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Abstract 

In women, breast cancer is the most frequently diagnosed neoplasm, with a 

recognised high mortality burden. Breast cancer cells adapt to the hypoxic 

tumoral environment by undergoing changes in metabolism, cell signalling, 

endo-lysosomal receptor uptake and recycling. The resulting hypoxic cell 

phenotype has the potential to undermine the therapeutic efficacy of 

nanomedicines designed for endocytic uptake and specific intracellular 

trafficking (Chapter 1). The aim of this thesis was to examine the impact of 

hypoxia and simulated reperfusion on the in vitro uptake and release of 

nanomedicines by human breast cancer cells. Cells were exposed to a 

hypoxic preconditioning treatment in 1% oxygen for 6 and 24 hours to induce 

temporal changes in the hypoxic circuit (e.g. HIF1α expression). The 

preconditioned cells were then dosed with nanoparticles for 45 or 180 

minutes emulating nanomedicine access following tumor reperfusion.  

Hypoxic preconditioning significantly increased nanoparticle retention by up 

to 10% when compared to normoxic cultures (p<0.001), with the greatest 

relative difference between normoxic and hypoxic cultures occurring with a 

45 minute dosing interval (Chapter 3). Similarly, 24 hours hypoxic 

conditioning significantly increased nanoparticle uptake, in MDA-MB-231 

cells, where HIF1α was partially inhibited by digoxin (p<0.001, Chapter 4). 

Exocytosis studies indicated that the preconditioned cells had a significantly 

increased nanoparticle efflux (up to 9%, p<0.001) when compared to 

normoxic cells (Chapter 3). Overall, this thesis has demonstrated that 

hypoxic preconditioning regulates both the endocytosis and exocytosis of 
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nanomedicines in human breast cancer cells (Chapters 3 and 4). 
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 2 

1 Introduction 
 

1.1 Background 

Breast cancer is still the most commonly diagnosed cancer, and cause of 

cancer death in women across Europe and worldwide, making up 25% and 

15% of all cancer diagnoses and deaths respectively, in 2012 (Ferlay et al. 

2013; McGuire, 2016). Here in Scotland, according to comprehensive 2016 

data (published 2018) from NHS Scotland (ISDScotland, 2018), it is the 

highest ranked of all newly diagnosed cancers in women, accounting for 

28.7% of total cancer diagnoses.  

 

The heterogeneous nature of breast cancer means it is as with many other 

cancers, classified via several criteria, based upon progression (clinical 

stage), size, invasiveness, cellular histology,  morphology and gene profiling 

(Schnitt, 2010; Sotiriou et al. 2003).  From a molecular therapeutics and 

treatment regimen perspective however, an important distinction can be 

made depending upon the tumour cell membrane receptor expression profile.  

Around 75% of invasive breast cancer express one or several of either 

oestrogen, progesterone and Her2 receptors (Lal et al. 2017; Mitri et al. 

2012).  Those expressing oestrogen or progesterone receptors are termed 

hormone receptor positive, and first line treatment can include agents like the 

oestrogen receptor competitive antagonist Tamoxifen→ or (in post 

menopausal women, and men), aromatase inhibitors.  Those overexpressing 

Her2 receptors may be treated with the Her2 receptor blocking monoclonal 
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antibody Trastuzumab (Herceptin) (Lal et al. 2017; Mitri et al. 2012), or 

Pertuzumab (Perjeta) (De Mattos-Arruda and Cortes, 2013). 

 

Around 15% of invasive breast cancers however, do not express those three 

hormone based receptors, and are accordingly termed triple negative breast 

cancer (Brenton et al. 2005).  Actual morbidity rates for triple negative breast 

cancer vary by population and ethnicity.  For example, in the United States of 

America, the actual incidence rate across all ethnicities is 15.5 per 100,000 

women, yet among non-hispanic black populations, the incidence is much 

higher at 27.2 per 100,000women (Kohler et al. 2015).  For treatment of triple 

negative, late stage and secondary (metastatic) breast cancer, there is still a 

dependency upon cytotoxic chemotherapeutic agents. Whilst such agents 

are effective in either limiting or slowing tumour growth, given their non-

specific cytotoxicity, they are often akin to a pharmacological ‘sledgehammer 

to crack a walnut’. 

 

A great deal of research therefore, has focused on developing methods for 

more selective targeting of such agents, and facilitating increased drug 

delivery to the tumour site, whilst minimizing the often damaging, systemic 

side effects. 

  

In tandem with this, over recent decades, innovative research has 

significantly expanded the scientific understanding of tumour biology, 

metastasis (spread from original tumour site) and oncological mechanisms.  
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From a pharmacological and drug development perspective, this has opened 

up the potential of new molecular therapeutic targets in the treatment of all 

cancers (Wigerup et al. 2016).  Equally, however, it has thrown up a 

challenge within drug development, to make best use of this new knowledge, 

most effectively, and in a time and cost effective manner (Juliano, 2013; 

Venditto and Szoka, 2013).  One major aspect of this challenge, is the 

recognised need to more fully understand how anticancer therapeutics 

interact within solid tumors, where cellular behavior and growth demonstrates 

radical differences from normal physiological healthy tissues and organs 

(Denison and Bae, 2012).  A fundamental driving force of significant changes 

seen with solid tumour cells, is the characteristic reduction in intracellular 

oxygen, termed hypoxia (Höckel and Vaupel, 2001).  Given the importance of 

intratumoral hypoxia, and its implications for effective therapeutic drug 

delivery, there is a considerable interest in fully exploring drug delivery within 

hypoxic tumour cells.  This study aims to develop a better understanding of 

how intratumoral hypoxia may influence the cellular uptake and efflux of a 

specific category of anticancer therapeutics.   In order to undertake this 

research, a background understanding of tumour hypoxia and its implications 

for tumour biology is required. 

 

1.2 The hypoxic tumour environment 

Solid tumours do not possess their own inherent vascular system, and as the 

characteristically sporadic, unregulated, neoplastic growth of a solid tumour 

increases, the diffusion distances for nutrients and oxygen become greater.  
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It has been shown that diffusion distances much greater than 100-150 µm 

(Thomlinson and Gray, 1955) leads to the development of regional or 

localised hypoxia within tumour cells (Figure 1.1).   

 

 

 

Vascular flow

Normoxia

Hypoxia

Normal cell 

Tumour cell 

120 µm

 

Figure 1.1 Development of diffusion limited intratumoral hypoxia.  As rapid 
tumor growth exceeds oxygen diffusion limits, hypoxic condition develop, 
leading to a cascade of cellular hypoxic adaptive changes. 
 

As tumour growth progresses, the developing tumour hypoxia leads to the 

formation of necrotic zones  (Brahimi-Horn et al. 2007; Harris, 2002). The 

hypoxia found in such neoplasms is highly variable (Dewhirst et al. 2008), 

depending upon tumour type, extent of growth, and diffusion distances from 

available blood vessels.  Research has demonstrated that diffusion limited 

hypoxia, depends upon factors such as vascular flow rate, oxygen tension, 
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tumor density, and vascular integrity (Helmlinger et al. 1997; Milotti et al. 

2017). 

 

There is no strict definition of hypoxia in physiological systems, because 

between and within different organs and tissue types, the normal 

physiological oxygen concentration is highly variable (Table 1.1). 
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Table 1.1 Table of values recorded for normal (and pathological) oxygen 
levels within various body tissues, exhibiting a high degree of inter and intra 
organ variability.  For reference, standard atmospheric partial pressure is 760 
mmHg, and oxygen partial pressure is ≈ 158 mmHg. 
 

Tissue/organ PO2  (mmHg) References 

Liver 
Periportal cells ≈ 45-50 

Perivenous cells ≈ 30-35 

(Jungermann and 

Kietzmann, 2000; 

Kietzmann, 2017) 

Bone 

Periosteum ≈ 50 

Endosteal sinusoid ≈ 13.5 

Bone marrow ≈ 7 - 29 

(Spencer et al. 2014; 

Harrison et al. 2002; 

Johnson et al. 2017) 

Kidney 72 (Müller et al. 1998) 

Breast (normal) 65 (median) (Vaupel et al. 2007) 

Breast (tumor) 10 (median) (Vaupel et al. 2007) 
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For example, assessing renocortical O2 partial pressure in living transplant 

patients, the physiological PO2 (partial pressure of Oxygen) in the kidney was 

in the region of 72 mmHg (9.5%) (Müller et al. 1998).  In another study, 

normal brain oxygenation levels were recorded as low as 4.4%, but were 

highly variable depending upon oxygen sensor location (Dings et al. 1998; 

Hoffman et al. 1996), and cerebral activity.  Similarly, with the liver, 

physiological oxygenation is highly variable, depending upon physical 

structure, blood vessel proximity and location of measurements.  Hepatic 

intracellular values range from 45-50 mmHg to 15-20 mmHg, depending 

upon arterial or venous proximity (Kietzmann, 2017).  

 

Therefore, it is not straightforward to define with certainty what might be 

termed the physiological ‘normoxia’ oxygen level, when compared with a 

hypoxic level within the same or cancerous tissue.  One study (Vaupel et al. 

1991), measured the median and mean PO2 in normal breast tissue to be 65 

mmHg, whereas within breast cancer tissue (stages T1b - T4) the median 

PO2 was 28mmHg. From the same study, almost 60% of all the breast 

tumours tested, possessed a PO2 less than or equal to 2.5 mmHg within 

some regions.  Further work has shown that hypoxic regions can be found in 

25-40% of invasive breast cancer (Lundgren et al. 2007).   However, more 

recently, it was demonstrated that those earlier PO2 measurements could be 

misleading due to potential misplacement of oxygen electrodes, thereby 

leading to artificially higher recorded PO2 measurements within tumour 

tissue. A subsequent meta-analysis of breast tumour PO2 measurements 
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performed using ultrasound-guided oxygen electrodes, demonstrated a 

median PO2 of 10 mmHg, within breast tumour tissue (Vaupel et al. 2007). 

 

The key aspect regarding understanding of hypoxia within both normal tissue 

and tumours, is that it is a level of oxygenation which is below that which 

might be expected under physiological conditions.  Most importantly, the 

level of oxygenation is below the physiological requirements of a given 

tissue, to the extent that cellular adaptations and metabolic changes are 

induced.  It is that adaptive process to hypoxia within tumour cells, which is 

of greatest importance to altered tumour biology, with implications for drug 

delivery, and will be considered next. 

 

 

1.3 Cellular adaptations to intratumoral hypoxia 

For tumour cells to survive in such a stressful hypoxic environment, there is a 

requirement for considerable alterations to tumour cell metabolism.  A 

cascade of genomic, proteomic and metabolic changes occur, principally 

driven via the hypoxia inducible factor (Greer et al. 2012; Semenza and 

Wang, 1992; Wang et al. 1995) (HIF) family of transcription factors.  This 

results in an altered tumour cell phenotype, able to exist and proliferate at 

lower oxygen/nutrient levels.  This hypoxic tumour cell phenotype has been 

shown to possess greater metastatic potential (Brizel et al. 1996; Gilkes and 

Semenza, 2013; Semenza, 2015; Vaupel et al. 2004), increased resistance 

to treatment especially via upregulation of the major drug resistance 1 gene 
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(Comerford et al. 2002; Samanta et al. 2014), an association with a clinically 

aggressive breast cancer phenotype (Yamamoto et al. 2007) and to be 

clinically and experimentally more resistant to ionising radiation therapy 

(Moeller et al. 2007; Shannon et al. 2003; Vaupel et al. 2001). 

 

Of the HIF family of three transcription factors responsible for this hypoxic 

adaptation, the greatest current knowledge relates to HIF1, and its role in the 

hypoxic tumour response.  In its functional form as a transcription factor, 

HIF1 exists as a heterodimer, consisting of an α and β subunit (Wang et al. 

1995).  The β subunit (also known as the aryl hydrocarbon receptor nuclear 

translocator (ARNT1) (Wang and Semenza, 1995), is a constitutively 

expressed nuclear protein. In contrast, the α subunit, in the presence of 

oxygen is hydroxylated at two prolyl residues (P402 and P564) located within 

the N-terminal oxygen dependent degradation domain (ODD).  This chemical 

modification occurs in an oxygen dependent manner via a family of three iron 

(Fe2+) and α-ketoglutarate dependent dioxygenases, designated prolyl 

hydroxylase domain enzymes (PHD) 1, 2 and 3.  Importantly, since HIF1β is 

constitutively expressed, it is the presence of the unhydroxylated 1α sub-unit, 

which is the primary determinant of transcriptional activation of heterodimeric 

HIF1.  

 

In the presence of oxygen, hydroxylation of HIF1α, allows its binding with von 

Hippel-Lindau tumour suppressor protein as part of the E3 ubiquitin ligase 

complex, leading to HIF1α polyubiquitination, and subsequent degradation 
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via the 26S proteasome (Kaelin and Ratcliffe, 2008).   The prolyl 

hydroxylases (PHDs) involved, principally PHD2 (Berra et al. 2003), have an 

absolute requirement for O2, α-ketoglutarate, and Fe2+ as co-factors (Kaelin 

and Ratcliffe, 2008), and so, during hypoxia, where oxygen tension is low, 

degradation of the α subunit may be attenuated.   

 

This inhibition of prolyl hydroxylation of HIF1α, with even short periodic 

hypoxia, leads to rapid HIF1α accumulation (Yuan et al. 2005), translocation 

to the nucleus (Depping et al. 2008), followed by formation of an active 

dimeric HIF1 complex together with the β sub-unit and recruitment of the 

transcription cofactors P300 and CBP (Ruas, 2005) .  This transcriptionally 

active HIF1 dimeric complex, then binds to a highly conserved consensus 

sequence (G/A CGTG) in the promoter region of target genes called the 

hypoxic response element (HRE) (Semenza et al. 1996). A further 

dioxygenase enzyme, which appears to form part of the HIF1α regulatory 

circuit, is factor inhibiting HIF1 (FIH1).  This can hydroxylyse asparagine 803 

in the HIF1α subunit, thereby blocking its interaction with P300 and CBP 

(Lando, 2002; Mahon et al. 2001), and potential transcriptional activity.  FIH1 

has a higher affinity and therefore lower Km for oxygen than the prolyl 

hydroxylase domain enzymes (Hirsilä et al. 2003).  Therefore, at low oxygen 

levels, where PHD2 is inhibited, FIH1 may still influence HIF1α 

transcriptional activity via arginine hydroxylation (Kaelin and Ratcliffe, 2008; 

Koivunen et al. 2004). 
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Two other members of the HIF family have been documented, HIF 2α and 

HIF3α, with variable sequence homology to HIF1α. Each forms an active 

transcriptional factor via binding with HIFβ, as is the case with HIF1.  The 

roles of HIF2 and HIF3, are still under investigation, although it seems that 

HIF2 has related functionality to HIF1 (Lau et al. 2007), with a distinct HIF1 

inhibitory role for HIF3 (Makino et al. 2007). 

 

Thus, in normoxia, HIF1α is effectively degraded, but in hypoxia, with the 

failure of PHDs, and other factors, HIF1α and its β subunit, together, act via 

the HRE to promote key gene transcription, responsible for the cellular 

response to hypoxia (Figure 1.2).   
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Figure 1.2 The key effector of cellular response to alterations in oxygen level, HIF1α, is continually broken down via the 
degradation pathway indicated in black arrows.  In Hypoxia (red arrows), HIF1α translocates to the nucleus, where in 
combination with HIFβ, induces cellular adaptations via the hypoxic response element. 
 



 14 

 

It is interesting to note, that the Fe2+  which forms part of the catalytic centre 

of PHDs, can be displaced by cobalt from cobalt chloride, leading to 

enzymatic inhibition.  This inhibition of PHD prolyl hydroxylation activity, 

prevents proteasomal breakdown of HIF1α, leading to its intracellular 

accumulation even in the presence of oxygen (Epstein et al. 2001; Yuan et 

al. 2003). 

 

There are currently over 800 human genes identified that are influenced by 

hypoxic induction factors (Schodel et al. 2011), and HIF may also influence 

other genes through its interaction with genes responsible for micro RNA's 

(Crosby et al. 2009).  Aside from increasing invasiveness (Chan and Giaccia, 

2007), angiogenesis (Liao and Johnson, 2007), cell growth and metastatic 

potential (Carnero and Lleonart, 2015; Indelicato et al. 2010; Sullivan and 

Graham, 2007), gene expression altered by hypoxia directs major changes to 

cellular metabolism and energy.   

 

HIF1 achieves changes in tumour cell energy production, via amongst 

others, altered expression of genes such as PDK1 that encodes for the 

enzyme pyruvate dehydrogenase kinase 1(PDK1).  This enzyme inactivates 

pyruvate dehydrogenase via phosphorylation, thereby preventing conversion 

of pyruvate to acetyl CoA, for entry into the Krebs cycle (Kim et al. 2006; 

Papandreou et al. 2006).  Similarly, with LDHA, which encodes for lactate 

dehydrogenase A (LDHA), which converts pyruvate to lactate (Semenza et 
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al. 1996). These, in conjunction with several other genes, such as those for 

the glucose transporters GLUT1 and GLUT3, help shift cellular metabolism 

further away from O2 dependent oxidative Phosphorylation, and towards 

glycolysis, with subsequent potential for less efficient ATP synthesis 

(Semenza, 2013).   

 

Oxidative phosphorylation with reduced O2 tension, results in the formation of 

reactive oxygen species (ROS), such as superoxide (02
-).  Originally, it was 

thought that the lack of oxygen during hypoxia provoked the shift from 

oxidative phosphorylation to glycolysis, although it has been suggested 

(Semenza, 2012a), that the shift to glycolysis, could be a cellular protective 

mechanism against superoxide driven cellular damage.  Despite descriptions 

of this glycolytic shift in metabolism having been first described in 1924 

(Devic, 2016; Warburg, 1956), the exact nature of these hypoxia induced 

metabolic changes, is still not entirely clear. 

 

Overall, as the key effector of cellular hypoxic adaptation, and its influence 

within cancerous cells, elevated HIF1α levels have been shown to be a stand 

alone negative prognostic indicator in breast cancer, in a number of research 

studies (Kronblad et al. 2006; Trastour et al. 2007; Yamamoto et al. 2007). 

 

Despite the many cellular adaptations in response to hypoxia, the 

fundamental imbalance between the molecular demands of rapidly 

proliferating tumor cells and the deficient oxygen and nutrient supply usually 
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persists. Indeed, the principle exacerbating factor is rapid tumour cell 

proliferation and growth, driven partly by hypoxic adaptive changes.  The 

mechanism, angiogenesis, which directly addresses this imbalance via 

neovascularisation of hypoxic tumor cells, is of great significance.  Not only 

are angiogenesis and neovascularisation influential to tumor survival and 

proliferation, but also, by their inherent nature, to the development and 

successful delivery of anti cancer therapeutics. 

 

 

1.4 Intratumoral angiogenesis 

Tumour cells respond to hypoxia via co-ordinated molecular signalling to 

alter the existing physiological blood supply, amending its growth, leading to 

angiogenesis and vascular diversion to the tumour tissue.  Without this 

process, solid tumours may not grow much beyond 1-2 mm3 (Folkman, 

2003), and so this angiogenesis, driven by tumour hypoxia is an important 

step in tumour development.   It was Judah Folkman in 1971 (Folkman, 

1971), who first elucidated this fundamental aspect of tumor development, 

demonstrating the close link between vascular development and tumor 

proliferation. Unlike normal, physiological blood vessel development, which is 

tightly regulated, tumour angiogenesis is a poorly regulated, uncoordinated 

process.   

 

The tumoral angiogenesis induced by the hypoxic environment found within 

solid tumors, has a number of consequences in terms of therapeutic drug 
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delivery. Tumor angiogenesis, as a consequence of hypoxia, is effected via 

the release of a number of growth factors from tumor cells including, vascular 

endothelial growth factor (VEGF) (Forsythe et al. 1996; Shweiki et al. 1992), 

platelet derived growth factor β and angiopoeitin – 2 (Kelly, 2003). This 

produces a defective vascular network which develops around and within 

solid tumours, characterised by blind ends, tortuous routing, arteriovenous 

shunts, and irregular vessel structure with ineffective basement membrane 

and tight junctions (Konerding et al. 1999; Vaupel et al. 1989). This 

ineffective angiogenesis, and a lack of hierarchical structure, results in poor 

perfusion, punctuated by periodic low or negative blood flow (or plasma only 

flow), stasis and thrombosis, all of which have implications for successful 

cancer drug delivery.  

 

The inability of tumors to fully develop a co-ordinated, fully functional 

vascular bed in itself, rather than resolving hypoxia, can excacerbate or lead 

to a continuation of inadequate, highly variable oxygenation.  Within that 

multifactorial milieu, tumor cell hypoxia is now divided into two distinct 

categories (Bayer et al. 2011).  Acute (or cycling) hypoxia is caused by 

vessel occlusion, or sudden obstruction due to thrombus, or tumor cell 

growth, whereas chronic hypoxia is due to increasing diffusion distances of 

tumor cells from an effective blood supply.  As a consequence, with acute 

hypoxia, oxygen delivery can be halted and re-continued from minute to 

minute producing short periodic reperfusion via so-called vascular bursts.  In 

contrast, chronic hypoxia, due to limited diffusion through tumour cellular 
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masses, is resolved over a period of days via increased vascular growth and 

development.  These two classifications of tumor hypoxia can be further 

subdivided, via a number of criteria (Bayer et al. 2011), but that is beyond the 

scope of this research.  From a pharmaceutics and drug delivery perspective, 

it is the way in which this dysfunctional intratumoral vascular development, 

together with hypoxia may diminish or enhance the delivery of 

chemotherapeutic agents, which is of most interest.  

 

Possibly the most important opportunity presented by the poorly developed 

and ineffective tumoral vasculature to enhance drug delivery, is what is 

termed the enhanced permeability and retention effect. 

 

   

1.5 Enhanced permeability and retention effect 

 

The highly permeable tumour vasculature can allow the free transit of 

macromolecules into the tumor interstitium.  This can lead to a passive 

selectivity of tumor tissue for macromolecular drug complexes when 

compared with normal tissues and organs. This passive process, termed the 

enhanced permeability and retention effect (EPR) (Matsumura and Maeda, 

1986; Maeda et al. 2013) , due to the increased endothelial permeability and 

reduced lymphatic drainage found within the tumour environment, has been 

shown (Seymour et al. 1994)  to selectively increase macromolecular drug 



 19 

delivery and accumulation in the tumour extracellular matric (ECM) 

compared to normal tissues.  

 

Numerous technologies have been developed for joining or enveloping 

chemotherapeutic agents, to create macromolecular structures, with the aim 

of taking advantage of the EPR effect. Ideally such macromolecules would, in 

vivo, exhibit increased retention within tumour tissue when compared to 

normal tissues, thereby reducing systemic cytotoxicity yet similar or better 

efficacy, with a lower overall dose.  Due to the fact that the dimensions of 

most macromolecular therapeutics suitable for this fall within the nanometer 

scale, they are referred to as nanomedicines. 

 

 

1.6 Nanomedicines  

Therapeutic small molecules used to treat cancer are often hydrophobic, with 

limited aqueous solubility, non-specific cytotoxicity, and non-directed 

biodistribution.  Burdened with narrow therapeutic indices, and severe toxic 

side effects, such molecules often possess limited potential for prolonged 

dosing and effective long-term treatment of tumours.   A good example of 

such a scenario, is with the effective anticancer cytotoxic anthracycline, 

doxorubicin.  One of the major limitations of this drug in the treatment of 

cancer is cardiomyopathy and heart failure which the drug can cumulatively 

induce (Chatterjee et al. 2010; Ewer et al. 2004). To an extent this cytotoxic 

effect is reduced with the pegylated liposomal version of doxorubicin (Muggia 



 20 

et al. 2018).  This nanomedicine called Doxil (Figure 1.3), leads to reduced 

cardiac side effects principally via selective accumulation of the active drug 

doxorubicin outside cardiac tissue and in tumour tissue (O'Brien et al. 2004). 

The benefits include increased treatment duration, and potential for repeated 

dosing over time.  However, Doxil itself, has its own, albeit less permanent 

and damaging, side effects, including severe desquamating dermatitis, 

commonly referred to as ‘foot and hand syndrome’ (Barenholz, 2012).  

Similarly, the successful anticancer compound paclitaxel, with limited 

solubility, is typically administered together with a toxic excipient, Cremophor 

(a mixture of ethanol and polyethylated castor oil), to enhance solubility.  The 

severe side effects of this excipient are avoided by the enhanced solubility of 

the albumin based nanomedicine formulation of paclitaxel, Abraxane 

(Gradishar et al. 2005; Gradishar, 2008; O’Shaughnessy et al. 2013). 
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Figure 1.3 Schematic diagram of Doxil.  The anticancer anthracycline, 
doxorubicin, encapsulated within liposomal nano-sized spheres, coated with 
methoxypolyethylene glycol.  Results in enhanced circulatory stability, 
reduced systemic toxicity and increased intratumoral accumulation. Source; 
(Engelberth et al., 2014). 
 

Nanomedicines, where such small molecule (and other) anticancer 

therapeutics are incorporated with, or encapsulated in, biocompatible 

nanoscale particles, liposomes or polymers, have for many years offered 

potential as alternatives for tumoritropic drug delivery. Rational, evidence 

based chemical engineering and design of the polymer incorporated into the 

nanomedicine, can ensure improved biodistribution, pharmacokinetics, and 

solubility, whilst leaving the small molecule therapeutic unchanged (Duncan 

and Richardson, 2012).  In addition, suitably developed nanomedicines will 

exhibit improved passive tumour selectivity, taking advantage of the 

enhanced permeability and retention effect (Prabhakar et al. 2013). Based 
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upon a number of delivery technologies, nanomedicines can be divided into a 

number of categories (Table 1.2).   

 

Table 1.2  Categories of nanomedicine technologies, and relevant anticancer 
nanomedicines. Those marked experimental*, currently have no licensed 
application in cancer therapy.  Sources : (Natfji et al. 2017; Ventola, 2017) 

Nanomedicine category 
Licensed anticancer 

nanomedicine 

Antibody-drug conjugates Trastuzumab 

Liposomes Doxil 

Polymeric micelles Experimental* 

Polymer-drug conjugates Experimental* 

Polymer-protein conjugates Oncaspar (not solid tumours) 

Metal nanoparticles Experimental* 

 

Such nanomedicines have come to the fore in oncology therapeutics in 

recent years, as they can be engineered to selectively target (active or 

passive) tumour cells.  Good examples of nanomedicines exhibiting passive 

tumoral selectivity are Doxil and Abraxane.  Given, by their nature, the 

cytotoxicity and poor solubility of many cancer drugs, such an effect is of 

considerable advantage, reducing systemic toxicity, raising efficacy, 

increasing the therapeutic index and potentially improving clinical outcomes. 

There is however, no strict definition of nanomedicines, as discussed by 

Duncan and Gaspar, (2011).  The term nanomedicine, is derived as a 



 23 

translation of the chemical definition (IUPAC) of nanoparticles, being 

particles with dimension of 1-100 nm. The term nanomedicine, however, is 

used with considerably greater flexibility, extending beyond the 100 nm upper 

dimension, because larger particles may still possess the physico chemical 

properties and desirable therapeutic characteristics required for drug 

delivery.  In addition, some nanomaterials exhibit extreme aspect ratios, 

owing to their irregular shape.  Gold nanorods, for example, with 

nanomedicine potential, can have a diameter of 10 nm, yet considerable 

dimensions to their length, with aspect ratios of 1.5 to 11 (Yu et al. 1997).   

Two authors with an extensive pedigree within this field, Duncan and 

Richardson, (2012), have gone further in consideration of this ambiguity over 

terminology, and described nanomedicines as "specifically engineered, 

nanosized drugs and drug delivery systems composed of at least 2 

components (often they have many more)." (Duncan and Richardson, 2012). 

 

Equally important, on a cellular level, the uptake of nanomedicines into 

individual tumor cells, is principally via the process of endocytosis, and in any 

discussion of nanomedicine development a basic understanding of this 

process is required. 

 

1.7 Endocytosis. 

Cellular uptake of nanomedicines by tumour cells is almost exclusively via 

endocytosis.  This has the advantage of not relying upon diffusion or active 



 24 

transport across the plasma membrane, which thereby may alleviate the 

problem of major drug resistance (Kirtane et al. 2013). 

 

In recent years the knowledge base regarding the endocytic process, has 

expanded considerably, not least due to the understanding that endocytic 

pathways, rather than merely being transportation mechanisms, actually play 

an important role within cellular dynamics, molecular organisation and 

regulation (Conner and Schmid, 2003; Scita and Di Fiore, 2010).  This 

expanded knowledge base regarding endocytosis, has occurred at a time 

when research into nanomedicines has also increased.  Given the nature of 

such drug design and development, the need for a greater understanding of 

the intracellular trafficking of drug loaded nanoparticles or nanomedicines 

within endocytic pathways, is of considerable importance.  

 
Endocytosis is a process whereby select areas of mammalian cell 

membranes can internalise, taking extracellular, or membrane bound 

materials, macromolecules, nanoparticles or ligand/receptor complexes with 

them (Figure 1.4).  The terminology used to describe endocytic pathways is 

cumbersome, with similar aspects described in differing ways.  In essence, 

there are two overall types of cellular uptake, phagocytosis and pinocytosis.  

Phagocytosis is a process reserved for specialised cell types such as 

macrophages, and will not be discussed here. Pinocytosis, which literally 

means ‘cell drinking’, is subdivided into several groupings dependent upon 
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the molecules involved. From this there are two main groupings, clathrin-

mediated and non clathrin-mediated.  

 
 
Figure 1.4 A simplified schematic diagram, illustrating cellular uptake 
mechanisms.  Phagocytosis is reserved for specific cell types such as 
macrophages and neutrophils.  Pinocytosis includes several of the uptake 
mechanisms important to nanomedicine uptake, as described in the text.  
Abbreviations: CLIC, clathrin independent carriers; ccv, clathrin coated 
vesicles; MVP, multivesicular body; GEEC, Gpi anchored protein enriched 
compartment.  Source : (Sahay et al. 2010).  
 

The endocytic pathway that is to date the best understood, and most studied 

is clathrin-mediated endocytosis. For this, the protein clathrin from the 

cytosol, is transferred via mediator proteins to the internal cell membrane, 

where in triskelion form, it polymerises to form clathrin coated pits (concave 

invaginations of the plasma membrane) (Doherty and McMahon, 2009; 

Schmid and McMahon, 2007). As the process continues, the clathrin coated 
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invagination deepens, and is then released internally from the cell membrane 

via activity of the helical scission protein, dynamin.  This pulls the opposite 

sides of the membrane invagination together into apposition, ultimately 

leading to its separation from the plasma membrane in the form of a clathrin 

coated vesicle, around 50-100 nm in size.  These vesicles ultimately may 

fuse with specialized internal vesicles or organelles, such as the early 

endosome, then with another type of vesicle, termed the sorting endosome 

leading to recycling to the cell surface via exocytosis.  Alternatively, the 

clathrin coated vesicle may fuse with the early endosome, which then 

transitions to form the late endosome, and delivery to the lysosome.  

 

Clathrin-mediated endocytosis, is really an umbrella term for a particularly 

diverse grouping of internalization mechanisms, with part of that diversity 

arising from the range of potential adapter proteins that may be involved.  

Clathrin by itself cannot bind to the plasma membrane, and several adapter 

proteins are involved (Reider and Wendland, 2011). It is these alternate 

adapter proteins, such as adapter protein 2 (AP2) or β-arrestin (Gurevich and 

Gurevich, 2006), Numb (Santolini et al. 2000), which are believed to be part 

responsible for the diversity of cargo uptake and intracellular trafficking which 

is a feature of clathrin mediated endocytosis (Andersson, 2011). In the 

specific instance of breast cancer, however, many of these molecular 

interactions during endocytosis are altered. The adapter protein Numb 

(Santolini et al. 2000), for example, is often found under-expressed in breast 
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and other tumours, where its absence has been shown to be a negative 

prognostic indicator (Pece et al. 2004). 

 

Other pathways of endocytosis, are less well understood, with the key 

molecular events not yet fully defined. Caveolae-mediated endocytosis (Drab 

et al. 2001), in a similar manner to CME, also sees concave curving and 

internalisation of the cell membrane, however, the key protein involved is not 

clathrin, but caveolin 1. This protein polymerises at the plasma membrane, 

forming deep concave pits or caveolae ('little caves'), around 60-80 nm in 

size.  These caveolae together with another protein, cavin, are subsequently 

internalised, and separated from the cell membrane via the scission protein 

dynamin, as with clathrin mediated endocytosis.   

 

Other endocytic pathways that do not involve clathrin or caveolin such as 

arf6 dependent endocytosis, GPI-anchored protein enriched early endosomal 

compartment (CLIC-GEEC) endocytosis, flotillin dependent endocytosis and 

other (Doherty and McMahon, 2009), are still less well understood.    

 

The important point in relation to nanomedicine development, however, is 

that such endocytic mechanisms operate continuously, bringing nutrients, 

hormones and other signaling molecules into the cell, whilst also recycling 

membrane receptors and other cargoes back to the cell membrane via 

exocytosis. It is these endocytic pathways, which rational nanomedicine 

design aims to exploit. Ultimately, the goal is specific direct tumor cell entry, 
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specific intracellular localisation and compartment/organelle specific drug 

release. 

 

The key pathways for nanomedicine uptake, according to current knowledge, 

appear to be mainly clathrin and caveolae mediated, however the situation 

lacks clarity, especially within tumour cells, where these processes may be 

distorted.  In reality, endocytic mechanisms are much more complex, cell 

type and cargo dependent processes with a complex interplay of numerous 

signaling molecules and intracellular structures (Traub, 2011), beyond the 

scope of this discourse. The process of endocytosis itself is an intensive area 

of research, and recently a completely new endocytic pathway, which is not 

reliant on caveolin or clathrin has been described in detail, termed fast 

endothelin mediated endocytosis (Boucrot et al. 2015). 

The intracellular trafficking of internalised endocytic vesicles found with 

endocytosis, involves co-ordinated membrane fusion and budding processes, 

facilitated principally via a series of GTPases, called Rab (Zerial and 

Stenmark, 1993). For example, Rab5 and Rab7 play an integrated role in the 

transition from early to late endosome (Korobko et al. 2006).  As highlighted 

earlier, each stage within endocytosis has its own specific characteristics 

(pH, proteases), which, theoretically, rational nanomedicine design can 

manipulate and employ for direct targetting to specific intracellular organelles 

(mitochondria, endoplasmic reticulum, Golgi, nucleus, cytosol).   
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In the context of cancer therapeutics, however, the fundamental 

consideration is the development of macromolecular complexes 

(nanomedicines) in a size range and with physico-chemical properties, which 

facilitate selective accumulation within the tumour site, via the enhanced 

permeability and retention effect (EPR).  Also desirable is a prolonged 

circulatory half-life, with minimal renal clearance, and improved water 

solubility. These overarching goals, which centre around the fundamental 

premise (and therapeutic potential) of the EPR effect, have been a 

cornerstone of cancer nanomedicine developmental work and research for 

several decades, yet with somewhat limited success.  

 

1.8 Strategies for enhancing tumour cell nanomedicine uptake. 

A number of strategies have been trialled to increase tumour cell uptake of 

nanomedicines. Ligand coated nanomedicines designed to actively engage 

with cognate cell surface receptors which are over expressed in tumours, 

have also been demonstrated experimentally. Studies have shown that 

active ligand targeting of nanomedicines directed towards the often 

overexpressed transferrin receptor in tumour cells, can be more effective 

(Danhier et al. 2010). Such an approach has also been demonstrated with 

leukaemic cells, using transferrin conjugated to the anticancer therapeutic 

doxorubicin (Łubgan et al. 2008). 
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Another strategy employed is that of a stimulus - responsive carrier polymer 

or nanoparticle, which can, following endocytic internalization, release the 

free drug at specific intracellular locations or in response to a changing 

cellular environment. This has the benefit of minimising the release of free 

and active drug outside of target cells, whilst also potentially reducing 

degradation of the drug whilst within the circulation. This approach often 

takes advantage of a drug-macromolecular complex which is stable within 

the circulation, or at physiological circulatory pH (7.4), but which is able to 

freely dissociate within the acidic endosomal (approx.pH5.5)/lysosomal 

(approx. pH 4.4-4.8) environment.  A further extension of this concept, is the 

adoption of peptide based drug carriers, where the active chemotherapeutic 

may only be proteolytically cleaved from the carrier polymer, and thereby 

rendered active within the protease-rich lysosomal environment. The latter 

was demonstrated in an early study using the cancer polymer complex, PK1 

(Prague-Keele 1). This consisted of a water soluble polymer backbone 

serving as a carrier with doxorubicin attached via tetrapeptide linker. This 

linker is susceptible to enzymatic cleavage by cathepsin B, found within 

lysosomes (Duncan et al. 1982). The overall result was effective 

anthracycline delivery, with a reduced incidence of side effects in patients in 

Phase I clinical trials (Vasey et al. 1999). Many other pH and enzyme 

responsive nanomedicines have since been designed and explored. For 

example, silk nanoparticles carrying the potent anticancer anthracycline 
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doxorubicin can release their drug payload within the lysosome in a pH 

responsive manner (Totten et al. 2017). 

 

Ligand coated, or antibody targeted nanomedicines that actively engage with 

specific cell membrane receptors, which are over-expressed in tumour cells, 

have for many years been a subject of research. One such category of 

nanomedicines, antibody drug conjugates, have been an area of intense 

research for many years (Lambert and Berkenblit, 2018).  Typically these 

conist of a monoclonal antibody specfic for a (often overexpressed) tumour 

cell surface antigen, which is attached to an active therapeutic group, via a 

specific linker molecule. Such tumour membrane antigen targeted 

nanomedicines could theoretically have greater specific uptake into tumour 

cells, thereby reducing non-specific systemic side effects.  Their have been 

many experimental actively targetted antibody drug conjugates developed, 

yet few have performed succesfully in clinical trials (Lambert and berkenblit, 

2018).  

 

For example, many tumours overexpress the transferrin receptor up to 100 

fold (Danhier et al. 2010). This receptor, responsible for cellular iron uptake, 

upon binding with transferrin, is internalized from the plasma membrane via a 

clathrin dependent endocytic mechanism (Daniels et al. 2012), forming a 

clathrin coated vesicle. Upon internalisation, this fuses with the early 
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endosome, where the transferrin dissociates from the receptor, which is then 

recycled to the cell surface. By conjugating transferrin to the cancer drug 

doxorubicin, the cytotoxic potency can be increased (Łubgan et al. 2008; 

Singh et al. 1998).   

 

Likewise, the coating of nanomedicines with folic acid, will lead to their 

selective, and preferential receptor mediated endocytic uptake by tumour 

cells over-expressing the folate receptor (Bhattacharya et al. 2007; Low et al. 

2008; Xia and Low, 2010). Other examples of selective receptor targetting of 

tumours with nanomedicines, include the transferrin receptor, as mentioned 

above, or epidermal growth factor receptor, also known as HER1 (Acharya et 

al. 2009; Sreeranganathan et al. 2017).  

 
The research here, is concerned with the hypoxia found within solid tumours, 

and to date, despite the apparent potential of such nanomedicine technology 

in the active targetting of tumourotropic drug delivery, only one such actively 

targetted antibody drug conjugate has been licensed for clinical use.  

Following successful completion of phases I-IV clinical trials, the United 

States Food and Drug Administration licensed Ado-trastuzumab emtansine 

(Kadcyla) for Her-2 positive metastatic breast cancer, in 2013 (Verma et al. 

2012). This compound consists of a monocloncal antibody specific for Her-2, 

combined to the microtubule inhibitor, DM1, via a non-cleavable linker 

molecule.   Similarly, it is interesting to note, that the world’s first actively 
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targeted controlled-release cancer nanomedicine candidate, Bind 014, failed 

during phase II clinical trials, despite exhibiting significant pre-clinical and 

phase I potential. BIND-014 (Hrkach et al. 2012), encapsulated the existing 

United States Food and Drug administration licensed cancer drug docetaxel 

within a modified poly (lactic glycolic acid) polymeric nanoparticle. Targeting 

was designed to engage with prostate specific membrane antigen found in 

prostate tumours and the blood vessels of most other solid tumours.   

Similarly, there have been many other innovative targetted nanomedicines 

which have failed to progress beyond phase I/II clinical trials.  For example,  

MBP-426 (liposomal oxaliplatin) which targeted towards over-expressed 

transferrin receptors in gastric or oesophageal adenocarcinoma).  This 

potential nanomedicine reached phase II (U.S. National Library of Medicine, 

2018a), yet has failed to progress further .  

 

1.9 Failure to translate 

Despite significant research investment by the pharmaceutical industry, there 

are still relatively few licensed cancer nanomedicines aimed at solid tumours, 

and those that do exist do not feature active ligand based targeting to tumour 

cells (Table 1.2). Abraxane (Nanoparticle albumin-bound (nab) paclitaxel), 

Myocet→ (liposomal doxorubicin), Doxil (pegylated liposomal doxorubicin), 

marketed as Caelyx within Europe, Onivyde (pegylated liposomal irinotecan) 

and Daunoxome (liposomal daunorubicin) are all approved for treatment of 

solid tumors (Etheridge et al. 2013; Venditto and Szoka, 2013).  However, 

within this set of nanomedicines, there are even fewer specifically licensed 
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for the treatment of breast cancer. These include, Abraxane (O’Shaughnessy 

et al. 2013; Palumbo et al. 2015), Caelyx (Rom et al. 2014) and Myocet 

(Batist et al. 2001).  

 

What this limited arsenal reflects, is that with each success in cancer 

nanomedicine development, equally there have been many more 

unsuccessful nanomedicine formulations. Each of these nanotechnologies, 

despite excellent in vitro potential, failed during clinical translation or earlier in 

the drug development pipeline (Venditto and Szoka, 2013).
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Table 1.3 Anticancer nanomedicines currently licensed by the United States Food and Drug 
Administration or European Medicines Agency. 
 

Chemotherapeutic Nano-
technology 

Drug name 
(Generic and proprietary) 

Clinical 
application References 

Doxorubicin hydrochloride 

Liposomes coated 
with methoxy 

polyethylene glycol 
(PEG) 

Pegylated liposomal 
doxorubicin/Doxil. 

marketed as Caelyx→ within Europe. 

AIDS-related 
Kaposi’s sarcoma, 

ovarian cancer, 
metastatic breast 

cancer. 

(Barenholz, 2012; 
James et al., 1994; 
Sehouli et al., 2009; 
Chuang et al., 2010) 

Daunorubicin citrate Lipsomes (non-
pegylated) Liposomal daunorubicin/Daunoxome 

AIDS-related 
Kaposi’s sarcoma, 
other solid tumors, 

some types of 
leukaemia 

(Petre and Dittmer, 
2007; Reinhardt et al., 
2002; O'Byrne et al., 

2002; Gong et al., 
2015) 

Doxorubicin hydrochloride Lipsomes (non-
pegylated) Liposomal doxorubicin/Myocet Metastatic breast 

cancer 

(Batist et al., 2001; 
Harris et al., 2002; 
Batist et al., 2006) 

Irinotecan 

Liposomes coated 
with methoxy 

polyethylene glycol 
(PEG) 

Pegylated liposomal 
irinotecan/Onivyde 

Metastatic 
pancreatic cancer 
(2nd line therapy) 

(Wang-Gillam et al., 
2016) 

Paclitaxel 
Paclitaxel bound to 

albumin 
nanoparticles 

Nanoparticle albumin-bound (nab) 
paclitaxel/Abraxane 

Metastatic breast 
cancer, non-small 
cell lung cancer, 

pancreatic cancer 

(O’Shaughnessy et al., 
2013; Palumbo et al., 
2015; Simon, 2014; 
Bertino et al., 2015) 
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This somewhat limited successful development so far, is attributed to many 

factors (Duncan and Gaspar, 2011; Duncan and Richardson, 2012; Goldberg 

et al. 2013). Amongst these, is the heterogeneity of tumours and the complex 

interplay between the constantly changing tumour micro-environment and 

nanomedicine uptake (endocytosis) into tumour cells.  

 

Clinical delivery of cancer nanomedicines is principally via systemic 

administration. For successful delivery of nanomedicines into tumours, the 

two main vascular and interstitial compartments need traversed successfully, 

with preferential tumorotropic accumulation (via the EPR effect), limited 

systemic side effects, minimal renal and phagocytic clearance, and minimal 

immune stimulation. Each of these presents considerable challenges.  In 

addition, the dysregulated vascular system, with consequential periodic acute 

hypoxia may limit vascular flow on an intermittent and difficult to predict 

basis, thereby limiting intratumoral access of nanomedicines.  Despite the 

increased vascular permeability found in tumour blood vessels, 

nanomedicine egress into the tumour stroma may be limited by elevated 

interstitial pressure (due to reduced lymphatic clearance) opposing vascular 

flow. Of course researchers have considered these issues for many years.  

Elevating systolic pressure may effectively counteract elevated interstitial 

fluid pressure (Nagamitsu et al. 2009; Maeda et al. 2013). Similarly, 

researchers are now investigating the use of intermittent vascular flow 

(vascular bursts) as a mechanism for improving drug delivery (Matsumoto et 
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al. 2016; Miller et al. 2017).  All of these mechanistic and cellular hurdles 

which must be overcome, may partially explain why a recent review of 

nanomedicine studies over a ten year period, found that only 0.7% (median) 

of systemically administered doses of nanomedicines actually reached 

tumours (Wilhelm et al. 2016). However, whilst all of these developmental 

challenges are relevant and useful for context, the core focus of this study is 

the cellular internalization of nanomedicines.   

 

As described above, the cellular uptake of nanomedicines is via endocytosis, 

yet it is also known that within tumours, that endocytic process is clearly 

altered, as evidenced by up/down regulated endocytosis-mediated cell 

surface receptor trafficking, signalling and expression (Mosesson et al. 

2008). In addition, a core process in hypoxic tumour development, is massive 

upregulation of certain key transmembrane tyrosine receptor kinases (e.g. 

epidermal growth factor receptor) vital to increased growth, nutrient uptake, 

signalling and metabolism.  Implicit within increased surface expression of 

these receptors, is altered endo and exocytosis, facilitating altered receptor 

signalling, internalisation and recycling to the cell membrane surface.  It has 

been shown in a specific type of tumour cells that hypoxia (1% O2), via HIF1, 

can extend epidermal growth factor receptor half-life via down-regulation of 

endocytosis, leading to extended receptor signaling (Wang et al. 2009b).   

All of this indicates disrupted tumour cell endocytic/exocytic processes due to 

hypoxia.  Given the limited success in nanomedicine therapeutic 

development, and the critically important endocytic process, there is a real 
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need to further understand how the hypoxic tumour environment impacts 

upon not just the endocytic uptake of nanomedicines, but also on the 

intracellular trafficking and site specific delivery of nanomedicines within 

tumour cells. Interestingly, whilst many studies have looked at drug delivery 

under normoxic conditions, there are relatively few which have sought to 

rigorously quantify the impact hypoxia has upon the cellular internalization 

and efflux of nanomedicines from cancer cells. 

 

1.10  Impact of hypoxia on tumour cell uptake of nanomedicines or 

nanoparticles. 

 

A number of studies have investigated the endocytic uptake of certain 

licensed cancer nanomedicines by a variety of tumor cell types in normoxic 

environments. Amongst these, is the doxorubicin based cancer 

nanomedicine, Doxil, shown to be internalized via a caeolae based pathway 

(Barenholz, 2012), and Abraxane, the paclitaxel based nanomedicine also 

shown to be internalized via caveolae mediated endocytosis (Bertino et al. 

2015; Chatterjee et al. 2017).  However, despite the known impact of hypoxia 

upon tumor cell metabolism and endocytosis, there is little in vitro data 

exploring the tumour cell uptake of either drug in a hypoxic environment. 

 

Studies into the uptake of nanoparticles such as gold, with potential for use in 

nanomedicines, have revealed significant differences in endocytic uptake by 

tumour cells. One study, which examined the endocytic uptake of 1.9 nm 
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gold nanoparticles, in-vitro, by three different cell lines (MDA-MB-231 (a triple 

negative human breast cancer cell line), DU145 (a cell line derived from 

prostate cancer brain metastases) and L132 (related to the human HeLa 

tumour cell line – derived from cervical cancer cells)), found a significant 

reduction in gold nanoparticle uptake in hypoxic compared to normoxic 

conditions (Jain et al. 2014). A similar study looked at endocytic uptake of 

three sizes (15, 50 and 70 nm) of gold nanoparticles in an MCF-7 human 

breast cancer cell line.  Uptake of all three sizes of gold nanoparticles was 

increased in a hypoxic environment, compared with normoxia (Neshatian et 

al. 2014).  The same research group also found, more recently, in a separate 

study, that 50nm gold nanoparticles are taken up to a greater degree by both 

MCF-7 and HeLa cell lines in a hypoxic environment (Neshatian et al. 2015). 

 

The limited research data available, therefore, provides conflicting findings, 

with either increased or decreased uptake of nanoparticles, following cellular 

hypoxia.  Of course part of this discrepancy may be attributed to tumour cell 

heterogeneity, and differing experimental methods.   Differing periods of 

hypoxic incubation were used, with different quantification methods. 

However, it remains the case that there is limited data quantifying the impact 

hypoxia has upon nanomedicine internalization into tumour cells.  In addition, 

given that cellular efflux (exocytosis) of a nanomedicine may be just as 

significant as uptake, it is surprising there are no studies that have quantified 

this following hypoxic exposure. Further complicating matters, some studies 

have used hypoxic conditions with oxygen concentration as low as 0.1% and 
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0.2% O2, which are close to anoxic (0%). This therefore raises questions 

over which cellular mechanisms were responsible for any observed changes, 

since it is known that anoxia can trigger alternative transcription factor 

signaling, independently of HIF1 (Ameri et al. 2007; Blais et al. 2004). In 

addition, it has been shown that the cellular hypoxic adaptive response 

varies with level of oxygenation (Bracken et al. 2006; Jiang et al. 1996), and 

whilst 0.1 or 0.2% oxygen may be classed as hypoxic, the question does 

arise as to whether such values are representative of tumour oxygen levels. 

1.11 Thesis aims and objectives 

It seems clear that a significant part of the failure to develop effective 

nanomedicines, has been a lack of understanding of the nanomedicine tumor 

cell interface, its heterogeneity, and the impact which the intratumoral micro 

environment imposes upon nanomedicine delivery (Wilhelm et al. 2016).   

Nanomedicines rely upon effective cellular endocytic uptake and intracellular 

trafficking for therapeutic payload delivery.  However, it is known those 

processes may be disrupted due to hypoxic adaptation in tumour cells, 

thereby negating the concepts involved in nanomedicine design.  There is, 

therefore, an inherent link between intratumoral hypoxia, re-oxygenation and 

effective intracellular therapeutic delivery by nanomedicines. Given that 

hypoxia is a consistent feature of all solid tumours, the lack of solid research 

data quantifying its impact upon nanomedicine delivery is somewhat 

surprising.   
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Given this background, it was hypothesized that hypoxic conditioning and 

cellular adaptation would have an observable impact upon nanomedicine 

uptake, in vitro, in breast cancer cells. The aim of this thesis, therefore is to 

rigorously quantify the impact hypoxia may have upon nanomedicine 

internalization in a human triple negative breast cancer cell line. This will be 

achieved via three objectives; 

 

1. Quantify the impact of hypoxia upon internalization (endocytosis) and 

efflux (exocytosis) of a model nanomedicine (fluorescent polystyrene 

spheres), in vitro, in a human triple negative breast cancer cell line 

(Chapter 3). 

 

2. Confirm the findings from objective 1., in a related human breast 

cancer cell line, which reflects tumour heterogeneity, in vitro (Chapter 

3). 

 

3. Determine the role of HIF1α in the findings from objective 1., via 

chemical inhibition of HIf1α translation (Chapter 4). 
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Chapter 2 

Methods and Materials 
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2 Methods and Materials 
 

2.1 Chemical reagents 

All chemical reagents were of analytical grade, provided by Sigma-Aldrich 

(Poole, Dorset, UK), and used as supplied, unless otherwise noted. 

 

2.2 Cell culture. 

MDA-MB-231 cells (ATCC→ HTB-26™) were purchased from the American 

Type Culture Collection (Manassas, VA, USA). The 1833 subline was gifted 

by Dr. Joan Massagué (Memorial Sloan-Kettering Cancer Center, New York, 

NY, USA) and detailed elsewhere (Kang et al. 2003). This cell line was 

originally derived from the parental MDA-MB-231 cells, which were injected 

into murine cardiac ventricles, resulting in the formation of metastatic 

osteolytic bone lesions. Tumour cells from these lesions were expanded via 

in-vitro cell culture, then re-injected into mice. Cells from new osteolytic 

tumours were then characterised via gene profiling, and their bone metastatic 

potential assessed. The 1833 subline exhibited the greatest bone metastatic 

potential, compared to other similarly derived sub populations of the parental 

MDA-MB-231 cell line, demonstrating enhanced osteolytic metasteses 

formation. 

 

All cells were cultured in Corning→ T - 75 75 cm2 cell culture flasks (Corning 

B.V Amsterdam, The Netherlands) as monolayers in RPMI 1640 media (Life 

Technologies, UK), supplemented with 10% (v/v) foetal bovine serum (FBS) 
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and 1 U/mL penicillin streptomycin. Unless otherwise indicated, cells were 

seeded at 4 × 104 cells/cm2. 

  

For all experimental work, hypoxic or normoxic culture conditions were 

achieved using a gas mixture of 5% CO2, 1% O2 and 87.8% N2 (hypoxic) or 

5% CO2, 18.6% O2 and 70.2% N2 (normoxic) within a humid 37 °C incubator. 

Normobaric conditions were assumed throughout. 

 

For prolonged experimental work, frozen aliquots of each cell line were 

prepared and reconstituted as required.  Briefly, MDA-MB-231 or 1833 cells 

cultured as detailed above, were detached from cell culture flasks using 

trypsin, centrifuged, and the pellet re-suspended in 10ml cell culture media, 

to which 500 µl of molecular grade dimethyl  sulphoxide.  1 ml aliquots were 

dispensed into Starlab→ cryopreservation vessels (Starlab, Milton Keynes, 

UK), and placed into the -80 °C freezer, using Nalgene→ progressive 

freezing chamber ‘Mr. Frosty’ (Thermo Fisher Scientific, Inchinnan, 

Scotland), to ensure progressive freezing overnight. 

 

Cells were re-constituted, as required, from frozen aliquots by gentle 

warming in a water bath.  Once thawed, each 1 ml aliquot was rapidly 

pipetted into 9ml of cell culture media, centrifuged in Corning→ 50ml 

cenrifuge tubes (Thermo Fisher Scientific, Inchinnan, Scotland), and the 

pellet re-suspended in fresh culture media. 
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2.3 Phase contrast imaging of MDA-MB-231 and 1833 cell lines 

MDA-MB-231 and 1833 Cells were seeded onto cell culture treated 

polystyrene Cellstar cell culture dishes (Greiner Bio-One, Kremsmunster, 

Austria) in normoxic conditions, to achieve approximately 60-70% 

confluence.  Phase contrast imaging was achieved using an inverted Ti-U 

(Nikon, UK) microscope, with a x 20 phase objective and an orca-flash 4.0 

LT sCMOS camera controlled by WinFluor, with 1.5x digital magnification. 

 

 

2.4 Fluorescent nanoparticles 

Sterile Fluoresbrite→ spherical fluorescent polystyrene nanoparticles 

(diameter 43.4 ± 4.4 nm with an excitation/emission maxima at 441/486 nm), 

suspended in water, were purchased from Polysciences Europe GmbH, 

Eppelheim, Germany. 

 

 

 

2.5 Pericellular oxygen monitoring 

Presens sensor dishes (Presens, Precision Sensing GmbH, Regensburg, 

Germany) provide real time pericellular oxygen measurement.  The principle 

of measurement, is based around small sensor spots located in the bottom of 

each well of sterile, 6 well cell culture plates (Figure 2.1). 
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Figure 2.1 Schematic diagram of well in a 6 well Presens cell culture plate.  
The Presens system illuminates each pre-calibrated sensor by LED.   
Illuminated sensors then emit fluorescence, which is detected underneath 
each well.  In the presence of oxygen, the fluorescence is quenched, 
allowing derivation by pre-calibration, of the pericellular oxygen 
concentration.  Sourced from Presens Precision Sensing, GmbH, Germany. 
 

 

Three wells of Presens Oxohydrodish→ 6 well plates (Presens, Precision 

Sensing GmbH, Regensburg, Germany) were seeded with MDA-MB-231 

cells, as described above.  The remaining three wells were filled with an 

equivalent volume of medium only. Each plate was then placed on the 

Presens Sensordish→ 24-channel plate reader within the hypoxic incubator. 

Following temperature equilibration, the in-well oxygen percentage was 



 47 

recorded for each well, separately, at 10 minute intervals, for a period of up 

to 26 hours.  The mean measurements of three wells per group were 

collected. 

 

 

 

2.6 In vitro cytotoxicity studies 

2.6.1 Fluorescent nanoparticle cytotoxicity in normoxic and hypoxic 

conditions 

 

MDA-MB-231 cells were seeded into 96-well tissue culture treated 

polystyrene plates (TPP Techno Plastic Products AG, Trasadingen, 

Switzerland) at a density of 3 × 103 cells/cm2 in 100 µl complete culture 

medium. The plates were then incubated in either normoxic or hypoxic 

conditions for 24 hours. The wells were then aspirated and fresh media 

containing nanoparticles at a range of concentrations up to 1 × 1011 

nanoparticles/ml was added, followed by a further incubation in the 

respective environment for 44 hours. Next, 20 µl of (3-(4,5- dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT; 5 mg/ml in PBS) was added and 

incubated for 4 hours (Figure 2.2). 
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Figure 2.2 The MTT assay.  Yellow coloured MTT fluid is reduced by the 
activity of mitochondrial enzymes in viable cells, to purple coloured formazan 
crystals. 
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All wells were then aspirated, formazan crystals solubilised in dimethyl 

sulphoxide and absorbance read at 570 nm.  This process was repeated for 

a further two biological replicates. Cell viability at each nanoparticle dose was 

calculated as a percentage of the control (i.e. zero dose).   

 

2.6.2 Cytotoxicity of digoxin in hypoxic MDA-MB-231 cells 

 

MDA-MB-231 cells were seeded into 96-well tissue culture treated 

polystyrene plates (TPP Techno Plastic Products AG, Trasadingen, 

Switzerland) at a density of 3 × 103 cells/cm2 in 100 µl complete culture 

medium. The plates were then incubated in normoxic conditions for 24 hours. 

The wells were then aspirated and fresh media containing digoxin solution 

(1.0 mg/ml in methanol) (Sigma-Aldrich, Dorset, England, UK) at an effective 

concentration of either 0, 10, 100 or 1000 nmol was added on a column by 

column basis across each plate. Following a further 20 hour incubation, the 

MTT protocol and measurements as described above, were performed.  This 

process was repeated for a further two biological replicates. 
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2.7 In vitro trafficking of fluorescent nanoparticles 

 

MDA-MB-231 cells were seeded onto cell culture treated polystyrene Cellstar 

cell culture dishes (Greiner Bio-One, Kremsmunster, Austria) for 24 hours in 

either hypoxic or normoxic conditions (as defined above). Next, cells were 

dosed with fluorescent nanoparticles for either 45 or 180 minutes, placed on 

ice and washed twice with PBS at 4°C, stored on ice and transferred for 

confocal imaging immediately.  Lysosomal staining was achieved using 

LysoTracker Red (Thermo Fisher Scientific, Inchinnan, Scotland) according 

to the manufacturer’s instructions.  Live cell confocal co-localisation imaging 

was conducted using a Leica TCS SP5 laser scanning confocal microscope 

equipped with a 40⋅ liquid immersion objective. Argon laser excitation at 488 

(green channel, FITC nanoparticles) and 514nm (red channel, Lysotracker 

red), were used, focused to 1.0 Airy disk.  Images were captured from an 

average of three line scans at 8-bit resolution, with x and y image dimensions 

of 1024 x 1024. Confocal slices were assembled into figures, 

brightness/contrast adjusted using ImageJ v1.0 (National Institutes of Health, 

Bethesda, Maryland, USA) and imported into Graphpad Prism→ v7.0 

(GraphPad Software Inc., La Jolla, CA, USA), for graphical assembly.  
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2.8 Generation of cell lysates  

2.8.1 Preparation of cell lysates for protein array and HIF1α temporal 

analysis via western blotting. 

 

MDA-MB-231 cells were seeded in Corning→ T - 75 75 cm2 tissue culture 

treated polystyrene cell culture flasks (Corning B.V., Amsterdam, The 

Netherlands) and incubated for 24 hours under normoxic conditions to 

support cell growth. Next, flasks were split into 4 groups and cultured for a 

further 24 hours using specific conditioning regimes: (i) normoxic control, (ii) 

6 hours of hypoxia (i.e. 18 hours normoxia followed by 6 hours of hypoxia 

conditioning), (iii) 24 hours of hypoxic conditioning and (iv) positive control 

using 100 µM CoCl2. The CoCl2 dosing served to chemically block HIF1α 

breakdown in the presence of oxygen.  

 

At the end of the conditioning regime, culture flasks were immediately 

immersed in ice. Within 90 seconds, the culture medium was removed and 

the cell monolayers were washed twice with 5 ml ice cold PBS (pH 7.42), 

followed by 1.0 ml of ice cold radioimmunoprecipitation buffer (150 mM NaCl, 

1.0% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, 

pH 8.0) containing 40 µl of 25 ⋅ Roche Diagnostics Easypack Protease 

inhibitor cocktail (both from Sigma-Aldrich, Dorset, England, UK). The cells 

were then harvested using a cell scraper. The lysates were pipetted into ice 

cold centrifuge tubes and, while maintained at 4 °C, vortexed at full power for 

1 minute, shaken at full power for 20 minutes and then centrifuged for 20 
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minutes at 12,000 ⋅ g. Following centrifugation, the supernatant was 

aliquoted and stored at -80°C until further analysis.  Cell lysates were 

prepared in this way for each treatment group, as biological triplicates. 

 

2.8.2 Preparation of cell lysates of hypoxic conditioned cells, treated 

with digoxin and normoxic cells treated with cobalt chloride for 

western blotting. 

 

MDA-MB-231 cells were seeded in 75cm2 tissue culture treated polystyrene 

culture flasks and incubated for 24 hours under normoxic conditions to 

support cell growth.  Three flasks were then dosed with 100 µM CoCl2 

followed by 100 µl of cell culture media, containing digoxin at an effective 

concentration of either 10, 100 or 100 nmol/l, and incubated for 24 hours in a 

normoxic environment.  Similarly, 100 µl of cell culture media, containing 

digoxin at an effective concentration of either 10, 100 or 100 nmol was added 

to a further three flasks, which were then incubated in normoxia for 18 hours, 

followed by 6 hours hypoxia. 

 

Following the respective incubation periods, cell lysates were prepared and 

stored as previously described. 
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2.9 Protein separation, western blotting and protein arrays 

2.9.1 Protein quantification 

 

The total protein concentration of each cell lysate was determined using the 

Pierce™ bicinchoninic acid colorimetric protein assay kit (Thermo Fisher 

Scientific, Inchinnan, Scotland).    This assay is based upon two chemical 

reactions, the reduction of Cu2+ to Cu1+ by protein in an alkaline solution, 

followed by the binding of two molecules of bicinchoninic acid per Cu1+, in a 

linear response.  The end product absorbs in the wavelength range 540-570 

nm.   

 

Briefly, 25 µl of each cell lysate was pipetted in duplicate into the wells of a 

96 well cell culture plate (Thermo Fisher Scientific, Inchinnan, Scotland) , 

together with nine protein (albumin) standards ranging in concentration from 

0 to 2000 µg/ml.  To each well, 200 µl of bicinchinoic acid in an alkaline 

buffer (0.1M sodium hydroxide, plus sodium carbonate, sodium bicarbonate 

and sodium tartrate), mixed in a 1:50 ratio with 4% cupric sulphate were 

added.  Well contents were mixed, and the plate incubated at 37°C for 30 

minutes.  Absorbance for each well was measured at 570 nm. 

 

Protein concentration was determined by linear Interpolation of meaned 

sample results from the series of standards (Figure 2.3).   
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Figure 2.3 Representative cell lysate sample protein concentration 
determination via linear interpolation from a series of known protein 
standards, using the bicinchoninic acid protein assay. 
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2.9.2 Polyacrylamide gel preparation 

The proteins of interest for separation and detection, were unhydroxylated 

HIF1α and the loading control, β-actin.  These had molecular sizes of 120 

and 42 kDa respectively.  The polyacrylamide gel was therefore prepared 

with 8% polyacrylamide content, to allow effective separation within the 25 – 

200 kDa range. 

 

The separating gel was prepared by pipetting 4.7 ml of ddH2O, 2.5 ml of 

separating gel buffer (1.5 M Tris base, pH 8.8), 0.1 ml of 10% sodium 

dodecyl sulphate and 2.7 ml of a 30% acrylamide/bis solution (Bio-Rad 

Laboratories, Hemel Hempstead, UK) into a Sarstedt 50ml centrifuge tube.  

To catalyse acrylamide polymerisation, 50 µl of freshly prepared 10% 

ammonium persulphate and 5 µl of N,N,N',N' – tetramethylethylenediamine 

were added and mixed. 

 

The stacking gel was prepared in the same manner, except 2.5 ml of 

stacking gel buffer (0.5 M Tris base, pH 6.8) was used.  For acrylamide 

polymerization 10 µl, rather than 5 µl, of N,N,N',N' – 

tetramethylethylenediamine was used. 
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2.9.3 Protein separation and western blotting 

 

For western blotting, protein samples were denatured in a 1:1 ratio using 

Laemmli sample loading buffer [65.8 mM Tris-HCl, pH 6.8, 2.1% (w/v) SDS, 

26.3% (w/v) glycerol, 0.01% (v/v) bromophenol blue, and 5% (v/v) 14.2 M β-

mercaptoethanol (Bio-Rad Laboratories, Hemel Hempstead, UK)] by heating 

for 5 minutes at 95°C. Equivalent protein quantities (25 µg) and a Precision 

Plus Kaleidoscope™ protein ladder (Bio-Rad Laboratories, Hemel 

Hempstead, UK) were loaded on to an 8% w/v polyacrylamide gel prepared 

earlier, and separated at a constant 150 V for 55 minutes. Following this, 

proteins located within the gel were blotted onto a polyvinylidene difluoride 

membrane (Bio-Rad Laboratories, Hemel Hempstead, UK), for 35 minutes at 

a constant 75 mA. The following antibodies were used to probe the 

membrane: rabbit primary antibodies for β-actin (1:10,000) and 

unhydroxylated HIF1-α (1:1,000) (monoclonal and polyclonal respectively) as 

well as monoclonal goat anti-rabbit IgG HRP linked secondary antibody 

(1:2,000) (all from Cell Signalling Technology, Danvers, MA, USA). Primary 

antibodies were blocked with 5 % w/v bovine serum albumin (Sigma-Aldrich, 

Dorset, England, UK) in tris-buffered saline Tween (TBST), with secondary 

antibody blocking achieved with 5% w/v non-fat dry milk powder in TBST. 

Relevant bands were visualised using Clarity™ western ECL substrate and 

UltraCruz autoradiography film (Santa Cruz Biotech Inc., Dallas, TX, USA). 
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HIF1-α and β-actin bands were digitised (Epson Perfection v600 film flatbed 

scanner, Epson Europe, B.V., Netherlands), and densitometry scans were 

completed using Image Studio™ Lite software (LI-COR Biotechnology, 

Lincoln, NE, USA).  

 

2.9.4 Relative expression of cell stress related proteins in cell lysates, 

determined via protein array. 

 

The relative expression of 11 cell stress-associated proteins was determined 

using the R&D Proteome profiler™ (catalogue number #ARY018; R&D 

Systems, Inc., MN, USA), following the manufacturer’s instructions. This is a 

sandwich-based immunoassay, with specific protein capture antibodies 

bound in duplicate at specific locations on a nitrocellulose membrane (Figure 

2.4). 
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Figure 2.4  Graphical representation of protein array principle (sourced from 
R&D Systems inc., MN, USA).  
 

 

Briefly, biological triplicates of MDA-MB-231 cell lysates were prepared as 

detailed in section 2.8.1., above, and pooled per hypoxic treatment group (0, 

6 or 24 hours hypoxic conditioning), with a total of 300 µg protein per sample 
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used.  One array membrane was used per cell hypoxic conditioning group (3 

in total). Each of the three pooled lysates were diluted in array buffer 4, and 

made up to a volume of 1.5 ml with blocking buffer.  20 µl of detection 

antibody solution was added, mixed and samples incubated at room 

temperature for one hour.  Each of the pooled cell lysates prepared in this 

way, were then added to one each of the three array membranes, which had 

been pre-blocked.  Arrays were incubated overnight at 2-8°C on a rocking 

platform.  Arrays were aspirated and then washed x 3 with wash buffer, 

followed by the addition of 2.0 ml of diluted streptavidin – horseradish 

peroxidase mixture.  Arrays were incubated for 30 minutes on a rocking 

platform at room temperature, washed x 3 as before, and chemiluminescent 

reagent added.  Arrays were then assembled for imaging and densitometry, 

as detailed in section 2.9.3., above. Relative expression for each specific 

protein, per pooled lysate was then prepared as a heat map using GraphPad 

Prism→ v7.0 (Graphpad Software Inc., La Jolla, CA, USA). 

 

 

2.10 Determination of effective nanoparticle concentration for hypoxic 

and normoxic uptake comparison 

 

For ongoing normoxic and hypoxic uptake and efflux comparison studies, it 

was necessary to determine a suitable fluorescent nanoparticle concentration 

to be used.  Preliminary development work had indicated a nanoparticle 

concentration of 1 x 1010 nanoparticles/ml would provide a measurable 
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fluorescent signal.  To further develop this, dose response experiments were 

conducted.   

 

Briefly, one Nunc™ 6-well cell culture plate (Thermo Fisher Scientific, 

Inchinnan, Scotland) was seeded with MDA-MB-231 cells, at a density of 4 x 

104 cells/cm2 and incubated for 24 hours in a normoxic environment.  

Following this respective wells of the plate were dosed with fluorescent 

nanoparticles at the effective concentrations shown (Table 2.1).  

 

Table 2.1  List of nanoparticle concentrations per well of a 6-well cell culture 
plate. 

Well number 
Nanoparticle effective 

concentration 
(nanoparticles/ml) 

1 1x1010 

2 1x1010 

3 1x1010 

4 5x109 

5 2.5x109 

6 0 (control) 

 

Cells were then incubated in a normoxic environment for a further 60 

minutes. Within the next 15 minute time interval, the cells were washed 3 

times with ice cold PBS, detached using trypsin and transferred to flow 

cytometry tubes for analysis.  Flow cytometry was conducted as detailed in 

section 2.11.1. (below).  
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A second experiment was conducted to compare nanoparticle concentration 

and mean FITC fluorescence in both normoxic and hypoxic conditioned 

MDA-MB-231 cells. Briefly, two Nunc™ 6-well cell culture plates (Thermo 

Fisher Scientific, Inchinnan, Scotland) were seeded as above, with MDA-MB-

231 cells.  One plate was incubated in normoxic conditions, the other in 

hypoxic conditions for 24 hours.  Following this, each plate was dosed with 

nanoparticles (Table 2.2). 

 

Table 2.2  List of nanoparticle concentrations per well of each 6 well cell 
culture plate. 

Well number 
Nanoparticle effective 

concentration 
(nanoparticles/ml) 

1 1x1011 

2 1x1011 

3 1x1010 

4 1x1010 

5 1x109 

6 1x109 

 

Each plate was then returned to its respective environment for a further 180 

minutes then processed as before for mean cellular FITC fluorescence 

measurement by flow cytometry. 
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2.11 In vitro normoxic and hypoxic cell cultures and nanoparticle 
uptake and release 

 

2.11.1 MDA-MB-231 cell line uptake and efflux studies 
 
 
MDA-MB-231 cells were seeded into Nunc™ 6-well cell culture plates 

(Thermo Fisher Scientific, Inchinnan, Scotland). Plates were then incubated 

for either (i) 24 hours in hypoxic conditions, (ii) 24 hours in normoxic 

conditions, or (iii) 18 hours under normoxia followed by 6 hours under 

hypoxia. Cells were then removed from the hypoxic incubator (and exposed 

to atmospheric oxygen) and wells 1-5, dosed with nanoparticles at an 

effective concentration of 1 × 1010 nanoparticles/ml, and the plates returned 

to their respective culture environments for either 45 or 180 minutes, all 

within a ten minute interval.  Within the next 15 minute time interval, the cells 

were washed 3 times with ice cold PBS, detached using trypsin and 

transferred to flow cytometry tubes for analysis. Comparison of nanoparticle 

uptake between normoxic and hypoxic treatments were conducted, per 

hypoxic incubation interval, two 6-well plates per experiment, in parallel.  Per 

comparison, one 6-well plate from hypoxic conditions, and one 6-well plate 

from normoxic conditions were run in parallel, and this was repeated on three 

separate occasions, with separate cultured cell populations on different days, 

to create three biological experiments.  Per 6-well plate, 5 wells were dosed 

with nanoparticles, with the sixth well in each case acting as blank.  This 

gave a total of 15 comparison measurements, across three biological 

replicates.  The limiting factor in conducting these experiments, was the 
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inability to have more than one hypoxic conditioned plate in use in any given 

experiment (as opening the incubator destroyed the hypoxic environment 

within a few seconds, thereby negating the possibility of a second or third 

plate undergoing hypoxic incubation).  These comparisons were therefore 

conducted in the same way, for all the hypoxic conditioning periods and 

nanoparticle dosing intervals, as indicated above. 

 
 

For normoxic efflux studies, 2 x Nunc™ 6-well cell culture plates (Thermo 

Fisher Scientific, Inchinnan, Scotland) labelled baseline and release 

respectively, were seeded with MDA-MB-231 or 1833 cells as before.  

Following 24 hours normoxic incubation for both plates, wells 1-5 of the plate 

labelled release were dosed with nanoparticles as above, and returned to 

normoxic incubation.  The normoxic and hypoxic comparison studies for both 

baseline and efflux plates in both normoxia and hypoxia, were conducted in 

parallel, as for the uptake studies  Fifteen minutes later the 6-well plate 

labelled baseline was similarly dosed and returned to incubation.  Further 

processing of both plates was then conducted as per the schedule shown 

(Table 2.3).   
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Table 2.3 Summary of 6-well cell culture plate processing following normoxic 

or hypoxic incubation, to enable comparison of nanoparticle efflux with both 

the MDA-MB-231 and 1833 cell lines. *Preparation of cells for flow cytometry 

was conducted as with the earlier nanoparticle uptake studies. 

 

Minutes post 24 
hour incubation Plate Step performed 

0 Release (2) Dose with nanoparticles 

15 Baseline (1) Dose with nanoparticles 

45 Plate 2 wash x 3 with PBS 

60 Plate 1 Wash and process for flow 
cytometry* 

75 Plate 2 Wash and process for flow 
cytometry* 

 

The same procedure was used for hypoxic efflux studies, where 24 hours 

hypoxic incubation was employed for both plates instead. 

 

Flow cytometry was performed using a FACS Canto™ II FACS analyser 

(Becton Dickinson, Oxford, England, UK) by assessing mean cell-associated 

fluorescence with an argon laser (excitation 488 nm, emission 525 nm) and 

gating for 10,000 events (Figure 2.5). For all hypoxic measurements 

normoxic control groups were run in parallel. Mean FITC fluorescence values 

were determined from the derived FCS 3.0 files using FlowJo→ v10.3 

software (FlowJo LLC, Oregon, USA). Mean FITC fluorescence values were 

converted to percentages of the respective normoxic control mean, to 

calculate relative differences. 
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Figure 2.5  Representative FACS scatter plot from MDA-MB-231 cells dosed 
with nanoparticles. Left hand side panel shows cellular gating used and right 
hand side shows typical derived FITC waveform from which mean FITC 
fluorescence values were calculated. Scatter plot colours denote event 
frequency. 
 

 

 

2.11.2 1833 cell line nanoparticle uptake and efflux studies 
 
 
Nanoparticle uptake and efflux studies were undertaken with the 1833 cell 

line in a similar manner, as that with the MDA-MB-231 cell line.  However, 

comparison of normoxic with hypoxic conditioning was only conducted with 

hypoxia of 24 hours duration. Nanoparticle dosing (1 x 1011 nanoparticles/ml) 

was conducted over a 45 minute period only. 
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2.11.3 Impact of digoxin upon nanoparticle uptake by normoxic MDA-

MB-231 cells. 

 

MDA-MB-231 cells were seeded into 2 x Nunc™ 6-well cell culture plates 

(Thermo Fisher Scientific, Inchinnan, Scotland). All the wells of one plate 

were dosed with digoxin at an effective concentration of 100 nmol. Both 

plates were then incubated for 24 hours in normoxic conditions. Cells were 

then dosed with nanoparticles at an effective concentration of 1 × 1010 

nanoparticles/ml, and the plates returned to their respective culture 

environments for 45 minutes. Within the next 15 minute time interval, the 

cells were washed 3 times with ice cold PBS, detached using trypsin and 

transferred to flow cytometry tubes for analysis, as detailed above. 

 

 

 

2.11.4 Impact of digoxin upon nanoparticle uptake by hypoxia-

conditioned MDA-MB-231 cells, compared to untreated normoxia-

conditioned control cells. 

 

MDA-MB-231 cells were seeded into 2 x Nunc™ 6-well cell culture plates 

(Thermo Fisher Scientific, Inchinnan, Scotland). All the wells of one plate 

were dosed with digoxin at an effective concentration of 100 nmol/l. The 

digoxin treated plate was then incubated for 24 hours in normoxic conditions, 

with the untreated plate incubated in normoxic conditions for an equivalent 

period. Following incubation, cells were dosed with nanoparticles at an 
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effective concentration of 1 × 1010 nanoparticles/ml, and the plates returned 

to their respective culture environments for 45 minutes. Within the next 15 

minute time interval, the cells were washed 3 times with ice cold PBS, 

detached using trypsin and transferred to flow cytometry tubes for analysis, 

as detailed above. 

 

2.12 Statistical analyses 

 

Statistical analyses were performed using GraphPad Prism→ v7.0 

(Graphpad Software Inc., La Jolla, CA, USA). All significance tests used 

unpaired two tailed Student’s t tests, except for cytotoxicity measurements, 

where a one-way unpaired ANOVA with Sidak multiple comparisons test was 

used (α = 0.05). Asterisks denote statistical significance as follows:  *p < 

0.05, **p < 0.01 and ***p < 0.001. All data are presented as mean values ± 

standard deviation (SD), unless otherwise stated. 
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Chapter 3 

Impact of hypoxia on nanoparticle uptake and 
efflux in a human breast cancer cell line. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 69 

3 Impact of hypoxia on nanoparticle uptake and efflux in a human 
breast cancer cell line. 

 

3.1 Introduction 

Cancer nanomedicines are typically macromolecular drug delivery systems in 

the nanometer size range that are developed to reduce systemic toxicity but 

that also have the potential to exploit key features of solid tumor 

pathophysiology namely, leaky blood vessels and reduced lymphatic 

drainage to enhance passive tumor accumulation (Duncan and Gaspar, 

2011; Shi et al. 2016). Despite decades of research (Duncan and Gaspar, 

2011; Duncan and Richardson, 2012), only a few anticancer nanomedicines 

are currently in routine clinical use; for example, Abraxane (nanoparticle 

albumin-bound paclitaxel), Myocet (liposomal doxorubicin), Doxil (PEGylated 

liposomal doxorubicin), marketed as Caelyx within Europe, Onivyde 

(PEGylated liposomal irinotecan) and Daunoxome (liposomal daunorubicin) 

are approved for treatment of solid tumors (Venditto and Szoka, 2013).  

Specifically, Abraxane (Palumbo et al. 2015), Caelyx (Rom et al. 2014) and 

Myocet (Batist et al. 2001) are licensed for the treatment of advanced 

metastatic breast cancer no longer responsive to estrogen, progesterone and 

ERBB2 (Her2/neu) targeted therapies. The primary motivation for the 

development of these nanomedicine formulations has been the improvement 

in side effect profiles (e.g. reduction in doxorubicin-associated cardio toxicity) 

enabling the use of these cytotoxic drugs in heavily pre-treated patients 

(Rom et al. 2014).  However, the overall small number of this anticancer 

nanomedicine arsenal generally, reflects the difficulties encountered in the 
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successful development of anticancer nanomedicines from concept through 

clinical practice (Barenholz, 2012; Goldberg et al. 2013).  

 

Many anticancer nanomedicine designs currently in preclinical and clinical 

development exploit the leaky vasculature and reduced lymphatic drainage of 

solid tumors as these tumor features favour the passive accumulation of 

nanomedicines at the tumor sites. This phenomenon was first described in 

1986 and is now commonly referred to as the “enhanced permeability and 

retention” (EPR) effect (Matsumura and Maeda, 1986). This arises due to a 

number of factors, including intratumoral hypoxia. Hypoxia in turn triggers 

angiogenesis and neo-vascularisation principally via vascular endothelial 

growth factor (Forsythe et al. 1996; Shweiki et al. 1992), platelet derived 

growth factor β and angiopoeitin-2 (Kelly, 2003). The result is dysregulated 

and chaotic vascular growth, which commonly lacks stabilising smooth 

muscle cells. These abnormal blood vessels are heterogeneous but typically 

characterised by defective, irregular vascular endothelial cell coverage 

(Hashizume et al. 2000). These defective endothelial cells exhibit enlarged 

intercellular fenestrations, which facilitate the (passive) tumorotropic transit 

and accumulation of nanomedicines (or macromolecules) within solid tumors 

(i.e. the EPR effect) (Maeda, 2015); acting against this trend is the raised 

internal tumor pressure (Jain, 2014). Exploitation of the EPR effect in a 

clinical setting has proven difficult, and emerging evidence calls for better 

EPR-positive patient stratification using image-guided approaches; this has 
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now been pioneered in advanced metastatic breast cancer patients (Lee et 

al. 2017b).    

 

Both tumor vascular development and density (Torosean et al. 2013) as well 

as perfusion and hypoxia, are key regulators of nanomedicine distribution 

because nanomedicines are typically administered intravenously and must 

therefore successfully complete their journey from the injection site to the 

tumor. Intratumoral hypoxia can be intermittent or transient (Bennewith and 

Durand, 2004; Vaupel and Mayer, 2014) which means that the physical 

access of a nanomedicine to hypoxic breast cancer tumor cells may be 

restricted to short, transient periods of vascular reperfusion. During 

reperfusion, the nanomedicine must navigate physical barriers, such as the 

extracellular matrix and immune and cancer-associated cells (e.g., fibroblast, 

macrophages etc.), and must overcome physiological factors (e.g., high 

interstitial fluid pressure) to reach the core of solid (breast) tumors (Sriraman 

et al. 2014).  

 

Hypoxia within the solid tumor itself is of particular importance. Typically, 

survival of tumor cells under hypoxic stress requires adaptation via a series 

of hypoxic induction factors (HIF), principally HIF1 (Semenza and Wang, 

1992; Semenza, 2009). These factors consist of a constitutively expressed β 

subunit (ARNT; aryl hydrocarbon receptor nuclear translocator) and one of 

three oxygen-labile α subunits (denoted 1, 2 and 3). During periods of 

hypoxia, HIF1α, rather than undergoing normal proteasomal degradation 
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(Kaelin and Ratcliffe, 2008), translocates to the nucleus, where it combines 

with the HIFβ subunit to act on the conserved consensus sequence 5’-(A/G) 

CGTG-3’ (Wenger et al. 2005), the hypoxic response element, in the 

promoter region of over 1,000 genes (Bando et al. 2003; Mole et al. 2009). 

This triggers a cascade of cellular changes, with the overall result being 

clinically aggressive, highly metastatic (Brizel et al. 1996; Sundfør et al. 

2009) and treatment resistant (Rohwer and Cramer, 2011; Mao et al. 2016) 

tumor growth.  

 

However, of potentially greater significance from a nanomedicine perspective 

is that hypoxic adaptation also alters key cellular processes, including energy 

metabolism (Eales et al. 2016; Frezza et al. 2011; Sun and Denko, 2016), 

endocytic receptor internalization (Mosesson et al. 2008), transmembrane 

receptor recycling, trafficking (Wang et al. 2009b) and signaling (King et al. 

2012). Nanomedicines designed for intracellular activation in cancer cells rely 

on endocytosis and correct intracellular trafficking for effective therapeutic 

payload delivery. The energy dependence of endocytic uptake of 

nanomedicines means that these hypoxia-induced changes have the 

potential to directly undermine fundamental nanomedicine design principals.  

Therefore, an inherent link exists between hypoxic status, re-oxygenation of 

hypoxic tumor cells and the cellular presentation and internalisation of 

nanomedicines. However, few if any studies have sought to rigorously 

quantify the impact of these biological changes upon nanomedicine uptake 

and retention. Given the dynamic nature of the hypoxic response and the 
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myriad changes observed within hypoxic tumor cells, the aim of this study 

was to quantify, in vitro, the impact of hypoxia exposure, simulated 

reperfusion and dosing interval on nanomedicine internalisation and retention 

in triple negative, clinically aggressive human breast cancer cells.  The MDA-

MB-231 cell line was selected, because it is representative of the most 

difficult to treat breast cancer subtype (triple negative breast cancer) 

(Brenton et al. 2005), which is deficient in estrogen, progesterone and 

ERBB2 (Her2/neu) receptors (Lal et al. 2017), MDA-MB-231 cells are 

therefore unresponsive to hormone (e.g., Tamoxifen) or receptor based 

therapies (e.g., Herceptin) which are typically used to treat other breast 

cancer types. Therefore to make progress with triple negative breast cancer 

there is the urgent need to better understand the performance of 

nanomedicines (e.g. nanoparticles) in the presence of hypoxia. This study 

quantified the uptake and efflux of nanoparticles in hypoxic conditioned MDA-

MB-231 breast cancer cells and the bone metastatic subpopulation.  In 

parallel, expression of key biological markers of the hypoxic cell stress 

response, including HIF1-α, was assessed. 
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3.2 Results 

3.2.1 Phase contrast imaging of MDA-MB-231 and 1833 cell lines. 

a

b

 

Figure 3.1 Phase contrast imaging of a. MDA-MB-231 and b. 1833 cell lines, 
exhibiting morphological differences. Magnification 30x.  Scale bar 100 µm. 
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Phase contrast imaging (Figure 3.1) demonstrated the morphological 

differences between the MDA-MB-231 and 1833 cell lines, when cultured in 

vitro. The 1833 cell line exhibited a more mesenchymal-like appearance. 

 

 

3.2.2 Comparison of pericellular oxygen with or without cells in a 

controlled hypoxic environment. 

 

Mean pericellular oxygen was measured at each time point, for wells with 

media only or media plus MDA-MB-231 cells over a 26 hour period. 

Monitoring of pericellular oxygen levels, measured within cell culture wells, 

allowed an evaluation of the actual oxygen levels cultures were exposed to, 

as opposed to the regulated 1% oxygen environment in which they were 

conditioned.  Following 30 minutes hypoxic exposure the mean percentage 

pericellular oxygen level for wells containing cells was lower than those with 

media only (2.3% ± 0.50 vs. 6.3% ± 0.38; p < 0.01, respectively) (Figures 

3.2 and 3.3). In wells containing cells, mean pericellular oxygen reached 

1.33%, following 1 hour incubation (Figures 3.2 and 3.3).  There was a 

continuous decline in mean pericellular oxygen in both cell populations, 

ultimately falling below the 1% oxygen threshold.  During the relatively stable 

conditions between 10 and 20 hours of hypoxic incubation, a statistically 

significant differential was maintained in the mean pericellular oxygenation 

(%O2) of wells with and without cells (0.44% ± 0.02 vs. 0.78% ± 0.07; p < 

0.01, respectively) 
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Exposure to atmospheric oxygen at 24 hours conditioning, resulted in 

transient elevation of pericellular oxygen levels, emulating the intermittent 

reperfusion seen with hypoxic tumors. Values returned to ≤ 1% within 50 

minutes of resumption of hypoxic conditions.  
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Figure 3.2  Pericellular oxygen monitoring to emulate transient intratumoral 
reperfusion of breast tumor.  Mean pericellular oxygen recorded at ten 
minute intervals in the presence or absence of MDA-MB-231 cells.  n = 3 per 
group from three technical replicates.  
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Figure 3.3 Detailed data plots derived from full 26 hour pericellular 
monitoring (Figure 3.2).  a. Detailed data plot from recorded data over the 
first 6 hour period, showing clear distinction in pericellular oxygen between 
wells with cells (black) and wells without cells (blue).  b.  Detailed data plot 
between 23 and 26 hours, showing the period of simulated reperfusion, and 
point at which the model nanomedicine was added. For each data point, n = 
3 ± SD, from a single biological experiment. 
 

 

Having established the parameters of hypoxic conditioning for experimental 

work, the next step was to ensure recovery of HIF1α from cell lysates, and 

assessing its expression via SDS PAGE and western blotting. 
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3.2.3 Initial testing of HIF1α recovery, hypoxic conditioning and 

western blotting protocols 

 

The protocol used throughout this thesis for the recovery of HIF1α from cell 

lysates, and its subsequent separation and quantification, was developed 

through a series of stages.  This included modifying separation voltage, 

protein transfer duration and current, together with specific changes to both 

primary and secondary antibody titres.   Recovery of HIF1α required a 

specific protocol, developed to take accord of the relatively short half-life (2 – 

4 minutes) of HIF1α upon exposure to oxygen. 

 

To consolidate (and demonstrate) successful development of these 

protocols, a western blot probing for HIF1α, with β actin as loading control, 

was prepared with cell lysates pre-treated as shown (figure 3.4).  Results 

demonstrated effective and consistent lysate preparation containing HIf1α.  

Cobalt chloride treatment of cells, which blocks HIF1α breakdown, leading to 

its accumulation, was used as a positive control.  A cobalt chloride 

concentration of 100 µM over 24 hours had proven effective in preliminary 

work, therefore here the impact of higher doses was compared. It was 

interesting to note that there was little difference in the HIF1α expression, 

following 24 hours dosing with 200 or 400 µM cobalt chloride.  The exposure 

of MDA-MB-231 cells to either 24 or 48 hours of hypoxia, produced very little 

difference in relative expression of HIF1α.  HIF1α was clearly detected 

across all wells, with reduced HIF1α levels in diluted samples, when 
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compared with their undiluted counterparts.  In order to maximize HIF1α 

recovery, total protein loading per well was uncontrolled (i.e., maximum 

protein loading), as shown by the uneven β actin expression.   
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Figure 3.4 Western blot and subsequent densitometry analysis of MDA-MB-
231 cell lysates pre-treated as shown.  a. * denotes cell lysates pre-diluted 1 
in 3 prior to gel loading, to assess HIF1α detection at lower concentrations. 
b. Densitometry of a.   
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As the methodology for HIF1α extraction from cell lysates and its effective 

detection had been demonstrated, measurements were subsequently 

undertaken of changes to key cell stress proteins (including HIF1α), following 

hypoxic conditioning.   

 

 

3.2.4 Assessment of the hypoxic phenotype of MDA-MB-231 cells  

 

The phenotypic adaptation of MDA-MB-231 cells exposed to hypoxia was 

monitored by assessing the expression of 11 cell stress related proteins, 

including HIF1α, the key effector of hypoxic adaptation, after 0, 6 and 24 

hours of hypoxic conditioning (Figure 3.5).  In order to afford better 

comparison, mean data generated from the arrays was assembled as a heat 

map (Figure 3.6).  
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Figure 3.5 Protein array scanned fluorescent images, assembled into a 
single image, showing relative specific protein expression.  For all three 
treatment groups, the numbering is the same.  Protein key; spot numbers 
(duplicates), 1, 2 HIF2α; 3, 4 CAIX; 5, 6 Cited-2; 7, 8 Cytochrome c; 9, 10 
HIF1α; 11, 12 Phospho p53; 13, 14 HSP60; 15, 16 HSP70; 17, 18 
Thioredoxin-1; 19, 20 SIRT2; 21, 22 SOD2; 23, 24 p27.  G = guide marker. 
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Figure 3.6 Relative expression of MDA-MB-231 key cell stress proteins in 
response to varying periods of hypoxic conditioning.  Whole cell lysates from 
three biological replicates at each of the in vitro hypoxic incubation periods 
shown, were pooled and relative expression of 11 cell stress related proteins 
determined via protein array. Protein key; CAIX, Carbonic Anhydrase 9; 
Cited-2, CbP/p300 – interacting transactivator – 2; Cytochrome c; HIF1α, α 
subunit of hypoxic induction factor 1; HIF2α, α subunit of hypoxic induction 
factor 2; HSP60, heat shock protein 60; HSP70, heat shock protein 70; 
Phospho p53 (s46), Phosphorylated p53; Thioredoxin-1; SIRT2, NAD-
dependent deacetylase sirtuin-2; SOD2, Mitochondrial superoxide dismutase 
2 (Mn-SOD). 
 

 

The protein array results from pooled cell lysates demonstrated differentially 

regulated cell stress associated proteins. For example, HIF1α levels were 

highest after 6 hours of hypoxia returning to normoxic levels after 24 hours of 
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hypoxia when. Carbonic anhydrase 9 expression showed a close to 2 fold 

increase from 6 hours to 24 hours (relative measured fluorescence 21003 

and 39116, respectively). Cited-2 (CbP/p300 – interacting transactivator – 2) 

exhibited a similar expression profile, with elevated levels following 6 hours 

hypoxia, whereas Thioredoxin-1 increased progressively across the 24 hours 

hypoxic period (Figure 3.6). HIF1α is a master regulator of the hypoxic 

response; therefore, given its importance, the protein array results were 

verified by SDS PAGE and western blotting to determine the relative HIF1α 

expression in a series of biological triplicates (Figure 3.7).  
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Figure 3.7 (a) SDS PAGE and immunoblotting of MDA-MB-231 whole cell 
lysates, stained for unhydroxylated HIF1α, with β actin as internal loading 
control.  (b) Densitometry of (a), expressed as fold change relative to 
negative control (N) (normoxia), set to 1.0.  For both hypoxic incubation 
periods, n = 3 from three separate biological experiments.  Equivalent cells 
incubated for 24 hours in normoxia alone or in the presence of 100 µM 
CoCl2, were used as negative (N) and positive (C) controls respectively.  *** 
denotes p < 0.001. Error bars denote SD.   
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The immunoblotting results confirmed the HIF1α expression pattern 

observed with the protein arrays (Figures 3.5 and 3.6); namely, the HIF1α 

expression levels were highest after 6 hours of hypoxic incubation (a 4.10-

fold increase) and lower at 24 hours (a 1.54-fold increase), whereas the 

control cultures showed no substantial change in HIF1α (1.0-fold).  Having 

established the nature of the hypoxic response, and its variation depending 

upon duration of hypoxia, the next stage involved detection and 

measurement of fluorescent nanoparticles via FACS analysis. 

 
 

3.2.5 Impact of fluorescent polystyrene nanoparticles on cell viability 

 

The potential confounding effects from reduced cell viability due to 

nanoparticles were excluded by assessing cell viability first. Cell viability over 

a 48 hour period was similar under either hypoxic or normoxic incubation 

conditions following exposure to the range of nanoparticle concentrations 

(Figure 3.8); no biologically significant reduction of cell viability was observed 

(IC50 > 1011 nanoparticles/ml). It is important to observe, however, that there 

was a small but statistically significant reduction in relative cell viability within 

the normoxic cell population, following 48 hours exposure to 1 x 1011 

nanoparticles/ml.   
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Figure 3.8 Cytotoxicity and uptake of nanoparticles in response to normoxia 
and hypoxia. (a) In vitro cytotoxicity of fluorescent nanoparticles in the MDA-
MB-231 human breast cancer cells. Cells were dosed with fluorescent 
nanoparticles and subsequently cultured in either hypoxia (1% O2) or 
normoxia. At 48 hours cell viability was assessed using the MTT assay. 
Dotted lines indicate the nanoparticle dose used for subsequent studies (n = 
18 at each dosing point, from three biological replicates; ± SD). The dose, as 
shown, selected for subsequent studies, 1 x 1010 nanoparticles/ml, 
corresponds to 7 x 10-2 mg/ml polystyrene. 
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3.2.6 Imaging the Endolysosomal trafficking of fluorescent 

nanoparticles via dual wavelength confocal microscopy 

 

Dual wavelength confocal imaging of live MDA-MB-231 cells revealed co-

localisation of the fluorescent nanoparticles (green) with acidic intracellular 

vesicles (red), indicating endolysosomal uptake for both control (normoxic) 

and hypoxic cultures (Figures 3.9 and 3.10). The overall trafficking pattern 

was similar for both normoxic and hypoxic cultures following a 45 minutes or 

180 minutes exposure to nanoparticles (Figures 3.9 and 3.10).  Importantly, 

nanoparticles were also found distributed throughout the interior of the cell 

following both normoxic and hypoxic conditioning.  No increased membrane 

binding of nanoparticles was observed with hypoxic conditioned cells, 

compared to normoxic equivalents.
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Figure 3.9 Representative live cell confocal imaging of cells exposed for 24 hours to normoxia or hypoxia and subsequently 
dosed for 45 minutes with nanoparticles (green). Acidic vesicles were stained using LysoTracker Red. Arrows show 
nanoparticle co-localisation in acidic vesicles.  Scale bar 20 µm. 
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Figure 3.10 Representative live cell confocal imaging of cells exposed for 24 hours to normoxia or hypoxia and subsequently 
dosed for 180 minutes with nanoparticles (green). Acidic vesicles were stained using LysoTracker Red. Arrows show 
nanoparticle co-localisation in acidic vesicles.  Scale bar 20 µm 
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3.2.7 In vitro assessment of the uptake of varying concentrations of 

nanoparticles by MDA-MB-231 cells 

 

In order to determine the most appropriate concentration of fluorescent 

nanoparticles to use for comparing uptake or efflux in MDA-MB-231 cells, 

several initial experiments were conducted.  MDA-MB-231 cells, conditioned 

in a normoxic environment were dosed with varying concentrations of 

fluorescent nanoparticles, as shown, and mean cellular FITC fluorescence 

determined (Figure 3.12).  Results showed that measured mean cellular 

FITC fluorescence varied with effective nanoparticle concentration (Figure 

3.11).  
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Figure 3.11 Linear relationship of FITC fluorescence and nanoparticle 
concentration in MDA-MB-231 cells. At all concentrations n = 1, except 1 x 
1010  nanoparticles/ml, where n = 3 technical replicates, from a single 
biological experiment. 
 

To further explore measured mean cellular FITC fluorescence, and its 

relationship with nanoparticle concentration, MDA-MB-231 cells were 

conditioned in normoxic or hypoxic conditions, then dosed with three different 

nanoparticle concentrations.  The results demonstrated (Figures 3.13) clear 

differentiation in measured mean cellular FITC fluorescence, which 

consistently varied with nanoparticle concentration in both normoxic and 

hypoxic conditioned MDA-MB-231 cells. 
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Figure 3.12  Representative FACS plots from three cell lysates, at each of 
three nanoparticle concentrations used.  Scatter dot plots (left panel) 
represent gating for MDA-MB-231 cells (≥10,000 events), in either normoxic 
(c), or hypoxic (a and b) conditions, at nanoparticle concentrations shown.  
Right panel; gated FITC waveforms, from which mean FITC fluorescence 
was calculated for each sample. Colouring on scatter plots represent event 
frequency. 
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Figure 3.13 FITC fluorescence measurements from MDA-MB-231 cells pre-
conditioned for 24 hours in either normoxic or hypoxic conditions and dosed 
with fluorescent nanoparticles at the concentrations shown for 180 minutes.  
a. Mean FITC fluorescence waveform overlay derived from all 12 samples 
measured.  b. Mean FITC fluorescence values.  n = 2 technical replicates per 
treatment group, and nanoparticle concentration, providing 12 measurements 
in total, generated from a single biological experiment. 
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Based upon these results, the concentration of nanoparticles used in further 
experimental work with the MDA-MB-231 cell line was 1 x 1010 
nanoparticles/ml. 
 
The next step was to compare nanoparticle uptake by MDA-MB-231 cells 
under normoxic or hypoxic (of varying duration) conditions, and with varying 
nanoparticle dosing intervals.  
 
 
 
 
3.2.8 In vitro comparative measurement of nanoparticle uptake by the 

MDA-MB-231 cell line, following normoxic or hypoxic incubation 

  

The relative expression of cell stress related proteins, and in particular, the 

differential expression of HIF1α observed after 6 or 24 hours of hypoxic 

conditioning (Figures 3.6 and 3.7) led to the choice of these same time points 

for uptake studies in MDA- MB-231 human breast cancer cells.  The 

experimental protocol used, is summarized in figure 3.14.   

Nanoparticle 
dosing

Uptake 
(baseline)

EffluxStart

Cell conditioning Incubation Wash out

45 or 180 
minutes with 
nanoparticles

30  minutes
no 

nanoparticles
Normoxia 24h

Hypoxia 24h

Hypoxia 6hNormoxia 18h

Cell
seeding

 
 
Figure 3.14  Schematic overview of uptake and efflux studies conducted 
using the human MDA-MB-231 and 1833 cell lines. 1883 cell uptake/efflux 
studies, were conducted following 24 hours normoxic or hypoxic incubation, 
with a nanoparticle dosing interval of 45 minutes only. 
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Following the respective hypoxia conditioning, MDA-MB-231 cells were 

exposed to nanoparticles for either 45 or 180 minutes. When compared to 

the respective normoxic controls, nanoparticle uptake at 45 minutes was 

significantly increased (100.0 ± 4.76 vs. 108 ± 4.35; p < 0.001, 

respectively) in cells exposed to 6 hours of hypoxic conditioning (Figures 

3.15 and 3.16). With the same hypoxic conditioning regime, nanoparticle 

uptake was substantially upregulated (100.0 ± 2.71 vs. 101.56 ± 3.71; p = 

0.2) at 180 minutes (Figures 3.15 and 3.16). By contrast, cells conditioned 

for 24 hours under hypoxia showed significantly increased nanoparticle 

uptake at both the 45 and 180 minute dosing intervals when compared to 

normoxic control cultures. The largest overall upregulation of nanoparticle 

uptake (10%) was observed at the 45 minute dosing interval in cells 

conditioned under hypoxia for 24 hours (Figure 3.16) 
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Figure 3.15 Impact of hypoxic preconditioning on the uptake of nanoparticles by human MDA-MB-231 breast cancer cells. 
Cells were conditioned in hypoxia (1% O2) for either 6 or 24 hours and then dosed with nanoparticles for either 45 or 180 
minutes. Uptake of fluorescent nanoparticles was assessed by measuring mean single cell-associated fluorescence by flow 
cytometry; ≥10,000 events and.  For each hypoxic treatment interval and dosing interval, n = 3 biological experiments, 
consisting of fifteen technical replicate comparisons (5 wells x 3, from 3 x 6-well plates in normoxia, and 5 wells x 3, from 3 x 6 
– well plates in hypoxia) per treatment group and dosing interval ± SD.  (Experimental scheme also shown in figure 3.14). 
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In order to better compare the relative differences in nanoparticle uptake 
(Figure 3.15), mean percentage change (normoxia vs. hypoxia) in cellular 
FITC fluorescence was calculated and plotted below (Figure 3.16). 
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Figure 3.16 Impact of hypoxic preconditioning on the uptake (endocytosis) of 
nanoparticles by human MDA-MB-231 breast cancer cells.  Mean percentage 
change in FITC fluorescence recorded, per dosing interval and hypoxic 
conditioning duration, relative to normoxic controls. Green bar represents 
normoxic baseline. n = 3 biological experiments for each dosing group and 
treatment period ± SD. This data was generated from the detailed 
experimental data shown in figure 3.15.  
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3.2.9 In vitro comparative measurement of nanoparticle uptake by the 

1833 cell line, following normoxic or hypoxic incubation 

 

As the largest observed increase in nanoparticle uptake with the MDA-MB-

231 cell line was found with 24 hours hypoxic incubation, followed by 45 

minutes dosing with nanoparticles, those conditions were used for 

confirmation studies with the 1833 breast cancer bone metastatic subline.  

1833 cells conditioned for 24 hours in hypoxia and dosed with nanoparticles 

for 45 minutes also resulted in a significantly increased (7.96%) nanoparticle 

uptake (Figure 3.17), when compared with normoxic equivalents.  Similar to 

Figure 3.16, the results were calculated and plotted as mean percentage 

change in FITC fluorescence. 
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Figure 3.17 Impact of hypoxic preconditioning on the uptake (endocytosis) of 
nanoparticles by human 1833 breast cancer cells. 1833 cells, were incubated 
in normoxic or hypoxic conditions for 24 hours, followed by dosing with 
fluorescent nanoparticles (1 x 1010 nanoparticles/ml) for 45 minutes. Mean 
percentage change in FITC fluorescence, relative to normoxic controls was 
then calculated as before. Green bar represents normoxic baseline. n = 3 
independent biological experiments, consisting of fifteen technical replicate 
comparisons (5 wells x 3, from 3 x 6-well plates in normoxia, and 5 wells x 3, 
from 3 x 6-well plates in hypoxia) ± SD. 
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3.2.10 In vitro comparative measurement of nanoparticle efflux 

(exocytosis) by the MDA-MB-231 and 1833 cell lines, following 

normoxic or hypoxic incubation 

 

The observation that hypoxic conditioned MDA-MB-231 and 1833 cells 

showed consistently increased nanoparticle uptake raised the possibility that 

this response was due to (i) increased endocytosis (i.e. uptake), (ii) reduced 

exocytosis (i.e. recycling) or (iii) a combination of both (i) and (ii). This 

question was addressed by performing pulse chase experiments with 

normoxic and hypoxic conditioned cells. These studies were conducted with 

MDA-MB-231 and 1833 cells which were conditioned for 24 hours to hypoxia 

and pulse dosed for 45 minutes, as this treatment gave the greatest relative 

increase in nanoparticle uptake (Figures 3.15, 3.16 and 3.17). After this 

treatment, the cells were chased for 30 minutes and then analysed. 

Comparison of the baseline cell-associated fluorescence with post chase 

cell-associated fluorescence demonstrated a post-chase drop in the MDA-

MB-231 cells which was significantly greater following hypoxic conditioning 

than following normoxic conditioning (81.13% ± 2.18, n =15 and 72.14% ± 

4.94, n = 15, respectively) (Figure 3.18).  Similarly, the post-chase drop in 

the 1833 cells was also significantly greater following hypoxic conditioning 

than with normoxic conditioning (52.09% ± 4.85, n = 10 and 43.74% ± 2.39, 

n =10, respectively) (Figure 3.19).   
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Figure 3.18 Impact of hypoxic preconditioning on the recycling (exocytosis) 
of nanoparticles by human MDA-MB-231 breast cancer cells. Cellular uptake 
of fluorescent nanoparticles was assessed for baseline and efflux by 
measuring mean single cell-associated fluorescence via flow cytometry, 
gating for ≥ 10,000 events; For baseline and efflux comparison, in either 
normoxic or hypoxic conditions, n = 3 biological experiments, consisting of 
fifteen technical replicate comparisons (5 wells x 3, from 3 x 6-well plates for 
baseline measurements (normoxia and hypoxia) and 5 wells x 3, from 3 x 6 – 
well plates for efflux measurements (normoxia and hypoxia)) ± SD. 
Experimental scheme also shown in Figure 3.14.  
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Figure 3.19 Impact of hypoxic preconditioning on the recycling (exocytosis) 
of nanoparticles by the human 1833 breast cancer cell bone metastatic 
subline. Cellular uptake of fluorescent nanoparticles was assessed for 
baseline and efflux by measuring mean single cell-associated fluorescence 
via flow cytometry, gating for ≥ 10,000 events; For baseline and efflux 
comparison, in either normoxic or hypoxic conditions, n = 2 biological 
experiments, consisting of ten technical replicate comparisons (5 wells x 2, 
from 2 x 6-well plates for baseline measurements (normoxia and hypoxia) 
and 5 wells x 2, from 2 x 6 – well plates for efflux measurements (normoxia 
and hypoxia)) ± SD. Experimental scheme also shown in Figure 3.14. 
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3.3 Discussion 

 

This is believed to be the first quantitative study on human breast cancer 

cells that assesses the impact of hypoxic adaptation on both nanomedicine 

internalisation and recycling whilst also taking into account the temporal 

changes in key elements of the hypoxic adaptation circuit itself. Recent 

mechanistic insights into nanomedicine access to tumor cells includes 

transient vascular bursts (Harney et al. 2015; Matsumoto et al. 2016 ) and a 

combination of radiotherapy and tumor associated macrophages (TAM) that 

show the potential to enhance therapeutic delivery of nanomedicines via the 

characteristically short periodic vascular reperfusion (Miller et al. 2017) found 

in tumors. In experimental xenografts these vascular bursts were dependent 

on blood flow, were intermittent and facilitated nanomedicine distribution into 

large areas of the tumor (100 sμ2) (Matsumoto et al. 2016). The uptake 

studies were therefore designed so that nanomedicine dosing occurred at the 

start of short periods of re-oxygenation, followed by hypoxia.  This reflected 

the current understanding of transient tumor vascular reperfusion (Michiels et 

al. 2016), and the subsequent access of nanomedicines to the intratumoral 

space. 

 

This study examined the impact of hypoxia on nanoparticle endo- and 

exocytosis using a simple, but yet effective and well-controlled two-

dimensional in vitro culture system. The merit of this system is the ability to 

both monitor pericellular oxygen levels non-invasively and to quantify 
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nanoparticle uptake and efflux. Unlike three-dimensional organotypic culture 

models this model system reduced the complexity thus eliminating 

confounding factors such as mass transport limitations (of both nanoparticles 

and oxygen) and permitting rapid sample processing and analysis. Rapid 

sample handling is important to ensure that endocytosis and exocytosis is 

arrested (here by placing samples on ice).  While this study demonstrates the 

basic role of hypoxia in nanoparticle uptake and efflux, many other factors 

are likely to impact nanomedicine performance. A number of normoxic 

studies have considered factors like stability of the carrier, cargo release and 

particle size and elasticity (Akinc and Battaglia, 2013). However, this study 

was designed specifically to exclude as many of these confounding factors 

as possible. The particle size of 43.4 ± 4.4 nm, was selected because 

clinically used nanomedicines are typically within the 10 to 100 nm size 

range (Shi et al. 2016; Duncan and Gaspar, 2011). Furthermore, particles 

with a nominal diameter of 50 nm have no restrictions with respect to uptake 

routes into cells, which is encountered at larger particle sizes (e.g. >100 nm 

limited caveola uptake) (Duncan and Gaspar, 2011). Furthermore, 

polystyrene nanoparticles were selected to minimize any confounding effects 

(e.g. alternations of plasma membrane/endocytic membrane compositions) 

(Duncan and Gaspar, 2011). 

 

The results showed that nanomedicine internalisation is altered in a dynamic 

fashion in response to varying periods of hypoxic conditioning and dosing 

intervals (Figures 3.16 and 3.17). These findings paralleled the altered 
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expression of key proteins within the hypoxic adaptation circuit itself. MDA-

MB-231 cells increased their capacity for internalisation of nanoparticles in 

response to hypoxic conditioning for 6 or 24 hours, with the greatest 

difference observed following 24 hours hypoxia. In addition, following all 

hypoxic conditioning periods, the greatest relative increase in internalisation 

was observed over a 45 minute nanoparticle dosing interval (Figures 3.15 

and 3.16).  The MDA-MB-231 parent cell line is heterogeneous and contains 

adapted, highly metastatic sub-populations (Kang et al. 2003; Minn et al. 

2005).  The performance of nanoparticles in the bone metastatic subline 

1833 was therefore examined, because bone metastasis is common in triple 

negative breast cancer (Massagué and Obenauf, 2016). The cellular 

response in MDA-MB-231 and 1833 cells (classified as mesenchymal-like) 

was also examined to make inroads into the effects of tumor heterogeneity 

(within the same patient) on nanomedicine uptake and efflux in hypoxia. 

However, gene expression analysis of triple negative breast cancer has 

identified six main subtypes (mesenchymal-like cells are one of them) 

(Abramson and Mayer, 2014). It thus remains to be seen how all these 

different subclasses of triple negative cells respond to hypoxia.     

 

 Similarly to the parent cell line, 24 hour hypoxic conditioning of 1833 cells 

followed by a 45 minute dosing interval showed a significant increase in 

nanoparticle uptake (Figure 3.17). Furthermore, both the MDA-MB-231 and 

1833 cell lines conditioned to hypoxia for 24 hours increased their exocytosis 

of nanoparticles (Figures 3.18 and 3.19). It is therefore speculated that 
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hypoxic endocytic uptake and recycling are similar in both these 

mesenchymal-like breast cancer cell lines. However, systematic studies 

examining potential differences in such mechanisms between these lines 

have not been reported.  

  

Overall, these results demonstrate that intratumoral hypoxia has the potential 

to alter nanomedicine uptake by tumor cells, thereby modifying intracellular 

trafficking and confounding effective therapeutic payload delivery.  

 

A key aspect of the hypoxic response is the shift from energy-efficient 

oxidative phosphorylation to the less productive, yet oxygen conserving, 

glycolytic pathway (Kim et al. 2006; Papandreou et al. 2006; Semenza, 

2013). As a consequence, hypoxic tumor cells may enter a lower energy 

state associated with reduced ATP synthesis. Because nanomedicine 

internalisation via endocytosis is an active, energy-dependent process, the 

expectation would be a reduction in nanomedicine internalisation, yet here, a 

significant increase was observed.  There are however, few studies available 

for comparison with this work. One study reported a reduction in the cellular 

uptake of 1.9 nm gold nanoparticles in MDA-MB-231 cells under hypoxic 

conditions (Jain et al. 2014). However, that study employed a very low 

(0.1%) oxygen environment for hypoxic conditioning and the conditioning 

was only for 4 hours prior to dosing with nanoparticles. Some cellular hypoxic 

adaptations would be expected over that short duration of hypoxia, but no 

validations of molecular changes were reported and pericellular oxygen 
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levels were not determined. For this research, therefore, in situ pericellular 

oxygen monitoring was adopted and 11 stress related proteins were tracked 

(including the master hypoxic effector, HIF1α) as markers of hypoxic cellular 

conditioning and the cellular hypoxic response, respectively. By contrast, in a 

different study, (Neshatian et al. 2014) the results demonstrated elevated 

internalisation of gold nanoparticles (sizes: 15, 50 and 70 nm) in human 

MCF-7 breast cancer cells following 18 hours of hypoxic pre-conditioning in a 

very low 0.2% oxygen environment. For this study, a hypoxic oxygen level of 

1% was selected. This was because meta-analysis (Vaupel et al. 2007) of in 

vivo ultrasound guided hypoxia measurements within human breast tumors 

indicated that the median pO2 was 10 mmHg. Using normobaric 

assumptions, this approximates to around 1.0 to 1.3% oxygen. As expected, 

a lower pericellular oxygen was found in the presence of cells than in cell-

free media (Figure 3.1). This suggests that an incubation environment as low 

as 0.2 or 0.1% O2, as used in the previous published studies, could lead to 

anoxic, as opposed to hypoxic, conditions within the cells themselves (Place 

et al. 2017). This is important, because anoxia is known to trigger alternative 

cellular responses (e.g. activating transcription factor 3 and 4) that are not 

mediated via HIF (Ameri et al. 2007; Blais et al. 2004). This raises concerns 

about the relevance of these previously published studies in the context of 

nanomedicines and limits the ability to compare these findings with them. 

 

Overall, nanomedicine retention within cells is the sum of both uptake (i.e. 

endocytosis) and efflux (i.e. exocytosis) (Duncan and Richardson, 2012) and 
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requires a mechanism for regulation of cellular homeostasis (e.g. cell 

volume, plasma membrane economics) (Duncan and Pratten, 1977) and for 

response to and modulation of cell signalling (e.g. receptor recycling versus 

down regulation). Therefore, assessment of the endocytic index of 

nanomedicines must include both endocytosis and exocytosis (Duncan and 

Richardson, 2012). The current results showed that 24 hour hypoxic 

preconditioning increased nanomedicine uptake, but it also increased 

exocytosis. The degree and speed of recycling under normoxic conditions 

observed here is similar to that noted in previous work (albeit, under differing 

experimental conditions) (Seib et al. 2007; Fiorentino et al. 2015).  

 

The observed upregulation of the energy dependent processes of endo- and 

exocytosis, in what is ostensibly a low energy hypoxic cellular state, would 

appear to be counterintuitive. However, tumor cell hypoxic adaptation 

involves well-established changes to endocytic receptor uptake and 

signalling (Franovic et al. 2007; Mosesson et al. 2008; Wang et al. 2012) and 

altered intracellular trafficking (Wang et al. 2009b). Recent in vitro research 

has shown that MDA-MB-231 and HeLa cells undergo a generalised 

reduction in overall internalisation of the tumor cell surface proteome in 

response to hypoxia, with a parallel selective upregulation of specific 

endocytic pathways, mediated via caveolin 1 (Bourseau-Guilmain et al. 

2016)).  Further, the recycling of transmembrane proteins may also be 

influenced by interaction with proteins like Caveolin 1, among others 

(Christianson et al. 2017). Interestingly, constitutive in vitro expression of 
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Caveolin 1 is markedly higher in MDA-MB-231 cells than in many other tumor 

cell lines (Nehoff et al. 2014; Kang et al. 2016), suggesting its potential for a 

greater influence in this cell line. Similarly, upregulation of exocytotic release 

of exosomes or vesicles from tumor cells during hypoxia is known to play a 

significant role in tumor development and signaling (King et al. 2012; Wang 

et al. 2014), with implications for altered or upregulated exocytosis. Thus, the 

results may reflect these types of specific upregulated endocytic and exocytic 

processes, which deserve further investigation. 

 

This study also measured relative expression of HIF1α, the master effector of 

hypoxic adaptation, to assess how the cellular hypoxic response might 

change with the duration of hypoxic exposure. Unhydroxylated HIF1α 

expression was increased approximately four fold when compared to 

normoxic levels after 6 hours of hypoxia, but returned to near normoxic levels 

following 24 hours of hypoxia. Similar temporal patterns of HIF1α expression 

have been demonstrated in MDA-MB-231 cells exposed to similar in vitro 

hypoxic conditions (Cavadas et al. 2015). The regulation of this cyclical 

HIF1α expression is multifactorial, but it appears to be driven principally by a 

variety of cellular factors, including REST (repressor element 1- silencing 

transcription factor) (Cavadas et al. 2015). In the context of these results, it is 

interesting to note that the greatest differences in nanoparticle internalisation 

were observed following 24 hours of hypoxic conditioning, where it was also 

found that HIF1α had returned to near normal levels.  
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The relative expression of ten other key cell stress proteins in the MDA-MB-

231 cells was also assessed and the results demonstrated that their altered 

expression depended on the duration of hypoxia. Whilst all these proteins are 

relevant to the cellular stress response to hypoxia, of particular note are 

those known to form part of the HIF1 regulatory circuit. For example, 

CbP/p300 – interacting transactivator – 2 (Cited 2) is a known HIF1 negative 

regulatory element that exhibits preferential binding of CBP/p300 co-factors 

required for HIF1 transcriptional activity (Wang et al. 2016). Similarly, the 

NAD dependent deacetylase Sirtuin2 (SIRT2) has been shown, through 

deacetylation, to increase proteasomal breakdown of HIF1 via enhanced 

affinity for PHD2 (Seo et al. 2014). The results demonstrated that the relative 

expression of Cited 2 peaked following six hours of hypoxia, whereas 

Sirtuin2 exhibited the highest relative expression following 24 hours of 

hypoxic conditioning. Taken within the overall context of this research, these 

results underline the dynamic nature of hypoxic adaptation within tumor cells 

and its impact on the uptake and efflux of nanomedicines during hypoxia. 

 

 

3.4 Conclusions 

The objective of this work was to quantify the difference that tumor cell 

hypoxic adaptation might make to in vitro nanomedicine uptake and 

recycling. This research has demonstrated that both uptake and recycling of 

the model nanomedicine were increased following hypoxic incubation in both 

the MDA-MB-231 and 1833 cell line (Figure 3.20).   
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Figure 3.20  Schematic summary of key findings: Hypoxic conditioning of 
breast cancer cells increases nanomedicine uptake and efflux.  
 

Further, it was also demonstrated with the MDA-MB-231 cell line, that the 

magnitude of these changes depended on the duration of the hypoxic 

exposure and the dosing interval. Overall, these results expand the existing 

knowledge of how the hypoxic tumor microenvironment can potentially alter 

nanomedicine internalisation, with implications for effective therapeutic 

delivery and design. 
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Chapter 4 

Influence of HIF1α on nanoparticle uptake 
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4  Influence of HIF1α on nanoparticle uptake 

 

4.1  Introduction. 

The results from the work documented in chapter 3 of this thesis, 

demonstrated that in vitro hypoxic conditioning of both MDA-MB-231 and 

1833 cells, results in increased nanoparticle uptake and efflux.  Interesting 

questions arise from those results however, regarding the mechanism that 

leads to altered cellular nanoparticle processing.  Whilst HIF1 is the 

recognised major transcriptional effector in cellular hypoxic adaptation, 

research also shows a number of other factors involved, especially in hypoxic 

gene repression (Cavadas et al. 2017). It is the combination of hypoxia 

driven gene promotion and repression, which leads to the phenotypic 

changes involved in cellular hypoxic adaptation. A specific example of this is 

the repressor element-1 silencing factor (REST) ( Cavadas et al. 2015).  This 

transcriptional repressor has been shown to decrease HIF1α transcription 

during hypoxia ( Cavadas et al. 2015), suggesting a regulatory role in the 

hypoxic cellular response. In addition, REST has been demonstrated in 

human embryonic kidney 293 cells to also regulate approximately 20% of the 

genes repressed during hypoxia (Cavadas et al. 2016). This includes SNJ1, 

encoding for synaptojanin 1, implicated in clathrin mediated membrane 

trafficking (Cavadas et al. 2016).  

 

There are other transcriptional factors, which may operate independently of 

HIF, in order to either increase or suppress gene expression in response to 
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hypoxia (Cummins and Taylor, 2005; Elvidge et al. 2006). A number of other 

factors may also act indirectly, in response to hypoxia or specific 

characteristics (pH, Reactive oxygen species, nitric oxide etc..) of the 

intracellular hypoxic environment. Each one of these may, either alone or in 

combination, be responsible for inducing the changes in nanoparticle uptake 

and efflux that was observed earlier (chapter 3). 

 

Therefore, whilst the observed alterations to nanoparticle uptake and efflux 

shown earlier were in response to hypoxia, it is not clear whether the 

changes were directly mediated via HIF1 alone, in conjunction with other 

cellular changes, or via an unrelated, as yet unexplored, mechanism. 

 

In order to demonstrate the role that HIF1 may have played in the observed 

changes to nanoparticle uptake (chapter 3), similar experiments could be 

conducted whilst inhibiting HIF1.  

 

There are a variety of techniques that have been demonstrated for HIF1 

inhibition. From a cell biology perspective, HIf1α and HIF2α, have both been 

selectively inhibited via short interfering RNA, and related techniques 

(Bartholomeusz et al. 2009; Wang et al. 2009a; Liu et al. 2012; Malamas et 

al. 2016).  However, the focus of this thesis was chemical inhibition of HIF1α 

expression.  
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Given the significant role which HIF1α and HIF1 play within tumour 

development and survival, there is considerable ongoing research work into 

the development of chemical HIF1 blocking agents as cancer therapeutics 

(Semenza, 2012b).  In addition, from the pharmaceutical industry 

perspective, there is an interest and financial motivation, in the re-purposing 

of existing approved drugs (Shim and Liu, 2014), as HIF1 blocking agents. 

Not only is their potential for altering tumour growth via HIF1 inhibition, but 

manipulation of HIF1 may also be useful in kidney disease associated 

aneamia (Joshua Kaplan et al. 2018) and cardiology(Ong et al. 2014). These 

topics are extensively reviewed here (Masoud and Li, 2015).   

 

Chemical agents can inhibit HIF1 via a diverse array of mechanisms.  This 

includes either interfering with the endogenous hypoxic HIF1/HIF1α 

regulatory pathway, or working directly to alter or influence the HIF1 

molecule itself (Figure 4.1).  There are many known chemicals which may 

inhibit the activity or expression of HIF1 or HIF1α, however, the focus here, is 

on those with the greatest associated research data. Selecting the most 

appropriate inhibitor for use in this research was therefore important, and 

ultimately dependent upon its proposed mechanism of action.  
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Figure 4.1  There are 4 major targets of chemical inhibition of HIF1/HIF1α,  
during hypoxic conditions.  1. Transcription/translation of HIF1α. 2. Dimerization of HIF1α  
with HIF1β. 3. The heterodimeric form of HIF1 requires the CBP/p300 co-factor complex  
for transcriptional activity. 4. HIF1 exerts transcriptional activity via the conserved 5’-CGTG-3’  
consensus sequence (hypoxic response element (HRE)) in the promoter region of target genes.  
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There are several inhibitors that have been shown to inhibit or influence 

HIF1α mRNA translation.  One of these, PX-478, is a compound which has 

been shown to inhibit HIf1α in vitro (Palayoor et al. 2008) and in vivo. It has 

also been the subject of a phase 1 clinical trial (U.S. National Library of 

Medicine, 2018b). This molecule is understood to work via a variety of 

mechanisms (Lee and Kim, 2011), but its principal effect appears mediated 

by inhibition of HIF1α mRNA translation (Koh et al. 2008; Jacoby et al. 2010; 

Welsh et al. 2004).  

 

Seemingly working in a similar fashion, cardiac glycosides, and in particular, 

digoxin, have been studied for their ability to inhibit the hypoxic cellular 

adaptive response in cancer cells. Digoxin is a clinically approved cardiac 

inotrope, prescribed for increasing myocardial contractility in heart failure 

patients (Abdul-Rahim et al. 2018; van Veldhuisen et al. 2018). This makes it 

a particularly attractive drug to study for HIF1 inhibition, because it is already 

in clinical use, is readily available and its cardiac therapeutic range and side 

effect profiles have been well studied. Its ability to inhibit HIF1, in vitro has 

been documented (Wei et al. 2013; Wong et al. 2012), exerting its effect via 

inhibition of HIF1α mRNA translation (Zhang et al. 2008). In addition a 

number of studies have suggested its efficacy in reducing tumour growth in 

vivo (Lin et al. 2009; Svensson et al. 2005). Other researchers have 

demonstrated the potential for digoxin as adjuvant therapy to pre-existing 

cytotoxic anticancer therapies (Smolarczyk et al. 2018) – many of which are 
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currently, or have potential to be, administered in nanoparticulate 

formulations.  It is therefore interesting to note that there is little published 

research examining the impact that chemical inhibitors of HIF/HIF1α such as 

digoxin may have upon nanomedicine uptake and efflux dynamics.  

 

An important inhibitor of HIF1α dimerization, and thereby transcriptional 

activity, is the compound acriflavine. Already known as a chemical dye and 

topical antibacterial agent, with anti-malarial potential (Dana et al. 2014), its 

HIF1 dimerization blocking ability was Identified via a cell based screening 

assay (Lee et al. 2009b). Further work identified this compound as binding to 

a specific (PAS-B) domain of both HIF1α and HIF2α, thereby inhibiting 

dimerization and transcriptional activity (Lee et al. 2009b). Importantly, this 

compound has been shown via prostate cancer xenograft modeling to reduce 

tumour growth and vascularization (Lee et al. 2009b). More recently, this 

compound has also been shown to effectively induce tumour cell death, 

apoptosis and a reduction of VEGF in vitro, within a number of brain cancer 

cell lines via HIF1 inhibition, with similar findings using in vivo glioblastoma 

modeling (Mangraviti et al. 2017).   

 

Another compound, with a similar mode of action – yet only acting on HIF2α, 

PT2385 (Peloton Therapeutics, inc.), is currently being investigated in clear 

cell renal cell carcinoma (U.S. National Library of Medicine, 2018c).  
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Preventing heterodimeric HIF1 interacting with the transcriptional co-factors 

CBP/p300 (Arany et al. 1996), has been shown to block HIF transcriptional 

activity at the hypoxic response element on target genes (Kung et al. 2000). 

High throughput screening identified the fungal metabolite chetomin, as an 

effective CBP/p300 blocker, shown to inhibit tumour growth (Kung et al. 

2004).  Yet despite its proven ability as a potent inhibitor of HIF1 

transcriptional activity, further development was not conducted due to its 

plethora of cytotoxic effects (Onnis et al. 2009).   

 

Even if HIF1 is fully functional, its blockade at the hypoxic response element 

in target genes, essentially inhibits the HIF mediated hypoxic response. A 

variety of molecules have been shown to work directly in this manner. The 

anthracycline cancer therapeutics, doxorubicin and daunorubicin, are potent 

inhibitiors of HIF1 activity at the hypoxic response element, blocking HIF1 

binding to target gene DNA (Lee et al. 2009a). Working in a related manner, 

the bacterial peptide, echinomycin, has been shown to inhibit HIF1 activity by 

competitively binding to the hypoxic response element on target genes (Kong 

et al. 2005). 

From a number of potential candidate compounds, digoxin was therefore 

selected as Hif1 inhibitor for the work in this chapter.  Aside from its ability to 

inhibit HIF1α mRNA translation, there were two other important reasons for 

this choice: 
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1. This is a drug that is already in routine clinical use, has global 

regulatory approval, and has been documented in other studies, both 

in vitro and in vivo for inhibition of HIF1. 

 

2. Digoxin is a drug in which there is a great deal of interest as a 

possible chemotherapeutic adjuvant, owing to its HIF1α inhibitory 

qualities (Zhang et al. 2008; Wong et al. 2012). It has been the subject 

of evidence from a number of clinical trials in that role, and, partly due 

to conflicting and equivocal results, is currently the subject of a 

pharmacodynamic clinical trial (U.S. National Library of Medicine, 

2018d), to help assess the ability of digoxin at non-toxic therapeutic 

doses to actively inhibit HIF1α in breast cancer tissue.  This study has 

a completion date of July 2018. 

 

Digoxin has low aqueous solubility, typically prepared via co-solvation in 

either dimethyl sulphoxide or methanol for in vitro use. Therefore, for these in 

vitro studies, digoxin pre-dissolved in methanol was used, and diluted in 

phosphate buffered saline as required.  Three concentrations of digoxin 

which aligned with those successfully deployed in previously published 

studies (Wei et al. 2013; Zhang et al. 2008), were initially assessed for 

cytotoxicity and HIF1 inhibitory ability.  The most appropriate concentration of 

digoxin, exhibiting a balance between HIF1 inhibitory qualities and 

cytotoxicity, was then deployed for nanoparticle uptake comparison 

experiments.  As the greatest in vitro increase in nanoparticle uptake by 
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MDA-MB-231 cells had been previously demonstrated following 24 hours 

hypoxic conditioning and a 45 minute dosing interval (chapter 3 Figures 3.15 

and 3.16), those same parameters were adopted for these experiments. 

 

The objective of this chapter was to repeat comparison of nanoparticle 

uptake in MDA-MB-231 cells following normoxic or hypoxic incubation, but 

with the addition of a suitable chemical HIF1 inhibitor. To accomplish this 

there was the need to, (i) Demonstrate in vitro inhibition of HIF1α expression 

by digoxin in both hypoxia conditioned and cobalt chloride treated MDA-MB-

231 cells, (ii) Determine whether digoxin inhibition of HIF1α in vitro, alters the 

previously observed increased nanoparticle uptake in MDA-MB-231 cells. 

 

By employing a chemical inhibitor that acted via blockade of HIF1α mRNA 

translation as opposed to any other subsequent point in the HIF1 pathway, 

the extent of inhibition (and reduction in HIF1α protein expression) could be 

assessed in hypoxic or cobalt chloride treated cell lysates via SDS PAGE 

and western blotting.  
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4.2 Results 

4.2.1  Digoxin cytotoxicity. 

The in vitro cytotoxicity of digoxin upon hypoxic MDA-MB-231 cells over a 24 

hour period was assessed via the MTT assay (Figure 4.2).  The results 

showed that at concentrations of 100 and 1000 nmol/l digoxin, hypoxic MDA-

MB-231 cell viability was significantly reduced (reduction of 14.78 and 19.09 

%, respectively), when compared with untreated cells. 
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Figure 4.2  In vitro cytotoxicity of digoxin in MDA-MB-231 cells. Cells were 
exposed to digoxin for 24 hours in hypoxia (1% O2). For untreated and 10 
nmol digoxin treated cells, number of data points = 51 and 34, respectively.  
For all others, number of data points was 36.  At each digoxin dosing level, 
data was derived from three separate biological experiments.  Error bars 
denote SD. 
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4.2.2 HIF1α translation inhibition by digoxin 

 

Given the relative cytotoxicity of digoxin observed at higher doses, it was 

necessary to assess the ability of digoxin to inhibit HIF1α expression in MDA-

MB-231 cells at each of the three digoxin dosing levels, to enable selection of 

the most appropriate inhibitory dose.  HIF1α inhibition was demonstrated in 

either hypoxic or cobalt chloride (positive HIF1α control) treated normoxic 

MDA-MB-231 cells.   Western blot and densitometry scan data demonstrated 

that in the case of cobalt chloride treated cells (Figure 4.3), near complete 

inhibition of HIF1α expression was observed at the highest digoxin dose 

(1000 nmol) (well 2).  Lesser inhibition was observed in those same cells at 

the two lower doses (wells 3 and 4, corresponding to 100 and 10 nmol 

respectively), over a 24 hour incubation period.  Importantly, the loading 

control β - actin, demonstrated consistent expression, with or without digoxin. 

 

Interestingly, with MDA-MB-231 cells conditioned with 6 hours of hypoxia 

(1% O2) the highest dose of digoxin (1000 nmol) did not completely inhibit 

HIf1α expression.  The degree of inhibition in hypoxia conditioned cells did 

not differ markedly with digoxin dose. The results showed more effective, 

dose related, inhibition of HIF1α with cobalt chloride treated normoxic cells, 

than with hypoxic cells. 
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Figure 4.3  HIF1α inhibition by digoxin in MDA-MB-231 cells. Cell lysates 
were prepared as follows;  (i) wells 1-4, MDA-MB-231 cells dosed with 100 
µM CoCl2 followed by 100 µl of cell culture media, containing digoxin at an 
effective concentration of either 0, 10, 100 or 100 nmol, and incubated for 24 
hours in a normoxic environment, (ii) wells 5 – 7, 100 µl of cell culture media, 
containing digoxin at an effective concentration of either 10, 100 or 100 nmol 
was added to MDA-MB-231 cells, followed by 18 hours in normoxic, then 6 
hours hypoxic incubation. (a) SDS PAGE and western blotting of 
corresponding cell lysates from independent experiments, probed for 
unhydroxylated HIF1α, with β actin as loading control. (b) Relative HIF1α 
band densitometry of (a), expressed as percentage change relative to 
untreated positive control (well 1).  
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4.2.3 Comparison of in vitro nanoparticle uptake by normoxic MDA-

MB-231 cells, following 24 hours incubation with or without 100 

nmol/l digoxin. 

 

As earlier work (chapter 3, Figures 3.15 and 3.16) had demonstrated that the 

largest overall increase in nanoparticle uptake occurred over a 45 minute 

dosing period following 24 hours hypoxic incubation, those same 

experimental parameters were used for HIF1α inhibition studies. In 

consideration of the ability of digoxin to inhibit HIF1α at varying doses, for 

further work, a digoxin dose of 100 nmol was used. First the base line 

nanoparticle uptake was assessed in normoxia. Due to the relative in vitro 

cytotoxicity of digoxin at a concentration of 100 nmol, a comparison was 

conducted to assess its impact upon nanoparticle uptake by MDA-MB-231 

cells in normoxic conditions. The results (Figure 4.4) showed no significant 

difference in nanoparticle uptake by normoxia conditioned MDA-MB-231 

cells, compared to that of digoxin treated normoxic cells (normalised mean 

FITC fluorescence 100.0 ± 2.93 vs. 97.91 ± 2.08; p = 0.56). 
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Figure 4.4  Impact of digoxin upon nanoparticle uptake by normoxic 
conditioned MDA-MB-231 cells. a. Schematic overview of experimental 
work.  b. In vitro measurement of nanoparticle uptake by digoxin (100 nmol) 
treated, normoxic conditioned, human MDA-MB-231 breast cancer cells, 
compared to normoxic controls. n = 2 from two biological experiments 
consisting of ten technical replicate comparisons (5 wells x 2 from 2 x 6-well 
plates in normoxia and 5 wells x 2 from 2 x 6 – well plates in normoxia plus 
digoxin) per treatment group ± SD. 
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4.2.4 In vitro nanoparticle uptake by Normoxia conditioned MDA-MB-

231 cells compared to uptake by equivalent hypoxia conditioned 

cells dosed with digoxin.  

 

Earlier results (chapter 3) demonstrated a significant increase in nanoparticle 

internalisation by hypoxic conditioned MDA-MB-231 cells, compared to their 

normoxic conditioned equivalents.  In order to determine the role of HIF1α, 

nanoparticle uptake by hypoxic MDA-MB-231 cells in the presence and 

absence of the HIF1α inhibitor digoxin (100 nmol), was measured. The 

results (Figure 4.5) showed significantly elevated nanoparticle uptake in 

hypoxic MDA-MB-231 cells treated with digoxin, when compared with 

normoxic conditioned cells (normalised mean FITC fluorescence 113.3 ± 

6.42 vs. 100.00 ± 6.30; p<0.001). 
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Figure 4.5  Impact of digoxin upon nanoparticle uptake by hypoxic 
conditioned MDA-MB-231 cells. a. Schematic overview of experimental 
work.  b. In vitro measurement of nanoparticle uptake by digoxin (100 nmol) 
treated hypoxic human MDA-MB-231 breast cancer cells, compared to 
normoxic controls. n = 2, from two biological experiments consisting of ten 
technical replicate comparisons (5 wells x 2 from 2 x 6-well plates in 
normoxia and 5 wells x 2 from 2 x 6 – well plates in hypoxia plus digoxin) per 
treatment group ± SD. 
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4.3 Discussion 

The earlier results in chapter 3 demonstrated that hypoxic conditioned MDA-

MB-231 cells exhibited significantly increased uptake (endocytosis) (Figures 

3.15 and 3.16) and efflux (exocytosis) (Figure 3.18) of nanoparticles in vitro, 

when compared with equivalent normoxic cells. The research in this chapter 

was designed to further investigate these findings, and determine the role of 

HIF1α in the altered nanoparticle trafficking seen following hypoxic 

conditioning.  

 

The results from this chapter also produced results that are relevant to 

understanding the role of digoxin and how it may act to inhibit HIF1α.   

Researchers describing the mechanism of digoxin-mediated HIF1α inhibition 

often cite a single data source (Zhang et al. 2008). This paper first described 

the HIF1α inhibitory effect and its effect on HIF1α translation, following 24 

hours hypoxic exposure. Other in vitro studies where digoxin mediated 

inhibition of HIF1α has been demonstrated (Wei et al. 2013), also used 24 

hour incubation periods. One study examining digoxin mediated inhibition of 

HIF1α, specifically in hypoxic MDA-MB-231 cells, demonstrated inhibition of 

HIF1α expression with a digoxin concentration of 400 nmol. However, this 

was, as with other studies, observed after a full 24 hour hypoxic (1% O2) 

incubation (Wong et al. 2012). Yet it is known, and I have demonstrated 

earlier (Chapter 3, Figures 3.5, 3.6 and 3.7), that MDA-MB-231 cells exhibit a 

temporal peak in HIF1α at around 6 - 8 hours within a 24 hour time period in 
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vitro (Cavadas et al. 2015). Therefore in this work I intentionally sought to 

demonstrate the inhibitory effect of digoxin on HIF1α expression following 6 

(rather than 24) hours hypoxic exposure (i.e. at, or near, its peak level).   

 

The results (Figure 4.3) demonstrated that digoxin mediated HIF1α inhibition 

was incomplete at all three digoxin concentrations (10, 100 and 1000 nmol), 

in hypoxic conditioned MDA-MB-231 cells. In contrast, in equivalent normoxic 

cells treated with 100 µM cobalt chloride, HIF1α was almost completely 

inhibited at the highest concentration (1000 nmol) of digoxin, and partially 

inhibited at all other concentrations. Further, there appeared to be a 

concentration related reduction in HIF1α levels observed with the cobalt 

chloride treated cells - a finding which was not replicated in hypoxic 

conditioned cells (Figure 4.3).   

 

The nature of the distinction between the inhibition of HIF1α in cobalt 

chloride or hypoxia treated cells, as observed in this study, is potentially 

related to the different mechanisms responsible for HIF1α accumulation in 

either treatment group (Figure 4.6).  
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Figure 4.6  Hypoxia and cobalt chloride can both inhibit (red) the 
hydroxylation of HIF1α, via different mechanisms, leading to HIF1α 
accumulation. 
 
 

Cobalt chloride displaces the Fe2+ at the catalytic centre of the PHD 

enzymes, responsible for the hydroxylation, subsequent polyubiquitination 

and proteasomal breakdown of HIF1α in normoxic conditions.  This leads to 

HIF1α accumulation within cells, which cannot be broken down, even in the 

presence of oxygen.  By contrast, HIF1α accumulation occurs with hypoxia, 

since those same PHD enzymes responsible for its hydroxylation and 

breakdown, have an absolute requirement for oxygen.  Both mechanisms, 

which exert their influence downstream of HIF1α translation, result in an 

accumulation of HIF1α.  There are of course many other factors that can 

influence HIF1/HIF1α levels (Semenza, 2017), but the distinct difference in 

the HIF1α inhibitory effect of digoxin observed here (Figure 4.3) does raise 
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further questions.  Is the current understanding of HIF1α accumulation 

incomplete, or is it the mechanism of digoxin-mediated HIF1α inhibition that 

is incomplete? It is interesting to note, that the evidence relating to the use of 

digoxin as an effective HIF1α inhibitor, or a cancer therapeutic has been 

challenged. Some of the findings, for example from the original research 

detailing the mechanism of digoxin mediated HIF1 inhibition (Zhang et al. 

2008), have been questioned. In particular, mouse xenograft studies which 

demonstrated enhanced tumour resolution in the presence of digoxin, may 

have been due to the markedly different sensitivity to digoxin of human and 

mouse cells (Lopez-Lazaro, 2009; Zhang and Semenza, 2009). 

 

There do not appear to be any published studies that have performed similar 

digoxin mediated inhibition, at the temporal peak (6-8 hours) of HIF1α 

specifically in hypoxic MDA-MB-231 cells, as has been done here. It is 

interesting to note, however, that recent research (Lee et al. 2017a) 

demonstrated near complete inhibition of HIF1α accumulation in hypoxic 

gliomal stem cells in vitro, using relatively low doses of digoxin (400 nmol/l).  

In addition, a clear dose related inhibitory effect was demonstrated. This was 

achieved following what appears to have been eight hours hypoxia (1% O2), 

although the timing is not clear in the published manuscript. There are 

however, two important caveats to that work. Firstly, it is not clear whether 

the experimental conditions were the same as used in this thesis. Secondly, 

and perhaps most importantly, gliomal stem cells are a very specific sub-



 135 

population of human neural tumour tissue, distinct from human breast tumour 

cells, making direct comparison with the results in this thesis difficult.  

 

It would have been useful to replicate these experiments, to confirm the 

HIF1α expression patterns seen in both treatment groups, in the presence of 

varying concentrations of digoxin. However, time restrictions precluded such 

a course of action. Further experimentation might also benefit from 

supplementation with an alternative HIF1α translation inhibitor (e.g., the 

compound PX-478 (Palayoor et al. 2008; Jacoby et al. 2010)) for 

comparison.   

 

Having considered the ability of digoxin to inhibit HIF1α expression in 

hypoxic MDA-MB-231 cells at several concentrations, in vitro, it was then 

essential to determine the cytotoxic potential of digoxin at those same doses.  

Digoxin like many other chemical inhibitors of HIF1α, can exert a wide variety 

of non-HIF1α related effects upon cells. These effects, depending upon 

concentration, may prove cytotoxic. In addition, when deployed clinically as a 

cardiac inotrope for treatment of congestive heart failure, digoxin has a 

narrow therapeutic plasma concentration range (van Veldhuisen et al. 2018; 

Abdul-Rahim et al. 2018). As a consequence, therapeutic drug monitoring is 

conducted on patients treated with digoxin, ensuring the plasma 

concentration stays within the range 1.02 - 2.56 nmol (0.8 – 2.0 ng/ml) 

(Hauptman et al. 2013).  All of the digoxin concentrations that have 

previously been used in peer-reviewed studies to inhibit HIF1 in vitro, were 
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well above the upper threshold (typically 2.56 nmol) of this range (i.e., 

supratherapeutic), creating potential for cytotoxicity. It was therefore 

essential to determine cytotoxic effects of digoxin upon hypoxic MDA-MB-

231 cells, at the same concentrations as used for HIF1α inhibition. 

 

Results from the MTT study, demonstrated (Figure 4.2) a significant 

reduction in hypoxic MDA-MB-231 cell viability, at both 100 and 1000 nmol 

digoxin concentrations. Having established this cytotoxicity, and in 

consideration of both previous published research and relative HIF1α 

inhibitory ability, it was decided to use an effective digoxin concentration of 

100 nmol for further nanoparticle uptake comparison work.   

 

One concern for the nanoparticle uptake comparison studies was that digoxin 

might by itself influence nanoparticle uptake, even in normoxic MDA-MB-231 

cells. Therefore, prior to comparing nanoparticle uptake in hypoxic and 

normoxic MDA-MB-231 cells treated with digoxin, a comparison was made of 

nanoparticle uptake in normoxic and normoxic plus digoxin treated cells. The 

results (Figure 4.4) demonstrated that there was no significant difference in 

nanoparticle uptake between normoxic plus digoxin and untreated normoxic 

cells, over a 45 minute dosing interval. Having established that an effective 

digoxin concentration of 100 nmol did not adversely influence nanoparticle 

uptake in non-hypoxic cells, experimental work to compare nanoparticle 

uptake in digoxin treated hypoxic cells was conducted. 
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Comparison of nanoparticle uptake (endocytosis) by normoxic MDA-MB-231 

cells with equivalent hypoxic digoxin-treated cells, showed a significant 

increase in nanoparticle uptake in the latter.   Indeed, whereas in earlier 

experimental work in chapter 3 (Figures 3.15 and 3.16), there was a 10% 

increase in nanoparticle uptake by the same cell line conditioned in hypoxia, 

these results showed a slightly greater increase in uptake. This was a 

somewhat counterintuitive result, because it could be anticipated that even 

partial HIF1α inhibition would reduce cellular hypoxic changes, thereby 

minimising the increased nanoparticle uptake as observed previously.  

 

These results could suggest that HIF1α does not play a significant role in the 

increased nanoparticle uptake previously observed (Chapter 3), but such a 

conclusion is tempered by the fact that inhibition of HIF1α was incomplete.   

More plausible however, is that it is a more complex interplay between 

several factors beyond the scope of these results. Given that the 

pharmacological action of digoxin is effected via altered intracellular calcium 

concentration, it is worth noting that calcium itself plays a very significant role 

in tumour development and progression (Monteith et al. 2017). Importantly, 

however, within the context of this study, it is also relevant that calcium 

signalling plays a role in HIF1α mRNA levels and activity within breast cancer 

cells (Tosatto et al. 2016).  Thus, understanding the results both for 

nanoparticle uptake and HIF1α inhibition in the presence of digoxin in this 

study, may involve further work. 
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In chapter 3, both the uptake (endocytosis) and efflux (exocytosis) of 

nanoparticles was compared between normoxic and hypoxic conditioned 

cells. This provided greater clarity on the mechanisms involved, because it 

was the combined effect of both of these aspects of cellular trafficking, which 

indicated what was happening in the cell. One of the limitations of the results 

in this chapter, is the fact that it was not possible to conduct both efflux 

(exocytosis) and uptake (endocytosis) experimental work within the time 

frame of this thesis. Therefore, from the results obtained, it may not be 

determined whether the increased uptake found in hypoxic digoxin treated 

cells was due to altered efflux, altered uptake, or a combination of both.  

 

4.4 Conclusion 

This chapter has demonstrated that digoxin may not completely inhibit HIF1α 

translation in hypoxic MDA-MB-231 cells, when HIF1α levels might nominally 

be at their highest. The results also showed that digoxin could inhibit HIF1α 

accumulation in cobalt chloride treated MDA-MB-231 cells, in a concentration 

related manner. In addition, nanoparticle uptake by a human breast cancer 

cell line was increased in hypoxic cells, when compared to normoxic 

equivalents, whilst HIF1α was partially inhibited by digoxin. 
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Chapter 5 

Key findings, future work and conclusion 
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5 Key findings, future work and conclusion 

 

5.1 Key findings 

 

Chapter 1 of this thesis, provided background information describing how 

hypoxic adaptation significantly alters fundamental aspects of tumour cell 

structure, blood supply, metabolism and protein expression. The inherent link 

that exists between those hypoxic adaptations observed in tumour cells, and 

nanomedicine internalization pathways was then described.  

 

Given this background, it was hypothesized that hypoxia would alter the 

uptake (endocytosis) and the efflux (exocytosis) of a model nanomedicine in 

a human breast cancer cell line. In order to pursue this, three objectives were 

established for this work, 

 

1. Quantify the impact of hypoxia upon internalization (endocytosis) and 

efflux (exocytosis) of a model nanomedicine, in vitro, in a human triple 

negative breast cancer cell line (Chapter 3). 

 

2. Confirm the findings from objective 1., in a related human breast 

cancer cell line, which reflects tumour heterogeneity, in vitro    

(Chapter 3). 
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3. Determine the role of HIF1α in the findings from objective 1., via 

chemical inhibition of HIf1α expression (Chapter 4). 

 

 

This chapter is a summary of the key findings from the research conducted  

towards this thesis. It also outlines the potential for further development of 

this research. 

 

Chapter 3 results demonstrated significantly increased in vitro endocytic 

uptake of nanoparticles by MDA-MB-231 cells incubated in a hypoxic 

environment, when compared with equivalent cells incubated in normoxia. In 

addition, it was found that this altered uptake varied depending upon duration 

of hypoxic exposure. These results have now been published (Appendix 1) 

(Brownlee and Seib, 2018).   

 

5.2 Future work 

 

A limitation of this work, however, was that it only considered hypoxic 

exposure over two time periods – 6 hours and 24 hours. Similarly, it was 

found that the nanoparticle dosing interval impacted the difference in 

nanoparticle uptake seen between normoxic and hypoxic cells. Whilst small 

differences in nanoparticle uptake between normoxic and hypoxic 

conditioned cells were observed with a 180 minute nanoparticle dosing 

interval, the differences were markedly greater over 45 minutes. Those 
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findings raise a further question, would altering the hypoxic exposure periods 

for cells, lead to different findings, when comparing nanoparticle uptake with 

normoxic incubated cells? This question could potentially be addressed by 

repeating some of the experimental work employing longer or shorter hypoxic 

incubation periods.   

 

In addition, a further question arises related to nanoparticle dosing interval.  

The findings in this thesis already suggest that the magnitude of difference in 

nanoparticle uptake between normoxic and hypoxic conditioned cells is 

greater over shorter nanoparticle dosing intervals. Would a much shorter 

nanoparticle dosing interval result in a greater degree of difference between 

both cell populations? It is known that endocytosis can be very rapid, with 

rapid changes in cargo selectivity(Seib et al. 2007; Watanabe and Boucrot, 

2017), therefore the ability to measure nanoparticle uptake over much 

shorter time intervals could help future understanding of the nanoparticle 

uptake dynamics in both hypoxic or normoxic cells. However, due to the 

nature of the protocol developed for nanoparticle uptake measurements in 

this thesis, the minimal dosing interval technically possible was 45 minutes. 

Using different laboratory equipment, a laboratory protocol could potentially 

be developed for fluorescent nanoparticle uptake analysis, based around a 

96 well cell culture plate assay (or similar). Employing an automated plate 

reader equipped to enable very short duration automated nanoparticle 

dosing, cell washing and measurement of fluorescence in a controlled 

normoxic or hypoxic environment. Such an approach might allow much 
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tighter control of short nanoparticle dosing interval, cellular environment and 

repeated measurements over time.   

  

The work in chapter 3 of this thesis set out to rigorously quantify the 

difference between nanoparticle uptake and efflux in normoxic and hypoxic 

human breast cancer cells. Following the additional work described above, a 

logical next step would be to identify the endocytic mechanisms responsible 

for the differences in nanoparticle uptake that were observed. This might help 

to answer the question, why is uptake and efflux higher in hypoxic cells, 

when compared to normoxic incubated cells? The knowledge gained from 

addressing this question could then be useful in future rational nanomedicine 

design, ensuring more effective cellular delivery, or in development of new 

therapeutic targets. In the discussion section of chapter 3 (chapter 3, page 

109 and 110), I suggested that the increased endocytic uptake of 

nanoparticles as demonstrated in this thesis, could be related to research 

findings by Bourseau-Guilmain et al. (2016).  This demonstrated that hypoxia 

reduced generalised cellular internalization of surface proteins, yet increased 

internalization (endocytosis) of specific transmembrane receptors or proteins 

in several cancer cell lines, including MDA-MB-231.   

 

In order to explore this further, and develop the work of this thesis, a number 

of experimental approaches could be used. Earlier in this thesis, fluorescent 

confocal microscopy co-localisation studies (chapter 3, section 3.2.6) were 

used to demonstrate that MDA-MB-231 cells internalized nanoparticles via 
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an active endo-lysosomal route following normoxic or hypoxic incubation. 

This methodology could be adapted such that instead of only co-localising 

internalized nanoparticles with acidic intracellular vesicles, they could also be 

co-localised with fluorescent specific transmembrane receptors or pathway 

specific cargoes. This would help clarify the endocytic pathways involved, 

and potential differences between normoxic or hypoxic conditioned cells.  For 

example, fluorescent caveolin 1 (a fundamental participant in caveolae 

mediated endocytosis) (either through transfection or using labeled 

antibodies) could be used to track or co-localise caveolae based nanoparticle 

uptake (Hayer et al. 2010). In a similar manner, fluorescent transferrin, 

internalized via clathrin mediated endocytosis or fluorescent CD44 (Howes et 

al. 2010; Eyster et al. 2009), indicative of the clathrin and caveolin 

independent carrier GPI-anchored protein enriched early endosomal 

compartment (CLIC-GEEC) pathway, could be used. A number of markers of 

intracellular endocytic vesicles might also be adopted, for tracking 

progression from early to late endosome and then to lysosome. Green 

fluorescent labeled Rab5 (Sandin et al. 2012) and Rab7 (Majzoub et al. 

2015), as markers of early and late endosomes respectively, could be 

combined with work using fluorescent lysosome-associated membrane 

glycoprotein 1 to indicate co-localisation with lysosomes or phagolysosomes 

(Sandin et al. 2012).   A further extension of this type of approach to identify 

internalization pathways of nanoparticles has been demonstrated 

(Vercauteren et al. 2011), whereby an algorithm based approach was used 

to quantify nanoparticle uptake. 
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Complementary to this experimental approach, selective endocytic pathway 

inhibition could be employed. There are numerous ways this can be 

achieved, examples include selective short interfering RNA mediated 

knockdown of adapter protein 2 (Motley et al. 2003; Boucrot et al. 2010), 

which is essential for clathrin mediated endocytosis. Or in a similar manner, 

caveolin 1 knockdown via short interfering (Yamaguchi et al. 2009) or short 

hairpin (Diaz et al. 2014) RNA transfection. Of course no single endocytic 

inhibitor or cargo is completely pathway specific or devoid of pleiotropic 

effects (Vercauteren et al. 2010). A well structured approach employing 

several of those techniques was described by Boucrot et al. (2015) in order 

to delineate a complete new endocytic pathway. The use of such techniques 

might enable better understanding of differences between normoxic and 

hypoxic nanoparticle internalization in this cell line. 

 

To further investigate the increased nanoparticle uptake demonstrated in 

hypoxic MDA-MB-231 and 1833 cells, gene expression studies might also be 

conducted. Microarray or RNA-seq comparison of relative fold gene 

expression could be conducted between normoxic and hypoxic conditioned 

cells. These data sets might then enable identification of differences relating 

to regulatory or structural endocytic proteins involved in nanoparticle uptake 

and efflux in hypoxia and normoxia. In addition, if properly conducted (Edgar 

and Barrett, 2006), these results might enable comparison with those of 

previous research groups via online electronic warehousing tools such as the 
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gene expression omnibus (National Center for Biotechnology Information, 

2018). However, there are two factors that might confound gene data 

interpretation in hypoxic cells. Firstly, the impact of HIF1α as a gene 

transcription factor is known to act upon different sets of genes (repressing or 

up regulating), dependent upon duration of hypoxia (Bando et al. 2003; 

Cavadas et al. 2017). Secondly, during hypoxia, translation is selectively 

inhibited (Liu et al. 2006; Connolly et al. 2006). Therefore, gene up regulation 

occurring following, say, 6 hours of hypoxia may result in increased gene 

transcription, but translation and subsequent protein assembly may be 

prevented, until re-oxygenation. Therefore, in any case, comparative protein 

expression studies would also be required, in a similar manner to those 

conducted as part of this thesis (Chapter 3, Figures 3.5, 3.6 and 3.7). It is 

interesting to note that ordinarily, translation of HIF1α itself, does not appear 

to be inhibited during hypoxia (Braunstein et al. 2007). 

 

The exocytosis (efflux) of nanoparticles was found to be increased in MDA-

MB-231 cells post hypoxic conditioning for 24 hours, when compared with 

their equivalents incubated in normoxia. In the discussion section of chapter 

3 (Page 110), it was suggested this could be related to the already 

understood increased exosome and exocytic vesicle release and intercellular 

signaling found with hypoxic tumour cells (King et al. 2012; Wang et al. 

2014). To pursue this further, two different approaches could be used. Firstly, 

explore the relationship between the elevated exocytosis of nanoparticle in 

hypoxic conditioned cells in relationship to exosome or exocytic vesicle 



 147 

release.  Specific protein markers for both have already been documented, 

such as CD63 as a marker for exosomes (King et al. 2012; Dutta et al. 2014) 

or Rab22A (Wang et al. 2014) in the case of microvesicles. These could be 

used to track and co-localise fluorescent nanoparticle exocytosis. Secondly, 

adaptation of some of the approaches described above for endocytosis, to 

explore both the exocytic pathways involved and specific alterations to 

exocytic gene and protein expression could be used. 

 

Whilst the majority of cellular work in this thesis has involved the MDA-MB-

231 triple negative human breast cancer cell line, additional research was 

conducted with the bone metastatic 1833 sub line derived from the same 

patient. Only some of the experimental schedule undertaken with the MDA-

MB-231 cell line was conducted with the 1833 cell line. This demonstrated 

that the increased nanoparticle uptake and efflux found with the MDA-MB-

231 cell line could also be demonstrated in the 1833 cell line. Further work 

could therefore be conducted, replicating the full experimental schedule 

already conducted with the MDA-MB-231 cell line. This would determine if 

the 1833 cell line also exhibited the same differences in relation to 

nanoparticle dosing interval and duration of hypoxic exposure as seen with 

the parental MDA-MB-231 cell line. In addition, further nanoparticle uptake 

and efflux comparison studies could be undertaken to determine if the 

findings reported here with hypoxic conditioned cells, are found in other 

related breast cancer cell lines such as MCF-7 (Holliday and Speirs, 2011).   
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The hypoxic work in this thesis was conducted in a 1% oxygen atmosphere.  

However, it has long been understood that cellular expression and 

accumulation of HIF1α varies with oxygen concentration (Bracken et al. 

2006).  Therefore, it could also be informative for future work to replicate 

some of the work undertaken in this thesis at different oxygen levels. 

 

In chapter 4, the research was further developed, and there were two 

important findings. The first related to the use of digoxin as a HIF1α inhibitor.  

The results demonstrated a distinct difference between digoxin-mediated 

inhibition of HIF1α accumulation in cobalt chloride treated cells when 

compared to hypoxic cells. However, the data set available was limited in 

scale, and the experiments may need repeating to confirm this. As HIf1α 

expression was assessed via protein expression, the choice of digoxin 

inhibitor to be used was restricted to those whose activity is upstream of 

HIF1α translation. An expansion of this work might therefore encompass the 

use of different inhibitors targeting different elements of the HIF1α pathway.  

This might then enable a better understanding of the role of HIF1α in altered 

hypoxic nanoparticle uptake and efflux.   

 

The second finding from the research in chapter 4, was that in the presence 

of partial digoxin mediated HIF1α inhibition, MDA-MB-231 cells incubated in 

hypoxia demonstrated increased nanoparticle uptake, when compared to 

equivalent untreated normoxic cells. Further work, including comparison of 

nanoparticle efflux may need to be undertaken, given the limitation of the 
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data sets. This might distinguish between changes in efflux or endocytosis in 

hypoxic digoxin treated cells. 

 

 

5.3 Conclusion 

 

Since the first description of the enhanced permeability and retention effect in 

1986 (Matsumura and Maeda, 1986), researchers have tried to develop 

better cancer nanomedicines which minimize damaging side effects, whilst 

enhancing therapeutic response. In reality, despite a great deal of research 

in this field, progress has been slow. A search of published research into 

nanomedicines over a ten-year period (Figure 5.1), reveals a large number of 

publications in this field, yet the number of licensed cancer nanomedicines is 

at present still limited. This discrepancy was dissected in some detail by 

Venditto and Szoka (2013). 
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Figure 5.1 Number of studies from 2006 to 2016 related to nanomedicines for cancer, obtained from Web of Science→.  
Colours from bottom up indicate the following search terms; pink, “liposomes and cancer”; teal, “micelles and cancer”; dark 
red, “polymer-drug conjugates and cancer”; light blue, “nanoparticles and cancer”; orange, “antibody drug conjugates and 
cancer”, violet, “PEGylated proteins and cancer” (Source: Natfji et al., 2017). 
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In the specific case of metastatic breast cancer, the number of cancer 

nanomedicines licensed by the United States food and drug administration or 

European medicines agency is even more restricted (Chapter 1, Table 1.2). 

As further evidence of the difficulty developing new cancer nanomedicines, 

some of those cancer nanomedicines currently in use were developed more 

than 20 years ago.  Doxil for example, was developed in 1994 specifically to 

address the surge in opportunistic Kaposi’s sarcoma infections seen at the 

height of the AIDS epidemic and was the first United States food and drug 

administration approved cancer nanomedicine in 1995 (Barenholz, 2012; 

Gabizon et al. 2003; Gabizon et al. 1994; Northfelt et al. 1998). Since then, 

progress in cancer nanomedicine development has been slow for a variety of 

reasons. Many academic reviews and opinion papers have been published 

(Shi et al. 2016; Wilhelm et al. 2016; Anchordoquy and Simberg, 2017) 

outlining these difficulties.  A recurring theme is the challenge of developing 

nanomedicine formulations within the context of the heterogeneous biology 

of tumour cells, and the biological compartments which need traversed for 

successful nanomedicine delivery.  Of course, from a clinical standpoint, 

better use of existing or new nanomedicines in cancer can be achieved 

through, for example, patient stratification for the enhanced permeability and 

retention effect (Natfji et al. 2017; Lee et al. 2017b) itself.  However, from a 

primary research perspective, better understanding of how nanomedicines 

interact at the cell membrane, and how the hypoxic tumour microenvironment 

can alter such interactions, could also be beneficial.  Given its significance, 
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the effects of hypoxia – a key feature of solid tumours – is worthy of 

additional consideration, particularly in light of the significant findings in this 

thesis.   

 

A great deal of primary research into new nanomedicine formulation employs 

in vitro monolayer cell culture at least in the early development work.  

Typically, incubation of such cultures is in an incubator environment of humid 

air, supplemented with 5% CO2 at 37°C.  This thesis has demonstrated the 

significant impact which hypoxia and its duration has upon in vitro 

nanomedicine internalization and efflux in a human breast cancer cell line.   

 

I have demonstrated, in vitro, that hypoxia can significantly increase 

nanoparticle uptake and efflux in a triple negative breast cancer cell line, and 

that the observed altered uptake varies with duration of hypoxic exposure.  

These findings, if replicated in other cell lines, suggest that greater priority 

should be given to hypoxic culture as a core component of in vitro cancer 

nanomedicine primary research work.  In addition, due consideration of the 

degree of hypoxia and its duration may be equally important.  Better 

standards of oxygen monitoring, such as pericellular oxygen as performed in 

this thesis would allow better understanding and scientific reporting of 

experimental conditions.  This might then help facilitate better reproducibility 

and relevance of primary nanomedicine research work, potentially leading to 

enhanced development and translation of nanomedicines.  
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Appendix 1 Publications. 

 

1. Brownlee, W.J. & Seib, F.P., 2018. Impact of the hypoxic phenotype 
on the uptake and efflux of nanoparticles by human breast cancer 
cells. Scientific Reports, 8(1), p.12318. 

 

Author contribution; WJB designed and performed all experiments; 
acquired, analysed and interpreted all data; generated and edited the 
manuscript. 
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Appendix 2 Accepted conference poster abstracts. 

 

1. United Kingdom and Ireland Controlled Release Society (UKICRS) 
Annual Symposium and Workshop, University of Strathclyde, 
Glasgow, Scotland. 30th – 31st May, 2017. 

 
2. Controlled Release Society annual meeting and exposition, 

Boston, USA. 16th-19th July, 2017. (Unable to attend). 
 

3. Pharmacology 2017.  Annual conference of the Pharmacology 
Society, London, UK.  11th – 13th December, 2017. 
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Controlled Release Society annual meeting and exposition, 
Boston, USA, 16th-19th July, 2017. (Unable to attend). 
 

Contribution : Poster presentation abstract (Unable to attend). 
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Pharmacology 2017.  Annual conference of the Pharmacology Society, 
London, UK.  11th – 13th December, 2017. 
 

Contribution : Poster presentation. 
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United Kingdom and Ireland Controlled Release Society (UKICRS) 
Annual Symposium and Workshop, University of Strathclyde, Glasogw, 
Scotland. 30th – 31st May, 2017. 
 
 
Contribution : Poster presentation. 
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Appendix 3 Competitive grants and prizes awarded. 

 

Competitive funding 

1. Awarded 445 GBP of competitive funding as travel grant from The 
Biochemical Society, to present a poster at Pharmacology 2017. 
 

2. Awarded 345 GBP of competitive funding as travel grant from the 
Fitzpatrick travel award, to present a poster at Pharmacology 2017. 

 

Academic prizes 

1. Awarded First Prize, from over 120 presentations, for best research 
presentation at annual Strathclyde Institute of Pharmacy and 
Biomedical Sciences postgraduate study conference. 

 

 


