnetism is lost and they become superparamagnetic [44, 45]. Superparamagnetism 

occurs when the nanomaterials contain a single magnetic domain, in which all magnetic moments are 

aligned with one another and they point in the same direction when in the presence of an external magnetic 

field. The sum of all the individual magnetic moments results in a single giant magnetic moment, which 

align along the applied field, leading to a net magnetisation. The length of time it takes for the magnetic 

moment to flip, from parallel to anti-parallel orientations, is referred to as the Néel relaxation time. The 

emergence of zero magnetism in these superparamagnetic MNP, in the absence of an applied field, is due 

to the long transition time between these two orientations, which exceed that of the Néel relaxation time.  

It is well known that size governs the magnetic properties [46], and it is therefore important to 

have a reliable synthesis method to ensure that the nanomaterials produced maintain a core size of less than 

30 nm. There exist many methods to synthesise iron oxide nanomaterials such as co-precipitation, thermal 

decomposition, microemulsion, hydrothermal synthesis, sonochemical synthesis, sol-gel synthesis, 

thermolysis of precursors, and more recently green chemical synthesis methods involving the bacterium 

Actinobacter sp. [47]. These methods have been explored for their ability to produce nanomaterials that are 

of uniform size and have suitable physicochemical properties for their required application [48]. Thermal 

decomposition generates a narrow size distribution and homogeneity in structural characteristics, however 

the production of MNP by this method is both time-consuming and expensive, and chemical remnants from 

synthesis could pose a risk during the development phase in in vitro cytotoxicity experiments and tolerance 

in vivo if adequate washes are not carried out. While co-precipitation results in a wider size distribution and 

non-uniformity in population shape characteristics, it does produce nanomaterials that are water soluble 

and as a result it is often the synthesis method of choice [39].   
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1.2 Multifun: a European Commission FP7 project 

The European Commission has provided considerable funding for scientific research, and through the 

seventh framework programme (FP7) (2007 – 2013) the expenditure was €55.8 billion [49]. Funding for 

nanomedicine projects has accounted for €400 million of this, and has directly supported 85 projects within 

the discipline of nanoscience, nanotechnology, materials and new technology [50]. Nanomedicine is the 

application of nanotechnology in a healthcare setting and is based on the advances in physics, chemistry, 

biology, engineering and medicine. The nanomedicine field aims to drive the development of next 

generation nanomaterials to enable early detection and improve diagnosis, treatment and follow-up of many 

diseases [51]. According to the EU Community Research and Development Information Service [52], the 

application of nanotechnology in medicine raises high expectations for better, more efficient and affordable 

healthcare, utilising nanotechnology for targeted drug delivery, diagnostics and regenerative medicine.  

One such project with an aim to develop and validate a set of complementary and minimally 

invasive technologies for the early detection and elimination of breast and pancreatic cancer was the 

Multifun project (Multifunctional Nanotechnology for Selective Detection and Treatment of Cancer) 

(www.Multifun-project.eu.). The project was initiated in June 2011, and involved the collaborative effort 

of thirteen university groups and three industrial partners spanning multiple European countries (Figure 3). 

Multifun sought to develop a MNP that could be used as a diagnostic tool in applications such as magnetic 

resonance imaging (MRI), as a therapeutic agent through exploiting the heating capacity of the MNP in an 

alternating magnetic field, and to target tumour cells and the tumour stem cell population with anticancer 

drugs as presented in Figure 4. Comprehensive project design ensured the successful development and 

delivery of a validated and functional theranostic (as the two-in-one application of diagnostic and treatment) 

nanoparticle. The following sections introduce the background to the Multifun project and the motivation 

for the work conducted and presented in this thesis within the in vitro and in vivo screening for the selection 

of the most suitable Multifun-engineered MNP formulation for breast and pancreatic cancer theranostics. 
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Figure 3: Multifun FP7 partner locations 

Trans-European city involvement in the successful completion of the Multifun FP7 project. Project partners 

from Dublin (Trinity College Dublin); Cork (University College Cork); Bangor, Wales (Liquids Research 

LTD); Manchester, England (University of Manchester); London, England (Queen Mary University of 

London, and Kings College London); Leuven, Belgium (Pepric NV); Jena, Germany (Universitätsklinikum 

Jena); Prague, Czech Republic (Fyzikalni Ustav); Paris, France (Universite Paris XII - Val De 

Marne(CRRET)); Toulouse, France (Institute National Des Sciences Appliques De Toulouse); Madrid and 

Barcelona, Spain (ATOS-project coordinator, CNIO, CSIC, IMDEA and Pharmamar S.A.U). Image 

adapted from www.wikipedia.org (“blank map of Europe”). 
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Figure 4: Multifun FP7 project rationale 

Overview of the three applications investigated within the Multifun project, including detection of cancer 

cells using targeted nanoparticles by magnetic resonance imaging, magnetic hyperthermia for tumour 

ablation and targeted drug delivery using anticancer agents. Image obtained from www.Multifun-

project.eu. 

 

1.2.1 Currently approved nanomedicines.  

The use of nanomaterials in medicine is already a reality, and a handful of approved nanomedicines are 

used in the clinic for the purpose of theranostics. These nanomedicines are largely liposomal based, either 

in non-PEGylated form (DaunoXome®, Myocet® and Onco TCS®) or in PEGylated form (Doxil®), while 

other nanoparticle types include albumin based Abraxane® and the PEG-L-asparaginase based Oncaspar® 

[53]. These nanomedicines have been developed and approved for the treatment of specific cancers, 

however, Doxil® is currently employed to treat multiple cancers including those of the breast and ovary, 

multiple myeloma and Kaposi’s sarcoma. Doxil® was the first such nanomedicine to receive the approval 

by the federal drug administration. When doxorubicin was encapsulated it was shown to extend the effective 

half-life of the drug therefore maximising the drug accumulation in the tumour [54], where delivery to the 

tumour was passive. This mode of non-specific targeting is an effective means to deliver nanomaterials, 

and exploits the Enhanced Permeability and Retention (EPR) effect, detailed in Figure 5 [55]. The EPR 

effect occurs as a consequence of abnormal tumour vascularisation in the absence of adequate lymphatic 

drainage from the tumour site which is otherwise observed in normal tissue [56], and was described by 

Matsumura et al. in 1986, when the accumulation and retention of dye-complexed serum albumin at the 

tumour site in a mouse model was observed [57]. Additional growth characteristics of tumours can limit 
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the effectiveness of targeting by the EPR effect whereby tumour cells grow at a higher rate in the areas 

nearest to the vasculature and can form a sheath around blood vessels [58]. This growth characteristic of 

some tumours can limit the penetration of nanomaterials and drugs into the tumour bed, and it may be 

necessary to target the vasculature-associated tumour cells and induce apoptosis or necrosis within these 

perivascular regions prior to treatment with nanomedicines and drugs [59]. The reduced lymphatic drainage 

within a tumour and the subsequent increase in interstitial pressure causes the tumour vasculature to become 

constricted, thereby limiting the blood flow and ultimately the amount of extravasation that can occur deep 

in the tissue. The proliferation of tumour cells occurs at such a rate that the blood supply to certain regions 

of the tumour can be affected. These hypoxic niches are exacerbated by the rapid growth of the tumour and 

are a dynamic environment in which cancer stem cells (CSCs) can thrive. CSCs are pluripotent cells that 

display properties that are associated with normal stem cells. They can self-renew, differentiate, resist 

apoptosis, and have sufficient motility whereby they can form new tumours distant to the primary site [60, 

61]. The lack of oxygen within the tumour hampers the targeting of CSCs in this niche and has been 

demonstrated that hypoxia impairs the effectiveness of treatment such as radiotherapy and chemotherapy 

[62]. Many factors confer resistance in these cells on account of tumour cell extrinsic conditions such as 

hypoxia and include a low rate of growth, lack of long-lived reactive oxygen species, and cell cycle arrest 

[62]. In hypoxic conditions, the hypoxia-inducible factor (HIF) family of proteins are more highly 

expressed. HIFs are key regulators for the hypoxic response and influence angiogenesis, metabolic 

adaption, erythropoiesis, cell growth and differentiation [63]. These downstream effects of HIF activity and 

continued tumour growth lead to constant oxygen fluctuations in the tumour, and has been linked to lower 

patient survival [64]. Continued survival of the CSCs ensures that a continuous supply of cells are available 

for tumour growth. On account of this, the targeting of the CSCs has become a major focus in cancer 

research and nanomaterials have demonstrated their effectiveness at targeting the CSC population. Markers 

for CSCs in breast and pancreatic cancers include BCRP/ABCG2, ALDH1, CD24, and CD44 among others 

[65]. Nanomaterials could provide a means to target the deep, high-pressure regions of tumours and the 

CSC as long as they are of a suitable size and concentration to deliver their therapeutic payload. It is 

proposed that nanomaterials between 10 and 200 nm in diameter are capable of penetrating deep into 

tumours and be homogenously distributed [66]. It has been shown that pre-treatment with anti-angiogenic 

drugs supresses tumour angiogenesis and tumour growth, and has been suggested that treatment may in fact 

improve blood flow in the tumour through normalisation of the tumour vasculature [67]. Another method 

to increase the leakiness of the tumour vasculature is nanomaterial-based hyperthermia [68], a localised 

heating effect which preferentially ablates cancer cells. It has also been shown that 12h after radiation 

treatment, the cells in the vicinity of the tumour vasculature are damaged and nanomaterials delivery is 

increased up to 2.2 fold [69]. These approaches have the potential to increase access of the MNP to the 

hypoxic niche of the tumour thereby enabling delivery of their therapeutic payload. Current research is 

focused on targeting the CSC population through exploiting the expression of CSC markers using a variety 

of nanomaterial. One study utilising a similar basic MNP as presented in this thesis functionalised their 

MNP with an antibody against the breast cancer resistance protein otherwise known as ABCG2. This is a 

plasma membrane protein of the ATP-binding cassette transporter superfamily and is expressed in the 

placenta, blood brain barrier, intestines, liver, in stem-cells, and the kidney [70]. It has been implicated in 
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multi-drug resistance through the export of chemotherapeutic agents such as mitoxantrone, topotecan, and 

methotrexate [71]. Expression is up-regulated by hypoxia and involves HIF-1α and confers a survival 

advantage as ABCG2 –/– cells died when exposed to porphyrins [72]. Yang et al. utilised an anti-ABCG2 

monoclonal antibody functionalised to DMSA coated paclitaxel MNP in vitro and in vivo in multiple 

myeloma cells. They demonstrated that in combination the MNP functionalised with paclitaxel were more 

effective with co-functionalisation with the ABCG2 targeting antibody [73]. They further demonstrated 

that the combination of drug loaded MNP had a marked effect on CSC growth in vitro and in vivo with 

inhibition correlating with caspase 9/8/3 expression [74]. They hypothesised that targeting and effective 

elimination of CSC was possibly due to the blocking of paclitaxel efflux from the CSC, thus extending the 

time for release of drug from the MNP [73], and that death of CSC was mainly due to the activation of 

apoptotic pathways [74]. Another CSC marker currently being studied is the family of aldehyde 

dehydrogenases (ALDH). CSCs expressing ALDH have been shown to become enriched following 

chemotherapy treatment, with high expression and activity of ALDH1 being associated with poor prognosis 

in breast cancer [75]. ALDH1 has been shown as a universal CSC marker in breast [76] and pancreatic 

cancers [77], and while no studies exist that specifically focus on MNP targeting the ALDH family 

members, it is an extremely important marker that is closely linked to the ABC proteins in the development 

of drug resistance in cancer [78]. Other noteworthy targets include CD44 and CD24. It has been 

demonstrated that the DMSA coated MNP presented in this thesis have the capability of specifically 

targeting CD44 positive breast and pancreatic cancer cells which was confirmed via down-regulation of 

CD44 using siRNA [79]. In addition, the MNP were loaded with gemcitabine chemotherapeutic drug which 

were capable of selective and rapid release, and the efficacy was greater than drug alone and non-targeted 

nanoparticles [79]. CD44 is frequently expressed in a large number of cancers and correlates with decreased 

patient survival [80]. In breast cancers the CD44+/CD24 –/low phenotype is a marker for breast CSCs [81], 

and is an attractive marker for the identification and targeting of CSC by MNP. 

Harnessing a number of these approaches such as hyperthermia and targeted drug delivery should 

enable a greater degree of MNP-tumour uptake and homogenous deposition of nanomaterials into the 

tumour bed. The design of targeted nanomedicines capable of hyperthermia and specific tumour binding 

via a functionalised ligand was therefore the main aim of the Multifun project, and the following section 

will focus on the key contribution of the work presented in this thesis as part of the Multifun project in the 

selection of suitable lead MNP formulations following a safe-by-design approach. 
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Figure 5: Tumour microenvironment and the EPR effect.  

A) Tumour tissue is heterogeneous, with a central necrotic zone distal to the vasculature, hypoxic zone and 

proximal hyper-vascularised region with high pressure inside the tumour due to a lack of lymphatic 

drainage. B) Delivery of nanomaterials (green spheres) to the tumour. C) Nanomaterials are taken up at the 

tumour site due to leaky vasculature because of large fenestrations between endothelial cells. D) Deposition 

of nanomaterials within the tumour and the application of an alternating magnetic field results in localised 

hyperthermia and cancer cell ablation. (Adapted from [82]). 
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1.2.2 Development of next generation MNP: a safe-by-design approach 

The currently approved nanomedicines lack a targeting moiety on their surface and rely on the EPR effect 

for tumour localisation. The aim of the Multifun project was to design a biocompatible nano-enabled carrier 

for therapeutic applications. In order to achieve this aim, a series of systematic tests were conducted (Figure 

6), based on a three-tiered characterisation approach [83]. In Tier 1, the physicochemical characteristics 

(PCC) of a range of coated MNP was accessed. In Tier 2, basic MNP formulations were evaluated in vitro 

by high content screening analysis (HCSA) employing a multiparametric testing approach to select 

biocompatible formulations. Tier 2 methodologies further enabled the screening of drug-functionalised 

MNP to select the most efficient anticancer formulations. In Tier 3, basic MNP formulations capable of 

industrial scale-up were tested in vivo to determine toxicity in a small animal model, pharmacokinetics and 

organ distribution. MRI was carried out in small and large animal models. 

The Multifun project was divided into specific work packages (WP) which were closely linked to 

ensure coherent and efficient output as detailed in Figure 7. Fundamental to the progress of the project were 

the activities within WP3 and WP4, as presented in this thesis, which involved the implementation of the 

safe-by-design approach. WP1 synthesised the basic MNP while WP2 functionalised the basic MNP with 

chemotherapeutic drugs and a targeting peptide. WP3 (TCD WP leader) was central to the decision making 

process using the safe-by-design approach and through collaboration with WP4 (TCD main contributing 

partner), lead formulations were identified which were safely introduced into small and large animal 

models. Nanomaterials were subsequently made in bulk and provided to WP5 for in vivo testing using 

magnetic hyperthermia. Coordination of all WPs with WP6 was essential for the development of an 

induction-coil instrument capable of magnetic heating. Therefore, through adopting a tiered safe-by-design 

approach it facilitated the selection of MNP candidates to bring forward to the next stage towards the 

development of a nano-enabled drug carrier for therapeutic applications. The following sections introduce 

the types of cancer chosen to demonstrate the effectiveness of the anticancer nanoparticles produced. 

Subsequently, a breakdown of each tiered characterisation step as presented in Figure 6, is provided, and 

based on current knowledge from the literature. 
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Figure 6: Schematic of the tiered safe-by-design approach. 

A three-tier decision making process was employed in order to select the most suitable lead for future 

clinical use. TIER 1: Physicochemical Characterisation (PCC) was conducted to aid decision making based 

on magnetic MNP core size, shape and colloidal stability when dispersed in water and culture medium by 

transmission electron microscopy (TEM), dynamic light scattering (DLS) and nanoparticle tracking 

analysis (NTA). TIER 2:  In vitro MNP multiparametric cytotoxicity evaluation by high content screening 

analysis (HCSA) identified suitable basic formulations that demonstrated stability in biological media and 

did not induce acute cytotoxicity. Further analysis of drug-functionalised MNP by the same approach 

identified MNP anticancer potential compared to efficacy of free chemotherapy drug. Lastly, nanomaterials 

were tested to determine genotoxic potential through the cytokinesis block micronucleus assay (CBMN). 

TIER 3: Suitable MNP underwent scale-up production; the selection was based on the capability to produce 

industrial quantities while maintaining strict physicochemical specifications and the absence of acute 

toxicity in a small animal model. Visualisation of MNP biodistribution was conducted by magnetic 

resonance imaging (MRI). 
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Figure 7: Multifun FP7 workflow 

Overview of workflow implemented to streamline selection of MNP formulations; from basic coated 

formulations (WP1 to WP3 to WP4) to the testing of mono-functionalised and multi-functionalised MNP 

for anticancer capabilities (WP2 to WP3 to WP5). Sequence of nanomaterials movement (blue arrow) 

between work packages and decision on suitable nanomaterials (gold arrow) are indicated numerically. 

 

  



Introduction 

15 

 

1.3 Breast and pancreatic cancers 

 

1.3.1 Breast cancer 

According to the national cancer registry of Ireland (www.ncri.ie), breast cancer was the second most 

prevalent cancer diagnosed in Ireland. Between 2008 and 2010, 22% of all invasive cancers diagnosed in 

females were of the breast. In males, the incidence of breast cancer ranked 16th at 0.2% for the same period. 

Mortality rates in females were 16.4% in 2010, making it the second most common cause of cancer related 

death. Cancer of the breast can arise from within the ducts, lobules and in the tissue and can be invasive, 

non-invasive, recurrent, and metastatic. Of the three regions of the breast that can harbour a tumour there 

are multiple types such as: ductal carcinoma in situ, invasive ductal carcinoma, tubular, medullary, 

mucinous, papillary, and cribriform carcinoma of the breast, invasive lobular carcinoma, inflammatory 

breast cancer, and lobular carcinoma in situ. Individuals can spontaneously develop breast cancer or some 

may harbour hereditary mutations that predispose them to the disease during their lifetime. Whether breast 

cancer onset is spontaneous or hereditary, the molecular profile of the tumours broadly fit within four major 

subtypes of breast cancer which have been determined by gene expression profiling.  

 

1.3.1.1 Breast cancer subtypes 

The breast is a complex tissue and many different subtypes of breast cancer exist, it is broadly accepted 

that there are four major subgroups of breast cancer which all differ in gene expression, Luminal A, Luminal 

B, HER2, and triple-negative/basal-like [84]. Each of the subtypes is segregated according to their 

molecular profile and the association with the luminal or basal layers of the breast. The segregation of 

tumours into these subtypes is of prognostic and predictive value and facilitates the selection of the most 

appropriate treatment for the patient taking into account the tumour stage, tumour grade, hormone receptor 

status, and HER2 status. It is of paramount importance that patients receive the necessary and proportionate 

treatment for the presenting cancer which is dependent on a multitude of factors, and to ensure that 

overtreatment is kept to a minimum [85].  

The luminal breast cancers, aptly named due to the expression of luminal epithelial markers such 

as keratin 8 and 18 [86, 87], have a high expression of hormone receptors with luminal A having higher 

expression than luminal B. Both subtypes can include ER+/PR+, ER+/PR–, ER–/PR+ status and are either 

HER2– (Luminal A) or may have HER2 enrichment (Luminal B). Ki67 is a prognostic marker in early 

breast cancers and is associated with a worse prognosis [88], but has yet to demonstrate sufficient 

reproducibility for routine clinical practice [89, 90]. Luminal A tumours tend to have low expression of 

Ki67, while luminal B tumours can have high Ki67 in the absence of HER2 expression [91]. Luminal breast 

cancers account for up to 70% of all invasive tumours where luminal A tumours are of low grade, proliferate 

slowly, and have the best prognostic outlook while Luminal B cancers grow faster, have genomic 

instability, harbour TP53 mutations and do not have the same positive outlook [92]. Luminal B cancers are, 

at the molecular level, more distinct from luminal A with a higher degree of alteration in gene expression, 

copy number, mutation and DNA methylation compared to Luminal A [86] and have some overlap in gene 

expression to basal-like cancers such as the expression of the proliferation marker MKI67, surviving gene 

BIRC5 and cyclin B1 gene [86]. Therefore it is more correct to suggest that Luminal B tumours represent 
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a unique subtype of breast cancer and are not simply a more aggressive or advanced form of Luminal A 

[86]. There is a marked difference in response to chemotherapy with Luminal B tumours responding to 

treatment compared to Luminal A tumours that generally show no benefit, as evidenced by the low response 

rate for Luminal A tumours after neoadjuvant chemotherapy [92], and recently it was reported at the 2015 

San Antonio Breast Cancer Symposium by Prof. Torsten Nielsen that there was no difference in 10-year 

invasive disease-free survival rates in a cohort of premenopausal patients with Luminal A tumours who 

received chemotherapy treatment compared to those that did not. In addition to this, Luminal B tumours, 

while being ER+, do not respond to hormone treatment as readily as Luminal A, and are believed to rely 

less on the estrogen pathway. The targeting of alternative pathways (EGFR/PI3K/Akt/mTOR) in these 

tumours has shown some advancement in progression-free survival [93, 94]. Therefore, while the treatment 

of Luminal A tumours is mostly limited to endocrine therapy, the Luminal B tumours benefit with the 

inclusion of chemotherapy, yet there still exists a need to identify patients with Luminal B tumours that 

would benefit from chemotherapy treatment. A recent study focused on epigenetic alteration via DNA 

methylation using a panel of 3 CpG markers (cg17108819, cg13577076 and cg09260089) to stratify a 

cohort of samples into two categories of luminal B tumours with one subgroup of luminal B demonstrating 

a methylator phenotype which clustered with Luminal B/HER2 tumours while the second demonstrated 

less methylated events and clustered with Luminal A tumours [91]. Degree of methylation was indicative 

of clinical outcome with the luminal B/HER2 tumours displaying a CpG island methylation signature that 

are associated with unfavourable clinical parameters and reduced survival [91]. These results suggest that 

the Luminal B/HER2+ patient cohort may benefit with the inclusion of chemotherapy as well as anti-HER2 

therapy, while those Luminal B tumours that clustered with the Luminal A tumours may not gain any 

benefit with chemotherapy. 

HER2/ERBB2 is a transmembrane tyrosine kinase receptor that can initiate a variety of signalling 

pathways such as mitogen-activated protein kinase, phosphoinositide 3-kinase, protein kinase C, 

phospholipase C and signal transducer and activator of transcription. Through each of these signal 

transduction pathways, HER2 functions to control cell proliferation and oppose apoptosis. Therefore, 

dysfunction of HER2 can result in uncontrolled cell growth which is otherwise tightly controlled. 

Activation of HER2 through binding its extracellular ligand leads to dimerization with itself or with three 

other family members (HER1, HER3, and HER4). The heterodimer HER2-HER3 is the most potent for 

downstream signals, especially the PI3K/Akt pathway which is the master regulator of proliferation and 

survival [95]. In addition, dimerization of HER2 promotes rapid degradation of p27Kip1, a cell-cycle 

inhibitor, which therefore promotes cell growth [95]. Breast cancers that do not express or express low 

levels of ER and associated genes and are enriched with the oncogene HER2 account for approximately 15 

– 30% of invasive breast tumours [96, 97]. These cancers are characterised by high expression of HER2 

and other genes in the amplicon and are associated with high recurrence rates with poor prognosis [98]. In 

a study of 704 node-negative breast cancers, it was shown that HER2 overexpression conferred a 9.5 fold 

increase in recurrence compared to those cancers where expression was at normal levels [99], with the 

identification that a fold increase of 3 or greater negatively impacted on disease-free survival [100]. HER2 

is shown to be expressed in DCIS with no nodal involvement, and has been related to an invasive-

component as tumours develop [101, 102]. In a more recent publication it was shown that while HER2 
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positivity was a prognostic factor for invasive breast cancers, the prognostic significance in DCIS was less 

clear [85]. In this study a cohort of 458 patients were screened and an extensive long-term follow-up was 

conducted, and they concluded that HER2 positivity in patients with DCIS conferred a lower risk of late 

invasive breast cancer recurrence following 10 years from primary DCIS treatment [85]. Therefore it is 

important that further studies are conducted and include long-term assessment in order to determine whether 

patients would benefit from adjuvant therapy after surgical excision or whether they can be safely omitted 

from needless therapy [103]. 

The triple-negative and basal-like breast cancers lack expression of ER and PR, and do not 

overexpress HER2. The basal-like breast cancers also express genes that are usually found in the 

basal/myoepithelial cells of the normal breast [104], such as cytokeratin 5, 6, 14, and 17; and epidermal 

growth factor receptor (EGFR) [87, 105], and over 70% of basal-like breast cancers have been shown to 

harbour dysfunctional BRCA1 [106]. They tend to be high grade, highly aggressive tumours that have very 

poor prognosis and due to the lack of expression of hormone receptors and HER2, it precludes their 

treatment with hormone and anti-HER2 therapy. The triple-negative breast cancers account for 

approximately 10 – 17% of all invasive breast carcinomas while basal-like breast cancers account for 

approximately 15% [107]. While most triple-negative breast cancers have a basal-like phenotype and most 

basal-like tumours have a triple-negative phenotype, both subtypes are not synonymous. There are cases 

where triple-negative breast cancers were devoid of basal gene expression [108, 109] and cases where basal-

like cancers express ER, PR and HER2 [110, 111]. BRCA1 tumours are regarded as being similar to the 

basal-like subgroup, whereby they are negative for ER, PR and HER2. These tumours are generally p53 

positive and have a high frequency of p53 mutation [112]. They tend to be c-Myc amplified and over-

express EGFR and Cyclin E [113-116]. They also express cytokeratins 5, 6, 14, and 17, p-cadherin, EGFR, 

laminin, osteonectin and vimentin; which is a feature shared with basal-like tumours [117-119]. In addition 

to this, they are often high grade with early onset, with lymph node negativity, high mitotic index and 

pushing margins which display high lymphocytic infiltrate [120-122]. These tumours do not express p27Kip1 

[123], or Cyclin D [116]. BRCA1 tumours can occur sporadically via the silencing of BRCA1, or can occur 

due to inherited mutation. A number of studies have also demonstrated a reduction of BRCA1 gene and 

protein expression in basal-like sporadic tumours [124], which was on account of allelic imbalance through 

loss of heterozygosity [125], and a result of hypermethylation of the BRCA1 promoter of which 30 CpG 

islands are implicated in its silencing [126]. Hypermethylation of the BRCA1 promoter has been reported 

in sporadic basal-like breast cancers in 10 – 31% of cases [124, 127-132], which provides an explanation 

for the observed reduction in BRCA1 mRNA and protein expression), and due to high expression of the 

inhibitor of DNA binding 4 protein which was shown to have a 9.1 fold increase in basal-like tumours 

compared to grade matched controls [133, 134], and is known to act as a negative BRCA1 transcriptional 

regulator [135]. In addition, BRCA1 loss has been shown to result in downregulation of ER [136], and it 

has previously been demonstrated by the author of this thesis, within the publication of Gorski et al., that 

reduction in BRCA1 expression results in a luminal cell line expressing markers of basal-like cancers [87], 

with reconstitution of BRCA1 expression in an ER– and BRCA1 mutant cell line conferring a more luminal 

phenotype with an observed reduction in basal-like markers [87]. This may suggest that basal-like cancers 

are driven by BRCA1 dysfunction and as such, a considerable number of basal-like cancers may lack a 
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competent homologous recombination (HR) DNA repair mechanism [107]. It has been demonstrated that 

tumours harbouring a defective HR repair pathway are especially sensitive towards Poly-(ADP-Ribose) 

Polymerase Inhibitors (PARPi) and platinum-based chemotherapy drugs [137]. PARPi selectively target 

BRCA1 deficient tumour cells and function by inhibiting single strand break repair, and are thought to trap 

PARP at the DNA break site thus forming a cytotoxic PARP-DNA complex [138]. Clinical trials are 

ongoing and have shown encouraging results for the treatment of basal-like breast cancers where surgery, 

radiotherapy and chemotherapy were previously the only viable treatment option available to patients. 

 

1.3.1.2 Current treatment options 

Breast cancer is a heterogeneous disease and as such there exist a multitude of treatment options which are 

dependent on tumour subtype and classification, and are selected to provide the greatest eradication 

potential of the tumour while limiting damage to the neighbouring healthy tissue. With early-stage breast 

cancer, the estimation of risk and benefit of chemotherapy use is of great importance. Three genomic assays 

are commercially available for risk assessment and determination of recurrence: Oncotype DX (Genomic 

Health Inc., Redwood City, California, USA), MammaPrint (Agendia, Irvine, California, USA), and the 

Prosigna assay (NanoString Technologies Inc., Seattle, Washington, USA).  

The Oncotype DX assay estimates the likelihood of disease recurrence (within 10 years) in patients 

with early-stage hormone positive only breast cancer, with node negativity. The assay uses a panel of 21 

genes within a tumour to determine a recurrence score. Typically hormone therapy such as tamoxifen (a 

selective estrogen-receptor modulator) or aromatase inhibitors (class of drug used to block estrogen 

production or action of estrogen on receptors in postmenopausal woman) are utilised on patients that present 

with such tumours. Oncotype DX has demonstrated that it can be utilised to determine whether the patients 

would benefit with the inclusion of a chemotherapy regime, and was capable of predicting the magnitude 

of chemotherapy benefit [139].  

Similarly the MammaPrint assay is a diagnostic test to determine the risk of metastasis within 

breast tumours. It is a microarray based platform that utilises a 70 breast cancer gene signature and is FDA 

approved for the testing of lymph node negative breast cancer patients of all ages in the United States of 

America while in the European Union it is utilised in patients that have up to three positive nodes and also 

in patients that are both ER+ and ER–. The assay has been tested in the MINDACT (Microarray In Node 

negative and 1-3 positive lymph node Disease may Avoid ChemoTherapy) clinical trial (a multi-centre, 

randomised, phase III, controlled clinical trial) for the ability to identify patients that were unlikely to 

benefit from adjuvant chemotherapy with early stage breast cancer. It was determined that women with 

high risk breast cancer should be treated with a combination of anthracycline chemotherapy and hormone 

therapy while those classified as low risk were recommended to receive hormone therapy alone [140].  

In contrast to both Oncotype DX and MammaPrint which are capable of determining recurrence 

and effectiveness of chemotherapy in early-stage hormone positive breast cancer patients, the Prosigna 

Assay (formerly known as PAM50), is a PCR-based test using a list of 50 genes (the PAM50 gene signature) 

which is capable of classifying all breast cancers into the four intrinsic subtypes of breast cancer and can 

provide a risk category based on both the Prosigna risk of recurrence score and nodal status for post-

menopausal women with hormone receptor-positive, early stage breast cancer. The assay utilises RNA 
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extracted from FFPE breast tumour tissue samples from patients with node-negative (Stage I or II) or node-

positive (Stage II) hormone receptor-positive breast cancer [141, 142]. The gene expression profiles of the 

PAM50 test were retrained on the nCounter Dx Analysis System, which at present is the only CE-marked 

and FDA approved genomic assay on the market [142]. 

Through the implementation of such assays it is possible for clinicians to determine the best 

treatment regime for each patient, taking into account tumour subtype, classification, risk of recurrence and 

nodal status to either include chemotherapy as part of the therapy or to safely omit its use. These tests are 

unfortunately limited to early stage hormone positive breast cancers and might only weakly offer assistance 

in decision making for hormone negative tumours such as the HER2 and triple-negative/basal-like subtypes.  

Tumours that have confirmed HER2 amplification in protein expression or increased gene copy 

number can be treated with a range of targeted biological therapies and chemotherapy drugs. Tumours can 

be treated with trastuzumab (Herceptin), a monoclonal antibody that can be utilised in early stage and late 

stage disease; pertuzumab (Perjeta), a monoclonal antibody that can be given in combination with 

trastuzumab and chemotherapy (such as anthracycline and taxane drugs) as a neoadjuvant and adjuvant 

treatment; lapatinib (tykerb), a kinase inhibitor which is used to treat advanced breast cancer and is a 

secondary line of treatment utilised when trastuzumab no longer works. In fact it has been demonstrated 

that a combination of lapatinib and trastuzumab is effective in the regression of BT-474 cell-derived 

xenographs in mice with complete remission after 10 days of treatment, with no relapse after 8 months in 

the treated animals [143]. However, the ALTTO clinical trial (Breast International Group BIG 2-

06/EGF106708 and North Central Cancer Treatment Group [Alliance] N063D) has recently determined 

that adjuvant treatment of 8381 patients with metastatic HER2+ breast cancer demonstrated no significant 

improvement in disease free survival with the inclusion of lapatinib alongside trastuzumab over 

trastuzumab alone, and concluded that continued use of trastuzumab alone remains as the standard of care 

for these patients [144].  

While there exists the potential to treat hormone positive and HER2 amplified breast cancers with 

hormone and anti-HER2 therapies the inclusion of chemotherapy and radiotherapy for locally advanced 

and metastatic disease remains an option for patients with these subtypes. In contrast and only until recently 

the options available for patients with triple-negative breast cancers included surgery, radiotherapy and 

chemotherapy, whereby the inclusion of chemotherapy was at earlier stages compared to other subtypes 

[145]. Treatment of early stage disease may include surgical interventions such as breast-conserving 

therapy (BCT) and modified radical mastectomy (MRM) [146]. A large study consisting of 768 patients 

with stage I – stage II triple-negative breast cancers found that locoregional recurrence rates (LRR) differed 

between individuals that received BCT, MRM, and MRM + radiotherapy, and five year LRR-free survival 

was 94%, 85% and 87% respectively [147]. Another trial with 681 randomised patients with stage I – stage 

II triple-negative breast cancer were retrospectively studied, with all patients receiving chemotherapy after 

MRM +/– radiotherapy [148]. Of the patients in this study, 315 received chemotherapy alone while 366 

received radiotherapy following chemotherapy. Median follow up of 86.5 months was conducted with a 5-

year recurrence-free survival of 74.6% and 88.3% for adjuvant chemotherapy alone versus adjuvant 

chemotherapy plus radiation respectively. Five year overall survival was also higher in patients that 

received adjuvant chemotherapy plus radiation (90.4%) compared to those that received adjuvant 
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chemotherapy alone (78.7%) [148]. The decision to include adjuvant chemotherapy in triple-negative breast 

cancer is dependent on the tumour stage and node involvement with Anders et al. proposing the use of 

Adjuvant anthracycline/taxane-based chemotherapy for all tumours with lymph node involvement and for 

lymph node negative tumours with a tumour size in excess of 1 cm [145]. The basal-like breast cancers 

account for approximately 75% of all triple-negative breast cancers [149], and like other triple-negative 

cancers, they demonstrate sensitivity to anthracycline and taxane chemotherapy. However, while the 

cancers respond well to chemotherapy early on, early complete response does not correlate to an overall 

survival advantage and relapse within 3 – 5 years is higher than hormone positive breast cancer subtypes 

[149, 150]. The current knowledge of chemosensitivity has been obtained from the neoadjuvant therapy 

setting, where a greater pathological complete response has been obtained compared to other breast cancer 

subtypes, but has also demonstrated that metastatic relapse occurs at a higher rate for the triple-negative 

breast cancers [151]. In comparison, adjuvant treatment of triple-negative breast cancers is similar to the 

other subtypes and can employ standalone drugs and drug combinations such as Doxorubicin or Epirubicin 

(anthracyclines); Doxorubicin and Cyclophosphamide (AC); Paclitaxel and Docetaxel; Doxorubicin, 

Cyclophosphamide and Paclitaxel; Cyclophosphamide, methotrexate and 5-fluorouracil (CMF); and 

antimetabolites such as Gemcitabine or Capecitabine [149]. Until recently the treatment of triple-

negative/basal-like breast cancers was limited to radiotherapy and chemotherapy for neoadjuvant and 

adjuvant therapy, and surgery. Recently it has been demonstrated that triple-negative breast cancers of the 

basal-like subtype are sensitive towards treatment with PARPi where there is a defect in DNA repair, such 

as HR in BRCA1-sporadic and hereditary cancers. Clinical trials using PARPi (olaparib) and DNA 

damaging agents have shown promising results [152], and may present an additional treatment option for 

the triple-negative/basal-like breast cancers. Combination of PARPi with platinum based drugs has 

demonstrated greater efficacy in multiple clinical trials using a variety of PARPi currently in late phase 

clinical trials such as caparib (AGO14699; Clovis, Boulder, CO, USA), niraparib (MK4827; Tesaro, 

Waltham, MA, USA), talazoparib (BMN-673; Medivation, San Francisco, CA, USA) and veliparib (ABT-

888; Abbvie, North Chicago, IL, USA) [153]. Drug resistance to both PARPi and platinum based 

chemotherapy drugs has been reported and understanding of the mechanisms conveying resistance in each 

case must be addressed. Multiple mechanisms exists which include but are not limited to the reactivation 

of BRCA function as a consequence of secondary mutation [154-156], compensatory mutation in additional 

genes (synthetic viability), such as the loss of 53BP1 [157-159], upregulation of drug efflux pumps such as 

Abcref-1a and Abcref-1b genes which encode the P-glycoprotein efflux pump, which are upregulated in 

BRCA1 mutated tumour models treated with Olaparib [160], and upregulation of a miRNA, miR-622, in 

BRCA1-mutant tumours which suppresses the non-homologous end joining DNA repair pathway and 

restores the HR-deficiency [161]. 
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1.3.2 Pancreatic cancer 

Pancreatic cancer is ranked 9th in females and 11th in males and accounts for a much lower incidence rate 

than breast cancers with an average of 500 people diagnosed in Ireland each year. However, according to 

the Irish cancer registry, the 5 year net survival rate is as low as 8.7%. A steady increase in the net survival 

rate has been observed since 1994 yet considerable advancements are drastically required to improve the 

outlook. With a median mortality age of 74, it is the older population that are most affected and account for 

41.8% of individuals diagnosed with the disease. 

Most pancreatic cancers are asymptomatic at the early stages of disease progression and those that 

present with symptoms are of late stage, and have much worse prognosis. Unfortunately this means that 

advanced stage tumours are most often diagnosed, with stage II signifying possible lymph node metastasis, 

stage III with spread to the blood vessels and possibly lymph nodes, and stage IV with metastasis of any 

size spread to multiple organs. The majority of pancreatic cancers diagnosed are stage IV, and have low 

survival rates with >50% dying within three months of diagnosis (Figure 11). ) Cancers of the pancreas do 

not have to grow very large prior to invasion which is in part due to the proximity of the pancreas to large 

blood vessels (celiac artery and superior mesenteric artery. The current lack in progress in the development 

of effective early diagnosis and treatment options, evidenced by the statistical data on the survival rate of 

pancreatic cancer patients, highlights the pressing need to develop new diagnostic and therapeutic 

approaches for asymptomatic pancreatic cancer, and for minimally invasive tumour resection methods.  

 

1.3.2.1 Pancreatic cancer types 

Both the exocrine (99% of pancreas by weight) and endocrine (1% by weight) cells of the pancreas can 

form cancers, with exocrine cancers being the most prominent. Not all tumours of the pancreas are 

cancerous while some are “pre-cancerous” and prevalent to a different extent in both sexes (Figure 10).  

The exocrine portion is composed of a series of ducts which branch from areas dense with acinar 

cells, within which the digestive enzymes are synthesised and released. Approximately 95% of all 

pancreatic cancers are classified as exocrine tumours and a vast majority of these (approximately 90%) are 

pancreatic ductal adenocarcinomas (PDAC) of which the pancreatic intra-epithelial neoplasia (PanIN) are 

the most extensively studied. Other neoplasms in these cells include serous cystadenoma (common benign 

pancreatic neoplasm [162]), mucinous cystic neoplasms (commonly affect females with a 20:1 ratio [163]), 

solid pseudo-papillary neoplasia (extremely rare and of low malignant potential [164]), and intraductal 

papillary mucinous neoplasms (accounting for only 1% of all pancreatic cancers [165]). 

The endocrine segment of the pancreas is composed of small bundles of cells called Islets of 

Langerhans. This area is highly vascularised and allows for rapid systemic transport of the two main 

endocrine hormones: glucagon (α cells) and insulin (β cells). Endocrine cancers include Gastrinomas 

(produce gastrin), Insulinomas (produce insulin), Somatostatinomas (produce somatostatin), VIPomas 

(produce VIP), Glucagonomas (produce glucagon), whereby two thirds of these tumours are malignant and 

produce no hormone or symptoms. Those that produce hormones are referred to as functioning carcinomas 

and can release large quantities of insulin, glucagon and gastrin into the bloodstream, leading to symptoms 

such as low blood sugar which inadvertently aid in the early detection of the cancer.  
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PanIN is the most extensively studied pancreatic cancer and is a precursor lesion for PDAC. These 

microscopic lesions are non-invasive epithelial proliferations that reside in the ducts of the pancreas and 

are too small to detect. They can progress to PDAC if left untreated with PDAC developing as glands with 

the capacity to infiltrate tissues. PDAC have a tendency to localise and invade nerves and spread along the 

perineural region and associate with a dense desmoplastic stroma [166]. These solid tumours invade both 

the lymphatic space and veins from which they can metastasise to multiple organs such as the liver, lungs, 

kidney, brain and spleen [166]. To date a total of 119 somatic mutations have been identified by whole 

genome sequencing analysis in pancreatic cancer patients, and result in at least 12 signalling pathways 

being altered in 67 – 100% of tumours [167]. The most commonly altered oncogenes and tumour suppressor 

genes in pancreatic cancers include KRAS, p16INK4a, P53, and SMAD4 [168, 169]. 

KRAS is a proto-oncogene that encodes a 21kDa membrane bound GTPase, which is a component 

in many signal transduction pathways. Point mutations in codon G12, G13 and Q61 are responsible for an 

activating mutation of KRAS and are found in high rates in pancreatic cancers (approximately 98%) [170, 

171], and are the earliest event in pancreatic carcinogenesis [172]. Constitutive activation of KRAS leads 

to persistent stimulation of downstream signalling pathways that drive proliferation, metabolic-alteration, 

increased anti-apoptotic capacity, development of the tumour microenvironment, evasion of the immune 

system, and metastasis [171, 173]. It has been demonstrated that the development of PanIN is possible with 

the targeting of mutant KRAS to the murine pancreas which over time develop into PDAC [173, 174]. 

Continuous activation of KRAS is a requirement for the development and maintenance of PanIN, PDAC 

and associated metastatic lesions [175, 176]. In addition Collins et al. demonstrated that cancer cells 

harbouring mutant KRAS can remain dormant for some time, and reactivation of oncogenic KRAS can 

result in rapid progression of the disease [176]. Therefore KRAS was considered a very promising target 

for the treatment of PDAC. However the heterogeneity of PDAC demonstrated that a subset of PDAC cells 

could resist KRAS inactivation [177], and therefore only a subset of patients would benefit from inhibition 

of KRAS. In addition to this, all inhibitors developed to target oncogenic KRAS have failed [171]. A shift 

in focus has occurred whereby the downstream effectors of oncogenic KRAS are being studied in order to 

develop a viable treatment [171]. The phosphatidylinositol 3-kinase (PI3K)/Pdk1/Akt pathway is one such 

pathway downstream of KRAS that has been implicated in the development of PanIN and PDAC, with 

inhibitors of this pathway demonstrating modest effects in KrasG12D-driven PDAC [178].  

The tumour suppressor protein, p16INK4a, plays an important role in the regulation of the cell cycle 

via the inhibition of cyclin dependent kinases such as CDK4/6 which therefore prevents the phosphorylation 

and activation of retinoblastoma and maintenance of the G1/S checkpoint. The loss of p16INK4a occurs in 

approximately 95% of PDAC cases and can occur via homozygous deletion, intragenic mutation with loss 

of the second allele or via promotor hypermethylation [172]. KRAS mutational activation and p16INK4a loss 

closely correlate with the rapid progression of PanIN lesions to highly invasive or metastatic PDAC [179-

181]. Epigenetic promoter hypermethylation of p16INK4a, induced by mutated KRAS, has been shown to be 

an important step in malignant transformation [182]. Cells in PanIN lesions contain both active KRAS and 

p16INK4a which can result in the onset of senescence in these cells, and it has been suggested that senescence 

is therefore a defining feature of premalignant tumours and may be a valuable diagnostic and prognostic 

marker in cancer [183].  
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TP53 is a proto-oncogene and encodes a 43.7 kDa tumour suppressor protein, p53, which is 

involved in conserving cell stability by preventing genomic instability, plays a role in apoptosis, and 

inhibition of angiogenesis  [184, 185]. It is mutated in approximately 50 – 75% of PDAC cases which is a 

result of intragenic mutations combined with second allele loss [168, 186]. These mutations inactivate the 

intrinsic anti-proliferative properties but have been known to promote metastasis via “gain-of-function” 

activity [187]. Gain-of-function activity can occur whereby a point mutation in p53 can result in the stable 

expression of the variant protein, while wild-type p53 is rapidly turned over via the activation of E3 

ubiquitin ligases [187]. PDAC harbouring mutated p53 in which KRAS is also mutated has been shown to 

induce more metastases compared to mice with a p53 null allele [187, 188]. Weissmuller et al. demonstrated 

that metastatic potential in p53 mutant PDAC tumours is driven by platelet-derived growth receptor factor 

β (PDGFRβ), which may be a useful prognostic marker and therapeutic target [187]. It was reported in 

2012 that the targeting of mutant p53 had failed and was deemed not to be druggable [189], however 

publications that demonstrate the reactivation of wild-type p53 and the capacity to induce tumour regression 

and eradication do exist [190, 191]. In a more recent publication, it was demonstrated that treatment of a 

PDAC cell line with gemcitabine chemotherapy led to the activation of mutant p53 and subsequently an 

increase in chemoresistance [192]. The authors discovered that treatment of these PDAC cells with p53-

reactivating small molecules (CP-31398 and RITA) alongside gemcitabine led to reduced proliferation rate 

and initiation of apoptosis [192]. Work is currently ongoing to develop small molecules and compounds 

that have the capacity to restore wild-type functionality to mutant p53, thus inducing cell cycle arrest and 

apoptosis in these cells. In addition to CP-31398, a small molecule called SCH529074 has been shown to 

bind to the DNA binding domain of p53 and has the capacity to reactivate mutant-p53 and activate wild-

type p53. It acts by restoring DNA binding activity to mutant p53 and re-establishing the growth-

suppressive function of p53 via inhibition of MDM2-mediated ubiquitination of wild-type p53 [193]. 

Considerable ground has been made in the development of mutant-p53 targeting compounds with some 

undergoing clinical trials.  Not only would these be valuable molecules to use in the treatment of pancreatic 

cancer, but could provide substantial benefit for treatment of a variety of cancers on account of 

approximately 50% of all cancers harbouring mutant p53. 

SMAD4 is a key signal transducer of the TGFβ signalling pathway and a transcription factor which 

is activated via the SMAD pathway of which it is a family member. SMAD4 is only found expressed in the 

skin, colon, pancreas, uterus, and epithelial cells and is often mutated in cancers. In pancreatic cancer, 

SMAD4 is mutated in approximately 55% of cases by homozygous deletion of both alleles or by the 

intragenic mutation of one allele with loss of the second allele [194, 195]. Expression of SMAD4 has been 

demonstrated to confer a survival advantage over mutant SMAD4 carriers [196], with a recent meta-

analysis concluding that loss of SMAD4 expression was associated with a shorter overall survival and may 

provide additional information for the optimisation of therapeutic approaches. The authors highlight that 

there is a distinct lack of large-scale studies currently published and as a result, the prognostic value of 

SMAD4 has yet to be elucidated [197].  
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1.3.2.2 Current treatment options 

A patient with pancreatic cancer may present with painless jaundice, the development of diabetes mellitus, 

or malabsorption [198]. The onset of abdominal and back pain may occur and is a consequence of a blocked 

bile duct, and is indicative of pancreatitis which requires a diagnostic work-up to determine the cause [199]. 

Clinical methods used to diagnose pancreatic cancers and molecular subtype include magnetic resonance 

imaging, ultrasound, and biopsy. Due to the position of the pancreas, ultrasound is often carried out with 

the use of an endoscope, and presents as a beneficial method to identify pancreatic lesions [200]. If a tissue 

mass is identified in the pancreas, a biopsy can be obtained using ultrasound-guided fine-needle aspiration 

[201, 202], core needle biopsy, or by surgery [203, 204]. Additional diagnostic tools include computerised 

tomography (CT) which is considered a high resolution method to diagnose cancers of the pancreas with a 

sensitivity ranging from 89% to 97% [205]. Legmann et al. reported that CT could detect 100% of the 

tumours they investigated which were greater than 15 mm in size [206], with identification of only 67% of 

tumours less than 15 mm in size. A study from 2004 claimed CT could only identify 77% of tumours less 

than 2 cm in size [207]. Therefore the use of more sensitive testing such as contrast-enhanced multidetector 

CT imaging would enable better visualisation of adenocarcinoma in relation to their proximity to the major 

veins and arteries [208, 209]. 

The current treatment options depend largely on the molecular subtype and stage of the disease 

with options such as neoadjuvant therapy (prior to surgery), adjuvant therapy (post-surgery) and surgical 

intervention. In pancreatic cancers, the position of the tumour dictates the approach taken. If the tumour is 

located in the neck of the pancreas or in close proximity to (abutment) or concentric around an artery 

(encasement), they may be considered unresectable. Surgery is considered the only potential curative 

treatment for resectable pancreatic cancer, but only 15 – 20% of patients present with a resectable disease, 

with survival rate between 12 – 20% at 5 years following resection [210]. Those patients that present with 

an unresectable tumour will undergo radiation and/or chemotherapy to reduce tumour size in the hope of 

shrinking the tumour away from the vasculature [211]. Surgical resection is indicated mostly for venous 

invasion whereas involvement with arterial vessels is mostly contraindicated [211]. 

Similar to breast cancer, neoadjuvant and/or adjuvant therapy may be prescribed for the treatment 

of pancreatic cancer depending on cancer stage, position and subtype. Radiotherapy alongside or in 

isolation to chemotherapy may be provided to aid in tumour shrinkage as a neoadjuvant approach, and it 

may be prescribed as an adjuvant therapy to ensure any remaining cancer cells are eradicated. The 

development of effective early stage diagnosis and treatment for pancreatic cancers requires considerable 

improvement, which is evident from the overall survival statistics (Figures 4 & 6). Pancreatic cancers at all 

stages have a poor prognosis with less than 20% surviving 5 years post treatment (Figure 11), by virtue of 

their position to major organs, vital function, high vascularisation with important arteries and veins, and 

late onset of signs and symptoms makes the treatment of pancreatic cancers a challenge. Chemotherapy 

treatment is mostly conducted using single-agent therapy, which is recognised as a weak link due to both 

intrinsic and acquired drug resistance [212]. One of the most widely used chemotherapeutic drugs for 

pancreatic cancer treatment is gemcitabine, which was approved in 1997 and tested as a first-line drug in 

patients with locally-advanced or metastatic adenocarcinoma [213]. As demonstrated by Burris et al., 

gemcitabine was shown to provide greater improvement in survival rate compared to 5-fluorouracil 
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(another drug commonly used in pancreatic cancer treatment) with 22% survival for gemcitabine treated 

patients and 2% in 5-fluorouracil treated patients at one year [213]. Unfortunately, rapid resistance to 

gemcitabine treatment translates into poor prognosis, and is a common feature in the treatment of pancreatic 

cancers. At first the tumour is highly vulnerable yet becomes rapidly resistant, with groups currently 

focused on identifying the genetic and epigenetic alterations that convey resistance [214].  

Common to both breast and pancreatic cancers is the use of doxorubicin and gemcitabine in the 

treatment of metastatic disease. Doxorubicin is a bacteria-derived anthracycline antibiotic that was 

identified in the 1950s with the initial discovery of daunorubicin [215]. Following modification to the 

Streptomyces peucetius strain from which daunorubicin was made, a new compound was formed and 

subsequently named doxorubicin [215]. Gemcitabine, a nucleoside analog, was first synthesised by Eli Lilly 

during the 1980s [216] with an intention to be used as an antiviral drug, and later discovered to kill leukemia 

cells in vitro [216]. Both doxorubicin and gemcitabine have been used in the treatment of pancreatic cancer 

with doxorubicin recently being used in combination therapy to successfully treat pancreatic cancer [217]. 

However, like all chemotherapeutic drugs, a number of major drawbacks exist with both doxorubicin and 

gemcitabine. Common side effects reported with the administration and treatment of doxorubicin include 

cardiotoxicity [218], infusion-related reactions [219], hand-foot syndrome [220, 221], and secondary oral 

neoplasms [222]. Common and less frequent side effects with gemcitabine administration include schedule-

dependent toxicity [223], short-lived myelosuppression [224], pulmonary toxicity and respiratory failure 

[225-227], haemolytic uremic syndrome [228, 229], and infrequent reports of cardiotoxicity [230]. Due to 

these side effects, it is common for patients to experience discomfort and pain during treatment. 

Pancreatic cancer remains one of the most painful malignancies, and the management of pain is in 

fact one of the criteria of response to the chosen treatment in some clinical trials [213, 231]. Pancreatic 

cancer cells and neuronal cells may share certain similarities in their growth factor receptors, surface 

adhesion molecules and have an affinity to neuronal tissues [232]. This similarity and interaction may 

explain the migration of pancreatic cells along the dorsal root ganglia which is facilitated by the release of 

neurotrophic factors and chemokines from nerve cells [233-235]. The onset of pain has been linked to the 

necrotic damage of the nerve endings due to factors released by the pancreatic cancer cells (calcitonin gene-

related peptide and tyrosine hydroxylase) [236, 237]. For patients with locally advanced or metastatic 

disease the primary reason for the implementation of a chemotherapeutic regime may be for pain control 

as survival advantage is quite small. Gemcitabine, 5-fluorouracil and a combination of four 

chemotherapeutic drugs (folinic acid, 5-fluorouracil, irinotecan and oxaliplatin) called FOLFIRINOX have 

all shown benefit in reducing associated pain and are considered for palliative care and in the management 

of metastatic pancreatic cancers [213, 231].  

 

1.3.3 Clinical potential of nanoparticles 

There is a considerable opportunity to develop new nanoparticle formulations for the diagnosis and 

treatment of both breast and pancreatic cancers. As detailed in the previous sections there is a substantial 

benefit with the early detection of breast and pancreatic cancers which is associated with greater response 

to treatment and increased overall survival. The invasiveness of obtaining a biopsy, of surgery and side 

effects of chemotherapy should be addressed to help reduce the associated discomfort. Nanomedicine 
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provides a unique opportunity to develop a range of products that, following single bolus injection, could 

potentially travel to the site of a tumour by targeted delivery and release a therapeutic payload. A targeted 

superparamagnetic MNP without a payload could be used for the identification of a tumour mass by MRI, 

therefore acting as a diagnostic tool for the detection of early stage cancer where a chemotherapy drug is 

not indicated. In addition, the MNP could be used as a targeted therapeutic agent to deliver compounds that 

are subtype-specific to tumour cells, with the potential to reduce tumour mass in locally advanced disease, 

the ablation of the stem cell population and also target distant metastases. In addition, the capability of 

targeted drug delivery using nanoparticles would dramatically limit systemic drug exposure and the 

associated adverse side effects. Combining both diagnostic and therapeutic modalities onto a targeted MNP 

would provide a theranostic MNP capable of clinical detection and immediate in-situ tumour targeting. 

Such a theranostic nanoparticle currently remains a goal for the nanomedicine field with considerable 

advances being made over the past few years as evidenced by the increase in approved nanomedicines.  

As introduced in section 1.2.1 there are many approved nanomedicines on the market and include 

DaunoXome® (daunorubicin), Myocet® (doxorubicin), Onco TCS® (vincristine), Doxil® (doxorubicin), 

Oncaspar® (l-asparaginase), DepoCyt® (cytarabine), Marqibo® (vincristine), Mepact® (muramyl 

dipeptide), Zinostatin stimalamer® (SMANCS), Genexol-PM® (paclitaxel), Abraxane® (paclitaxel), 

NanoTherm® (MNP), Kadcyla® (emtansine/trastuzumab), and Adcetris® (brentuximab vedotin) [53, 

238]. A number of nanotherapeutics are currently in Phase III clinical trial such as LipoPlatin® (cisplatin), 

MM-398 (irinotecan), ThermoDox® (doxorubicin), Tecemotide (lipopeptide), NKTR-102 (irinotecan), 

paclitaxel poliglumex (paclitaxel), Paclical® (paclitaxel), and Livatag® (doxorubicin) [238]. 

Nanotherapeutics currently approved or in clinical trials for the treatment of breast cancer include Caelyx®, 

Lipo-Dox®, Myocet®, NKTR-102, Genexol-PM®, Abraxane® and Kadcyla® while MM-398 and 

Abraxane® are being used to treat pancreatic cancers. The majority of these nanomaterials have been 

developed for the sole purpose of being therapeutic agents with approximately 60% of all Phase III and 

80% of Phase I/II candidates fitting into this category [239]. The second most important category of 

nanoparticles under development are those which function in imaging and diagnostics with iron oxide 

nanoparticles being the first such nanoparticles approved in 1996 [239]. Theranostic nanoparticles, like 

magnetic iron oxides, are classified as such due to the combination of both an imaging modality, payload 

delivery capability and thermal capability to achieve diagnosis and treatment with a single system. Unlike 

the clinically accepted second generation nanomaterials listed above, the MNP developed in Multifun and 

presented in this thesis were third generation and included a targeting moiety. 

In the next section the background to the stepwise decision making process that was employed in 

this thesis following a three tiered safe-by-design approach will be addressed.  
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Figure 8: Types of breast cancer.  

Overview of breast cancer types from normal to invasive ductal cancer. Image adapted from 

medicalexhibits.com. 

 

 

Figure 9: Five year survival rate of breast cancer based on cancer stage.  

Overview of survival rate of females with different cancer stages over a five year period. Graph obtained 

from www.ncri.ie, representing data collected 2008 – 2012.  
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Figure 10: Types of pancreatic cysts.  

Overview of the regions and types of exocrine and endocrine cysts that can present in the pancreas. Image 

obtained from http://www.drugs.com/mcd/pancreatic-cysts#Image_Definition 

 

 

Figure 11: Five year survival rate of pancreatic cancer based on cancer stage.  

Overview of survival rate of both males and females with different cancer stages over a five year period. 

Graph obtained from www.ncri.ie, representing data collected 2008 – 2012.  
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1.4 MNP characterisation: safe-by-design 

 

Engineered nanomaterials for use in theranostics will ultimately come into contact with protein-rich 

physiological fluids. Therefore, the importance of understanding the physicochemical properties of 

engineered MNP should not be overlooked. Knowing how the properties of MNP are affected by dispersion 

in physiological medium is decisive for the success of the MNP in its specific application [240]. 

Consequently, the development of a nanomedicine requires the use of a range of characterisation steps to 

select suitable MNP. The characterisation of physicochemical parameters pre- and post-incubation with 

biological medium followed by in vitro evaluation of MNP biocompatibility and efficacy of drug-loaded 

MNP formulations, and finally the in vivo evaluation of biodistribution, would provide substantial 

information on MNP properties and their potential to generate unwanted biological side effects. The 

following sections provide the background to each stage of the three tiered approach presented in Figure 6. 

 

1.4.1 Physicochemical characterisation of MNP 

 

1.4.1.1 Size 

Slight changes in physiochemical properties have significant implications on the behaviour of MNP in the 

biological environment such as the mechanism of uptake [241]. Particle size plays a decisive role in 

nanoparticle properties and therefore particle sizing is an essential task in nanoparticle characterisation. The 

size of the core material can dictate the applications for which they are suitable, for example, nanometre 

sized particles can be used for targeted drug delivery and are small enough to enter cells to carry out their 

intended function, whereas particles in the micron range have shown great promise in protein and cell 

separation applications. The degree of reactivity of MNP is size dependent and is related to their surface 

area, with smaller nanomaterials (greater surface area) having higher dissolution reactivity compared to 

their larger analogues. Enhancement in MNP reactivity can be particularly high at sizes less than or equal 

to 10 nm [242]. It has been demonstrated that iron oxides of 4 nm have a surface area normalised reactivity 

that is 20 times higher than 6 nm nanoparticles of the same composition [243]. Nanoparticle size can be 

altered through the association with a range of biopolymers such as proteins, which are organised on the 

nanoparticle surface as the “protein corona”, with possible implications for biological impacts [244]. 

Opsonisation by serum proteins, resulting in the formation of a hard and soft protein corona, occurs rapidly 

following intravenous injection [245-247]. This interaction can result in changes of the MNP hydrodynamic 

diameters and has also been reported to increase MNP stability [248]. Ehrenberg et al [249] demonstrated 

protein adsorption on the surface of polystyrene nanomaterials incubated with a range of serum samples. 

They concluded that the protein adsorption capacity of nanoparticles is an excellent predictor of cellular 

association, with nanoparticles of larger hydrodynamic size having increased uptake [249]. While 

opsonisation may facilitate cellular uptake, it increases the physical size of the MNP, which increases the 

likelihood of being retained in the liver and spleen by the reticulocyte endothelial system (RES) [250, 251]. 

Therefore, it is important for new nanomaterials or batches from existing formulations to be characterised 

following gold standard procedures and techniques. Methods to monitor MNP characteristics such as core 

size, shape and hydrodynamic diameter include the gold standard approaches of Transmission Electron 
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Microscopy (TEM) to obtain quantitative measurements of nanoparticle core size, population size 

distribution, and morphology; and Dynamic Light Scattering (DLS) to measure the hydrodynamic diameter 

of nanoparticle dispersions. A refined technique for the measurement of hydrodynamic diameter has been 

commercialised and is called nanoparticle tracking analysis (NTA). The determination of hydrodynamic 

diameter of nanoparticles in NTA is similar to DLS whereby both techniques use nanoparticle dispersions, 

and both rely on the scattering of laser light diffracted by the nanoparticles to measure size. Unlike DLS, 

NTA determines the size of the nanoparticle dispersion based on the movement of individual nanoparticles 

in a sample. The Brownian motion of each nanoparticle is recorded and the size is calculated based on the 

degree of motion and density of the solution to provide a detailed, particle-by-particle sample size [252]. 

NTA is a reliable platform for the study of a broad range of nanomaterials and in many applications, from 

quantification of exosomes [253-255], platelet-derived extracellular vesicles [256], virus particles [257], 

polystyrene nanospheres [258], silver nanoparticles [259], gold nanoparticles [260], and iron oxides [261, 

262]. Thus, over the past twelve years, NTA has become a gold standard technique and can provide a 

substantial advancement in knowledge and compliment already established technologies such as DLS. 

 

1.4.1.2 Surface coating 

A key component to ensure long circulation time with increased presentation at a tumour site or organ of 

interest is the avoidance of the RES system and the organs responsible for nanoparticle clearance, namely 

the liver, spleen and kidney [48, 250, 251]. While MNP size has been shown to be a major predictor for 

nanoparticle clearance from the blood [263], the presence of hydrophobic residues on the nanoparticle 

surface have also been shown to reduce circulation time on account of increased protein opsonisation [264]. 

Coating the nanoparticles with hydrophilic polymers, or with biodegradable co-polymers that contain 

hydrophilic components such as PEG will resist opsonisation through steric repulsion [265]. Surface 

molecules are commonly used to coat the inorganic core of the MNP, generally as a means to increase the 

biocompatibility of the formulation, maintain stability, and provide accessible functional groups for 

attachment of additional therapeutic and targeting moieties. Examples of common hydrophilic and 

biocompatible coatings include dextran and dimercaptosuccinic acid (DMSA). Historically, DMSA (FDA 

approved small organic molecule) has been used as a treatment against acute heavy metal poisoning and is 

highly effective at removing lead [266], and mercury [267] from multiple areas of the body. DMSA, when 

used as a nanoparticle coating, imparted greater stability to MNP, which was maintained across a broad pH 

range (pH 1 – 14) [268]. The DMSA coating plays an important role in sample monodispersibility and has 

been shown to increase cellular association and uptake by up to three fold compared to uncoated 

nanomaterials, and it is thought to be facilitated through non-specific binding of the outer cell membrane 

[269, 270]. Nanomaterials coated with DMSA have also demonstrated little to no cytotoxicity or 

genotoxicity in vitro [271, 272] and in vivo [273]. In vitro cytotoxicity has been observed at concentrations 

greater than 100 µg/mL [271], which far exceed the concentrations used with clinically implemented MNP, 

such as Ferumoxtran-10, which is typically delivered at 3.4 mg Fe/kg (44.16 µg/mL) [274]. Concentrations 

in excess of 100 µg/mL have been tested using DMSA coated MNP and no adverse effects up to 500 µg/mL 

were observed in hepatic cells [275]. In vivo analysis confirmed biotransformation in the liver and spleen 

but following three months post exposure, animal survival was not compromised [275]. A study by Mou et 
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al., demonstrated that DMSA coated MNP had the capacity to reduce intracellular reactive oxygen species 

levels in cardiomyocytes [276]. Therefore, the cardiotoxicity side effect observed with extended cancer 

treatment with the chemotherapy doxorubicin could benefit with the use of DMSA coated MNP to deliver 

the agent to tumour cells. 

 

1.4.1.3 Surface charge 

Surface charge is an important characteristic of engineered nanomaterials, and determines cellular uptake 

and biodistribution. It is accepted that positively charged nanoparticles have a higher rate of cell uptake on 

account of the attraction with the negatively charged plasma membrane at non-specific sites, when 

compared to neutral and negatively charged nanoparticles [277-279]. The increase in cellular association 

generally confers that positively charged nanomaterials are more toxic compared to negative variants of the 

same size and composition [280, 281]. Thus neutral and negative nanomaterials have been shown to limit 

the extent of protein opsonisation, have an increased circulation time, and have a lower rate of nonspecific 

cellular uptake [241]. A study has shown that thiolated nanoparticles were preferentially localised in the 

tumour mass of breast-tumour bearing nude mice compared to non-thiolated nanoparticles [282]. This 

finding suggests that a negative surface coating consisting of DMSA, which contains two thiol groups and 

two carboxylic acid groups, could be used to design a nanoparticle capable of preferential tumour 

localisation with limited protein opsonisation and increased circulation time. Thus, surface functionality 

and surface charge of nanomaterials are the critical parameters in the development of a nanomaterials for 

theranostics.  
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1.4.2 MNP-cell interaction in biological environment 

The cells of the body present further molecular barriers for nanomaterial uptake and include the plasma 

membrane, endocytic vesicles, lysosomes, peroxisomes, cytoskeletal structures, enzymes, and the nuclear 

membrane. In tumours, additional barriers such as intra-tumoural pressure, and the dense interstitial matrix 

exist. Nanoparticle uptake can occur by energy independent (passive) and dependent (active) mechanisms, 

and can be harnessed and exploited for targeted drug delivery and in understanding the mechanisms 

involved in potential toxicity. The plasma membrane consists of an amphipathic bilayer across which 

nutrients and waste products must be capable of passing. It is a selective barrier that tightly controls the 

access and egress of chemicals and molecules, concentrating nutrients it gathers from the environment and 

removing waste products that it produces. The mammalian plasma membrane consists of phospholipids 

(phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, sphingomyelin and 

phosphatidylinositol to a lesser extent), cholesterol and glycolipids which are present in varying quantities 

which can alter the fluidity and permeability of the membrane [283].  Cholesterol, consisting of a rigid 

steroid ring structure, decreases the permeability of the membrane and immobilises the hydrocarbon head 

groups of surrounding phospholipids. The different types of lipids that form the plasma membrane are 

randomly distributed, however order in the form of lipid rafts occurs transiently with the interaction of 

sphingolipids together with cholesterol to form dense microdomains that have a greater thickness than the 

surrounding membrane on account of their longer fatty acid tails [283]. These microdomains are formed in 

both the trans-Golgi network and the plasma membrane and are shuttled from the trans-Golgi network via 

transport vesicles to the apical plasma membrane and exist as caveolae as either flask-like invaginations or 

in planar form. Evidence exists to suggest that lipid raft organisation is mediated by the cytoskeleton and 

several proteins, cytoskeletal components and binding partners localise to lipid rafts and function to control 

the movement of membrane proteins in response to extracellular signals [284]. They are the site for a large 

number of glycosylphophatidylinositol anchored proteins that are involved in signal transduction such as 

Ras signalling and hedgehog signalling [285]. Owing to the complex structure and organisation of the 

plasma membrane, the passage of chemicals and molecules through the bilayer can occur passively or via 

active mechanisms.  

 

1.4.2.1 Passive uptake 

Passive uptake involves the movement of biomolecules and other substances across the plasma membrane 

without the requirement of energy. The four methods of passive uptake into cells are diffusion, facilitated 

diffusion, filtration and osmosis. Diffusion involves the movement of particles from an area of high 

concentration to an area of low concentration. Diffusion rate is dependent on the hydrophobicity of the 

molecule with hydrophobic molecule diffusion occurring at a higher rate than hydrophilic molecules. 

Water, oxygen and carbon dioxide rapidly diffuse across the lipid bilayer while charged molecules cannot. 

In these instances diffusion can occur if facilitated by highly selective membrane-spanning transport 

proteins. Binding of large molecules to the transport proteins alters their confirmation and enables 

movement of the molecule to either the inside or outside face of the membrane. Filtration is the movement 

of solutes across the plasma membrane due to hydrostatic pressure differences, such as those found in the 

vasculature. Filtration is a primary function of the kidney cells in which the glomerular capsule contains a 
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filtration barrier composed of endothelial cells and podocytes through which water, ions and small 

molecules can pass. The last method of passive uptake involves osmosis, the movement of water molecules 

across the plasma membrane down the water potential gradient, and is dependent on the surrounding 

environment (hypertonic, hypotonic and isotonic) for movement of water.  

Passive uptake has been shown to occur for nanoparticles < 4.7 nm in size [286, 287]. Since 

nanomaterials are of a similar size to biological molecules, they can equally invade cells, taking advantage 

of passive uptake as well as active uptake mechanisms. The interaction of nanomaterial with the lipid 

bilayer is dependent on size, surface composition and charge [288, 289]; with cationic nanomaterial of 20 

nm shown to adhere strongly to the cell membrane via nonspecific electrostatic interactions which resulted 

in membrane poration [290]. Larger nanomaterials have been shown to penetrate the lipid bilayer which 

can occur by inducing defects in membrane structure. Uptake in this manner can result in membrane rupture 

and a marked increase in cytotoxicity. Such defects can include the formation of nanosized holes and 

thinning of the membrane [291], and has been demonstrated to facilitate the uptake of large (600 nm) silica 

nanoparticles into red blood cells [292]. While passive uptake is the main method of entry for small 

molecules and ions, larger molecules such as MNP are preferentially taken into cells via active uptake.  

 

1.4.2.2 Active uptake 

Nanomaterials that contact the plasma membrane enter through an energy-dependent mechanism. The 

method of uptake depends on the size of the presenting nanomaterial and the type of cell being exposed, 

but includes either clathrin mediated, caveolin mediated, micropinocytosis, clathrin & caveolin-

independent mechanisms or phagocytosis. Active uptake requires energy in the form of adenosine 

triphosphate [293], and involves multiple cellular proteins to orchestrate the formation of the membrane 

pits such as clathrin and caveolin, projections from the cell membrane and into the cell, formed by 

polymerisation of actin filaments, and the vesicle scission by the guanosine triphosphate driven (GTP) 

dynamin protein. Of vital importance to the endocytic pathway is the involvement and maturation of 

endosomes and formation of lysosomes. Endosomes consist of three distinct types: early endosomes, late 

endosomes and recycling endosomes [294]. The process of endocytosis forms intracellular coated vesicles 

which encapsulate extracellular solutes, fluid, macromolecules, and components of the plasma membrane 

[295]; when these endocytic vesicles become uncoated they fuse with early endosomes from where they 

are sorted prior to degradation in lysosomes. The early endosomes have slightly acidic lumens due to the 

action of V-ATPase [296], and can facilitate the release of targeting ligands from the endosome and 

recycling of their receptor back to the plasma membrane. The internal pH continues to drop during 

maturation of the endosomes from early endosomes (pH 6.0 – 6.5) to late endosomes and lysosomes (pH 

4.5 – 5.5) [297, 298], and can be exploited in the delivery of nanomaterial with pH sensitive compounds 

such as dyes, linkers, and coatings. Lysosomes are highly specialised vesicles in cells that are responsible 

for the disposal of unwanted materials from the cytoplasm and from external materials taken up by 

endocytosis. The lysosomal enzymes (of which more than 50 are known) are translated by ribosomes of the 

rough endoplasmic reticulum. From here they are modified and transported to the cis-Golgi apparatus where 

a mannose 6-phosphate tag is added. The enzymes move to the trans-Golgi network where they specifically 

bind to mannose 6-phosphate receptors which ensures that they are sorted correctly from other products in 
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the trans-Golgi network. Vesicles containing the enzymes bud from the trans-Golgi body and fuse with late 

endosomes which themselves can grow into mature lysosomes [283]. The interplay between endosomes 

and lysosomes is vital for the sustained enzymatic function of lysosomes. The lysosomes depend on the 

influx of enzymes and other components from endosomes to maintain their acidity and intactness [299]. 

The most prominent uptake mechanisms are discussed next and although there exist a number of studies 

that report on the uptake of nanomaterial into cells, there is very little known about the route of 

internalisation of MNP [300]. A recent publication using superparamagnetic iron oxide nanoparticles 

demonstrated via siRNA knockdown of key proteins necessary for active uptake that caveolin mediated 

endocytosis was the main mode of uptake of MNP in HeLa cells [300]. Cengelli et al. demonstrated that 

ultrasmall superparamagnetic iron oxide nanoparticles (9 – 10 nm diameter) in both 2D and 3D human 

melanoma cell cultures were taken up by clathrin-mediated endocytosis with localisation to lysosomes 

[301]. In another study, it was demonstrated that MNP with a silica shell of 50 nm size were internalised 

into cells via clathrin mediated endocytosis [302]. Another recent publication highlighted that although 

uptake studies have been performed with superparamagnetic iron oxide nanoparticles, little is known about 

what physicochemical characteristics provide the most optimal uptake into non-phagocytic cells [303].  

Clathrin-mediated transport is the most highly studied mechanism of endocytosis and exocytosis 

and is the main method of nanoparticle internalisation with mean size of 200 nm [279, 289]. The importance 

of the clathrin coated pits lies in the crucial role in the movement of nutrients, recycling of receptors and 

lipids from the cell membrane and the movement of substances from the Golgi network to the cell surface. 

The formation of the clathrin coated pit begins with the assembly of individual units called triskelion 

composed of three clathrin heavy chains and three light chains. As the clathrin coated pit forms, the legs of 

the triskelion structure interdigitate and form a cage around the membrane invagination [304]. The actin 

cytoskeleton facilitates the elongation of the opening to the clathrin coated pit to enable complete 

endocytosis, while dynamin has been shown to act as a mechanochemical structure through the hydrolysis 

of GTP to create a twisting motion around the membrane invagination, increasing longitudinal tension and 

supercoiling of the dynamin structure, the tension on the membrane increases until membrane fission occurs 

and the vesicle is liberated from the plasma membrane [305]. Dissociation of the clathrin triskelion structure 

is a necessary step before the contents of the vesicle can be shuttled between the different phases of the 

endocytic pathway. The heat shock cognate 70 protein was found to be instrumental alongside the cofactor 

auxilin to facilitate clathrin disassembly [306, 307]. 

Caveolin is a family of integral membrane proteins consisting of a hairpin loop structure that is 

inserted into the membrane, does not span the bilayer, and has both C-terminus and N-terminus localised 

on the cytoplasmic face. Caveolin 1, 2 and 3 are expressed in different cell types, with caveolin-1 and 2 

predominantly expressed in endothelial, fibrous and adipose tissue, while caveolin-3 is restricted to smooth 

and striated muscle. Their localisation in the membrane coincides with lipid rafts and they constitute a 

subdomain of the glycolipid raft structure. Uptake via this mechanism can therefore be referred to as 

caveolin and lipid raft mediated endocytosis. The caveolin proteins form invaginations in the plasma 

membrane called caveolae which are approximately 50 – 100 nm in diameter [308]. Nanoparticles or 

clusters greater than 200 nm in size are preferentially taken up by caveolae-mediated internalisation, albeit 

at a slower rate compared to clathrin-mediated uptake [279]. The observation that nanoparticles >200 nm 
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are preferentially taken up by this mechanism may be related to the activity of the recruitment proteins for 

both processes, and also related to the internalisation kinetics which favours the uptake of larger 

nanomaterials by the caveolae-mediated mechanism, potentially due to a maximum allowable size that can 

be accommodated inside the clathrin pits [279]. Another feature of caveolae is the evasion of the lysosomal 

degradative pathway, and while they do interact with the early endosomes, they never fuse and the contents 

of caveolae are never exposed to the lysosome and is the entry method of choice by viruses [309]. 

Macropinocytosis, unlike the clathrin-mediated uptake mechanism, is a non-specific form of 

endocytosis that facilitates the uptake of solutes from extracellular fluid [310]. The vesicles that are formed 

range between 0.5 – 5 µm in size and are initiated by the ruffling of the plasma membrane which eventually 

fuse to form the macropinosome [311]. The fate of the macropinosome is through the endocytic pathway 

and eventual fusion with lysosome vesicles [312]. The dynamics of the maturation process has been difficult 

to elucidate due to the absence of significant membrane markers like those found in the clathrin and caveolin 

mediated processes, with the most distinguishing feature of macropinosomes being their large size in the 

cytoplasm [313]. Uptake of nanoparticles by this mechanism, on account of vacuole size, can accommodate 

large nanoparticle aggregates in excess of 200 nm, as we have demonstrated using MNP coated with DMSA 

[314]. It provides an additional mechanism for nanomaterials uptake and one which can be harnessed for 

the delivery of larger nanodrug payloads. 

The ability of MNP to interact with the plasma membrane of cells, to induce uptake by endocytosis 

or passive uptake by interacting with the plasma membrane indicates that it is possible that MNP could 

escape from endosomes and lysosomes. Such an event could cause considerable intracellular damage to the 

Golgi apparatus, endoplasmic reticulum (ER) and mitochondria. A thorough study has recently been 

published (June 2016) and demonstrates that bare (uncoated) MNP induced the formation of 

autophagosomes in MCF7 cells to a greater degree than PLGA coated MNP following 24h exposure [315]. 

Zhang et al. demonstrated that upon uptake of bare MNP into lysosomes, the lysosomal membrane was 

disrupted and subsequently diffused into the intracellular space while PLGA coated MNP did not cause 

such pronounced lysosomal damage. In addition, the bare MNP caused a reduction in mitochondrial 

membrane potential while coated MNP did not and reactive oxygen species (ROS) were induced following 

exposure to bare MNP only. Not only did bare MNP affect the integrity of lysosomes and mitochondria, 

they were also shown to disrupt the structure of the ER and Golgi. In vivo analysis in the same study 

demonstrated that mice exposed for 30 days to the bare MNP induced autophagosome accumulation in the 

kidney and spleen while PLGA MNP significantly reduced the toxicity in these organs [315]. There is a 

growing body of evidence that demonstrates that oxide nanomaterials can induce ROS production, 

mitochondrial damage, ER stress and autophagy which precedes apoptosis [316-320]. Autophagy was 

shown to correlate with ROS production alongside mitochondrial damage in A549 lung fibroblast cells 

exposed to bare MNP [319], and to induce ER stress in a murine peritoneal macrophage cell line 24h post 

exposure to phospholipid coated MNP [320]. Therefore the uptake, internalisation, release/degradation of 

MNP in the cell can have a profound effect on lysosomal, ER, Golgi and mitochondrial integrity. 
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Figure 12: Modes of nanoparticle uptake. 

An overview of nanoparticle uptake into the eukaryotic cell. Passive diffusion across the plasma membrane, 

clathrin mediated endocytosis, caveolin mediated uptake, micropinocytosis, phagocytosis, and other uptake 

mechanisms facilitate nanoparticle uptake. Nanoparticles enter the early endosomes (EE) which move 

along microtubules nucleating from the microtubule organising centre (MTOC) and mature into late 

endosomes (LE), and finally into lysosomes (LYSO). pH dependent release of nanoparticle functionalities 

in the lysosome can diffuse into the cytoplasm and enter key subcellular organelles such as mitochondria 

(MITO) and induce cytotoxicity and to the nucleus where genotoxic events can occur. 

 

1.4.3 MNP degradation and in vitro cytotoxicity 

An essential checkpoint that must be carried out prior to the use of nanomaterials in vivo, is the screening 

of each formulation to determine biocompatibility and capacity to induce acute toxicity following 

intracellular degradation and resulting appearance of the constitutive parts of the MNP. According to the 

three-tiered approach (Figure 6), the testing of nanomaterials constitutes Tier 2, whereby in vitro assays are 

employed to screen the engineered nanomaterials for biocompatibility or anticancer efficacy. 

Nanomaterials can enter the body and induce a wide range of effects, which are dependent on the mode of 

entry and whether nanomaterials reside outside or inside the cell. Many nanomaterials may not induce toxic 

effects when localised to the extracellular environment, but may induce toxicity upon entry into the acidic 

environment of the lysosome. The physicochemical characteristics and stability in solution can impede the 

measurements of toxicity, with interference of the dyes used to measure cellular viability, metabolic activity 

and intracellular events. Considerable attention has been turned towards the development of assays that 

provide a rapid means to screen a broad range of nanomaterials efficiently with an emphasis on developing 
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ways to limit or remove the capacity for interference. Two broad approaches can be taken to determine 

nanomaterials toxicity in vitro, firstly the utilisation of viability tests that rely on a colour change to provide 

a measure of cellular viability, such as those used to determine the suitability of drugs in the pharmaceutical 

setting; or secondly, the use of fluorescent viability tests against specific cellular markers or organelles. 

Both approaches suffer from interference to some degree, with conflicting reports as to the extent of 

nanoparticle-induced toxicity, using the same nanomaterials. The most common techniques are discussed, 

with a focus on high throughput fluorescent assays that provide multiple parameter readout compared to 

the single output obtained using colorimetric assays.  

Testing of nanomaterials has been typically conducted using assays originally developed to 

determine the toxicity of chemicals and drugs [321]. However, it has been demonstrated that nanomaterial 

interference can occur with assays employing dyes such as those found in the lactate dehydrogenase (LDH), 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and WST-1 assays [322, 323]. 

Nanomaterials have been shown to interact with chemical compounds and macromolecules such as proteins 

in these assays. In a recent study [324], silver nanoparticles coated with PVP caused considerable 

interference with the LDH assay by up to 50%, while a second formulation coated with citrate at the same 

concentration caused a 70% interference compared to the control group. Separately, it was shown that silver 

nanoparticles either bare or capped with citrate interfered with the LDH assay [325]. Oh et al. effectively 

demonstrated that careful assay development and removal of nanomaterials prior to assessment could 

minimise interference and ensure correct cytotoxic evaluation using these common colorimetric tests [325].  

Fluorescent compounds provide an alternative to the single readout colorimetric tests, whereby 

they absorb light at specified wavelengths and can provide a multi-coloured readout for a wide range of 

parameters. In an unbound state they can label subcellular organelles and vesicles, irreversibly bind DNA 

and provide a measure of DNA content, nuclear shape and size. They may also indicate changes in 

intravesicle pH, having the ability to indirectly measure increases or decreases in pH through emitted light 

intensity. When coupled to nanomaterials, the ability to study uptake kinetics, track progression in the cell 

and measure stability is also possible. Additionally, it is possible to use subcellular organelle dyes to provide 

evidence of the uptake of nanomaterials, onset of cell death through depolarisation of mitochondrial 

membrane potential, and cell loss by measuring the total number of nuclei in the sample. While fluorescence 

based toxicity testing can provide a broad range of possible outputs, it remains vital to adequately screen 

the nanomaterials tested to ensure interference with fluorescent signal does not occur. As described above 

in the publication of Oh et al., adequate washing of cells prior to testing may aid in the reduction in assay 

interference. The distance between the nanomaterials and fluorescent molecule has been shown to be an 

important factor in fluorescent quenching with a range of possible relaxation pathways accounting for the 

reduction in fluorescence intensity [326]. Radiative decay, non-radiative decay, energy transfer between 

fluorescent dye and nanoparticle core, dye-dye coupling and nanomaterials surface interactions can all 

contribute to the reduction in fluorescent intensity [326]. The quenching of fluorescence by MNP can also 

be quite advantageous, such as in the production of smart nanoparticles. A study by Josephson et al. utilised 

MNP in MRI and were able to identify nanoparticle biodistribution by both contrast and fluorescence using 

near-infrared fluorescence spectroscopy, whereby fluorescence was restored once linker cleavage liberated 

the dyes from the nanoparticle [327].  
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1.4.3.1 High throughput multi-parametric analysis 

The move towards an automated microscopy platform utilising a fluorescent based assay can dramatically 

reduce extracellular nanoparticle interference through direct visualisation of subcellular organelles. High-

throughput assays such as HCSA provide the flexibility required in image analysis to enable subcellular 

data mining without the interference that MNP may otherwise induce in a colorimetric test. HCSA is a 

convergence between high resolution fluorescence-based imaging and cell-based assays. It provides 

advanced image analysis capabilities through the use of specialised software and data output is provided 

on a cell-by-cell basis. It is a powerful technique for the simultaneous detection of many biological 

pathways that has the capacity to screen thousands of compounds when used in a fully automated robotic 

platform. With the surge in nanoparticle development it is important to have an established and unified 

screening and analysis platform that can process newly developed nanomaterials and increase the selection 

of safer formulations at an efficient rate [328]. 

The researchers from our centre have demonstrated the suitability of the HCSA technique in 

monitoring the cytotoxic effect of a number of nanomaterials in a range of cell types such as cadmium 

telluride quantum dots and gold nanoparticles in murine neuroblastoma cells and HepG2 human 

hepatocellular carcinoma cells [328], amorphous silicon dioxide nanoparticles in human monocytic 

leukemia cell line THP-1 and human alveolar epithelial cell line A549 [329], nonfunctionalised quantum 

dots with human blood monocyte-derived primary macrophages and phagocytic, epithelial, and endothelial 

cell lines [330], carbon nanotubes in macrophage-like THP-1 cells [331], nebulised MNP [332] and most 

recently gold nanoboxes in A549 cells [333].  

The intracellular degradation and liberation of the constitutive parts of the MNP can result in the 

excessive formation of ROS. ROS are highly reactive molecules and are present in the cell as by-products 

of metabolism. Under normal physiological conditions the low level of ROS present in the cell is due to the 

superoxide dismutase family of enzymes catalysing the dismutation of superoxide into hydrogen peroxide 

and water [334]. An increase in ROS can occur due to oxidative stress which can result in damage to DNA, 

RNA, lipids and proteins [334]. Degradation of MNP and release of Fe2+ can directly increase formation of 

ROS through the fenton reaction whereby hydrogen peroxide can oxidise Fe2+ to produce the hydroxide ion 

(OH-) and the highly reactive hydroxyl radicle (OH˙) [332, 334-336]. 

With a broad range of fluorescent dyes to choose from, the initial screening of nanomaterials 

should aim to provide an adequate readout to identify acute cytotoxicity and understanding of the 

mechanism of nanoparticle interaction with the biological sample. Cytotoxicity can occur via the direct 

impact on the integrity of the plasma membrane. It was previously noted that silica nanoparticles of 600 

nm could interact with the surface of red blood cells and induce cell uptake through membrane ruffling 

[292]. Uptake in this manner caused haemolysis shortly following membrane interaction. In addition to 

plasma membrane damage, it is possible that uptake of nanomaterials can cause considerable cytotoxicity 

following degradation into their constitutive parts, which can release ions and result in the generation of 

reactive oxygen species as introduced above.  

With this in mind, the most appropriate parameters to test as an initial screen of newly designed 

nanomaterials are those that provide a measure of total cell count (nuclear Hoechst 33342 dye), nanoparticle 

uptake into lysosomes (Lysotracker®), membrane permeability (YO-PRO®-1 iodide) and mitochondrial 
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membrane potential (Mitotracker®). Hoechst 33342 is designed to rapidly and selectively bind to the minor 

groove of dsDNA and preferentially to adenine-thymine (A-T) rich regions; cell membrane permeability 

dye (YO-PRO®-1 iodide) is a membrane impermeable dye that binds to DNA when cell membrane 

integrity is compromised. It has been demonstrated that YO-PRO®-1 iodide can pass through specific cell 

membrane channels, therefore cytoplasmic staining may be observed, and it is nuclear staining that signifies 

cytotoxicity. LysoTracker® dye is a weak base and can freely move into the cell, the dye is protonated and 

fluoresces upon entering acidic organelles where it is retained. Finally, the MitoTracker® cyanine dye 

contains a cationic charge and is capable of crossing the strong proton gradient of the mitochondrial 

membrane and is retained well following aldehyde fixation. 

HCSA has become an approved approach for toxicity testing due to the high informational output 

and multi-parameter capabilities, and is becoming established as a gold standard method to screen a wide 

range of nanoparticles [328-333]. 

 

1.4.4 Assessment of genotoxicity 

A genotoxin is an agent (chemical or radiation substance) that can directly or indirectly damage DNA and 

cause mutations and potentially result in cancer. The screening of nanoparticles to identify whether they 

possess genotoxic potential has received backing by the organisation for economic cooperation and 

development (OECD) with the aim to make it safer for consumers (www.oecd.org). The OECD has 

established guidelines to test chemical substances to determine the safety and biosafety of each. The test 

guidelines are an internationally recognised and agreed method used by governments, industrial sector and 

laboratories, and include the establishment of good laboratory practice guidelines to ensure high quality 

and reliable test data is obtained. Screening of nanomaterials for toxicity has been addressed by the OECD 

through implementation of over 110 different chemical tests. The OECD has recently completed a seven 

year experimental testing programme into the toxicity screening of 11 commercially available 

nanomaterials to be used from the chemical to the food industry. This programme facilitated over 780 

studies into the evaluation of nanomaterial properties and it was concluded that the chemical-based 

guidelines outlined by OECD are, for the most part, suitable for testing nanomaterials [337]. Specifically, 

the guideline Test 487 (CBMN assay) has been adopted for the genotoxicity testing of nanomaterials and 

has been demonstrated as a superior method compared to alternative OECD genotoxicity tests [338].  

 

1.4.4.1 Cytokinesis block micronucleus assay 

The cytokinesis-block micronucleus assay is a powerful test to determine whether a nanoparticle 

formulation is genotoxic, and if capable of inducing genotoxicity, the test can identify whether the 

nanoparticle formulation is clastogenic or aneugenic. A clastogen is defined as an agent that induces 

breakages in chromosomes, leading to large sections of chromosomes being rearranged, added or deleted. 

An aneugen is defined as an agent that causes aneuploidy in a daughter cell. The most famous example 

being colchicine, an ancient mitotic spindle poison drug that was used to treat rheumatism and swelling in 

1500 BC [339], and is currently used to treat gout [340], atrial fibrillation [341], and pericarditis [342], but 

can cause considerably potent adverse effects. Toxicity with colchicine can occur in as little as 2 hours post 

exposure with the onset of multi-system trauma and organ failure occurring between 24 hours and 72 hours. 
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Hypovolemic shock followed by cardiogenic shock due to extensive damage to the vasculature can cause 

death. To date no therapeutic methods exist to eliminate colchicine, while supportive care has shown 

promise in promoting patient survival [343]. The utilisation of colchicine in in vitro tests requires the 

identification of an appropriate concentration that does not result in substantial cell loss as outlined by the 

OECD in test no 487 [344]. The inhibition of cytokinesis (formation of a cleavage furrow and actin/myosin 

II contractile ring driven separation of two daughter cells), is facilitated by the chemical cytochalasin-B 

(Cyto-B) [345]. Cyto-B is a fungal metabolite which inhibits the polymerisation of actin through the 

inhibition of monomer addition to the barbed end of the nascent actin filament [346]. It was specifically 

shown by Carter et al. to inhibit the complete separation of bi-nuclear cells into daughter cells [347]. The 

mode of action of Cyto-B confers its level of toxicity, and accordingly the cells to be tested must be pre-

screened with Cyto-B to identify a concentration that results in no greater than 55% cell loss [344]. The 

timing of Cyto-B exposure is an important aspect to capture the majority of cells in a bi-nucleate state, and 

must be conducted to ensure that cells undergoing their first division are inhibited from separation [345]. 

Typically cells are exposed to Cyto-B for 24 – 29 hours [345]. While fluorescent HCSA-specific assays 

exist for determining micronucleus formation, they are severely limited due to the toxicity of colchicine 

and Cyto-B compounds, with considerable cell loss hampering acquisition of an appropriate number of bi-

nuclear cells (unpublished observation). The most appropriate test involves the cytology method of cytospin 

to concentrate cells onto microscope slides [348], and the staining of the nuclear material using a 

commercial Wright-Giemsa stain variant, to visualise nuclear containing cytosolic compartments [345]. 

The possible fates of cytokinesis blocked cells exposed to a genotoxic agent is outlined in Figure 13. 

 

 

Figure 13: Various fates of cultured cytokinesis-blocked cells following genotoxic insult. 

An overview of the five possible fates of cells exposed to a genotoxic agent. Apoptosis, generation of 

dicentric chromosomes, gene amplification, necrosis and breakage of chromosomes to form micronuclei.  

Image from reference [345]. 
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1.4.5 Nanodrug design for targeted drug delivery 

Conventional chemotherapy regimens have been aptly referred to as “shotgun” approaches in the treatment 

of cancer. Whilst cancer cells are the preferred targets of conventional chemotherapies, they also 

indiscriminately target healthy and rapidly dividing cells such as those found in the nails, hair follicles, 

blood, mouth and intestinal tract. The side effects experienced by patients undergoing chemotherapy 

treatment are different from patient to patient, with the most common being extreme fatigue, widespread 

hair loss, mouth ulcers, diarrhoea, nausea and vomiting. Side effects can range from mild to severe, with 

anaphylaxis at the extreme end of the spectrum. Unfortunately, these unwanted effects are common in 

chemotherapy treatment regimens and cardiac damage can occur due to the high and prolonged systemic 

doses that are administered (reviewed in [349]). Cardiac toxicity refers to the onset of arrhythmias, 

myocardial ischemia, coronary artery disease, hypertension and myocardial dysfunction following the 

treatment with chemotherapeutic agents. Two such agents, doxorubicin and gemcitabine, have been shown 

to affect heart function. Doxorubicin, an anthracycline cancer therapy drug, can cause left ventricular 

dysfunction and heart failure through the formation of reactive oxygen species, inhibition of DNA repair 

and impaired protein synthesis [350]. Gemcitabine on the other hand is an antimetabolic cancer therapy 

medication that can cause arrhythmias and ischemia due to coronary vasospasm and reduced blood flow 

and supraventricular tachycardia [351]. The broad ranging side effects presenting with the use of 

conventional cancer therapy drugs has been the main driver in the discovery for alternative methods. 

Nanomaterial-drug conjugates, or nanocarriers, offer the means by which cancers can be directly 

and selectively targeted. They have several advantages over conventional drugs whereby they can protect 

the conjugated drug from degradation and increase the drug half-life, increase bioavailability and ensure 

that the nanocarrier can reach their intended target, and interact specifically with cancer cells therefore 

avoiding indiscriminate drug release and lessen or eradicate the observed side effects common with 

conventional treatments [352]. Nanocarriers are appropriately referred to as “smart drugs”, due to their 

small size, large surface to volume ratio and drug carrying capacity, capability to bind to hydrophobic and 

hydrophilic compounds and their suitability for multiple delivery methods [353]. Current nanoparticle 

based therapies in clinical use exploit the EPR effect, a consequence of “leaky” and defective vasculature 

architecture and low lymphatic drainage, but many regions of the tumour are less vascularised and 

heterogeneous in nature and therefore chemotherapeutic drugs may not effectively reach all regions of the 

tumour [55]. In this case, having the capacity to exploit an additional therapeutic modality would provide 

an advantage over conventional methods. Incorporating a targeting moiety on the surface of the MNP has 

the advantage of selectively binding tumour cells and increasing the delivery of the chemotherapeutic drug. 

Through targeting only the tumour, the common side effects associated with chemotherapy treatment would 

be dramatically reduced. 

Multiple strategies for drug delivery are being investigated which include active targeting to 

tumour cells, active targeting to angiogenic cell surface markers of endothelial cells, magnetic-field assisted 

delivery and triggered drug delivery. With the additional functionalisation comes a further layer of 

complexity whereby the nanoparticles must remain colloidally stable but must also have a high drug-

loading capacity. Steric hindrance, availability of sufficient functional groups and employing spacer 

molecules play a role in the amount of drug incorporated. Functionalization strategies for MNP include 
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electrostatic and covalent attachment of the molecule of interest to the surface of the MNP. Electrostatic 

attachment involves the interaction of an oppositely charged moiety to the surface of the MNP, attractive 

force or bond strength depends on the charge of both the moiety to be attached and the nanoparticle surface, 

and can easily be disrupted in the presence of a high salt solution. In such an environment, drug release 

occurs as a passive process [354]. Taking this limitation into account, the covalent functionalisation of 

drugs and targeting moieties onto the surface of the nanomaterials seems to be the best approach. Covalent 

attachment is a type of chemical bond whereby electron pairs are shared between atoms, one such covalent 

bond is the disulphide bond involving electron pair sharing between two sulphur atoms, formed by the 

oxidation of sulfhydryl (-SH) groups. These bonds are strong, but less so than carbon to carbon and carbon 

to hydrogen bonds and therefore present a “weak link” in many molecules, thus enabling specific bond 

cleavage by reduction [355]. The implementation of covalent strategies to facilitate functionalization of the 

MNP enables specific drug release depending on the covalent bond formed. In the case of a disulphite bond, 

breakage of the bond in a reducing environment such as the lysosome would provide a situation whereby 

drug release can occur only following cellular uptake. Further to this, considerable challenges exist in the 

delivery of drug to all regions of the tumour as discussed previously in relation to the tumour vasculature. 

This is indeed one of the major obstacles in the treatment of cancer that exist today and one that requires 

considerable attention if systemic MNP-drug delivery is to be successful in the clinic. Geospatial 

localisation of MNP and payload dissemination are key factors in the development of a suitable MNP 

formulation and at present MNP delivered intravenously have a tendency to become sequestered in the liver 

and spleen and subsequently a low percentage of injected MNP enters the tumour. There is a clear divide 

with regards to the most appropriate method to validate the suitability of MNP in vivo. Intravenous injection 

of MNP that can adequately evade the reticuloendothelial system have been shown to cover irregularly 

shaped tumours more precisely than the punctate localisation offered with directly injected nanomaterial 

[356]. A clear advantage of direct injection of MNP is delivery of high concentrations of MNP and payload 

in the tumour, however it is not an accurate technique for the treatment of small, irregularly shaped tumours 

[357]. Huang et al. demonstrated that 0.19% of their intravenously injected MNP localised to subcutaneous 

tumour cells which was sufficient for tumour ablation following hyperthermia treatment [357]. They 

suggest that complete tumour coverage is not required in order for the tumour to be targeted by the MNP, 

in their case this was in relation to thermal ablation whereby convection currents would facilitate MNP 

movement during treatment to all areas of the tumour. Another study by Sugahara et al. demonstrated the 

efficacy of the iRGD tumour-homing peptide [358]. This peptide employed a three-step process to firstly 

target the tumour vasculature, secondly to penetrate into tissue and cells via neuropilin-1 expression and 

thirdly to enhance the activity of the abraxane anti-tumour drug. They did not utilise MNP nanoparticles in 

this study but nevertheless, they demonstrated an 11-fold increase in drug delivery in the abraxane resistant 

BT-474 breast cancer cell line, which significantly inhibited tumour growth in vivo [358]. Over the last few 

years considerable advances have been made in the development of nanomaterials that are targeted to 

specific tumours and a  multitude of liposomal and polymeric nanoparticles with the capacity to target 

specific tumours are currently in clinical development [359, 360]. The bioactive compounds attached to 

these nanoparticles include small interfering RNA (CALAA-01, Atu027) [361], chemotherapeutic drugs 

such as oxaliplatin (MBP-426), doxorubicin (MCC-465, C225-ILS-DOX) and docetaxel (BIND-014 
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Accurins™), and the p53 gene (SGT53). Active targeting is facilitated through functionalising targeting 

moieties onto the nanomaterials surface such as monoclonal antibodies [362-364], small molecules [365-

367], DNA or RNA based aptamers [368, 369], and peptides [370-372], as detailed in the following 

paragraphs.  

 

Monoclonal antibodies: These have been the preferred class of targeting molecule for many years. It has 

been effectively demonstrated that conjugation of the her2/neu (Herceptin) antibody on the surface of 

superparamagnetic MNP could preferentially bind to HER2 expressing cells in vitro and in vivo [362, 363]. 

More recently the ability to specifically identify HER2 expressing lung and breast cancer cells using single 

domain antibody-nanoparticle conjugates has been demonstrated [364]. Current research favours the use of 

single-domain antibody fragments due to low immunogenicity and a higher functionalisation ability 

because of their small size compared to full size antibodies [373]. 

 

Small molecules: Small molecules are typically ≤ 500 Da in size and include growth factors, carbohydrates, 

and receptor ligands [365]. The most extensively studied small molecule is folic acid, which binds to the 

folate receptor. Overexpression of the folate receptor has been reported in many types of human cancers 

and in the case of breast cancer, it is a strong predictor of poor outcome [374]. In a study by Meier et al. 

using ultrasmall MNP functionalised with folic acid [366], a range of breast cancer cell lines were employed 

and exposed to the nanomaterials for 24 hours. Folic acid facilitated the binding and uptake of the 

nanoparticles into the cells. A recent study, using a novel recombinant protein based nanoparticle 

demonstrated folic acid mediated uptake to be greater than six times that of non-targeting nanoparticles 

[367]. While small molecules are an attractive option for targeted drug delivery due to their relatively low 

cost to produce, ease of conjugation and stability, their affinity with cell surface receptors is weak [375]. 

 

Aptamers: These are small, single stranded RNA or DNA sequences that are designed to bind, with high 

affinity, to specific protein or other cellular targets [376, 377]. Essentially they can be considered a chemical 

equivalent of antibodies. Because of their size (typically 15 – 60 bases in length), aptamer immunogenicity 

does not occur [378], which is a major advantage for their use compared to antibody-based approaches. In 

addition, they are highly specific and can discriminate targets based on slight structural differences [379, 

380]. The most relevant application under development is in targeting angiogenesis. One anti-angiogenic 

aptamer product (Pegaptanib®) has been FDA approved for use in macular degeneration and targets the 

vascular endothelial growth factor [368]. There are currently two aptamers in development for application 

in oncology (AS1411 and NOX-A12). In pre-clinical testing the aptamer AS1411 was shown to bind the 

nuclear matrix protein nucleolin on the surface of cancer cells and inhibit proliferation. It has also been 

employed to utilise nucleolin targeting for the delivery of siRNA in the treatment of malignant melanoma 

[381-384]. In fact, AS1411 was the first nucleolin-targeting agent (and the first anticancer aptamer) to reach 

human clinical trials [369]. In a recent publication, Malick et al., the group that discovered and developed 

AS1411 as an anticancer agent, demonstrated that AS1411 conjugated to gold nanoparticles had preferential 

uptake via nucleolin binding into breast cancer cells (MCF-7 and MDA-MB-231) compared to non-
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malignant cell lines (MCF-10A), and were shown to exhibit greater stability in complex compared to free 

forms and induce greater in vitro and in vivo therapeutic effects when in combination [369].  

 

Peptide-based approaches: The use of peptide-based targeting moieties provide the same affinity, 

specificity, stability and small size as observed with the monoclonal antibodies and aptamers described 

previously. They also exhibit relatively low immunogenicity, making them an attractive targeting molecule. 

Peptide ligands are as short as three amino acids in length such as the NGR peptide [370], which has shown 

promise in targeting upregulated CD13 on the tumour vasculature [370]. A particular peptide of interest, 

HB-19, which was constructed in 1996 was shown to have anti-HIV capabilities [371]. Synthesis was 

facilitated using a template assembled synthetic peptide construct as detailed by Mutter et al. [385]. This 

helical peptide was Lysine rich, and provided a template from which the tripeptide (LysΨ(CH2-NH)-Pro-

Arg) could be anchored. The reduction of the peptide bond between Lysine and Proline, denoted as Ψ(CH2-

NH), was carried out to promote stability and resistance to proteases [371]. In 1999 the anti-HIV effect of 

HB-19 was delineated. It was discovered that HB-19 prevented HIV particle attachment to target cells 

through competitive binding of cell surface-expressed nucleolin [386, 387], and was suggested as a 

potential anti-HIV drug thereafter [388]. In vivo studies provided evidence for its rapid uptake (5 minutes) 

in the spleen, liver, bone and kidneys following administration and preferential uptake and stability in 

lymphoid organs, the site of HIV propagation [389]. This early work was promising and it was later 

discovered that HB-19 could markedly suppress the in vivo growth of human breast tumour xenografts 

[390], significantly limit the potential for metastasis through restoring contact inhibition [391], and have 

profound inhibitory effects on the highly malignant rhabdoid tumour of the kidney [392]. It was in 2011 

that a related hexavalent Nucant (nucleolin antagonist) pseudopeptide (N6L) was described (Figure 14) 

[372]. This related peptide had a greater affinity for nucleolin compared to HB-19 and other variations 

tested [372], and was independently shown to bind a second cell surface protein nucleophosmin [393], 

providing an additional marker through which it could potentially exhibit its anti-tumour effects. In 

addition, N6L had anti-angiogenic capabilities in vivo at low concentrations (0.4 nM, 0.8 nM and 2 nM), 

and induced apoptotic cell death following 16 h exposure at higher concentrations (10 µM, 20 µM and 40 

µM) [393]. Binding nucleolin results in clustering of the receptors in lipid raft microdomains, which are 

then endocytosed [372, 394]. This mechanism could be exploited for targeted drug delivery by 

functionalising N6L onto the surface of MNP for combination therapy. The value of N6L as a clinically-

implemented anticancer agent is close to becoming a reality. As of February 2015, N6L (referred to as IPP-

204106) completed a Phase I/IIa clinical trial in solid tumours in France and Belgium (NCT01711398). 

Phase II of testing will focus on the treatment of pancreatic cancers using the optimum concentration of 

N6L identified in the previous phase (9 mg/kg). In pre-clinical testing it was reported that at a dose of 1 

mg/kg in combination with the anticancer drug gemcitabine resulted in a massive reduction in tumour 

volume in a mouse pancreatic cancer model [395]. To date, the results of this first stage of testing have not 

been released to the scientific community. 
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Figure 14: Structure of Nucant. 

Structure of Nucant (N6L), whereby all lysine residues in the KΨPR unit (red) are in the L configuration. 

N6L displays a lysine-rich template (black) which is a 310 helical matrix composed respectively of 6 repeats 

of LysΨ-Pro-Arg. The C-terminal sequence (pink) was elongated with Cys-Aib-Gly to generate N6L-Cys 

to enable binding to the iron oxide via a disulfide bridge. 

 

Efficient targeting of MNP to the site of a tumour is of major importance, with a considerable number of 

barriers in place that MNP must overcome before payload delivery. Firstly MNP must evade the RES; 

secondly they must extravasate the vascular endothelium which can be enhanced by local hyperthermia 

[396]; thirdly, the MNP must pass the tumour microenvironment encompassing the extracellular matrix 

(when highly developed it can limit diffusion of the payload [397]). This was addressed by Kuhn et al. who 

functionalised MNP with collagenase therefore enabling mobility through the matrix [398]. Fourthly, MNP 

penetration in the tumour is influenced by high intratumoral pressure which is a consequence of defective 

vasculature and lack of proper lymphatic drainage [399]; and fifthly, MNP need to effectively cross the 

plasma membrane and release their functionalised drugs. Only when all of these conditions are met will the 

MNP be capable of payload dissemination. Coupled with techniques such as magnetic heating it is possible 

to target the tumours from within using a two pronged approach with delivery of a chemotherapeutic agent 

where necessary and the thermal ablation of tumour cells by hyperthermia.  

The study of MNP cytotoxicity and drug-functionalised MNP anticancer effect, as presented in 

this thesis, utilised a 2D cell model system to facilitate automated in vitro multiparametric analysis using 

high content screening. 2D cell culture is a rapid, easily accessible and well documented method of 

screening a large quantity of compounds utilising a high content screening approach. All cells in the assay 

are of an equal size, nuclear size is largely the same and ensures that scanning and analysis by high content 

screening is streamlined.  Limitations to 2D cell culture include the inability to study the effect treatment 

has on cells in their natural environment which consist of a multitude of different cells and therefore have 

a decreased compatibility with in vivo systems. An advancement to this approach would have been the 

implementation of a 2D co-culture model system and a 3D cell culture model. Co-culture using an in vitro 

endothelial-fibroblast organotypic model would have allowed for the examination and elucidation of 

angiogenesis via the construction of a 3D vascular network [400]. Co-culture for the study of angiogenesis 

was described in 1999 [401] and later by Donovan et al. who demonstrated that co-culture could develop 
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capillaries in vitro using the matrigel assay [402]. Vascularised connective tissue was developed by Sorrell 

et al., without the need of matrigel, in which they utilised human umbilical vein endothelial cells and human 

dermal microvascular endothelial cells grown on a monolayer of human fibroblast cells, and was stable for 

up to 5 weeks [403]. 3D cell culture models have gained considerable attention due to the physiologically 

relevant information and comparative data for in vivo tests [404]. Cells that are grown in 3D cultures are 

distinctly different (morphologically and physiologically) than their 2D counterparts [405], and more 

closely predict the results obtained in vivo.  However challenges exist with 3D models which precluded 

their use in this project, mainly the inability to implement an automated scanning protocol with the GE 

healthcare InCell 1000 instrument utilised in the screening of all MNP formulations. This is due to 

topographical inconsistencies with 3D models and the labour-intensive need to capture slices of each 

sample and construct a 3D rendered image in order to gather the necessary information. Such challenges 

should not hinder future work with the use of more modern microscopes that include automated and rapid 

high content screening microscopes such as the InCell 6000. 

 

1.4.6 MNP in vivo biodistribution and magnetic heating 

 

1.4.6.1 Magnetic resonance imaging 

MRI image contrast is remarkably superior to CT and other imaging techniques [406]. Image contrast in 

both these techniques is a function of tissue density but unlike CT scans, MRI relies on tissue relaxation 

properties which contribute to the image quality. Two types of relaxation properties exist in MRI, with T1 

relaxation and T2 relaxation. T1 relaxation time generates contrast by measuring the time taken for 

individual excited protons to return to their unexcited state (Figure 15). In comparison, T2 weighted images 

measure the time taken for two different excited protons to become dephased (desynchronised spins). The 

image generated is due to either T1 or T2 relaxation and intensity is a function of the hydrogen content in 

each tissue type. The two approaches are therefore dependent on the excitation of protons, however, the 

magnetic moment of electrons are approximately 700 times that of a proton. In the clinic, contrast agents 

such as the iron oxides discussed here and gadolinium nanoparticles are employed to enhance the signal 

that is obtained. They are capable of providing sufficient contrast compared to the surrounding tissue in 

order for pathological and healthy tissue to be differentiated. This capability to enhance contrast lies in their 

unpaired electrons (4 in magnetite and 7 in gadolinium) which contribute dramatically to the relaxation rate 

of the protons in the tissue. At sufficiently high enough concentrations, the superparamagnetic iron oxide 

contrast agents provide superior T2/T2* imaging capabilities, in excess of that provided by gadolinium due 

to their large magnetic moment as previously discussed.  

It was their use as contrast agents that brought the first iron oxide nanomaterials into the clinic, 

with a range of approved compounds for intravenous delivery over the past few years. Examples include 

Endorem® (Dextran coated MNP, 80 – 150 nm), Resovist® (Carboxydextran-coated ultra-small MNP, 20 

nm), Sinerem® (Dextran-coated ultra-small MNP 15 – 30 nm), Feruglose (pegylated starch-coated ultra-

small MNP 20 nm), and iron oxide-based agents for gastrointestinal contrast which are given orally such 

as Ferumoxsil® (silicon-coated MNP, 300 nm) and Abdoscan® (sulphonated styrene-divinylbenzene-

coated MNP, >300nm) [25, 407]. It would appear that most of these approved iron oxide-based contrast 
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agents are no longer utilised in the clinic, either due to discontinuation by the manufacturer or due to 

concerns over toxicity. This leaves a large gap in the market for the production of clinically viable contrast 

agents, and the potential for providing novel nanoparticles for molecular imaging, targeted drug delivery 

and thermal therapy [408].  

 

 

Figure 15: Magnetic resonance imaging: proton spin state and energy liberation 

Schematic of the quantum changes that occur in magnetic resonance imaging. Protons exposed to a static 

magnetic field have either a Spin-Up or Spin-Down configuration. They will orient along the magnetic field 

line and have a magnetic dipole moment that will align along the same axis (dotted vertical line), angular 

momentum prevents perfect axial alignment and the protons will process about the axis. An electromagnetic 

pulse applied will flatten out the procession of the protons, as they align with the new wave. If sufficient 

energy (E) is provided the protons will transition from the spin-up to the spin-down orientation, a higher 

energy state. Relaxation to the lower spin-up energy state releases energy of varying intensities which 

generate the MRI image. Iron oxide nanomaterials function to facilitate proton relaxation by accepting 

energy from the excited protons via unpaired electrons.  

 

1.4.6.2 Magnetic hyperthermia 

Magnetic hyperthermia is the heating of an area containing magnetic material under the influence of an 

alternating magnetic field. Superparamagnetic MNP are well suited for hyperthermia, owing to their high 

saturation magnetisation in an AMF and lack of residual magnetization following removal of the magnetic 

field. The application of magnetic hyperthermia was first demonstrated by Gilchrist et al. in 1957 using 

iron oxide particles with a size range of 10 nm – 1 µm, to heat lymph nodes using a 1.2 – 2.0 MHz magnetic 

field [409], in a manner so as to “pasteurize the nodes” [409]. The basis for the development of this 

technology exploits the temperature-sensitivity of many cancer cells. It has been shown that sustaining a 

temperature above 43°C is sufficient for clinical hyperthermia and that sustaining temperature for more 

than one hour would cause cancer cell death [410]. Hyperthermia has the benefit of increasing the localised 
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blood flow which, if carried out as an adjuvant with drug delivery, could improve delivery of therapeutic 

agents [411]. Delivery of nanomaterials to the tumour by direct injection, as shown in the original study by 

Gilchrist et al., remains the most reliable method to study nanomaterials and hyperthermia. By this method, 

the quantity of nanomaterials in the tumour is known and while distribution is not homogenous, it is possible 

to quantify the temperature dose delivered according to the CEM43T90 (cumulative equivalent minutes of 

T90 above 43 degrees °C) whereby 90% of the tumour area has reached the therapeutic dose of 43 °C for 

a defined time period. In addition, the quantity of available nanomaterials for repeated therapy has been 

shown to remain largely in the tumour, with a small percentage detected in the scavenging centres of the 

liver and spleen [412]. Utilising hyperthermia as an adjuvant therapy is one of the key points for its 

development, and it has also provided a means to trigger drug release [413-417], which was more 

pronounced when in a low pH environment, and dependent on both the drug linker and nanoparticle coating 

employed [418]. 

 

1.5 Aims of this study 

There is a need to develop a nanoparticle based theranostic product that can be used for the early detection 

and treatment of breast and pancreatic cancer. Advancements are being made but fundamental research is 

needed towards streamlining the testing of nanomaterials and the selection of suitable lead formulations. 

The work presented in this thesis summarises the progress made towards the selection of suitable 

nanoparticles as theranostic leads and was in line with the aim to address the assessment and selection of 

future nanodrugs for cancer theranostics. The aim of this project was fourfold:  

Firstly to investigate a range of MNP, focusing on their dynamics in culture medium and 

interaction with adherent cells, to assess their capacity to induce cytotoxicity following short-term 

exposure. 

 Secondly, the validation of the most suitable surface linker for MNP drug functionalisation, 

demonstration of anticancer potential using doxorubicin functionalised MNP, testing of the N6L 

pseudopeptide for anticancer capabilities, identification of N6L-mediated MNP uptake into cell lines and 

primary cells, and efficacy testing of gemcitabine functionalised MNP with and without the N6L targeting 

ligand.  

Thirdly, to investigate MNP intracellular effect on mitochondrial membrane potential and the 

determination of nanomaterial-induced cell death through apoptosis and/or necrosis and to identify 

genotoxic capacity using the lead formulations and their individual components through the induction of 

micronuclei. 

Fourthly, to further understand the in vivo interaction and detectability of MNP in a small animal 

model using a 7T magnetic resonance imaging device.  
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Chapter 2: Materials and methods 

 

2.1 Experimental design 

MNP were supplied by the Multifun partners involved in WP1 (as presented in section 2.2.1), along with 

information on the core nanomaterials size, shape, charge and hydrodynamic diameter. In-house 

characterisation by NTA was the first test applied to the basic MNP entering the lab to verify the supplied 

DLS data. Changes in the hydrodynamic size following incubation in serum containing cell culture medium 

was tested by NTA to gain an understanding of nanomaterials stability, and the degree of biological 

interaction affecting the particle size and stability. Human breast cell lines were then exposed to the supplied 

MNP to identify formulations that induced acute cytotoxicity using high throughput techniques such as 

high content screening analysis and flow cytometry. Following this, a range of qualitative studies were 

carried out by WP3 to study MNP interaction with cells, and to identify rate of cellular uptake, method of 

uptake and intracellular localisation. It was vital to understand how the MNP interacted with cells to 

develop a formulation with specific drug release capabilities. Prior to functionalising the MNP, the lead 

formulation was tested in vivo to ensure adequate contrast was provided by MRI and to screen the 

biodistribution, and biopersistence over a five-week period. The biocompatible nanomaterials were 

functionalised with doxorubicin chemotherapy drug, and a study was done to identify the best 

functionalisation route between covalent and electrostatic strategies. Further studies identified the best 

linker for drug functionalisation to facilitate triggered drug release. Building on these studies, formulations 

with the linker of choice were functionalised with gemcitabine chemotherapy drug, and were further 

functionalised with the N6L targeting peptide. The targeting peptide was shown to increase MNP uptake 

into cells by the Perls’ Prussian blue and multiparameter assays. Uptake and release of chemotherapy drug 

resulted in cell death, and the intracellular effect on mitochondria and specific cell death pathway activation 

were determined. Finally, the genotoxic potential of the lead formulations and their individual components 

was determined. The following sections outline the material used in this project and their source, and 

provide stepwise protocols for each assay, focused initially on the in vitro qualitative assays and the 

quantitative assays and finally the in vivo assays employed.  

 

2.2 Source of material 

 

2.2.1 Nanomaterials 

Seven MNP formulations differing in their core size and surface coating were produced within WP1 by the 

involved partners, namely IMDEA, ICMM, CSIC (Madrid, Spain); Nanotex® (Zaragoza, Spain); and 

Liquids Research Limited (Bangor, Wales) as presented in Figure 3. Five surface coatings 

(aminopropylsilane, aminodextran, dimercaptosuccinic acid, polyacrylic-acid and dextran) were used to 

functionalise the core nanomaterials, either at the stage of MNP formation or in a second step reaction. The 

MNP were named according to the surface material used. ASi MNP contained aminopropylsilane, ADNH 

MNP was aminodextran, PAA MNP was polyacrylic-acid, F1566 MNP was dextran and OD10, OD15 and 

MF66 MNP were dimercaptosuccinic acid coated. The basic MNP formulations were functionalized with 
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a targeting pseudo-peptide (N6L) and chemotherapy drugs (doxorubicin hydrochloride and gemcitabine) 

by Dr. Pierre Couleaud at IMDEA. NUCANT 6L was supplied by Professor José Courty from CCRET 

(Paris, France). Cadmium Selenide Quantum Dots (CdSe QD) were synthesised and provided by Dr Valerie 

Gerard and Dr Joseph McCarthy, Department of Chemistry, Trinity College Dublin, Ireland. 

 

2.2.2 General materials and consumables  

Dulbecco’s modified Eagle–high glucose medium (DMEM), DMEM with nutrient mixture F12 (DMEM-

F12), McCoy’s 5A, Rosewell Park Memorial Institute medium (RPMI), Foetal Bovine Serum (FBS), horse 

serum, penicillin-streptomycin, recombinant human insulin, hydrocortisone, epidermal growth factor 

(EGF), sodium pyruvate, HEPES, cholera toxin, 0.1 µm filtered DNase/RNase free water, dulbecco’s 

phosphate buffered saline, tacrine hydrochloride, valinomycin, dimethyl sulfoxide (DMSO), doxorubicin 

hydrochloride, gemcitabine hydrochloride, ethanol, methanol, Helmanex™, colchicine HPLC grade, and 

Eppendorf® epT.I.P.S. Biopur® tips were from Sigma Aldrich, Dublin, Ireland. TrypLE™ Select solution 

was from Bio-Sciences Ltd., Dublin, Ireland. Microscope slides and 8 well BD falcon culture slides were 

from BD Biosciences, Belgium. MycoAlert® PLUS test kit was from Lonza, Switzerland. All NUNC 

plasticware was from Thermo Scientific™, New York, USA. 

 

2.2.3 Fluorescent dye kits 

 

2.2.3.1 High content screening analysis kits 

The HCSA kit selected for the cytotoxicity testing was sourced from Thermo Scientific (formerly 

Cellomics®) and was a multiplex kit containing Hoechst 33342, cell membrane permeability dye (YO-

PRO®-1 iodide), Lysosomal (LysoTracker® Red) and Mitochondrial (MitoTracker® Orange) probes.  

 

2.2.3.2 Flow cytometry kits 

Two test kits were used, one to evaluate the impact of MNP exposure on cell cycle progression and the 

second to determine the mechanism of cell death following exposure to basic MNP and functionalised MNP 

formulations. The CycleTEST™ PLUS DNA test kit (BD Biosciences, Belgium) contained the fluorescent 

dye propidium iodide. The second kit (FITC Annexin V Apoptosis Detection Kit with 7-AAD), was 

obtained from Biolegend, San Diego, California and contained both 7-aminoactinomycin D (7-AAD) and 

FITC conjugated Annexin V. 

 

2.2.4 Colorimetric kits 

 

2.2.4.1 Perls' Prussian blue 

Reagents required for Perls' Prussian blue staining and mounting of microscope slides include methanol, 

hydrochloric acid, potassium ferrocyanide, neutral red and DPX mountant and were all purchased from 

Sigma Aldrich Ireland. 
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2.2.4.2 Kwik Diff™ kit for CBMN assay 

Colorimetric reagents used for the cytokinesis block micronucleus assay include a methanol fixative, eosin 

stain solution and methylene blue solution, purchased from Thermo Scientifc™ as Shandon™ Kwik-Diff™ 

staining kit. Cytochalasin B was sourced from Sigma Aldrich Ireland 

 

2.3 Nanoparticle characterisation 

 

2.3.1 Characterisation of MNP by NTA 

Both TEM and DLS were carried out by Dr Gorka Salas (IMDEA, Spain) as described earlier [419]. Results 

were provided in order to aid in the selection of the MNP, and on the basis of comparison with the findings 

presented in this thesis to select the most suitable lead formulations.  

The measurement of nanoparticle hydrodynamic size was carried out by NTA using the Malvern 

NS500 microfluidic device equipped with a 50 mW 532 nm laser (Malvern Instruments Ltd., Amesbury, 

UK). The device records and tracks the Brownian motion of nanoparticles in solution in 2 dimensions. The 

determination of average distance travelled by each particle in the x and y direction allows the particle 

diffusion coefficient (Dt) to be determined. As the temperature (T) and solvent viscosity (η) is known at the 

time of recording, based on temperature control settings and manual setting of viscosity, the sphere-

equivalent hydrodynamic diameter of the nanoparticles can be identified using the Stokes-Einstein 

equation:  

 

𝐷𝑡 = 𝑇𝐾
𝑇𝐾B

3𝜋𝜂𝑑
 

 

Brownian motion occurs in 3D, while NTA observes motion only in 2D. Therefore the determination of Dt 

as shown in the equation above, is possible by measuring the mean squared displacement in the x and y 

axis according to the equation below: 

 

(𝑥, 𝑦)
2

4
= 𝐷𝑡 = 𝑇𝐾

𝑇𝐾B

3𝜋𝜂𝑑
 

 

2.3.1.1 NTA set-up 

The fluidic system and sample stage were primed with 0.1 µm filtered DNase/RNase free water. The system 

was routinely checked prior to introducing a nanoparticle sample for the presence of any contaminating 

nanomaterials. Contamination was removed either physically (Kimtek wipes used to clean optical stage), 

chemically by introducing a 5% solution of Hellmanex™, an optical cleaning solution, into the device for 

five minutes or by both methods to ensure a clear field of view devoid of unwanted nanomaterials is 

attained. An automated and pre-defined flush cycle allowed for all traces of contamination and Hellmanex® 

solution to be removed from the system. 
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The stage was set to the scatter position and a diluted calibration sample was loaded by an 

automated sample loading protocol. Calibration was conducted prior to loading samples of unknown size 

to ensure size was accurately determined Figure 16. The optimal concentration range for samples lies 

between 107 to 1010 particles per mL, and will provide statistically sound and reproducible data (> 200 

recorded tracks). Samples below or above this optimal concentration range were diluted accordingly and 

re-introduced into the device to ensure the optimal concentration was achieved. A unique name was 

assigned for each sample and an acquisition script was generated.  

 

 

Figure 16: Nanoparticle tracking analysis calibration. 

Calibration of the NTA was carried out routinely prior to use and confirmed accurate size determination. 

Calibration standards of 100 nm and 200 nm polystyrene microspheres, supplied by Malvern (Malvern 

Instruments Ltd., Amesbury, UK), were used to certify instrumentation alignment prior to each session. 

 

2.3.1.2 Nanoparticle acquisition 

Prior to running the acquisition script to record the nanoparticle motion, correct focusing of the device was 

required. The sample was visualised in a 100 µm by 80 µm window and approximately 10 µm in depth. 

Depending largely on the nanoparticle size and refractive index, the manual focusing for each sample was 

required. Focusing was carried out to obtain spot diffraction patterns that were well defined and devoid of 

diffraction rings, where possible. Once correct focusing was attained, the camera intensity was set so as to 

maximise the number of nanoparticles visible within the optical field of view, without causing interference 

from increased background intensity. For each nanoparticle formulation to be tested, six independent 90 

second videos were acquired. For each video, the automated script was set to advance the nanoparticle 

solution prior to recording, so that the optical field of view would contain a new batch of previously un-

recorded nanoparticles, thus providing a robust hydrodynamic size determination for the whole sample. 

Following acquisition, the device was set to allow correct nanoparticle identification. 

 



Materials and Methods 

54 

 

2.3.1.3 Nanoparticle hydrodynamic size determination 

The detection threshold was adjusted (increased or decreased) from the pre-set value of 10, depending on 

whether more stringent (>10) or less stringent (<10) detection was required. The selected threshold was set 

to maximise the number of nanoparticles identified without compromising the integrity of the data that may 

occur from the selection of background artefacts and by the erroneous identification of multiple 

nanoparticles within diffraction rings of a single nanoparticle. Following the selection of the appropriate 

threshold, an automated script was run and the positioning and motion of individual nanoparticles was 

tracked. The analysis of each sample was conducted in batch mode, so that a mean hydrodynamic size could 

be obtained. The software used for the analysis in this thesis was the NTA2.3 Build 0025. 

 

2.3.1.4 Nanoparticle sample preparation: retrieval from serum containing medium 

Nanoparticles dispersed in complete medium containing 10% FBS are not suitable for NTA, without prior 

sample clean-up to remove excess and unbound serum proteins. The MNP presented in this thesis were 

removed from solution by magnetic separation. The samples were washed three times and re-suspended in 

1mL aliquots of 0.1 µm filtered sterile water prior to NTA assessment. 

 

2.4 Cell culture methods 

 

2.4.1 Cell lines 

A diverse range of cell lines were selected for testing in this study (Table 1). All cell lines were 

selected by the Multifun consortium based on their diverse molecular profile, subtype and disease type. All 

cell lines were purchased from ATCC (Manassas, Virginia, USA), and maintained by consortium members 

from the University of Manchester and Queen Mary University of London. Cell lines were distributed from 

these two sources to all members of the consortium. Breast-derived cell lines provided by the University of 

Manchester include: MCF-7, BT-474, SK-BR-3, MDA-MB-231, and MCF-10A. Pancreatic-derived cancer 

cells provided by the Queen Mary University of London include BxPC3 and PANC-1. The A549 lung 

carcinoma cell line, and NIH-3T3 mouse fibroblast cell line were directly sourced from ATCC. 

Breast cancer cell lines and a normal-like breast cell line were used as a model to screen the range 

of basic MNP to select biocompatible formulations. Two pancreatic cancer cell lines were used to validate 

the results obtained with respect to drug functionalised MNP. Both a lung epithelial cell line (A549) and a 

mouse fibroblast cell line (NIH-3T3) were included as a requirement of the Multifun project. The A549 

cell line was selected by the Multifun consortium to carry out a risk assessment of the developed MNP and 

their respective components. Risk assessment was to be carried out by high content screening focusing on 

mitochondrial mass and potential over an exposure period of 36h. The A549 was retained in this study for 

testing mitochondrial toxicity to determine if the engineered nanomaterials could affect cells unlike those 

used during the MNP development phase. The NIH-3T3 cell line is recognised by the OECD as being 

extremely suitable for the testing of nanomaterials. In the same way as the A549 cell line, the NIH-3T3 cell 

line was selected initially by the Multifun consortium to carry out a risk assessment of the MNP and their 

components. In addition to this, and on account of the OECD sanctioning this cell line for nanoparticle 
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toxicity testing, it was retained for both mitochondrial toxicity testing and genotoxic evaluation following 

the OECD micronucleus test (No. 487). The NIH-3T3 cells have been used in earlier toxicological studies 

and therefore provide a good basis for comparison [420, 421]. Both cell lines were utilised so as to establish 

a benchmark from which the results of the Multifun project could be disseminated to the wider scientific 

community. Following from this, it would be appropriate to conduct a series of OECD toxicity tests using 

normal cell lines such as liver, kidney, and spleen which would reflect the organs first exposed to injected 

nanoparticles, and lung cell lines for determining toxicity of MNP exposure via inhalation.   

 

Table 1: Origin and molecular profiles of cell lines.  

Selection of the most suitable cell lines was based on cancer status, tumour type and subtype. Met AC = 

metastatic adenocarcinoma; IDC = invasive ductal carcinoma; AC = adenocarcinoma; F = fibrocytic 

disease; DC = ductal carcinoma; N/A = not applicable. 

Cell Line Status Origin Disease Type Subtype Doubling Time  

(Approximate) 

MCF-7 Cancerous Breast Met AC Luminal 29h 

BT-474 Cancerous Breast IDC Luminal 29h 

MDA-MB-231 Cancerous Breast Met AC Basal 24h 

SK-BR-3 Cancerous Breast AC Luminal 65h 

MCF-10A Normal Breast F Basal 20h 

BxPC3 Cancerous Pancreas AC N/A 48h 

PANC-1 Cancerous Pancreas DC N/A 52h 

A549 Cancerous Lung AC Basal 22h 

NIH-3T3 Normal Mouse Embryo N/A N/A 20h 

 

2.4.2 Maintaining cell lines 

All cell lines were grown at 37˚C in a humidified atmosphere containing 5% CO2. They were maintained 

as monolayers in T175cm2 flasks (NUNC), in growth medium specific for each cell line, indicated below. 

Cells were tested using the MycoAlert® PLUS test kit for the presence of mycoplasma (Lonza, 

Switzerland). Cells were observed daily to monitor any morphological changes. Experiments were prepared 

using sub-confluent cells in the exponential phase of growth. 

 

MCF-7 

A luminal epithelial breast cell line isolated from the pleural effusion of a 69 year old female Caucasian 

with metastatic adenocarcinoma. Cells were cultured in DMEM high glucose (4.5g/L) medium with L-

glutamine and supplemented with 50μg/ml penicillin-streptomycin, 1mM sodium pyruvate and 10% FBS. 

 

BT-474 

A luminal invasive ductal carcinoma cell line isolated from a 60 year old female Caucasian. Cells were 

cultured in RPMI 1640 with L-glutamine and supplemented with 50μg/ml penicillin-streptomycin, 1mM 

sodium pyruvate and 10% FBS. 
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MDA-MB-231 

A basal B breast cell line from the pleural effusion of a 51 year old female Caucasian with metastatic 

adenocarcinoma. Cells were cultured in DMEM high glucose (4.5g/L) medium with L-glutamine and 

supplemented with 50μg/ml penicillin-streptomycin, 1mM sodium pyruvate and 10% FBS. 

 

SK-BR-3 

A luminal breast cell line from the pleural effusion of a 43 year old female Caucasian with metastatic 

adenocarcinoma. Cells were cultured in McCoy’s 5A modified medium supplemented with 50μg/ml 

penicillin-streptomycin and 10% FBS. 

 

MCF-10A  

A basal B primary epithelial breast cell line attained by reduction mammoplasty from a 36 year old female 

Caucasian with fibrocystic disease. Cells were cultured in DMEM/F12 containing L-glutamine and 15mM 

HEPES and supplemented with 0.5μg/ml hydrocortizone, 10 μg insulin, 100 μg/ml epidermal growth factor, 

0.1 μg/ml cholera toxin, and 5% horse serum. 

 

BxPC3 

A primary epithelial pancreatic cell line derived from a 61 year old female with adenocarcinoma of the 

body of the pancreas. Cells were cultured in RPMI 1640 with L-glutamine and supplemented with 50μg/ml 

penicillin-streptomycin, 1mM sodium pyruvate and 10% FBS. 

 

PANC-1 

A primary epithelial pancreatic cell line derived from a 56 year old female with metastatic adenocarcinoma 

in the head of the pancreas which invaded the duodenal wall. Cells were cultured in DMEM high glucose 

(4.5g/L) medium with L-glutamine and supplemented with 50μg/ml penicillin-streptomycin, 1mM sodium 

pyruvate and 10% FBS. 

 

A549 

An epithelial lung cell line derived from a 58 year old male with alveolar carcinoma. Cells were cultured 

in F12/K with L-glutamine and supplemented with 50μg/ml penicillin-streptomycin, 1mM sodium pyruvate 

and 10% FBS.  

 

NIH-3T3 

A BALB/c mouse embryonic fibroblast cell line which was isolated and initiated in 1962. Cells were 

cultured in DMEM high glucose (4.5g/L) medium with L-glutamine and supplemented with 50μg/ml 

penicillin-streptomycin, 1mM sodium pyruvate and 10% FBS. 
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2.4.3 Passage of cell lines 

All cells were cultured until approximately 80% confluent at which point they were passaged. Cells were 

not allowed to form a complete monolayer or dense colonies. Growth medium was removed from the cells 

and the monolayer washed once with PBS. A 1X solution of TrypLE™, a non-animal alternative to porcine 

trypsin, was added to cells (1.5 mL/75 cm2 surface area) and detachment was induced by incubating the 

cells at 37 ˚C for approximately 5 minutes. To the detached cells, complete medium was added (4 

mL/75cm2) and a single cell suspension was achieved by gentle pipetting the medium up and down several 

times. The cell pellet was collected by centrifugation at 800g for 5 minutes, and cells were reseeded at a 

ratio of 1:4 to 1:10 depending upon the length of time needed before cells were used for experiments. A 

maximum passage number of 20 was used for all cell lines. 

 

2.4.4 Cell counting using a haemocytometer 

Cell concentration was determined by counting their number within a defined area of known volume. At 

least 1x106 cells/mL were required for accurate counting. A haemocytometer was prepared by cleaning all 

surfaces with 70% ethanol, and a clean coverslip was placed onto the slide and was left undisturbed until 

Newton’s rings were observed on the coverslip. A single-cell suspension was prepared and 10 µL of a 1:1 

cell suspension to trypan blue was immediately introduced to the haemocytometer. Cells were counted in 

all four corners and the total number of cells obtained was divided by 2, to obtain the average per 16 squares 

and to account for the 1:2 dilution in trypan blue. The average cell count was multiplied by 104/mL to obtain 

the total cell count. 

 

2.4.5 Cryopreservation of cell lines 

Cells were cultivated in T75 flasks until they reached 80% confluence. They were detached from the plate 

using TrypLE and centrifuged at 800g for 5 minutes. The cell pellet was re-suspended in 6 mL of 

Cellbanker® 2 freezing medium (AMS Biotechnology, Abingdon, UK). Aliquots of 1mL, containing 

approximately 1x106 cells, were dispensed into cryotubes (NUNC) and cells were immediately transferred 

to the -80˚C freezer. For long term storage, cells were transferred to a liquid nitrogen container. Frozen cell 

stocks were rapidly thawed by partially submerging cryotubes in a 37 °C water bath to re-establish cell 

lines. Once the suspension was thawed, cells were transferred to 9 mL of pre-warmed complete medium 

and pelleted by centrifuging at 800g for 5 minutes. The pellet was re-suspended in 15 mL of medium and 

plated into a T75 flask. 

 

2.5 High throughput in vitro assays 

Two main techniques have been employed in this work to study nanomaterials interaction with biological 

samples: (1) high content screening analysis, and (2) flow cytometry. High content image acquisition 

provides high quality images for qualitative analysis and high content analysis and flow cytometry provide 

quantitative data. An important consideration for adequate toxicity testing is the range of nanomaterials 

concentration selected. It has been shown that MNP have an acceptable safety profile below 100 µg/mL 

[422]. Above 100 µg/mL, cytotoxicity was induced in multiple cell lines [423]. Indeed, we have previously 
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shown that cytotoxicity is not induced at concentrations below 100 µg/mL using high quality nebulised 

MNP [332]. Therefore one concentration above and a series of concentrations below 100 µg/mL should 

provide a reasonable range by which to test the nanomaterials cytotoxic potential. 

The following sections detail the methodology behind the generation of qualitative and 

quantitative data, firstly by high content screening analysis followed by flow cytometry. 

 

2.5.1 Interaction of MNP and fluorescent dyes 

The interaction between the MNP and fluorescent dyes used in HCSA were evaluated using a fluorescent 

spectrophotometer (Fluoroskan Ascent™ FL, Thermo Scientific™, USA). The stock MNP were diluted in 

serum-free and phenol-red-free medium to a concentration of 200 µg/mL in the presence of each fluorescent 

dye and incubated in the dark at 37 °C for 30 minutes prior to recording fluorescent intensity. The plates 

were scanned in the Fluoroskan spectrophotometer at the wavelengths appropriate for each dye (Table 2). 

 

2.5.2 Multi-parametric high content screening analysis 

The InCell 1000 high content screening system (GE Healthcare, UK) (Figure 17) is a fully automated multi-

parameter imaging device using a range of microplates for both living and fixed cell analysis. Equipped 

with a xenon lamp, the InCell 1000 provides a flat field illumination from UV to infrared wavelengths and 

can accommodate the visualisation of a broad range of fluorophores, limited only by the excitation, 

emission and dichroic filters selected. The dichroic filter cube employed (61002bs) was specific for 4',6-

diamidino-2-phenylindole (DAPI), fluorescein isothiocyanate (FITC) and texas red (TR) fluorophores, the 

excitation and emission wavelengths of which are shared with the fluorophores used in this study. 

Cells were seeded in-96 well plates in a dropwise manner to facilitate uniform cell coverage at a 

density of 5 x 103 cells/well in a 100 µL volume. All seeded plates were returned to the humidified incubator 

for 24 h prior to MNP exposure. Basic MNP were tested using incremental doses (10, 25, 50, 100, 200 

µg/mL) and delivered at 100 µL/well. Cells exposed to the functionalised MNP were exposed according to 

the desired concentration of drug required, and was dependent on the amount of drug functionalised on the 

MNP surface (method conducted and published by WP2 [424]). 

Cells exposed to 1 µM CdSe quantum dots served as the positive (toxicity inducing) control 

(CTRL+) and untreated controls (CTRL-) were included in order to quantify possible cytotoxic response 

induced by each MNP. Data was acquired from three independent experiments using triplicate samples for 

each condition. Following exposure, cells were stained using the Cellomics® Cytotoxicity 2 HCSA reagent 

HitKit™ (Thermo Fisher Scientific, USA). HCSA was carried out using the InCell 1000 system (GE 

Healthcare, UK). Cytotoxicity was determined through multiparametric analysis using the InCell 

Investigator software (Version 1.6), as extensively published by the group (section 1.4.3.1). 
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Figure 17: InCell 1000 system. 

Image shows the various components of the HCSA InCell 1000 system, consisting of a workstation, 

microscope with an automated stage and a power unit.  

 

2.5.2.1 Cell staining protocol 

Cells seeded in 96-well plates were limited to the 60 inner wells with all border wells filled with DPBS to 

avoid the edge well effect. Following treatment of cells with MNP, medium was removed and cells were 

washed once with DPBS. Cells were stained according to the manufacturers recommended procedure 

whereby cells were washed twice with pre-warmed DBPS and complete medium containing lysosomal or 

mitochondrial dye (3.5 µL/mL) and cell membrane permeability dye (0.35 µL/mL) was added to each well 

and plates returned to the incubator for 30 minutes. A 3.7% solution of paraformaldehyde was prepared 

using DPBS and warmed to 37 °C for 30 minutes. Following incubation with dyes, cells were washed once 

with PBS and incubated at room temperature (RT) with 3.7% PFA solution for 20 minutes in the dark. 

Fixed cells were washed twice with PBS, stained with Hoechst 33342 (0.5 µL/mL) for 10 minutes after 

which they were washed a final time with PBS. Prior to sealing the plate, 200 µL of PBS was added to each 

well. Plates were kept at 4 °C and protected from light prior to image acquisition and analysis by HCSA.  

 

2.5.2.2 Image acquisition and analysis 

HCSA is a powerful platform for the acquisition of images. Simultaneous acquisition of up to three different 

fluorophores and bright field imaging provides a useful tool for multiple assessments such as the 

determination of MNP uptake. In addition, the use of post image analysis software such as the InCell 

Investigator 1.6 from GE Healthcare can provide substantial quantitative data for each fluorophore 

employed, and do so on a cell by cell basis. The following sections will detail the protocol for acquiring the 

qualitative data, followed by the generation of quantitative data. 



Materials and Methods 

60 

 

2.5.2.2.1 Qualitative image acquisition protocol  

Defining a protocol for the acquisition of qualitative images was dependent on the number of fluorophores 

to be measured, objective used, and the filters required. In this project, the protocol design included the 

definition of three fluorescent channels, bright field channel and merged pseudo-coloured image. Prior to 

the automated image acquisition, each plate was focused using the hardware autofocus feature, and image 

contrast was set for each channel using untreated cells as a baseline. Images were acquired from six defined 

fields per well using a 10x/0.45 Plan Apo dry objective. The HCSA acquisition protocol was set-up 

according to the peak excitation and emission parameters of each dye and the excitation and emission 

available on the device detailed in Table 2 and Table 3. Fluorescence spectra of each dye is provided in 

Appendix 4. 

 

Table 2: Peak excitation and emission wavelengths of fluorescent dyes 

Fluorescent probe Peak Abs 

(nm) 

Peak Em 

(nm) 

Hoechst 33342 350 461 

YO-PRO®-1 491 509 

Lysotracker® Red 577 590 

Mitotracker® Orange 554 576 

 

Table 3: HCSA-optimised fluorophore excitation, emission and filter cube setup. 

Fluorophore Wavelength Designation Excitation Emission Filter Cube 

Hoechst 33342 Wave 1: Nucleus 360/40 460/40 D-F-TR 

YO-PRO®-1 Wave 2: Cell 480/40 535/50 D-F-TR 

Lysotracker® Red Wave 3: Organelle 565/50 620/60 D-F-TR 

Mitotracker® Orange Wave 3: Organelle 535/50 600/50 D-F-TR 

 

2.5.2.2.2 Quantitative image analysis protocol  

Analysis of images stacks was conducted in batch analysis mode using the InCell Investigator V1.6 

software by GE Healthcare (Buckinghamshire, United Kingdom) to generate quantitative data from all 

acquired images. Defining the multi-target analysis protocol required the classification of each wavelength 

used as outlined in Table 3 above. Segmentation of each parameter was defined (Figure 18). Nuclei were 

segmented using top-hat segmentation, enabling the accurate selection of closely positioned nuclei. 

Minimum nuclear size was determined through selection of the smallest nuclei using the arrow tool, which 

estimates the size based on local background intensity, and returns the measured object’s area in square 

microns. Cell segmentation used the region growing method by which the boundaries of the cell were well 

defined. For this parameter, data was generated based on the intensity of dye which overlaid with the nuclear 

segmentation, and provided the positive readout for cytotoxicity. The segmentation of organelles defining 

the lysosomal or mitochondrial staining was by the multiscale top-hat method, whereby the detection of 

inclusions was confined to the cytoplasm. Data generated by the defined multi-target analysis included cell 

count, cell intensity, nuclear localised cell staining (average intensity of pixels within the nuclear region in 
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the cells channel) and organelle intensity. Results were exported as tab-delimited text providing an 

accessible means to organise data through Microsoft Excel. Graphing of data and statistical analysis was 

completed using GraphPad Prism 5.  

 

 

Figure 18: Data acquisition, parameter segmentation and analysis. 

Images acquired by the InCell1000 system were segmented to enable identification and selection of nuclei 

shown in blue, cell membrane permeability dye shown in green and lysosomal organelles shown in red.  

 

2.5.2.3 Cytotoxicity HitKit™ data interpretation  

The cytotoxicity HitKit™ included four fluorescent dyes as detailed in Table 2. Hoechst 33342 enabled the 

quantification of total cells in each well whereby the reduction in the total number of cells compared to 

negative (untreated) control indicated cytotoxicity. 

The membrane permeability dye (YO-PRO®-1) was used to determine whether the treatment with 

MNP could damage the integrity of the cell membrane and induce apoptosis. As the dye can leak into the 

cytoplasm in healthy cells, the presence of the dye within the nucleus was selected as a positive indicator 

for cytotoxicity. 

The lysosomal dye (Lysotracker®) stained acidic organelles, with an intensity directly correlated 

to the internal pH, and to the total number of lysosomes present in the cell. An increase in this parameter 

compared to untreated control levels was a good indicator for MNP uptake and localisation within the 

lysosome. A decrease in intensity below untreated control levels was indicative of lysosome damage.  

The mitochondrial dye (Mitotracker®) stained healthy mitochondria with an intact membrane 

potential. A decrease in the fluorescence intensity was directly correlated with mitochondrial membrane 

damage and a loss of membrane potential, and constituted an early marker for the onset of apoptosis.  

 

2.5.3 Flow cytometry 

Flow cytometry is a laser-based technology that analyses cells suspended in a stream of fluid. Cells 

fluorescently stained with specific markers are detected based on their excitation and emission spectra and 

quantitative data can be obtained regarding the marker employed. It is a complementary high-throughput 

cell-screening technique and when used alongside HCSA it can provide additional information on cell cycle 

status and the method of cell death following exposure to nanomaterials. Flow cytometry has the ability to 

screen thousands of cells in seconds and some common fluorescent dyes employed in flow cytometry for 

cell cycle and apoptosis/necrosis screening include propidium iodide (PI), 7-aminoactinomycin D (7AAD) 

and Annexin V. PI is a DNA intercalating fluorescent dye that is excited at 488 nm using an argon-ion 
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laser. It is used to measure the total DNA content in the cell population to determine changes in the cell 

cycle. Unlike Hoechst 33342, PI intercalates with DNA with little or no sequence preference. As PI also 

binds to RNA, the treatment of samples with RNase A is vital. The second flow cytometry assay that can 

be used to determine apoptosis and necrosis onset is the FITC Annexin V Apoptosis Detection Kit with 7-

AAD contained both 7-AAD and FITC conjugated Annexin V. 7-AAD intercalates dsDNA with high 

affinity to Guanine-Cytosine (G-C) rich regions. FITC conjugated Annexin V enables identification of 

exposed phosphatidyl-serine on the inner cell membrane when membrane integrity is compromised. 

 

Flow cytometry provided quantitative data and facilitated the identification of changes to the cell cycle of 

MNP exposed cells and the mechanism of cell death upon exposure to the basic and functionalised MNP. 

The BD Accuri C6 flow cytometer equipped with a 488 nm laser (Becton Dickinson, Belgium) was used 

to carry out this work. Details of the fluorophores used are in Table 4, and fluorescence spectra for each 

fluorophore are in Appendix 4. 

 

Table 4: Peak excitation and emission wavelengths of suitable flow cytometry dyes 

Fluorescent probe Peak Abs (nm) Peak Em (nm) 

Propidium Iodide 536 617 

7-AAD 546 647 

Annexin V-FITC 490 525 

 

2.5.3.1 Cell cycle determination 

Cell cycle testing was carried out according to the manufacturer’s instructions using the CycleTEST™ 

PLUS DNA Reagent kit (Becton Dickinson, Belgium). Cell pellets were washed using buffer solution 

(DMSO in sucrose-sodium citrate), re-suspended in 125 μL of trypsin in spermine tetrahydrochloride 

detergent buffer and incubated for 10 minutes at RT. 100 μL of RNase A and trypsin inhibitor in spermine 

buffer was added for 10 minutes and 100 μL of ice cold propidium iodide in spermine buffer was added in 

the dark and left at 4°C for a further 10 minutes. 10,000 fluorescent events were recorded for each sample. 

Untreated samples (negative controls) were gated to select G0/G1, S and G2/M phases and all treated samples 

were compared within the defined gated regions. 

 

2.5.3.2 Apoptosis assay using 7-AAD and annexin 5 

Cells were washed twice using cold cell staining buffer, and re-suspended in Annexin V binding buffer at 

a concentration of 2.5 x 106 cells/mL. Centrifugation at each step was done at 800g for 5 minutes. A 100 

µL volume of cell suspension was added to a 5 mL test tube into which 5 µL of FITC Annexin V and 5 µL 

of 7-AAD viability staining solution were added. Cells were vortexed briefly and left to incubate for 15 

minutes at RT in the dark. A 400 µL volume of Annexin V binding buffer was added to each tube and the 

suspension analysed by flow cytometry with a maximum 10,000 events recorded. 
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2.6 Generation of heatmaps 

Heatmaps can be generated using many bioinformatics computer programes, the software used in this work 

was Spotfire® (Build version: 7.0.0.53) by TIBCO® (Boston, MA, USA) to enable easy visualisation of 

the multiparametric quantitative data. Each individual experiment was normalised to the matched untreated 

control with the average of the n=3 independent experiments being used to generate the heatmaps. The 

heatmap colour scheme is provided in Figure 19. Variation in parameters is presented using up to six 

colours. For both cell count and membrane permeability, a shift in colour from green towards red indicates 

a cytotoxic response. For lysosomal mass/pH staining, an extra level is added to the heatmaps (0.85 - 

yellow) due to the dual readout potential of this dye. A decrease in lysosomal staining can indicate either 

lysosomal membrane damage, increase in intra-vesicle pH or decrease in lysosomal mass. An increase in 

the staining intensity of lysosomes, as presented in this study, can indicate cytotoxicity and/or an increase 

in MNP uptake which is possibly due to an increase in the number of lysosomes (lysosomal mass increase) 

or acidification of the lysosomal vesicles. 

 

 

Figure 19: Heatmap colour gradient. 

The selected gradients were used in the construction of heatmaps. Untreated control samples (CTRL(-)) in 

all heatmaps are normalised to 1.00 and coloured green, variation from 1.00 in 25% increments is presented 

as a change in colour as indicated above. 

 

2.7 In vitro uptake analysis 

The uptake and localisation of MNP was determined by lysotracker staining (section 2.5.2.1), Perls' 

Prussian blue staining, and high resolution transmission electron microscopy. TEM was conducted by Dr 

Michele Chiappi (CSIC, CNB, Spain) according to his published protocol [314]. 

 

2.7.1 Perls' Prussian blue assay 

Cells were grown on 8 well BD Falcon™ culture slides at a concentration of 1x105 cells/well for 24h. 

Exposure of cells to MNP formulations using a concentration of 100 µg/mL was conducted for 24h. Cells 

were washed twice with DPBS and fixed for 5 minutes with cold methanol. The chamber was removed and 

slides allowed to air dry. Equal parts of 4% hydrochloric acid and 4% potassium ferrocyanide were prepared 

immediately prior to use and slides were immersed in this solution for 15 minutes. Following incubation, 
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the slides were rinsed three times using distilled water and counterstained with 0.5% neutral red for 2 

minutes. Slides were rinsed a further two times with distilled water and allowed to air dry. Three drops of 

DEPX mounting medium was applied to slides and a coverslip was mounted. Slides were left to dry for 

24h prior to image acquisition.  

 

2.8 In vitro genotoxicity analysis 

To determine whether MNP induce DNA damage, the formation of micronuclei and analysis of DNA 

fragmentation was carried out. The cytokinesis block micronucleus assay, an established OECD guideline 

test for screening drugs (test 487), was employed to determine whether the developed MNP could induce 

the formation of micronuclei. 

 

2.8.1 Cytokinesis block micronucleus assay 

The cytokinesis blocking agent, cytochalasin B, was tested to select a concentration that was least cytotoxic 

while remaining within the recommended range of 1 – 6 µg/mL. Cells were plated in 24-well plates at a 

concentration of 4x104 cells/well and left undisturbed for 24h. Cells were exposed to MNP for 24h after 

which the medium was removed and cells washed twice with DPBS. Pre-warmed medium containing 1 

µg/mL cytochalasin B was added and cells were left undisturbed for a further 24h. Visualisation at 20x 

using a light microscope facilitated the identification of bi-nuclear cells and when the majority of cells were 

bi-nuclear, the experiment was stopped. Cells were washed twice with DPBS, and a cell suspension was 

prepared using TrypLE Select, as described previously. Cells were centrifuged at 800g for 5 minutes and 

cell pellets re-suspended in 200 µL of DPBS. Cytospins were prepared by spinning 70 µL of sample onto 

slides at 800g for 5 minutes using a Shandon cytospin 3 centrifuge (Thermo Scientific, Ireland) (Figure 

20). Slides were removed from the cassettes and air dried for strictly 10 minutes and then fixed for 15 

minutes in methanol. All slides were stained individually for 14 seconds in Eosin staining solution and 4 

seconds in methylene blue staining solution. Removal of residual dye by blotting the edge of the slides onto 

tissue paper was done between stains. Rinsing of slides following methylene blue staining was done for 10 

seconds using distilled water. Slides were allowed to air dry for 30 minutes and coverslips were applied 

using DPX medium. Imaging was completed 24h post mounting using the Nikon E800W microscope with 

20x objective. Images were acquired using the micropublisher 3.3RTV colour camera (photometrics, UK).  

 

 

Figure 20: Cells cytospun onto glass microscope slide and stained by Kwik Diff™ kit. 

Cytospinning cells onto the surface of a glass microscope slide provides flexibility in adjusting cell density 

for optimal visualisation by microscopy.  
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2.9 In vivo biodistribution: magnetic resonance imaging 

 

2.9.1 Ethical conduct 

The protocols employed for the in vivo study were approved by the Animal Research Ethics Committee, 

Trinity College Dublin and the Department of Health and Children (Ireland), in accordance with European 

Community Directive (86/609). The in vivo work was carried out with the licence holder, Dr Oliviero 

Gobbo (Trinity Institute of Neuroscience, Trinity College Dublin). The use of animals was strictly limited 

to the testing of MNP approved by WP3. Pathogen free BALB/c mice (23 ± 2g) were sourced from Harlan 

Laboratories, UK and male Wistar rats (283 ± 27g) were supplied by TCD BioResources unit. Animals 

were housed in a thermo-regulated environment with a 12h light/dark cycle. Food and water were available 

ad libitum. 

 

2.9.2 Experimental procedure 

 

2.9.2.1 Magnetic resonance imaging 

BALB/c mice were anesthetized using 5% isoflurane and maintained with 1.5% isoflurane, respiration rate 

and temperature were continuously monitored during the imaging period in a 7T MRI Bruker system 

(Bruker, Germany). To acquire reference scans, all mice were imaged before and after MNP administration 

(100 µl of 3.3 mg Fe/ml MNP or saline control). T2-weighted images were acquired and MNP organ 

accumulation was observed 4h post injection. 

 

2.9.2.2 Particle electron paramagnetic resonance 

The particle Electron Paramagnetic Resonance (pEPR) technique was developed and conducted by Pepric 

NV (Leuven Belgium) using their particle spectrometer instrument as part of Multifun WP4. This 

instrument selectively detects and enables quantification of MNP in biological samples by measuring the 

MNP electron spin resonance in an applied magnetic field. A 10 millitesla magnetic field enables the 

alignment of the MNP magnetic moments while a low radio frequency (300 MHz) induces resonant tilting 

of the magnetic spin. This allows for total MNP quantification via the detection of induced radio frequency 

signal proportional to the number of MNP present as detailed in Gobbo et al. [425].  

 

2.9.2.2.1 MNP quantification in organ biopsies 

Following MRI, animals were euthanized using 100 mg/kg sodium pentobarbital i.p., and organs were 

harvested. Liver, spleen, lung, heart, kidney and brain were sectioned, weighed, transferred to 150 µl PCR 

tubes, and analysed by pEPR without further sample preparation.  
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2.9.2.2.2 MNP pharmacokinetic evaluation in whole rat blood 

The evaluation of MNP blood circulation time was conducted by Dr Oliviero Gobbo (Trinity Institute of 

Neuroscience, Trinity College Dublin) using Wistar rats. Cannulation of the left femoral artery using 

heparinised polyurethane tubing allowed for blood sampling (200 µL) at defined time points of 3, 10, 20, 

30, 60, 90 and 120 minutes following tail vein injection of 1 mL of 3.3 mg/mL MF66 MNP. Blood was 

replaced at each time point with an equal volume of isotonic solution. Samples were analysed by pEPR and 

blood half-life calculated as detailed in Gobbo et al. [425]. 

 

2.10 Statistical analysis 

Data is representative of at least three experimental replicates and are expressed as the means ± SEM. Data 

acquired by high content screening was outputted as tab-delimited text which, when transferred to 

Microsoft Excel, provided a basis for data sorting and averaging of each experimental triplicate. The 

averaged values from three individual experiments were compared for statistical significance using 

Graphpad Prism 5 software. Where two distinct data sets were compared (eg.: untreated control versus 

valinomycin) the two-tail unpaired student’s t-test was used. For comparison of variance within a matched 

dataset where a concentration gradient was being analysed the statistical significance was determined using 

1 way ANOVA with Tukey post-test. In all cases P < 0.05 was significant and indicated: <0.05 = *; <0.01 

= ** and <0.001 = ***. 

 

2.11 Thesis contribution 

 

Name WP University Figures 

Gorka Salas 1 IMDEA Figure 21 & 22 

Macarena Calero 3 IMDEA Figure 32 

Figure 34A (slide preparation) 

Michele Chiappi 3 IMDEA Figure 33 & 35 

Oliviero Gobbo 4 TCD Figure 36 & 37 

Pierre Couleaud/ 

Alfonso Latorre 

2 IMDEA Figure 41 & 42 

Sara Trabulo 3 QMUL Figures 59 – 62 

Kieran Crosbie-Staunton 3 & 4 TCD Figure 21: figure design 

Figure 22: graphing of data 

Figures 23 – 31: own data 

Figure 34A: microscopy and figure design 

Figure 34B: analysis & graphing of data 

Figure 36 A&B: contribution to work 

Figure 37: graphing of data 

Figures 38 – 40, 43 – 58, 63 – 87: own data 
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Chapter 3: Selection of biocompatible MNP formulations. 

 

3.1 Introduction 

Advances in nanotechnology have facilitated the manufacture of engineered nanomaterials for use in a 

broad range of applications. In the field of nanomedicine, one goal is to produce nanomaterials that will 

enable rapid and accurate diagnosis, while effectively treating the patient without the associated side effects. 

Nanomaterials present a multifaceted platform by which non-invasive diagnosis and in-situ treatment can 

potentially be carried out. There are endless possibilities for the use of MNP in medical applications with 

nanoparticles below 30 nm in core size displaying superparamagnetic properties that can be exploited for 

use as hyperthermia agents in MRI. There are a number of MNP used as MRI contrast agents in the clinic 

such as Endorem (120 – 180 nm), and Resovist (60 nm). However, these products are limited in their use 

and only serve to detect focal liver lesions such as metastases, primary liver cancer, cysts and various benign 

tumours, adenomas and hyperplasia. Current advancements have enabled surface modification of 

nanoparticles to facilitate the attachment of a broad range of drugs and targeting compounds for use as an 

additional mode of treatment. However, the gains made in the field of nanomedicine present unique 

challenges. The rate of production of nanomaterials has now exceeded the rate at which they are being 

tested to effectively establish safety standards and understanding of the effects of exposure on personnel, 

the public and environment in a timely manner. During the development of a nanoparticle based theranostic 

product, it is essential that repeated batch to batch testing is conducted to ensure the toxicity status of the 

nanoparticle does not change.  

To date, no consensus within the nanomedicine field or within governmental bodies tasked with 

the regulation of nanomaterials has been reached on the most appropriate method for testing nanomaterials. 

There exist reports providing evidence that the most widely accepted assays to determine cytotoxicity suffer 

from interference by the nanoparticles being tested. Therefore it is vital that a reliable testing method for 

the evaluation of potential toxicity is established. In 2009, Kroll et al. presented a detailed review of 

nanoparticle interference using a number of common assays [321]. Interference was shown to occur in the 

MTT, LDH, neutral red, caspase, ROS production and cytokine assays. These findings have been further 

validated in a more recent study by Guadagnini et al. where it was demonstrated that MNP interfered with 

the nuclear red assay through the increase of optical density readings due to the potential liberation of 

nanoparticles previously localised inside cells prior to testing. In addition, the testing of MNP toxicity using 

the MTT assay was shown to result in an increase in the optical density readings, and therefore skewing 

results to appear non-cytotoxic at cytotoxic concentrations. Interference was also observed in WST-1 assays 

whereby MNP present in supernatants led to the underestimation of their cytotoxicity. Unlike the work and 

findings presented by Kroll et al., Guadagnini et al. demonstrated that extensive washes and removal of 

residual MNP in solution prior to assessment resulted in more accurate cytotoxicity data measurements 

[323].  

The aim of this part of the study was to investigate the effect of a range of MNP on breast-derived 

cell lines and to further understand their interaction in vitro and in vivo towards the selection of a 

biocompatible formulation. 
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To achieve this aim, the specific objectives were: 

1. Investigation of the physicochemical properties of MNP by TEM and DLS. 

2. Detection of MNP hydrodynamic diameter changes following incubation in complete medium by 

NTA. 

3. Determine cytotoxic potential of MNP using validated HCSA assay. 

4. Localisation, quantification and mechanism of MNP uptake. 

5. Examination of MNP biodistribution using a small animal model by MRI. 
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3.2 Results 

 

3.2.1 Comparative analysis of basic nanomaterials by TEM, DLS and NTA. 

The qualitative assessment and quantitative analysis of all MNP was an essential step in the selection of 

suitable formulations to bring forward in the study and was dependent on the size range and sample 

uniformity of the produced MNP. To conduct this analysis the gold standard approaches of TEM, DLS and 

NTA were selected. TEM and DLS analysis was carried out by Dr Gorka Salas (IMDEA, Nanosciencia, 

Madrid) to identify core nanoparticle features such as global sample size and shape within the nanoparticle 

population and hydrodynamic diameter measurement of each MNP formulation in aqueous solution. 

TEM images of MNP samples are shown in Figure 21 and demonstrate a uniform size distribution 

in five of the seven MNP samples. PAA and F1566 samples displayed unequal and unsatisfactory size 

profiles. The DMSA coated OD10, OD15 and MF66 MNP show the greatest uniformity, with the MNP 

produced by thermal decomposition (OD10 and OD15) having a highly uniform cuboid structure while the 

MNP (MF66), produced by co-precipitation in water, lacked the uniformity of spherical shape. 

The DLS hydrodynamic size profile shown in Figure 22 represents MNP dispersed in water. Of 

the seven MNP tested, five had a mean hydrodynamic size less than 60 nm (ASi, OD10, PAA, F1566, 

OD15), one sample was below 85 nm (MF66) while the ADNH MNP sample had the largest hydrodynamic 

size of 142 nm. Data is presented in Table 5. 

Nanoparticles dispersed in water generally have their hydrodynamic diameter determined by DLS 

as presented above. We have confirmed the DLS measurements through the use of a newly accepted gold 

standard approach called NTA [252]. This technique provided quantitative hydrodynamic size data of the 

MNP in aqueous solution on a particle by particle basis. In addition, the analysis of MNP following 

incubation in serum containing medium was conducted. NTA results are provided in Figure 23, with 

complete PCC mean size data provided in Table 5. 
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Figure 21: TEM analysis of nanoparticle core size and surface. 

Uniformity in size and shape was evident for ASi, ADNH, OD10, OD15 and MF66 MNP. Scale bar = 50 

nm. TEM imaging was carried out by Dr Gorka Salas, IMDEA Nanociencia, Madrid. 

 

 

Figure 22: Nanoparticle hydrodynamic size characterisation by DLS. 

Hydrodynamic diameter was evaluated by dynamic light scattering and intensity vs. size is represented. 

The values of Dhyd expressed as Z-average size are presented in Table 5. DLS was conducted by Dr Gorka 

Salas and data was graphed by author. 
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Figure 23: Effect of FBS on the hydrodynamic diameter of basic MNP. 

MNP incubated with 0.1 µm filtered water (top graph) or complete medium (bottom graph) containing 10% 

FBS were analysed by NTA to evaluate changes to hydrodynamic diameter. 
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Five of the seven MNP tested in DI water were less than 100 nm, with ADNH and F1566 having sizes of 

105 nm and 108 nm respectively (Table 5). Following incubation in FBS containing medium, a two- to 

four-fold increase in hydrodynamic size was observed for five of the seven MNP. The hydrodynamic sizes 

of each MNP increased by: ASi (117 nm), ADNH (123 nm), OD10 (200 nm), PAA (46 nm), F1566 (27 

nm), OD15 (105 nm) and MF66 (123 nm)  

 

Table 5: Analysis of nanomaterials characterisation determined by TEM, DLS and NTA. 

Physicochemical characterisation of MNP was carried out on: (1) MNP core size determination by TEM 

confirmed MNP sizes between 5 nm and 14 nm with low polydispersity index (PDI). (2) Mean 

hydrodynamic size was determined by DLS and confirmed by NTA. DI water incubation and post-

incubation with DMEM serum containing cell culture medium (DI Water & Post-Med) with MNP enabled 

comprehensive understanding of changes to hydrodynamic diameter following 24h exposure. 
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3.2.2 Cellomics® cytotoxicity 2 HitKit™. 

Colorimetric assay interference by MNP is a well-documented issue that prohibits the use of standard assays 

to evaluate MNP cytotoxicity and there exists a need for an alternative approach [321-323]. Fluorometric 

multiplexed assays are an attractive alternative to the single output offered by colorimetric assays, however, 

fluorescent quenching can occur in the presence of MNP. Therefore we sought to identify any fluorescence 

quenching that may occur with the iron oxide MNP employed in this study. 

The dye kit used was commercially sourced and certified to contain optimised dye reagents. 

Possible interference of fluorescent signal between MNP and key dye reagents (Hoechst 33342, membrane 

permeability dye (YO-PRO®-1 Iodide), LysoTracker® and MitoTracker® in the commercial kit was 

investigated (Figure 24). The experiment was conducted in the presence of dye reagent in serum free 

medium and at the concentration of nanoparticles indicated. No interference with fluorescent intensity 

compared to a medium containing dye control was observed.  

We next sought to determine whether the dye reagents would provide a positive result when known 

cytotoxic agents were used on all cell lines. Both tacrine and valinomycin were employed to address this 

question and results are provided in Figure 25. The use of tacrine and valinomycin as positive controls to 

test the commercial dyes was carried out in the MCF-7, BT-474, MDA-MB-231, SK-BR-3 and MCF-10A 

cell lines. It was determined by the manufacturer of the dye kit that a concentration of 120 µM valinomycin 

and 100 µM tacrine should be employed to validate the activity of the membrane permeability dye 

(permeability increases in the presence of 120 µM valinomycin) and lysosomal Mass/pH dye (increases in 

the presence of 100 µM tacrine).  

Cells were exposed to valinomycin (120 µM) and to tacrine (100 µM) for 24 h. Cell count was 

measured for each cell line and for both valinomycin and tacrine there was a pronounced reduction in cell 

count. MCF-10A cells were least affected by valinomycin with no observed reduction in cell count. 

However, in all cell lines there was an increase in the cell membrane permeability parameter, compared to 

untreated controls following treatment with valinomycin. In addition, there was a marked increase in the 

lysosomal Mass/pH parameter upon treatment with tacrine (Figure 25). 
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Figure 24: Investigating MNP – dye interference using fluorescent spectrometry. 

Nanoparticles were diluted in serum-free medium and fluorescence intensity measured at 30 minutes using 

a fluorescent spectrophotometer (Fluoroskan Ascent™ FL, Thermo Scientific™, USA). Hoechst, cell 

permeability dye, LysoTracker®, and MitoTracker® were recorded. No reduction in fluorescent intensity 

was recorded for any dye throughout the concentration range tested. 
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Figure 25: Evaluation of cytotoxicity-indicator dyes using tacrine and valinomycin positive controls. 

Breast-derived cell lines treated with 100 µM tacrine (TAC) or 120 µM valinomycin (VAL) for 24 h (A) 

Cell count; (B) Cell permeability; and (C) Lysosomal intensity were measured. Statistical significance was 

determined using the unpaired two-tailed t-test for each column compared to untreated control (CTRL(-)). 

p value: *** = <0.001, **=<0.01, *=<0.05.  
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3.2.3 Effect of MNP exposure on viability of cell lines 

High content screening analysis is a powerful microscopy and software based automated platform for the 

acquisition and analysis of multiplex experiments. Following on from the previous experiments where the 

HCSA dye kit functionality was established, we next investigated the cytotoxic potential of the 

manufactured MNP using four breast cancer cell lines and a normal-like cell line. Heatmap representation 

of results is provided (Figure 26) and corresponding graphs with statistical analysis can be found in 

Appendix 1. Cell lines were exposed for 24h to the initial batch of five MNP (ASi, ADNH, OD10, PAA 

and F1566) (Figure 26). The BT-474 cell line was the most sensitive following exposure to each MNP with 

a marked reduction in cell count recorded for all but one MNP (PAA). The membrane permeability 

parameter was increased with all MNP and the lysosomal mass/pH decrease was observed for PAA and 

F1566. The MDA-MB-231 cell line closely resembled the BT-474 cell line with reduction at the highest 

dose of 200 µg/mL for all but one MNP (ASi). An increase in membrane permeability parameter was 

observed with ADNH and F1566 exposure only. The three remaining cell lines (MCF-7, SK-BR-3 and 

MCF-10A) displayed no statistically significant reduction in cell count. Membrane permeability in both the 

MCF-7 and SK-BR-3 cell lines showed an increase upon exposure to ASi, ADNH, OD10 and F1566 MNP, 

however statistical significance was only present in the SK-BR-3 cell line for both ASi and ADNH. 

Lysosomal intensity was increased in the MCF-7 cell for the highest concentration of ADNH only, in the 

BT-474 cell line for ASi, ADNH, OD10, and PAA, in the MDA-MB-231 for all MNP tested, in the SK-

BR-3 cell line for PAA only and in the MCF10A cell line for ASi MNP only. No significant reduction in 

lysosomal intensity was observed in any cell lines. 

Following the above cytotoxicity testing, two further MNP were synthesised. Both OD15 and 

MF66 MNP were tested in the five breast-derived cell lines (Figure 27 and Appendix 1). Cell-line exposure 

to OD15 did not result in any reduction in cell count. No significant increase in cell permeability was 

observed in any cell line but a marginal increase in lysosomal intensity was observed in all carcinoma cell 

lines. In contrast, the MF66 MNP caused statistically significant cell count reduction in the MCF-7 cell line 

(200 µg/mL only), MDA-MB-231 (50 µg/mL to 200 µg/mL), and MCF-10A (200 µg/mL only). Cell 

permeability was increased in only the MDA-MB-231 (100 – 200 µg/mL). As with OD15, MF66 caused 

an increase in the lysosomal intensity parameter in all carcinoma cell lines. Representative images are 

provided in Figure 28. 
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Figure 26: Multiparametric analysis in breast-derived cell lines exposed to basic MNP. 

Three parameters were used to determine cytotoxic potential of each MNP in four breast cancer cell lines 

and a normal-like breast-derived cell line: cell count, cell membrane permeability and lysosomal mass/pH. 

Colorimetric gradient ranges are provided, and are unique for each parameter. Cytotoxicity with MNP 

exposure was identified by reduction in cell count, increase in membrane permeability and decrease in 

lysosomal Mass/pH. MNP uptake into cells was measured by the increase in lysosomal Mass/pH parameter. 

Values were normalized to untreated control and each unit represents the mean value of at least three 

experimental replicates. Positive control = 1µM CdSe QD. 

 

 

Figure 27: Multiparametric analysis in breast-derived cell lines exposed to OD15 and MF66. 

Three parameters were used to determine cytotoxic potential of each MNP in four breast cancer cell lines 

and a normal-like breast-derived cell line: cell count reduction, cell membrane permeability and lysosomal 

mass/pH. Colorimetric gradient ranges are provided, and are unique for each parameter. OD15 MNP did 

not induce acute cytotoxicity in the majority of cell lines tested, MF66 MNP was determined to be suitable 

at concentrations below 100 µg/mL. Values were normalized to untreated control and each unit represents 

the mean value of at least three experimental replicates. Positive control = 1µM CdSe QD. 

 



Chapter 3 

79 

 

 

Figure 28: MCF-7 cell line exposed to basic MNP formulations. 

Representative images of the MCF-7 cell line exposed to basic MNP for 24h. Cells were stained with 

Hoechst 33342 (Blue), YO-PRO®-1 iodide: cell membrane permeability (Green) and Lysotracker® (Red). 

Images acquired by HCSA at 10x magnification. Scale bar (white line, top left of “Untreated” panel) = 50 

µm, applicable to all images. 
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3.2.4 Evaluation of MF66 MNP effect on cell cycle by flow cytometry 

OD15 MNP did not induce any measurable acute cytotoxic effect following exposure in the breast-derived 

cell lines detailed previously. However, MF66 MNP did induce an acute cytotoxic effect which was 

especially pronounced at the highest concentration of 200 µg/mL. The MF66 MNP was available in 

industrial quantities from the Multifun WP2 partner Liquids Research (Bangor, Wales). To further test the 

suitability of this MNP we carried out flow cytometry on MNP exposed cells to determine if incubation at 

72h could have a negative influence on normal cell cycle progression (Figure 29). The results show that a 

slight reduction in the G0/G1 phase at the highest concentration of MF66 was observed in the MCF-7 cell 

line (arrow) with a slight increase in the S and G2/M phases (arrowhead). No changes were recorded in the 

MDA-MB-231 and MCF-10A cell lines across the concentration range.  
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Figure 29: Cell cycle analysis in cell lines exposed to MF66 MNP. 

Cell cycle changes were investigated following exposure of MCF-7, MDA-MB-231 and MCF-10A cell 

lines to MF66 MNP for 72h. Three concentrations of MF66 were selected: 50, 100 and 200 µg/mL and 

compared to untreated control (Top Row). A minimum of 10,000 events were recorded per concentration. 
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3.2.5 Localisation of basic MNP to lysosomal vesicles. 

Following the results of the HCSA cytotoxicity experiments, we sought to further clarify the data obtained 

for the lysosomal parameter. While both an increase and a decrease in lysosomal intensity can signify 

cytotoxicity, the introduction of a physical entity such as the MNP can result in an increase in lysosomal 

mass through the mechanism of uptake. Therefore, the MCF-7 cell line was exposed to MNP at 100 µg/mL 

for 24h. Cells were stained with Lysotracker® and both fluorescent and bright field images were acquired. 

The result demonstrates the uptake of MNP (Figure 30 & Figure 31, white arrows), whereby the dense 

MNP containing regions overlay precisely with that of lysotracker® stained vesicles. From this experiment, 

it was possible to rank the degree of uptake for each MNP. MNP with the highest uptake include OD15, 

MF66, OD10 and ASi, while MNP with low or no uptake registered included PAA, ADNH and F1566 

MNP treated cells. In addition, considerable colloidal instability was identified for the ADNH MNP with 

aggregation of MNP visible over the surface of all cells. 
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Figure 30: MNP uptake into lysosomes visualized using the InCell 1000 system. 

MCF-7 cell line exposed to 100 µg/mL of the indicated MNP for 24h were assessed for lysosomal 

localization. Cells were stained with LysoTracker® Red, Hoechst 33342 (blue) and cell permeability dye 

(green) and both bright field and fluorescent imaging was carried out by HCSA with pseudo-images 

generated automatically following image acquisition. White arrows indicate location of MNP and matching 

lysosomal compartments. Scale bar (black line, top left “Untreated” panel) = 50 µm, applicable to all 

images. 
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Figure 31: MNP uptake into lysosomes visualized using the InCell 1000 system. 

MCF-7 cell line exposed to 100 µg/mL of the indicated MNP for 24h were assessed for lysosomal 

localization. Cells were stained with LysoTracker® Red, Hoechst 33342 (blue) and cell permeability dye 

(green) and both bright field and fluorescent imaging was carried out by HCSA with pseudo-images 

generated automatically following image acquisition. White arrows indicate location of MNP and matching 

lysosomal compartments. Scale bar (black line, top left “Untreated” panel) = 50 µm, applicable to all 

images. 
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3.2.6 Evaluation of DMSA MNP uptake mechanism and localisation. 

MNP co-localisation with Lysotracker® stained regions has been demonstrated in the previous section. 

MNP uptake into cells occurs during the 24h period of exposure and it remained necessary to identify 

whether the uptake of MNP was an active or passive process, and to verify whether MNP taken up by cells 

did indeed localise to the lysosomes. The following work has been carried out in collaboration with 

Professor José L. Carrascosa, Dr Michele Chiappi and Dr Macarena Calero, and fully detailed in our 

manuscript [314].  

MCF-7 cells exposed to DMSA coated MNP (OD15) were analysed by a range of techniques 

namely by Perls' Prussian blue, epi-fluorescent microscopy, and TEM to identify the mode of uptake, rate 

of uptake, degree of uptake, and finally the identification of the range of sub-cellular compartments in 

which MNP reside. The mode of uptake of MNP was shown by Dr Macarena Calero to be energy dependent 

(Figure 32A). Cells which were incubated with MNP and kept at 4 °C for 3h had MNP localised on the 

external surface of the outer membrane compared to cells stored at 37 °C for 3h where MNP were localised 

inside the cytoplasm. Cells stored at 37 °C for 3h were stained with lysotracker and the dense MNP clusters 

were shown to localise to the lysosomal compartment (Figure 32B), which confirmed the results presented 

in Figure 30 & Figure 31. TEM analysis conducted by Dr Michele Chiappi identified that after a very short 

time-period (0.5h), MNP clusters were identified within the cytoplasm of cells (Figure 33). The MNP were 

located inside membrane bound vesicles and no MNP clusters were identified free inside the cytoplasm. 

Over time (1h – 24h) the number of MNP-vesicles increased as did the quantity of MNP within vesicles. 

In addition, they were found to accumulate closer to the nucleus (24h insert image), and morphological 

changes in the vesicles were noted, with an evolution from translucent membranes to a multivesicular 

membrane (0.5h –vs– 6h). The degree of MNP uptake was quantified (Figure 34 A&B), and represented as 

the ratio of inorganic iron content versus the total cell area. Of the cells quantified an average of 12.44% of 

total cell area was occupied by MNP. Further evaluation of MNP uptake by TEM identified different 

mechanisms of endocytosis, depending on the size of MNP aggregates. Small MNP aggregates (< 200 nm) 

were seen near to the cell membrane adjacent to clathrin-coated patches (Figure 35 A1), and in the 

cytoplasm, near to the membrane, within clathrin-coated vesicles (Figure 35 A3&A4). In contrast, large 

MNP aggregates (>200 nm) were seen near the periphery of the cell and were engulfed by membrane 

extensions. This indicated that large MNP aggregates were being taken-up by macropinocytosis (Figure 35 

B1&B2). In addition the MNP were shown to be localised within a variety of different vesicles dependent 

on time of exposure, from early endosomes (Figure 35 C1), to denser MNP containing vesicles with 

multivesicular bodies and intraluminal vesicles (Figure 35 C2), to late endosomes (Figure 35 C3) and finally 

localised to lysosomes (Figure 35 C4). 
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A 

 

B 

 

Figure 32: Mechanism of internalisation and accumulation of OD15 MNP. 

MCF-7 cell line exposed to OD15 MNP for (A) 3h at 4°C or 37°C, demonstrating a temperature dependent 

MNP uptake by Perls' Prussian blue staining. Scale bar = 10 µm and (B) 24h to determine subcellular 

localisation through the overlay of MNP observed through bright field and lysosomal association using 

lysotracker red. Images courtesy of Macarena Calero, extracted from [314]. Scale bar = 20 µm. 
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Figure 33: Investigation of MNP uptake kinetics by electron microscopy. 

Thin sections of MCF-7 cells were imaged by electron microscopy following exposure to DMSA coated 

MNP for 0.5h, 1h, 3h, 6h, 12h, and 24h. Images courtesy of Dr Chiappi, extracted from [314]. Scale bar = 

1 mm for 0.5h – 12h image, 200 µm for inserts 0.5h – 12h and 2µm for 24h insert, showing the overall cell 

shape and morphology.  
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A 

 

B 

 

Figure 34: Quantification of MNP association and uptake in MCF-7 cell line. 

MCF-7 cells were exposed to OD15 MNP for 24h. Slides were prepared and stained by the Perls' Prussian 

blue assay. Images were acquired using a Nikon epifluorescent microscope with colour camera. Coloured 

filters were applied to aid visualisation of MNP only (red filter; RF) and cells (blue filter). Quantitative 

analysis demonstrated degree of MNP association compared to untreated sample. Microscope slides were 

provided by Macarena Calero, and were imaged and analysed by the author of this thesis [314]. 
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Figure 35: Evaluation of MNP interaction and uptake into MCF-7 cells by TEM. 

Thin sections of MCF-7 cells were imaged by electron microscopy following exposure to DMSA coated 

MNP. Clathrin mediated endocytosis was observed (A) where MNP aggregates were <200 nm in diameter. 

(B) Macropinocytosis was observed where MNP aggregates were > 200 nm in diameter and (C) Different 

types of endosomes were observed to contain MNP aggregates: 1) Early endosome, 2) Multivesicular body 

containing intraluminal vesicles, 3) late endosome (multilamellar morphology) and 4) late endosome and 

lysosomes (multivesicular and electron-dense areas). Images courtesy of Dr Chiappi, extracted from [314]. 

Scale bar = 200 nm. 
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3.2.7 In vivo detection and biodistribution of MNP in small animal model 

The results presented support the selection of both OD15 and MF66 MNP for further investigation. The 

OD15 were the most suitable MNP from these initial studies, but was not available in large quantities and 

therefore not tested in vivo. MF66 MNP is a commercially produced MNP (Liquids Research, Bangor, 

Wales) and was used as a reference nanoparticle to determine adequate detection and biodistribution by 

MRI. Both MNP will be retained for all further in-vitro tests, with direct comparison made between the 

suitability of each formulation. 

An in vivo study using MF66 was carried out in collaboration with Dr Oliviero Gobbo (TCD) 

using a 7T Bruker MRI. MF66 (330 µg/100 µL) was delivered by a single tail vein injection which did not 

negatively impact on the health of the treated animals. A final concentration of MNP injected was estimated 

at 206.25 µg/mL based on the reported total blood volume in the BALB/c mice [426-428]. While a 200 

µg/mL concentration of MF66 was shown to induce an acute cytotoxic response in the in vitro experiments, 

the animals did not display any adverse reaction, suggesting MF66 is tolerable to the animal at this 

concentration. Injected MNP were detected by MRI (Figure 36 A) and provide sufficient contrast compared 

to pre-MNP control. Biodistribution was determined at 4h with uptake into the liver observed via 

conventional MRI contrast (Figure 36 (A1)) and pseudo-coloured imaging (Figure 36(A2)). Organs were 

harvested from BALB/c mice and total MNP iron content was determined by the pEPR iron assay (Figure 

36(B)). A high MNP concentration was recorded in liver, spleen and lung, with a low amount of iron 

detected in the heart and brain. The concentration of MNP remained constant in the liver and spleen over 

96 h, with a decrease observed in the lung and heart. MNP concentrations increased in the kidney over the 

same period with a maximum observed at 48 h.  

Due to the limitation in blood sampling volume in the BALB/c mouse model the larger Wistar rat 

was employed to facilitate blood sampling at multiple time points. This model was used to determine MNP 

blood circulation time with 200 µl blood samples taken at 3, 10, 20, 30, 60, 90 and 120 minutes and analysed 

by pEPR. The blood circulation half-life of the MNP was determined to be 32 ± 6 minutes.  

Animal behaviour and body weight was monitored and while the MF66 MNP was retained in the 

liver to modify the SInt at the 5 week time point (data not shown), there was no change in normal animal 

behaviour. Weight gain was consistent for both exposed and control groups up to 5 weeks post 

administration with an increase of 3 g (Figure 37), demonstrating that the appetite of the MNP injected 

mice did not differ from saline injected mice. 
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Figure 36: MNP biodistribution by MRI. 

MF66 MNP biodistribution was monitored at 4h post injection using a 7T MRI scanner. (A) Qualitative 

assessment of the T2 weighted images (A1), and pseudo-coloured images (A2), revealed MNP localisation 

to the liver (solid white arrow). A tube of water (broken white arrow) was placed beside the mouse to 

provide a reference signal for each scan. (B) MNP organ accumulation at 3h, 24h, 48h and 96h post injection 

was determined by pEPR, uptake in liver and spleen was highest at 48h. (C) Blood circulation half-life of 

MNP in Wistar rats was determined by pEPR. Images courtesy of Dr Oliviero Gobbo, TCD. 
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Figure 37: Mouse body weight analysis. 

Mice were weighed at time zero, one week, three week and five week post injection with MF66 or saline 

control. Body weight was recorded and compared to saline injected mice to identify changes in appetite.  
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3.3 Discussion 

The purpose of this part of the study was to identify a suitable MNP formulation to bring forward as a basis 

on which chemotherapeutic drugs and targeting moieties could be functionalised, according to the three-

tiered approach outlined in Figure 6. The goals included the validation of HCSA as a suitable method for 

nanoparticle-cytotoxicity analysis and subsequently screen a range of characterised MNP to enable the 

identification of biocompatible formulations using multiparametric assessment. Furthermore, MNP uptake 

and localisation was determined using diverse techniques to further evaluate the ability of the basic MNP 

to enter cells and determine if uptake was dependent on the physicochemical characteristics of each 

formulation.  

Characterisation of stock nanomaterials is important to monitor consistency between batches. 

Physicochemical characterisation of the basic MNP in this study was carried out by three techniques in 

order to assess the quality of each nanoparticle sample. TEM analysis of the basic nanoparticles (Figure 

21) showed the nanoparticle size and shape to be uniform within five of the seven MNP tested (ASi, ADNH, 

OD10, OD15 and MF66). Whilst high resolution TEM can provide qualitative assessment of the MNP core, 

due to the nature of the testing method it cannot measure the hydrodynamic diameter of the MNP. DLS and 

NTA provided information on the hydrodynamic diameter and colloidal dispersion of each MNP 

formulation (Figure 22 & Figure 23). DLS and NTA results were closely comparable, with NTA recording 

a larger hydrodynamic size for F1566 (44 nm DLS and 108 nm NTA) and OD15 (42 nm DLS and 84 nm 

NTA) (Table 5). For these MNP the results of NTA were more accurate due to the generation of a concise 

sample-size due to the direct visualisation of individual nanoparticles dispersed in water and the acquisition 

of videos from fresh nanoparticle populations for each recording. Utilizing the NTA technique in this study, 

we determined the size distribution of all synthesized MNP, and most importantly we investigated the 

stability of the MNP in complete culture medium. Following the incubation with complete DMEM medium, 

NTA analysis recorded an increase in hydrodynamic size for all MNP. It is known that the adsorption of 

proteins on MNP can increase hydrodynamic size [245] and we observed that the extent of MNP 

hydrodynamic size increase varied between samples, with the biggest increase of 200 nm observed for 

OD10 and 123 nm for both ADNH and MF66 (Table 5). ASi and OD15 MNP size increases reached 120 

nm and 105 nm respectively, and both PAA and F1566 hydrodynamic sizes were raised marginally by 46 

nm and 27 nm, respectively. Investigation of the zeta potential to determine whether the extent of protein 

adsorption on the surface of the MNP was charge dependent did not provide any additional information. It 

can be concluded from the physicochemical characterisation steps taken, that direct visualisation of MNP 

core structure and the determination of hydrodynamic size in water and complex medium provided a greater 

understanding of each nanomaterial.  

Before starting the cytotoxicity screening of MNP, it was necessary to verify that the test being 

undertaken was not interfered with by the nanoparticles. It has been shown that nanomaterials can interfere 

with standard cytotoxicity assays [322, 323]. Therefore the presence of fluorescent quenching was 

investigated as a means of assessing the potential interference that basic MNP formulations could have on 

the dyes in the commercial staining kit (Figure 24). MNP incubated with Hoechst 33342, cell membrane 

permeability dye (YO-PRO®-1 iodide), Lysosomal (LysoTracker® Red) and Mitochondrial 

(MitoTracker® Orange) probes for 30 minutes were examined in a fluorimeter to determine if fluorescent 
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intensity was quenched compared to a medium containing fluorescent dye control. The results show that 

no statistically significant reduction in fluorescent dye intensity was recorded. It is known that the use of 

colorimetric methods for MNP cytotoxicity testing can result in false positive results as a consequence of 

interference with iron from the MNP. It has been demonstrated here that even in the presence of high 

concentrations of MNP, quenching of the fluorescent signal does not occur. Thus, the use of fluorescent 

dyes as probes to measure cellular events following exposure to the engineered MNP is reliable and is not 

affected by the engineered MNP in this study. The method used to test fluorescent interference did not 

account for the fact that prior to staining of cells for evaluation of cytotoxicity, cells are washed several 

times with PBS, thus removing excess MNP, and therefore reducing the ability of the MNP to cause 

interference in the cytotoxicity assays. 

To evaluate the suitability of the HCSA technique and the commercial dye kit, the intensity of the 

dyes intended for cell permeability detection and lysosomal staining were measured following exposure to 

two validated control compounds (Figure 25). Firstly, it has been shown that treatment with valinomycin 

causes damage to mitochondria, uncoupling of oxidative phosphorylation and damage to cell membranes 

[429] and was therefore used as a positive control for the membrane permeability dye, which rapidly and 

irreversibly enters nuclei upon loss of membrane integrity. The results here demonstrate that valinomycin 

is highly cytotoxic with significant reduction in cell count, and causes pronounced increase in the signal 

intensity of the cell permeability parameter. Secondly, tacrine was shown to induce apoptosis through 

lysosomal membrane permeabilisation and subsequent mitochondrial damage [430]. In addition, a 

concentration dependent increase in Lysotracker® dye intensity was observed by the manufacturer at a 

concentration of 100 µM. Tacrine was subsequently selected and used at this concentration to demonstrate 

that lysosomal staining was specific and determine whether the variation in fluorescent signal strength could 

be detected by the InCell 1000. For the purpose of this study, a concentration of 100 µM was used to study 

lysosomal mass/pH changes. The results demonstrate that in all cell lines tacrine resulted in a statistically 

significant (p > 0.01) increase in the lysosomal staining. Verification using valinomycin and tacrine 

established that changes in cell permeability dye and Lysotracker® fluorescent intensity were detected and 

recorded by the InCell 1000 system. Through both methodologies, the assessment of MNP fluorescent dye 

interference and confirmation of dye sensitivity and detection by HCSA provided a strong basis for accurate 

and high throughput MNP cytotoxicity testing. 

Following the evaluation of MNP by PCC and the validation of the HCSA technique, the 

cytotoxicity testing of each formulation was explored by multiparametric analysis. The results show that 

cell line sensitivity was present in two out of five cell lines tested. The BT-474 and MDA-MB-231 cell 

lines displayed dose-dependent cytotoxic response to five out of seven MNP formulations. The BT-474 had 

the highest response with pronounced cell count reduction and increased cell membrane permeability 

recorded for ASi, ADNH, OD10, PAA and F1566 (Figure 26 & Figure 27). Similar effects were recorded 

for these MNP in the MDA-MB-231 cell line. As one of the results of this study we found that MCF-7 cell 

line proved to be the most robust model with little to no decrease in cell count in response to any MNP 

across the tested concentration range. However, increased cell permeability, indicating the onset of 

apoptosis [431] was noted in the MCF-7 cell line for ASi, ADNH, OD10 and F1566. The results and 

observations from biocompatibility testing identified many of the MNP as not suitable for further bio-
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application due to their cytotoxic response. However, both the OD15 and MF66 MNP formulations did not 

induce any measureable cytotoxicity at concentrations up to 100 µg/mL at 24h and were therefore brought 

forward in the in vitro study with functional moieties and also in vivo for evaluation of the maximum 

tolerated dose and the ability to detect by MRI. The scaling up of MNP production and the development of 

a clinical product is a vital step in the translation from in vitro studies to in vivo and ultimately the clinical 

setting. The MF66 MNP was the most suitable for in vivo analysis due to the capability for industrial volume 

scale-up with 1 litre per day production possible while maintaining the physicochemical characteristics and 

quality as assessed and reported in Table 5. However, due to the observed cytotoxicity of MF66 at the 

highest concentration of 200 µg/mL further testing of MF66 was performed with an emphasis on cell 

proliferation through the analysis of cell cycle progression to determine the suitability of MF66 for in vivo 

testing (Figure 29). Three cell lines were selected, two robust cell lines (MCF-7 and MCF-10A) and a more 

sensitive cell line (MDA-MB-231) as identified in this study, and the cell cycle was monitored following 

72h exposure to MF66 (50, 100 and 200 µg/mL). These new results obtained for MF66 highlighted a dose 

dependent cytotoxic response at the highest concentration of 200 µg/mL. Cell cycle analysis identified 

slight reduction in the G0/G1 fraction of cells in the MCF-7 cell line at the highest MF66 concentration, 

suggesting that cells were arrested in G2/M resulting in G0/G1 fraction decrease. The MCF-10A and MDA-

MB-231 cell lines did not exhibit an increase in the duration of the cell cycle phases following 72h exposure. 

No changes in cell cycle profiles were observed in any cell line at concentrations below 200 µg/mL, 

suggesting that MF66 was suitable when used at concentrations below this. 

It is accepted that nanoparticle surface charge does not dictate the degree of protein adsorption but 

dictates the type of proteins that adsorb strongly on the nanoparticle surface to form the hard and soft protein 

corona [246, 247]. The absorption of serum proteins onto the MNP surface has been reported to increase 

MNP stability in biological solution with adsorption and desorption occurring dynamically, as described 

by Saptarshi et al [248]. Even though OD15 and MF66 MNP were the only MNP selected for retention in 

the study, all MNP were dispersed in complete medium to observe changes to colloidal stability and record 

possible uptake through bright field visualisation. The most obvious aggregation occurred with the ADNH 

MNP sample following 24h incubation in complete medium (Figure 30, bright field), suggesting that the 

presence of serum proteins in this sample may have resulted in the formation of inter-particle bridges, in 

turn leading to destabilization of the MNP in solution and strong adsorption to the outer cell membrane. 

Nevertheless, a causative link was identified between the increase in hydrodynamic diameter described 

previously and MNP uptake into lysosomes (Figure 30 & Figure 31). With increasing hydrodynamic 

diameter there was an increase in the amount of MNP uptake into cells and ultimately into lysosomes. 

Qualitative assessment of MNP uptake demonstrated that OD10 (200 nm increase), MF66 (123 nm 

increase), ASi (120 nm increase) and OD15 (105 nm increase) had the greatest uptake into lysosomes while 

PAA (46 nm increase) and F1566 (27 nm increase) had little to no observed uptake. These findings suggest 

that the amount of protein adsorbed onto the surface of the MNP was directly associated with their ability 

to interact with cells thus presenting a greater opportunity to enter cells through the endocytic pathway. The 

protein adsorption capacity of nanoparticles has been previously shown as an excellent predictor of cellular 

association [249]. It has also been well documented that positively charged MNP are internalised into cells 

to a greater degree compared to neutral and negatively charged MNP [277-279], which is confirmed here 
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with uptake of positively charged ASi MNP occurring to a higher degree compared to negatively charged 

formulations. 

This approach, while identifying MNP-cell interaction, also highlighted ADNH as unsuitable due 

to the pronounced instability and aggregation in complete culture medium, confirming data obtained by 

DLS, NTA and HCSA. If ADNH were delivered to an in vivo model system, it could lead to cardiovascular 

compromise due to interaction with serum proteins causing an increase in vascular thrombus formation as 

a consequence of increased platelet aggregation [432]. Taken together with the PCC assessment and 

cytotoxicity analysis, it has been possible to identify unsuitable MNP at an early stage and enabled the 

selection of both OD15 and MF66 MNP for further evaluation. 

MNP interaction with cells and uptake was further investigated to determine the energy 

requirements of uptake, uptake kinetics, quantification of uptake and the method by which MNP entered 

cells. Through HCSA we have shown that intracellular regions containing aggregates of MNP overlay 

precisely with fluorescently stained lysosomal vesicles (Figure 30 & Figure 31). This observation was made 

at a set time point of 24h and it was not possible to determine the rate at which MNP were taken into cells, 

nor was it possible to identify the mechanism of MNP uptake. As part of WP3, temperature dependent 

experiments were conducted whereby MCF-7 cells were exposed to OD15 MNP for 3h (Figure 32). 

Incubation at 4 °C and at 37 °C sought to identify whether uptake was energy dependent. MNP were taken 

up into cells following incubation at 37 °C only, indicating that an active energy-dependent transport was 

necessary for MNP internalisation. As none of the Multifun engineered MNP were spherical, a study by 

Gratton et al. provided an explanation for the uptake observed in this work, where they suggested that 

nanomaterials with non-spherical shape are taken up with greater efficiency [433]. The rate of uptake was 

determined by TEM, with MNP present inside cells even after very short incubation times (0.5h) (Figure 

33). Interestingly, and in agreement with the active uptake study, it was evident that no free MNP were 

present in the cytoplasm. Instead, all MNP were confined to membrane bound vesicles, which contained 

increasingly greater amounts of MNP over time and localised closer to the nucleus. Maturation of MNP 

containing vesicles from translucent to multivesicular morphology was noted at later time-points. The 

formation of dense vesicles at 12h suggested that the MNP were localised inside lysosomes, which are 

visible due to their amorphous electron dense core [434]. Quantification of the degree of uptake observed 

in the MCF-7 cell line exposed to OD15 MNP provided evidence that high cell loading efficiency can be 

attained at 24h exposure. Yet, while it was shown that MNP entered cells through an energy dependent 

mechanism in as little as 0.5h and ultimately localised to lysosomal compartments, it was unknown exactly 

how the MNP entered cells. TEM analysis investigating the mechanism of uptake identified that uptake 

was dependent on the size of MNP clusters (Figure 35), with macropinocytosis facilitating uptake with 

larger MNP cluster sizes (> 200 nm), and clathrin-mediated endocytosis occurring with small MNP clusters 

(< 200 nm). This finding was in agreement with the literature as macropinocytosis has been previously 

shown as the preferential mechanism for uptake of larger nanoparticles [435].  

MNP have been screened and suitable formulations selected, the degree of uptake, mode of uptake 

and rate of uptake was determined by Dr Chiappi. The next logical step was to investigate whether the 

engineered MNP could be detected by MRI, as a fundamental requirement for use as a diagnostic tool and 

to identify the bio-distribution and tolerability of the engineered MNP in the BALB/c mouse. The MF66 
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MNP was the only formulation available in large quantities at the time of experimentation and the in vivo 

analysis was carried out using this formulation. Following tail vein injection there was rapid accumulation 

in the liver, observed by MRI at 4h (Figure 36 A), and from 3h by pEPR in liver, spleen, lung, heart and 

kidney (Figure 36 B).  Clearance from the liver was not evident 5 weeks post injection (data not shown). 

MNP blood clearance with a half-life of 32±6 minutes as determined in the Wistar rats and the observed 

uptake of MNP in liver and spleen in BALB/c mice could be due to the uptake of MF66 into specialised 

Kupffer cells in the liver and into macrophages in the spleen. These cells function in the clearance of 

pathogens, apoptotic cells and immune complexes from circulation and have been shown to be necessary 

for nanoparticle clearance [436, 437]. In addition, a recent study using human subjects injected with 

ferumoxytol (Feraheme®), an FDA approved superparamagnetic MNP, found that complete liver clearance 

was achieved 11 months post-delivery with no adverse effect [438].  

 

3.4 Conclusion 

The characterisation of the basic-MNP formulations in accordance with the safe-by-design approach 

presented in Figure 6, facilitated the selection of OD15 and MF66 MNP as lead formulations. Both OD15 

and MF66 did not induce acute cytotoxic responses in all cell lines below 100 µg/mL, despite active uptake 

into cells occurring 30 minutes following exposure. Limitations were identified in the production phase 

when transitioning from in vitro to in vivo tests, with MF66 as the only MNP capable of being produced in 

high enough quantities to test in the animal models at that time. It was demonstrated that detection of MF66 

by MRI was possible and MNP was localised to liver, spleen, lung, heart, and kidney as determined by 

pEPR on tissue biopsies. In addition, blood circulation half-life was determined to be 32±6 minutes in the 

Wistar rat. MF66 and OD15 were the two basic MNP of choice for subsequent functionalisation with 

targeting moieties such as N6L and the chemotherapeutic agents, doxorubicin and gemcitabine, which will 

be presented in the next chapter of results. 
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Chapter 4: Multifunctional MNP for targeted cancer treatment 

 

4.1 Introduction 

Cancer is a heterogeneous disease and treatment options are currently limited to surgery, radiation and 

chemotherapy. All of these methods carry a high risk of damage to healthy tissues or the incomplete 

eradication of the disease. Doxorubicin and gemcitabine chemotherapy drugs have been used as MNP 

functional moieties due to their use in treating both breast and pancreatic cancers. While treatment options 

for both diseases are available, breast cancer remains the second most diagnosed cancer in women in Ireland 

and is the highest in the UK. Pancreatic cancer accounts for a much lower incidence rate with 500 people 

on average being diagnosed in Ireland each year, however, the net 5 year survival, according to the Irish 

cancer registry, is only 8.7%. Survival over 10 years, according to cancer research UK, is as little as 1.1%.  

With this in mind, the aims of this part of the thesis included the demonstration of anticancer 

potential using doxorubicin functionalised MNP, the validation of the most suitable linker for drug 

functionalization, determination of N6L pseudopeptide-induced anticancer effect, demonstration of N6L-

mediated MNP uptake into cell lines and primary cells, and anticancer efficacy of gemcitabine 

functionalised MNP with and without the N6L targeting ligand.  

 

To achieve these aims, the specific objectives were: 

1. Comparative analysis of electrostatically and covalently functionalised doxorubicin MNP for 

specific drug release. 

2. Identification of a suitable linker on the MNP surface for drug functionalization and release. 

3. Investigation of the anticancer potential of N6L pseudo-peptide functionalised to OD15 and MF66 

MNP. 

4. Examination of N6L-mediated MNP uptake in breast and pancreatic cell lines. 

5. Examination of multi-functionalised MNP-induced anticancer effect using N6L and gemcitabine 

MNP conjugates. 
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4.2 Results 

 

4.2.1 Doxorubicin hydrochloride dose response 

HCSA was performed to determine the anticancer potential of MF66 MNP functionalized with doxorubicin 

drug as detailed in Table 6 below.  

 

Table 6: Details of nanomaterials containing functionalized doxorubicin drug. 

Nanomaterials were supplied by Dr Pierre Couleaud as suspensions at pH 6.5. Core particle size was 

determined by TEM, and hydrodynamic size by DLS. All nanoparticles were negatively charged ranging 

between – 39.2 mV to 42.4 mV. Concentrations supplied were consistently 2.4 mg Fe/mL with the indicated 

concentration of doxorubicin drug attached. 

Name pH 

Particle size 

TEM 

(nm) 

Hydrodynamic size 

(DLS; Intensity) 

(nm) 

Surface charge 

at pH 6 

(mV) 

Concentration 

(mg Fe/ml) 
Biomolecule Loaded 

MF66_Doxo 

(Electrostatic) 
6.5 11.7 115.8 ± 0.8 -39.2 ± 1.1 2.4 26 μmol Doxo / g Fe 

MF66_Doxo 

(Covalent) 
6.5 11.7 143.1 ± 1.3 -42.4 ± 3.0 2.4 26 μmol Doxo / g Fe 

 

The effective concentration of free doxorubicin at which a response could be obtained was investigated and 

efficacy was compared to doxorubicin functionalised MNP. The activity of free doxorubicin in the MCF-

7, MDA-MB-231 and MCF-10A cell lines at 24h and at 72h was investigated by HCSA. The concentration 

range selected included five concentrations above the known IC50 of doxorubicin in the MCF-7 cell line 

(100 nM [439]), up to 2600 nM. The results are presented in Figure 38 with graphs provided in Appendix 

2. There was a significant decrease in cell count for all cell lines at 24h with a further decrease at the 72h 

timepoint. Cell count decrease was matched with an increase in membrane permeability, with statistical 

significance at concentrations higher than 650 nM in the MCF-7 and MCF-10A cell line, and concentrations 

exceeding 200 nM in the MDA-MB-231 cell line. Reduction in lysosomal intensity following exposure to 

doxorubicin indicated lysosomal membrane damage, and was confirmed by the increase of the membrane 

permeability parameter. 
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Figure 38: Dose and time dependent toxicity of doxorubicin hydrochloride in cell lines. 

Breast cancer and normal-like cell lines were exposed to doxorubicin chemotherapeutic agent for 24h and 

72h at a wide range of concentrations, ranging between 25 nM and 2600 nM. Multiparametric analysis was 

used to determine the effect free drug had on each parameter. Doxorubicin caused substantial cell death, 

increased membrane permeability and lysosomal mass/pH decrease, and was most pronounced at 72h post 

exposure. Positive control = 1µM CdSe QD. 
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4.2.2 Electrostatic vs covalent drug functionalisation approaches 

Doxorubicin functionalized MF66 (electrostatic and covalent formulations) as detailed in Table 6 were 

tested at 24h and 72h. Doses delivered were higher than the reported IC50 of 100 nM for MCF-7 ([439]) 

and were between 130 nM and 2600 nM, similar to those of free drug. The corresponding iron oxide content 

delivered to obtain the required drug dose is provided in Figure 39 (lower panel). For the electrostatic 

functionalized MNP (Figure 39), there was significant reduction in cell count at the highest concentration 

in the MCF-7 and MCF-10A cell lines at 24h. In comparison, at 72h there was significant cell count 

reduction above 260 nM in the MCF-7 and MCF-10A cell lines and at all concentrations in the MDA-MB-

231 cell lines. In comparison, the covalent functionalised MNP (Figure 40) caused a significant reduction 

in cell count only in the MCF-10A cell line at 24h, while at 72h all concentrations in the MDA-MB-231, 

above 1300 nM in the MCF-7 and the 2600 nM concentration in the MCF-10A cell lines showed a 

significant reduction in cell count. 

Cell membrane permeability increased in the MCF-7 cell line following exposure only to the 

covalent functionalised MNP (Figure 40). In the MDA-MB-231 and MCF-10A cell line, membrane 

permeability increase was observed for both electrostatic and covalent formulations, with significant 

increases above 260 nM for the electrostatic formulation compared to 1300 nM and above for the covalent 

formulation. 

Doxorubicin alone has the capacity to damage lysosomes which was observed in the previous 

experiment (Figure 38). However, both Figure 39 and Figure 40 demonstrate quite strikingly that when 

functionalised to the MNP, doxorubicin delivered to the cells did not result in lysosomal damage. This 

result is in clear contrast to the lysosomal damage observed with free doxorubicin exposure (Figure 38). 

Instead, and especially with the covalent MNP formulations, there was a significant increase in the 

lysosomal intensity observed at all time-points in all cell lines. 
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Figure 39: Effect of electrostatically functionalized doxorubicin MF66 MNP. 

Cell lines were exposed to MF66 MNP with electrostatically-functionalised doxorubicin for 24h and 72h 

using a range of concentrations (25 nM and 2600 nM). Multiparametric analysis was used to determine the 

effect the electrostatic functionalization approach had on each cell line. MDA-MB-231 cell line was most 

affected by this formulation with significant cell count reduction observed. Membrane permeability in the 

MCF-10A cell line was increased following 72h exposure, with an increase observed in the lysosomal 

mass/pH parameter. Positive control = 1µM CdSe QD. 
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Figure 40: Effect of covalently functionalized doxorubicin MF66 MNP. 

Cell lines were exposed to MF66 MNP with covalently-functionalised doxorubicin for 24h and 72h using 

a range of concentrations (25 nM and 2600 nM). Multiparametric analysis was used to determine the effect 

the covalent functionalization approach had on each cell line. The MDA-MB-231 cell line was most 

affected following 72h exposure and a decrease in cell count was observed. An increase in membrane 

permeability was observed in all cell lines, which was most pronounced in the MCF-10A cell line. 

Lysosomal mass/pH changes were most pronounced in the MDA-MB-231 cell line. Positive control = 1µM 

CdSe QD. 
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4.2.3 MF66 and OD15 functionalized with N-, O- and I- linked doxorubicin. 

Following the screening of MF66 electrostatic and covalent doxorubicin functionalized MNP, the WP2 

partners involved in the functionalisation of MNP sought to identify the most effective method to covalently 

functionalize doxorubicin on MF66 and OD15 MNP. Extensive HCSA-based testing was conducted on 

MNP functionalised with doxorubicin with the use of three distinct linkers, enabling specific release of 

doxorubicin (Figure 41). The linkers include O-linked and N-linked which are doxorubicin bound and 

contain a disulfide linker (PySS) that is cleavable in a reducing environment. The linker for O_doxorubicin 

contains an oxygen atom (carbamate group) while N_doxorubicin contains a nitrogen atom (urea group). 

An I-linked formulation contained a dual-cleavable linker that has a disulfide bond and an imine moiety 

that is cleaved in acidic pH. All linkers, when cleaved, release unmodified doxorobucin drug (Figure 42). 

The functionalised MNP are detailed in Table 7. All nanomaterials had a net negative surface charge 

between -42.2 and -49.7 mV, with hydrodynamic sizes of between 59.4 nm to 112.0 nm for the 

functionalized MNP. The concentration of doxorubicin loaded onto MNP is indicated in Table 7. 

Two breast-derived cell lines (MCF-7 and MCF-10A) and two pancreatic cancer cell lines (BxPC3 

and PANC-1) were tested to determine anticancer efficacy. Comparison was made between functionalized 

MNP, the basic MNP formulations and free chemotherapeutic drug to ensure any measured cytotoxicity 

was on account of the functionalized drug release and not the core nanoparticle. 

 

Table 7: Details of nanomaterials containing functionalized doxorubicin drug. 

Nanomaterials were supplied as suspensions at pH7.4 in water by Dr Pierre Couleaud, IMDEA, Madrid, 

Spain from WP2. Core particle size was determined by TEM, and hydrodynamic size by DLS. All 

nanoparticles were negatively charged. The concentration of doxorubicin in µmol per g of Fe was supplied 

and the total MNP used to achieve the highest drug dose is provided for both breast (2600 nM maximum) 

and pancreatic (2000 nM maximum) cell lines. 

Name pH 

Particle size 

TEM 

(nm) 

Hydrodynamic size 

(DLS; Intensity) 

(nm) 

Surface charge 

at pH7 

(mV) 

Doxo Loaded 

(µmol/g Fe) 

MNP conc. 

@2600 nM 

(µg/mL) 

MNP conc. 

@2000 nM 

(µg/mL) 

OD15 7.4 15.0 59.4 -49.7 N/A N/A N/A 

OD15-N-Dox 7.4 15.0 76.7 -48.2 21 123.8 95.2 

OD15-O-Dox 7.4 15.0 93.9 -47.9 22 118.2 90.9 

OD15-I-Dox 7.4 15.0 75.3 -46.4 30 86.7 66.7 

MF66 7.4 11.7 70.6 -42.2 N/A N/A N/A 

MF66-N-Dox 7.4 11.7 104.1 -46.6 13 200.0 153.8 

MF66-O-Dox 7.4 11.7 112.0 -46.2 20 130.0 100 

MF66-I-Dox 7.4 11.7 92.9 -47.2 12 216.7 166.7 
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Figure 41: Chemical structure of N_, O_ and I_Doxorubicin with alternative linker molecules. 

Linker molecules contained a disulfide group or both a disulfide group and imine group. N_Doxo linker 

contained a urea structural group (N-C(=O)-N) whereas O_Doxo linker contained a carbamate structural 

group (O-C(=O)-N) and I_Doxo employed the same linker as O_Doxo, but was bound to the drug at an 

alternative site and through an imine group. Both N_Doxo and O_Doxo liberate the drug when in a reducing 

environment while I_Doxo required both a reducing environment and low pH (below pH 5.5). Image 

courtesy of Dr Pierre Couleaud and Dr Alfonso Latorre, IMDEA, Madrid, Spain. 

 

 

Figure 42: Mechanism of drug release from MNP. 

Release of drug from MNP in reducing environment yields an unmodified drug, and the free linker 

molecule. Image courtesy of Dr Pierre Couleaud and Dr Alfonso Latorre, IMDEA, Madrid, Spain. 
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The concentration of doxorubicin delivered to the breast-derived cell lines was 2600, 1300, 650, 260, and 

130 nM and to the pancreatic cancer cell lines was 2000, 1000, 500, 250 and 125 nM.  

The results are presented as heatmaps: MCF-7 cell line in Figure 43; MCF-10A cell line in Figure 

44, BxPC3 cell line in Figure 45, and PANC-1 cell line in Figure 46. All graphs are provided in Appendix 

2. Testing with free doxorubicin drug yielded a similar response in all four cell lines; with significant cell 

count reduction at all concentrations at the 72h time point. As previously shown, doxorubicin exposure 

caused an increase in cell permeability at high concentrations in the breast-derived cell lines, a trend seen 

here also for the pancreatic cell lines. The PANC-1 cell was least affected but a significant increase in cell 

permeability was observed at the highest concentration of doxorubicin (2000 nM). The lysosomal intensity 

was reduced, as previously observed, in the breast-derived cell lines while the pancreatic cell lines showed 

no reduction in the lysosomal intensity.  

OD15 MNP exposure caused no reduction in cell count in the MCF-7, MCF-10A and PANC-1 

cell lines at 72h, while a significant reduction was observed in the BxPC3 cell line at the highest 

concentration (200 µg/mL). No increase in cell membrane permeability was observed in the MCF-7, MCF-

10A and BxPC3 cell lines, while a slight increase was present at the highest concentration in the PANC-1 

cell line. Lysosomal intensity was not increased in the MCF-7, MCF-10A and PANC-1 cell lines while a 

significant increase was observed in the BxPC3 cell line at both 24h and 72h time points.  

OD15_N_Doxorubicin exposure at 72h resulted in a significant reduction in cell count for the 

MCF-7 cell line and a reduction in the BxPC3 cell line. Both MCF-10A and PANC-1 exposed cell lines 

had no cell count reduction. Cell membrane permeability was increased in BxPC3 and PANC-1 only at 72h 

while lysosomal intensity was significantly increased in the BxPC-3 cell line.  

OD15_O_Doxorubicin exposure at 72h caused a significant reduction in cell count at the highest 

concentration in the MCF-7, BxPC3 and PANC-1 cell lines, with the BxPC3 having the greatest reduction. 

Cell permeability was increased in both the BxPC3 and PANC-1 cell lines only, with PANC-1 having an 

increase at all concentrations while the increase in the BxPC3 cell line was only at the highest concentration. 

Lysosomal intensity increase was observed only in the pancreatic cancer cell lines, with increases observed 

at concentrations greater than 1000 nM. The OD15_O_Doxorubicin induced no effect on the MCF-10A 

cell line with any measured parameter. 

OD15_I_Doxorubicin exposure at 72h resulted in cell count reduction in all cell lines, with 

significant decreases observed in the MCF-7 cell line at concentrations above 650 nM, in the MCF-10A 

cell line at all concentrations, in the BxPC3 cell line more than 500 nM and in the PANC-1 cell line at 

concentrations exceeding 250 nM. Cell membrane permeability was increased in all cell lines, in the MCF-

7 cell line at concentrations above 1300 nM, in the MCF-10A cell line at 2600 nM, in the BxPC3 cell line 

above 1000 nM and in the PANC-1 cell line at concentrations exceeding 500nM. Lysosomal intensity was 

increased in all cell lines, in the MCF-7 cell line at concentrations between 260nM and 1300 nM, in the 

MCF-10A cell line at 2600 nM, and in the BxPC3 and PANC-1 cell lines at concentrations beyond 1000 

nM. 

MF66 MNP exposure caused no reduction in cell count in the MCF-7 cell line at 72h, while a 

significant reduction was observed in the MCF-10A, BxPC3 and PANC-1 cell lines at the highest 

concentration (200 µg/mL). No increase in cell membrane permeability was observed in the MCF-7 cell 
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line, while slight decrease was present at all concentrations in the MCF-10A cell line. Significant increases 

were observed in the BxPC3 (above 200 µg/mL) and PANC-1 (exceeding 100 µg/mL) cell lines. Lysosomal 

intensity was increased in the MCF-7 cell line between 10 – 50 µg/mL, in the MCF-10A cell line greater 

than 50 µg/mL and in the BxPC3 cell line above 200 µg/mL. A reduction in the lysosomal intensity was 

observed in the PANC-1 cell line at 200 µg/mL. 

MF66_N_Doxorubicin exposure at 72h caused a reduction in cell count in all cell lines, at varying 

concentrations. In the MCF-7 cell line at concentrations greater than 1300 nM, in the MCF-10A cell line at 

260 nM and above 1300 nM, in the BxPC3 cell line beyond 1000 nM and in the PANC-1 cell line at 

concentrations surpassing 500 nM. Cell membrane permeability was increased in the MCF-7 cell line at 

2600 nM, and in the PANC-1 cell line at all concentrations. A marginal decrease in cell permeability was 

observed in the MCF-10A cell line at 260 and 650 nM and no change was observed in the BxPC3 cell line. 

Lysosomal intensity was increased in all cell lines apart from PANC-1, an increase was observed in the 

MCF-7 cell line at concentrations between 130 nM and 1300 nM, in the MCF-10A cell line at 

concentrations above 260 nM, and in the BxPC3 cell line at concentrations exceeding 500nM. 

MF66_O_Doxorubicin exposure at 72h caused a reduction in cell count in the MCF-10A, BxPC3 

and PANC1 only. Cell count reduction was observed in the MCF-10 cell line at 2600 nM, in the BxPC3 

cell line at concentrations beyond 500 nM, and in the PANC-1 cell line greater than 250 nM. Cell membrane 

permeability was increased in the BxPC3 cell line and in the PANC-1 cell line at concentrations above 1000 

nM and 250 nM respectively. Lysosomal intensity was increased in all cell lines apart from the PANC-1 

cell line, an increase was observed in the MCF-7 cell line at 650 nM only, in the MCF-10A cell line at 

concentrations above 1300 nM, and in the BxPC3 cell line at concentrations exceeding 500 nM. Minimal 

yet significant decrease in lysosomal intensity was observed in the PANC-1 at concentrations greater than 

1000 nM. 

MF66_I_Doxorubicin exposure at 72h caused a reduction in cell count in all cell lines. Cell count 

reduction was observed in the MCF-7 and MCF-10A cell lines at concentrations above 650 nM, and at all 

concentrations in the BxPC3 and PANC-1 cell lines. Cell membrane permeability was increased in the 

BxPC3 cell line and in the PANC-1 cell line at concentrations higher than 500 nM and 250 nM respectively. 

Lysosomal intensity was increased in all cell lines apart from PANC-1, an increase was observed in the 

MCF-7 cell line between 130 – 650 nM, in the MCF-10A cell line at concentrations exceeding 650 nM, 

and in the BxPC3 cell line at concentrations beyond 250 nM.  

Representative pseudo-coloured merged images of all four cell lines tested and stained for 

multiparametric analysis are provided in Figure 47 (MCF-7), Figure 48 (MCF-10A), Figure 49 (BxPC3), 

and Figure 50 (PANC-1).  
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Figure 43: Effect of covalently functionalized doxorubicin MNP on MCF-7 cell line. 

The MCF-7 cell line was exposed to doxorubicin functionalized OD15 and MF66 MNP for 24h and 72h at 

a range of concentrations (130 nM to 2600 nM). Exposure to the OD15_I_Doxo and MF66_I_Doxo MNP 

formulations resulted in the greatest cell count reduction. Positive control = 1µM CdSe QD. 

 

 

Figure 44: Effect of covalently functionalized doxorubicin MNP on MCF-10A cell line. 

The MCF-10A cell line was exposed to doxorubicin functionalized OD15 and MF66 MNP for 24h and 72h 

at a range of concentrations (130 nM to 2600 nM). Exposure to the OD15_I_Doxo and MF66_I_Doxo 

MNP formulations resulted in the greatest cell count reduction. Positive control = 1µM CdSe QD. 
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Figure 45: Effect of covalently functionalized doxorubicin MNP on BxPC3 cell line. 

The BxPC3 cell line was exposed to doxorubicin functionalized OD15 and MF66 MNP for 24h and 72h at 

a range of concentrations (125 nM to 2000 nM). Exposure to OD15_O_Doxo and MF66_O_Doxo MNP 

formulations resulted in cell count reduction and membrane permeability increase, while OD15_I_Doxo 

and MF66_I_Doxo caused the greatest reduction in cell count and increase in membrane permeability. 

Positive control = 1µM CdSe QD. 

 

Figure 46: Effect of covalently functionalized doxorubicin MNP on PANC-1 cell line. 

The PANC-1 cell line was exposed to doxorubicin functionalized OD15 and MF66 MNP for 24h and 72h 

at a range of concentrations (125 nM to 2000 nM). Exposure to the OD15_I_Doxo and MF66_I_Doxo 

MNP formulations resulted in the greatest cell count reduction. Membrane permeability increase and 

reduction in Lysosomal mass/pH was observed following exposure to most formulations. Positive control 

= 1µM CdSe QD.  
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Figure 47: MCF-7 cell line exposed to doxorubicin and MNP formulations. 

Representative images of the MCF-7 cell line exposed to doxorubicin functionalised MNP for 24h. Cells 

were stained with Hoechst 33342 (Blue), YO-PRO®-1 iodide: cell membrane permeability (Green) and 

Lysotracker® (Red). Doxorubicin (top right panel) caused substantial cell death compared to untreated 

control. OD15_N_Doxo and MF66_N_Doxo effectively reduced cell count. OD15_I_Doxo and 

MF66_I_Doxo were the most effective MNP formulation with the highest cell count reduction observed. 

Scale bar (white line, top left of “Untreated” panel) = 50 µm, applicable to all images. 
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Figure 48: MCF-10A cell line exposed to doxorubicin and MNP formulations. 

Representative images of the MCF-10A cell line exposed to doxorubicin functionalised MNP for 24h. Cells 

were stained with Hoechst 33342 (Blue), YO-PRO®-1 iodide: cell membrane permeability (Green) and 

Lysotracker® (Red). Doxorubicin (top right panel) caused substantial cell death compared to untreated 

control. OD15_I_Doxo and MF66_I_Doxo were the only two MNP formulations that caused significant 

cell death, compared to untreated control. Scale bar (white line, top left of “Untreated” panel) = 50 µm, 

applicable to all images. 
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Figure 49: BxPC3 cell line exposed to doxorubicin and MNP formulations. 

Representative images of the BxPC3 cell line exposed to doxorubicin functionalised MNP for 24h. Cells 

were stained with Hoechst 33342 (Blue), YO-PRO®-1 iodide: cell membrane permeability (Green) and 

Lysotracker® (Red). Doxorubicin (top right panel) caused substantial cell death compared to untreated 

control. OD15_I_Doxo and MF66_I_Doxo exposure provided the greatest anticancer effect following 72h 

exposure compared to N_Doxo and O_Doxo formulations. Scale bar (white line, top left of “Untreated” 

panel) = 50 µm, applicable to all images. 
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Figure 50: PANC-1 cell line exposed to doxorubicin and MNP formulations. 

Representative images of the PANC-1 cell line exposed to doxorubicin functionalised MNP for 24h. Cells 

were stained with Hoechst 33342 (Blue), YO-PRO®-1 iodide: cell membrane permeability (Green) and 

Lysotracker® (Red). Doxorubicin (top right panel) caused substantial cell death compared to untreated 

control. OD15_I_Doxo and MF66_I_Doxo exposure provided the greatest anticancer effect following 72h 

exposure compared to N_Doxo and O_Doxo formulations. Scale bar (white line, top left of “Untreated” 

panel) = 50 µm, applicable to all images. 
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4.2.4 Anticancer effectiveness of N6L and N6L-MNP 

HCSA was conducted using all five breast-derived cell lines to investigate the cytotoxic potential of free 

N6L, the effect of a new batch of OD15 and MF66, and the cytotoxic potential of the N6L functionalized 

MNP. The experiments sought to determine whether cytotoxicity can be induced in all cell lines with N6L 

exposure. The concentration of N6L present within 200 µg Fe/mL of delivered MNP is provided in Table 

8. The results are presented as heatmaps for each cell line: MCF-7 in Figure 51; BT-474 in Figure 52, 

MDA-MB-231 in Figure 53, SK-BR-3 in Figure 54, and MCF-10A in Figure 55. All graphs are provided 

in Appendix 2. 

 

Table 8: Quantity of N6L immobilized on MNP. 

Delivery of 200 µg Fe/mL of all MNP and quantity of N6L present in delivered MNP load.  

Name pH 

Particle size 

TEM 

(nm) 

Hydrodynamic size 

(DLS; Intensity) 

(nm) 

Surface charge 

at pH7 

(mV) 

N6L Quantity Delivered 

@ 200 µg Fe/mL 

(µM) 

OD15 7.5 15.0 80.6 -46.0 N/A 

OD15-N6L 7.5 15.0 95.8 -40.0 0.48 

MF66 7.4 11.7 70.6 -42.2 N/A 

MF66-N6L 7.3 11.7 104.2 -36.7 0.96 

 

A range of N6L concentrations, from 5 µM to 80 µM was used. Cell count was reduced in the MCF-7 cell 

line at all concentrations, the MDA-MB-231 cell line was reduced at concentrations higher than 10 µM and 

in both the SK-BR-3 and MCF-10A cell lines reduction in cell count was observed at concentrations 

exceeding 20 µM. Cell membrane permeability was increased in the MDA-MB-231 cell line at 80 µM, in 

the SK-BR-3 cell line at all concentrations and in the MCF-10A cell line at concentrations over 40 µM. 

OD15 MNP had no effect on the cell count of MCF-7, BT-474 and SK-BR-3 exposed cells, minor 

but statistically significant reduction in the MDA-MB-231 was observed at 25 µg/mL and above, and 

concentrations higher than 25 µg/mL in the MCF-10A cell line caused a reduction in cell count. Cell 

membrane permeability was increased in all cell lines apart from the BT-474 cell line, with the MCF-7 cell 

line having an increase at 10, 25 and 100 µg/mL, the MDA-MB-231 cell line at concentrations above 100 

µg/mL, the SK-BR-3 with a minor increase at all concentrations and in the MCF-10A cell line at 

concentrations exceeding 50 µg/mL. Lysosomal intensity was increased in all cell lines apart from the 

MCF-10A’s. MCF-7 cell line had an increase at concentrations above 100 µg/mL, the BT-474 and MDA-

MB-231 cell lines at all concentrations, and the SK-BR-3 cell line at concentrations greater than 25 µg/mL. 

The MCF-10A cell line had a decrease in the lysosomal intensity at concentrations beyond 100 µg/mL.  

OD15_N6L MNP exposure partially reduced cell count in the MDA-MB-231 cell line at 

concentrations greater than 25 µg/mL and in the SK-BR-3 cell line at 200 µg/mL. The most significant 

reduction in cell count was observed in the MCF-10A cell line at all concentrations. Cell membrane 

permeability was increased at 10 and 25 µg/mL in the MCF-7 cell line, at 200 µg/mL in the MDA-MB-

231, at concentrations above 100 µg/mL in the SK-BR-3 and concentrations exceeding 50 µg/mL in the 

MCF-10A. The BT-474 cell line had slight reduction in cell membrane permeability at both 50 and 100 
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µg/mL concentrations. Lysosomal intensity was increased in all cell lines at all concentrations apart from 

the MCF-10A, where a reduction in intensity was observed at concentrations over 50 µg/mL.  

MF66 MNP exposure caused a reduction in cell count in the MCF-7, MDA-MB-231 and MCF-

10A cell lines at concentrations exceeding 50 µg/mL, and in the SK-BR-3 cell line at 200 µg/mL only. Cell 

membrane permeability was increased in the MCF-7 and MDA-MB-231 cell lines above 100 µg/mL and 

in the MCF-10A cell line at concentrations higher than 50 µg/mL. No change was observed in the cell 

membrane permeability of BT-474 and SK-BR-3 cell lines. The lysosomal intensity was increased in all 

cell lines, for the MCF-7, BT-474, MDA-MB-231 and MCF-10A this increase was significant at all 

concentrations while in the SK-BR-3 cell line an increase was observed with concentrations between 10 

and 100 µg/mL.  

MF66_N6L MNP exposure reduced cell count in the MCF-7 and BT-474 cell lines beyond 25 

µg/mL, in the MDA-MB-231 cell line at concentrations greater than 50 µg/mL and at all concentrations in 

the MCF-10A cell line. Cell membrane permeability was increased in the MCF-7 cell line at concentrations 

exceeding 100 µg/mL, in the MDA-MB-231 cell line above 25 µg/mL and in the MCF-10A cell line at 

concentrations surpassing 50 µg/mL. No change was observed in the BT-474 and SK-BR-3 cell lines. 

Lysosomal intensity was increased in all cell lines at all concentrations. 

  



Chapter 4 

117 

 

 

Figure 51: MCF-7 cell line exposed to N6L and N6L functionalized OD15 and MF66. 

MCF-7 cells were exposed to free N6L, OD15 MNP, OD15_N6L, MF66 or MF66_N6L for 24h and 72h. 

Concentration of free N6L delivered: 5 µM, 10 µM, 20 µM, 40 µM and 80 µM. Concentration of delivered 

OD15/MF66 and N6L functionalized samples is provided. Positive control = 1µM CdSe QD. 

 

Figure 52: BT-474 cell line exposed to N6L and N6L functionalized OD15 and MF66. 

BT-474 cells were exposed to free N6L, OD15 MNP, OD15_N6L, MF66 or MF66_N6L for 24h and 72h. 

Concentration of free N6L delivered: 5 µM, 10 µM, 20 µM, 40 µM and 80 µM. Concentration of delivered 

OD15/MF66 and N6L functionalized samples is provided. Positive control = 1µM CdSe QD. 
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Figure 53: MDA-MB-231 cell line exposed to N6L and N6L functionalized OD15 and MF66. 

MDA-MB-231 cells were exposed to free N6L, OD15 MNP, OD15_N6L, MF66 or MF66_N6L for 24h 

and 72h. Concentration of free N6L delivered: 5 µM, 10 µM, 20 µM, 40 µM and 80 µM. Concentration of 

delivered OD15/MF66 and N6L functionalized samples is provided. Positive control = 1µM CdSe QD. 

 

Figure 54: SK-BR-3 cell line exposed to N6L and N6L functionalized OD15 and MF66. 

SK-BR-3 cells were exposed to free N6L, OD15 MNP, OD15_N6L, MF66 or MF66_N6L for 24h and 72h. 

Concentration of free N6L delivered: 5 µM, 10 µM, 20 µM, 40 µM and 80 µM. Concentration of delivered 

OD15/MF66 and N6L functionalized samples is provided. Positive control = 1µM CdSe QD. 
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Figure 55: MCF-10A cell line exposed to N6L and N6L functionalized OD15 and MF66. 

MCF-10A cells were exposed to free N6L, OD15 MNP, OD15_N6L, MF66 or MF66_N6L for 24h and 

72h. Concentration of free N6L delivered: 5 µM, 10 µM, 20 µM, 40 µM and 80 µM. Concentration of 

delivered OD15/MF66 and N6L functionalized samples is provided. Positive control = 1µM CdSe QD. 
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4.2.5 N6L-MNP enhanced targeting and cellular uptake 

The cytotoxicity testing in section 4.2.4 did not conclusively demonstrate that N6L had the capability to 

induce an anticancer effect when conjugated to the MNP. This was due in-part to the maximum delivered 

load being considerably less than the effective dose of free N6L pseudo-peptide. However, the mechanism 

of N6L binding to the surface of cells has been well documented [372, 393, 440, 441] and we have 

demonstrated previously that MNP are taken up by cells and this correlates with the lysosomal intensity 

parameter from HCSA. Here, the ability of N6L to mediate the uptake of MNP compared to MNP devoid 

of N6L was investigated and the degree of uptake comparing N6L-covalent and N6L-electrostatic 

functionalization strategies was evaluated. Since the 100 µg/mL concentration of MF66_N6L caused the 

greatest increase in lysosomal intensity for most cell lines, the same concentration was used to study the 

uptake of MNP in the following section. The details of the MNP used are provided in Table 9. 

 

Table 9: Quantity of N6L immobilized on MNP. 

Delivery of 100 µg Fe/mL of all MNP and quantity of N6L present in delivered MNP load.  

Name pH 

Particle size 

TEM 

(nm) 

Hydrodynamic size 

(DLS; Intensity) 

(nm) 

Surface charge 

at pH7 

(mV) 

N6L Quantity Delivered 

@ 100 µg Fe/mL 

(µM) 

MF66 6.8 11.7 80.0 -44.3 N/A 

MF66-N6L Covalent 8 11.7 96.4 -37.8 0.4 

MF66_N6L Electrostatic 6.5 11.7 153.3 -29.9 0.3 

 

4.2.5.1 N6L mediated uptake of MNP into breast-derived cell lines 

The Perls’ Prussian blue assay is a sensitive assay for the detection of ferric iron and has a reported detection 

limit for intracellular MNP of approximately 1 µg/ml (1 ppm) [442]. The Perls' Prussian blue assay stained 

any ferric iron present an intense blue/black colour. Untreated cells of the MCF-7, MDA-MB-231 and 

MCF-10A cell lines were stained red only. All cell lines exposed to MF66 MNP were positive for uptake 

with the presence of blue staining within the cytosol. No staining was identified in the nuclear region and 

a consistent staining pattern around the outer nuclear membrane was observed. Comparison between the 

covalent and electrostatic N6L functionalization on the MF66 MNP demonstrated that the covalent 

formulation had a higher uptake in the MCF-7 (Figure 56) and MDA-MB-231 (Figure 57) cell lines. 

Staining was observed within the cytosol and for both formulations the degree of uptake exceed that of 

MNP alone. No nuclear staining was observed. The MDA-MB-231 cell line had extensive uptake of the 

covalent MF66_N6L formulation, with almost all cells having a cytoplasmic region stain positive for the 

presence of ferric iron. The MCF-10A (Figure 58) cell line differed from the breast cancer cell lines in that 

the degree of uptake comparing between the covalent and electrostatic N6L formulations did not differ, 

however, increased uptake was observed compared to MNP alone for both N6L formulations.  
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Figure 56: MCF-7 cell line exposed to N6L functionalized MF66. 

Perls' Prussian blue staining demonstrating MF66_N6L uptake into MCF-7 cell line. Cells were exposed to 

100 µg/mL of the indicated MNP for 24h, washed x3 with DPBS and stained by Perls' Prussian blue assay. 

Cell uptake was most pronounced for the covalently-functionalised MNP. Scale bar = 50 µm. 

 

 

 

Figure 57: MDA-MB-231 cell line exposed to N6L functionalized MF66. 

Perls' Prussian blue staining demonstrating MF66_N6L uptake into MDA-MB-231 cell line. Cells were 

exposed to 100 µg/mL of the indicated MNP for 24h, washed x3 with DPBS and stained by Perls' Prussian 

blue assay. Cell uptake was most pronounced for the covalently-functionalised MNP. Scale bar = 50 µm.  
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Figure 58: MCF-10A cell line exposed to N6L functionalized MF66. 

Perls' Prussian blue staining demonstrating MF66_N6L uptake into MCF-10A cell line. Cells were exposed 

to 100 µg/mL of the indicated MNP for 24h, washed x3 with DPBS and stained by Perls' Prussian blue 

assay. Cell uptake was similar for both the covalently-functionalised and electrostatically-functionalised 

MNP. Scale bar = 50 µm. 
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4.2.5.2 N6L mediated uptake of MNP into established and primary pancreatic cells. 

N6L-mediated MNP uptake into pancreatic cell lines and primary cells was carried out by Dr Sara Trabulo, 

Queen Mary University of London, England, as part of Multifun WP3 activities. Untreated cells of the 

BxPC3 and PANC-1 cell lines and the primary pancreatic cancer cells were stained red only. All cell lines 

exposed to MF66 MNP were positive for uptake with the presence of blue/black staining within the cytosol. 

Similar to the breast-derived cell lines, there was no staining in the nuclear region and a consistent staining 

pattern around the outer nuclear membrane was observed. Comparison between the covalent and 

electrostatic N6L functionalization on the MF66 MNP demonstrated that the uptake of covalent 

formulations in the BxPC3 (Figure 59), PANC-1 (Figure 60), 185 primary cells (Figure 61) and 354 primary 

cells (Figure 62) exceed that of the electrostatic formulations. Staining was observed within the cytosol and 

for both N6L-MNP formulations the degree of uptake was more than MNP alone. No nuclear localisation 

was observed in either the established cell lines or primary cells. Similar to the breast cancer cell lines, the 

pancreatic cells had a higher degree of uptake with the covalent MF66_N6L formulation compared to 

electrostatic MF66_N6L.  
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Figure 59: BxPC3 cell line exposed to N6L functionalized MF66. 

Perls' Prussian blue staining demonstrating MF66_N6L uptake into BxPC3 cell line. Cells were exposed to 

100 µg/mL of the indicated MNP for 24h, washed x3 with DPBS and stained by Perls' Prussian blue assay. 

Images courtesy of Dr Sara Trabulo, Queen Mary University of London, England. Cell uptake was most 

pronounced for the covalently-functionalised MNP. Scale bar = 50 µm.  

 

 

Figure 60: PANC-1 cell line exposed to N6L functionalized MF66. 

Perls' Prussian blue staining demonstrating MF66_N6L uptake into PANC-1 cell line. Cells were exposed 

to 100 µg/mL of the indicated MNP for 24h, washed x3 with DPBS and stained by Perls' Prussian blue 

assay. Images courtesy of Dr Sara Trabulo, Queen Mary University of London, England. Cell uptake was 

most pronounced for the covalently-functionalised MNP. Scale bar = 50 µm.  



Chapter 4 

125 

 

 

Figure 61: 185 primary pancreatic cancer cells exposed to N6L functionalized MF66. 

Perls' Prussian blue staining demonstrating MF66_N6L uptake into 185 primary pancreatic cancer cells. 

Cells were exposed to 100 µg/mL of the indicated MNP for 24h, washed x3 with DPBS and stained by 

Perls' Prussian blue assay. Images courtesy of Dr Sara Trabulo, Queen Mary University of London, 

England. Cell uptake was most pronounced for the covalently-functionalised MNP. Scale bar = 50 µm. 

 

 

Figure 62: 354 primary pancreatic cancer cells exposed to N6L functionalized MF66. 

Perls' Prussian blue staining demonstrating MF66_N6L uptake into 354 primary pancreatic cancer cells. 

Cells were exposed to 100 µg/mL of the indicated MNP for 24h, washed x3 with DPBS and stained by 

Perls' Prussian blue assay. Images courtesy of Dr Sara Trabulo, Queen Mary University of London, 

England. Cell uptake was most pronounced for the covalently-functionalised MNP. Scale bar = 50 µm.  
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4.2.6 Anticancer potential of gemcitabine and N6L multi-functionalised MNP 

The treatment of both late stage breast and pancreatic cancers involves a diverse range of chemotherapeutic 

drugs either as stand-alone treatment options or, most commonly, a combination with one or more drugs. 

Therefore we have studied the cytotoxic potential of the gemcitabine drug (Gemzar), routinely used in both 

breast and pancreatic cancer treatment, and employed the nanomaterials platform developed to determine 

the efficacy of MNP compared to free drug treatments. The MNP supplied for testing are detailed in Table 

10, with results displayed as heatmaps for each cell line: MCF-7 (Figure 63), MCF-10A (Figure 64), BxPC3 

(Figure 65) and PANC-1 (Figure 66). All graphs with statistical significance are available in Appendix 2. 

The linker used to attach the gemcitabine to the MNP was the same as presented for imino-Doxorubicin 

nanoparticles, and for N6L the linker contained a disulfide group for release in a reducing environment. 

 

Table 10: Details of MNP containing covalently functionalised gemcitabine drug +/- N6L. 

Nanomaterials were supplied as suspensions in water at the indicated pH. Core particle size was determined 

by TEM, and hydrodynamic size by DLS. All nanoparticles were negatively charged ranging between – 

23.4 mV to 49.7 mV. Concentrations supplied were consistently 2.4 mg Fe/mL with the indicated 

concentration of gemcitabine drug attached. Total MNP concentration to deliver specified drug load is 

provided and the concentration of N6L present on MNP is provided. 

Name pH 
TEM 

(nm) 

Hydrodynamic size 

(DLS; Intensity) 

(nm) 

Surface charge 

at pH7 

(mV) 

Gem/N6L 

loaded 

(µmol/g Fe) 

MNP conc. 

@1600/800 nM 

(µg/mL) 

N6L conc. 

@ MNP conc. 

(µM) 

OD15 7.4 15.0 59.4 -49.7 N/A N/A N/A 

OD15_Gem 7.4 15.0 73.9 -48.9 35/0 45.71/22.85 N/A 

OD15_ 

N6L_Gem 
8.1 15.0 203.6 -26.8 35/4 45.71/22.85 0.18/0.09 

MF66 7.4 11.7 70.6 -42.2 N/A N/A N/A 

MF66_Gem 7.4 11.7 114.1 -23.4 19/0 84.2/42.1 N/A 

MF66_ 

N6L_Gem 
8.1 11.7 220.0 -34.8 19/3 84.2/42.1 0.34/0.17 

 

The concentration of Gemcitabine delivered to the breast-derived cell lines was 1600, 800, 400, 200, and 

100 nM concentrations and the pancreatic cancer cell lines were exposed to 800, 400, 200, 100 and 50 nM. 

The clinical dose of gemcitabine for treatment of breast cancer is higher (1250 mg/m2) than the dose used 

for pancreatic cancer treatment (1000 mg/m2) [443], therefore in the following experiments, the dose used 

for the multi-functionalised MNP evaluation in the pancreatic cancer cell lines did not exceed that used in 

the breast-derived cell lines.  

Gemcitabine exposure reduced cell count in all cell lines at all concentrations tested at the 

72h timepoint. Cell membrane permeability was increased in all cell lines at all concentrations and 

lysosomal intensity was decreased at all concentrations in the MCF-7, MCF-10A and PANC-1 cell line. 

Lysosomal intensity increase was observed in the BXPC3 cell lines with all concentrations.  

OD15 MNP exposure at 72h caused a slight decrease with all concentrations in the MCF-

10A cell line of approximately 5%. An increase in cell count was recorded in the MCF-7 cell line at the 

50 µg/mL concentration only, while a decrease was observed in the BxPC3 cell line at 200 µg/mL. Cell 
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membrane permeability was decreased at 50 µg/mL in the MCF-7 cell line, and in the PANC-1 cell line a 

decrease was observed with the 10 and 25 µg/mL concentrations while an increase was recorded at 200 

µg/mL. Lysosomal intensity was increased in the MCF-7 and BxPC3 cell lines at 50 µg/mL concentration 

only.  

OD15_Gem MNP exposure at 72h caused a reduction in cell count in all cell lines. The MCF-

7 and MCF-10A had significant cell count reduction at all concentrations. An increase was observed in the 

BxPC3 cell line at 100 nM while there was a decrease at 800 nM. A decrease in the PANC-1 cell line was 

observed for concentrations above 400 nM. Cell membrane permeability was increased with all 

concentrations in the MCF-10A cell line at 72h only. Lysosomal intensity increased in the MCF-10A cell 

line at 24h but at 72h there was a decrease observed at all concentrations. The BxPC3 cell line displayed a 

marginal increase in lysosomal intensity at the 72h time point with the 800 nM concentration. 

OD15_N6L_Gem MNP exposure at 72h caused a reduction in cell count in all cell lines at all 

concentrations. Cell membrane permeability was increased in all cell lines at concentrations exceeding 

800 nM in the MCF-7 and MCF-10A cell lines, at concentrations above 100 nM in the BxPC3 cell line and 

at the 800 nM concentration in the PANC-1 cell line. Lysosomal intensity was increased in all cell lines, at 

all concentrations in the MCF-7 cell line, at 100, 200 and over 800 nM in the MCF-10A cell line, at 

concentrations greater than 100 nM in the BxPC3 and at the 100 nM concentration in the PANC-1 cell line. 

The increase observed in the MCF-10A cell line at 72h was less than that observed at 24h, where all 

concentrations caused an increase in lysosomal intensity to be recorded. 

MF66 MNP exposure at 72h resulted in a decrease in cell count at the highest concentration 

of 200 µg/mL in the MCF-10A, BxPC3 and PANC-1 cell lines. Cell permeability was decreased at all 

concentration in the MCF-10A, increased at the 200 µg/mL concentration in the BxPC3 and increased at 

concentrations above 100 µg/mL in the PANC-1 cell line. Lysosomal intensity was increased between 10 

and 50 µg/mL in the MCF-7, at concentrations higher than 50 µg/mL in the MCF-10A and at 200 µg/mL 

in the BxPC3 cell line. There was a decrease in lysosomal intensity recorded at the 200 µg/mL concentration 

in the PANC-1 cell line.  

MF66_Gem MNP exposure at 72h caused a reduction in cell count in all cell lines except for 

the PANC-1 cell line. Cell count reduction was recorded in the MCF-7 and MCF-10A at all concentrations 

and in the BxPC3 at 800 nM. Cell membrane permeability was increased in the MCF-7 and MCF-10A cell 

lines at all concentrations with no increase observed in the pancreatic cancer cell lines. Lysosomal intensity 

was not affected in the MCF-7 cell line at the 72h time point. There was an increase in intensity observed 

in the MCF-10A cell line at concentrations above 800 nM at the 72h time point, while at the 24h time point 

all concentrations caused an increase in lysosomal intensity by approximately 40% compared to untreated 

control. An increase was also observed in the BxPC3 cell line at concentrations exceeding 400 nM 

(approximately 25% increase compared to untreated control), and in the PANC-1 cell line at the 200 nM 

concentration only.  

MF66_N6L_Gem MNP exposure at 72h caused a decrease in cell count in all cell lines, with 

the MCF-7 and MCF-10A displaying a decrease at all concentrations, and the BxPC3 and PANC-1 

cell lines at concentrations above 400 nM. Cell membrane permeability was increased in all cell lines, 

with an increase observed with all concentrations in the MCF-7 and MCF-10A cell lines. An increase was 
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observed in both the BxPC3 and PANC-1 at the highest concentration of 800 nM. Lysosomal intensity was 

increased in all cell lines. In the MCF-7 cell line a significant increase was observed at concentrations 

exceeding 200 nM, in the MCF-10A at concentrations over 400 nM, in the BxPC3 cell line at concentrations 

greater than 400 nM (approximately 60% increase compared to untreated control) and in the PANC-1 cell 

line at 800 nM.  

Representative pseudo-coloured merged images of all four cell lines tested and stained for 

multiparametric analysis are provided in Figure 67 (MCF-7), Figure 68 (MCF-10A), Figure 69 (BxPC3), 

and Figure 70 (PANC-1).  
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Figure 63: MCF-7 cell line exposed to Gem and N6L-Gem functionalized OD15 and MF66. 

MCF-7 cells were exposed to gemcitabine and the indicated MNP formulations for 24h and 72h. 

Concentration of basic MNP: 200, 100, 50, 25, 10 µg/mL. Gemcitabine concentration is provided on 

heatmap. N6L-mediated MNP uptake observed by increase in lysosomal mass/pH parameter. Positive 

control = 1µM CdSe QD. 

 

Figure 64: MCF-10A cell line exposed to Gem and N6L-Gem functionalized OD15 and MF66. 

MCF-10A cells were exposed to gemcitabine and the indicated MNP formulations for 24h and 72h. 

Concentration of basic MNP: 200, 100, 50, 25, 10 µg/mL. Gemcitabine concentration is provided on 

heatmap. N6L-mediated MNP uptake observed by increase in lysosomal mass/pH parameter. Positive 

control = 1µM CdSe QD.  
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Figure 65: BxPC3 cell line exposed to Gem and N6L-Gem functionalized OD15 and MF66. 

BxPC3 cells were exposed to free Gemcitabine (Gem), OD15 MNP, OD15_Gem, OD15_N6L_Gem, 

MF66, MF66_Gem or MF66_N6L_Gem for 24h and 72h. Concentration of basic MNP: 200, 100, 50, 25, 

10 µg/mL. Concentration of delivered Gemcitabine concentration is provided on heatmap. N6L-mediated 

MNP uptake observed by increase in lysosomal mass/pH parameter. Positive control = 1µM CdSe QD. 

 

Figure 66: PANC-1 cell line exposed to Gem and N6L-Gem functionalized OD15 and MF66. 

PANC-1 cells were exposed to free Gemcitabine (Gem), OD15 MNP, OD15_Gem, OD15_N6L_Gem, 

MF66, MF66_Gem or MF66_N6L_Gem for 24h and 72h. Concentration of basic MNP: 200, 100, 50, 25, 

10 µg/mL. Concentration of delivered Gemcitabine concentration is provided on heatmap. N6L-mediated 

MNP uptake observed by increase in lysosomal mass/pH parameter. Positive control = 1µM CdSe QD.  
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Figure 67: MCF-7 cell line exposed to gemcitabine and MNP formulations. 

Representative images of the MCF-7 cell line exposed to gemcitabine functionalised MNP for 24h. Cells 

were stained with Hoechst 33342 (Blue), YO-PRO®-1 iodide: cell membrane permeability (Green) and 

Lysotracker® (Red). Gemcitabine (top right panel), OD15_Gem, OD15_N6L_Gem, MF66_Gem and 

MF66_N6L_Gem caused substantial cell death compared to untreated control. Scale bar (white line, top 

left of “Untreated” panel) = 50 µm, applicable to all images. 
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Figure 68: MCF-10A cell line exposed to gemcitabine and MNP formulations. 

Representative images of the MCF-10A cell line exposed to gemcitabine functionalised MNP for 24h. Cells 

were stained with Hoechst 33342 (Blue), YO-PRO®-1 iodide: cell membrane permeability (Green) and 

Lysotracker® (Red). Gemcitabine (top right panel), OD15_Gem, OD15_N6L_Gem, MF66_Gem and 

MF66_N6L_Gem caused substantial cell death compared to untreated control. Scale bar (white line, top 

left of “Untreated” panel) = 50 µm, applicable to all images. 
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Figure 69: BxPC3 cell line exposed to gemcitabine and MNP formulations. 

Representative images of the BxPC3 cell line exposed to gemcitabine functionalised MNP for 24h. Cells 

were stained with Hoechst 33342 (Blue), YO-PRO®-1 iodide: cell membrane permeability (Green) and 

Lysotracker® (Red). Gemcitabine (top right panel) caused substantial cell death compared to untreated 

control. OD15_Gem, OD15_N6L_Gem, MF66_Gem and MF66_N6L_Gem caused cell death at the highest 

concentration (800 nM). MNP formulations containing N6L displayed the greatest anticancer effect. Scale 

bar (white line, top left of “Untreated” panel) = 50 µm, applicable to all images. 
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Figure 70: PANC-1 cell line exposed to gemcitabine and MNP formulations. 

Representative images of the PANC-1 cell line exposed to gemcitabine functionalised MNP for 24h. Cells 

were stained with Hoechst 33342 (Blue), YO-PRO®-1 iodide: cell membrane permeability (Green) and 

Lysotracker® (Red). Gemcitabine (top right panel) caused substantial cell death compared to untreated 

control. OD15_Gem MNP exposure caused slight cell count reduction, OD15_N6L_Gem and 

MF66_N6L_Gem exposure caused substantial cell death following 72h exposure. Scale bar (white line, top 

left of “Untreated” panel) = 50 µm, applicable to all images. 
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4.3 Discussion 

In this part of the study, the comparison of doxorubicin electrostatically and covalently functionalized MNP 

was carried out. In addition, the cytotoxicity testing of the N6L pseudo-peptide followed by the capability 

of N6L to increase the uptake of MNP into model cell lines and primary pancreatic cells was tested. Finally, 

multi-functional MNP containing the N6L targeting peptide and gemcitabine chemotherapy drug were 

tested.  

MNP electrostatically and covalently functionalised with doxorubicin drug were examined by 

HCSA, to measure their anticancer efficacy, compared to free doxorubicin drug control. Both 

functionalisation approaches produced MNP that were stable in aqueous solution and had the potential to 

deliver an anticancer agent whose effect could be measured. TEM analysis presented in the previous chapter 

has shown that the MNP are present inside the cells within 0.5h following exposure, but this does not infer 

that all MNP dispersed in the medium will ultimately enter all cells, and especially enter to such a degree 

as to induce an anticancer response, which is both time dependent and concentration dependent. Whilst it 

has been shown that the MNP are present within multivesicular lysosomal vesicles 12h post exposure 

(Figure 33, chapter 3), the time between drug release from the MNP and initiation of a measurable effect 

from the action of the drug must be identified. To address this, the effect of doxorubicin drug was firstly 

tested on three of the cell lines used in this study to identify the effective concentration range and measure 

the degree of response at two time points (Figure 38). MCF-7, MDA-MB-231 and MCF-10A cell lines 

were tested at 24h and 72h and exposed to eight concentrations of doxorubicin (25 nM to 2600 nM). Cell 

count was considerably reduced at the 72h time point at all concentrations greater than 25 nM. This was 

accompanied by an increase in membrane permeability. The doxorubicin drug caused a reduction in 

lysosomal mass/pH in all cell lines at approximately 200 nM and above. A possible explanation for these 

observations can be tied to the currently known mode of action for doxorubicin. Doxorubicin passively 

diffuses through the cell and nuclear membranes, where it can intercalate with DNA. The cells exposed to 

the drug were unsynchronised, and with doubling times of 20h, 24h and 29h for the MCF10A, MDA-MB-

231 and MCF-7 respectively, the results obtained were as expected, whereby the MCF-10A cell line 

displays the highest effect compared to the slower growing MCF-7 cell line. The exact mechanism of action 

for doxorubicin is heavily debated, even though it has been in the clinic for over four decades. Studies have 

shown that doxorubicin could stimulate the de novo synthesis of ceramide which results in the activation 

and cleavage of CREB3L1 which migrates to the nucleus and acts as a transcriptional activator for cell 

cycle repressors [444], and is capable of binding to both AT and CG rich regions of DNA [445]. Therefore 

the results observed for free doxorubicin could be due to a number of complementary mechanisms.  

Firstly, direct binding of doxorubicin to DNA can present as a physical transcriptional block, 

preventing the unwinding of DNA at the replication fork due to DNA conformational changes [446].  

Secondly, doxorubicin has been shown extensively to interact with and inhibit the function of 

topoisomerase II enzyme, thus preventing the unwinding of DNA through the inability to relax the stress 

of supercoiled DNA (Reviewed in [447]).  

Thirdly, doxorubicin and other anthracycline drugs have been shown to induce protein:DNA 

crosslinking, with the topoisomerase II enzyme shown to covalently bind DNA in the presence of 

anthracycline drugs, such as doxorubicin [448].  
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Fourthly, doxorubicin has been extensively shown to induce ROS production and mitochondrial 

ROS generation [449], which could be the reason for the observed lipid peroxidation by doxorubicin [450].  

Fifthly, doxorubicin treatment has been shown to induce the production of the tumour suppressor 

gene p53, which accounts for cells undergoing apoptosis following doxorubicin exposure [451, 452].  

Our results demonstrate that doxorubicin exposure effectively reduces cell count compared to 

untreated control, and causes an increase in cell membrane permeability and decrease in lysosomal mass/pH 

which could be due to doxorubicin-mediated lipid peroxidation. Due to experimental time constraints the 

induction of ROS by free doxorubicin and doxorubicin-functionalised MNP was not investigated, however, 

future work would benefit with the analysis of ROS either directly via the production of reactive molecules 

such as hydrogen peroxide and nitric oxide or indirectly by measuring oxidative stress via the induction of 

antioxidants (glutathione peroxidase, catalase, and superoxide dismutase) [453]. 

Drug resistance is a major factor in the failure of chemotherapy, and with an increasing prevalence 

of multi-drug resistant tumours, it has become a real challenge to effectively treat such cancers. 

Combination therapies have been suggested as the best approach in treating cancers that develop resistance 

[454], but resistance can also be avoided through the evasion of elements of the resistance mechanism such 

as the membrane transporters. It has been shown that doxorubicin conjugated to a solid nanoparticle 

delivery system has the capacity to evade the P-glycoprotein membrane transporter-mediated drug export 

when released from the nanoparticle surface inside lysosomes [455]. This further demonstrates the 

usefulness of a nanoparticle based delivery mechanism over conventional methods. 

Electrostatically functionalized MNP induced greater cell count reduction and membrane 

permeability increase compared to the covalently functionalized MNP in this study. Cell count was 

considerably reduced 80% compared to 50% for covalently functionalized MNP. However, it cannot be 

guaranteed that the electrostatically functionalized MNP release their drug payload in a controlled manner, 

thus presenting a situation whereby free chemotherapeutic drug is interacting with cells alongside the basic 

MNP formulation. An explanation for the pronounced anticancer effect observed for the electrostatic 

formulation could be attributed to the high salt medium environment causing premature release of the 

conjugated drug. As demonstrated by Kossatz et al. using the electrostatic MF66_N6L_Doxorubicin MNP, 

the incubation of these MNP with PBS or complete medium caused rapid release of up to 30% of 

doxorubicin within minutes of dispersion, with maximal release recorded at 80 h of 78% and 64% 

respectively [354]. For this reason, the covalent functionalization strategy was considered the most 

appropriate route for functionalization as the electrostatic route, if delivered systemically, could rapidly 

lose its functionalized drug through desorption. While the electrostatic MNP formulations would not be 

suitable for systemic drug delivery, they were retained for the purpose of hyperthermia treatment where 

MNP are delivered by direct injection into a tumour xenograft model and heated by placing into an 

alternating magnetic field, as described in our joint publication with Kossatz et al. [354].  

HCSA was used to validate a range of doxorubicin covalently functionalized MNP. Covalent 

attachment of doxorubicin to the OD15 and MF66 nanoparticles was facilitated by means of a linker 

molecule directly bound to the drug and attached via a disulphide bridge to the DMSA thiol group on the 

MNP surface (Figure 41), conducted by Dr Pierre Couleaud (IMDEA, Madrid, Spain). The efficacy of each 

formulation containing distinct linker molecules was examined by HCSA and compared to free doxorubicin 
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drug treatment. The results demonstrate that the specific linker through which the chemotherapeutic drug 

is attached to the MNP can influence the response in vitro, even though in a reducing environment (N_ and 

O_Doxorubicin) as demonstrated by Latorre et al. [424], and in low pH (I_Doxorubicin), the drug is 

designed to be released unmodified as presented in Figure 42. 

Testing was carried out in the first instance using the basic MNP at the extended exposure time of 

72h. No reduction in cell count occurred with any concentration of OD15 and MF66 delivered (between 10 

and 200 µg/mL) in the MCF-7 and MCF-10A cell lines, with reduction observed at the highest 

concentration (200 µg/mL) for OD15 and MF66 in the BxPC3 cell line and for MF66 in the PANC1 cell 

line. Fortunately, drug loading efficiency ensured that the OD15 MNP concentration did not exceed 100 

µg/mL while capable of delivering cytotoxic doses of Doxorubicin chemotherapy. The MF66 MNP had 

lower doxorubicin functionalised and the MNP concentration required to deliver the required dose of 

doxorubicin was approximately 200 µg/mL in the breast-derived cell lines (no cytotoxicity observed at this 

concentration) and less than 166.7 µg/mL in the pancreatic cell lines (cytotoxicity observed only at 200 

µg/mL). No statistically significant reduction in cell count was observed in the pancreatic cell lines at 100 

µg/mL for either OD15 or MF66, therefore any reduction in cell count within the drug functionalised 

samples, was on account of the doxorubicin drug.  

The drug functionalised MNP provided mixed efficacy results, with some demonstrating an effect 

in some cell lines and not in others. In the MCF-7 cell line (Figure 43), cell count reduction occurred with 

exposure to OD15_N_Doxorubicin and MF66_N_Doxorubicin which was not observed in the MCF-10A 

cell line (Figure 44). Interestingly, both OD15_O_Doxorubicin and MF66_O_Doxorubicin had no effect 

on either cell line at the 72h time point. In contrast, both N_Doxorubicin and O_Doxorubicin MNP 

effectively reduced cell count in the BxPC3 cell line (Figure 45), with a reduction observed in the PANC-

1 cell line for OD15_O_Doxorubicin and with MF66_N and O_Doxorubicin MNP (Figure 46). The 

observation made in the breast-derived cell lines regarding efficacy of N_Doxorubicin and O_Doxorubicin 

MNP was unexpected. The O_Doxorubicin formulation, by the nature of the carbamate linker, should 

release the drug more efficiently than the N_Doxorubicin linker, as the carbamate moiety is weaker than 

the urea moiety on account of the higher electronegativity of the oxygen atom. The pancreatic cell lines 

were most affected by the O_Doxorubucin formulations, with a greater overall cell count reduction at 72h 

compared to the N_Doxorubicin formulations. In contrast to the N_ and O_Doxorubicin formulations, the 

Imino_Doxorubicin linked MNP were the best functionalization method identified and provided 

reproducible data in all cell lines. Cell count reduction following I_Doxorubicin exposure was comparable 

to that of free drug control and enabled the estimation of efficacy from each nanoparticle formulation. At 

the highest concentration of OD15_I_Doxorubicin tested (1600 nM breast and 800 nM pancreatic) the 

response was equivalent to approximately 325 nM (MCF-7), between 650 nM – 1300 nM (MCF-10A), 

1000 nM (BxPC3) and >2000 nM (PANC-1) of free drug. Furthermore, the MF66_I_Doxorubicin at the 

highest concentration was more efficient than free drug in the MCF-7 cell line and was comparable to 2600 

nM of free drug. MF66_I_Doxorubicin in the MCF10A cell line was not as effective yet was comparable 

to 650 nM of free drug at the highest concentration delivered. In the pancreatic cell lines, cell count 

reduction was equivalent to 1000 – 2000 nM of free drug in BxPC3, and in the PANC-1 the highest 

concentration of MF66_I_Doxorubicin was more cytotoxic than the highest concentration of free 
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doxorubicin. It is clear that the implementation of a dual-cleavable linker results in higher anticancer 

efficacy and over the time course of the experiment, the cellular response to the functionalised MNP was 

similar to or exceeded that of free drug. The implementation of the dual-cleavable linker containing a 

disulfide and carbamate moiety, as detailed in [424] should only be cleaved when the MNP enters the cell, 

and specifically when MNP are localised to the highly acidic and reducing environment of the lysosomes. 

With each step of the endocytic maturation process, there is a gradual decrease in the intravesicular pH. 

Early endosomes have a pH of between 6.0 and 6.5, while late endosomes and lysosomes have a pH of 4.5 

to 5.5. The carbamate linker is stable above pH 5.5, therefore release occurs at the later stage of the 

endocytic process. The Imino_Doxorubicin MNP produced the most consistent and best result compared 

to the N_Doxorubicin and O_Doxorubicin and suggests that the position at which the drug is attached to 

the linker and subsequently to the nanomaterial surface is of great importance. The Imino_Doxorubicin 

linker molecule contains a carbamate moiety in the same position as O_Doxorubicin but both structures 

have a different point of attachment to the doxorubicin drug. While O_Doxorubicin and N_Doxorubicin 

linkers are functionalised to doxorubicin at the same position, the results presented in this thesis suggest 

that the functionalisation of the linker at an alternative site via an imine group as demonstrated with the 

Imino_Doxorubicin yields more consistent results. Conformational differences between the drug-loaded 

MNP on account of the different point of drug attachment may facilitate the efficient release of drug in the 

case of Imino_Doxorubicin formulations.  

Currently, the approved nanomedicines available in the clinic are all passively targeted to the 

tumour site, with a handful of targeted nanomedicines currently in clinical trials [360]. Passive targeting is 

an effective means to deliver nanomaterials to the tumour, taking advantage of the EPR effect [55, 456]. 

However, limitations exist with passive targeting due to the variability in tumour vascularisation and the 

porosity of tumour vessels [457, 458], therefore the ability to target a nanoparticle formulation specifically 

and directly to the cancer cell would enable high drug load delivery and limit the chances of developing 

multiple drug resistance [459]. The targeting ligand used in this work was the pseudopeptide N6L that acts 

both as an anticancer drug and as a targeting agent, which is currently in clinical trial (NCT01711398).  

The cytotoxic capability of N6L was tested using a range of concentrations (10 to 80 µM). 

Previous studies have shown N6L to be sufficiently cytotoxic at 20 µM following 72h exposure [393], and 

the results presented here further demonstrate that N6L results in a decrease in cell count following 72h 

exposure. N6L efficacy to induce an anticancer effect was observed at the early time point of 24h, at which 

the highest concentration of 80 µM induced cytotoxicity in all cell lines. Furthermore, following 72h 

exposure it was shown that two cell lines, MCF-7 (Figure 51) and MCF-10A (Figure 55) displayed a 

reduction in cell count at all concentrations and cell count reduction in the SK-BR-3 cell line (Figure 54) 

was observed at concentrations above 20 µM. Interestingly, N6L had a consistent effect on lysosomal 

vesicles. A dramatic decrease in lysosomal mass/pH was observed in all cell lines with the exception of the 

BT-474s (Figure 52), matching the response of the positive control, and indicating that following N6L 

uptake it effects the integrity of the lysosomal compartment or indeed, the internal pH of the lysosome 

could be increased towards a more alkaline state causing the dye intensity to reduce. Nevertheless, it is 

clear that N6L has a profound effect on the internal lysosomal environment and could therefore induce 

apoptosis and/or necrosis through lysosomal disruption and release of lysosomal hydrolases or more 
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specifically, the cathepsins as a secondary effect of uptake. This is a concentration dependent event, which 

is less pronounced at the lowest concentration of 10 µM. 

The results demonstrate that N6L is capable of inducing a cytotoxic response in the cell line 

models, and therefore we sought to determine whether MNP functionalized with N6L could induce a similar 

response. The initial cytotoxicity screening assessment of MNP presented in chapter 3 identified a maximal 

dose of 200 µg/mL for OD15, and below 100 µg/mL for MF66 MNP. This limited the amount of N6L that 

could be delivered to cells. Due to the molecular size of N6L, the amount functionalised was considerably 

less than drug functionalised formulations. At the maximum concentration of 200 µg/mL for OD15 and 

MF66 MNP, the quantity of N6L functionalised was 0.48 µM and 0.96 µM respectively (Table 8), which 

was considerably less than the 20 µM concentration needed to induce a cytotoxic response. Nevertheless, 

the results highlight that in the presence of N6L, there is a propensity for an increase in the lysosomal 

mass/pH parameter, indicative perhaps of an increase in cellular uptake. Due to the method by which N6L 

enters cells, through binding the nucleolin receptor, which is localised on lipid rafts [394], the uptake of 

N6L MNP may be through lipid-raft mediated endocytosis or alternative endocytic routes such as clatherin 

mediated endocytosis and micropinocytosis as previously described. Another explanation for the observed 

increase in cellular uptake with N6L functionalised MNP may be attributed to the differences in 

nanoparticle surface charge. The nanoparticle formulations had an overall net negative charge, but N6L 

functionalised MNP were less negative than their basic MNP counterparts. OD15 MNP were -46.0 mV but 

following functionalisation (OD15_N6L) surface charge was -40.0 mV; basic MF66 MNP were -42.2 mV 

and following functionalisation (MF66_N6L) a surface charge of -36.7 mV was recorded. An increase in 

the lysosomal parameter was observed with the N6L functionalised MNP and while it may be mostly 

attributed to uptake via the recognised binding of nucleolin, passive uptake mediated by a less-negative 

surface charge may play a contributory role in MNP uptake. It has been extensively demonstrated that MNP 

with a positive surface charge are taken up more readily into cells compared to neutral/negatively charged 

nanoparticles [277-281]. This suggests that N6L, while not at concentrations high enough to induce 

cytotoxicity, could in fact enable or drive the uptake of MNP into cells that express high levels of nucleolin 

and passively via cell-surface interaction (section 4.2.4). The data obtained suggest that the presence of 

N6L functionalised MNP does in fact result in an increase in cytotoxicity compared to the basic MNP 

formulations.  

An increase in cellular uptake by N6L functionalised MNP was confirmed by Perls' Prussian blue 

staining, which enabled the identification of iron inside cells. Breast and pancreatic cell lines and primary 

pancreatic stem cells were exposed to non-targeted basic MF66 MNP, covalently attached N6L_MNP and 

electrostatically attached N6L_MNP. Kossatz et al. [354], further confirm the results obtained using the 

electrostatic N6L_MNP. As presented in this thesis and discussed above, there was a distinct increase in 

uptake with MNP containing the N6L moiety, which may be attributed in part to the surface charge (basic 

MNP -44.3 mV, covalent MNP_N6L -37.8 mV and electrostatic MNP_N6L -29.9 mV). Covalently 

functionalised MNP displayed greater uptake compared to their electrostatic counterparts even though the 

electrostatic MNP_N6L had a surface charge of -29.9 mV. This observation is possibly due to the 

electrostatic MNP losing the surface bound moieties over time in a high salt environment as demonstrated 
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by Kossatz et al. [354], which would ultimately change the surface charge back to that of the more negative 

basic MNP formulation. 

Gemcitabine, an antimetabolite chemotherapeutic drug, is used extensively to treat cancers of the 

breast and pancreas. OD15 and MF66 formulations were mono-functionalized with gemcitabine and multi-

functionalized with gemcitabine and N6L. The results demonstrate that the gemcitabine MNP are highly 

cytotoxic, more-so than the doxorubicin formulations previously tested. Gemcitabine is an analogue of 

deoxycytidine and during DNA synthesis it can be incorporated into the nascent DNA strand, thus halting 

DNA polymerase activity [460]. As a single agent, gemcitabine can effectively reduce cell viability in both 

breast cancer and normal-like cell lines and pancreatic cancer cell lines, as shown in this thesis. Gemcitabine 

has been utilised as a single agent in the clinic with considerable success in treating metastatic breast and 

pancreatic cancers [213, 461, 462]. Combination therapy has shown a limited increase in overall survival 

rate in pancreatic cancers and a real need exists to address this lack of a viable treatment [463]. The results 

obtained in this work demonstrate that multi-functionalised formulations of N6L and gemcitabine in 

combination resulted in considerable cell count reduction and where reduction was not as pronounced as 

the mono-functionalised MNP, the cell membrane permeability parameter was increased considerably 

more, indicating that a greater proportion of cells were undergoing cell death. Most strikingly from these 

results, we have demonstrated that N6L functionalised MNP have much higher lysosomal intensity and as 

previously determined, this is directly correlated to cellular uptake. In addition, the cytotoxic trend 

(reduction in cell count and increased cell membrane permeability) observed in the MCF-7, MCF-10A, 

BxPC3 and PANC-1 cell lines upon exposure to OD15_N6L_Gemcitabine for 72h suggests that the N6L 

on the MNP facilitates the dose dependent delivery of the gemcitabine payload. Unlike OD15_Gemcitabine 

which appears largely ineffective (pancreatic cell lines) or largely the same across all concentrations (breast 

cell lines), the OD15_N6L_Gemcitabine demonstrates a controlled drug release profile and through 

multiparametric testing it was possible to confirm increased cellular uptake compared to mono-

functionalised MNP through the lysosomal intensity parameter. While the functionalised MF66 MNP 

formulations had similar results and efficacy, the functionalised OD15 MNP were more consistent and 

demonstrated a higher anticancer capacity across all cell lines tested. The results obtained in this chapter 

can be summarised in Figure 71 below. 

 

Figure 71: Stepwise selection of nanomaterials  

Overview of workflow within WP3, testing of basic MNP to select suitable formulations. Selection of 

suitable functionalisation method using MNP functionalised with covalently or electrostatically bound 

doxorubicin. MNP functionalised with gemcitabine (Mono) to validate drug release. Multifunctionalised 

(Multi) MNP containing N6L and gemcitabine drug to determine efficacy with targeting capability. 
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4.4 Conclusion 

This part of the study was focused on the evaluation of therapeutic compounds functionalised to the OD15 

and MF66 MNP and their anticancer efficacy in breast and pancreatic cell lines. The effectiveness of 

chemotherapy alone served as a baseline to which the efficiency of the drug-functionalised MNP could be 

compared. Chemotherapy drugs alone caused considerable reduction in cell count at 72h which was 

accompanied by an increase in the permeability of cell membranes and a decrease in the integrity of 

lysosome membranes. The anticancer efficacy of drug-functionalised MNP was demonstrated using MF66 

MNP formulations electrostatically and covalently functionalised with doxorubicin drug. Covalent 

functionalisation provided greater control over drug release and evaluation of three linkers containing either 

a carbamate group, a urea group or both a carbamate group and an imine group identified the latter dual-

cleavable linker to provide substantially better anticancer effect. Furthermore, N6L is a known anticancer 

agent which has been confirmed to induce cell death when cells are exposed to N6L alone. Bound to MNP, 

this efficacy is considerably reduced. It has been demonstrated for the first time that the HCSA 

multiparametric assay could be used to identify MNP uptake as N6L was shown to increase uptake of MNP 

into cells, which was subsequently confirmed by the Perl’s Prussian blue assay. 

Functionalisation of both N6L and gemcitabine drug further enhanced cell uptake and provided 

substantial benefit over gemcitabine-functionalised MNP formulations alone in the pancreatic cell lines. 

N6L is a known nucleolin binding peptide as detailed in section 1.4.5 and as discussed in section 4.3, the 

increase in uptake efficiency and anticancer effect may be attributed to nucleolin-mediated uptake via N6L 

binding or may be related to the surface charge of the multi-functionalised MNP compared to mono-

functionalised MNP. A shift in the surface charge as demonstrated when N6L is functionalised may in part 

drive the uptake of multi-functionalised MNP via increased interaction with the negatively charged cell 

membrane and thus result in greater anticancer efficiency. In addition, the concentration of gemcitabine on 

mono-functionalised and multi-functionalised MNP was the same, therefore the presence of N6L may in 

fact order the gemcitabine on the surface of the MNP due to steric hindrance thus making the gemcitabine 

more “bio-available”. In the case of MNP devoid of N6L it is possible that the drug complex shields the 

disulphide group on the linker molecule, therefore limiting the release of drug. Another potential 

explanation for the increased anticancer efficiency of the multi-functional MNP is that upon entry into the 

cell both gemcitabine and N6L are released and via two distinct modes of action they may synergistically 

function to kill the cancer cells. 

The subcellular mechanisms of MNP-induced anticancer effects will be investigated in the 

following chapter, focusing on the dual cleavable imino doxorubicin and N6L functionalised gemcitabine 

MNP formulations, and their individual components such as basic MNP, doxorubicin alone, gemcitabine 

alone, and N6L alone.  
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Chapter 5: Subcellular mechanisms of MNP-induced anticancer effects 

 

5.1 Introduction 

Mitochondria are often referred to as the powerhouses of the cell and until recently, they were viewed as 

isolated bodies. Their structure is complex and contain four specialised compartments to accommodate the 

vast array of functions [464]. The outer membrane contains a network of proteins called porins that control 

passage of small molecules through the membrane, and the protein translocase is also present and is 

necessary for enabling larger proteins containing the correct N-terminal signalling sequence through the 

membrane and into the intermembrane space [464]. It is within the intermembrane space that high levels 

of the caspase activator protein cytochrome c is found and when the outer membrane of mitochondria is 

damaged, a series of events occur that seal the fate of the cell towards cell death. Membrane damage causes 

instant loss in mitochondrial membrane potential, cessation of ATP synthesis and initiation of redox crisis 

as well as release of cytochrome c, Smac/Diablo and apoptosis initiation factor which can freely diffuse 

into the cytosol and initiate numerous cell death pathways [465, 466]. The inner membrane houses proteins 

that function in redox reactions, and also contain transport proteins and ATP synthase [464]. The final 

specialised compartment is the matrix, where 2/3 of the total protein is located [464]. ATP is generated 

within the matrix through the reduction of ADP by the proton motive force from the intermembrane space 

through ATP synthase and into the matrix [467]. The Citric acid cycle/Krebs cycle also occurs in the matrix 

and is the main mechanism by which guanosine triphosphate and nicotinamide adenine dinucleotide 

(NADH) are produced via a series of enzymatic reactions [467]. NADH is a vital co-enzyme in the electron 

transport chain which drives the creation of an electrochemical gradient and the proton motive force to 

facilitate ATP production. The genetic material, mitochondrial DNA (mtDNA), also resides in the matrix 

and it is here that many mitochondrial-derived polypeptides are synthesised [464]. 

It is clear, given the diverse and vital role of mitochondria, that their dysfunction can have serious 

implications on cellular fate and have major repercussions on the whole body. Many disorders have been 

identified as mitochondrial-derived which are caused by mutations in the mtDNA or nuclear gene. These 

disorders may present at any age and include Kearns-Sayre syndrome [468], chronic progressive external 

ophthalmoplegia [469], Leigh syndrome [470], and cardiomyopathy [471]. The electron transport chain is 

a major site for the leakage of electrons to oxygen, resulting in ROS formation and oxidative stress. This is 

most often observed following exposure to MNP due to imbalance of biochemical homeostasis in cells and 

direct free radicle formation through the fenton reaction of hydrogen peroxide oxidation of Fe2+ into the 

hydroxide and the highly reactive hydroxyl radicle [332]. 

Under normal physiological conditions the mitochondria contain antioxidants such as superoxide 

dismutase, catalase, and glutathione peroxidase to protect itself from oxidative stress [467]. Nevertheless, 

the continuous exposure to ROS can result in considerable mtDNA damage, and it has been determined 

that a 10 – 20 fold higher susceptibility to DNA damage exist in mtDNA compared to nuclear DNA [472, 

473], and is attributed to the mtDNA lacking nucleosomes and therefore being more prone to DNA damage 

compared to nuclear DNA [474, 475]. While mitochondria possess most repair pathways found in the 

nucleus, the repair of mtDNA damage is believed to occur predominantly through the base excision repair 

mechanism [476, 477]. Each mitochondria can contain between 5 – 10 copies of mtDNA [478], with each 
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cell containing a few thousand mitochondria. The presence of mutations in the mtDNA in a proportion of 

these mitochondria is referred to as heteroplasmy, in which a cell contains mitochondria harbouring mtDNA 

containing a mutation and wild type mtDNA. It is believed that through clonal expansion the persistence 

of mutated mtDNA can occur if the mutation confers a growth and survival advantage [479]. Such 

persistence can result in cells becoming homoplasmic mutant. It is possible that homoplasmic mutant cells 

could account for the main population in tumours during tumour development if they conferred a growth 

advantage [479]. In fact, a high frequency of mtDNA mutation exist in many cancers such as breast [480], 

pancreatic [481, 482], and lung [483, 484]. Mitochondrial involvement in the progression of cancer has 

received much attention in the last few years with dysfunction of these “powerhouses” being proposed as 

a key contributor towards cancer progression [485-487]. This is largely due to their integral role in the 

intrinsic apoptotic pathway and their role in anabolic metabolism which make them key organelles for a 

prospective cancer to manipulate, firstly to prevent recognition and release of pro-apoptotic signals and 

harnessing of the electron transport chain to provide the energy necessary for rapid cell growth. From this 

perspective, it would be beneficial if mitochondria residing within cancer cells could be targeted during 

cancer therapy (Reviewed in [478]). An alternative viewpoint, in light of the far reaching implications of 

mitochondrial dysfunction, is the alteration of wild type mitochondria in healthy cells as a result of the 

prescribed treatment, and the increased predisposition for the onset of cancer. 

With this in mind, it is important to consider the effect that engineered nanomaterials may have 

on mitochondrial integrity and capacity to induce apoptosis in cancer. Drug functionalised MNP can cause 

considerable cell death as presented previously in this thesis. The onset of this cytotoxicity has been 

attributed to the release of drug from the MNP, on account of their intended inhibitory effect as detailed in 

section 1.3.3. The implications of engineered MNP exposure and their individual components on the 

integrity of mitochondria is an important consideration to better understand the risk posed. Therefore the 

effect of the functionalised MNP and their individual components on mitochondrial membrane potential 

and on cell death over a 36h period was evaluated.  

There exists a multitude of cell assessment assays employed for the validation of engineered MNP. 

The uptake of MNP into the cell and localisation to the acidic environment of the lysosome can result in 

the degradation of the coating and release/leaching of iron ions [488]. Iron homeostasis is effectively 

controlled by the hepcidin protein which is central to the process [489]. Hepcidin is a hormone synthesised 

in the liver and secreted into circulation in response to the increase of iron. The increase of Fe2+ and Fe3+ 

ions in the cell can alter cell homeostasis and the expression of intracellular iron homeostasis genes [488]. 

The excessive intracellular release of iron can result in iron overload, which hepcidin cannot adequately 

reduce [490]. Excess iron in the cell can cause oxidative stress which can manifest as DNA damage, 

mitochondrial damage, endoplasmic reticulum stress, cell cycle alteration, protein denaturation, lipid 

damage, inflammatory processes, and cytotoxicity [315, 491-494]. It is important to note that while 

cytotoxicity may not be registered, it is possible that subtle deleterious effects can occur to the DNA which 

could lead to carcinogenesis [494]. It has also been demonstrated that oxidative stress can be transient 

without causing any cytotoxic effects [495]. Oxidative stress is associated with the production of oxidizing 

species or a decrease in the effectiveness of antioxidants such as gluthathione [496]. Central to oxidative 

damage is the formation of highly reactive free radicals that are generated by the reaction of free iron ions 
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(Fe2+ and Fe3+) with oxygen to produce ROS. ROS caused extensive lipid peroxidation and membrane 

permeabilisation of the mitochondrial membrane and intense mtDNA damage as observed using 

mitochondrial extracts from Wistar rats [497], and can disrupt other organelles such as lysosomes, nuclei 

and trigger cell signalling pathways leading to the death of the cell [498]. The primary polyunsaturated fats 

targeted by free radicals are arachidonic acid and its precursor, linoleic acid, which are present in 

phospholipids (phosphatidylethanolamine, phosphatidylcholine, and phosphatidylinositides) [499]. The 

leaching of free iron ions from the MNP can freely move into the nucleus and mitochondria, within which 

the fenton reaction can occur, liberating ROS. The interaction of MNP or indeed free iron ions may lead to 

mitochondrial membrane potential changes and ultimately to the uncoupling of oxidative phosphorylation 

[500]. As detailed previously, the disruption of the mitochondrial membrane can lead to irreversible damage 

with the dissipation of the membrane potential and the release of cytochrome c, apoptosis inducible factor 

(AIF), secondary mitochondrial activator of caspase (Smac/DIABLO) and nitric oxide [465, 466, 501]. 

Cytochrome c resides within the intermembrane space loosely bound to the inner membrane via attachment 

to cardiolipin. Upon damage to mitochondria, cytochrome c is released into the cytosol where it can bind 

to the apoptotic protease activating factor-1 (Apaf-1). The release of cytochrome c and binding to Apaf-1, 

the apoptosome, initiates apoptosis via the activation of caspase 9, thus initiating the caspase cascade and 

apoptosis ensues [502]. AIF is involved in the activation of a caspase-independent pathway for apoptosis 

and can freely diffuse into the nucleus where it binds DNA and initiates caspase-independent chromatin 

condensation [503] [504]. The release of cytochrome c leads to interaction with the inositol triphosphate 

receptor on the endoplasmic reticulum which results in the release of calcium which in turn results in 

substantial release of cytochrome c [505]. The rising calcium concentration results in an influx of Ca2+ into 

mitochondria and modulates nucleases that control apoptosis [506]. Smac/DIABLO is released from 

mitochondria upon DNA damage, cytotoxic drug exposure and UV- or γ-irradiation and binds to inhibitor 

of apoptosis proteins (XIAP and cIAP) thus enabling caspase activation. In addition to the above, nitric 

oxide is also instrumental in promoting the apoptotic pathway in response to a diverse number of pro-

apoptotic stimuli. Nitric oxide has been shown to favour production of H2O2, ONOO- and O2
•- [507], and 

can result in irreversible damage to mitochondrial ATP synthase and aconitase, while promoting 

cytochrome c release and apoptosis. Inducible Nitric oxide can activate p53 which in turn can activate pro-

apoptotic proteins such as p21Waf1/Cip1 and Bax [508]. Therefore a myriad of proteins and chemicals 

released and/or activated upon damage to mitochondria and other organelles can be monitored as part of 

the cell assessment following exposure to MNP. Dissipation of the mitochondrial membrane potential is a 

penultimate event prior to phosphatidyl serine exposure on the external plasma membrane face and 

subsequent cell death. This event can be measured with the use of fluorescent dyes that localise to the 

matrix space in intact mitochondria and are released into the cytosol upon loss of the mitochondrial 

membrane potential (TMRM, TMRE, Rhod123 and JC-1) or in the case of MitoTracker orange used in this 

project, it is not released from the mitochondria if mitochondrial membrane potential is lost post staining 

or post fixation [509]. The MitoTracker orange dye only accumulates in mitochondria with an intact 

membrane potential, therefore cells that have a disrupted mitochondrial membrane at the time of staining 

will not retain the dye. Additional assessment, as presented in this thesis, includes the analysis of 
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apoptosis/necrosis initiation using flow cytometry and difference in cell count, indicating cell death and 

detachment from assay plate, post incubation with MNP by multiparametric analysis. 

DNA is found in both the mitochondria and the nucleus and as the chemotherapy drugs 

functionalised on the MNP function by intercalating with or integrating into DNA, therefore the MNP 

genotoxic capacity was evaluated by the OECD guideline micronucleus test. The NIH-3T3 mouse fibroblast 

cell line was selected for the micronucleus testing to compliment the small animal studies conducted 

throughout the Multifun project, and according to the OECD, it is a good cell-line model to identify 

carcinogenic compounds [510]. 

The aim of this part of the study was to identify whether the developed MNP in their basic and 

functionalised forms could induce damage to mitochondria, whether this damage could be associated with 

cell death, and whether the MNP cause genetic alteration to nuclear DNA.  

 

To achieve these aims, the specific objectives were: 

1. High content screening of A549, NIH-3T3, MCF-7 and MCF-10A cell lines for changes in 

mitochondrial membrane potential following 12h, 24h and 36h exposure to a range of MNP 

concentrations. 

2. Assessment of cell death following 36h exposure to MNP. 

3. Identification of optimum cytochalasin B concentration. 

4. Identification of a suitable micronucleus-inducing positive control. 

5. Investigation of MNP-induced genotoxicity through micronucleus formation. 
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5.2 Results 

5.2.1 Mitochondrial dysfunction analysis 

5.2.1.1 Reduction in mitochondrial dye intensity by valinomycin. 

The mitochondrial membrane potential of cell lines exposed to valinomycin for 12h, 24h and 36h at 120 

µM were significantly reduced at every time point except in the MCF-10A cell line where a reduction in 

mitochondrial potential was observed at 24h and 36h (Figure 72), and representative images in Figure 73 

(A549 and NIH-3T3) and Figure 74 (MCF-7 and MCF-10A). Valinomycin was therefore used as a positive 

control to indicate mitochondrial damage in subsequent tests.  

 

 

Figure 72: Cell lines exposed to valinomycin and effect on mitochondria membrane potential. 

A549, NIH-3T3, MCF-7 and MCF-10A cell lines were exposed to 120 µM valinomycin for 12h, 24h and 

36h. Cells were stained using the mitochondria membrane potential indicator from the Cytotoxicity II 

HitKit™ and analysed using the InCell 1000 HCSA device. Variation in staining intensity was measured 

and compared to untreated control (CTRL(-)). Statistical significance was determined using the unpaired 

two-tailed t-test for each valinomycin-exposed sample compared to untreated control. p value: *** = 

<0.001, **=<0.01, *=<0.05.   
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Figure 73: Loss of mitochondrial membrane potential in A549 and NIH-3T3 cell lines. 

(A) A549 and (B) NIH-3T3 cell lines exposed to valinomycin (120 µM) display a reduction in the 

mitochondrial staining intensity using MitoTracker® at 12h, 24h and 36h time points, compared to 

untreated controls. Scale bar (white line, top left panel) = 50 µm, applicable to all images. 
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Figure 74: Loss of mitochondrial membrane potential in MCF-7 and MCF-10A cell lines. 

(A) MCF-7 and (B) MCF-10A cell lines exposed to valinomycin (120 µM) display a time-dependent 

reduction in the mitochondrial staining intensity using MitoTracker® at 12h, 24h and 36h time points, 

compared to untreated controls. Scale bar (white line, top left panel) = 50 µm, applicable to all images. 
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5.2.1.2 MNP induced mitochondrial damage  

The details of the MNP used to test for mitochondrial damage are provided in Table 11 below. The 

concentrations of doxorubicin or gemcitabine drug used were selected based on the effective dose identified 

in the breast-derived cell lines as previously determined in the cytotoxicity tests. Data is presented as 

heatmaps for the A549 (Figure 75), NIH-3T3 (Figure 76), MCF-7 (Figure 78) and MCF-10A (Figure 79) 

and representative HCSA images are provided in Figure 77 (A549 and NIH-3T3) and Figure 80 (MCF-7 

and MCF-10A). All graphs with statistical significance indicated are in Appendix 3. 

 

Table 11: Details of MNP containing covalently functionalised chemotherapy drug +/- N6L. 

Nanomaterials were supplied as suspensions in water at the indicated pH. Core particle size was determined 

by TEM. MNP were supplied at 2.4 mg Fe/mL with the indicated amount of doxorubicin and 

gemcitabine/N6L functionalised. Total MNP concentration necessary to deliver specified drug load and the 

concentration of N6L is provided. 

Name pH 
TEM 

(nm) 

Doxorubicin 

Loaded 

(µmol/g Fe) 

Gem/N6L 

loaded 

(µmol/g Fe) 

MNP conc. 

@1300 nM Doxo 

@400 nM Gem 

(µg/mL) 

N6L conc. 

@ MNP conc. 

(nM) 

OD15 6.9 15.0 N/A N/A N/A N/A 

OD15_I_Doxo 7.9 15.0 23 N/A 56.5 N/A 

OD15_ 

N6L_Gem 
7.9 15.0 N/A 14/4 28.6 110 

MF66 6.9 11.7 N/A N/A N/A N/A 

MF66_I_Doxo 7.9 11.7 22 N/A 59.1 N/A 

MF66_ 

N6L_Gem 
7.9 11.7 N/A 12/4 33.3 130 

 

Doxorubicin exposure caused a decrease in cell count in all cell lines, with statistically significant reduction 

observed with all concentrations at 36h. Mitochondrial intensity was reduced in all cell lines at 

concentrations above 260 nM in the A549, all concentrations in the NIH-3T3 cell line, and concentrations 

exceeding 650 nM in the MCF-7 and MCF-10A cell lines. 

Gemcitabine exposure caused a decrease in cell count in all cell lines, with significant reduction 

observed with all concentrations at 36h. Mitochondrial intensity was reduced at the 400 nM concentration 

in the A549, at concentrations above 50 nM in the NIH-3T3 cell line and at all concentrations in the MCF-

10A cell line. No change in mitochondrial intensity was observed in the MCF-7 cell line. 

N6L exposure caused a reduction in cell count of approximately 10% and 20% in the MCF-7 and 

MCF-10A cell lines respectively at the 130 nM concentration. Both observations were made following 36h 

exposure. No reduction in mitochondrial intensity was observed in any cell line and at any time point or 

concentration. 

OD15 MNP exposure caused reduction in cell count in the NIH-3T3 and MCF-7 cell lines. At the 

highest concentration (60 µg/mL) cell count was reduced by approximately 60% in the NIH-3T3 and 30% 

in the MCF-7 cell line. Mitochondrial intensity was decreased in both NIH-3T3 and MCF-7 cell lines by 

approximately 40% and 20% respectively. 
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OD15_I_Doxorubicin MNP caused reduction in cell count in all cell lines. At the 36h time point, 

cell count was reduced in the A549 cell line at concentrations greater than 260 nM, in the MCF-7 and MCF-

10A cell line at 1300 nM and at all concentrations in the NIH-3T3 cell line. Mitochondrial intensity was 

reduced at concentrations higher than 130 nM in the NIH-3T3 cell line, and at the highest concentration of 

1300 nM in the MCF-7 and MCF-10A cell lines. No reduction was observed in the A549 cell line. 

OD15_N6L_Gemcitabine MNP caused reduction in cell count in all cell lines. At the 36h time 

point, cell count was reduced at concentrations above 50 nM in the A549, NIH-3T3 and MCF-7 cell lines 

and at all concentrations in the MCF-10A cell line. Mitochondrial intensity was reduced at concentrations 

higher than 100 nM in the NIH-3T3, at the 400 nM concentration in the MCF-7 cell line and at both the 50 

and 400 nM concentrations in the MCF-10A cell line. 

MF66 MNP caused a reduction in cell count in the NIH-3T3 cell line above 30 µg/mL and in the 

MCF-7 cell line at 60 µg/mL. Mitochondrial intensity was reduced only in the NIH-3T3 cell line at 

concentrations exceeding 30 µg/mL. 

MF66_I_Doxorubicin MNP caused cell count reduction in all cell lines, with all concentrations 

effectively reducing cell count in the A549, NIH-3T3 and MCF-10A cell lines, with the highest 

concentration of 1300 nM reducing cell count in the MCF-7 cell line. Mitochondrial intensity was reduced 

at concentrations over 130 nM in the NIH-3T3 cell line, and at 1300 nM in the MCF-7 and MCF-10A cell 

line. 

MF66_N6L_Gemcitabine MNP caused cell count reduction in all cell lines, with all 

concentrations in the A549, above 100 nM in the NIH-3T3 and at 400 nM in both the MCF-7 and MCF-

10A cell lines. Mitochondrial intensity was reduced in the MCF-7 cell line at 400 nM but was significantly 

increased at all other concentrations. No reduction in mitochondrial intensity was observed in any of the 

other cell lines.  
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Figure 75: A549 cell line exposed to free drug and MNP formulations. 

A549 cells were exposed to either free Doxorubicin (Doxo), free Gemcitabine (Gem), free N6L, OD15 

MNP, OD15_I_Doxo, OD15_N6L_Gem, MF66, MF66_I_Doxo or MF66_N6L_Gem. Reduction in cell 

count and onset of mitochondrial dysfunction were recorded by high content screening at 12h, 24h and 36h 

time points. Free drug and drug conjugated MNP reduced cell count and mitochondrial membrane potential 

was reduced for free doxorubicin drug, OD15, OD15_I_Doxo, OD15_N6L_Gem, MF66_I_Doxo, and 

MF66_N6L_Gem. Concentration of delivered Doxorubicin, Gemcitabine N6L and MNP samples is 

provided. 
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Figure 76: NIH-3T3 cell line exposed to free drug and MNP formulations. 

NIH-3T3 cells were exposed to either free Doxorubicin (Doxo), free Gemcitabine (Gem), free N6L, OD15 

MNP, OD15_I_Doxo, OD15_N6L_Gem, MF66, MF66_I_Doxo or MF66_N6L_Gem. Reduction in cell 

count and onset of mitochondrial dysfunction were recorded by high content screening at 12h, 24h and 36h 

timepoints. Free drug and drug conjugated MNP reduced cell count and mitochondrial membrane potential 

was reduced for free doxorubicin drug, OD15, OD15_I_Doxo, OD15_N6L_Gem, MF66_I_Doxo, and 

MF66_N6L_Gem. Concentration of delivered Doxorubicin, Gemcitabine N6L and MNP samples is 

provided. 
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Figure 77: Analysis of mitochondrial toxicity in A549 and NIH-3T3 cell lines. 

Representative images from (A) A549 and (B) NIH-3T3 cell lines exposed to the indicated drugs at the 

highest concentration and MNP formulations for 36h. Reduction in mitochondrial staining, indicating 

mitochondrial toxicity, was observed following exposure to doxorubicin and gemcitabine in both cell lines, 

and following exposure to OD15, OD15_I_Doxo, OD15_N6L_Gem, MF66 and MF66_I_Doxo in the NIH-

3T3 cell line. Scale bar (white line, top left panel) = 50 µm, applicable to all images.  
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Figure 78: MCF-7 cell line exposed to free drug and MNP formulations. 

MCF-7 cells were exposed to either free Doxorubicin (Doxo), free Gemcitabine (Gem), free N6L, OD15 

MNP, OD15_I_Doxo, OD15_N6L_Gem, MF66, MF66_I_Doxo or MF66_N6L_Gem. Reduction in cell 

count and onset of mitochondrial dysfunction were recorded by high content screening at 12h, 24h and 36h 

timepoints. Free drug and drug conjugated MNP reduced cell count and mitochondrial membrane potential 

was reduced for free doxorubicin drug, OD15, OD15_I_Doxo, OD15_N6L_Gem, MF66_I_Doxo, and 

MF66_N6L_Gem. Concentration of delivered Doxorubicin, Gemcitabine N6L and MNP samples is 

provided. 
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Figure 79: MCF-10A cell line exposed to free drug and MNP formulations. 

MCF-10A cells were exposed to either free Doxorubicin (Doxo), free Gemcitabine (Gem), free N6L, OD15 

MNP, OD15_I_Doxo, OD15_N6L_Gem, MF66, MF66_I_Doxo or MF66_N6L_Gem. Reduction in cell 

count and onset of mitochondrial dysfunction were recorded by high content screening at 12h, 24h and 36h 

timepoints. Free drug and drug conjugated MNP reduced cell count and mitochondrial membrane potential 

was reduced for free drug, OD15_I_Doxo, OD15_N6L_Gem, and MF66_I_Doxo. Concentration of basic 

MNP: 60, 30, 25, 12.5, 6.25 µg/mL. Concentration of delivered Doxorubicin, Gemcitabine and N6L in free 

and functionalized samples is provided. 
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Figure 80: Analysis of mitochondrial toxicity in MCF-7 and MCF-10A cell lines. 

Representative images from (A) MCF-7 and (B) MCF-10A cell lines exposed to the indicated drugs at the 

highest concentration and MNP formulations for 36h. Reduction in mitochondrial staining, indicating 

mitochondrial toxicity, was observed following exposure to doxorubicin, OD15, OD15_I_Doxo, 

OD15_N6L_Gem, MF66_I_Doxo, and MF66_N6L_Gem in the MCF-7 cell line and following exposure 

to doxorubicin, gemcitabine, OD15_I_Doxo, OD15_N6L_Gem, and MF66_I_Doxo in the MCF-10A cell 

line. Scale bar (white line, top left panel) = 50 µm, applicable to all images. 
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5.2.2 Analysis of MNP-induced cell death 

MCF-7 cells were exposed to the mono-functionalised and multi-functionalised MNP formulations as well 

as the components of the nanoparticles. This included doxorubicin and gemcitabine chemotherapy drugs, 

N6L pseudo-peptide, OD15 MNP and MF66 MNP alone (Figure 81). Valinomycin was shown to reduce 

mitochondrial membrane potential (section 5.2.1.1) and was included as a positive control for mitochondrial 

dysfunction and cell death. 

Baseline testing with untreated/unstained cells (A1), untreated/stained cells (A2) and valinomycin 

treated and stained cells (A3) provided a reference for correctly gating the populations. The results show 

that untreated/stained cells have a low percentage of late apoptotic cells present in quadrant 2 (Q2) (8.1%), 

with the majority of cells (90.2%) as a healthy population in quadrant 3 (Q3). Treatment with valinomycin 

caused a substantial shift in the cell population with an increase in late apoptotic/necrotic cells (Q2) to 

54.6% while dead cells account for 11.4% of the cell population (Q1). Healthy cells were still present and 

accounted for 33.8% of the total cells sampled. The majority of cells exposed to N6L (B1) were healthy 

(76%) while a proportion were found to be at the late stage of apoptosis/necrosis (21.9%). Doxorubicin 

exposed cells (B2) were mostly present as a dead population (58.5%) and late apoptotic/necrotic population 

(40.2%), with low percentage of healthy cells (1.3%). Gemcitabine exposed cells (B3) had a 23.1% late 

apoptotic/necrotic population and a 74.4% healthy population. Cells exposed to OD15 MNP (C1) had a late 

apoptotic/necrotic population of 15.9% and healthy population of 81.7%. MF66 MNP exposure (D1) was 

similar to OD15 MNP with a late apoptotic/necrotic population of 17.1% and healthy population of 80.9%. 

When functionalised with doxorubicin there was a dramatic increase in the dead cell population to 73.2% 

for OD15_I_Doxo (C2) and late apoptotic/necrotic population of 20.6%. A greater proportion of cells were 

present in the dead cell quadrant (78.8%) following exposure to MF66_I_Doxo (D2) with a lower 

proportion undergoing late apoptosis/necrosis (16.4%). Functionalisation with both Gemcitabine and N6L 

preferentially increased the cell population undergoing late apoptosis/necrosis with 36% for OD15_N_Gem 

(C3) and 32.5% for MF66_N_Gem (D3), with the healthy cell population accounting for 58.7% and 63.8% 

respectively, approximately 15% lower than with Gemcitabine alone. 

  



Chapter 5 

159 

 

 
Figure 81: Cell death induced by free drug and functionalised MNP formulations. 

MCF-7 cells were stained with Annexin V (AnnV) (FL1, x-axis) and 7AAD (FL3, y-axis) following 

exposure to chemotherapeutic drugs and functionalised MNP for 36h. Dead cells were identified in 

Quadrant 1 (Q1), early apoptotic cells were identified in Q4, late apoptotic/necrotic cells were identified in 

Q2 and healthy cells were identified in Q3. Cells were untreated and unstained (A1), untreated and stained 

with Annexin V and 7AAD (A2). Cells were exposed to 120 µM Valinomycin (A3), 130 nM N6L (B1), 

1300 nM Doxorubicin (B2), 400 nM Gemcitabine (B3), 30 µg/mL OD15 (C1), 1300 nM 

OD15_I_Doxorubicin (C2), 400 nM OD15_N6L_Gemctiabine (C3), 30 µg/mL MF66 (D1), 1300 nM 

MF66_I_Doxorubicin (D2), and 400 nM MF66_N6L_Gemctiabine (D3). UNTR = Untreated, Doxo = 

doxorubicin, Gem = gemcitabine, N = N6L.  
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5.2.3 Cytokinesis block micronucleus assay 

The study of micronucleus formation requires that the process of cytokinesis is inhibited and as a result, bi-

nuclear cells are formed. The treatment with Cyto-B, an inhibitor of actin polymerisation and cytokinesis, 

can lead to substantial cytotoxicity if the concentration used is too high. The first step in carrying out the 

CBMN assay was the screening of Cyto-B concentrations to identify a suitable range. According to the 

OECD, a 55% reduction in cell count is acceptable, conditional on the final number of bi-nuclear cells 

available for analysis. 

To determine the Cyto-B concentration suitable for use in the CBMN assay, six concentrations 

from 1 µg/mL to 6 µg/mL were used. The NIH-3T3 cell line was exposed for 44h, a time point set as 

standard by OECD guidelines. A 45% reduction in cell count was observed at the 1 µg/mL concentration, 

with 2 µg/mL and higher concentrations having greater than 70% reduction in cell count (Figure 82). 

Subsequently cells were grown on 24 well plates at a seeding density of 40,000 cells per well and were 

exposed to Cyto-B at 1 µg/mL concentration for 24h. Figure 83 demonstrates the sufficient formation of 

bi-nuclear cells in the presence of Cyto-B exposed cells compared to a control sample not exposed to Cyto-

B. 

Following the optimisation of Cyto-B concentration, a positive control was identified. The OECD 

specify a range of controls that can be used including six clastogenic compounds (Benzo(a)pyrene, 

Cyclophosphamide, Cytosine arabinoside, Methyl methanesulphonate, Mitomycin C, 4-Nitroquinoline-N-

Oxide) and two aneugenic compounds (Colchicine and Vinblastine). Of these compounds, only colchicine 

was found to induce micronucleus formation in the NIH-3T3 cell line (Figure 84). Three concentrations 

(0.5, 1 and 2 µg/mL) of colchicine were selected and all three led to the formation of micronuclei. 

Figure 85 shows representative images from NIH-3T3 cells treated with Doxorubicin, N6L and 

Gemcitabine, Figure 86 of OD15, OD15_I_Doxorubicin, OD15_N6L_Gem treated cells, and Figure 87 

shows MF66, MF66_I_Doxorubicin, MF66_N6L_Gem exposed cells. No micronuclei were identified 

following exposure of cells to the MNP and drugs; however exposure to gemcitabine, doxorubicin and 

doxorubicin-functionalised MNP demonstrated the effect of the chemotherapeutic drugs on nuclear 

division, with the formation of mono-nuclear cells containing substantially larger nuclei (Figure 85).  
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Figure 82: NIH-3T3 cell line cytotoxicity testing following exposure to Cyto-B. 

Cytotoxicity testing with Cyto-B using the recommended concentration range of 1 – 6 µg/mL for 44h. Cell 

counts were normalised to untreated control (CTRL(-)) and data acquired from n=3 experiments. High 

content screening analysis was used to carry out the experiment. Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05. 

 

 
Figure 83: NIH-3T3 cell line binuclear morphology +/- Cyto-B exposure. 

Cells were grown in medium with (+) or without (-) 1µg/mL Cyto-B for 24h. Cells were stained with the 

Kwik Diff™ staining kit. Images were acquired at 20X magnification with cells exposed to Cyto-B (left 

Image) having a greater degree of binuclear cells (Bi) compared to cells grown in the absence of Cyto-B 

(right Image). 
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Figure 84: NIH-3T3 cell line: positive micronucleus formation with colchicine. 

Colchicine (an aneugen that inhibits tubulin polymerisation) was used to induce micronuclei in the NIH-

3T3 cell line. Three concentrations were tested (0.5, 1.0 and 2.0 µg/mL) to ensure positive micronucleus 

formation. Micronuclei (MN) are indicated by a red arrow.  
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Figure 85: NIH-3T3 cell line: Investigation of micronucleus formation with N6L and chemotherapy. 

NIH-3T3 cells exposed to doxorubicin, N6L and gemcitabine at the specified concentrations. Micronuclei 

were not induced following 24h exposure. Binuclear cell formation was not observed in doxorubicin 

exposed samples. Images were acquired using a 20x objective. 
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Figure 86: NIH-3T3 cell line: Investigation of micronucleus formation with OD15 MNP. 

NIH-3T3 cells exposed to OD15, OD15_I_Doxo and OD15_N6L_Gem at the indicated concentrations. 

Micronuclei were not induced following 24h exposure. Images were acquired using a 20x objective. 
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Figure 87: NIH-3T3 cell line: Investigation of micronucleus formation with MF66 MNP. 

NIH-3T3 cells exposed to MF66, MF66_I_Doxo and MF66_N6L_Gem at the indicated concentrations. 

Micronuclei were not induced following 24h exposure. Images were acquired using a 20x objective. 
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5.3 Discussion 

The rapid development of the nanomedicine field has resulted in a broad range of nanomaterials being 

produced but considerable work is needed to fully understand the health risk posed by exposure. Early 

evaluation of drugs with regards to their potential to cause mitochondrial damage is becoming a key 

requirement in drug development, since many drugs have failed to receive accreditation, and already 

marketed medicines have been withdrawn because of mitochondrial toxicity affecting liver function [511]. 

The pivotal role played by mitochondria in almost all cells of the body re-enforces the need to ensure that 

any product intended for human use is screened for their potential to elicit mitochondrial damage.  

It has been documented that chemotherapy exposure can result in damage to mitochondria and the 

systemic delivery of doxorubicin has been reported to cause considerable cardiotoxicity [218], which has 

been associated with the production of oxygen radicles through the reduction and subsequent auto-oxidation 

of doxorubicin [512]. Gemcitabine was shown to directly affect mtDNA replication and deplete the 

nucleotide pool within the mitochondria [513], such depletion and imbalance has previously been shown 

to be mutagenic to the mtDNA [514], and it has been postulated that mitochondrial genomic instability 

produced by gemcitabine may persist and cause considerable health issues as observed for the fialuridine 

drug [513]. Fialuridine is a nucleoside analog similar to gemcitabine and is directly responsible for the 

death of five participants in a clinical trial in 1992, due to extensive mitochondrial disruption which resulted 

in hepatic failure, lactic acidosis, pancreatitis, neuropathy and myopathy [515]. Therefore the observation 

of gemcitabine-induced toxicity in the clinic may be due, in part, to mitochondrial dysfunction. 

It was unknown whether the novel engineered multi-functionalised MNP made within the 

Multifun project could affect the integrity of mitochondria. WP3 partners from IMDEA, Madrid, Spain 

have shown that basic OD15 MNP do not increase the production of reactive oxygen species in the MCF-

7 cell line at 72h exposure [314], indicating that the MNP does not contribute to the fenton reaction as 

described in section 5.1. However, in this thesis, the permeability of cell membranes of drug-exposed cells 

was increased considerably and lysosome staining was reduced, indicative of lysosomal membrane damage. 

Therefore, for the purpose of this part of the thesis it was decided to investigate the effect the MNP had on 

both mitochondria and nuclear integrity.  

The sensitivity of the NIH-3T3 cell line has been demonstrated in other studies. An inter-

laboratory study was carried out in 2012 involving Japanese and European institutions using the NIH-3T3 

cell line and they found it to be sensitive to chemical compounds [516], this was further supported by the 

OECD who suggested using the NIH-3T3 cell line for the identification of genotoxic and non-genotoxic 

carcinogens, due to its suitability and responsiveness to chemical agents [510]. In addition to this, 

fibroblasts are key elements of cancers, and play a definite role in cancer progression [517]. They form the 

structural framework on which cancer cells develop and are the main stromal component of breast and 

pancreatic cancers [518, 519]. Their involvement in the progression of cancer is multifaceted in that they 

are activated by cancer cells as the tumour develops and reciprocally they aid in the development of cancer 

cells [520]. There is substantial cross-talk between the cancer cells and the surrounding microenvironment 

which promotes tumour growth and development [521]. The surrounding fibroblast cells promote 

extracellular matrix remodelling, cell migration, neoangiogenesis, invasion, drug resistance and evasion 

from the immune system [521, 522]. The close interplay between activated fibroblasts and the tumour 
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underlines the necessity to include such cells as models in the development of a theranostic product. There 

is a substantial need for the assessment of these cells in co-culture alongside cancer cells or as 3D tri-

cultures where the cross-talk between fibroblasts, macrophages and cancer cells can be evaluated before 

and after treatment with functionalised MNP. Future work should include a co-/tri-culture study of 

fibroblast cell lines as well as a detailed assessment in vivo [523]. 

In the present work, valinomycin was employed as a positive control as it causes the highly specific 

transport and accumulation of K+ ions in the mitochondria, and results in mitochondrial vesicle swelling 

and dissipation of the mitochondrial electrochemical gradient [524, 525]. In agreement with the reported 

effect of doxorubicin on mitochondria [512], we have observed mitochondrial damage in all cell lines 

following 36h exposure at and above 650 nM, with the A549 cell line showing significant reduction at all 

concentrations above 260 nM. The NIH-3T3 cell line was profoundly affected, with all concentrations 

causing mitochondrial damage. One fascinating observation made between the doxorubicin and the 

doxorubicin-functionalised MNP-treated cells was the similar mitochondrial toxicity observed in each of 

the non-cancerous cell lines (NIH-3T3, and MCF-10A), which indicated that the drug was released from 

the MNP within the 36h experimental time-frame to such a degree that resulted in mitochondrial damage 

similar to free drug exposed samples. 

In comparison, the gemcitabine and gemcitabine-functionalised MNP-treated cells showed a 

considerably different pattern in mitochondrial toxicity. Free drug caused significant mitochondrial toxicity 

but the drug functionalised MNP caused considerably less. The NIH-3T3 cell line displayed mitochondrial 

toxicity at concentrations exceeding 50 nM for gemcitabine alone. Only the OD15_N_Gem formulation 

caused mitochondrial toxicity at concentrations above 100 nM. The same was observed in the MCF-10A 

cell line whereby gemcitabine alone caused mitochondrial toxicity at all concentrations, but was only 

observed in the OD15_N_Gem formulation at the highest concentration of 400 nM. The MF66_N_Gem 

formulation did not cause any mitochondrial toxicity in the NIH-3T3 or MCF-10A cell lines. This 

observation could be dependent on the anti-cancer efficacy of both OD15_N_Gem and MF66_N_Gem 

formulations. The OD15_N_Gem formulations are significantly more effective in the NIH-3T3 and MCF-

10A cell lines compared to MF66_N_Gem. For instance, OD15_N_Gem in the NIH-3T3 cell line 

effectively reduces cell number at concentrations above 50 nM while MF66_N_Gem does so at 

concentrations exceeding 100 nM. Even more striking are the results in the MCF-10A cell line whereby 

OD15_N_Gem has a profound effect at all concentrations in line with results of free drug exposure, 

compared to MF66_N_Gem which reduces cell number only at the highest concentration. These results 

suggest that a reduction in mitochondrial membrane potential is observed only when cell loss is pronounced 

in these cell lines. While mitochondrial membrane potential of both non-cancer cell lines were profoundly 

affected by the gemcitabine drug, the A549 and MCF-7 cancer cell lines were not. The A549 cell line 

displayed mitochondrial toxicity at the highest concentration of free gemcitabine only, while the 

mitochondria in the MCF-7 cell line were unaffected by free gemcitabine. This observation was surprising 

as both of these cell lines display a reduction in cell number at all gemcitabine concentrations 

(approximately 50% cell loss in the A549 and 40% cell loss in the MCF-7 cell line). In comparison the 

NIH-3T3 and MCF-10A cell lines displayed approximately 99% loss and 60% loss respectively at the 

highest concentration of gemcitabine, clearly demonstrating that there may indeed be a link between cell 
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death and the registering of a reduction in mitochondrial membrane potential in the assay. Another 

possibility is that A549 and MCF-7 cells that were affected, and had damaged mitochondria, were lost 

during the assay on account of this damage, leaving behind healthy, unaffected cells. In comparison, it is 

possible that most NIH-3T3 and MCF-10A cells were affected by the treatment with gemcitabine, and 

regardless of cell loss in the assay, those that remained displayed a loss in mitochondrial membrane 

potential, perhaps on account of an increased sensitivity to exposure as previously suggested for the NIH-

3T3 [516], and reported here for MCF-10A cell line exposed to gemcitabine (Figure 64) as compared to 

the MCF-7 cell line (Figure 63). 

Cell loss may account for the otherwise normal mitochondrial membrane integrity recorded in the 

MCF-7 cell line following free gemcitabine exposure. To further support this assumption, we identified 

that cells exposed to gemcitabine-functionalised MNP, while not as effective as the free drug, did display 

a reduction in mitochondrial membrane potential. It is possible that mitochondrial toxicity was captured as 

an early event prior to cell loss. It is important to note that both OD15 and MF66 basic MNP did not cause 

reduction in mitochondrial membrane potential in the MCF-10A and A549 cell lines. Reduction in 

mitochondrial membrane potential was observed only for the highest concentration of OD15 in the MCF-

7 cell line and for both OD15 and MF66 in the most sensitive NIH-3T3 cell line.  

A reduction in mitochondrial membrane potential is recognised as an early event prior to the onset 

of apoptosis, and is indeed the case for cells exposed to doxorubicin [526]. It is a non-reversible event, and 

once mitochondria loose membrane potential through either membrane damage or opening of the 

permeability membrane pore, cells are destined to die [527]. Considerable debate surrounds the actual 

function of mitochondria in apoptosis from the perspective of it being an initiator and/or an amplifier in the 

extrinsic and intrinsic signalling cascade (Reviewed in [528]). It has been reported that sensing of 

perturbations in homeostatic balance can be facilitated by the nucleus, endoplasmic reticulum, Golgi 

apparatus, plasma membrane, cytoskeleton, cytosol, lysosomes and mitochondria [529], all of which can 

initiate cell death. In this thesis, the basic and drug-functionalised MNP were investigated for their potential 

to kill cells, using high content screening analysis, whereby a reduction in total cell count provided a 

positive measure for cytotoxicity. However, we have yet to demonstrate the mechanism of death, and to 

identify whether death actually occurs in a population of cells exposed to the engineered nanomaterials as 

opposed to the onset of stress-induced premature senescence. It was therefore imperative to screen the 

nanomaterials to identify the response pathway activated upon MNP exposure. Cell senescence is referred 

to as a stable and long-term loss of proliferative capacity, despite the continued survival of the cell [530]. 

This phenomenon can occur by a variety of mechanisms, for example: when telomere erosion reaches a 

critical point the cell will activate the DNA damage response and the communication with the cell cycle 

machinery results in proliferation arrest and the increased potential for the onset of senescence [530], or 

through telomere-independent mechanisms such as stress-induced senescence whereby cells exposed to 

sub-cytotoxic concentrations of external agents cease to multiply [531]. The gold standard approach to test 

the onset of senescence is through the use of the X-gal (5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside) assay. It has long been recognised that β-galactosidase is upregulated and expressed in 

cells upon senescence, and is biochemically detectable at pH 6 using X-gal [532]. While it may have been 

interesting to monitor senescence in the MNP exposed cells in this study, the first approach undertaken to 
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determine cell fate following exposure to MNP and each functional constituent demonstrated that cells did 

in fact die by apoptosis/necrosis 36h post exposure. These findings negated the need in this study to 

determine if cells were becoming senescent. However, it would be interesting to monitor if using lower 

concentrations of MNP at longer exposure times could lead to the onset of senescence in future studies. 

Through flow cytometry and the use of an apoptotic/necrotic assay it was determined that all drugs and 

drug-functionalised MNP used in this study cause cell death following 36h exposure (Figure 81). Flow 

cytometry provided a reliable method to determine the degree of cell death, and to generate a complete 

picture any de-adhered cells were collected from the culture medium by centrifugation prior to cell staining 

and flow cytometry quantification. N6L was shown to induce cell death with 21.9% population of cells 

present within the late apoptotic/necrotic zone, this result is in agreement with that found in the literature 

[393]. The percentage of apoptotic/necrotic cell death compared to the healthy cell population was 

consistent between doxorubicin and doxorubicin-functionalised MNP (Figure 81, B2, C2, and D2). Unlike 

the valinomycin positive control (Figure 81, A3), a high percentage of cells within Q1 following 

doxorubicin exposure was recorded. Two recently published studies using the 7-AAD and Annexin V test 

have referred to the cell population in Q1 as the “dead” cell population [533, 534], another recent study 

refer to Q1 as the necrotic or dead cell population [535], and another considers Q1 to contain damaged cells 

[536]. In fact, a considerable number of studies fail to provide reasoning for the identity of cell populations 

located within Q1. However, a study by Sawai et al. has provided a reasoning behind the observed positivity 

in Q1 using the related nuclear dye, propidium iodide [537]. In this study, they observed cells over a five 

hour period transition through an Annexin V+/PI– state (early apoptosis), to Annexin V+/PI+ state (late 

apoptosis or necrosis) and between 4-5 hours they observed a population appearing within Q1. They 

considered this Q1 population as necrotic and postulated that PI+ staining in the absence of Annexin V 

staining may be due to the loss of necrotic plasma membranes during the staining procedure [537]. Prior to 

treating cells with the necrosis inhibitor, necrostatin-1, they were unsure whether Q1 cells were a primary 

necrotic population or post-apoptotic secondary necrotic population. The use of necrostatin-1 enabled them 

to discern between these two possibilities. They also indicated that cells present in Q4 are not necessarily 

confined to being early apoptotic cells, but could also contain early necrotic cells, with Annexin V+/PI– 

staining observed in the early necrotic cells in their study [537]. Therefore, even though we refer to cells in 

Q1 as “dead” cells in the present study, they may indeed include primary necrotic and/or post-apoptotic 

secondary necrotic cells. Nevertheless, doxorubicin is the only chemotherapy drug to induce such a 

response, compared to gemcitabine which only increases the late apoptotic or necrotic cell population in 

Q2 (Figure 81, B3, C3, and D3). One interesting observation, which complements the results obtained for 

the mitochondrial membrane potential test in the MCF-7 cell line with gemcitabine exposure, is that free 

gemcitabine drug treatment results in 23.1% late apoptotic or necrotic cells while drug-functionalised MNP 

have even greater late apoptotic or necrotic cell populations of 36% and 32.5% (OD15_N_Gem and 

MF66_N_Gem respectively). Even though drug-functionalised MF66 MNP at the highest concentration of 

400 nM cause a reduction in cell viability in the MCF-7 cell line of approximately 30%, as determined by 

HCSA, compared to approximately 40% for gemcitabine, they were shown here to contain more late 

apoptotic or necrotic cells compared to gemcitabine-exposed cells. This corresponds to the results obtained 

for mitochondrial membrane potential whereby MF66_N_Gem in the MCF-7 cell line had the most 
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significant (p<0.001 = ***) reduction in mitochondrial membrane potential. In agreement, the 

OD15_N_Gem MNP caused a greater reduction in cell count than gemcitabine alone in the MCF-7 cell line 

(approximately 50% reduction in cell count), contained the greatest number of late apoptotic or necrotic 

cells (36%) and displayed reduction in mitochondrial membrane potential (p<0.01 = **). Therefore by 

combining the two high throughput methods of HCSA and flow cytometry, it was possible to obtain a 

thorough insight into MNP cytotoxicity, mitochondrial dysfunction and method of cell death. 

Further analysis of the functionalised MNP and their individual components was carried out to 

determine if they were genotoxic and could lead to the formation of micronuclei in a population of actively 

proliferating cells. A limited number of studies are published to date that report on MNP-induced 

micronucleus formation, and of those published, there is little consensus on their genotoxicity. MNP have 

been reported as non-genotoxic due to their failure to affect cells using common genotoxic assays (ames 

assay, micronucleus assay and comet assay) [538], while another study reported on the presence of a 

genotoxic effect [539], both studies used MNP with an average size of 8nm. In this thesis the NIH-3T3 cell 

line, the most sensitive cell line as seen in the mitochondrial membrane potential tests, was exposed to all 

functionalised MNP and their individual components. Colchicine was the first chemical shown to induce 

micronuclei [540], and out of all the chemicals tested in this present study (data not shown), it was the only 

one to reproducibly form micronuclei in the NIH-3T3 cell line. Unlike colchicine, all the functionalised 

MNP and their individual components did not result in the formation of micronuclei (Figure 85, Figure 86, 

and Figure 87). However the test did provide further evidence for efficient doxorubicin drug release from 

the functionalised MNP. It is well documented that doxorubicin induces S and G2/M cell cycle arrest [541].  

The results presented in Figure 85, Figure 86, and Figure 87 show the majority of cells in a mono-nuclear 

state while only one bi-nuclear cell was identified following OD15_I_Doxo and Cyto-B exposure (Figure 

86). Cyto-B does not prevent a cell forming two nuclei during mitosis but inhibits daughter cell formation. 

The vast majority of cells contained a single large nucleus following exposure to free doxorubicin drug and 

MNP functionalised with doxorubicin. This result suggests that the majority of cells arrested at the S and/or 

G2/M phase when DNA content is double that of a non-dividing cell. Due to the inability of these cells to 

complete mitosis attributable to the mode of action of doxorubicin, it was not possible to visualise 

micronuclei as nuclear division is required for micronucleus formation. 

 

5.4 Conclusion 

The novel engineered multifunctional MNP developed within Multifun were tested to determine whether 

they directly or indirectly resulted in mitochondrial damage. Uptake into cells was confirmed in the 

previous chapter, in addition to confirmation of chemotherapy drug efficacy via functionalised MNP 

delivery. In this chapter it has been shown that the observed anticancer effect occurs due to the release of 

the chemotherapy drug, an observation which was made possible by flow cytometry through the evaluation 

of apoptotic or necrotic cell death induced by MNP alone and chemotherapy alone. It was confirmed that 

OD15_I_Doxo, MF66_I_Doxo and OD15_N6L_Gem caused mitochondrial toxicity at 36h in three cell 

lines tested. However, MF66_N6L_Gem induced mitochondrial toxicity only in the MCF-7 cell line. 

Therefore in relation to the targeted formulations that have been tested in this work the OD15_N6L_Gem 

MNP displayed the most promising anticancer effect compared to the MF66_N6L_Gem formulation. It is 
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possible that OD15_N6L_Gem MNP is taken up more readily into the cell on account of a surface charge 

of -26.8 mV compared to -34.8 mV for MF66_N6L_Gem MNP and therefore exhibit a greater effect. 

Delivery of payload should theoretically be the same as the same linker and targeting molecule were 

employed for both. However, a distinct difference in cell morphology was observed upon exposure to either 

functionalised OD15 MNP (Figure 86) or functionalised MF66 MNP (Figure 87). OD15_N6L_Gem MNP 

exposed cells displayed signs of endosome/lysosomal damage with the presence of cytoplasmic vacuoles, 

which was also a feature with cells exposed to OD15_I_Doxo. In comparison the MF66_N6L_Gem did not 

appear to form such intracellular vacuoles while some were identified with MF66_I_Doxo. It is possible 

that upon uptake into cells the OD15_N6L_Gem MNP causes considerable lysosomal damage via a number 

of complementary routes. Firstly the release of gemcitabine may result in direct lysosome damage via the 

activation of acid sphingomyelinase which in turn leads to the lysosomal accumulation of ceramide and the 

activation of cathepsin D, all of which can facilitate cell death via damage to the mitochondrial membrane 

(ceramide [542]) and activation of pro-apoptotic proteins (cathepsin D [543]). Secondly, the core OD15 

MNP could contribute to the effectiveness of the drug-induced toxicity through the production of reactive 

oxygen species via the fenton reaction. In addition, cellular stress to lysosomes, mitochondria, Golgi body 

and endoplasmic reticulum could all lead to the formation of autophagosomes [315], which may account 

for the large vacuoles visualised in Figure 86. Therefore the MNP core may in fact be contributing to the 

potency of the chemotherapeutic agent and as such would indicate distinct advantage over conventional 

drug delivery methodologies.  

While mitochondrial damage was identified at 36h, chromosomal aberration was not detected 

during this time frame. Genotoxicity is expected to occur with exposure to chemotherapeutic agents via 

direct interaction with genomic and mitochondrial DNA, however these events were not observed using the 

OECD approved cytokinesis block micronucleus assay. 
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Chapter 6: General discussion and future work 

 

6.1 Discussion 

The extraordinary developments in the field of nanomedicine over the past decade have generated an 

immense wealth of knowledge. In this short timeframe nanomedicine research has significantly pushed the 

boundaries of material science and ignited immense enthusiasm across the academic community, giving 

hope to many future patients who may not have to endure the currently available therapies. It is thought 

that nanomedicine, with the vast array of nanomaterials available, can provide limitless potential in the 

fight against life threatening diseases. It is exciting to think what lies ahead if the depth and breadth of 

today’s knowledge pales into insignificance compared to what has yet to be discovered. The fundamental 

research currently being carried out is expanding scientific appreciation for the complexity and intricate 

dynamics of nanomaterials at the molecular level in cells. Nanomaterials possess unique physical and 

chemical characteristics compared to the same compounds in the micrometre size range. The rapid 

expansion in the production of nanomaterials has surpassed the rate at which each formulation can be 

adequately screened to evaluate the risk posed by their exposure. Considerable effort and attention has 

turned to the development of rapid and reliable assays for screening nanomaterials, with regulatory bodies 

striving to develop a uniform approach for nanoparticle cytotoxicity and genotoxicity testing to facilitate 

accurate cross-study comparisons. 

The European Commission has provided substantial funding towards the development of 

biomedical tools based on nanomaterials suitable for disease diagnosis and treatment. The Multifun FP-7 

project set out to design, develop, validate and apply novel iron oxide nanoparticles for the targeted delivery 

of drugs with the capability of localised magnetic heating. Instrumental in the validation process within the 

Multifun project was WP3. The goal of this thesis, which reflects a major part of the work completed within 

WP3, was to develop and test a series of methods for screening a range of iron oxide nanoparticles, where 

to identify the lead formulations with set physicochemical characteristics such as uniform shape, narrow 

size distribution, stability in biological medium and to measure the onset of acute cytotoxicity upon 

exposure to chosen cell lines. Increasing the level of MNP complexity through surface modification and 

decoration with chemotherapeutic drugs and peptide molecules, an additional requirement was the 

identification of formulations that could elicit an anticancer response, and to determine efficacy of MNP 

drug delivery compared to free drug controls. Finally, Multifun WP3 partners investigated the MNP effects 

on mitochondria and genomic DNA and investigated the mechanism of cell death, for the lead formulations 

and their individual components.  

The data presented in chapter 3 (section 3.2 Results) demonstrate that the MNP synthesised by 

Multifun partners with a core size greater than 10 nm have greater uniformity in shape (OD10, OD15 and 

MF66) compared to the other formulations, with OD10 and OD15 MNP having highly ordered shapes. This 

is probably due to the choice of synthesis with both OD10 and OD15 synthesised via thermal 

decomposition, which is regarded as one of the best methods to produce MNP of narrow size distribution 

and homogeneity in structural characteristics [39]. Prior to screening the MNP to identify the most suitable 

biocompatible formulation, the selection and validation of suitable assays was required. The assay method 

for testing the capacity of the MNP to induce acute cytotoxicity was an important consideration as it has 
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been extensively reported that nanomaterials can cause interference with the most common colorimetric 

based assays [321-323]. Therefore a high-throughput assay using fluorescent dyes was optimised and 

implemented. Interference with fluorescent dyes by nanomaterials was tested at a high concentration to 

determine whether interference would occur. The experimental approach involved the use of MNP which 

were dispersed in phenol-free and serum-free medium containing fluorescent dyes. No reduction in 

fluorescent intensity was observed when compared against an untreated fluorescent control, indicating that 

even at high concentrations, the fluorescent intensity of the dyes is not affected, as shown in Figure 24. The 

assay employed in this thesis did not involve staining of cells in the presence of such high MNP 

concentrations. Cell staining was carried out following the washing of the cell monolayer and MNP removal 

to further ensure that interference would not occur. To determine the suitability of the multiparameter 

fluorescent kit we exposed cells to known cytotoxic agents. Controls such as valinomycin have been used 

since it is known to damage cell membranes and mitochondria [429], while tacrine is known to damage 

lysosome vesicles [430]. The results demonstrated that the fluorescent dyes could be used in HCSA to 

accurately identify changes in cell count, cell membrane permeability, lysosomal mass/pH, and 

mitochondrial integrity, as shown in Figure 25 and Figure 72. Only when these tests were complete was it 

possible to start the cytotoxicity testing of the MNP.  

The cytotoxicity experiments demonstrated that the OD15 MNP, containing a magnetite core, was 

the least cytotoxic compound compared to all other MNP tested, as shown in Figure 27. The MF66 MNP, 

containing a maghemite core, demonstrated dose dependent toxicity in three cell lines, at the highest 

concentration of 200 µg/mL. Below this concentration the MF66 MNP did not induce cytotoxicity in four 

of the five cell lines tested and did not negatively affect normal cell proliferation and was retained in the 

study. The hydrodynamic diameter of MNP dispersed in cell culture medium containing 10% FBS were 

shown to increase in all formulations. This increase appeared to correlate with the degree of cellular uptake 

(Table 5, Figure 30 & Figure 31) and it was shown that the increase in hydrodynamic diameter was not a 

positive indicator for increased MNP instability in complete medium, with ADNH and MF66 MNP having 

the same increase in hydrodynamic diameter of 123 nm, with only ADNH MNP being highly unstable in 

solution (Figure 30). The surface charge of all MNP did not provide any additional information to explain 

the observed instability of the ADNH formulation. Both ASi and ADNH had an overall positive zeta 

potential with ASi being considerably more stable in solution. In fact it is known that positively charged 

MNP enter cells more readily than negatively charged MNP [277, 544, 545], and the results demonstrate 

this (Figure 30 & Figure 31). However, this does not infer that negatively charged nanomaterials do not 

enter cells as uptake of negatively charged MNP into lysosomes was observed (Figure 30 & Figure 31) and 

via the TEM-uptake study conducted by Dr Michele Chiappi, IMDEA, Madrid, Spain (Figure 33). An 

important pre-requisite for developing an MNP with intracellular drug delivery capabilities is knowing how 

rapidly uptake occurs, the method of uptake and where the nanomaterials reside, in order to design the 

nanomaterials to allow for triggered drug release. We have shown that OD15 MNP was taken up into cells 

within the first 30 minutes of exposure, with a maximal uptake observed at 24h. Uptake was via the active 

process of clathrin-mediated endocytosis and macropinocytosis, and was dependent on the size of the 

nanoparticle clusters on the surface of the cell [314]. The in vivo experimentation indicated that the MF66 

MNP could be detected by MRI and that soon after injection there was contrast observed within the liver, 
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which remained unchanged five weeks post exposure. Most importantly, this experiment demonstrated 

suitability of the MNP in vivo, with no observed adverse effects between the exposed and placebo injected 

animals (Figure 36).  

The cytotoxicity assay was further employed to determine the suitability of electrostatic and 

covalent drug functionalisation regimes as presented in chapter 4 (4.2 Results). Both formulations 

sufficiently led to the reduction in cell count but in order to design nanomaterials with controlled drug 

release capability, the covalent functionalisation was selected on account that a chemical bond is harder to 

break than an electrostatic interaction and would provide a more controlled method for drug release when 

exposed to a reducing environment (e.g., temperature, pH or mechanical) capable of cleaving the drug from 

the MNP surface. It has been demonstrated that electrostatic MNP can release the attached drug within 

minutes of being dispersed in cell culture medium [354]. The next consideration was the identification and 

selection of a linker molecule that could be used to attach the drug to the surface of the nanomaterials but 

upon release would liberate an unmodified and fully functional drug. Three pH sensitive linkers were 

investigated, one containing a carbamate group, a second containing a urea group and the third containing 

an imine group. All linkers contained a disulfide group but the linker containing the imine group had the 

additional capability of cleaving at both the disulfide moiety (reducing environment) to release the drug but 

also at the imine moiety (acidic pH) to liberate an unmodified drug. The added cleavage point in this linker 

may be one of the explanations behind the observed increase in cytotoxicity. This linker was adapted for 

the remainder of the study and was used for the attachment of gemcitabine onto the surface of the MNP 

while the O-linker was used for attachment of the N6L targeting peptide. Targeting of the nanomaterials 

using the N6L anticancer peptide was shown to increase the amount of MNP interacting with breast and 

pancreatic cells. From the outcome of the cytotoxicity assay, confirmation of MNP uptake via an increase 

in the lysosomal staining parameter compared to cells exposed to non-targeting formulations was possible. 

When both gemcitabine drug and N6L were functionalised onto the MNP the combined cytotoxic effect 

was greater than that observed in cells exposed to gemcitabine-MNP alone, and was most pronounced in 

the pancreatic cell lines. 

The evaluation of possible consequences caused by the accidental exposure to drug functionalised 

nanomaterials which can occur through direct skin contact, inhalation or ingestion can have serious health 

effects [546-549] was also carried out. Therefore, the focus was on identifying whether the engineered 

nanomaterials, functionalised with doxorubicin, gemcitabine and N6L could cause mitochondrial damage 

in the A549 lung cancer cell line, NIH-3T3 mouse fibroblast cell line, MCF-7 breast cancer cell line and 

MCF-10A breast-derived normal-like cell line. All MNP functionalised with doxorubicin caused 

mitochondrial damage in the majority of cell lines tested. In comparison, gemcitabine functionalised MNP 

did not cause the same degree of mitochondrial damage with OD15_N_Gem causing more mitochondrial 

toxicity compared to MF66_N_Gem. While mitochondrial damage can be considered a significant marker 

for increased risk in healthy individuals, the results obtained can also be considered favourable since uptake 

into tumour cells would allow for mitochondrial damage, which would directly starve the cell of energy 

and activate the irreversible cell death pathway [527]. The functionalised MNP tested in this thesis caused 

mitochondrial damage and was due to the functionalised chemotherapy agent. The reduction in cell count 

observed throughout this thesis was a result of apoptotic or necrotic cell death (Figure 81), which is also 
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attributed to the release of the functionalised chemotherapy agent. Since both doxorubicin and gemcitabine 

interact with DNA, we carried out genotoxicity testing using the OECD micronucleus guideline test to 

determine whether the nanomaterials had the capacity to cause substantial chromosomal alteration. While 

micronuclei were induced using colchicine, the MNP did not induce micronuclei formation over the course 

of the experiment, which translates into the absence of genotoxicity. 

 

6.2 Conclusion 

This study has demonstrated that the basic MNP (OD15 and MF66) do not induce acute cytotoxicity in a 

range of breast and pancreatic cell lines. The stepwise approach taken in this study enabled the in vivo 

testing of a single formulation to demonstrate sensitivity of MRI for MNP detection and to further 

investigate aspects of biocompatibility within the chosen small animal models. Implementation of the safe-

by-design three tiered approach described in this study (Figure 6) ensured that within the Multifun project, 

a reduced dependence on the use of animals for the screening of all engineered formulations was achieved 

without compromising the depth of the acquired information. In addition, the functionalisation of the 

biocompatible MNP with chemotherapeutic agents was shown to be highly effective at killing breast and 

pancreatic cell lines. Furthermore, it has been demonstrated for the first time that the HCSA-employed 

assay could be used as a positive indicator for MNP uptake, with an increase observed with cells exposed 

to N6L-functionalised MNP. It was shown that the MNP drug-functionalised anticancer effect could occur 

as a direct consequence of the chemotherapeutic drug interaction with cells dying via apoptotic or necrotic 

cell death pathways, and it was also identified that cytotoxicity could occur through mitochondrial damage. 

Finally, while genotoxicity is expected via the chemotherapy drug interaction with genomic and 

mitochondrial DNA, it was established that the engineered nanomaterials did not result in the formation of 

micronuclei, indicating the absence of genotoxicity. 

The findings of this thesis suggest that the stepwise approach employing a range of complementary 

techniques can be used for short term in vitro cytotoxicity and anticancer efficacy assessment, and long 

term in vivo biodistribution monitoring. Through implementation of the safe-by-design approach, four 

MNP formulations have been identified, which are capable of inducing anticancer effects (OD15_I_Doxo, 

MF66_I_Doxo, OD15_N_Gem, and MF66_N_Gem). 

 

6.3 Future work 

While the current work has presented a method to screen a broad range of nanomaterials to determine 

cytotoxic and genotoxic potential, it is in no way an exhaustive approach. More work is necessary to bring 

the manufactured materials by Multifun into the next technological readiness level. It would be beneficial 

to study the effect of long term MNP exposure in cells and monitor the onset of toxicity, which can be 

initiated through the degradation of MNP within intracellular organelles and the liberation of excess iron 

and/or components of the MNP coating agent. Iron-driven oxidation of proteins and lipids can be easily 

repaired, but the sustained exposure to iron within the cell can lead to subtle alteration of the mitochondrial 

DNA, via interaction between free iron and reactive oxygen species [491]. Therefore it is important to 

monitor any changes to mitochondrial DNA over longer periods, in excess of 72h as preliminarily 

conducted in this study, to determine whether engineered nanomaterials can induce mitochondrial toxicity 
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with long-term exposure. ROS production was analysed by WP3 partners and found not to be amplified 

following OD15 MNP exposure, using a fluorescent based approach. It would be of interest to analyse the 

activity of mitochondrial superoxide dismutase activation in response to ROS production, as it may provide 

a more sensitive assay to determine ROS production.  

Two major considerations with the exposure of cells to MNP, and which have not been 

investigated in this thesis, are the changes that may occur in transcription and translation. It would be 

interesting to carry out gene expression analysis pre- and post- MNP exposure. Disease specific arrays for 

a wide range of cancers are available on the market, and would enable to determine whether basic and 

functionalised MNP exposure could facilitate the activation of pro-apoptotic pathways and would allow for 

comprehensive analysis of a broad range of gene alterations. Cancers evolve and acquire the ability to 

survive according to the six hallmarks of cancer [550] (sustaining proliferative signalling, evading growth 

suppressors, activating invasion and metastasis, enabling replicative immortality, inducing angiogenesis, 

and resisting cell death), therefore it would be extremely interesting to screen whether the engineered MNP 

could affect the many processes that support cancer survival such as the inhibition of aerobic glycolysis, 

inhibition of the proliferative signal, activation of growth suppressors, labelling of cancer cells for 

recognition by the immune system, inhibition of telomerase, repression of tumour-promoting inflammation, 

repression of invasion and metastasis, inhibition of tumour-driven angiogenesis, promotion of genomic 

instability and increased mutation in tumour cells and the ability to promote cell death. These can 

potentially be achieved through functionalisation of specific inhibitors and drugs on the surface of the MNP. 

It would be interesting to carry out MNP risk assessment using complex in vitro 3D tissue models, 

to evaluate the effect of exposure on a range of associated cells and the impact on tissue pathology in 

relation to the other cancer types such as lung cancer. Novel in vitro 3D primary human lung cell models 

have been available for many years by Epithelix Sàrl, with MucilAir™ as their flagship product for healthy 

3D tissue models. Their sister company Oncothesis, established in 2014, provides OncoCilAir™ as their 

flagship product, which incorporates lung adenocarcinoma cells within normal human lung fibroblasts. The 

sustained survival of these novel model systems would enable long term MNP exposure testing, with the 

ability to conduct repeat exposure experiments over many months. 

MNP in this study have shown limited blood circulation time, with rapid liver accumulation 

observed with maximum signal intensity three hours post injection (data not shown). The reticulocyte 

endothelial system is very efficient at removing circulating particulates with nanoparticle uptake observed 

in Kupffer cells [436, 437]. Therefore it would be beneficial to design nanomaterials that contain 

hydrophilic polymers that can resist opsonisation and removal from the circulation. Work has been initiated 

by Dr Morales of WP1 to design a long circulating OD15 MNP formulation containing different lengths of 

PEG polymer as a surface coat. It would be interesting to continue the development of this formulation and 

demonstrate longer circulation time and increased tumour bioavailability.  

HCSA has been instrumental in this project, it has provided a means to rapidly screen a variety of 

nanomaterials in multiple cell lines and the assay employed has proven useful in detecting changes in key 

cellular organelles. It would be important to further develop assays that could be used to observe real-time 

changes in cellular homeostasis and would be interesting to observe and document the onset and 
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progression of cardiac cell damage following exposure to doxoroubicin functionalised MNP, and to 

establish whether DMSA coated MNP provide a protective effect compared to other coated formulations.  

With regard to the current study, it would be beneficial to carry out comprehensive animal testing 

with exposure to sub-cytotoxic doses and cytotoxic doses of basic and functionalised MNP. Since the 

chemotherapy agents employed are known to affect genomic DNA and mtDNA, it would be interesting to 

carry out behavioural studies and determine whether adverse neurological events occur, such as reduced or 

increased neurotransmitter levels and neuronal cell death via mitochondrial damage following exposure to 

the functionalised MNP. It would also be interesting to study post-exposure liver function and kidney 

function by NMR spectroscopy, specifically recording changes in key metabolites such as lactate, alanine, 

sugars, and amino acids etc, owing to the fact that localisation to the liver was observed in this study and 

that the excretion of iron metabolites from the liver may be detected in the urine. 

Based on the findings of this thesis, the selected MNP have been successfully used in in vivo 

hyperthermia experiments by colleagues at the University of Jena, as part of WP5 of the Multifun project. 

Mouse models with subcutaneous tumours were intratumorally injected with MF66 MNP functionalised 

with N6L, Doxo, or N6L_Doxo and subjected to a series of hyperthermia treatments up to 28 days post 

injection. Reduction in tumour volume was observed in all animals injected with MNP and subjected to the 

hyperthermia regimen [354].  

Building on the success of the Multifun project, the European Commission has recently funded a 

continuation project (NoCanTher) which launched at the kick-off meeting on 01/04/2016, and is focused 

on the upscaling of the lead formulations identified in this thesis for early clinical phase testing. 
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Chapter 8: Appendices and supplemental material 

Appendix 1: Chapter 3 graphs 

 

Figure S1: MCF-7 cell line exposed to basic MNP to determine cytotoxic potential. 

MCF7 breast-derived cell line exposed to ASi, ADNH, OD10, PAA, F1566 MNP for 24 h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S2: BT-474 cell line exposed to basic MNP to determine cytotoxic potential. 

BT-474 breast-derived cell line was exposed to ASi, ADNH, OD10, PAA, F1566 MNP for 24 h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05.  
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Figure S3: MDA-MB-231 cell line exposed to basic MNP to determine cytotoxic potential. 

MDA-MB-231 breast-derived cell line was exposed to ASi, ADNH, OD10, PAA, F1566 MNP for 24 h. 

Cells were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. 

Variation in cell count, cell membrane permeability and lysosomal intensity were measured compared to 

untreated control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was 

determined using the one way ANOVA with Tukey post-test for each column compared to untreated 

control (CTRL(-)). p value: *** = <0.001, **=<0.01, *=<0.05.  
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Figure S4: SK-BR-3 cell line exposed to basic MNP to determine cytotoxic potential. 

SK-BR-3 breast-derived cell line was exposed to ASi, ADNH, OD10, PAA, F1566 MNP for 24 h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05.  
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Figure S5: MCF-10A cell line exposed to basic MNP to determine cytotoxic potential. 

MCF-10A breast-derived cell line was exposed to ASi, ADNH, OD10, PAA, F1566 MNP for 24 h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S6: MCF-7 cell line exposed to basic MNP to determine cytotoxic potential. 

MCF-7 breast-derived cell line was exposed to OD15 and MF66 MNP for 24 h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05.  
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Figure S7: BT-474 cell line exposed to basic MNP to determine cytotoxic potential. 

BT-474 breast-derived cell line was exposed to OD15 and MF66 MNP for 24 h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05. 
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Figure S8: MDA-MB-231 cell line exposed to basic MNP to determine cytotoxic potential. 

MDA-MB-231 breast-derived cell line was exposed to OD15 and MF66 MNP for 24 h. Cells were stained 

using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, 

cell membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-

)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05. 
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Figure S9: SK-BR-3 cell line exposed to basic MNP to determine cytotoxic potential. 

SK-BR-3 breast-derived cell line was exposed to OD15 and MF66 MNP for 24 h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05. 
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Figure S10: MCF-10A cell line exposed to basic MNP to determine cytotoxic potential. 

MCF-10A breast-derived cell line was exposed to OD15 and MF66 MNP for 24 h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05.  
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Appendix 2: Chapter 4 graphs 

 

 

Figure S11: Effect of Doxorubicin hydrochloride on viability of MCF-7 cell line. 

MCF-7 breast-derived cell line was exposed to free Doxorubicin hydrochloride for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S12: Effect of Doxorubicin hydrochloride on viability of MDA-MB-231 cell line. 

MDA-MB-231 breast-derived cell line was exposed to free Doxorubicin hydrochloride for 24h and 72h. 

Cells were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. 

Variation in cell count, cell membrane permeability and lysosomal intensity were measured compared to 

untreated control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was 

determined using the one way ANOVA with Tukey post-test for each column compared to untreated control 

(CTRL(-)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S13: Effect of Doxorubicin hydrochloride on viability of MCF-10A cell line. 

MCF-10A breast-derived cell line was exposed to free Doxorubicin hydrochloride for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S14: MCF-7 cell line exposed to MF66_Doxorubicin (electrostatic functionalisation). 

MCF-7 breast-derived cell line was exposed to MF66 MNP electrostatically functionalised with 

Doxorubicin for 24h and 72h. Cells were stained using the Cytotoxicity II HitKit™ and analysed using the 

InCell 1000 HCSA device. Variation in cell count, cell membrane permeability and lysosomal intensity 

were measured compared to untreated control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). 

Statistical significance was determined using the one way ANOVA with Tukey post-test for each column 

compared to untreated control (CTRL(-)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S15: MDA-MB-231 cell line exposed to MF66_Doxorubicin (electrostatic functionalisation). 

MDA-MB-231 breast-derived cell line was exposed to MF66 MNP electrostatically functionalised with 

Doxorubicin for 24h and 72h. Cells were stained using the Cytotoxicity II HitKit™ and analysed using the 

InCell 1000 HCSA device. Variation in cell count, cell membrane permeability and lysosomal intensity 

were measured compared to untreated control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). 

Statistical significance was determined using the one way ANOVA with Tukey post-test for each column 

compared to untreated control (CTRL(-)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S16: MCF-10A cell line exposed to MF66_Doxorubicin (electrostatic functionalisation). 

MCF-10A breast-derived cell line was exposed to MF66 MNP electrostatically functionalised with 

Doxorubicin for 24h and 72h. Cells were stained using the Cytotoxicity II HitKit™ and analysed using the 

InCell 1000 HCSA device. Variation in cell count, cell membrane permeability and lysosomal intensity 

were measured compared to untreated control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). 

Statistical significance was determined using the one way ANOVA with Tukey post-test for each column 

compared to untreated control (CTRL(-)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S17: MCF-7 cell line exposed to MF66_Doxorubicin (covalent functionalisation). 

MCF-7 breast-derived cell line was exposed to MF66 MNP covalently functionalised with Doxorubicin for 

24h and 72h. Cells were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 

HCSA device. Variation in cell count, cell membrane permeability and lysosomal intensity were measured 

compared to untreated control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical 

significance was determined using the one way ANOVA with Tukey post-test for each column compared 

to untreated control (CTRL(-)). p value: *** = <0.001, **=<0.01, *=<0.05. 

 

 



Appendix 2 

231 

 

 

Figure S18: MDA-MB-231 cell line exposed to MF66_Doxorubicin (covalent functionalisation). 

MDA-MB-231 breast-derived cell line was exposed to MF66 MNP covalently functionalised with 

Doxorubicin for 24h and 72h. Cells were stained using the Cytotoxicity II HitKit™ and analysed using the 

InCell 1000 HCSA device. Variation in cell count, cell membrane permeability and lysosomal intensity 

were measured compared to untreated control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). 

Statistical significance was determined using the one way ANOVA with Tukey post-test for each column 

compared to untreated control (CTRL(-)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S19: MCF-10A cell line exposed to MF66_Doxorubicin (covalent functionalisation). 

MCF-10A breast-derived cell line was exposed to MF66 MNP covalently functionalised with Doxorubicin 

for 24h and 72h. Cells were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 

HCSA device. Variation in cell count, cell membrane permeability and lysosomal intensity were measured 

compared to untreated control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical 

significance was determined using the one way ANOVA with Tukey post-test for each column compared 

to untreated control (CTRL(-)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S20: Effect of Doxorubicin hydrochloride on viability of MCF-7 cell line. 

MCF-7 breast-derived cell line was exposed to free Doxorubicin hydrochloride for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S21: MCF-7 cell line exposed to OD15. 

MCF-7 breast-derived cell line was exposed to OD15 MNP for 24h and 72h. Cells were stained using the 

Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05. 
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Figure S22: MCF-7 cell line exposed to OD15_N_Doxorubicin. 

MCF-7 breast-derived cell line was exposed to OD15_N_Doxorubicin MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S23: MCF-7 cell line exposed to OD15_O_Doxorubicin. 

MCF-7 breast-derived cell line was exposed to OD15_O_Doxorubicin MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S24: MCF-7 cell line exposed to OD15_I_Doxorubicin. 

MCF-7 breast-derived cell line was exposed to OD15_I_Doxorubicin MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S25: MCF-7 cell line exposed to MF66. 

MCF-7 breast-derived cell line was exposed to MF66 MNP for 24h and 72h. Cells were stained using the 

Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05. 
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Figure S26: MCF-7 cell line exposed to MF66_N_Doxorubicin. 

MCF-7 breast-derived cell line was exposed to MF66_N_Doxorubicin MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S27: MCF-7 cell line exposed to MF66_O_Doxorubicin. 

MCF-7 breast-derived cell line was exposed to MF66_O_Doxorubicin MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S28: MCF-7 cell line exposed to MF66_I_Doxorubicin. 

MCF-7 breast-derived cell line was exposed to MF66_I_Doxorubicin MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S29: Effect of doxorubicin hydrochloride on viability of MCF-10A cell line. 

MCF-10A breast-derived cell line was exposed to free doxorubicin hydrochloride for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S30: MCF-10A cell line exposed to OD15 MNP. 

MCF-10A breast-derived cell line was exposed to OD15 MNP for 24h and 72h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05. 
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Figure S31: MCF-10A cell line exposed to OD15_N_Doxorubicin. 

MCF-10A breast-derived cell line was exposed to OD15_N_Doxorubicin MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S32: MCF-10A cell line exposed to OD15_O_Doxorubicin. 

MCF-10A breast-derived cell line was exposed to OD15_O_Doxorubicin MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S33: MCF-10A cell line exposed to OD15_I_Doxorubicin. 

MCF-10A breast-derived cell line was exposed to OD15_I_Doxorubicin MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S34: MCF-10A cell line exposed to MF66 MNP. 

MCF-10A breast-derived cell line was exposed to MF66 MNP for 24h and 72h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S35: MCF-10A cell line exposed to MF66_N_Doxorubicin. 

MCF-10A breast-derived cell line was exposed to MF66_N_Doxorubicin MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 

 

 



Appendix 2 

249 

 

 

Figure S36: MCF-10A cell line exposed to MF66_O_Doxorubicin. 

MCF-10A breast-derived cell line was exposed to MF66_O_Doxorubicin MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S37: MCF-10A cell line exposed to MF66_I_Doxorubicin. 

MCF-10A breast-derived cell line was exposed to MF66_I_Doxorubicin MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S38: Effect of doxorubicin hydrochloride on viability of BxPC3 cell line. 

BxPC3 pancreatic-derived cell line was exposed to free doxorubicin hydrochloride for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S39: BxPC3 cell line exposed to OD15 MNP. 

BxPC3 pancreatic-derived cell line was exposed to OD15 MNP for 24h and 72h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S40: BxPC3 cell line exposed to OD15_N_Doxorubicin MNP. 

BxPC3 pancreatic-derived cell line was exposed to OD15_N_Doxorubicin MNP for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S41: BxPC3 cell line exposed to OD15_O_Doxorubicin MNP. 

BxPC3 pancreatic-derived cell line was exposed to OD15_O_Doxorubicin MNP for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S42: BxPC3 cell line exposed to OD15_I_Doxorubicin MNP. 

BxPC3 pancreatic-derived cell line was exposed to OD15_I_Doxorubicin MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S43: BxPC3 cell line exposed to MF66 MNP. 

BxPC3 pancreatic-derived cell line was exposed to MF66 MNP for 24h and 72h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S44: BxPC3 cell line exposed to MF66_N_Doxorubicin MNP. 

BxPC3 pancreatic-derived cell line was exposed to MF66_N_Doxorubicin MNP for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S45: BxPC3 cell line exposed to MF66_O_Doxorubicin MNP. 

BxPC3 pancreatic-derived cell line was exposed to MF66_O_Doxorubicin MNP for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 

 

 



Appendix 2 

259 

 

 

Figure S46: BxPC3 cell line exposed to MF66_I_Doxorubicin MNP. 

BxPC3 pancreatic-derived cell line was exposed to MF66_I_Doxorubicin MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S47: Effect of doxorubicin hydrochloride on viability of PANC1 cell line. 

PANC1 pancreatic-derived cell line was exposed to free doxorubicin hydrochloride for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05. 
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Figure S48: PANC1 cell line exposed to OD15 MNP. 

PANC1 pancreatic-derived cell line was exposed to OD15 MNP for 24h and 72h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S49: PANC1 cell line exposed to OD15_N_Doxorubicin MNP. 

PANC1 pancreatic-derived cell line was exposed to OD15_N_Doxorubicin MNP for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S50: PANC1 cell line exposed to OD15_O_Doxorubicin MNP. 

PANC1 pancreatic-derived cell line was exposed to OD15_O_Doxorubicin MNP for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S51: PANC1 cell line exposed to OD15_I_Doxorubicin MNP. 

PANC1 pancreatic-derived cell line was exposed to OD15_I_Doxorubicin MNP for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S52: PANC1 cell line exposed to MF66 MNP. 

PANC1 pancreatic-derived cell line was exposed to MF66 MNP for 24h and 72h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S53: PANC1 cell line exposed to MF66_N_Doxorubicin MNP. 

PANC1 pancreatic-derived cell line was exposed to MF66_N_Doxorubicin MNP for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S54: PANC1 cell line exposed to MF66_O_Doxorubicin MNP. 

PANC1 pancreatic-derived cell line was exposed to MF66_O_Doxorubicin MNP for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S55: PANC1 cell line exposed to MF66_I_Doxorubicin MNP. 

PANC1 pancreatic-derived cell line was exposed to MF66_O_Doxorubicin MNP for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S56: MCF-7 cell line exposed to NUCANT pseudopeptide. 

MCF-7 breast-derived cell line was exposed to NUCANT pseudopeptide for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S57: MCF-7 cell line exposed to OD15 MNP. 

MCF-7 breast-derived cell line was exposed to OD15 MNP for 24h and 72h. Cells were stained using the 

Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S58: MCF-7 cell line exposed to OD15_N6L MNP. 

MCF-7 breast-derived cell line was exposed to OD15_N6L MNP for 24h and 72h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S59: MCF-7 cell line exposed to MF66 MNP. 

MCF-7 breast-derived cell line was exposed to MF66 MNP for 24h and 72h. Cells were stained using the 

Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S60: MCF-7 cell line exposed to MF66_N6L MNP. 

MCF-7 breast-derived cell line was exposed to MF66_N6L MNP for 24h and 72h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S61: BT-474 cell line exposed to NUCANT pseudopeptide. 

BT-474 breast-derived cell line was exposed to NUCANT pseudopeptide for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S62: BT-474 cell line exposed to OD15 MNP. 

BT-474 breast-derived cell line was exposed to OD15 MNP for 24h and 72h. Cells were stained using the 

Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S63: BT-474 cell line exposed to OD15_N6L MNP. 

BT-474 breast-derived cell line was exposed to OD15_N6L MNP for 24h and 72h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S64: BT-474 cell line exposed to MF66 MNP. 

BT-474 breast-derived cell line was exposed to MF66 MNP for 24h and 72h. Cells were stained using the 

Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S65: BT-474 cell line exposed to MF66_N6L MNP. 

BT-474 breast-derived cell line was exposed to MF66_N6L MNP for 24h and 72h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S66: MDA-MB-231 cell line exposed to NUCANT pseudopeptide. 

MDA-MB-231 breast-derived cell line was exposed to NUCANT pseudopeptide for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S67: MDA-MB-231 cell line exposed to OD15 MNP. 

MDA-MB-231 breast-derived cell line was exposed to OD15 MNP for 24h and 72h. Cells were stained 

using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, 

cell membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-

)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S68: MDA-MB-231 cell line exposed to OD15_N6L MNP. 

MDA-MB-231 breast-derived cell line was exposed to OD15_N6L MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 

 



Appendix 2 

282 

 

 

Figure S69: MDA-MB-231 cell line exposed to MF66 MNP. 

MDA-MB-231 breast-derived cell line was exposed to MF66 MNP for 24h and 72h. Cells were stained 

using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, 

cell membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-

)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 

 

 



Appendix 2 

283 

 

 

Figure S70: MDA-MB-231 cell line exposed to MF66_N6L MNP. 

MDA-MB-231 breast-derived cell line was exposed to MF66_N6L MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S71: SK-BR-3 cell line exposed to NUCANT pseudopeptide. 

SK-BR-3 breast-derived cell line was exposed to NUCANT pseudopeptide for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S72: SK-BR-3 cell line exposed to OD15 MNP. 

SK-BR-3 breast-derived cell line was exposed to OD15 MNP for 24h and 72h. Cells were stained using the 

Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S73: SK-BR-3 cell line exposed to OD15_N6L MNP. 

SK-BR-3 breast-derived cell line was exposed to OD15_N6L MNP for 24h and 72h. Cells were stained 

using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, 

cell membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-

)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S74: SK-BR-3 cell line exposed to MF66 MNP. 

SK-BR-3 breast-derived cell line was exposed to MF66 MNP for 24h and 72h. Cells were stained using the 

Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S75: SK-BR-3 cell line exposed to MF66_N6L MNP. 

SK-BR-3 breast-derived cell line was exposed to MF66_N6L MNP for 24h and 72h. Cells were stained 

using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, 

cell membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-

)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S76: MCF-10A cell line exposed to NUCANT pseudopeptide. 

MCF-10A breast-derived cell line was exposed to NUCANT pseudopeptide for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S77: MCF-10A cell line exposed to OD15 MNP. 

MCF-10A breast-derived cell line was exposed to OD15 MNP for 24h and 72h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S78: MCF-10A cell line exposed to OD15_N6L MNP. 

MCF-10A breast-derived cell line was exposed to OD15_N6L MNP for 24h and 72h. Cells were stained 

using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, 

cell membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-

)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S79: MCF-10A cell line exposed to MF66 MNP. 

MCF-10A breast-derived cell line was exposed to MF66 MNP for 24h and 72h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S80: MCF-10A cell line exposed to MF66_N6L MNP. 

MCF-10A breast-derived cell line was exposed to MF66_N6L MNP for 24h and 72h. Cells were stained 

using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, 

cell membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-

)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S81: Effect of gemcitabine on viability of MCF-7 cell line. 

MCF-7 breast-derived cell line was exposed to gemcitabine chemotherapeutic drug for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S82: MCF-7 cell line exposed to OD15 MNP. 

MCF-7 breast-derived cell line was exposed to OD15 MNP for 24h and 72h. Cells were stained using the 

Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S83: MCF-7 cell line exposed to OD15_Gemcitabine MNP. 

MCF-7 breast-derived cell line was exposed to OD15_Gemcitabine MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 

 
 



Appendix 2 

297 

 

 

Figure S84: MCF-7 cell line exposed to OD15_N6L_Gemcitabine MNP. 

MCF-7 breast-derived cell line was exposed to OD15_N6L_Gemcitabine MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S85: MCF-7 cell line exposed to MF66 MNP. 

MCF-7 breast-derived cell line was exposed to MF66 MNP for 24h and 72h. Cells were stained using the 

Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S86: MCF-7 cell line exposed to MF66_Gemcitabine MNP. 

MCF-7 breast-derived cell line was exposed to MF66_Gemcitabine MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S87: MCF-7 cell line exposed to MF66_N6L_Gemcitabine MNP. 

MCF-7 breast-derived cell line was exposed to MF66_N6L_Gemcitabine MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S88: Effect of gemcitabine on viability of MCF-10A cell line. 

MCF-10A breast-derived cell line was exposed to gemcitabine chemotherapeutic drug for 24h and 72h. 

Cells were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. 

Variation in cell count, cell membrane permeability and lysosomal intensity were measured compared to 

untreated control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was 

determined using the one way ANOVA with Tukey post-test for each column compared to untreated control 

(CTRL(-)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S89: MCF-10A cell line exposed to OD15 MNP. 

MCF-10A breast-derived cell line was exposed to OD15 MNP for 24h and 72h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S90: MCF-10A cell line exposed to OD15_Gemcitabine MNP. 

MCF-10A breast-derived cell line was exposed to OD15_Gemcitabine MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S91: MCF-10A cell line exposed to OD15_N6L_Gemcitabine MNP. 

MCF-10A breast-derived cell line was exposed to OD15_N6L_Gemcitabine MNP for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S92: MCF-10A cell line exposed to MF66_N6L_Gemcitabine MNP. 

MCF-10A breast-derived cell line was exposed to MF66 MNP for 24h and 72h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S93: MCF-10A cell line exposed to MF66_Gemcitabine MNP. 

MCF-10A breast-derived cell line was exposed to MF66_Gemcitabine MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S94: MCF-10A cell line exposed to MF66_N6L_Gemcitabine MNP. 

MCF-10A breast-derived cell line was exposed to MF66_N6L_Gemcitabine MNP for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S95: Effect of gemcitabine on viability of BxPC3 cell line. 

BxPC3 pancreatic-derived cell line was exposed to gemcitabine chemotherapeutic drug for 24h and 72h. 

Cells were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. 

Variation in cell count, cell membrane permeability and lysosomal intensity were measured compared to 

untreated control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was 

determined using the one way ANOVA with Tukey post-test for each column compared to untreated control 

(CTRL(-)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S96: BxPC3 cell line exposed to OD15 MNP. 

BxPC3 pancreatic-derived cell line was exposed to OD15 MNP for 24h and 72h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S97: BxPC3 cell line exposed to OD15_Gemcitabine MNP. 

BxPC3 pancreatic-derived cell line was exposed to OD15_Gemcitabine MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S98: BxPC3 cell line exposed to OD15_N6L_Gemcitabine MNP. 

BxPC3 pancreatic-derived cell line was exposed to OD15_N6L_Gemcitabine MNP for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S99: BxPC3 cell line exposed to MF66 MNP. 

BxPC3 pancreatic-derived cell line was exposed to MF66 MNP for 24h and 72h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S100: BxPC3 cell line exposed to MF66_Gemcitabine MNP. 

BxPC3 pancreatic-derived cell line was exposed to MF66_Gemcitabine MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S101: BxPC3 cell line exposed to MF66_N6L_Gemcitabine MNP. 

BxPC3 pancreatic-derived cell line was exposed to MF66_N6L_Gemcitabine MNP for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S102: Effect of Gemcitabine on viability of PANC-1 cell line. 

PANC-1 pancreatic-derived cell line was exposed to gemcitabine chemotherapeutic drug for 24h and 72h. 

Cells were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. 

Variation in cell count, cell membrane permeability and lysosomal intensity were measured compared to 

untreated control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was 

determined using the one way ANOVA with Tukey post-test for each column compared to untreated control 

(CTRL(-)). p value: *** = <0.001, **=<0.01, *=<0.05 

 



Appendix 2 

316 

 

 

Figure S103: PANC-1 cell line exposed to OD15 MNP. 

PANC-1 pancreatic-derived cell line was exposed to OD15 MNP for 24h and 72h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S104: PANC-1 cell line exposed to OD15_Gemcitabine MNP. 

PANC-1 pancreatic-derived cell line was exposed to OD15_Gemcitabine MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S105: PANC-1 cell line exposed to OD15_N6L_Gemcitabine MNP. 

PANC-1 pancreatic-derived cell line was exposed to OD15_N6L_Gemcitabine MNP for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S106: PANC-1 cell line exposed to MF66 MNP. 

PANC-1 pancreatic-derived cell line was exposed to MF66 MNP for 24h and 72h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count, cell 

membrane permeability and lysosomal intensity were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S107: PANC-1 cell line exposed to MF66_Gemcitabine MNP. 

PANC-1 pancreatic-derived cell line was exposed to MF66_Gemcitabine MNP for 24h and 72h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S108: PANC-1 cell line exposed to MF66_N6L_Gemcitabine MNP. 

PANC-1 pancreatic-derived cell line was exposed to MF66_N6L_Gemcitabine MNP for 24h and 72h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count, cell membrane permeability and lysosomal intensity were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S109: Effect of Doxorubicin on viability and mitochondrial potential of A549 cell line. 

A549 lung epithelial-derived cell line was exposed to Doxorubicin for 12h, 24h and 36h. Cells were stained 

using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count 

and mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) and 1µM 

CdSe positive control (CTRL(+)). Statistical significance was determined using the one way ANOVA with 

Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = <0.001, 

**=<0.01, *=<0.05 

 



Appendix 3 

323 

 

 

Figure S110: Effect of Gemcitabine on viability and mitochondrial potential of A549 cell line. 

A549 lung epithelial-derived cell line was exposed to Gemcitabine for 12h, 24h and 36h. Cells were stained 

using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count 

and mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) and 1µM 

CdSe positive control (CTRL(+)). Statistical significance was determined using the one way ANOVA with 

Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = <0.001, 

**=<0.01, *=<0.05 
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Figure S111: Effect of N6L on viability and mitochondrial potential of A549 cell line. 

A549 lung epithelial-derived cell line was exposed to N6L for 12h, 24h and 36h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count and 

mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) and 1µM CdSe 

positive control (CTRL(+)). Statistical significance was determined using the one way ANOVA with Tukey 

post-test for each column compared to untreated control (CTRL(-)). p value: *** = <0.001, **=<0.01, 

*=<0.05 
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Figure S112: Effect of Doxorubicin on viability and mitochondrial potential of A549 cell line. 

A549 lung epithelial-derived cell line was exposed to Doxorubicin for 12h, 24h and 36h. Cells were stained 

using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count 

and mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) and 1µM 

CdSe positive control (CTRL(+)). Statistical significance was determined using the one way ANOVA with 

Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = <0.001, 

**=<0.01, *=<0.05 
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Figure S113: A549 cell line exposed to OD15_I_Doxorubicin MNP. 

A549 lung epithelial-derived cell line was exposed to OD15_I_Doxorubicin MNP for 12h, 24h and 36h. 

Cells were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. 

Variation in cell count and mitochondrial membrane potential were measured compared to untreated control 

(CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the 

one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: 

*** = <0.001, **=<0.01, *=<0.05 
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Figure S114: A549 cell line exposed to OD15_N6L_Gemcitabine MNP. 

A549 lung epithelial-derived cell line was exposed to OD15_N6L_Gemcitabine MNP for 12h, 24h and 

36h. Cells were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA 

device. Variation in cell count and mitochondrial membrane potential were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S115: A549 cell line exposed to MF66 MNP. 

A549 lung epithelial-derived cell line was exposed to MF66 MNP for 12h, 24h and 36h. Cells were stained 

using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count 

and mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) and 1µM 

CdSe positive control (CTRL(+)). Statistical significance was determined using the one way ANOVA with 

Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = <0.001, 

**=<0.01, *=<0.05 
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Figure S116: A549 cell line exposed to MF66_I_Doxorubicin MNP. 

A549 lung epithelial-derived cell line was exposed to MF6_I_Doxorubicin MNP for 12h, 24h and 36h. 

Cells were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. 

Variation in cell count and mitochondrial membrane potential were measured compared to untreated control 

(CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the 

one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: 

*** = <0.001, **=<0.01, *=<0.05 
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Figure S117: A549 cell line exposed to MF66_N6L_Gemcitabine MNP. 

A549 lung epithelial-derived cell line was exposed to MF6_N6L_Gemcitabine MNP for 12h, 24h and 36h. 

Cells were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. 

Variation in cell count and mitochondrial membrane potential were measured compared to untreated control 

(CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the 

one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: 

*** = <0.001, **=<0.01, *=<0.05 
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Figure S118: Effect of Doxorubicin on viability and mitochondrial potential of NIH-3T3 cell line. 

NIH-3T3 mouse fibroblast-derived cell line was exposed to Doxorubicin for 12h, 24h and 36h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count and mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S119: Effect of Gemcitabine on viability and mitochondrial potential of NIH-3T3 cell line. 

NIH-3T3 mouse fibroblast-derived cell line was exposed to Gemcitabine for 12h, 24h and 36h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count and mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S120: Effect of N6L on viability and mitochondrial potential of NIH-3T3 cell line. 

NIH-3T3 mouse fibroblast-derived cell line was exposed to N6L for 12h, 24h and 36h. Cells were stained 

using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count 

and mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) and 1µM 

CdSe positive control (CTRL(+)). Statistical significance was determined using the one way ANOVA with 

Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = <0.001, 

**=<0.01, *=<0.05 
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Figure S121: NIH-3T3 cell line exposed to OD15 MNP. 

NIH-3T3 mouse fibroblast-derived cell line was exposed to OD15 MNP for 12h, 24h and 36h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count and mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S122: NIH-3T3 cell line exposed to OD15_I_Doxorubicin MNP. 

NIH-3T3 mouse fibroblast-derived cell line was exposed to MF6_N6L_Gemcitabine MNP for 12h, 24h 

and 36h. Cells were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA 

device. Variation in cell count and mitochondrial membrane potential were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S123: NIH-3T3 cell line exposed to OD15_N6L_Gemictabine MNP. 

NIH-3T3 mouse fibroblast-derived cell line was exposed to MF6_N6L_Gemcitabine MNP for 12h, 24h 

and 36h. Cells were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA 

device. Variation in cell count and mitochondrial membrane potential were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S124: NIH-3T3 cell line exposed to MF66 MNP. 

NIH-3T3 mouse fibroblast-derived cell line was exposed to MF66 MNP for 12h, 24h and 36h. Cells were 

stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in 

cell count and mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) 

and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S125: NIH-3T3 cell line exposed to MF66_I_Doxorubicin MNP. 

NIH-3T3 mouse fibroblast-derived cell line was exposed to MF6_I_Doxorubicin MNP for 12h, 24h and 

36h. Cells were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA 

device. Variation in cell count and mitochondrial membrane potential were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S126: NIH-3T3 cell line exposed to MF66_N6L_Gemcitabine MNP. 

NIH-3T3 mouse fibroblast-derived cell line was exposed to MF6_N6L_Gemcitabine MNP for 12h, 24h 

and 36h. Cells were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA 

device. Variation in cell count and mitochondrial membrane potential were measured compared to untreated 

control (CTRL(-)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined 

using the one way ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-

)). p value: *** = <0.001, **=<0.01, *=<0.05 
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Figure S127: Effect of Doxorubicin on viability and mitochondrial potential of MCF-7 cell line. 

MCF-7 breast-derived cell line was exposed to Doxorubicin for 12h, 24h and 36h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count and 

mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) and 1µM CdSe 

positive control (CTRL(+)). Statistical significance was determined using the one way ANOVA with Tukey 

post-test for each column compared to untreated control (CTRL(-)). p value: *** = <0.001, **=<0.01, 

*=<0.05 
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Figure S128: Effect of Gemcitabine on viability and mitochondrial potential of MCF-7 cell line. 

MCF-7 breast-derived cell line was exposed to Gemcitabine for 12h, 24h and 36h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count and 

mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) and 1µM CdSe 

positive control (CTRL(+)). Statistical significance was determined using the one way ANOVA with Tukey 

post-test for each column compared to untreated control (CTRL(-)). p value: *** = <0.001, **=<0.01, 

*=<0.05 
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Figure S129: Effect of N6L on viability and mitochondrial potential of MCF-7 cell line. 

MCF-7 breast-derived cell line was exposed to N6L for 12h, 24h and 36h. Cells were stained using the 

Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count and 

mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) and 1µM CdSe 

positive control (CTRL(+)). Statistical significance was determined using the one way ANOVA with Tukey 

post-test for each column compared to untreated control (CTRL(-)). p value: *** = <0.001, **=<0.01, 

*=<0.05 
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Figure S130: MCF-7 cell line exposed to OD15 MNP. 

MCF-7 breast-derived cell line was exposed to OD15 MNP for 12h, 24h and 36h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count and 

mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) and 1µM CdSe 

positive control (CTRL(+)). Statistical significance was determined using the one way ANOVA with Tukey 

post-test for each column compared to untreated control (CTRL(-)). p value: *** = <0.001, **=<0.01, 

*=<0.05 

 
 



Appendix 3 

344 

 

 

Figure S131: MCF-7 cell line exposed to OD15_I_Doxorubicin MNP. 

MCF-7 breast-derived cell line was exposed to OD15_I_Doxorubicin MNP for 12h, 24h and 36h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count and mitochondrial membrane potential were measured compared to untreated control (CTRL(-

)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S132: MCF-7 cell line exposed to OD15_N6L_Gemcitabine MNP. 

MCF-7 breast-derived cell line was exposed to OD15_ N6L_Gemcitabine MNP for 12h, 24h and 36h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count and mitochondrial membrane potential were measured compared to untreated control (CTRL(-

)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S133: MCF-7 cell line exposed to MF66 MNP. 

MCF-7 breast-derived cell line was exposed to MF66 MNP for 12h, 24h and 36h. Cells were stained using 

the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count and 

mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) and 1µM CdSe 

positive control (CTRL(+)). Statistical significance was determined using the one way ANOVA with Tukey 

post-test for each column compared to untreated control (CTRL(-)). p value: *** = <0.001, **=<0.01, 

*=<0.05 
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Figure S134: MCF-7 cell line exposed to MF66_I_Doxorubicin MNP. 

MCF-7 breast-derived cell line was exposed to MF66_I_Doxorubicin MNP for 12h, 24h and 36h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count and mitochondrial membrane potential were measured compared to untreated control (CTRL(-

)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S135: MCF-7 cell line exposed to MF66_N6L_Gemcitabine MNP. 

MCF-7 breast-derived cell line was exposed to MF66_ N6L_Gemcitabine MNP for 12h, 24h and 36h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count and mitochondrial membrane potential were measured compared to untreated control (CTRL(-

)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S136: Effect of Doxorubicin on viability and mitochondrial potential of MCF-10A cell line. 

MCF-10A breast-derived cell line was exposed to Doxorubicin for 12h, 24h and 36h. Cells were stained 

using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count 

and mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) and 1µM 

CdSe positive control (CTRL(+)). Statistical significance was determined using the one way ANOVA with 

Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = <0.001, 

**=<0.01, *=<0.05 
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Figure S137: Effect of Gemcitabine on viability and mitochondrial potential of MCF-10A cell line 

MCF-10A breast-derived cell line was exposed to Gemcitabine for 12h, 24h and 36h. Cells were stained 

using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count 

and mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) and 1µM 

CdSe positive control (CTRL(+)). Statistical significance was determined using the one way ANOVA with 

Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = <0.001, 

**=<0.01, *=<0.05 
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Figure S138: Effect of N6L on viability and mitochondrial potential of MCF-10A cell line. 

MCF-10A breast-derived cell line was exposed to N6L for 12h, 24h and 36h. Cells were stained using the 

Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count and 

mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) and 1µM CdSe 

positive control (CTRL(+)). Statistical significance was determined using the one way ANOVA with Tukey 

post-test for each column compared to untreated control (CTRL(-)). p value: *** = <0.001, **=<0.01, 

*=<0.05 
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Figure S139: MCF-10A cell line exposed to OD15 MNP. 

MCF-10A breast-derived cell line was exposed to OD15 MNP for 12h, 24h and 36h. Cells were stained 

using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count 

and mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) and 1µM 

CdSe positive control (CTRL(+)). Statistical significance was determined using the one way ANOVA with 

Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = <0.001, 

**=<0.01, *=<0.05 
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Figure S140: MCF-10A cell line exposed to OD15_I_Doxorubicin MNP. 

MCF-10A breast-derived cell line was exposed to OD15_I_Doxorubicin MNP for 12h, 24h and 36h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count and mitochondrial membrane potential were measured compared to untreated control (CTRL(-

)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 

 
 



Appendix 3 

354 

 

 

Figure S141: MCF-10A cell line exposed to OD15_N_Gemcitabine MNP. 

MCF-10A breast-derived cell line was exposed to OD15_N_Gemcitabine MNP for 12h, 24h and 36h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count and mitochondrial membrane potential were measured compared to untreated control (CTRL(-

)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S142: MCF-10A cell line exposed to MF66 MNP. 

MCF-10A breast-derived cell line was exposed to MF66 MNP for 12h, 24h and 36h. Cells were stained 

using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation in cell count 

and mitochondrial membrane potential were measured compared to untreated control (CTRL(-)) and 1µM 

CdSe positive control (CTRL(+)). Statistical significance was determined using the one way ANOVA with 

Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = <0.001, 

**=<0.01, *=<0.05 
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Figure S143: MCF-10A cell line exposed to MF66_I_Doxorubicin MNP. 

MCF-10A breast-derived cell line was exposed to MF66_I_Doxorubicin MNP for 12h, 24h and 36h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count and mitochondrial membrane potential were measured compared to untreated control (CTRL(-

)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Figure S144: MCF-10A cell line exposed to MF66_N_Gemcitabine MNP. 

MCF-10A breast-derived cell line was exposed to MF66_N_Gemcitabine MNP for 12h, 24h and 36h. Cells 

were stained using the Cytotoxicity II HitKit™ and analysed using the InCell 1000 HCSA device. Variation 

in cell count and mitochondrial membrane potential were measured compared to untreated control (CTRL(-

)) and 1µM CdSe positive control (CTRL(+)). Statistical significance was determined using the one way 

ANOVA with Tukey post-test for each column compared to untreated control (CTRL(-)). p value: *** = 

<0.001, **=<0.01, *=<0.05 
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Appendix 4: Excitation and emission spectra 

 

Fluorescent dye excitation and emission profiles with filter sets and light source used. 

 

 

Figure S145: Hoechst 33342 spectrum. 

Hoechst 33342 was excited with a xenon lamp (black dotted line) using the indicated D360/40X excitation 

filter and HQ460/40M emission filter. 

 

 

Figure S146: Cell membrane permeability (YO-PRO-1) spectrum. 

YO-PRO-1 cell permeability dye was excited with a xenon lamp (black dotted line) using the indicated 

HQ480/40X excitation filter and HQ535/50M emission filter. 
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Figure S147: Lysotracker® Red spectrum. 

Lysotracker® Red dye was excited with a xenon lamp (black dotted line) using the indicated HQ565/30X 

excitation filter and HQ620/60M emission filter. 

 

 

Figure S148: MitoTracker® Orange spectrum. 

MitoTracker® dye was excited with a xenon lamp (black dotted line) using the indicated HQ535/50X 

excitation filter and HQ600/50M emission filter. 

 

 

Figure S149: Propidium Iodide spectrum. 

Propidium Iodide dye was excited with a 488 nm laser (vertical blue line) using a 585/40 emission filter 
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Figure S150: 7-AAD spectrum. 

7-AAD dye was excited with a 488 nm laser (vertical blue line) and fluorescence detected using a 670/long 

pass emission filter 

 

 

Figure S151: Annexin V FITC spectrum. 

Annexin V-FITC dye was excited with a 488 nm laser (vertical blue line) and fluorescence detected using 

a 533/30 emission filter. 


