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Abstract	

Background: Cancer is the leading cause of death worldwide. While chemotherapy is the 

mainstay treatment for cancer, non-selective tumour targeting leads to severe side effects. 

The unique characteristic of solid tumours, such as low pH, hypoxia and the leaky 

vasculature, may be exploited as triggers to improve therapeutic outcomes. 

Dinitrobenzamide mustard (DNBM) prodrugs, designed to be selectively activated under 

tumour hypoxia, were developed as a pharmacological approach for tumour targeting. 

While they have demonstrated hypoxia selectivity and tumour regression in animals, 

certain design characteristics, such as poor water solubility, short half-life and poor cellular 

uptake, limits their potency. In drug delivery, nano-sized PEGylated pH-sensitive 

liposomes (pPSL) have been investigated as an effective drug carrier (and solubiliser) to 

confer improved tumour targeting. pPSL containing phosphatidylethanolamine are 

fusogenic and can achieve preferential cellular uptake, via endocytosis, and endosome 

escape to avoid lysosomal degradation enhancing its availability to DNA targets relative to 

DNBM prodrugs alone.  

Aim: The overall aim of this thesis was to investigate a combination of pharmacological 

targeting and drug delivery nanotechnology using a novel pPSL delivery system to 

improve tumour selective targeting and cellular uptake of DNBM prodrugs. The features of 

solid tumour were exploited. A weakly acidic (SN25860) and basic (SN23816) DNBM 

prodrug were used as model drugs.  

Methods: A PEGylated (3 mol%), stable pPSL and non pH-sensitive liposome (nPSL) 

were developed. The membrane composition of pPSL was based on published reports of 

1,2-dioleoyl-sn-glycerol-3-phosphatidylamine (DOPE) and cholesteryl hemisuccinate 

(CHEMS) (6:4) for pH-responsiveness, with modifications using a high transition 
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temperature (Tc) phospholipid to improve rigidity of the membrane. pH-responsiveness 

was investigated using a calcein self-quenching assay at pH 7.4, 6.5 and 5.5. Subsequently, 

SN25860 was loaded using the optimised pPSL. To increase drug loading (DL) and 

entrapment efficiency (EE), an active loading method (intraliposomal calcium acetate) was 

used; DL factors were investigated. SN23816 was loaded into the pPSL membrane using a 

pH gradient.  

In vitro cytotoxicity of pPSL-SN25860 was investigated using a sulforhodamine B 

(SRB) assay in a mouse mammary carcinoma cell line (EMT6) transfected with a DNBM-

activating nitroreductase gene (nfsB). IC50 values were compared with nPSL-SN25860 and 

free drug. Cytotoxicity was tested at extracellular pH (pHex) representative of normal 

tissues (pHex 7.4) and poorly perfused regions of tumours (pHex 6.5).  Cytotoxicity of 

SN23816 was also investigated using an SRB assay, in three Chinese hamster ovarian cell 

lines, 51D1.3, its homologous recombination repair defective isogenic derivative 51D1 and 

51D1 sPOR, which over-expressed a truncated form of the human NADPH:cytochrome 

P450 oxidoreductase  (sPOR), known to be the major SN23816 reductase in hypoxic cells. 

Free SN23816 was tested in all cell lines to determine hypoxia selectivity; subsequently, 

pPSL-SN23816 was tested for the effect on cytotoxicity and hypoxia selectivity in 51D1 

sPOR.  

To understand the effect of ionisation on cellular uptake of SN25860 and SN23816, 

a simulation was modelled based on pKa of the drugs and pH gradient across the cell 

membrane. A novel quantitative HPLC method was used to measure intracellular and 

extracellular drug concentrations (Ci and Ce) of EMT6-nfsB cells following exposure to 

free drug, pPSL and nPSL for 4 h. Flow cytometry and confocal microscopy using calcein 

(10 mM or 80 mM) loaded liposomes were employed to study cellular uptake, the pathway 

of endocytosis and endosome escape.  
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Balb/c mice were used to pilot long-circulation of pPSL-/nPSL-SN25860 compared 

to free drug (n = 2). EMT6-nfsB tumour bearing CD-1 nude mice were used in tissue 

distribution (n = 3) and antitumour activity, with a clonogenic assay of excised tumour 

xenografts (n = 7).  

Results and discussion: An optimised pPSL system consisting of DOPE/CHEMS (6:4) 

was developed. The addition of a high Tc phospholipid [e.g. 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC)] and cholesterol improved the rigidity of the membrane in 

physiological conditions without compromisied pH-responsiveness. The pPSL membrane 

retained 90% of calcein at pH 7.4, 50% at pH 6.5 and only 20% at pH 5.5; this is 

promising for targeting pHex in tumours (pH 6.0 - 6.5) and endosome pH (pH 5.0 - 5.5). 

The optimisation of formulation factors enabled highly drug loaded pPSL (DL = 7.0 ± 

0.2%; EE = 76.5 ± 2.4%) for SN25860 and 7.0 ± 0.0 % DL (EE = 75.6 ± 0.3) for SN23816.  

In vitro cytotoxicity demonstrated that at pH 7.4, the IC50 value of free SN25860 

(47.6 ± 1.7 µM) for 18 h drug exposure was similar to that of nPSL-SN25860 (37.6 ± 1.6 

µM), however pPSL-SN25860 (2.15 ± 0.33 µM) had a 22- fold decrease in IC50 compared 

to free drug. For all SN25860 formulations, cytotoxicity was enhanced by ≥ 2-fold at pH 

6.5, which indicated that the lower pHex of tumours may be exploited to enhance 

cytotoxicity of the SN25860 due to the increased proportion of the unionised form. In 

cytotoxicity investigations of SN23816, free drug demonstrated hypoxia selectivity in all 

cell lines. SN23816 had the highest increase in potency under anoxic conditions in 51D1 

sPOR cells [IC50 (oxic) / IC50 (hypoxic) = 24.73 ± 4.12]. Interestingly, pPSL-SN23816 (DL 

= 7.0 ± 0.0%) also increased cytotoxicity of the drug under both oxic and anoxic 

conditions (8.6- and 7.2-fold respectively), without affecting the hypoxia selectivity.   
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HPLC analysis showed that in the weak acid SN25860 had significantly reduced 

cellular uptake compared to the weak base SN23816 (24-fold decrease in Ci/Ce) at 

physiological conditions [pHex = 7.4, intracellular pH (pHi) = 7.0], which was consistent 

with the predicted values. The pPSL formulation increased cellular uptake of both 

SN25860 and SN23816 to a similar degree, 2.5- and 2.0-folds respectively, which 

suggested that the mechanism of increasing cellular uptake by pPSL was similar for both 

drugs. Flow cytometry showed that the pPSL had a 10-fold increase over the nPSL in 

cellular uptake. For both pPSL and nPSL, 46% and 40% of cellular uptake was attributed 

to clathrin-mediated endocytosis, respectively. Confocal microscopy confirmed that 

cellular uptake and endosome escape of pPSL was significantly faster than nPSL. The 

latter was inhibited by pre-treating cells with omeprazole or chloroquine to increase 

endosome pH. Overall, cellular uptake studies by HPLC analysis, flow cytometry and 

confocal microscopy confirmed the hypothesis that pPSL- SN25860 and SN23816 had 

fusogenic properties due to DOPE in the bilayer, which facilitated endocytosis for efficient 

cellular uptake as well as achieving endosome escape. 

In vivo studies of pPSL-SN25860 was selected due to the ability to increase DL, a 

significant improvement in DL was achieved (31.1 ± 1.3 %) by optimising calcium acetate 

concentration, increasing drug concentration and maintaining pH of the drug loading 

medium. A high DL of nPSL-SN25860 (DL = 33.2 ± 1.4%) was also developed and used 

as a reference. pPSL- and nPSL-SN25860 were able to remain in the systemic circulation, 

whereas free drug solution was undetectable after 18 h (p < 0.05). This indicated that 3 

mol% PEGylation was sufficient for avoiding clearance by the reticuloendothelial system 

(RES). Furthermore, following intravenous (i.v) injection of the pPSL-SN25860, 0.47 ± 

0.08% of the dose was found in tumour after 48 h, while nPSL-SN25860 treatment 

delivered only 0.06 ± 0.00%; free drug was undetectable. In the liver, no drug was detected 
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for pPSL in contrast to free drug, indicating that pPSL improved safety. Finally, with a 

single dose, a clonogenic assay of tumour xenografts demonstrated a significant increase in 

antitumour effect of pPSL-SN25860 compared to drug solution (p = 0.005) and control 

(saline) (p < 0.0001).  

Conclusion: The proposed synergistic approach of combining pharmacology and 

pharmaceutical nanotechnology for tumour targeting successfully improved the 

cytotoxicity of SN25860 and SN23816 in cancer cells by enhancing intracellular 

cytoplasmic delivery. Furthermore, the highly drug loaded pPSL was able to improve 

tumour distribution of SN25860 and have significantly improved antitumour effects. In 

addition, for the first time a weak acid was successfully loaded into pH-sensitive liposomes 

with high drug loading.  
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xvii 
 

Figure 4.6  A simplified schematic of the vascular, extracellular and intracellular 
compartments of tumour and normal tissue.  

Figure 5.1 Solubility of SN25860 (initially solubilised with 2% v/v ethanol) with HP-
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The literature reviewed in this chapter summarises the major challenges facing 

cancer chemotherapy and the strategies to overcome these challenges. A combination of 

molecular drug targeting and drug delivery strategies were proposed to improve tumour 

specificity by exploiting the unique tumour microenvironment, including the leaky 

vasculature, hypoxia and low pH. Specifically, the rationale of using pH-sensitive 

liposomes to improve tumour targeting, optimising cellular uptake and subsequently 

cytoplasmic release of anticancer drugs was discussed.  

1.1 Cancer	chemotherapy	and	limitations	

Cancer, a broad term to describe a large group of diseases which can affected any 

part of the body, is characterised by rapid proliferation of abnormal cells which can 

grow beyond their normal boundaries (Iwamoto, 2013). As a result, a solid mass known 

as a tumour develops and invades adjoining parts of the body, and at one stage spread to 

other organs (WHO, 2013). The 2016 statistics demonstrated cancer to be a leading 

cause of death worldwide; in the United States alone, approximately 1.7 million people 

was diagnosed with cancer (Dizon et al., 2016). It is predicted that by 2030, this number 

will rise to nearly 2.3 million (Rahib et al., 2014) due to factors such as an ageing 

population, earlier diagnosis, modern behavioural and dietary factors. On a national 

level, New Zealand national statistics has also shown cancer to be a leading cause of 

death for both males and females, accounting for 29% of all deaths (Ministry of Health, 

2012). 

Cancers can be broadly classified as solid tumours, which form abnormal mass of 

tissues (Brown & Giaccia, 1998), or blood cancers which do not produce a mass but 

will be evident on laboratory blood tests (Hallek et al., 2008). Solid tumours can affect 
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many organs of the body, including the lungs, breasts, prostate, colon and rectum. Solid 

tumours will be main area of discussion in this thesis.  

The options in cancer treatment are based on four primary modalities: surgery, 

radiation, chemotherapy and biologic therapy (Medina & Fausel, 2008). Treatment 

regimens are dependent on the staging and localisation of cancer cells. In patients with 

localised disease, surgery and radiation are likely to produce cure; however, as most 

patients present with metastatic disease at diagnosis, localised therapies may not 

completely eliminate cancer. Chemotherapy is an essential aspect of cancer treatment 

and, used either alone or in combination with localised therapies, is able to access 

systemic circulation to treat the primary tumour as well as metastasis (Medina & 

Fausel, 2008). From the inception of anticancer agents, including anthracyclines, 

taxanes, vinca alkaloids, nucleotide analogues, topoisomerase II inhibitors, and 

alkylating mustards chemotherapy has undoubtedly improved cancer survival rates 

(Jonsson & Wilking, 2007). In addition, chemotherapy may reduce the progression of 

cancer by inhibition of metastasis to prevent spread, inhibition of angiogenesis to 

facilitate tumour regression, and induction of anti-tumour immune responses through 

tumour-specific antigens (Narang & Desai, 2009). Nitrogen mustards, such 

as cyclophosphamide and chlorambucil, are of particular interest and are commonly 

used in chemotherapy to induce cell damage by triggering apoptosis (Narang & Desai, 

2009). 

1.1.1. Mustards	for	cancer	treatment:	the	traditional	but	widely	used	

cytotoxic	

The origins of mustard compounds as cytotoxic agents were dated to World War I 

when sulphur mustard gas was first tested. It was described that application of the 

mustard gas inhibited the induction of tumours and further investigations suggested that 
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this was mediated by effects on the animal rather than interactions with the 

carcinogenic substance (Berenblum, 1929). Recognising the potential for sulphur 

mustards in cancer therapy, it was later used in animal studies on experimental tumours. 

Tumour regression was demonstrated in subcutaneous tumours despite evidence of 

metastasis in the animal (Adair & Bagg, 1931). 

1.1.2. Major	challenges	in	conventional	chemotherapy	

1.1.2.1 	Lack	of	specificity		

Despite some success in tumour growth inhibition, chemotherapeutic agents were 

not as targeted to cancers as originally conceptualised. The cytotoxicity of anticancer 

agents is non-selective and kills rapidly proliferating normal cells as well as cancer 

cells, resulting in severe systemic toxicity (Iyer et al., 2006). A myriad of side effects 

were associated with cytotoxic therapy, including gastrointestinal distress (Aggarwal et 

al., 1998), immunosuppression, anaemia, and infertility. Blood and bone marrow 

findings also suggested the potential for severe immunological side effects. Bone 

marrow depression reached maximum two weeks after exposure, fatal pneumonia was 

associated with leucopenia and necropsy revealed atrophy of lymphoid and testicular 

tissue (Krumbhaar, 1919). Furthermore, multiple drug-resistant malignancies and 

metastatic consequences further contribute to disease morbidity and mortality 

(Gottesman et al., 2002). These findings indicate the need to rationally design drugs for 

tumour targeted cytotoxic efficacy while avoiding systemic toxicity. 

1.1.2.2 	Poor	cellular	uptake		

Another major challenge in conventional chemotherapy lies in intracellular 

delivery of cytotoxic drugs. As most cytotoxic drugs, including nitrogen mustards, act 

on DNA replication and apoptosis (Smets, 1994), the ability for drugs to achieve 
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efficient cellular uptake is crucial. The ionisation of drugs is determined by its pKa and 

aqueous pH, as described by Equations 1.1 and 1.2. The mean extracellular pH (pHex) is 

also lower in tumours than in normal tissues (Minchinton & Tannock, 2006), discussed 

in section 1.2.3. Low pHex has the effect of decreasing ionisation of weak acids and 

increasing ionisation of weak bases. Passive diffusion of small molecular drugs across 

cell membrane occurs in the unionised form, so that low pHex can increase cellular 

uptake and cytotoxic activity of weak acids but decrease cellular uptake of weak bases 

(such as doxorubicin) (Tannock & Rotin, 1989; Vukovic & Tannock, 1997). The even 

lower pH in intracellular organelle, such as endosomes and lysosomes, leads to 

sequestration of weak bases thus further reducing their cytotoxic activity (Lee & 

Tannock, 2006). 

pH	=	pKa+ log 	 [A
-]

[HA]
     Equation 1.1 

 

pH	=	pKa+ log 	 [B]

[BH+]
     Equation 1.2 

Where, Ka is the dissociation constant, [HA] and [A-] represent the molarity of the 

weak acid and its conjugate base. [B] and [BH+] represents the concentration of the 

weak base and conjugate acid, respectively.  

Although several chemotherapeutic agents exhibit acidic or basic properties, the 

optimal range of pKa values which would appreciably enhance cellular uptake of the 

drug in tumour tissue is 4.5 – 6.5 (Gerweck & Seetharaman, 1996), but very few 

anticancer drugs exhibit acidic properties in this range.  Furthermore, low pH may also 

affect the activity of transporter proteins which leads to less predictable effects on 

cellular uptake of drugs that are actively transported into cells. It was found that the 

weak acid methotrexate is inhibited at low pH (Cowan & Tannock, 2001). 
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1.1.3. Approaches	to	alleviate	systemic	toxicity	of	chemotherapeutic	drugs	

To address the lack of specificity of chemotherapeutic agents, a paradigm for 

‘personalised and tailored drugs’ that precisely target the specific molecular defects of 

cancer was postulated by the German scientist, Paul Ehrlich, over 100 years ago 

(Strebhardt & Ullrich, 2008). One approach to alleviate toxicity of anticancer drugs and 

selectively target tumours is to prepare covalent derivatives (i.e. prodrugs) of active 

compounds which are designed to be chemically or metabolically activated under 

specific conditions (Sinhababu & Thakker, 1996). Bioreductive prodrugs are of 

particular interest for application to anticancer drugs. The ability for activation by 

reductive metabolism can potentially targeting efficacy of chemotherapeutic agents. 

The first example of this was in 1935 when the antibiotic prontosil, a bioreductive 

prodrug of the active antimicrobial sulphanilamide, was marketed and facilitated the 

development of more sulphonamide antibiotics (Fuller, 1937). In the application of 

chemotherapeutics, common compounds include the DNA alkylating ozazaphosphorine 

prodrugs (cyclophosphamide), tegafur (the prodrug of 5-fluorouricil) and tamoxifen. 

The activation of these compounds by hepatic cytochrome P450 enzymes is via 

hydroxylation (Rodriguez-Antona & Ingelman-Sundberg, 2006); however activation of 

the former two compounds is predominately systemic and not tumour-selective. 

Systemic distribution of activating enzymes may negate any gains in therapeutic 

efficacy of these drugs (Workman & Double, 1978). A possible solution to this problem 

is to utilise a tumour-associated target; the unique characteristics of tumour 

pathophysiology can be pharmacologically exploited.  
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1.2 Characteristics	of	solid	tumours	

Solid tumours exhibit different physiological characteristics compared to normal, 

healthy tissues. The following section discusses the main differences between solid 

tumours and normal tissue and how these features can be exploited in tumour targeting.   

1.2.1 Leaky	vasculature		

Normal tissues have regular, ordered vascular systems with good perfusion 

whereas tumour microvasculature is heterogeneous, disorganised with dysfunctional 

vessel networks (Brown & Giaccia, 1998). The abnormal tumour microcirculation is 

largely caused by distended capillaries with leaky walls and sluggish blood flow 

(Fukumura & Jain, 2007). This results in increased vascular permeability, lower 

perfusion rates and prolonged transit time of blood through vessels in solid tumours. 

However, the disorganised microvasculature allows macromolecules and nanoparticles 

(approximately 50-200 nm) to accumulate in the vicinity of the tumour mass by a 

process known as the Enhanced Permeability and Retention (EPR) effect (Matsumura 

& Maeda, 1986), providing opportunities for passively targeted drug delivery.  

1.2.2 Hypoxia	

The first evidence of hypoxia in cancer was reported in 1955, where correlation 

between regions of necrosis in resected bronchial carcinomas and oxygen distribution 

was observed (Thomlinson & Gray, 1955). It was hypothesised that gradients of 

hypoxia was connected with abnormal histological structures of tumours, even though 

the researchers were unable to directly measure oxygen tension.  

Hypoxia is recognised as a prevalent feature of solid tumours and presents many 

problems for cancer treatment; a key example of this is the association of hypoxia with 

resistance to radiotherapy and chemotherapy mediated by several mechanisms (Brown 
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& Wilson, 2004). Cells in tumour tissues have the potential to proliferate more rapidly 

than cells that form normal blood capillaries (Tannock & Hayashi, 1972). The rapid 

proliferation of tumour cells reduces vascular density by forcing cells apart and creates 

a population of cells distant from blood vessels (Thomlinson & Gray, 1955). 

Physiological characteristics of solid tumours, such as poorly organised vascular 

architecture (Chaplin et al., 1987), irregular blood flow (Raghunand et al., 2014) and 

the compressed structure of blood and lymphatic vessels (Chauhan et al., 2013), also 

contribute to the increased distances.  

Tumour hypoxia is also commonly associated with aggressive, rapidly growing 

tumours and has been shown to be a poor prognostic indicator in prostate, head and 

neck, and cervical cancers (Wouters et al., 2002). Tissue hypoxia in solid tumours 

compared to that of normal tissue presents a quantitative rather than qualitative 

difference and can potentially be exploited to provide selective drug targeting in the 

treatment of cancer (Wilson et al., 2007). The apparent extent of hypoxia in tumours 

depends on the method for detection. Oxygen electrodes provide the most direct 

measure and demonstrate widespread heterogeneity of perfusion within and between 

tumour types (Vaupel et al., 2007). This method is invasive and the clinical evaluation 

of hypoxia is shifting towards the monitoring of endogenous markers, such as 

transcriptional targets of the hypoxia-inducible factors (Patiar & Harris, 2006). 

Mechanistic understanding of tumour hypoxia suggests that it may contribute to 

resistance to conventional chemotherapy for the following reasons: firstly, cells distant 

to blood vessels may be exposed to lower concentrations of the circulating drug due to 

limited drug diffusion, thus exposure is compromised for drugs, such as taxanes, which 

have extensive cellular binding (Kyle et al., 2007). Secondly, most conventional drugs 

are less active in a hypoxic, acidic and nutrient poor microenvironment (Brown & 
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Giaccia, 1998). For example, DNA-breaking antibiotics (such as bleomycin) require 

oxidation of DNA free radicals by oxygen for cell killing, suggesting that hypoxia may 

impair their efficacy (Teicher et al., 1981). Lastly, most cytotoxic drugs exert 

pharmacological effects on actively circulation cells, so that non-proliferating drugs can 

escape cell-killing and become resistant (Tannock, 1978). 

Given the major role of hypoxia in tumour growth and resistance to therapy, 

strategies to exploit hypoxia, such as the use of dinitrobenzamide mustard prodrugs 

(discussed in section 1.3), can be investigated for specific targeting due to the different 

levels of oxygenation in healthy and tumour tissues (Wilson & Hay, 2011). 

1.2.3 Low	extracellular	pH	(pHex)	

Since Warburg’s landmark studies, it has been recognised that tumour cells have a 

tendency for glycolytic metabolism, which converts glucose to lactic acid (pKa = 3.7), 

even under aerobic conditions (Warburg & Dickens, 1930), contributing to acidosis of 

surrounding tissue (tumour pHex range 6.2 – 7.2) (Chen et al., 2014). Also, as a 

consequence of the disorganised vasculature in solid tumours, there is limited delivery 

of oxygen and nutrients to cells distant to blood vessels. Furthermore poor vascular 

organisation also leads to a build-up of metabolic byproducts (e.g. lactic and carbonic 

acid) which reduces pHex (Minchinton & Tannock, 2006). Indeed, lower pHex at 

systemic sites of primary tumours and metastasised tumours compared with the pH of 

normal tissue and blood was experimentally observed (Gerweck & Seetharaman, 1996). 

Another factor that contributes to the difference in the metabolic environment and 

pH between tumours and normal tissue is the high rate of glycolysis in cancer cells, 

both under aerobic and anaerobic conditions (Manchun et al., 2012). Anaerobic 

glycolysis occurs in an energy-deficient environment caused by oxygen deficiency in 
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tumour tissue, where production of lactic acid by carbonic anhydrase acidifies tumour 

microenvironment (Gerweck & Seetharaman, 1996). By pH electrode measurement of 

Walker 256 carcinoma cells, pHex values were determined to have 0.8 pH units less than 

normal tissue upon glucose infusion (Denny & Wilson, 1986). In human tumour 

xenografts, microelectrode measurement determined pHex to be within a range of pH 

6.72 and 6.97 (Volk et al., 1993). 

1.2.4 Increased	interstitial	fluid	pressure		

Another feature of solid tumours is the increase in interstitial fluid pressure (IFP). 

The transport of water and molecules through convection flow out of capillaries, 

through the interstitial space, and into the lymphatic system of the venous side of the 

vascular system is crucial for the homeostasis of tissues. The regulation of 

transcapillary flow is determined by the hydrostatic and colloid osmotic pressures in 

capillaries and in the interstitium (Milosevic et al., 1998). In normal tissue, the net 

transcapillary pressure gradients are slightly negative which results in outward 

transcapillary flow. However both osmotic and hydrostatic interstitial fluid pressures 

are increased in tumour tissue due to vessel abnormalities, fibrosis and contraction of 

the interstitial matrix.  

High molecular weight anticancer drugs are often transported from circulation 

through the interstitial space by convection, whereby compounds (such as soluble 

proteins) are carried by streaming of a flowing fluid (Rippe & Haraldsson, 1994), 

compared to diffusion, which is the mode of transport used by low molecular weight 

compounds (Heldin et al., 2004). Increased IFP contributes to decreased transcapillary 

transport in tumours and leads to decreased uptake of drugs in tumours. Malignant cells 

are thus exposed to a lower effective concentration of chemotherapeutics thus may lead 

to treatment failure.  
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1.3 Dinitrobenzamide	mustard	prodrugs:	a	pharmacological	targeting	

approach	

The prevalent nature and considerations of tumour hypoxia described above 

constitute a compelling case for targeting hypoxia in the development of cancer 

chemotherapy. If sophisticated drug molecules are able to exclusively target hypoxic 

regions of tumours and avoid healthy tissue, the potential for tumour selectivity and 

elimination of resistant tumour cells may be realised and thus bringing chemotherapy 

one step closer to Paul Ehrlich’s postulate of ‘magische kugeln’ – the ‘Magic Bullet’. 

An ongoing field of targeting tumour hypoxia involves the design of hypoxia 

activated prodrugs (HAPs) (Denny & Wilson, 1986). The mechanism for metabolic 

activation of HAPs in hypoxic cells involves initial enzymatic one-electron reduction to 

a prodrug radical anion. In the presence of oxygen, the prodrug anion is a substrate for 

rapid back-oxidation (Mason & Holtzman, 1975). This redox cycle inhibits 

accumulation of the superoxide in well oxygenated cells, resulting in selective 

cytotoxicity under hypoxia (Figure 1.1). Under hypoxia, the prodrug radical anion 

undergoes further reduction to release an active cytotoxic effector (Mason & Holtzman, 

1975; Wardman, 2001).  

 

 

Figure1.1 The metabolic activation of HAP via a prodrug anion intermediate. The futile redox 
cycling increases accumulation active cytotoxic effectors in hypoxic cells.  

 

Due to the mechanism of action of HAPs, they are synonymously known as 

bioreductive prodrugs (Su et al., 2013). 
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Although no HAPs have yet been registered for clinical use, aromatic N-oxides 

(such as tirapazamine) (Hicks et al., 2010), nitroaromatics (e.g. PR-104) (Singleton et 

al., 2009), aliphatic N-oxides and quinones (Patterson, 1993) have undergone different 

stages of clinical development. Nitroaromatic, specifically dinitrobenzamide mustards 

will be discussed in more detail.  

1.3.1. Dinitrobenzamide	mustard	(DNBM)	prodrugs	

Bioreduction of the nitro moiety which leads to a change in electron density has 

been exploited as an ‘electronic trigger’ in the development of hypoxia-selective 

bifunctional alkylating agents (Denny & Wilson, 1986). Patterson et al. demonstrated 

the antitumour activity of a novel dinitrobenzamide nitrogen mustard PR-104, a 

phosphate ester ‘pre-prodrug’ that is rapidly converted to the corresponding prodrug 

PR-104A (Wilson et al., 2014). PR-104A is initially activated to an oxygen-sensitive 

nitro radical anion, which is subsequently reduced to a nitroso and the cytotoxic 

hydroxylamine, PR-104H, and amine, PR-104M. Under hypoxic conditions, the 

cytotoxicity of PR-104A was increased 10- to 100-folds in vitro (Patterson et al., 2007). 

The latter metabolites exert cytotoxicity by cross-linking DNA (Singleton et al., 2009). 

The proof-of-principle for this class of prodrugs was to limit activation to severe 

hypoxia (Hicks et al., 2007), thus protecting healthy tissue from expose to cytotoxic 

metabolites. At the same time, the relative ease of diffusion achieved by PR-104H and 

PR-104M metabolites allows the exploitation of ‘Bystander Effect’ to further enhance 

its antitumour efficacy (Foehrenbacher et al., 2013). 

Three strategies for bioreduction of DNBM prodrugs have been investigated in the 

literature. These include: 1) exploiting one-electron reductases that activate DNBM 

under hypoxia (Guise et al., 2007). PR-104A is an example of this mechanism (Figure 

1.2). Currently in clinical development as the phosphate ester PR-104 (Konopleva et al., 
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2015), PR-104 was used to investigate the oxygen-insensitive electron reductase 

AKR1C3 (Guise et al., 2010), an enzyme highly expressed in some tumour cells 

(Jamieson et al., 2014; Manesh et al., 2015). However, PR-104A is also activated by 

AKR1C3 in normal tissues and undergoes rapid clearance by glucorunodation due to its 

alcohol sidechain (Gu et al., 2011), hence may not be optimal for the latter application. 

The second generation HAP, SN25860 may be able to address the limitations of PR-

104. SN25860 has high lipophilicity to maximise extravascular penetration into hypoxic 

tissue (Pruijn et al., 2005) and pilot data have shown it is not a substrate for AKR1C3. 

2) The use of biological vectors to express bacterial nitroreductases with high catalytic 

efficiency for DNBM prodrugs in tumours, illustrated by activation of PR-104A 

(Minton et al., 1995; Singleton et al., 2009) and other dinitrobenzamide mustards 

(Atwell et al., 2007) by the oxygen insensitive E.coli nfsB nitroreductase, and 3) 

exploiting endogenous reductases, such as cytochrome P450 oxidoreductase. SN23816 

is an example of this.   

 

 

 

Figure 1.2 Structure and mechanism of activation of PR-104. Adapted from (Wilson et al., 
2014). 
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1.3.2. SN25860,	an	acidic	dinitrobenzamide	mustard	prodrug	

The acidic DNBM prodrug, SN25860 (Figure 1.3A), was developed for cellular 

delivery. SN25860 was selected to represent a class of pharmaceutically challenging 

drugs with poor aqueous solubility and sufficiently low pKa values (4.16) (Atwell et al., 

2007), where little of the neutral form is available for cellular uptake of free drug. 

SN25860 can potentially avoid the liabilities of PR-104A, namely AKR1C3 activation 

and clearance by glucuronidation, as an nfsB prodrug it is activated by E. coli nfsB 

nitroreductase, however it has low potency in nfsB-expressing cells (Atwell et al., 2007) 

which may reflect limited cell uptake of the free drug. SN25860 also has poor aqueous 

solubility with an estimated solubility of 8.4 mM in cell culture medium (Atwell et al., 

2007). 

 For this reason, nitrogen mustards are suitable as prodrugs for gene directed 

enzyme prodrug therapy (GDEPT) if the enzyme can convert an electron-withdrawing 

group to an electron-donating substituent. The activated nitrogen mustards are also able 

to diffuse to a limited degree which is a favourable feature as cell killing can be 

delocalised beyond the cells which express the epitope being targeted, thus overcoming 

the issue of antigenic heterogeneity (Anlezark et al., 1995).  

1.3.3. SN23816,	a	weakly	basic	dinitrobenzamide	mustard	prodrug	

The majority of bioreductive prodrugs are completely activated under extremely 

low oxygen concentrations (< 0.1 µM O2) (Marshall & Rauth, 1988; Wilson et al., 

1994). Given the marked heterogeneity in hypoxia between and within tumours (Wilson 

& Hay, 2011), it is likely that many hypoxic cells will be resistant to bioreductive 

prodrugs (Marshall & Rauth, 1988). This problem may be avoided by the development 

of HAPs which generate stable cytotoxic products upon reduction (Denny & Wilson, 
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1993). Oxygenated cells surrounding severely hypoxic regions can be killed if the 

activated cytotoxins were able to diffuse several cell diameters. The diffusible 

cytotoxins should also be effective against non-cycling cell and other tumour cell 

subpopulations. These criteria are met by aliphatic and aromatic nitrogen mustards, 

such as SN23816 (Palmer et al., 1994).  

The reactivity of the weakly basic DNBM bioreductive prodrug, SN23816 (Figure 

1.3B) (Palmer et al., 1994), is highly dependent on the electronic properties of the 

substituents on the aromatic ring (Palmer et al., 1990; Panthananickal et al., 1978). 

Bioreduction of an electron-withdrawing nitro group results in the activated 

hydrolxylamine or amine and is likely to significantly activate the mustard. It has been 

previously shown that the parent analogue from which SN23816 was derived is 60-fold 

more potent against anoxic than aerobic Chinese hamster UV4 cells in cell culture 

(Palmer et al., 1992). While SN23816 is more cytotoxic under hypoxia, compared to 

oxic conditions, the variations made to the carboxamide side chain which would 

provide analogues, such as SN23816, with better aqueous solubility may reduce the 

potency of the drug due to low cell uptake (Palmer et al., 1994). The calculated pKa of 

SN23816 is 11.42 (MarvinSketch, ChemAxon software); at pH 7.4 almost 100% of the 

drug is in the ionised form and thus limited passive diffusion will occur and cell uptake 

is significantly reduced. For DNBM prodrugs, this is expected to be a serious problem 

due to the rapid metabolism of the prodrug in cells, relative to other chemotherapeutics 

that are metabolically stable in cancer cells. Furthermore, aromatic mustards are already 

relatively unreactive due to their electro-deficient rings and may have low absolute 

cytotoxicity, even after reduction of the nitro group (Denny & Wilson, 1993).  
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 Figure 1.3 Chemical structures of SN25860 (A) and SN23816 (B). 

 

1.4 Tumour‐targeted	drug	delivery	using	nanotechnology		

The emergence of nanotechnology for use in cancer treatments has been an area of 

widespread interest in the last decade with particular focus on increasing specificity of 

anticancer drugs (Iwamoto, 2013). 

Nanotechnology roots its history as far back as the 4th century, as demonstrated by 

the Lycurgus Cup which had nanoparticles of colloidal gold and silver imbedded 

throughout the glass. In antiquity, examples of nanostructured materials were based on 

the craftsmen’s empirical understanding and manipulation of materials. This is not 

unlike the modern principles of nanotechnologies. The use of nanotechnology in 

medicine was pioneered by physicist Richard Feynman of the California Institute of 

Technology. On December 29, 1959 he gave what is widely considered to be the first 

lecture on technology and engineering at the atomic scale. At the American Physical 

Society meeting at Caltech, the lecture titled “There’s Plenty of Room at the Bottom” 

suggested that it should be possible to make machines on a nano-scale with empirical 

control of atom arrangement, and do chemical synthesis by mechanical manipulation 
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(Feynman, 1960). This lecture marked the beginning of the idea and study of 

nanotechnology.  

The original definition of nanotechnology was that it consisted of processes of 

separation, consolidation, and deformation of materials by one atom or one molecule 

(Taniguchi, 1974). For nanomedicine, the concept extends to the manipulation, control 

and manufacturing of structures or devices in the nanometer size range, herein also 

known as nanoparticles (Singh & Lillard, 2009). The molecule of interest, typically 

anticancer drugs, is dissolve, encapsulated or attached into or onto the nanoparticle 

matrix (Couvreur et al., 1995). Depending on methods of preparation, constructs with 

different characteristics of size, surface charge, release kinetics may be achieved and 

tailored to achieve the best therapeutic efficacy of chemotherapeutic agents (Pal et al., 

2011). The use of nanoparticles for drug delivery of anticancer drugs can help to 

achieve targeted drug delivery, improved biodistribution, sustained drug release, 

increase drug solubility (Cho et al., 2008) and overcome biological barriers (Blanco et 

al., 2015).  

Nowadays it is widely recognised that nanoparticles are able to accumulate 

preferentially in the tumour interstium, due to the leaky vasculature, by means of the 

EPR effect (Maeda, 1992, which will be further discussed in section 1.4.1. The delivery 

of anticancer drugs may be improved by formulation into nanoparticles as the 

polymeric nanoparticles may act as a local drug depot upon reaching the tumour target 

site, providing a continuous supply of encapsulated drug (Couvreur et al., 1995). 

Nanoparticles today are exemplified by liposomes, polymeric nanoparticles, micelles 

and dendrimers (Figure 1.4), have been widely accepted for tumour targeted drug 

delivery and controlled drug release (Kairemo et al., 2008).  
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Figure 1.4 Structures of some examples of nanoparticles, adapted from (Ganta et al., 2008).  

 

 With much consideration to the physical and chemical properties of 

nanoparticles, the biocompatible liposomes were considered to be the best carrier for 

the DNBM prodrugs, SN25860 and SN23816, as high drug loading (DL) and sustained 

drug release are required for delivery in vivo. 

1.4.1. Passive	targeting	–	Enhanced	permeability	and	retention	effect	

As previously mentioned in section 1.2.1, solid tumours exhibit different 

physiological characteristics compared to normal, healthy tissues. Normal tissues have 

regular, ordered vascular systems with good perfusion of tissues whereas tumour 

microvasculature is heterogeneous, disorganised with dysfunctional vessel tumour 

network (Maeda, 2001). This provides a unique opportunity for targeted drug delivery 

of nanoparticulate medicine.  

Nanoparticles, like liposomes, are able to accumulate in tumour tissue by passive 

targeting. Passive targeting is a mechanism by which drug carriers are preferentially 

delivered to target cells in tumour tissue and relies on disease pathology and 

physiocochemical properties of the delivery system to accumulate the drug at the site of 

interest and avoid non-site specific distribution (Ganta et al., 2008). The capillaries of 
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normal healthy tissues are made up of a single layer of endothelial cells with tight 

junctions and small fenestrations approximately 6 nm in size. However, newly formed 

blood vessels of tumours are found to be hyper-permeable and inherently ‘leaky’ with 

large fenestrations (100 – 600 nm) (Maruyama, 2011) due to wider inter-endothelial 

junctions and trans-endothelial channels, resulting in discontinuous or absent basement 

membrane. This allows nanoparticles (approximately 50-200 nm) to accumulate in the 

vicinity of the tumour mass upon systemic administration by a process known as the 

EPR effect (Matsumura & Maeda, 1986), as illustrated in Figure 1.5. Maeda and co-

workers first discovered this phenomenon in murine solid tumour models and work in 

the field of site-specific drug delivery has since confirmed that administering a drug 

with a polymer conjugate can result in much higher concentrations in the tumour 

compared to administration with a free drug (Matsumura & Maeda, 1986; Ohtsuka et 

al., 1987; van Vlerken et al., 2007). Upon administration of polymer-drug conjugates, a 

10-100 fold increase in concentration may be achieved in the tumour due to the EPR 

effect compared to administration of free drug (van Vlerken et al., 2007).  

 

 

 

 

 

 

 

 

 

Figure 1.5 Schematic diagram showing the enhanced permeability and retention (EPR) effect 
for nanoparticles in solid tumours compared to healthy tissue. 
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Despite consistent evidence of the EPR effect in animal models, human data shows 

a high degree of variability in spontaneously, slower growing tumours (Nichols & Bae, 

2014). 

Due to the size of fenestrations, manipulation of particle size and surface charge 

should be optimized for passive targeting. Positively charged liposomes of <200nm can 

preferentially accumulate and maintain at tumour mass for longer than either neutral or 

negatively charged nanoparticles (van Vlerken et al., 2007). 

To reach the target site, it is essential for liposomes to be stable in biological fluids 

long enough to find the fenestrate in tumour blood vessels through conventional blood 

flow and random diffusional processes, as such long circulation times is essential 

(Maruyama, 2011; Simões et al., 2004). Liposomes should be able to retain adequate 

payload for at least 24 h to allow effective accumulation in the tumour interstitium 

(Sawant & Torchilin, 2012; Torchilin, 2011). An ideal nanocarrier should be robust and 

stable for encapsulated drugs, but should also be able to undergo controlled breakdown 

at the site of pathology for release.  

1.4.2. Active	targeting	

Another, more advanced, approach of tumour targeting using nanoparticle utilises 

ligands founds on cancer cells. Despite the ability of nanoparticles to accumulate in 

tumour tissue by passive targeting, selective interaction with cancer cells may be 

limited. Therefore active targeting approaches have been proposed to further improve 

the specific recognition and subsequent cellular uptake of cancer cells (Byrne et al., 

2008).  Antibodies and ligands have been investigated as active targeting agents in 

nanoparticles. Liposomes attached with target-specific antibodies, such as anti-H-2kK 

antibody (Connor & Huang, 1986), anti-CD33 (Simard & Leroux, 2009) and  integrin 
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α5β1 targeting moiety (fibronectin-mimetic peptide PR_b) (Garg & Kokkoli, 2011) 

were all able to increase in vitro cytotoxicity compared with non-targeted liposomes.  

Specific examples of targeted ligands including hyaluronic acid (Paliwal et al., 2016a) 

and estrone (Paliwal et al., 2011) were also able to increase in vitro cytotoxicity of 

liposomal formulations (Zhang & Yao, 2012). 

The choice of actively targeted receptors is based on their degree of overexpression 

in the targeted cancer cells, as well as their involvements in the cellular uptake, which 

may amplify therapeutic response (Deshpande et al., 2013). The incorporation of 

targeting moiety in liposomes can result in their accumulation at the target cells and 

allow intracellular delivery of their payloads through receptor-mediated endocytosis 

(Nogueira et al., 2015). 

1.4.3. Intracellular	delivery	using	nanoparticles	

With the increasing development of modern nanoparticles, such as liposomes, it is 

important to gain some understanding in their ability to interact with the exterior of the 

plasma membrane which allows for entry into cells. The outer leaflet of the plasma 

membrane provides a physical barrier and is responsible for the transport of molecules 

inside and outside the cell (Doherty & McMahon, 2009). Small molecular drugs may be 

transferred via passive diffusion, pumps or channels, however nanoparticles (such as 

liposomes) require endocytosis, a process in eukaryotes where extracellular substances 

are taken up into cells by the invagination of plasma membrane forming vesicles to 

engulf the cargo (Conner & Schmid, 2003). This step is critical for delivery of 

nanoparticle delivered payload and one or more physiological routes of entry may be 

used. 
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 Endocytosis involves a variety of mechanistically complex processes: initially, 

nanoparticles are engulfed in membrane invaginations which pinch off and form 

membrane-bound vesicles, these are known as endosomes (Sahay et al., 2010). 

Following this, endosomes containing cargo are trafficked to specialised vesicular 

structures for sorting. Finally, the cargo is delivered to intracellular compartments and 

is either recycled to the extracellular matrix or transported across cells. Endocytosis can 

be broadly categorised into two categories, phagocytosis (for uptake of large molecules) 

and pinocytosis (uptake of fluids), which can lead to pathways of clathrin-mediated, 

caveola-mediated, non-caveola/clathrin independent endocytosis and macropinocytosis. 

1.4.3.1 	Phagocytosis		

Phagocytosis, derived from Ancient Greek; phagein meaning ‘to devour’, kytos 

meaning ‘cell’ and –osis meaning process, is a process of engulfment and 

internalisation of particles (Germain, 2004).  It was first discovered in macrophages 

which were able to engulf particles as large as 20 µm and predominately occurred in 

phagocytes (Hillaireau & Couvreur, 2009). In mammals, phagocytosis is predominately 

performed by specialised cells such as macrophages, monocytes and neutrophils to clear 

debris from apoptotic cells and eliminate pathogens. The process is initiated by cell-

surface receptors for membrane-particle recognition (Areschoug & Gordon, 2009). The 

process of phagocytosis contributes to tissue development, remodelling, immune 

response and inflammation (Aderem & Underhill, 1999). 

1.4.3.2 	Pinocytosis		

In contrast to phagocytosis, pinocytosis is the process of ‘cell drinking’ and 

encompasses a number of internalisation pathways for fluids and solutes, depending on 

cell origin and function. However despite its name, pinocytosis also includes the 
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internalisation of certain particles such as low density lipoproteins. The sub-

classifications of pinocytosis include clathrin-mediated endocytosis, caveolar 

endocytosis and non caveolar, clathrin-independent endocytosis (Mayor et al., 2014).  

Clathrin-mediated endocytosis is a complex process which is inherently active in 

all mammalian cells (Conner & Schmid, 2003); it is described as cellular uptake via 

formation of clathrin-coated pits in the plasma membrane (Mayor et al., 2014). Clathrin 

itself is a self-polymerising protein that forms a cage-like polygonal coat and relies on 

adaptor proteins (such as AP-2) and accessory proteins to bind the plasma membrane. 

Other proteins with highly specific functions are also involved (Slepnev & De Camilli, 

2000). Once clathrin-mediated endocytosis is stimulated, the process begins with 

initiation of clathrin-coated pits on the plasma membrane, cargo selection by 

recruitment of cargo-specific proteins and coat assembly. The assembled vesicle then 

pinches off from the plasma membrane in a process of dynamin-mediated scisson 

(Rewatkar et al., 2015). Dynamin is a GTPase present at the neck of the vesicle and is 

responsible for membrane scisson after vesicle maturation (Pucadyil & Schmid, 2009).  

After scisson from plasma membrane, ancillary proteins such as AP-4, COPII, 

GGAs, are responsible for endosomal migration of the actin cytoskeleton (Robinson, 

2004). Other accessory proteins, such as amphiphysin and intersectin act as scaffolds to 

connect the endocytotic components to the cytoskeleton (Slepnev & De Camilli, 2000). 

From here, the clathrin coat is shed and clathrin is recycled to form new clathrin-coated 

pits. The vesicles form with early endosomes where internalised cargo is either sorted 

into multivesicular bodies and trafficked to later endosomes/lysosomes for degradation 

or transported back to plasma membrane (McMahon & Boucrot, 2011; Traub, 2011). 
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While this route of clathrin-mediated endocytosis has been extensively studied for 

mechanisms of action and receptor involvement, no studies to date have quantified the 

amount of nanoparticles, such as liposomes, which are taken up into cells via this 

pathway.  

Caveola-mediated endocytosis is another mechanism of pinocytosis. Caveolae 

(plural; caveola if singular) are plasma membrane domains rich in cholesterol and 

characterised by cup-shaped invaginations (60-80 nm), caveolins (membrane proteins 

specific to caveolae) and cavins (cytoplasmic proteins heteromeric complexes which 

regulate caveolae dynamics and functions (Parton & del Pozo, 2013). After scisson 

from plasma membrane, the fusion with cavesomes (or other neutral multivesicular 

body) occurs (Parton & Simons, 2007). Following this, in most cells caveolar 

endocytosis leads cargo to the endo-lysosomal compartment, however it has been 

reported that in the case of trans-endothelial transport, macromolecules are able to 

avoid endosomal compartments when taken up from the circulation via luminal 

caveolae (Stan, 2002). 

Another, rather special, pathway of cellular entry is macropinocytosis where the 

process originates from transient activation of receptor tyrosine kinases upon 

stimulation of growth factors or other signals (Mercer & Helenius, 2009). A group of 

Rho-GTPase controls and activates membrane protrusions which fuse with plasma 

membrane to form macropinosomes (>0.2 µm) to internalise the surrounding 

extracellular fluid. Maturation of macropinosomes occurs before fusion with 

degradative compartments of the cell (Kerr & Teasdale, 2009). 

Macropinocytosis has been utilised by lipid nanoparticles in cellular uptake in 

cultured cells. It was found that the ionisable DLin-MC3-DMA lipid nanoparticle was 
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able to activate membrane ruffles to stimulate macropinocytosis, however this process 

was dependent on the initial clathrin-mediated endocytosis (Gilleron et al., 2013). This 

is one of many examples that demonstrated the complexity of endocytic pathways and 

the need for quantitative studies on cellular uptake.  

Finally, non-caveolar, clathrin independent endocytosis is an arbitrary 

classification of pathways regulated by small GTPases (Arf6, RHoA, Cdc42) 

(Sabharanjak et al., 2002). This pathway is critical for antigen presentation and immune 

response and is used by major histocompatibility class-1 proteins (Sahay et al., 2010; 

Tuli et al., 2008). 

1.5 Liposomes	for	tumour‐targeted	drug	delivery	

1.5.1 The	discovery	of	liposomes	

Alec Bangham was the first to describe electron microscopic observations of 

phosphatidylcholine (lethicin)-cholesterol mixtures in water, negatively stained with 

phosphotungstate (Bangham & Horne, 1964). Using either methods of hand shaking or 

sonication, a dispersion of colloidal ‘spherulites’ were produced with a lamellar 

structure (44.2 Å for the lipid layer and 25.6 Å for a water layer). In the following year, 

Bangham’s landmark study found that the diffusion and sequestration of cations was 

determined by surface charge density of the lipid head group and by the ionic strength 

of the aqueous phase. Subsequently, the closed membrane theory was postulated to 

claim complete enclosure of a lipid bilayer encapsulating an aqueous space (Bangham 

et al., 1967).  Bangham’s first observations described minute sacs of approximately 50 

nm diameters and the term ‘lipid somes’, or liposome, were coined (Bangham, 1983). 

Following the initial discovery and characterisation of multilamellar liposomes, 

researchers reported the structure of sonicated lipid mixtures (Papahadjopoulos & 
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Miller, 1967), now commonly known as ‘small unilamellar vesicles’. This work 

demonstrated the differential permeability of ions through the vesicles which formed 

the foundation for liposome research to entrap solutes and began an era of 

investigations of liposomes as a drug delivery system (Gregoriadis, 1976). Since then 

liposomes have undergone significant refinement and are considered to be one of the 

most biocompatible nanocarriers for effective delivery of hydrophilic and lipophilic 

compounds to tumours (Allen & Cullis, 2013). 

1.5.2 Formation	of	liposomes	and	their	composition	

Liposomes are made up of self-enclosed ore or more phospholipid bilayer 

membrane consisting of an aqueous core (Figure 1.6). They are spontaneously formed 

from aqueous dispersions of phospholipids (or their mixtures). The self-assembling of 

amphiphilic phospholipids in solution is thermodynamically driven and depends on 

their molecular structure; this concept is described by molecular packing parameter 

(Equation 1.3) (Israelachvili et al., 1977). Based on nominal geometric considerations 

and the structure of the amphiphile, packing parameter (p) can be calculated using the 

following Equation:  

p = 
V

aLC
       Equation 1.3 

Where, V is the hydrophobic volume, a is the average surface area occupied by the 

polar region of the amphiphilic molecule at the air/water interface and LC is the length 

of the fully extended hydrophobic tail (Lichtenberg et al., 1988), in the case of 

phospholipids it refers to the hydrocarbon chains.   

Amphiphiles with a packing parameter close to 1.0 will have a cylindrical shape 

and form liposomes bilayers, whereas molecules with higher packing parameters will 
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self-assemble to form hexagonal type II phase (Šegota, 2006), this is the case with pH-

sensitive liposomes which will be discussed in detail in section 1.6.  

 

Figure 1.6 Schematic diagram of the structure of liposomes and bilayers. 

 

Liposomes can be classified based on the number of bilayers, four categories are 

currently recognised: small unilamellar vesicles (SUV), large unilamellar vesicles 

(LUV), multi-vesicular vesicles (MVV) and multi-lamellar vesicles (MLV) 

(Akbarzadeh et al., 2013) (Figure 1.7).  

 

 

 

 

 

Figure 1.7 Categories of liposomes based on number of layers 

 

SUV 
(< 100 nm) 

LUV 
(100 – 400 nm) 

MVV 
(200 - 5000 nm) 

MLV 
(200 - 5000 nm) 
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1.5.3 Liposomes	with	long	circulation	–PEGylation	for	tumour	targeting	

1.5.3.1 	Long	circulation	and	tumour	targeting	

Liposomes can act as efficient drug delivery systems for enhanced efficacy and 

decreased systemic toxicity of various biologically active molecules (Muggia, 1997; 

Valero et al., 1999). However, one of the major issues with liposomal drug delivery 

systems is the rapid clearance of circulating liposomes by the reticuloendothelial system 

(RES) in the liver and spleen. To minimise this problem, liposomes have been coated 

with polymers, such as poloxamers (Blume & Cevc, 1990; Zhang et al., 2015), 

polyacrylamide and poly(vinyl pyrrolidone) (Torchilin et al., 1994), 

monosialoganglioside GM1 (Mori et al., 1991) and poly(ethylene glycol) (PEG). 

Decreased surface adsorption of plasma proteins, opsonins and other blood components 

reduces RES macrophage activation, thus enhancing circulation time of drug and 

liposome. Uptake by the RES cannot be totally avoided and some macrophage 

interaction still occurs resulting in accumulation in the spleen and liver, but to a slower 

degree compared to conventional liposomes (Parr et al., 1993).This property of long-

circulation also results in passive targeting of liposomes in areas with compromised 

vasculature, such as tumour tissues, by the enhanced permeability and retention (EPR) 

effect (Maeda et al., 2000).  

1.5.3.2 	PEGylation		

Surface modifications of traditional liposomes with PEG, a hydrophilic polymer, 

have demonstrated the ability to protect the colloidal system from interaction with 

different solute; this phenomenon known as ‘steric stabilisation’ is able to prolong the 

circulation time of liposomal systems in the body (Napper, 1983; Papahadjopoulos et 

al., 1991). The conjugation of PEG to the surface of liposomes may also reduce 

undesirable side effects triggered by various biological recognition mechanisms in vivo 
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(Zalipsky, 1995). PEG can be chemically or physically attached to phospholipids and 

are now commercially available. Typically, sterically stabilised liposomes are made of 

4-6% of DSPE-PEG2000, 30% of cholesterol and phospholipids (saturated or 

unsaturated) (Kraft et al., 2014). PEGylated liposomes are also known as ‘stealth 

liposomes’ and show prolonged circulation half-life due to decreased opsonisation. 

Biologically, PEG coating occupies the space immediately adjacent to liposome surface 

and creates a hydration shell which sterically hinders interactions of blood components 

with their surface and reduce binding of plasma proteins with PEGylated liposomes 

(Tirosh et al., 1998).  

An example of opsonisation of stealth liposomes was demonstrated by Szebeni et 

al. when complement activation in human serum was triggered when liposomes with 

5% mol of PEG-PE was introduced into the body (Merkel et al., 2011; Szebeni et al., 

2002). Following these experimental observations, it may be theorised that even though 

complement fixation on PEG chains occur, its location could be made inaccessible for 

complement-receptor recognition. Furthermore, phagocytosis of nanoparticles is also 

dependent on the physiological state of macrophages. Under normal physiological 

conditions, macrophage receptors, responsible for nanoparticle recognition, are blocked 

by dysopsonins; however, macrophages tend to be in their activated state in tumours 

(Heusinkveld & van der Burg, 2011) and are able to phagocytose stealth liposomes 

(Karmali & Simberg, 2011). 

In addition to long circulation, another major improvement to liposomes is the 

relative independence of formulations from most physicochemical characteristics 

compared to non-stealth liposomes. Stealth liposomes demonstrate log-linear kinetics 

which offers the unique advantage to be dose-independent, and since they are relative 

insensitive to size, charge and lipid composition (Allen & Cullis, 2013; Allen & 
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Hansen, 1991) in terms of pharmacokinetics and biodistribution, research can be 

focussed on a wider range of formulations which are specific to the chemically 

characteristics of the selected drug. The rate-limiting step for PEGylated liposomes is 

drug leakage which may be improved with more flexibility in liposome structure.  

Due to the versatile nature of long-circulating liposomes, a wide range of molecules 

can be encapsulated, hence Stealth liposomes haven been exploited for many cancer 

chemotherapies. Recently, Wang et al. was able to demonstrate increased circulation 

time for PEGylated liposomal-oridonin, as well as reduced accumulation in the RES 

(Wang et al., 2013). Other examples of Stealth liposome systems include the first 

clinical trial of liposomal CKD602 formulation in patients with refractory solid tumours 

(Zamboni et al., 2009), and new 4-hydroxy-tamoxifen-loaded pH-gradient liposomes 

has therapeutic potential in a multiple myeloma experimental model (Urbinati et al., 

2010). 

Stealth liposomes have made remarkable progress in improving circulation time 

and formulation techniques; nevertheless, the problem of tumour accumulation by 

passive targeting still presents a problem for some drug molecules. Passive targeting 

causes drug release within the stroma and interstitial space of tumours but not 

specifically to cancer cells. This does not present to be an issue for small lipophilic 

molecules, which are easily able to diffuse through cell membrane, however for the 

delivery of hydrophilic drugs or compounds with a large molecular weight, the non-

specific cell targeting can be problematic (Drummond et al., 2008; Urbinati et al., 

2012). 
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1.6 pH‐sensitive	liposomes	for	tumour‐targeted	drug	delivery	

pH-sensitive liposomes are composed of pH-responsive components to alter and 

tailor the properties to desired pH changes resulting in changes to permeability of the 

liposome membrane. These liposomes were designed to remain stable to physiological 

pH and collapse at a threshold low pH by exploiting the tumour interstitial (Yatvin et 

al., 1980) and/or endosomal acidity (Lindner & Hossann, 2010). The encapsulated 

contents are delivered to the cytoplasm through destabilisation or fusion with endosome 

membrane (Hong et al., 2002; Torchilin et al., 1993). The concept of pH-sensitive 

liposomes was first reported in 1980 (Yatvin et al., 1980) and have been used as a 

refined alternative to conventional liposomes in effective targeted intracellular delivery 

of anticancer drugs (Paliwal et al., 2015b).  

Since Yatvin’s conceptual report of pH-sensitive liposomes, the possibility of 

targeting drugs to tissues of reduced pH values, such as tumour and inflammation, has 

been of major interest (Kanamala et al., 2016). It is possible for pH-sensitive liposomes 

to target extracellular (section 1.6.1.1) and/or intracellular acidity (section 1.6.1.2). Due 

to the heterogeneity of extracellular pH and lack of accessibility of nanoparticulate 

chemotherapeutics, targeting extracellular pH requires more extensive formulation 

studies of lipid constructs for a viable formulation to target extracellular tumour acidity. 

Recently attention has focused on intracellular targeting after endocytosis via 

intracellular acidic compartments (e.g. endosomes with pH < 6) (Ferreira et al., 2013). 

1.6.1 Mechanisms	for	tumour	targeting	using	pH‐sensitive	liposomes	

1.6.1.1 	Mechanism	for	targeting	extracellular	pH		

The dysfunctional and tortuous networks of blood vessels (described in section 

1.2), results in abnormal microcirculation, which is largely caused by the distended 



 

32 
 

capillaries with leaky walls and sluggish blood flow (Brown & Giaccia, 1998; 

Fukumura & Jain, 2007). The resultant increase in vascular permeability of tumour 

microvessels, lower perfusion rates and prolonged transit time of blood through vessels 

causes a change to the metabolic environment. pHex of tumours (both primary and 

metastasised sites) is lower than normal tissue (Gerweck & Seetharaman, 1996) due to 

mechanisms described in section 1.2.3. 

To exploit low pHex of tumours, stimuli-responsive polymers that are able to sense 

small changes in microenvironmental pH can be used to construct pH-responsive 

nanocarriers, by which a change in extracellular pH corresponds to changes in physical 

properties such as size, shape or hydrophobicity. Anti-tumour drugs that are 

encapsulated in the carrier polymer can be released rapidly in the acidic 

microenvironment of tumour tissues. Recent studies have highlighted the potential of 

using pHex as a stimulus for triggered drug release from liposomes. It was reported that 

liposomes modified with pH-sensitive polymers were able to utilise the low pH of 

tumour extracellular matrix (pH 6.5 – 6.8) for improved in vivo anticancer activity and 

low renal and hepatic toxicity (Chiang & Lo, 2014). 

However, tumour pHex is largely dependent on histology and volume. It was found 

that human adenocarcinomas had pHex in the range 5.66 - 7.78, pHex of soft tissue 

sarcomas was 6.25 - 7.45 and squamous cell carcinomas had pHex range 6.2 - 7.6 (Engin 

et al., 1995). The variation of pHex as well as the small difference in pH between 

tumour pHex and physiological pH would prove difficult in formulation of pH-sensitive 

liposomes for selective targeting of their chemotherapeutic payload.  

For this reason, the surface charge of cells and pH-sensitive liposomes can be 

exploited for more effective targeting. The surface of cancer cells are considered to be 



 

33 
 

negatively charged due to the secretion of a large amount of lactate anions across 

membranes, whereas the surfaces of normal cells remain charge-neutral or slightly 

positive (Chen et al., 2016). Therefore, surface charge is an important factor in the 

design of pH-sensitive liposomes to improve their interaction with cancer cells (Chen et 

al., 2016; Yan et al., 2015). Although negatively charged liposomes are preferred as 

they demonstrate lower rates of phagocytosis by the RES, resulting in longer circulation 

half-life (Alexis et al., 2008). Cell interactions studies have found that cancer cells, such 

as HeLa, preferentially bind and endocytose positively charged liposomes more readily 

than negatively charged liposomes (Miller et al., 1998). Recently, pH-sensitive 

liposomes are designed with a negative surface charge at physiological pH which can 

undergo charge reversal in response to environmental acidity (protonation) and become 

positively charged to better associate with cell membrane (Yan et al., 2015). A recent 

study has shown that glycol-chitosan coated liposomes demonstrated pH-sensitivity at 

pH 6.5 (tumour pHex) due to protonation of –NH2 groups in the chitosan, which 

enhanced cellular uptake of the pH-sensitive liposome and anticancer efficacy 

compared to non-coated liposomes (Yan et al., 2015). 

1.6.1.2 	Mechanism	for	targeting	intracellular	pH	(endosome	escape)	

Conventional liposomes have demonstrated increased cellular uptake via 

endocytosis which may facilitate intracellular drug delivery to cancer tells (Xu et al., 

2014); however intracellular trafficking may result in the sequestration of non pH-

sensitive liposomes in endosomes which are then transported to lysosomes to be 

degraded by enzymes. This would greatly reduce intracellular drug availability at the 

target site, which for chemotherapeutics may be DNA (Karanth & Murthy, 2007). 

The ability of pH-sensitive liposomes to achieve endosome escape may be able to 

enhance cytoplasmic delivery of encapsulated chemotherapeutic drugs (Huth et al., 
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2006). After entering the bloodstream, pH-sensitive liposomes are endocytosed in the 

intact form and fuses with the endovascular membrane as a consequence of the acidic 

pH inside the endosome lumen (pH 5.0 – 5.5) (Geisow & Evans, 1984; C. Wang et al., 

2016) and cytoplasmic release of encapsulated contents occurs (Torchilin, 2005) and 

lysosomal degradation is avoided. This phenomenon is known as ‘endosome escape’.  

Research in liposomal delivery has focussed on combining favourable properties of 

pH-responsiveness, longevity and specific targeting ability to effectively deliver 

contents into the cytoplasm (Simões et al., 2004). This is achieved by utilising new lipid 

constructs that attribute pH-sensitivity and modification of liposomes with pH-

responsive polymers and introducing hydrophilicity to the surface of liposomes for 

longevity and receptor-mediated targeting (Papanicolaou et al., 2004).  

Phosphatidylethanolamine with protonatable amphiphiles, particularly 1,2-dioleoyl-sn-

glycerol-3-phosphatidylamine (DOPE), has been studied to improve cytoplasmic 

delivery of water soluble compounds (Paliwal et al., 2011; Soares et al., 2012). PE 

lipids also have superior fusogenic properties which facilitate endocytosis and more 

efficient internalization than non pH-sensitive liposomes (Chu et al., 1990; Schroit et 

al., 1986); this will be discussed further in section 1.7. 

Three main mechanisms have been hypothesised for the mechanism of cytoplasmic 

delivery of pH-sensitive liposomal encapsulated payload (Figure 1.8). Firstly, 

destabilisation of pH-sensitive liposome membrane affects stability of endosome 

membrane via pore formation and triggers endosome destabilisation; secondly, 

diffusion of pH-sensitive liposome encapsulated payload across endosome membrane 

into the cytoplasm occurs after destabilisation. Lastly, fusion between pH-sensitive 

liposomes and endosomal membranes leads to cytoplamsic delivery of encapsulated 

payload (Karanth & Murthy, 2007; Simões et al., 2004).  
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Figure 1.8 Hypothesised mechanisms of cellular uptake of liposomes and intracellular delivery 
of pSL including A) pore formation, B) diffusion and C) fusion.  

 

Irrespective of the mechanism involved in endosome escape, it has been 

demonstrated that various types of pH-sensitive liposomes were able to transfer a 

significantly larger amount of encapsulated payload into the cell cytosol, avoiding 

lysosomal degradation (Fattal et al., 2004). Furthermore, the success of cytoplasmic 

delivery largely depends on the molecule weight of encapsulated molecules. High 

molecular weight proteins (MW > 20 kDa) encapsulated into pH-sensitive liposomes 

were only able to achieve 0.01 – 10% cytosolic accumulation, whereas a low molecular 

weight fluorescent probe, calcein (Mw = 623) achieved near 100% cytosolic release 

(Karanth & Murthy, 2007). This observation supports the second hypothesised 

mechanism of intracellular delivery of diffusion.  



 

36 
 

1.6.2 Categories	of	biomaterials	in	pH‐sensitive	liposomes	

Utilising the mechanisms of targeting intracellular pH (pHi) (section 1.6.1.2), four 

categories of pH-sensitive liposomes are devised based on components and mechanism 

of pH-sensitivity.  

1.6.2.1 	Liposomes	containing	polymorphic	lipids	

A well-researched group of pH-sensitive liposomes, consisting of polymorphic 

lipids, is the unsaturated, zwitterionic phospholipid, phosphatidylethanolamine (Wang 

& Huang, 1989). DOPE was the first phospholipid to be used in the formulation in pH-

sensitive liposomes (Yatvin et al., 1980) and is still currently actively researched. 

Diacetylenic-phosphatidyl-ethanolamine (DAPE) and palmitoyl-oleoyl-phosphatidyl-

ethanolamine (POPE) are more recent examples of polymorphic lipids (Liu & Huang, 

2013) and destabilise in a mechanistically similar way to DOPE, discussed in section 

1.7. 

A recent study based the design of polymorphic lipids, consisting trans-2-

aminocyclohexanol, was able to perform a pH-triggered conformational flip. The 

resulting pH-sensitive liposomes (fliposomes) were stable at pH 7.4 but undergoes 

conformational switch at acidic pH causing rapid release of liposome payload (Liu et 

al., 2012). 

For active targeting, pH-sensitive liposomes attached with target-specific ligands, 

such as folate and transferrin, have been implicated in cytostolic drug delivery (Li et al., 

2009; Zhang & Yao, 2012). The incorporation of PEG on carrier surfaces, another 

common practice in the formulation of liposomes, prolongs residence time in blood 

circulation by reducing RES clearance (Gabizon & Papahadjopoulos, 1988); this long-

circulation property of liposomes promotes the EPR effects, as previously discussed.  
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1.6.2.2 	Liposomes	containing	‘caged’	lipid	derivatives	

These ‘cage-like lipids’ are usually products of naturally derived phospholipids.  

Reversibly-modified, acid-labile ‘caged’ biomolecules containing phosphatidylserine 

and phosphatidylethanolamine are synthesised to contain an alkyl ether, such as N-

citraconyl-dioleoyl-phosphatidyl-ethanolamine (C-DOPE) and N-citraconyl-dioleoyl-

phosphatidylserine (C-DOPS) (Drummond & Daleke, 1995). The non-bilayer phase 

reversibility of liposomes containing such lipids is performed by covalent modification 

of a nucleophilic functionality on the head group of the lipid, or by reversibly cleaving 

the alkyl group of the liposome in blood circulation to expose long-chain fatty acids 

which can disrupt the stability of vesicles and increase permeability to entrapped 

molecules (Rui et al., 1998). Drummond and Dalek demonstrated that pH-sensitive 

liposomes containing N-acyl-phosphatidylethanolamine can not only release their 

encapsulated contents in a low pH environment but also promote cell membrane fusion 

(Drummond & Daleke, 1997). 

Perhaps most applicable is the cholesterol-terminated poly(acrylic acid), in which 

pH-responsiveness is derived from the acyl moiety (polymer for caging) used to modify 

the surface of bare liposomes. The addition of this ‘caged’ lipid to the surface of 

liposomes increases stability in systemic circulation but ‘shrinks away’ at low pH to 

release their encapsulated payload, facilitate cellular uptake and endosome escape (Lee 

et al., 2007). 

1.6.2.3 	Liposomes	composed	of	synthetic	fusogenic	peptides/proteins	

The incorporation of peptides has proven to be promising to promote cytoplasmic 

delivery of hydrophilic molecules with limited subcellular compartment access 

(Ferreira et al., 2013). A pH-dependent fusogenic peptide, such as dilNF-7 where the N-

terminus of hemagglutinin HA-2 is inserted into the phospholipid domain to create a 
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novel pH-sensitive liposome delivery vehicle, has shown selective cellular uptake by 

cancer cells (Mastrobattista et al., 2002. The peptide is inactive at neutral pH but has 

shown the potential for conformational change in the acidic environment causing 

liposome membrane destabilisation and promoting fusion between liposomal and cell 

membrane (Mastrobattista et al., 2002; Sasaki et al., 2008). The design of the GALA 

peptide, with its 30 amino acid synthetic peptide and a repeating unit of glutamic acid-

alanine-leucine-alanine (EALA), is an example of pH-responsive peptides (Li et al., 

2004). EALA exhibits pH-dependent conformational change from a random coil to an 

amphipathic α-helix when pH is reduced from 7.5 to 5.0 and induces content leakage 

from large phospholipid vesicles (Aluri et al., 2009). Another study demonstrated the 

co-encapsulation of listeriolysin O, a pore-forming protein that mediates leakage from 

endosomes, and gelonin (an anticancer plant toxin) resulted in marked improvement in 

the cytotoxicity against the murine B16 melanoma cell line compared to free gelonin 

(Provoda et al., 2003). 

1.6.2.4 	Liposomes	with	surface	modification	using	pH‐sensitive	polymers	

In early years, the construct of synthetic polymers for the design of pH-sensitive 

liposomes are based on succinylated PEG and N-isopropylacrylamide (NIPAM) 

copolymers, which exhibit a sharp phase transition at reduced pH that can be exploited 

to trigger release of encapsulated drugs (Leroux et al., 2001). Surface modification of 

phosphatidylcholine liposomes with alkylated NIPAM resulted in enhanced in vitro 

release of both water soluble markers and amphipathic drugs upon reduced pH (Roux et 

al., 2002; Zignani et al., 2000). Random anchoring of NIPAM to liposomes was shown 

to mediate higher cytotoxicity towards J774 macrophage-like cells compared to non-pH 

sensitive liposomes (Roux et al., 2002). It was further demonstrated that the anchoring 

of NIPAM and its analogues to liposomes can promote endosomal destabilisation and 
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cytoplasmic delivery of contents (Roux et al., 2002). Meanwhile, steric stabilisation 

could be achieved by coating with NIPAM copolymer leading to prolonged blood 

circulation time (Roux et al., 2003). 

Low molecular weight chitosan is a more recent example of surface modification. 

To overcome the PEG dilemma, chitosan has been investigated as an alternative surface 

coating, which can protect the nanocarrier in neutral pH but allow cellular uptake in 

slightly acidic conditions (Sarmento et al., 2011). It has been demonstrated that chitosan 

coated nanoparticles retain pH-responsiveness at pH 6.2 and have the ability to interact 

with cells in a pH dependent manner (Amoozgar et al., 2012). Subsequent studies using 

chitosan as a surface modifier in different contexts support the potential of chitosan as a 

stealth coating in liposomes (Wang et al., 2017). 

1.6.3 Applications	of	pH‐sensitive	liposomes	in	cancer	treatment	

Decades of research in the development of cytotoxic drugs has resulted in 

maturation of chemotherapy as a viable, adjuvant therapeutic modality for the treatment 

of cancer (Blanco et al., 2011). With better understanding of the underlying 

mechanisms of tumourigenesis, further drug development can focus on specific agents 

capable of exerting their effects on individual proteins or pathways either overexpressed 

or aberrant in tumour tissue. While many conventional anticancer drugs may lead to an 

improvement in survival rate, they are greatly affected by biological barriers reducing 

drug delivery efficacy following systemic administration (Blanco et al., 2011). In 

addition, factors such as the lack of tumour selectivity, poor tumour penetration and 

drug resistance can contribute to failure of some cytotoxic compounds in reaching the 

clinical setting (Blanco et al., 2011; Yu et al., 2012). In addition, despite the efficacy of 

the molecules, their drugablity may be limited by poor water solubility or stability. 
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Similar to conventional liposomes, pH-sensitive liposomes can improve tumour 

selectivity, penetration ability and also enhance the aqueous solubility and stability of 

certain drugs. These functions will be further discussed in the following sections.  

1.6.3.1 	Improving	tumour	selectivity	

A major problem with some anticancer drugs is the lack of selectivity after it enters 

the systemic circulation. The cell killing potential of many cytotoxic drugs is not 

limited to cancerous cells but also affect healthy cells, particularly cells with rapid 

turnover, such as bone marrow, and gastrointestinal cells (Medina & Fausel, 2008). 

This non-selective biodistribution leads to binding of the anticancer drugs to healthy 

tissues and blood proteins thus not only reducing the amount of drug reaching the 

tumour site but also causing damages to normal tissues. Consequently, systemic toxicity 

such as nausea, vomiting, gastrointestinal tract discomfort, fatigue and hair loss, may be 

occur and limit patient tolerability (Pérez-Herrero & Fernández-Medarde, 2015). 

A recent pH-sensitive ‘Trojan horse’-like liposome formulation of paclitaxel 

created by Jiang et al. showed enhanced drug accumulation at in tumours sites and 

improved cellular uptake. The formulation also demonstrated efficient in vivo 

anticancer activity in a xenograft breast cancer model (Jiang et al., 2016).  

1.6.3.2 	Overcome	drug	resistance	by	improvement	of	tumour	penetration	and	
cellular	uptake	

Poor cellular uptake can result in multidrug resistance (MDR), which  is frequently 

observed in chemotherapeutics and involves active efflux of drug molecules out of the 

cytosol by membrane bound transporters, such as P-glycoproteins or MDR-associated 

protein (Ewesuedo & Ratain, 2003).  Resistance mechanisms exhibited by tumour cells 

include expression of topoisomerases, alterations in metabolic pathways that control 

drug metabolism and impaired DNA repair (Tannock et al., 2002). 
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pH-sensitive liposomes can deliver a sufficiently high concentration of drug to 

exceed the efflux capacity of drug transporters and to reach the threshold concentration 

to kill the MDR tumour cells (Yin et al., 2013). Furthermore, pH-sensitive liposomes 

can also overcome drug resistance by higher drug accumulation in tumour tissues as 

well as utilising alternative pathways for intracellular uptake and trafficking, for 

example endosome escape (Mamot et al., 2003). It was recently demonstrated that a 

liposomal-based cisplatin delivery system was able to reverse MDR by improving 

intracellular uptake and sustained nuclear retention in a cisplatin-resistant cell line 

(Song et al., 2017). 

Tissues of solid tumours are generally more resistant to anticancer drugs compared 

to that of non-aggregating cancerous cells due to various permeation mechanisms and 

barriers (Jain, 2012; Trédan et al., 2007). Another issue with conventional cytotoxic 

drugs is their lack of ability to penetrate tumour cells and are observed to aggregate on 

the periphery of solid tumours (Minchinton & Tannock, 2006). To achieve successful 

targeting of tumour tissues, cellular internalisation of anticancer drugs need to be 

achieved (Torchilin et al., 2001; Zhu et al., 2012). The fusogenicity of pH-sensitive 

liposomes have demonstrated efficient translocation across plasma membrane for 

improved intracellular drug delivery (Paliwal et al., 2016a). 

1.6.3.3 	Improve	drugability	(solubility	and	stability)	

Many anticancer drugs have low aqueous solubility, affecting the bioavailability of 

those orally administered (Rapoport, 2007). For injectable formulations, hydrophobic 

drugs are often solubilised using organic co-solvents or surfactants which may be toxic 

and cause significant side effects at doses required to solubilise drugs. The majority of 

anticancer drugs are formulated to be administered intravenously and having poor 

aqueous solubility may be associated with precipitation of the formulation in the body 
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after administration causing local tissue irritation (Chiappetta & Sosnik, 2007; Zhang et 

al., 2015). The clinical consequence of this may be severe side effects such as 

extravasation injury to healthy tissue (Schrijvers, 2003); as a result, the dose given per 

treatment may be limited. The phospholipids and excipients which make up liposomes 

are generally non-toxic, non-immunogenic and biocompatible. They can encapsulate 

various lipophilic anticancer agents for systemic delivery (Gasbarri et al., 2010, while 

protecting the veins from drug irritation. Our group have also found that liposome 

encapsulation of poorly water soluble drugs can prevent post-injection drug 

precipitation following intravenous infusion (Zhang et al., 2015), a common problem 

associated with drugs solubilised at non-physiological pH or with organic co-solvents 

(Wu et al., 2013). 

In addition, it is well-documented that the stability of encapsulated drugs can also 

be improved, as the payload is protected by liposomes, and protected from degradation 

by enzymes or interaction with serum proteins. Currently, a number of lipophilic drugs 

have been formulated into liposomes and show increased plasma stability (Bozzuto & 

Molinari, 2015; Chen et al., 2009). 

1.7 Formulation	of	pH‐sensitive	liposomes		

The composition of pH-sensitive liposomes is essential for the understanding of pH 

responsive behaviour and the physicochemical properties of liposomes. As briefly 

mentioned in section 1.6.2, phosphatidylethanolamine is a commonly used phospholipid 

in pH-sensitive liposomes and consists of a small, minimally hydrated head group 

which occupies a lower volume compared to the respective hydrocarbon chains. 

Because of these unique biophysical properties, a cone shape is resumed, in contrast to 

the cylindrical shape of bilayer-stabilising phospholipids, and thus the formation of a 
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lamellar phase is hampered (Cullis & De Kruijff, 1979; Seddon et al., 1983). Due to the 

proximity of amine and phosphate of the polar headgroups on 

phosphatidylethanolamine (in cone shape), strong intermolecular interactions are 

formed and allow these molecules to acquire the inverted hexagonal phase above the 

phase transition temperature (TC), which for DOPE is 10 °C (Simões et al., 2004). 

When an amphiphilic molecule containing a protonatable acidic group (negatively 

charged at physiological pH) is intercalated with phosphatidylethanolamine, 

electrostatic repulsion is favoured and allows the formation of a bilayer structure, 

leading to liposome formation at physiological pH and temperature. However, 

acidification triggers protonation of the carboxylic groups of the amphiphiles, reducing 

their stabilising effect of phosphatidylethanolamine and thus leads to destabilisation of 

pPSL (Paliwal et al., 2015b). It is therefore evident that the rational selection of pH-

sensitive lipids is essential for the formation and stability of pH-sensitive liposomes.  

DOPE is a commonly investigated pH-sensitive phospholipid which requires 

cholesteryl hemisuccinate (CHEMS) as an amphiphilic stabiliser to form pH-sensitive 

liposomes (Figure 1.9A). Upon acidification, the minimally hydrated, polar headgroup 

of DOPE converts to a hexagonal inverted phase (Figure 1.9B), resulting in the 

formation of non-lamellar structures and finally destabilisation (Paliwal et al., 2015b; 

Simões et al., 2004).  
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Figure 1.9. Structural representations of DOPE and CHEMS (A), the main constituents of pH-
sensitive liposomes. On its own, DOPE with its minimally hydrated head group forms an 
inverted hexagonal phase (B, left). The intercalation of CHEMS (with negatively charged 
heads) causes formation of a lamellar phase and thus the bilayer of liposomes (B, middle). 
When low pH is encountered, destabilisation occurs, due to the protonation of the carboxyl 
group of CHEMS, and lipid bilayers revert back to the inverted hexagonal phase (B, right). The 
three-dimensional structure of the normal and inverted hexagonal phases are also shown (C). 

 

1.7.1 Stabilisation	of	pH‐sensitive	liposomes	

In addition to pH-responsiveness, stability of pH-sensitive liposomes in 

physiological conditions is also important, phosphatidylethanolamine stabilisers include 

cholesterol derivatives, phospholipids and fatty acids have been used in pH-sensitive 

liposomes (Simões et al., 2001). The type and molar ratio of stabilisers in the liposome 

backbone contributes an important role to pH-sensitive liposomes properties, including 
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pH-sensitivity, stability in plasma, fusogenic capacity and extent of internalisation 

(Simões et al., 2001). CHEMS is considered to be a more appropriate cholesterol 

derivative to stabilise pH-sensitive liposomal formulations compared to other 

amphiphilic stabilisers, such as oleic acid which may be easily extracted by plasma 

proteins (Lai et al., 1985).  

The incorporation of phospholipids with a high transition temperature into pH-

sensitive liposome backbone may improve stability and in vivo circulation of the 

formulation. It has been demonstrated that the incorporation of hydrogenated soy 

phosphatidylcholine (HSPC) with TC of 55 °C into conventional liposomes was able to 

increase serum stability of liposomes at 37 °C (Chen et al., 2013). This strategy may 

also be applied to pH-sensitive liposomal formulations by investigating the optimal 

phospholipid ratios.  

The final strategy to improve stability of pH-sensitive liposomes is PEGylation. 

Similar to conventional liposomes, discussed in section 1.5.3, without surface 

modification, pH-sensitive liposomes will also undergo rapid clearance by the RES or 

destabilise due to in vivo interaction with serum proteins, causing drug leakage before 

the target cells are reached. However, PEGylation of pH-sensitive liposomes may 

reduce its pH-responsiveness, as demonstrated by pH-dependent studies using an 

encapsulated water soluble fluorescent dye, calcein (Slepushkin et al., 1997). 

Interestingly, the efficiency of intracellular delivery was unaffected which suggests that 

intracellular delivery of liposomal payload is not simply determined by the reduced pH 

of endosomal lumen. Thus, the method and ratio of PEGylation should be 

systematically investigated to achieve balance between in vivo stability and pH-

responsiveness. It has been demonstrated that attachment of DSPE-PEG (up to 5%) to 
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pH-sensitive liposomes, herein known as pPSL, resulted in increased stability, longer 

circulation time and adequate pH-sensitivity (Hong et al., 2002).  

1.7.2 Methods	of	preparing	blank	liposomes		

The study of liposomes is one in motion, a number of methods and protocols for 

conventional liposome preparation have been reported to date. Many of these methods 

are applicable to pPSL preparation, however considerations should be made in regards 

to pH-sensitivity of the phospholipids.  

The rational selection of formulation method(s) depends on a number of important 

factors: 1) physicochemical characteristics of the encapsulated material and those of the 

liposome material, 2) the medium in which liposomes are dispersed, 3) the effective 

concentration of the encapsulated material and its potential toxicity, 4) processes 

involved in drug application/delivery of liposomes, 5) optimum physical characteristics 

such as size, polydispersity and shelf-life of the formulation, and 6) reproducibility 

between batches and potential for large-scale production (Gomez-Hens & Fernandez-

Romero, 2006; Reza Mozafari et al., 2008). The four commonly used methods of blank 

liposome preparation are described in the following sections. 

The lipid thin-film hydration (TFH) method is commonly used in the preparation 

of liposomes and consists of two main processes, the formation of the thin-film 

followed by hydration of the film with appropriate aqueous media (Dua et al., 2012).  

The formation of the thin-film initiates with dissolving lipids in organic solvent, 

such as chloroform (alone or in a mixture with methanol). Typically, lipid mixtures are 

prepared at 10 - 20 mg lipid/ml of organic solvent. The solvent is then removed by 

vacuum evaporation in a rotary evaporator, under temperature control, to produce a thin 

lipid film coating the sides of the round-bottom flask. Any residual solvent is 
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evaporated off by placing the lipid film under vacuum or a flow of nitrogen (Dua et al., 

2012).  

Hydration of the lipid thin-film is accomplished by adding an aqueous medium to 

the container of dried lipid film by agitation and incubation above the TC of the main 

lipid. The hydration medium may be saline, buffer or drug solutions, depending on 

liposome application. The hydration time depends on the mixture and types of lipids 

used, but generally no less than 30 min of vigorous agitation, or stirring is 

recommended. This process usually results in large MLV.  

Solvent dispersion methods, such as ethanol or ether injection, are another type of 

method of liposome preparation and involves a solution of lipids dissolved in organic 

solvent slowly injected into an aqueous media of the material encapsulated at high 

temperature (55 - 65 °C) or reduced pressure. The subsequent removal of solvent under 

vacuum results in formation of liposomes with a diameter of 70 – 190 nm. 

Disadvantages of this method include heterogeneous populations of liposomes as well 

as low entrapment efficiency (EE) and residual organic solvent in the final liposomal 

preparation (Dua et al., 2012). 

Reverse phase evaporation method involves a water-in-oil emulsion formed by 

sonication of a two phase system containing phospholipids in diethylether or 

isopropylether and aqueous buffer. The organic solvents are subsequently removed 

under vacuum resulting in the formation of a viscous gel. Liposomes are formed when 

residual solvent is removed by rotary evaporation under reduced pressure. This method 

can yield high EE (up to 65%) however particle size is usually > 1000 nm and stability 

of the encapsulated material may be affected by exposure to organic solvents and bouts 

of sonication (Batzri & Korn, 1973). 
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Finally, the detergent removal method is an essentially different method for 

the preparation of phospholipid vesicles and is dependent on the ability of detergents to 

solubilise lipids at their critical micelle concentration. As detergents are continuously 

removed by dialysis, the micelles become progressively richer in phospholipids and 

combine to for LUV (Szoka Jr & Papahadjopoulos, 1980). This method is excellent for 

reproducibility and size homogeneity but trace amounts of detergents within liposomes 

and large particle size affect its widespread usability (Dua et al., 2012). 

1.7.3 Controlling	the	size	of	liposomes	

The size of liposomes plays a major role in cellular uptake and tumour targeting 

via the EPR effect (section 1.4.1) and in vivo pharmacokinetics. Thus size control is 

essential in formulation studies. Common methods for liposome size control, including 

sonication, membrane extrusion and freeze-and-thaw.  

Sonication involves the use of ultrasonic waves to disrupt MLVs to form SUVs 

with approximate sizes 30 – 50 nm (Huang, 1969).  This can be achieved by shear-

mediated elongation and rupture of cylindrical liposomes, caused by micro-streaming 

around the vesicles (Patil & Jadhav, 2014). Bath and probe-tip sonicators are most 

commonly used for size reduction, however the high energy generated by sonication in 

the lipid suspension can degrade lipids or destabilise encapsulated drug (Patil & Jadhav, 

2014). It has been shown that ultrasonication of PEGylated liposomes may produce 

micelles from detached DSPE-PEG (Zhang et al., 2015). Batch-to-batch reproducibility 

is a challenge for liposomes which have undergone sonication as the final particle size 

is affected by factors such as lipid composition/concentration, temperature sonication 

time and power (Patil & Jadhav, 2014). Thus, liposomes produced may be variable in 

size between batches. Furthermore, sonicator tips tend to release titanium particles into 

the suspension and require centrifugation before use (Dua et al., 2012). 
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Another method for downsizing liposomes is extrusion through track-etched 

polycarbonate membranes with pre-determined and specific pore sizes. The final 

particle size is a function of membrane pore size, the number of stacks, extrusion 

pressure and extrusion cycles (Patil & Jadhav, 2014). As well as controlling size, 

membrane extrusion can convert MLVs into SUVs and LUVs. In comparison to 

sonication, extrusion is superior in producing uniform particle sizes and shapes without 

affecting the molecular structure of liposomes and thus is more commonly used 

(Lapinski et al., 2007). 

Freeze and thaw can also be used to control liposome size. This process 

involves freezing and subsequent thawing of liposome suspension; repeated freezing 

and thawing of MLV produces physical disruption of the phospholipid bilayers, likely 

due to ice crystal formation during freezing. Liposomes bilayers may be damaged by 

internal ice formation during freezing which can partially fragment and reassemble to 

form new liposomes (Castile & Taylor, 1999). The resultant unilamellar liposomes will 

be more uniform in size and have less PEG micelles (Zhang et al., 2015). Freeze-and-

thaw is often used in combination with membrane extrusion to optimise the 

homogeneity of liposome size (Castile & Taylor, 1999; Dua et al., 2012; Zhang et al., 

2015). 

1.7.4 Drug	loading	into	pH‐sensitive	liposomes	

Despite the advantages of pPSL in tumour-targeted drug delivery (Xu et al., 

2014), the application in cancer therapy largely depends on their capability to load 

sufficient amounts of chemotherapeutic drugs to achieve enhanced cytotoxic efficacy 

(Barenholz, 2003). As such, drug loading techniques are important and require 

systematic optimization to maximize the amount of drug encapsulated into pPSL, which 
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is challenging due to their stability limitations. The two broad categories of drug 

loading are passive and active loading and will be discussed in the following section.  

1.7.4.1 	Passive	loading	

The method of loading where the lipids and drug are co-dispersed in an aqueous 

buffer (or organic solvent) to achieve encapsulation while liposomes are being formed 

is the process of passive loading. EE is generally low for drugs encapsulated in this 

manner; hydrophilic compounds can achieve EE of around 10% and rarely up to 50% 

(Akbarzadeh et al., 2013). Therefore, high drug-to-lipid ratios are difficult to achieve 

with this method. Lipophilic compounds may be incorporated into the liposome bilayer 

in this method. High EE may be achieved by this mechanism however the capacity of 

the bilayers is limited and in vivo stability would be an issue.  

1.7.4.2 	Active	loading	

The active loading method involves the drug to be loaded into the core of pre-

formed liposomes using a chemical transmembrane gradient, which can accumulate 

various lipophilic amines. Nichols and Deamer were the first to demonstrate active 

loading of amphiphilic amines in liposomes (Nichols & Deamer, 1976). Liposomes 

were prepared in a low pH citrate buffer and a basic solution was added to the liposome 

suspension to elevate the pH of the external solution and create a pH gradient of 

approximately 3 units (pH 5.0 inside, pH 8.0 outside the liposome). Active loading of 

amphipathic weak bases using an ionic gradient has been clinically successful, as 

shown by the clinical use of DoxilTM (Barenholz, 2007). The use of ammonium sulphate 

to generate a pH gradient for the loading of weak basis, such as anthracyclines, was 

introduced by Haran et al. and has been successfully used. The stability of the 

ammonium ion gradient is related to the low permeability of the sulphate which is also 
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able to stabilise the anthracycline accumulation for a prolonged storage time (Haran et 

al., 1993).  

Much of the research in liposome encapsulation to date has been devoted to weak 

bases modelled after the success of DoxilTM, however there is a paucity of liposome 

loading techniques for weak acids. The mechanism is reversed for amphipathic weak 

acids, the extra-liposomal drug should be unionised the available form for influx into 

liposome cores. Once encapsulated, ionisation of the compound locks the drug into the 

core of liposomes with a higher pH (Clerc & Barenholz, 1995). To achieve successful 

loading of amphipathic weak acids into conventional liposomes, the generation of an 

ionic gradient must have the following characteristics: 1) aqueous solubility at high 

concentrations, 2) the permeability coefficient of the weak acid is > 10-4 cm/s to ensure 

rapid transmembrane movement, 3) the cation is impermeable (P < 10-10 cm/s), and 4) 

the cation is multivalent in order to facilitate formation of intraliposomal insoluble salt 

complexes (Clerc & Barenholz, 1995). Calcium acetate fulfils these requirements; the 

difference in this concentration across the liposome membrane induces an increase in 

intraliposomal pH. Subsequently this pH imbalance serves as an efficient driving force 

to load and accumulate weak acids inside the liposome (Clerc & Barenholz, 1995; 

Gubernator, 2011; Zucker et al., 2009). The loading mechanism using ammonium 

sulphate and calcium acetate is shown in Figure 1.10.  

Active loading of a weak acid into pPSL was investigated in this project for the 

first time. The principles of drug loading is similar to that of conventional liposomes, 

however it is conceivable that it would be particularly challenging to load drugs into 

pPSL by pH-gradient due to potential destabilisation. Systematic investigations into the 

pH of drug loading medium as well as pH of the drug solution was conducted to ensure 

the drug compound in solution was unionised to cross liposome membrane but was not 
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below the threshold pH of pPSL for the entirety of the loading process (Xu et al., 

2015a). Thus for successful drug loading, ionisation of the drug, in relation to pH of the 

medium, needs to be considered.  
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Figure 1.10 Schematic illustration of active loading of amphipathic weak base into liposomes 
using an ammonium sulphate gradient (A) or amphipathic weak acid using a calcium acetate 
gradient (B). D = drug, AcH = acetic acid, Ac- = acetate. The unionised species of the base, 
represented by D-N, or of the acid (D-COOH) are able to cross the liposomal membrane is 
trapped inside by ionisation and insoluble salt formation with the intraliposomal counterion 
(ammonium for weak bases and calcium for weak acids). The concentration of the encapsulated 
ammonium sulphate or calcium acetate inside the liposomes can reach 1000- fold higher than 
the concentration in the external medium once drug loading is complete. Adapted from (Zucker 
et al., 2009). 
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The degree of ionisation is very important in the active drug loading process and 

is dependent on pKa and pH, as described by the Henderson-Hasselbalch equation for 

weak acids (Equation 1.1) and bases (Equation 1.2) (Po & Senozan, 2001). 

In order for compounds to be successfully encapsulated into liposomes, good 

aqueous solubility needs to be achieved. The rate of drug uptake into liposomes was 

demonstrated to be proportional to the concentration of the unionised species in the 

loading medium (Boman et al., 1993), following Fick’s first law of diffusion. 

Therefore, poorly water-soluble drug encounter more problems with active loading into 

pPSL due to low transmembrane drug concentration gradient and availability (Zhang et 

al., 2015).To mitigate this problem, the use of a supersaturated drug solution, with the 

aid of cyclodextrin, has been employed to increase extraliposomal drug concentration 

and thus can increase EE and DL into liposomes (Modi et al., 2012; Zhang et al., 2015).  

Another approach for active drug loading is the ionophore-generated pH gradient, 

based on work with nigericin loading into SUV containing potassium salts which lead 

to the formation of a pH gradient between liposome bilayers (Deamer et al., 1972). 

With the use of an external chelator, such as EDTA, when drugs are introduced to the 

external medium, uptake is initated by ionophores which couple the outward transport 

of K+ to the inward movement of H+. The chelator binds to cations which are released 

and drives the uptake to completion (Fenske et al., 1998). This pH gradient results in 

the uptake of molecules with weak base characteristics (Gubernator, 2011).  

The use of a metal ion gradient is another method of active loading also worthy of 

mention. The mechanism depends on the ability of certain drugs to form complexes 

with transition metal ions, such as copper and nickel. The latter has very low solubility 

and can form intraliposomal precipitates. As drug molecules cross the liposome 
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membrane and forms intraliposomal complexes, the equilibrium shifts until the external 

and internal drug concentration are balanced. Caution with this method should be 

exercised as metal ions have the potential to cause toxicity in vivo (Taggar et al., 2006).  

1.8 Summary	of	literature	

Chemotherapeutic agents, such as nitrogen mustards, play a crucial role in cancer 

treatment, however issues with non-selective uptake resulting in unwanted side effects 

may affect its clinical relevance. pPSL have the potential to overcome these issues by 

releasing the drug at the tumour site and improving cellular uptake by cancer cells. 

Another issue is the coexistence of acidification with  hypoxic regions of tumours 

(section 1.2.2), which has been postulated to limit the partition weakly basic 

compounds to cells due to ionisation of the drugs, and this has been observed with 

doxorubicin (pKa 8.3) (Gerweck et al., 1999). On the contrary, it is conceivable that 

tumour acidosis may lead to increased cellular uptake of weakly acidic drugs, such as 

chlorambucil (pKa 5.8) (Cullis et al., 1995), to increase drug sensitivity by increasing 

the cellular uptake (Brophy & Sladek, 1983).  In the research, a weakly acidic and 

weakly basic DNBM prodrugs are compared to determine the differences in cellular 

uptake of two compounds with different pKa values. pH-sensitive liposomes, with their 

superior fusogenic properties and the ability to achieve endosome escape, are used as 

delivery vehicles for both DNBM prodrugs to improve their in vitro cytotoxicity and 

ultimately tumour-targeting ability.   

Additionally, low aqueous solubility of the DNBM prodrugs and their non-specific 

tumour distribution suggests that a pharmaceutical approach can be used to circumvent 

issues with systemic toxicity and low therapeutic efficacy at the site of tumour action. 

The ability of pH-sensitive liposomes to retain drug payload until the site of trigger 
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delivery (i.e. low pH of endosomes) allows them to be a potential delivery vehicle for 

tumour-targeted drug delivery. Thus, the potential for combining the molecularly 

targeted DNBM prodrug and the targeted pPSL warrants further investigation. To the 

author’s knowledge, there have been no published studies of pPSL loading of weakly 

acidic or basic DNBM prodrugs to date. 

pH-sensitive liposomes composed of a DOPE/CHEMS backbone have excellent 

properties of pH-responsiveness and fusogenicity with cell membrane to improve 

intracellular delivery of its encapsulated payload. With slight modifications, such as the 

addition of a high transition temperature lipid, stability in physiological conditions can 

also be improved.   

1.9 Aim	of	thesis		

This thesis aims to investigate a combination of drug delivery nanotechnology with 

pharmacological targeting to improve tumour specificity and cellular uptake of 

anticancer drugs by exploiting three features of tumour tissues, the leaky vasculature, 

acidity and hypoxia.  

The approach for pharmacological targeting involves the weakly acidic compound, 

SN25860, was selected rationally for its pKa (4.16), as the intracellular and extracellular 

pH of tumour cells is approximately 5.5 – 6.5, SN25860 may be able to selectively 

partition into tumour cells in its unionised form due to the pH partitioning theory. The 

weakly basic compound, SN23816 (pKa = 11.14), also has potential in a liposomal 

formulation, as evidenced by the success of liposomal doxorubicin, and also served as a 

comparison in cellular uptake to pSL-SN25860. It is hypothesised that pPSL 

formulations of SN25860 and SN23816 can overcome issues with the DNBM prodrugs 

and improve cytotoxicity and in vivo tumour targeting by improving cellular uptake.  
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The overall aim of this PhD thesis was to develop a pH-sensitive liposomal system 

for tumour targeted intracellular delivery DNBM prodrugs, utilising SN25860 as a 

representative acidic drug and SN23816, a basic drug for comparison. Both drugs are 

limited in cellular uptake due to their ionisation at tumour pH levels. pH-sensitive 

liposomes containing DOPE/CHEMS have favourable drug targeting properties of pH-

responsiveness, fusogenic membranes and are simple to formulate thus was selected as 

a carrier for the DNBM prodrugs.  

The specific objectives of the thesis include:   

i. To develop a stable, long-circulating pH-sensitive PEGylated liposomal 

formulations (pPSL) membrane with adequate pH-responsiveness (Chapter 2),  

ii. To develop a SN25860 loaded pPSL along with strategies to increase DL, and to 

evaluate the effect of formulations on cytotoxicity in a cancer cell line with a non 

pH-sensitive liposomal (nPSL)-SN25860 as reference (Chapter 2), 

iii. To develop a pPSL-SN23816, studying the effects of solubilisation aids on DL 

and to study the effects of the formulation on cytotoxicity under oxic and anoxic 

conditions (Chapter 3),  

iv. To understand the effect of tumour pH on cellular uptake of SN25860 and 

SN23816, quantitative methods of drug uptake into EMT6 cells will be 

investigated and compared with a simulated model. In addition, cellular uptake of 

the pPSL membrane and intracellular trafficking will be quantitatively and 

qualitatively investigated (Chapter 4),   

v. To compare in vivo systemic circulation properties of free drug, pPSL- and nPSL-

SN25860, and to investigate the antitumour effects of pPSL-SN25860 in CD-1 

nude mice using an clonogenic assay and tumour xenografts. Drug concentration 
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in tumours was also compared. To allow sufficient dosing, further efforts were 

made to improve drug loading of the formulation (Chapter 5). 
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Chapter TWO. Development of a Fusogenic pH-
sensitive Liposomal Carrier and Strategies to 

Actively Load the Acidic SN25860 and 
Evaluation of their Cytotoxicity on Breast 

Cancer Cells 
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2.1 Introduction	

As discussed in Chapter 1, conventional liposomes have demonstrated enhanced 

capabilities of intracellular delivery of encapsulated anticancer drug with the potential 

for tumour-targeting via the EPR effect (Maeda, 2001). The ability for intracellular 

delivery has been widely attributed to endocytosis. However, following endocytosis, 

conventional liposomes are likely to remain entrapped in endosomes where the eventual 

fate of their encapsulated payload is lysosomal degradation, thus reducing drug 

availability at their target site (Simões et al., 2001). In this context, pH-sensitive 

liposomes, usually PEGylated (pPSL), have been investigated to refine conventional 

liposomes in effective targeted intracellular delivery of anticancer drugs.  They are 

designed to maintain stability in physiological pH and preferentially release payloads at 

a threshold low pH by exploiting endosomal acidity (Lindner & Hossann, 2010), as 

discussed in section 1.6.1.2.  Studies have shown that phosphatidylethanolamine, such 

as DOPE, also have superior fusogenic properties which facilitate endocytosis due to 

the effect of surface charge effect to improve the interaction of pH-sensitive liposome 

with cell membrane (Simões et al., 2004). 

As mentioned in section 1.7, the backbone of pH-sensitive liposomes requires fine 

tuning to ensure optimal balance of formulation stability and pH-responsiveness. The 

combination of DOPE/CHEMS at a molar ratio of 6:4 was shown to be most pH-

responsive at pH 6 - 6.5 (Simões et al., 2004; Xu et al., 2015b), however DOPE is has a 

low transition temperature and, on its own may form liposomes with poor stability. The 

incorporation of a high transition temperature lipid, DSPC, will also be investigated in 

this formulation as well as the incorporation of cholesterol into the liposome backbone. 

The modified method of pH-sensitive liposome preparation allows for a technically 
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simple and reproducible method of formulation with improved stability of the pH-

sensitive liposome backbone without compromising pH-responsiveness.  

For successful drug loading of SN25860, aqueous solubility is an important factor 

in active drug loading as the transmembrane transport may be reduced if the 

concentration gradient is not sufficiently high (Zucker et al., 2009). The rate liposomal 

drug uptake is directly proportional to extraliposomal concentration of the neutral 

species (Boman et al., 1993), which is difficult to maintain high for poorly water 

soluble drugs. SN25860 is poorly water soluble (8.4 mM in cell culture medium) 

(Atwell et al., 2007). To mitigate this problem, a small amount of cyclodextrin (CD) has 

been employed to increase extraliposomal drug concentration and high DL (>17% 

molar ratio) was achieved with non pH-sensitive liposomes (nPLS) (Modi et al., 2012; 

Zhang et al., 2015). However, it is conceivable that it would be particularly challenging 

to load drugs into pPSL by pH-gradient due to the potential destabilisation of liposome 

membrane. SN25860 is used as a model drug for the loading of a weak acid into pPSL 

using active loading methods. Efforts were made to develop a strategy to achieve high 

EE and DL. To our knowledge, this is the first report describing the development of 

pH-sensitive liposomes loaded with an acidic drug. It is conceivable that drug loading 

into pH-sensitive liposomes may be challenging due to the precarious balance of 

membrane stability and pH-responsiveness as well as properties of SN25860, such as 

poor water solubility and low pKa. 

To achieve effective drug loading, it is important to understand properties of 

SN25860, thus preformulation studies must be conducted. Properties such as drug 

stability as a function of pH and temperature are important for determination of 

formulation parameters, and will be first investigated before formulation studies are 

carried out.  
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2.2 Aim	of	this	chapter	

The aim of this chapter is to develop a sterically stabilised pH-sensitive liposomal 

membrane with adequate pH-sensitivity and subsequently to develop strategies to load 

SN25860 into pPSL with high DL and EE and long drug retention time.  

The specific objectives are:  

i. To develop a sterically stabilised, long-circulating pPSL membrane 

encapsulating calcein as a model drug to measure pH-responsiveness; 

ii. To develop a validated stability-indicating HPLC assay suitable for 

characterisation of SN25860 in further formulation studies and to investigate the 

stability of SN25860; 

iii. To investigate strategies to load SN25860 into pPSL (pPSL-SN25860) with high 

drug content, minimal drug leakage while maintaining pH-responsiveness;  

iv. To evaluate cytotoxicity of pPSL-SN25860 in an nfsB-transfected mouse 

mammary carcinoma cell line, in comparison to nPSL-SN25860 and free drug 

solution at pH 7.4 and pH 6.5 (tumour pHex); 

v. To investigate the physicochemical properties of the optimised nPSL- and 

pPSL-SN25860 for size, zeta potential, morphology, stability in storage; 

A non pH-sensitive liposomal SN25860 formulation (nPSL-SN25860), utilising 

conventional phospholipids, such as DPPC, will also be developed with similar DL and 

investigated alongside pPSL-SN25860 in formulation and cytotoxicity studies for 

comparison.  
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2.3 Materials	and	methods	

2.3.1 Materials	

Phospholipids, DOPE, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and CHEMS were purchased from 

Avanti Polar Lipids (Alabama, USA), and N-(carbonyl-methoxy-polyethylene-glycol-

2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE-mPEG2000) from 

Lipoid (Steinhausen, Switzerland). Cholesterol and calcein were obtained from Sigma-

Aldrich Ltd (Auckland, New Zealand). SN25860 (as free acid), 3-(5-(bis(2-

bromoethyl)amino)-2,4-dinitrobenzamido)propanoic acid, was synthesized and kindly 

provided by Dr Brian D. Palmer,  Auckland Cancer Society Research Centre (ACSRC), 

University of Auckland. Hydroxypropyl-β-cyclodextrin (HP-β-CD) was a gift from 

Shandong Binzhou Zhiyuan Biotechnology Co., Ltd, China. Milli-Q water was 

prepared using a water purification system (Millipore Corp., Bedford, MA, USA). All 

other reagents were of analytical grade except acetonitrile which is of chromatographic 

grade.  

EMT6-nfsB cells were kindly donated by the ACSRC, University of Auckland, 

where cell culture studies were also conducted.  

2.3.2 SN25860	analysis	and	stability	studies		

2.3.2.1 	HPLC	instrumentation	and	chromatographic	conditions	

The HPLC system was from Agilent Technologies 1200 series and was equipped 

with G1311A quaternary pump, G1329A auto-sampler and a G13150 diode array 

detector. The auto-sampler was maintained at 4 °C and 20 µl was injected into the 

column. Samples were pumped at a flow rate of 1.0 ml/min through a C18 Luna 5 µm, 

150 x 4.60 mm column (fitted with C18 30 x 4.60 mm guard column); UV detection 
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was set at 375 nm, after scanning at wavelengths 250 – 450 nm. The output signal was 

monitored and processed using HPLC Chem Station Software (Agilent, version B.03).  

2.3.2.2 	HPLC	mobile	phase	development	

The mobile phase was optimised by sequentially varying the volume ratio of the 

mobile phase. A combination of acetonitrile (HPLC grade) and Milli-Q water at a 

volume ratio of 40:60, 35:65, 30:70, 25:75 and 20:80 were investigated in this study. 

Additionally, the combination of acetonitrile and 50 mM ammonium acetate buffer (pH 

3.0) at a volume ratio of 50:50, 45:55, 40:60 and 25:75 were also investigated. Mobile 

phases were filtered through a 0.22 µm nylon filter membrane and degassed for 15 min 

before use.  

The ideal mobile phase should show optimal retention time (5 - 8 min) for the 

analyte peak (Wu et al., 2005) to avoid incomplete separation with earlier degradation 

peaks. For the mobile phase optimisation, 5.0 µg/ml standard solution was used with 20 

min total run time. The sample was injected twice for every tested mobile phase volume 

ratio. The mobile phase adopted for method validation and concentration determination 

of analyte was a mixture of acetonitrile and ammonium acetate buffer (pH 3.0; 50 mM) 

(45:55 for SN25860, v/v).  

2.3.2.3 	HPLC	method	validations	

The HPLC method was validated for linearity, repeatability, intermediate precision, 

and sensitivity of the drug assay. Specificity and forced degradation was also 

investigated. A primary stock solution of 500 µg/ml SN25860 was prepared by 

dissolving drug in acetonitrile, from which a secondary stock of 50 µg/ml was prepared 

by dilution in acetonitrile. Analytical standards of both drugs (0.2, 0.5, 1.0, 2.0, 5.0, 

10.0 µg/ml) were prepared by further diluting the secondary stock with 50 mM 
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ammonium acetate buffer. Quality control (QC) samples were prepared at 0.5, 4.0 and 

8.0 µg/ml using the method described above. All solutions were stored at -20 °C. 

Linearity: HPLC assays for SN25860 was validated over a concentration range of 

0.2 – 10 µg/ml. A linear regression was used to construct standard curves. All standard 

solutions were protected from light and analysed immediately after preparation.  

Precision and accuracy: QC standards, 0.5, 4.0 and 8.0 µg/ml were analysed 

multiple times (n = 6) during each analytical run (inter-day), and again for three 

consecutive days (inter-day), after which time variability was determined. Accuracy 

was assessed by comparison of predicted concentrations of the QC standards, using the 

calibration curve, with the nominal concentrations.  

Sensitivity of the assay was determined by limit of detection (LOD) and limit of 

quantification (LOQ) which was estimated based on signal-to-noise ratio. The peak 

height of noise signal was used to estimate the LOD and LOQ rather than area under the 

curve. The peak height of LOD and LOQ was estimated to be three and ten times higher 

than the noise signal, respectively (Branch, 2005). 

2.3.2.4 	Specificity	and	forced	degradation	of	SN25860	

Forced degradation of SN25860 was carried out by exposure of the drug 

solution to 1 and 10 mM HCl, 0.1 mM, 1 and 10 mM NaOH, 0.3% and 3%, v/v 

hydrogen peroxide (H2O2). The separation of degradation peaks was used to determine 

the stability-indicating nature of the HPLC assay. The experiment was carried out using 

a 50 µg/ml stock solution of SN25860 in acetonitrile, mixed with pre-determined 

concentrations of HCl, NaOH and H2O2 solutions. Temperature dependent degradation 

was also measured by exposing a solution of SN25860 in acetonitrile and acetate buffer 

(pH 4.13) to different temperatures (25 °C, 37 °C and 50 °C). Samples were drawn at 
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different time points, depending on decomposition rate, and diluted with the HPLC 

buffer (50 mM ammonium acetate) and analysed immediately.  

The specificity of the assay was determined by the complete separation of 

SN25860 in the presence of its degradation products generated under various stress 

conditions. Peak purity was analysed on stressed samples using a diode array detector.  

2.3.2.5 	Chemical	stability	of	SN25860	

SN25860 solution was prepared by diluting a 50 µg/ml acetonitrile stock solution 

with phosphate buffers (pH 4.2 - 9.0, 0.2 M), no adjustment of ionic strength. pH of 

final solutions were measured at 20 ± 2 °C (Mettler Toledo Seven Easy). Solutions were 

incubated at 25 °C and 37 °C. At different time intervals, samples were withdrawn and 

centrifuged at 3,000 rpm for 10 min. The supernatant was then diluted with acetate 

buffer and analysed using the validated stability-indicating HPLC method. 

2.3.3 Development	of	pH‐sensitive	liposomal	membrane		

A stable pPSL was developed by investigation of properties of pH-

responsiveness and membrane stability by varying the lipid composition, nPSL were 

also investigated and used as reference.  

2.3.3.1 	Formation	of	unilamellar	liposomes	

Step 1: pPSL were prepared with DOPE (13 µmol, 4.2 mg), DSPC (6.7 µmol, 

2.2 mg), CHEMS (6.7 µmol, 1.4 mg), cholesterol (6.7 µmol, 1.1 mg) and DSPE-

mPEG2000 (1 µmol, 1.2 mg) dissolved in 2 mL of chloroform : methanol (3 : 1, v/v) in a 

25 ml round-bottom flask.   

For nPSL, DPPC (7.0 mg, 22 µmol), cholesterol (1.8 mg, 11 µmol) and DSPE-

mPEG2000 (1.2 mg, 1 µmol) (65:32:3, molar ratio) were dissolved in the same solvents. 
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The solvent was gently removed by a rotary evaporator (R-215, Büchi Rotavapor, 

Flawill, Switzerland) equipped with thermostatically controlled water bath at 47°C for 

nPSL, 57°C for pPSL and rotated  at 45 rpm (200 Pa) to form a dried thin-film on the 

wall of the flask. Any residue organic solvent was removed by a flow of nitrogen gas 

for 30 min.  

Step 2: The resultant thin-film from Step 1 was hydrated with 1 ml of 250 mM 

calcium acetate solution at 57 °C for pPSL and 47 °C for nPSL by rotating the flask at 

50 rpm for 10 min to form a multilamellar vesicle suspension. The liposome suspension 

was subjected to 7 cycles of freezing and thawing, which consisted of rapid freezing in 

liquid nitrogen at -180 °C for 3 min and thawing in a 45 °C water bath for 7 min. This 

was proven to convert potential DSPE-mPEG2000 micelles into the liposomes (Zhang et 

al., 2015). Sizing of liposomes were controlled by membrane extrusion using a 10 ml 

LIPEXTM Extruder (Northern Lipids Inc, Burnaby, Canada) through 100 nm (Whatman 

Nucleopore Track-Etched) polycarbonate membranes for 10 cycles to obtain large 

unilamellar vesicles (LUV). The resulting liposomes had free acetate removed by 

ultracentrifugation or dialysis (methods described below), which were subsequently 

used for drug loading. 

2.3.3.2 	pH‐responsiveness	of	pH‐sensitive	liposome	membrane		

To develop a stable pPSL, a number of liposomal membranes were investigated to 

achieve the optimal balance between pH-responsiveness and stability. The traditional 

DOPE:CHEMS (6 : 4 molar ratio) was selected based on the literature (Simões et al., 

2004). To increase liposome membrane stability, a high transition temperature lipid 

(DSPC) and cholesterol was added; DOPE, DSPC, CHEMS, cholesterol and DSPE-

mPEG2000 was investigated and proportions of DSPC and cholesterol was compared at 

increasing concentration (2 – 4%).  
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The pH-responsiveness of liposomes was evaluated using a modified self-quenched 

calcein assay (Slepushkin et al., 1997). Following leakage of encapsulated calcein at the 

self-quenched concentration (80 mM) from pPSL, dilution by the extraliposomal 

medium results in an increase in fluorescence of the liposome suspension. pPSL loaded 

with calcein was prepared using the same method as section 2.3.3 with the exception 

that the thin lipid film was hydrated with 80 mM calcein. Free calcein was separated 

from pPSL by a Sephadex G50 column using 10 mM PBS (isotonic, adjusted with 

NaCl). To investigate pH-responsive release, 100 µl of pPSL sample was added to 900 

µl PBS (with 1 mM EDTA) at different pH values (pH 5.5, 6.0, 6.5, 7.4); these values 

represent the pH of endosomes, extracelluar tumour cells and physiological conditions, 

respectively. The final concentration of total phospholipids was maintained at 200 nM. 

After 1 h of incubation at 37 C, calcein fluorescence was measured by a plate reader 

(excitation 470 nm, emission 509 nm). The total fluorescence was obtained by lysis of 

liposomes with 10% Triton-X 100, followed by dilution with PBS (pH 7.4); final 

concentration of Triton-X 100 was 0.1%. The pH-responsiveness of pPSL was 

calculated using the following equation: 

Calcein release % = 
MpH-M7.4

MT-M7.4
 ×100   Equation 2.1 

Where M7.4 is the amount of calcein released in a medium at pH 7.4; MpH represents the 

amount released in different pH buffers and MT is the total amount of entrapped calcein. 

To determine the concentration of calcein used for pPSL loading, a standard curve 

for calcein solutions at various concentrations was prepared by diluting a 90 mM 

calcein stock solution, using PBS with additives 1 mM EDTA, Triton-X (the same 

medium as those used in pH-reponsiveness studies) and spiked with liposomes. A plate 

reader (excitation 470 nm and emission 509 nm) was used to measure the fluorescence 
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of calcein at each concentration. The wavelength of calcein fluorescence was plotted as 

a function of concentration to find the linear range and the self-quenching concentration 

of calcein.  

2.3.4 Factors	to	improve	drug	loading	of	the	acidic	SN25860	using	an	active	

loading	method	

Once the pPSL membrane was optimised, factors such as method of acetate 

removal, concentration of solubilisers, drug loading pH and temperature were 

systematically investigated with the goal to maximize DL and EE.  

2.3.4.1 	Method	of	acetate	removal	

The transmembrane pH gradient was generated by the removal of unentrapped 

acetate using either dialysis against a solution of iso-osmotic NaCl (1 ml of liposome 

per 100 ml medium), 4 times for a total of 27 h at 37 °C, or ultracentrifugation for 1 h 

(188, 272×g, 4 °C) in a F50L-24 ×1.5 rotor using Sorvall WX 80 Ultra centrifuge 

(Thermo Scientific, Auckland, New Zealand). Drug was loaded with a solution of 0.5 

mg/ml SN25860, EE and DL were compared.  

2.3.4.2 	Solubilisers	and	concentrations	

After acetate removal method were optimized, the concurrent use of HP-β-CD 

and ethanol for establishing a high concentrated supersaturated drug solution was 

investigated without compromising the integrity of liposomes. Blank liposomes were 

incubated with 2% w/w HP-β-CD, which was previously determined to be the optimal 

concentration for drug loading, and 1-4% v/w ethanol.  After incubation for 45 min, EE 

and DL were determined. 



 

70 
 

2.3.4.3 	Extraliposomal	pH	

Blank liposomes, with calcium acetate hydrated into the core, were incubated 

with drug solutions (0.5mg/ml SN25860) with pH adjustments from 3.3 to 8.2 by 

titration using 0.1 M NaCl; pH < 7.0 were tested for nPSL only. At pre-determined time 

points, 100 µl samples of liposomal-SN25860 suspension were withdrawn and 

centrifuged at high speed (188, 272×g, 4 °C) to remove unentrapped drug. Drug 

concentration was measured by HPLC and was EE calculated.  

2.3.4.4 	Temperature	of	drug	loading	solution	

Liposomes were incubated with drug solution (0.5mg/ml) at temperatures of 40 °C, 

45 °C and 50 °C. Aliquots of 100 µl liposomal-SN25860 were removed at the end of 

drug loading and centrifuged at 188, 272×g (4 °C) to remove unentrapped drug. The 

amount of encapsulated drug was analysed by HPLC; subsequently EE and DL were 

determined. 

2.3.5 Characterisation	of	SN25860	loaded	liposomes	

2.3.5.1 	Size	and	zeta	potential	

Liposome suspensions were diluted with PBS (pH 7.4) (1:20, v/v) to obtain a 

suspension with lipid concentration below 10 mg/ml. Zeta potential was measured for 

liposomes in glucose solution. Particle size and polydispersibility index (PDI), a 

measure of the width of molecular weight distribution (Rogošić et al., 1996) of blank 

and drug loaded liposomes were measured by dynamic light scattering (DLS) using 

Malvern Nano ZS (Malvern Instruments, UK). All measurements were conducted in 

triplicates, at 25 oC. 
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2.3.5.2 	Morphology	of	liposomes	by	cryogenic‐Transiossion	Electron	

Microscopy	

Blank and SN25860 loaded liposomes were evaluated for their shape and 

vesicle type by cryogenic transmission electron microscopy (cryo-TEM). Samples 

(diluted 1:10 v/v) were prepared in a climate chamber by placing a drop onto a copper 

grid then blotting to leave a thin film stretched over grid holes, followed by dipping into 

liquid ethane and cooled to 90 K with liquid nitrogen. Samples were examined on a 

Tecnai 12 electron microscope (FEI, Hillsboro, USA) operating at 120 KV. 

Observations were made of liposome membrane bilayer and drug precipitation in the 

liposome core. 

2.3.5.3 	Determination	of	EE	and	DL	

The EE and DL of SN25860 in liposomes were calculated by measuring the 

drug content in the supernatant and pellet of liposomes. After liposome pellet and 

supernatant were separated ultracentrifugation at 188, 272×g for 1 h at 4 °C, the 

supernatant was removed and diluted ten-fold with Milli-Q water before analysis using 

a validated HPLC method (Chapter 2). To determine the amount of drug within 

liposomes, the pellet was resuspended with Milli-Q water; a sample of the resulting 

suspension was then diluted ten-fold with acetonitrile, heated to 50 °C and vortexed for 

5 min to lyse the lipid membrane thus releasing drug into the medium, before a further 

twenty-fold dilution with 50 mM ammonium acetate buffer (HPLC mobile phase). The 

EE and DL were calculated using the following equations:  

EE % 	=	 Me

Me +Mu
×100	 	 	 	 	 Equation 2.2 

 

DL % 	=	 Me 

Me + Mu 	+	mass of lipids
×100	 	 	 Equation 2.3		
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Where, Me and Mu are the mass of the encapsulated and unencapsulated drug, 

respectively.  

2.3.5.4 	pH‐responsive	in	vitro	drug	release	of	SN25860	loaded	liposomes	

A study of in vitro drug release based on dialysis method was carried out for nPSL- 

and pPSL-SN25860 at pH 5.5, 6.5 and 7.4. Dialysis bags of cellulose acetate, with 

molecular weight cut-off of 12-14 kDa), containing 1 ml of liposome suspension (10mg 

of lipid) was placed in 50 ml of release medium (PBS at 290 mOsm, pH 5.5, 6.5 or 7.4). 

Release medium was maintained at 37°C and agitated by stirring throughout the 

experiment. At pre-determined time intervals, over 24 h, 100 µl sample was withdrawn 

and replaced with the same volume of fresh medium. Measurements were carried out in 

triplicate samples and drug release profiles were plotted against time.  

2.3.5.5		Physicochemical	stability	of	SN25860	loaded	liposomes	

Drug loaded liposomes (nPSL and pPSL) were stored in pellet form or supended in 

PBS at 4 °C in the dark for up to 4 months. Stability of formulations were determined 

by comparing size, zeta potential. Drug leakage before and after storage was measured 

by ultracentrifugation (188, 272×g, 4 °C); drug concentration in the supernatant was 

measured. Chemical stability was investigated by determination of the total drug 

concentration of intra and extra liposomal drug measured after 4 months.   

2.3.6 Cytotoxicity	in	mouse	mammary	carcinoma	cell	line	

In vitro cytotoxicity of pPSL-SN25860 was compared with SN25860 solution and 

nPSL-SN25860. The variables of pH (7.4 and 6.5) and drug exposure time were 

investigated for the effect on drug potency.  
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2.3.6.1 	Cell	culture	

A transfected mouse mammary carcinoma cell line, EMT6-nfsB, was used to 

simulate in vivo bioreduction of SN25860 (Helsby et al., 2004). Cells were cultured in 

alpha minimal essential medium (αMEM, Invitrogen) supplemented with 5% fetal calf 

serum (FCS; Moregate Biotech, New Zealand) for < 4 months from frozen stocks and 

confirmed to be Mycoplasma-free by PCR-ELISA (Roche Diagnostics).  

2.3.6.2 	Cytotoxicity	assay	

A sulforhodamine B (SRB) colorimetric assay was used to assess IC50, the drug 

concentration required to inhibit growth of cells by half. SRB is a bright pink 

aminoxanthene dye and is able to bind protein components of fixed cells in a 

stoichiometric manner; hence the amount of dye extracted from stain cells is directly 

proportional to the cell density (26). Briefly, 150 cells in 100 µL aliquots were plated in 

96-well microtiter plates. Following 24 h in culture, during which cells attached and 

resumed growth, 100 µL of the tested drug (drug solution, nPSL or pPSL), re-

suspended in PBS (pH 7.4), was added to each well. For each 8-fold increase in drug 

concentration, four drug concentration points were tested; each test was performed in 

triplicate wells. The cells were treated continuously for 18 h before the drug was 

washed out with culture media.  The cultures were then fixed by adding 50 µL 10% 

trichloroacetic acid (TCA) to each well for 1 h. Plates were washed with water then 

stained for 30 min with 50 µL SRB (0.4% in 1% acetic acid). The plates were rinsed in 

four baths of water with 1% acetic acid to remove non-cell bound dye before drying. 

The dye was solubilized with 100 µL of 10 mM Tris buffer for 2 h at room temperature 

and the optical density was determined using a microplate spectrophotometer (BioTek, 

Vermont, U.S.A). Culture medium was used as negative controls (100%). Blank 

liposomes were tested for toxicity of lipids.  
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2.3.6.3 	Comparison	of	pH	effect	on	cytotoxicity	

To simulate tumour pHex, pH of the cell culture medium was adjusted to pH 6.5. 

Titration of cell culture medium (αMEM, containing 5% FCS) occurred in a 37 °C 

water bath with gassing from 5% CO2 / 20% O2 gas cylinder. Carbon dioxide was 

required to buffer at the required pH due to the presence of sodium bicarbonate which 

takes time to equilibrate. After the pH of medium reached pH 7.4, small aliquots of 

glacial HCl (12 M) was added in 5-7 min intervals to avoid protein precipitation, which 

can occur if excess HCl is added in a short time. HCl reacts with sodium bicarbonate in 

the medium to produce NaCl and carbonic acid, which then decomposes to water and 

CO2. This result in partial rebound of pH as CO2 is equilibrated with the gas phase 

between acid additions. Small aliquots were added until a stable value of pH 6.5 was 

achieved. After titration, the medium was inspected under the microscope to check for 

protein precipitation. It was then filtered through a 0.2 μm membranes and stored at 4 

°C. The pH of medium was checked prior experiments.  

Cytotoxicity of drug solution, nPSL- and pPSL-SN25860 were determined by 

calculation of IC50 (Gen5 1.11, BioTek, Vermont, U.S.A), at pH 7.4 and 6.5 as well as 4 

h and 18 h drug exposure time. IC50 values were defined as the drug concentrations 

required to reduce staining to 50% of untreated controls on the same plate, and were 

calculated using four parameter logistic regression. 

2.3.7 Data	and	statistical	analysis		

The level of significance for all statistical analysis was set at 0.05. Data was 

analyzed by one-way analysis of variance (ANOVA) with Tukey’s multiple 

comparisons test using GraphPad Prism 6.01 (GraphPad Software Inc., La Jolla, U.S.A). 
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2.4 Results	

2.4.1 SN25860	analysis	and	stability	studies	

2.4.1.1 	Development	and	optimisation	of	stability‐indicating	HPLC	method	

The HPLC chromatograms of two mobile phase systems are shown in Figure 2.1. 

Panel A shows peaks of drug analyte and impurities with the mobile phase system of 

acetonitrile-water. Figure 2.1B demonstrates a chromatogram with the mobile phase 

system of acetonitrile-ammonium acetate buffer (50 mM, pH 3.0). Both sets of 

chromatograms have sharp peaks of the drug analyte and good resolution with marked 

separation from any impurities and solvent peak. For the system of acetonitrol-water, 

retention time of the drug analyte was earlier (3.7 min), which is close to the retention 

time of the impurity at 3.3 min. Further reduction of the organic solvent did not 

significantly increase retention time. However, the retention time of the drug using 

acetonitrile-buffer as mobile phase was 6.5 min; impurities and came in at 2.6 and 5.8 

min.   
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Figure 2.1 HPLC chromatogram of SN25860 assay using acetonitrile-water as mobile phase at 
25:75 v/v (retention time = 3.7 min) (A), or acetonitrile-buffer as mobile phase at a volume 
ratio of 45:55 (retention time = 6.2 min).   
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2.4.1.2 	HPLC	mobile	phase	optimisation	

The volume ratio of organic and aqueous phase was investigated and results are 

shown in Table 2.1. Increasing the proportion of acetonitrile reduced the retention time 

of the drug analyte for both systems. The pH of the mobile system contributed to 

prolongation of the retention time. The comparison of the same volume ratio of organic 

to aqueous phases (25/75) for both systems showed a much shorter retention time (3.7 

min) for the acetonitrile-water system, while the acetonitrile-buffer system yielded a 

retention time of > 20 min.  

Table 2.1 Retention times at different volume ratios of both mobile phase systems. 

 Acetonitril/water or 
buffer (%, v/v) 

Retention time (min) 

Acetonitril-water system 
 
 
 

20/80 4.39 
25/75 3.71 
30/70 2.68 
35/65 1.53 
40/60 1.32 

Acetonitril-ammonium 
acetate buffer 

(50 mM, pH 3.0) 

25/75 > 20 
40/60 9.55 
45/55* 6.21 
50/50 4.39 

*selected ratio for mobile phase  

A mobile phase consisting of acetonitrile and ammonium acetate buffer (pH 3.0; 50 

mM) (45:55 for SN25860, v/v) was selected as the mixture gave symmetrical, sharp 

peaks of the compounds with a retention time (tR) of approximately 6.2 min, with clear 

baseline separation (Appendix 1). Degradation products formed under stressed 

conditions added no interference. The index of purity was within the threshold limit 

(0.999).  

2.4.1.3 	Validation	of	stability‐indicating	HPLC	method	

The standard curve of SN25860 (Figure 2.2) demonstrated linearity over the 

concentration range from 0.2 to 10 µg/ml (R2 = 0.9990 and 0.9999 respectively; n = 3).  
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Figure 2.2 Standard curve of SN25860 (mean ± S.D, n = 3). 

 

Table 2.2 summarises the inter-day, intra-day, instrumental and intra-assay 

precision and accuracy of the standard assays. The precision of the HPLC method was 

evaluated through the determination of the percentage of relative standard deviation 

(R.S.D) values. The intra-day variability of the QC standards at 0.5, 4.0 and 8.0 µg/ml 

was 5.78%, 1.29 % and 1.12 % R.S.D, respectively (Table 2.2). Intra-day and inter-day 

variability for SN25860 at the above concentrations was < 6% with the majority <5%, 

which are deemed suitable (Branch, 2005). The R.S.D value of instrumental and intra-

assay precision was less than 1% and 4% respectively, both suggest good precision. The 

concentrations were calculated based on the linear equation obtained from the 

calibration curve. Accuracy was determined using the following equation:  

Accuracy	 % 	=	 Mean concentration

Nominal concentration	
×100  Equation 2.4  
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The accuracy of the standard assays was between 96% and 108.4%, which 

suggests that the HPLC instrument and the analytical method for SN25860 were 

adequately accurate.  

Table 2.2 Inter-day, intra-day precision and accuracy of SN25860 QC standards (mean ± SD, n 
= 6). 

 
Nominal 

concentration 
(µg/ml) 

Mean ± SD 
(µg/ml) 

Precision 
(% R.S.D ) 

Accuracy 
(% nominal) 

Inter-day 
0.5 0.51 ± 0.02 3.66 102.0 ± 0.5 
4.0 3.92 ± 0.05 1.33 97.9 ± 0.8 
8.0 8.00 ± 0.32 4.03 99.9 ± 1.2 

Intra-day 
0.5 0.50 ± 0.03 5.78 99.6 ± 0.7 
4.0 3.89 ± 0.05 1.29 97.3 ± 1.1 
8.0 7.79 ± 0.09 1.12 97.4 ± 1.9 

Instrumental 
0.5 0.51± 0.00 0.31 101.8 ± 0.3 
4.0 4.32± 0.01 0.24 108.4 ± 0.3 
8.0 8.96 ± 0.06 0.51 112.0 ± 0.6 

Intra-assay 
0.5 0.48 ± 0.02 3.36 96.0 ± 3.2 
4.0 3.91 ± 0.04 2.15 98.9 ± 2.1 
8.0 7.99 ± 0.10 0.98 100.0 ± 1.0 

 

The LOD and LOQ of SN25860 were estimated at 0.015 µg/ml and 0.05 µg/ml, 

respectively. The peak height of noise signal was visibly estimated to be 0.011 using 

HPLC chromatograms. The estimated peak height of LOD was 0.033 (three times the 

height of the noise signal) and of LOQ was 0.110 (three times the height of the noise 

signal). These were corresponding to 0.015 µg/ml and 0.05 µg/ml, respectively.  

2.4.1.4 	Forced	degradation	of	SN25860	

Forced degradation of SN25860 under conditions of acid, base and an oxidant was 

carried out and the proportion of degradation is shown in Figure 2.3. Degradation was 

faster and to a greater extent under basic conditions, with 35% of drug degraded after 

24 h, compared to <15% degradation under acidic and oxidation conditions.  
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Figure 2.3 Proportion of degradation of SN25860 under of acidic (HCl), basic (NaOH) and 
oxidative stress (H2O2) conditions (mean ± S.D, n = 3). 

 

2.4.1.5 	Chemical	stability	of	SN25860	

Stability profiles for SN25860 in various pH buffer solutions at 25 °C and 37 °C 

are shown in Figure 2.4. The linear relationship between semi-logarithms of SN25860 

fractions remaining versus time indicates pseudo-first order degradation kinetics with 

half-lives (t1/2) of 31 days at pH 7.4 at 25 °C. At 37 °C, SN25860 exhibited shorter t1/2 

in 74 – 82 h with little pH dependence.  
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Figure 2.4 Degradation of SN25860 at 25 °C (A) and 37 °C (B) at various pH values. 

 

2.4.2 pH‐responsiveness	of	pH‐sensitive	liposome	membrane	

2.4.2.1 	Determination	of	calcein	concentration	for	loading		

The standard curve of calcein fluorescence in the concentration range 0.1 – 80 µM 

was shown in Figure 2.5. At lower concentration ranges, 0.1 – 0.8 µM and 1 – 8 µM, 

calcein fluorescence appeared to show a linear relationship (Figure 2.5B and C) with 

increasing concentration. At 40 µM of calcein, peak fluorescence occurred with self-

quenching seen at 80 µM. Due to this behaviour of self-quenching at high concentration, 

80 µM was selected for the pH-sensitivity assay.  
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2.4.2.2 	pH‐responsive	calcein	release	

Figure 2.5D demonstrated pH-responsive release of pPSL (composed of DOPE, 

DSPC, CHEMS, cholesterol and DSPE-mPEG2000) encapsulated calcein at pH 5.5, 6.0, 

6.5 and 7.4 over 1 h. At the lower pH values (5.5 – 6.0), 74% of encapsulate calcein 

was released, which may be representative of the release behavior of pPSL at the 

endosome level. At pH 6.5 (which represents pHex), 48% of calcein was released and a 

minimal (11%) of calcein was released at pH 7.4. This suggests that the pPSL backbone 

is stable at physiological pH but maintains pH-responsiveness at pH values ≤ 6.5. nPSL 

encapsulated calcein also exhibts a similar trend with increasing calcein concentration 

(Kang et al., 2017). 
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Figure 2.5 Standard curve of calcein fluorescnec from 0.1 – 80 µM. The linearity of the lower 
concentrations, 0.1 – 0.8 µM and 1 – 8 µM are shown in panels B and C, respectively. Panel D 
shows the selective release of pPSL encapsulated calcein at pH 5.5 – 7.4 (mean ± SEM, n = 3). 

 

In pilot studies, a pPSL formulation without DSPC was trialled but was discarded 

due to non-homogenous size and instability of liposome. Subsequent formulations 

increasing the molar ratios of DSPC or cholesterol to further stabilise the liposome 

membrane compromised pH-responsiveness (reduced differential release of calcein 

from pPSL at pH 7.4 and 5.5), hence the composition of DOPE, DSPC, CHEMS, 

cholesterol and DSPE-mPEG2000 at a molar ratio of 4 : 2 : 2 : 2 : 0.3 was used as the 

optimised pH-sensitive liposome formulation.  
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2.4.3 Factoring	to	improve	drug	loading	of	SN25860	using	active	loading	

2.4.3.1 	Method	of	acetate	removal		

Dialysis demonstrated a higher EE (94.7 ± 3.2 %) and DL (1.6 ± 0.7 %) than 

ultracentrifugation which resulted in 77.9 ± 3.8 % EE and 1.4 ± 0.9 % DL. Thus 

dialysis was judged to provide more efficient removal of AcH and was used in 

subsequent studies.   

2.4.3.2 	Solubilizers	and	concentrations	

The single use of HP-β-CD (2% w/v) was able to increase EE for SN25860 

slightly to 54.1 ± 6.3% (DL 5.0 ± 1.6 %) from when no solubilisers were used (EE = 45 

± 4.1%, DL 4.7 ± 0.6%). Maximum EE (75.2 ± 2.3%; n=3) was achieved when 2% HP-

β-CD was combined with 2% ethanol to solubilise SN25860. The use of HP-β-CD also 

prevented drug precipitation. A further higher concentration of cyclodextrin, up to 4%, 

was able to solubilize more drugs, but the size of liposome pellet reduced.  

2.4.3.3 	Extraliposomal	pH	and	temperature	for	drug	loading			

Using the optimal solubiliser concentrations, EE increased as extra-liposomal 

pH of drug loading solution (3.3 - 8.2) decreased (Figure 2.6). At pH 3.3, 0.9 pH unit 

lower than the calculated pKa value (4.16 ± 0.10) (Atwell et al., 2007), EE was at 

maximum (95.6 ± 1.2 %). At this pH, around 88% of the drug molecules were 

unionised, and without the use of the solubiliser the drug could not be solubilised. 

For pPSL, when extraliposomal pH was 6.8, liposomes were stable for 45 min 

(judged by liposome pellet size) and high EE (76.5 ± 2.4%) was achieved at 55 °C, even 

though only 1% of the drug was unionised.  
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Using a fixed drug loading time (45 min), incubation temperature above the 

phase transition temperature of lipids (DPPC = 45 °C; DOPE = -10 °C; DSPC = 55 °C) 

yielded higher EE and DL in liposome formulations. EE was highest at 90.9 ± 0.7 % 

(50°C) and reduced to 70.3 ± 2.1% and 42.8 ± 1.5% as the temperature decreased to 

45°C and 40°C, respectively.  

 

Figure 2.6 Effect of pH of drug solution (0.5mg/ml) on EE (mean ± SD, n = 3). 

Taking into account all the of the above variables, a pPSL formulation (EE = 

76.5 ± 2.4%; DL = 7.0 ± 0.2%) with 1 mg/ml SN25860 was prepared with drug 

solubilized with 2% (v/v) ethanol and 2% (w/v) HP-β-CD at pH 6.8 for pPSL and pH 

3.2 for nPSL; drug loading was accomplished at 50°C for 45 min.  

2.4.4 Characterisation	of	SN25860	loaded	liposomes	

2.4.4.1 	Size	analysis	and	zeta	potential	

Particle size of the optimized liposomes increased slightly after drug loading, 

which may be due to increased core size caused by incorporation of drug; PDI remained 
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unchanged. Zeta potential remained close to zero and no leakage was observed in the 

first 2 months. 

2.4.4.2 	Morphology	of	liposomes	by	cryo‐TEM	

Cryo-TEM micrographs of nPSL and pPSL showed unilamellae liposomes of 

uniform size (Figure 2.7).  

A   

B   

Figure 2.7 Cryo-TEM micrographs of drug loaded nPSL (A) and pPSL (B) (DL = 7.0 ± 0.2%). 

2.4.4.3 	pH‐responsive	in	vitro	drug	release	of	SN25860	formulations	

Figure 2.8 showed the cumulative drug release of pPSL-SN25860 with a clear pH-

dependency, in comparison to nPSL which had similar release profiles at pH 5.5-7.4.  
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Figure 2.8 Drug release profiles from nPSL and pPSL formulations at pH 5.5, 6.5 and 7.4. 
Cumulative release of free drug at pH 7.4 achieves nearly complete release after 3 h. Values are 
inter-experiment means and errors are SD for 3-6 experiments.  

 

The mass balance at each drug release time point was checked to ensure minimal 

drug adhered to the cellulose membrane or the release vessel. The mass balance in 

Table 2.3 shows that both nPSL- and pPSL formulations has < 7% of drug mass was 

lost in the drug release process, indicating that a minor proportion of drug was degraded 

or lost in the in vitro drug release process.  

Table 2.3 Cumulative drug release at pH 7.4 of nPSL- and pPSL-SN25860 with their respective 
mass balance (mean ± SD; n = 3).  

 Time (h) Drug release (%) Mass balance (%) 

nPSL 

0 0  
1 1.62 ± 1.06  
3 41.2 ± 0.91  
5 52.4 ± 2.70  
8 53.5 ± 2.50  
24 77.4 ± 2.12 93.3 ± 6.9 

pPSL 

0 0  
1 1.91 ± 0.36  
3 3.69 ± 2.31  
5 21.5 ± 2.4  
8 42.8 ± 3.6  
24 53.9 ± 3.4 95.3 ± 14.8 
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2.4.4.4 	Physicochemical	stability		

Physicochemical characteristics of liposomal SN25860 remained stable over 2 

months in both pellet and suspension form, with negligible increase in particle size and 

zeta potential. After 2 months, the particle size of samples in pellet and suspension 

increased by 10 nm with reduced drug entrapment (Table 2.4).  

Chemical stability of SN25860 encapsulated in liposomes were investigated 

compared for nPSL- and pPSL formulations in pellet or solution. The total 

concentration of drug remaining was calculated by measuring intra and extrarliposomal 

drug concentration after 4 months and for all formulations, drug degradation was ≤ 5.5% 

which demonstrated the improved stability of SN25860 when encapsulated in liposome 

form, compared to free drug.  
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Table 2.4 Stability of SN25860 loaded liposomes stored in suspension and pellet form, protected from light and maintained at 4 °C (mean ± SD, n = 3). 

Formulation Time 
(months) 

Particle size 
(nm) 

PDI Zeta potential (mV) SN25860 remain 
entrapped (%) 

Total drug 
concentration 

(µg/ml) 
pPSL-SN25860 

(pellet) 
0 146.3 ± 1.6 0.05 ± 0.02 -0.03 ± 0.03 100.0 ± 1.0 744 ± 6.7 

1 145.1 ± 0.9 0.06 ± 0.01 0.04 ± 0.02 98.1 ± 0.8  

2 148.3 ± 1.9 0.06 ± 0.02 0.04 ±0.01 99.4 ± 0.4  

3 158.9 ± 2.6** 0.08 ± 0.01 0.06 ± 0.06 79.8 ± 2.6  

4 161.4 ±1.4** 0.10 ± 0.03 0.07 ± 0.01 73.9  ± 1.6 730 ± 8.4 

pPSL-SN25860 
(in PBS) 

0 142.8 ±0.9 0.04 ± 0.01 0.02 ± 0.04 100.0 ± 0.8 744 ± 7.4 

1 143.7 ± 1.2 0.03 ± 0.04 0.08 ± 0.03 98.4 ± 0.4  

2 144.3 ± 1.6 0.04 ± 0.04 0.11 ± 0.06 98.2 ± 0.6  

3 153.4 ± 2.6* 0.10 ± 0.05 0.09 ± 0.10 76.4 ± 3.1  

4 155.6 ± 3.5* 0.09 ± 0.03 0.09 ± 0.04 72.6 ± 2.1 726 ± 4.6 

nPSL-SN25860 
(pellet) 

0 128.5 ± 1.5 0.03 ± 0.00 0.12 ± 0.05 100.0 ± 0.5 741 ± 10.2 

1 126.8 ± 1.6 0.03 ± 0.02 0.08 ± 0.09 98.4 ± 1.7  

2 129.7 ± 0.8 0.05 ± 0.01 0.13 ± 0.04 98.8 ± 0.9  

  3 134.6 ± 2.2* 0.06 ± 0.04 0.11 ± 0.09 77.4 ± 1.3  

4 141.7 ± 2.4* 0.08 ± 0.05 0.09 ± 0.04 70.6 ± 2.6 705 ± 9.2 

nPSL- SN25860 
(in PBS) 

0 125.5 ± 1.2 0.06 ± 0.02 0.08 ± 0.01 100.0 ± 1.2 741 ± 9.3 

1 126.9 ± 1.4 0.05 ± 0.03 0.05 ± 0.02 99.1 ± 1.7  

2 136.7 ± 1.6  0.08 ± 0.01 0.03 ± 0.00 98.9 ± 1.4  

3 131.4 ± 3.4 0.11 ± 0.02 0.09 ± 0.04 69.6 ± 2.8  

4 139.6 ± 1.2* 0.10 ± 0.03 0.11 ± 0.02 67.4 ± 2.2 700 ± 10.2 

*P<0.05; **P<0.01 compared with freshly prepared formulations 



 

90 
 

2.4.5 Cytotoxicity	in	mouse	mammary	carcinoma	cell	(comparison	of	

cytotoxicity	at	pH	6.5	and	7.4)	

Cytotoxicity of liposomal SN25860 was tested using an SRB assay in the 

transfected mouse mammary carcinoma cell line, EMT6-nfsB, using free drug as 

reference.  

Cytotoxicity of liposomal formulations were investigated at pH 7.4 and 6.5 with 

either 4 or 18 h exposure (Figure 2.9). At pH 7.4, the IC50 value of free SN25860 (47.6 

± 1.7 µM) for 18 h drug exposure was similar to that of nPSL-SN25860 (37.6 ± 1.6 

µM), but pPSL-SN25860 (2.15 ± 0.33 µM) demonstrated a 22- fold decrease in IC50 

compared to free drug (Figure 2.9C). At 4 h of drug exposure, the IC50 of nPSL-

SN25860 (93.0 ± 2.0 µM) and pPSL-SN25860 (111.2 ± 2.05 µM) demonstrated a 1.7- 

and 1.4- fold decrease compared to free SN25860 (160.4 ± 2.2 µM). The cytotoxicity 

profile of formulations appears to be time and pH dependent.  

 Blank liposomes did not affect proliferation of EMT6-nfsB cells at a total lipid 

concentration up to 7.5 mg/ml after 4 or 18 h of exposure. 
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Figure 2.9 Growth inhibition curve of EMT6-NTR cells treated with free SN25860, nPSL-
SN25860 and pPSL-SN25860 with 4h (top) or 18h (bottom) drug exposure at pH 6.5 (right 
side) or 7.4 (left side) (mean ± S.E.M, n = 4). 

 

For each drug formulation, IC50 values at pH 7.4 and 6.5 were compared by 

calculation of a ratio of pH effect (Table 2.5). For all formulations, cytotoxicity, as 

indicated by IC50 values, was higher at pH 6.5 with at least a 2-fold increase; with the 

exception of pPSL-SN25860 at 18 h.  

Table 2.5 IC50 values of free SN25860, nPSL-SN25860 and pPSL-SN25860 treated with 4 or 
18 h drug exposure at pH 6.5 or 7.4. Values are mean and SEM of inter-experimental ratios (n = 
4).  

 4 h 18 h 
Formulations pH 6.5 pH 7.4 Ratio* pH 6.5 pH 7.4 Ratio* 

Drug solution 41.8 ± 1.6 160.4 ± 2.2 3.8 18.2 ± 1.3 47.6 ± 1.7 2.6 
nPSL-SN 46.0 ± 1.7 93.0 ± 2.0 2.0 10.16 ± 2.4 37.6 ± 1.6 3.7 
pPSL-SN 29.8  ± 1.5 111.2 ± 2.05 3.7 2.00 ± 0.3 2.15 ± 0.33 1.1 
*Ratio of pH effect = IC50 pH 7.4/IC50 pH 6.5. 
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2.5 Discussion	

A pPSL membrane was developed using phospholipids DOPE, DSPC, CHEMS, 

cholesterol and DSPE-mPEG2000 at an optimised molar ratio to maintain bilayer stability 

and pH-responsiveness. SN25860 was subsequently loaded into the optimised pPSL 

with the addition of solubilisers to aid drug loading and the pPSL-SN25860 formulation 

was characterised for physicochemical properties, morphology, pH-responsive drug 

release and in cytotoxicity.  An HPLC analytical method was also developed for 

SN25860 and degradation was investigated.   

2.5.1 A	stability‐indicating	HPLC	method	for	SN25860	

The purpose of using a mobile phase which contains a buffer is to control the 

ionisation of the drug. pH and pKa play a major role in the ionisation of a compound. 

The retention time of the drug is affected by pH of the mobile phase as the ionisation 

states of the drug will differ in polarity and attraction to the stationary and mobile 

phases (Meyer, 2013). In order to increase retention time on a reverse-phase column, 

the drug should remain in the unionised form (McMaster, 2007). This is due to the 

influence of ionisation on the polarity of the compound in an aqueous solvent, which 

subsequently affects the solubility of the compound. The ionised form of the compound 

is more polar, thus has increased solubility in an aqueous solvent and elutes faster from 

the column (McMaster, 2007; Meyer, 2013). 

The calculated pKa value of SN25860 is 4.16 (Atwell et al., 2007). For HPLC of 

the weak acid, the pH of the mobile phase is usually one pH unit higher or lower than 

the pKa value of the drug to ensure majority of the drug is either in the ionised or 

unionised form. Buffers have their best buffering capacity when the pH is close to their 

pKa, therefore buffers with pH values slightly higher or lower than the pKa of the drug 
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is selected to use as mobile phase. The Henderson-Hasselbalch equation can explain 

this phenomenon and is useful for estimating pH of a buffer solution and finding the 

equilibrium pH in an acid-base reaction. Ideally, the drug should remain unionised (less 

polar) and elute out slower from the column; for this to occur, the pH of the ammonium 

acetate buffer should be less than the pKa value of the drug. At pH 3.0, the majority of 

the drug will be unionised as the equilibrium shifts to the left in the acid-base equation. 

Therefore, this prolongs the retention time of the drug as well as stabilises retention 

time.  

Similarly, the retention time of the drug was shorter when a higher volume ratio of 

acetonitrile was used for the acetonitrile-buffer system. An optimal retention time (6.2 

min) was obtained with acetonitrile-buffer at 45:55, v/v. The mobile phase system at 

this volume ratio was used for all further methodology validation.  

In the analysis of SN25860 standard assays, drug concentration was proportional to 

peak area within the range of 0.2 - 10 µg/ml (Figure 2.2). The regression plot 

demonstrated good linear correlation between peak area and sample concentration with 

R2 = 0.999. The R.S.D for inter-day, intra-day, instrumental and intra-assay was within 

the acceptable level of 5% according to the ICH Guidelines (Branch, 2005). These 

results suggest good precision and accuracy for the HPLC method.  

2.5.2 Formulation	of	pH‐sensitive	liposomes		

The ability of chemotherapeutic agents to cross the biological membrane of 

cancer cells  is a crucial factor in their bioavailability to the target and thus potency of 

cancer cell killing (Torchilin et al., 1993); pPSL have demonstrated potential to mediate 

cytosolic delivery of drugs (Paliwal et al., 2015a). However, while pPSL have 

advantages over nPSL in improving cellular uptake and endosome escape, challenges 
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exist in developing stable nanocarriers with sufficient drug content and an optimal 

release profile.  

To improve drug loading of this poorly water-soluble acidic prodrug into pPSL, 

a combination of strategies using transmembrane gradient of calcium acetate as driving 

force were employed with the aid of solubilisers (cyclodextrin and ethanol). 

Furthermore optimisation of conditions in drug loading allowed the achievement of 

high DL of 7.0% (w/w). The calcium acetate gradient may be comprised of two 

possible effects on SN25860 within the liposome core (Figure 2.10): 1) 

ionization/charging of drug molecules at high pH (pH 8.9) to reduce drug permeability 

and meanwhile maintaining transmembrane gradient for permeable neutral drug 

species, and 2) to form low solubility calcium complex improving drug retention.  

Using dialysis to remove unentrapped calcium acetate resulted in higher EE compared 

to ultracentrifugation. This was similarly shown with ammonium sulphate in loading a 

weak base (Zhang et al., 2015). A possible reason is that dialysing allowed for continual 

net efflux of H+ from liposomes in the form of acetic acid prior to drug loading, which 

enhanced the transmembrane pH gradient, the driving force to transfer the weak acid 

into liposomes. The permeability coefficient of neutral acetic acid to liposomal 

membrane is much higher than calcium ion; 10-4 cm/s versus 2.2 x 10-11 cm/s 

(Gubernator, 2011). 
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Figure 2.10 Active loading of amphiphilic weak acid, SN25860, into liposomes using calcium 
acetate gradient. SN25860 is the drug, AcH, acetic acid, Ac, acetate. The weakly acidic drug 
passes through the liposome bilayer as the non-ionised form and is sequestered in the core due 
to ionisation.  

 

Increasing pH could enhance the solubility of SN25860; however resulting in a 

decreased proportion of unionised drug that was available to cross the bilayer 

membrane for loading. Thus, an optimal extraliposomal pH is required to maintain 

sufficient solubility while keeping a proportion of drug unionised. The results 

demonstrated that EE reached the highest values when drug loading occurred at pH 3.3 

for nPSL at which the majority of the drug was unionised; however this is not feasible 

for pPSL.  Maximal EE (76.5%) was achieved at extraliposomal pH 6.8 which created 

pH gradient of 2.1 units across the liposome membrane. This was the lowest pH at 

which the pPSL remained stable for 45 min during drug loading, possibly taking 

advantage of the high intraliposomal pH (8.9) that enhanced stability of pPSL. 

Increasing pH to above 6.8 reduced EE.  The use of HP-β-CD during drug loading was 

also essential for drug loading.  HP-β-CD, with a large molecular weight (1.1 kD), does 
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not readily cross the liposome bilayer (Figure 2.10). Via inclusion of the neutral species 

of SN25860 into its hydrophobic cavity, HP-β-CD provided a drug solution reservoir 

for drug loading. However, its more significant role at pH 6.8, when SN25860 (pKa 

4.15) was predominantly ionised, was to stabilise a supersaturated solution, reducing 

drug precipitation (Wu et al., 2005) and allowing time for drug transport into liposomes. 

2.5.3 pH‐responsiveness	of	pPSL	and	pH‐sensitive	drug	release	of	liposomes	

Calcein was used as a hydrophilic model drug to determine the stability and pH-

responsiveness of the pH-sensitive liposome membrane. Based on the ability of calcein 

to achieve self-quenching at 80 mM (Figure 2.5); once encapsulated at this 

concentration, minimal intensity was observed. When drug leakage occurs, dilution of 

the quenched concentration causes an increase in fluorescence intensity. From the 

profile of calcein concentration and fluorescence intensity, it may be inferred that 

certain concentrations have the same intensity, for example 20 µM and 50 µM. 

However for the calculation of calcein release in Figure 2.5D, the dilution of calcein 

was able to achieve a concentration in the linear range of 0.1 – 0.8 µM and 1 – 8 µM 

(Figure 2.5B & C).  

To investigate the pPSL membrane, an initial formulation containing only 

DOPE/CHEMS, reported to have high cell association (Simões et al., 2001), was 

trialled but failed to maintain adequate stability at 37 °C due to the low transition 

temperature of DOPE. The addition of DSPC, a lipid with high transition temperature, 

and cholesterol to the pPSL was considered to have conferred rigidity to liposome 

bilayer, allowing improved stability and drug retention (Chen et al., 2013). The addition 

of DSPC did not reduce the pH-responsiveness when added in proportions where the 

molar ratio is half that of the pH-sensitive lipids, DOPE. Higher proportions of up to 
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4% were affected the differential release of calcein at pH 7.4 and pH 5.5. It is likely that 

higher molar ratios of DSPC may cause disruptions to the normally small headgroups of 

DOPE, affecting the packing order of the lamellar to inverted hexagonal phase 

conversion (Simões et al., 2004) at low pH and thus reducing its pH-responsiveness. 

Furthermore, for both pPSL and nPSL a low degree of PEGylation (3% DSPE-

mPEG2000 molar ratio) was sufficient for long circulation in vivo (Xu et al., 2014) while 

avoiding the negative effects of PEG coating on cellular uptake and endosome escape; 

i.e. the PEG dilemma (Hatakeyama et al., 2011; Kanamala et al., 2016; Koren et al., 

2012).  

In vitro release study (Figure 2.8) showed the pPSL had a clear pH-dependence, 

with rapid drug release at lysosomal and endosomal pH values (5.5 - 6.5) while 

retaining >50% drug at pH 7.4 for 24 h. The DPPC based liposomes also showed pH 

differential release as reported by Yatvin et al. but to a lesser extent (Yatvin et al., 

1980). Hence, in this study they are defined as nPSL. Furthermore, at pH 7.4 the pPSL 

provided more sustained drug release than the nPSL during the first 10 h. pPSL 

consisted of DSPC, with a phase transition temperature of 55 °C, which was 

demonstrated to have higher stability compared with DPPC (Tc = 41 °C) based 

liposomes (Chen et al., 2013). In addition, the high content of cholesterol (>30% molar 

ratio) in DPPC liposomes could convert the bilayer to a liquid order phase (Redondo-

Morata et al., 2012), which may also account for the fast release of nPSL.    

2.5.4 Cytotoxicity	in	mouse	mammary	carcinoma	cell	line	

At physiological pH (7.4), the in vitro cytotoxicity of the pPSL-SN25860 was 

significantly higher than nPSL-SN25860 after 18 h drug exposure, with a 21-fold 

reduction in IC50 value. It was also consistently evident that all drug formulations were 

significantly more potent at pH 6.5 compared to pH 7.4. For free drug, this increase in 
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cytotoxicity at pH 6.5 is most likely due to the effect of pH on ionisation of SN25860. 

SN25860 has a pKa of 4.16, according to the Henderson-Hasselbalch equation 

(Equation 1.1). At pH 6.4 and 7.4, SN25860 will have 99.5 % and 99.9% of the drug in 

the ionised form, respectively. The extra 0.4% of unionised drug is likely to increase 

passive diffusion of drug molecules through cell membrane to increase its 

antiproliferative potency. The absolute values of IC50 is lower (higher potentcy) at 18 h 

compared to that of 4 h, even though the ratio of pH effect is lower for the longer drug 

exposure time. It is likely that a longer exposure time allows for increased passive 

diffusion of the unionised species of the drug across cell membrane as well as more 

conversion of the prodrug to the hydroxylamine or amine active metabolites of 

SN25860. pPSL-SN25860 also demonstrated increased cytotoxicity at pH 6.5 (3.7-fold 

increase compared to pH 7.4), however the mechanism for this is somewhat different to 

that of free drug. Due to the fusogenic properties of DOPE in the pPSL membrane, the 

association of pPSL with cell membrane at pH 6.5, where charge reversal (protonation) 

of DOPE occurs, is higher than that of the neutral DOPE at pH 7.4. Cellular uptake 

occurs in a time dependent manner and 18 h of drug exposure time, it is likely that 

pPSL-SN25860 was able to achieve significantly higher intracellular delivery of the 

drug by endocytosis. Furthermore, endosome escape is also likely to have occurred 

leading to rapid cytoplasmic release of the encapsulated drug, this will be investigated 

in Chapter 4. nPSL-SN25860 demonstrated higher ratio of pH effect at 18 h (ratio = 

3.7) compared to a modest increase in cytotoxicity ratio 4 h (ratio = 2.0) (Table 2.7). 

The steric hindrance is likely to affect association of nPSL (Slepushkin et al., 1997) 

with cells thus a longer time of drug exposure may be required to achieve cytotoxicity.  
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2.6 Conclusion	

The strategy for drug loading developed in this study resulted in high EE and DL of 

an acidic drug in pPSL. The principles established are potentially transferable to other 

weakly acidic compounds. High efficiency of intracellular delivery was achieved with 

the pPSL, due to the cell adhesive property of DOPE, as well as their ability for 

endosome escape, this assumption will be investigated in chapter 4. The pPSL 

membrane (DOPE, DSPC, CHEMS, cholesterol and DSPE-mPEG2000) was also fine-

tuned to achieve a balance of stability and pH-responsiveness and drug encapsulation 

into pPSL can achieve higher potency thus the same therapeutic effect may be achieved 

with a lower dose. Furthermore, by encapsulating SN25860 into liposomes issues with 

poor aqueous solubility encountered during pre-clinical stage can be overcome.  

In addition, a rapid and validated reverse-phase HPLC method with UV detection 

was developed for SN25860. These methods were simple and specific with optimal 

retention times of 6.2 min. The use of a buffer at pH 3.0 was able to stabilize retention 

time of the drug by controlling the ionisation state.  

In the next chapter, a basic DNBM prodrug will be investigated for loading into 

pPSL and compared to the acidic SN25860.  
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Chapter THREE.  Active	Loading	of	a	Weakly	
Basic	Dinitrobenzamide	Mustard	Prodrug	
into	pH‐Sensitive	Liposome	and	Their	
Cytotoxicity	to	Ovarian	Cancer	Cells	
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3.1 Introduction		

As demonstrated in Chapter 2, pH-sensitive liposomes have the potential to 

increase cytotoxicity of DNBM prodrugs by improving cellular uptake and endosome 

escape using the fusogenic lipid DOPE and thus the same pPSL carrier may be explored 

as a potential carrier for SN23816.   

SN23816 is a weakly basic drug with the ability to selectively activate under 

tumour hypoxia (section 1.3.3). It has been previously demonstrated that the parent 

compound of SN23816 was substantially more cytotoxic against anoxic UV4 Chinese 

hamster ovarian (CHO) cells and it is likely that SN23816 is also more cytotoxic under 

hypoxia (Palmer et al., 1992). To determine its hypoxia selectivity, oxic and anoxic 

cytotoxicity are important factors to investigate. A CHO derived cell line with Rad 

knockout, 51D1 (defective in homologous recombination repair, and thus 

hypersensitive to DNA crosslinking agents) and 51D1 sPOR which over-expressed a 

truncated form of the human NADPH:cytochrome P450 oxidoreductase  (sPOR), 

known to be the major SN23816 reductase in hypoxic cells (Guise et al., 2007), are 

used to evaluate cytotoxicity and compared with the parental cell line, 51D1.3.  

The carboxamide side chain of SN23816 may reduce the potency of the drug due to 

ionisation (pKa = 11.42) which results in low cellular uptake by cancer cells (Palmer et 

al., 1994). The use of fusogenic pH-sensitive liposomal carriers to encapsulate 

SN23816 may be able to overcome this challenge and improve cellular uptake. To 

develop a stable, long-circulating pPSL formulation containing highly drug loaded 

SN23816, the same liposome membrane, as that described in Chapter 2, were 

employed, and an active loading method using a pH gradient was investigated. 

Formulation factors, such as optimising dug loading conditions and the use of 
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solubilisers for poorly water soluble drug, such as HP-β-CD or the negatively charged 

SBE-β-CD, was investigated to optimise a pPSL-SN23816 formulation.  

The method of pH gradient generation is based on the original method of active 

loading into liposomes, where a citrate buffer to elevate the pH of the extraliposomal 

medium (pH approximately 8.0) to load liposomes with an internal pH of 

approximately 5.0 (Nichols & Deamer, 1976). While this method was able to create a 

pH gradient about approximately 3 units, sufficient as a driving force for drug loading, 

the intraliposomal pH is too low for application to pH-sensitive liposomes. It was 

subsequently demonstrated that a pH gradient generated by transmembrane phosphate 

gradient may be a superior alternative technique due to slower drug release (Fritze et 

al., 2006) and that phosphate buffer can be buffered at pH 7.4 to stabilise pPSL during 

drug loading (intraliposomal pH = 6.8, extraliposomal pH = 8.5).  

3.2 Aim	of	this	chapter	

The aim of this chapter was to develop a pPSL formulation for SN23816, using the 

same lipid membrane as that of Chapter 2 and to investigate their oxic and hypoxic 

cytotoxicity. High DL and EE is required and optimised by active drug loading methods 

which utilises a pH gradient and with the addition of cyclodextrins (SBE-β-CD or HP-

β-CD) to create a supersaturated extraliposomal solution.  

The specific objectives include:  

i. To develop and validate a stability-indicating HPLC assay for the determination 

of SN23816 to enable the characterisation of the drug and pPSL-SN23816; 

ii. To develop a method to actively load  the weakly basic SN23816 into pPSL 

with the goal of maximising DL and minimising drug leakage;  
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iii. To evaluate the hypoxia activated cytotoxicity of SN23816, by comparing its 

cytotoxicity under oxic and anoxic conditions in CHO cell lines (51D1.3, 51D1 

and 51D1 sPOR).   

iv. To investigate improvement of pPSL on cytotoxicity and hypoxia selectivity of 

SN23816 on 51D1 sPOR cells, compared with the free drug.   

3.3 Material	and	Methods	

3.3.1 Materials	

SN23816 was synthesised and kindly provided by the ACSRC, University of 

Auckland. Acetonitrile, chromatographic grade, used for HPLC mobile phase was 

obtained from EMD Millipore Corporation, USA. Milli-Q water was prepared using a 

water purification system (Millipore Corp., Bedford, MA, USA). All other reagents 

were of analytical grade.  

All cell lines (51D1.3, 51D1 and 51D1 sPOR) were donated by the ACSRC, 

University of Auckland, where cell culture studies were also conducted. 

3.3.2 SN23816	analysis	and	stability	studies		

3.3.2.1 HPLC	instrumentation	and	chromatographic	conditions	

SN23816 was analysed on an Agilent Technologies 1260 series machine equipped 

with a G1311A quaternary pump, G1329A auto-sampler and a G13150 diode array 

detector. Samples were maintained at 4 °C and 20 µl was injected into the column.  

Samples were separated through a C18 Luna 5 µm, 150 × 4.60 mm column fitted with 

C18 30 × 4.60 mm guard column and a mobile phase consisted of a mixture of 50 mM 

ammonium acetate buffer (pH 3.0) and acetonitrile (65 : 35, v/v). The mobile phase 

were pumped at a flow rate of 1.0 ml/min. UV detection was set at 375 nm which was 
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optimised with photodiode array. The output signal was monitored and processed using 

HPLC Chem Sataion Software.  

3.3.2.2 	Preparation	of	stocks,	standards	and	quality	control	samples	

A primary stock solution of 500 µg/ml SN23816 was prepared by dissolving drug 

in acetonitrile. From this, a secondary stock of 50 µg/ml was prepared by dilution in 

acetonitrile. Analytical standards of both drugs (0.2, 0.5, 1.0, 2.0, 5.0, 10.0 µg/ml) were 

prepared by further diluting the secondary stock with 50 mM ammonium acetate buffer. 

Quality control (QC) samples were prepared 0.5, 4.0 and 8.0 µg/ml using the method 

described above. All solutions were stored at -20 °C.  

3.3.2.3 	HPLC	method	validations	

The HPLC method was validated for linearity, precision and accuracy, of the drug 

assay. LOD and LOQ were also analysed using methods in section 2.3.2.  

3.3.2.4 	Forced	degradation		

SN23816 was carried out by exposure of the drug solution to 1 and 10 mM HCl, 

0.1 mM, 1 and 10 mM NaOH, 0.3% and 3%, v/v hydrogen peroxide (H2O2) at 25 °C. 

Samples (5 µg/ml) were prepared by diluting a 50 µg/ml stock solution of SN23816 in 

acetonitrile, mixed with pre-determined concentrations of HCl, NaOH and H2O2 

solutions. The stability-indicating nature i.e. the specificity of the HPLC assay was 

determined by the complete separation of SN23816 in the presence of its degradation 

products generated under various stress conditions. Peak purity of the drug peaks was 

analysed on stressed samples using a diode array detector. The index of purity was 

within the threshold limit (0.999) as demonstrated by the purity ratio (Wu et al., 2005). 

SN23816 solutions of different pH values were also prepared (pH 4.2 - 9.0, 

adjusted with 0.2 M phosphate buffer) to investigate the effects of pH on stability of the 
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drug, no adjustment of ionic strength. pH of final solutions (5 µg/ml) were measured at 

20 ± 2 °C (Mettler Toledo Seven Easy). Solutions were kept in an incubator oven at 25 

°C and 37 °C. Samples were drawn at 24 h and centrifuged at 3,000 rpm for 10 min. 

The supernatant was then diluted with mobile phase and analysed immediately using 

the validated stability-indicating HPLC method. 

3.3.3 Preparation	and	characterisation	of	pPSL‐SN23816	

Preformed liposomes were prepared as described in section 2.3.3.1 with the 

exception of the lipid hydration medium replaced with 200 mM phosphate buffer, pH 

6.8. The use of cyclodextrin as a solubiliser for the drug was investigated to improve 

DL and EE of active drug loading. Drug loading conditions, such as time, temperature 

and pH of loading solution were also systematically optimised. Drug loading time was 

compared between 30, 60 and 90 min; temperature was compared for 25 °C and 56 °C, 

the latter of which is higher than the phase transition temperature of DSPC in the pPSL 

backbone. pH of the drug loading solution was adjusted using 200 mM phosphate 

buffer and compared for DL at pH 8.0, 8.5 and 10.0. HP-β-CD and SBE-β-CD were 

used to enhance the drug solubility and their effect on DL and drug leakage was 

compared. 

3.3.3.1 	Calculation	of	entrapment	efficiency	and	drug	loading		

The EE and DL of SN23816 in liposomes were calculated by measuring the 

drug content in the supernatant and pellet of liposomes. A freshly loaded preparation of 

pPSL-SN23816 was centrifuged at low speed (1,000 × g for 10 min) to separate 

liposome encapsulated drug with drug precipitates. The liposome pellet and supernatant 

were separated ultracentrifugation at 188, 272 × g for 1 h at 4 °C, subsequently the 

supernatant was removed and diluted 10 - 20 fold with Milli-Q water before analysis 
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using a validated HPLC method. To determine the amount of drug within liposomes, the 

pellet was resuspended with Milli-Q water; a sample of the resulting suspension was 

then diluted ten-fold with acetonitrile, heated to 50 °C and vortexed for 5 min to lyse 

the lipid membrane thus releasing drug into the medium, before a further twenty-fold 

dilution with 50 mM ammonium acetate buffer (HPLC mobile phase). The EE and DL 

were calculated using the Equations 2.2 and 2.3. 

3.3.3.2 	Size	and	zeta	potential	

Liposome suspensions were diluted with PBS (pH 7.4) (1 : 10, v/v) to obtain a 

suspension with lipid concentration below 20 mg/ml. Zeta potential was measured for 

liposomes in glucose solution. Particle size, PDI and zeta potential of blank and drug 

loaded liposomes were measured by DLS using Malvern Nano ZS (Malvern 

Instruments, UK). All measurements were conducted in triplicate samples at 25 oC. 

3.3.3.3 	Physicochemical	stability		

Samples of pPSL-SN23816 formulations were stored in pellet or suspension 

form (in PBS) at 4 °C, protected from light. Particle size, zeta potential of liposomes 

and drug leakage was monitored over 5 months. All measurements were conducted in 

triplicate samples and measured as per section 2.3.5.1.  

3.3.3.4 	pH‐responsive	in	vitro	drug	release		

 For the selected for pPSL-SN23816 with the highest DL, (pPSL loaded with SBE-

β-CD) in vitro drug release based on dialysis method was carried out for pPSL-

SN23816 at pH 6.5 and 7.4 to evaluate the pH-responsiveness. A solution of SN23816 

was used as control. To evaluate the effect of SBE-β-CD on the stability of liposomal 

membrane (Zhang et al., 2015), pPSL-SN23816, prepared without the use of 
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cyclodextrin (DL = 2.5 ± 0.8 %), was used as reference at the same total lipid 

concentration.  

Dialysis bags (molecular weight cut-off of 12-14 kDa), containing 1 ml of 

liposome suspension (10 mg of lipid) was placed in 50 ml of release medium (PBS at 

290 mOsm, pH 6.5 or 7.4). Release medium was maintained at 37°C and agitated by 

stirring throughout the experiment. At pre-determined time intervals, over 24 h, 100 µl 

sample was withdrawn and replaced with the same volume of fresh medium. Samples 

were analysed by HPLC and the amount of drug released from liposomes at each time 

interval was calculated by subtracting from the original amount of drug at 0 h. 

Measurements were carried out in triplicate and drug release profiles were plotted 

against time.  

3.3.4 Cytotoxicity	under	oxic	and	anoxic	conditions	

In vitro cytotoxicity of SN23816 was compared in three cell lines, the CHO cell 

lines used and their DNA repair genotypes and origins were as follows: 51D1 (Rad51d 

homozygous knockout generated from wild type AA8), 51D1.3 (51D1 complemented 

with full-length Chinese hamster Rad51d) (Hinz et al., 2006) and 51D1 sPOR (51D1 

over-expressing NADPH:cytochrome P450 oxidoreductase, sPOR, as described in (Gu 

et al., 2009). Cytotoxicity of the free drug was compared under oxic and anoxic 

conditions. Furthermore, cytotoxicity of pPSL-SN23816 was evaluated in 51D1 sPOR 

and compared to free drug under both conditions to investigate the effect of pPSL. 

3.3.4.1 	Cell	culture		

Cells were passaged in αMEM (Invitrogen) with 5% foetal calf serum (FCS; 

Moregate Biotech, New Zealand) without antibiotics for less than 3 months from frozen 

stocks and confirmed to be Mycoplasma-free by PCR-ELISA (Roche Diagnostics).  
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3.3.4.2 	SRB	assay	for	determination	of	IC50	

In vitro drug sensitivity was evaluated using an SRB assay, similar to the method 

described in section 2.3.7.2. Cells were harvested by trypsinisation of sub-confluent 

monolayers from T-flasks and counted using an electronic particle counter (Z2 Coulter 

Particle Analyzer, Beckman Coulter). Cells were then seeded into 96-well plates (400 

or 800 cells/0.1 mL) and allowed to attach for 2 h, then exposed to varying 

concentrations of compound for 4 h under aerobic or hypoxic conditions as described 

elsewhere (Hay et al., 2003). Anoxic cultures were exposed in a H2/Pd catalyst-

scrubbed anaerobic chamber (Coy Laboratory Products) using medium supplemented 

with 10% FCS, 10 mmol/L glucose (Nuclear Supplies), and 200 µmol/L 2’-

deoxycytidine (Sigma-Aldrich), which had been pre-equilibrated (along with other 

consumables) for at least 3 days to remove residual oxygen. Cells were reoxygenated 

after drug treatment and cultured for 4 days in CO2 incubators. Aerobic cultures were 

grown in a 5% CO2 incubator for 4 days before both cultures were stained with 

sulforhodamine B (Sigma-Aldrich) to quantify cell density (Skehan et al., 1990).  

3.3.4.3 	Determination	of	IC50	and	hypoxia	selectivity	

IC50 values were defined as the drug concentrations required to reduce staining to 

50% of untreated controls on the same plate, and calculated using four parameter 

logistic regression.  

The hypoxia selectivity of SN23816 in different cell lines was determined by the 

hypoxic cytotoxicity ratio (HCR) was defined as the intra-experimental ratio:  

HCR	= 
Oxic IC50

Anoxic IC50
     Equation 3.1 

Where oxic IC50 is the IC50 value under aerobic conditions and anoxic IC50 is the IC50 

value under hypoxia.  
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3.3.5 Data	and	statistical	analysis		

GraphPad Prism 6, version 6.01 (GraphPad Software, Inc.) was used to calculate 

mean, standard deviation (SD) and least squares linear regression. Independent 

students’ t-test and two-way ANOVA were conducted to determine statistical 

significance. Data with p < 0.05 was deemed significant.  

3.4 Results	

3.4.1 SN23816	analysis	and	stability	studies	

3.4.1.1 	Optimisation	and	validation	of	stability‐indicating	HPLC	method	

A mobile phase consisting of acetonitrile and 50 mM ammonium acetate buffer 

(pH 3.0; 35:65, v/v) was confirmed to give symmetrical, sharp peaks of the compound 

with a tR of approximately 4.9 min and clear baseline. Two degradation products were 

formed at 2.1 and 4.2 min under stressed conditions but added no interference 

(Appendix 2). The standard curve of SN23816 [area (mAUC) = 29.60 × SN23816 

concentration (µg/ml) – 0.057] demonstrated linearity over the concentration range 

from 0.2 to 10 µg/ml (R2 = 0.9999). 

Intra-day and inter-day variabilities were all ≤ 5%. Furthermore mean percent 

accuracy was in the range of 97.9 - 104.6% (Table 3.1), which are deemed acceptable 

according to the ICH Guidelines (Branch, 2005).  

Table 3.1 The precision and accuracy of QC standards of SN23816 (means ± S.D, n=6). 

Nominal 
concentration 

(µg/ml) 

Inter-day Intra-day 
Mean ± 

SD 
(µg/ml) 

R.S.D 
(%) 

Accuracy 
(%) 

Mean ± 
SD 

(µg/ml) 

R.S.D 
(%) 

Accuracy 
(%) 

0.5 0.52 ± 
0.03 

5.18 103.1 0.49 ± 
0.02 

3.02 97.9 

4.0 3.92 ± 
0.01 

0.13 98.1 3.97 ± 
0.00 

0.09 99.2 

8.0 7.84 ± 
0.03 

0.35 98.0 8.37 ± 
0.02 

0.03 104.6 
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3.4.1.2 	Forced	degradation		

Degradation of SN23816 in the presence of acid, base and oxidative stress, appeared 

to be time dependent (Figure 3.1A). The rate of drug degradation was investigated at 4 h 

(Figure 3.1B), the approximate time for the process of liposome preparation and drug 

loading and 24 h (Figure 3.1C), the time it takes for pH-sensitive liposomes to stay in the 

systemic circulation to exploit the EPR effect. A higher degree of degradation is apparent 

at 37 °C, with reduced degradation corresponding to increasing pH for both time points. 

Indeed, < 25% of drug degradation occurred at 4 h (25 °C) which suggests that the drug is 

stable at room temperature during the process of formulation. The higher proportion of 

drug degradation at 24 h may need to be taken into consideration as < 30% of drug 

remain at 37 °C, thus administration of the free drug may not be appropriate and a pH-

sensitive liposomal formulation may be able to protect the drug from degradation at body 

temperature.  
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Figure 3.1 Degradation profiles of SN23816 under of acidic (HCl), basic (NaOH) and oxidative 
stress (H2O2) conditions at 25 °C (A) and SN23816 solution in phosphate buffer at 4 h (B) and 
24 h (C) at 25 °C and 37 °C as a function of pH (mean ± SD; n = 3).  

3.4.2 Formulation	factors	affecting	EE	and	DL	of	pH‐sensitive	liposomal‐

SN23816	

3.4.2.1 	Effect	of	cyclodextrins	on	EE	and	DL	

Table 3.2 shows the EE and DL when SN23816 was loaded with the aid of SBE-β-

CD and HP-β-CD, no CD was used as comparison. A significantly higher amount of 

drug was loaded when SN23816 was solubilised with SBE-β-CD. 

Table 3.2 pPSL-SN23816 formulations loaded at pH 8.5, 56 °C for 30 min, using cyclodextrins 
to improve EE and DL (mean ± SD, n = 4). 
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Solubiliser Drug-lipid ratio 
(mg/mg) 

EE (%) DL (%) 

No cyclodextrin 1:10 25.4 ± 8.8 2.5 ± 0.8 
HP-β-CD 1:10 52.2 ± 7.8 5.0 ± 0.7 

SBE-β-CD 1:10 75.6 ± 0.3 7.0 ± 0.0 
 

3.4.2.2 	Optimisation	of	drug	loading	conditions		

 Drug loading conditions, including time, temperature and pH was investigated to 

optimise DL and EE (Table 3.3). It was found in a preliminary experiment that pH 10.0 

in the drug loading medium caused liposomes to become unstable, hence this was not 

further investigated. The highest DL was observed at pH 8.50, 56 °C for 30 min.  

Table 3.3 Active loading conditions (time, temperature and pH of the loading medium) 
and the effect of DL in the presence of SBE-β-CD (2% w/v) as a solubiliser (mean ± 
S.D, n = 3). 

Temperature  
(°C) 

Time (min) pH of drug 
loading solution 

D.L (%) 

 
 

25  

30 8.0 1.6 ± 0.2 
 8.5 2.4 ± 0.1 

60 8.0 2.2 ± 0.3 
 8.5 3.2 ± 0.2 

90 8.0 3.0 ± 0.3 
 8.5 3.4 ± 0.1 

 
 

56 

30 8.0 6.2 ± 0.2 
 8.5 7.0 ± 0.0* 

60 8.0 5.5 ± 0.4 
 8.5 6.3 ± 0.4 

90 8.0 4.6 ± 1.3 
 8.5 5.4 ± 1.5 

*: the selected formulation.   

3.4.3 Physicochemical	stability	of	pPSL‐SN23816	

3.4.3.1 	Particle	size	and	zeta	potential	

Particle size of the optimized liposomes increased slightly after drug loading, 

which may be due to increased core size caused by incorporation of drug; PDI remained 

unchanged. Zeta potential increased slightly when drug was loaded but remained close 

to zero (Table 3.4). 



 

113 
 

Table 3.4 SN23816 loaded pPSL stored in suspension and pellet form, protected from light and 
maintained at 4°C (mean ± SD, n = 3). 

Formulation 
Time 

(month) 
Particle size 

(nm) 
Zeta potential 

(mV) 
SN23816 remain 
entrapped (%) 

pPSL-SN23816  
(pellet) 

0 158.3 ± 0.2 -0.03 ± 0.03 100.0 ± 0.0 
1 156.7 ± 3.6  0.04 ± 0.00* 97.8 ± 1.5 
2 159.6 ± 0.5* 0.04 ± 0.01* 99.8 ± 1.0 
3 160.7 ± 1.4* 0.01 ± 0.04* 98.8 ± 2.3 

 4 170.1 ± 4.0* -0.03 ± 0.07 84.1 ± 5.5* 
 5 178.9 ± 1.4** 0.03 ±0.01** 59.8 ± 7.8** 

 
pPSL-SN23816 

(in PBS) 

0 158.7 ± 0.6 0.03 ± 0.02 100.0 ± 0.0 
1 158.7 ± 0.5 0.04 ± 0.02 99.5 ± 0.2* 
2 157.3 ± 2.8 0.03 ± 0.01 98.8 ± 0.8 
3 159.1 ± 0.8 0.03 ± 0.02 97.2 ± 1.3* 

 4 160.3 ± 1.0* 0.04 ± 0.04 91.0 ± 3.4* 
 5 161.3 ± 1.1* 0.04 ± 0.03 67.6 ± 3.8** 

*P<0.05; **P<0.01 compared with freshly prepared formulations.  

3.4.3.2 	pH‐responsive	drug	release	of	pPSL‐SN23816	

Figure 3.2 demonstrated clear pH-dependent cumulative drug release of pPSL-

SN23816 with and without the aid of SBE-β-CD used in loading. At low pH (6.5), 

pPSL-SN23816 formulations demonstrated burst release, 40.2 ± 2.4% and 53.4 ± 1.3% 

(with and without SBE- β-CD, respectively) in the first h, in a similar manner to free 

drug (36.1 ± 7.7% release in 1 h). At physiological pH (7.4), the pPSL formulation was 

able to retain approximately 40% of SN23816 after 24 h, both with and without SBE-β-

CD.  
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Figure 3.2 pH-responsive cumulative release profiles of SN23816 drug solution and pPSL-
SN23816 (with and without SBE-β-CD) at pH 6.5 and 7.4, 37 °C. Values are inter-experiment 
means and error bars are SEM for 3 experiments. 

 

3.4.4 Cytotoxicity	under	oxic	and	anoxic	conditions	

3.4.4.1 	SRB	assay	for	determination	of	IC50	

The antiproliferative potency of SN23816 (as free drug and in pPSL formulation) 

was compared using CHO line following 4 h drug exposure under oxic or anoxic 

conditions (Figure 3.3). SN23816 showed significant selectivity for anoxic cells in all 

CHO cell lines (HCR = 1.38 ± 0.36 for 51D1.3, 3.83 ± 0.28 for 51D1 and 24.73 ± 4.12 

for 51D1 sPOR). An increase in antiproliferative activity was also demonstrated for the 

Rad knockout cell line, 51D1, and the sPOR transfected cells 51D1 sPOR. Under 

aerobic conditions, a 2.0- and 4.2-fold reduction was shown for SN23816 treated with 

51D1 and 51D1 sPOR, compared to 51D1.3. Under hypoxia, a 5.7- and 73- fold 

reduction was demonstrated for free drug treated with 51D1 and 51D1 sPOR compared 

to 51D1.3.  
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 Blank liposomes did not affect the proliferation of 51D1.3, 51D1 or 51D1 sPOR 

cell lines at a total lipid concentration up to 7.5 mg/ml after the 4 h exposure.  

 

Figure 3.3 Growth inhibition curves of 51D1.3, 51D1 and 51D1 sPOR cells treated with 
SN23816 solution (S) and pPSL, for 4 h, in oxic (A) and anoxic (B) conditions. Data points 
were inter-experimental means ± SEM for 3 experiments. Curves are fitted with four parameter 
logistic regression.  

 

3.4.4.2 	Hypoxia	activated	cytotoxicity	of	free	drug	and	the	effect	of	pPSL	

Table 3.5 shows the mean IC50 values for each cell line treated with SN23816 

(either in solution or pPSL). The HCR ratio indicates the hypoxia selectivity of 

SN23816. The cytotoxicities of SN25860 against the aerobic and anoxic parental cell 

line (51D1.3) did not differ greatly, with a HCR of < 2-fold. Cytotoxicity of SN23816 
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in the 51D1 cell line was significantly higher under both oxic and anoxic conditions 

which also correspond to higher hypoxia selectivity. The highest potency of SN23816 

was observed in 51D1 sPOR with an 81-fold and 5- fold reduction in IC50 of free drug, 

compared to 51D1.3, under anoxic and oxic conditions, respectively. The apparent 

hypoxia selectivity of SN23816 also warrants the investigation of pPSL-SN23816 in 

51D1 sPOR; for both drug solution and pPSL formulations, a similar HCR was 

observed, however the mean IC50 values of pPSL-SN23816 was significantly lower 

than its free drug counterpart; a 7.2- and 8.6- fold increase in cytotoxicity of pPSL-

SN23816 under anoxic and oxic conditions, respectively, was demonstrated. 

Table 3.5 IC50 values of SN23816 in solution or pPSL formulations under oxic and anoxic 
conditions. Values are inter-experimental means and errors are SEM for 3 experiments.  

Cell line Formulation Oxic IC50 (µM) Anoxic IC50 (µM) HCR* 
51D1.3 Solution 208.8 ± 1.07 116.6 ± 1.10 1.8 
51D1 Solution 73.4 ± 1.06 19.4 ± 1.62 3.8 
51D1 sPOR Solution 41.5 ± 1.31 1.44 ± 1.18 28.8 
51D1 sPOR pPSL 4.81 ± 1.05 0.20 ± 1.23 24.1 
*HCR = (IC50 oxic)/( IC50 hypoxic).  51D1.3: the parental CHO derived cell line complemented 
with full-length Chinese hamster Rad51d. 51D1: Rad51d homozygous knockout cell line. 51D1 
sPOR: 51D1 over-expressing NADPH:cytochrome P450 oxidoreductase, sPOR.  

 

3.5 Discussion	

A liposomal formulation was then developed based on properties of the drug to 

optimise drug loading and the resulting formulations were investigated for in vitro 

cytotoxicity under oxic and hypoxic conditions. An HPLC method was developed for 

SN23816 and degradation was investigated in the presence of an acid, base, oxidant and 

as a function of pH. 
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3.5.1 HPLC	method	and	degradation	of	SN23816	

The analysis of SN23816 standard solutions, drug concentration and peak area had 

a linear relationship within the range of 0.2 – 10 µg/ml. The regression plot showed 

good linear correlation with R2 = 0.9999. The R.S.D for inter-day and intra-day was 

sufficiently low ≤ 5% which is deemed acceptable according to the ICH Guidelines 

(Branch, 2005). These results suggest good precision and accuracy for the HPLC 

method. Degradation peaks were observed at 2.1 and 4.2 min but did not interfere with 

the main drug peak at 4.9 min.   

Degradation of SN23816 is temperature and pH dependent (Figure 3.1). The drug 

is stable at 25 °C with minimal degradation over 24 h, at 37 °C demonstrated small 

amounts of degradation. This is relevant for storage of the drug as well as drug loading 

conditions. SN23816 may be stored at up to 25 °C for up to 24 h and drug loading at 

high temperature (≤ 37 °C) drug loading should be completed in as little time as 

possible to avoid degradation.  

3.5.2 Formulation	of	pH‐sensitive	liposomes	

The formulation of SN23816 into pPSL to optimise drug loading uses a 

transmembrane pH gradient-based loading method, pH 8.50 outside and pH 6.8 inside 

the liposome; high pH conditions are required to ensure stability of the pPSL 

membrane. This mechanism is the reverse of the pH gradient for the loading of the 

weakly acidic SN25860 (Figure 2.10) due to the effect of pH on ionisation. The 

estimated pH gradient of 1.7 unit is rather narrow and previously published data have 

suggested that the magnitude of the pH gradient is important for maximising efficiency 

of drug loading (Dos Santos et al., 2004). The recommended intra-/extraliposomal pH 

gradient from the literature is approximately 3 pH units (Gubernator, 2011) however a 
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higher extraliposomal pH is likely to be incompatible with the pPSL membrane, as 

shown in a preliminary experiment with pH 10 (section 3.4.2.2), and issues with 

membrane stability  may reduce DL of the formulation. Despite the lower than literature 

recommended pH gradient, the use of cyclodextrins in this formulation can increase DL 

by increasing the solubility of the drug in the loading medium. The effect of 

cyclodextrin solubilisation by inclusion of the neutral species in the hydrophobic cavity 

allows the formation of a rich drug reservoir in the loading solution. Cyclodextrins 

might also stabilise the SN23816 solution to allow time for drug to be taken up by 

liposomes (Modi et al., 2012).  

SBE-β-CD and HP- β-CD was compared in drug loading of SN23816. It was found 

that addition of SBE-β-CD to the drug loading solution resulted in higher loading 

efficiency (DL = 7.0 ± 0.02 %) compared to HP-β-CD (DL = 4.96 ± 0.70 %) (Table 

3.2). Both cyclodextrins are highly soluble compounds capable of forming reversible 

inclusion complexes to solubilise a variety of molecules. However the different 

substituents on the cyclodextrins have properties which differ in their ability to 

solubilise. HP-β-CD is formed by substitution of the hydroxyl group of the β-CD with a 

2-hydroxylpropyl moiety (Pitha et al., 1986). SBE-β-CD is similarly derived, with the 

exception that the substituents are sulfobutyl groups (Rajewski, 1990), and have 

demonstrated superior binding to neutral substrates due to the significant separation of 

the charged sulfonate moiety from the cyclodextrin body and the interaction of 

substrates with the butyl moiety (Zia et al., 2000; Zia et al., 1997). The charge effect 

can result in strong complexations and improvements have been associated with 

additional interaction sites provided by the cyclodextrin charge. The mechanism may be 

linked with hydrophobic interaction with the cavity interior along with additional 

charge-charge interaction between the cyclodextrin and host molecule (Zia et al., 2001). 
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The negatively charged SBE-β-CD is likely to form stronger complexation with the 

neutral species of SN23816 for several reasons. The charged sulfonate moieties do not 

fold back into the cyclodextrin cavity, thus eliminating the intra- and inter-molecular 

complexation which is associated with HP-β-CD (Schneider et al., 1998). Furthermore, 

the charged sulfonate groups of each cyclodextrin are likely to repel each other, 

extending out and away from one another, providing a hydrophobic region near the 

cavity composed of only the alkyl ether portions of the sulfobutyl groups. In this way, 

complexation of neutral molecules may not exclusively occur in the cyclodextrin cavity 

but also the alkyl chains near the cavity (Zia et al., 2000). The ability of SBE-β-CD to 

solubilise SN23816 allows slow transport of the less soluble neutral species, which may 

otherwise result in drug precipitation in the extraliposomal medium.  

Drug loading conditions of temperature, time and pH were also important in 

achieving maximal loading into pPSL. At room temperature (25 °C), DL was low but 

demonstrated slight increase with increasing loading time, however the reverse was 

found at 56 °C, DL was highest when drug loading occurred for 30 min and reduced 

with increasing time. This suggests that at temperatures above the phase transition of 

the pPSL phospholipid (DSPC), drug loading occurred in a short time and maintaining a 

high temperature for a longer period of time may affect the integrity of the liposome 

membrane. The determination of pH was also an important factor which must balance 

the consideration of ionisation for SN23816 and stability of the liposome membrane. It 

has been suggested the pH-sensitive liposomes may not be stable at high pH (Johnsson 

& Edwards, 2001), and indeed this was observed at pH 10.0. At pH 8.5, a higher pH 

gradient across the liposome membrane was established compared to pH 8.0, which 

may be the cause of the higher DL.  
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The final DL of pPSL-SN23816 (7.0 ± 0.02 %) is comparable to that of pPSL-

SN25860 (7.0 ± 0.2%) which suggests that, despite the narrow pH gradient, with the 

adjustment of drug loading parameters of pPSL-SN23816, a similar loading efficiency 

can still be achieved.  

3.5.3 Cytotoxicity	in	oxic	and	hypoxia	conditions	

Cytotoxicity of SN23816 was investigated in CHO cells under oxic and hypoxic 

conditions. Cytotoxicities of SN23816 against the aerobic and anoxic parental cell line 

(51D1.3) did not differ greatly, with a < 2-fold HCR. 51D1, this was similar to previous 

studies (Palmer et al., 1994). Higher hypoxia selectivity was also demonstrated for 

SN23816 in 51D1, cells derived from CHO cell line with Rad51d homozygous 

knockout, with increased overall cytotoxicity under both oxic and anoxic conditions 

compared to 51D1.3, the parental cell line, (Figure 3.3B). The use of 51D1 in the 

context of this study is a device to achieve hypersensitivity to DNA crosslinking agents 

due to the deficient homologous recombination repair gene, avoiding limitations of 

solubility. The highest potency of SN23816 was observed in 51D1 sPOR (51D1 cells 

over-expressing NADPH:cytochrome P450 oxidoreductase) with an 81-fold and 5- fold 

reduction in IC50 values of free drug under anoxic and oxic conditions, respectively 

(Figure 3.3). The apparent hypoxia selectivity of SN23816 also warrants the 

investigation of pPSL-SN23816 in this 51D1 sPOR (Table 3.5). For both free drug and 

pPSL-SN23816, a similar HCR was observed, however the mean IC50 of pPSL-

SN23816 was significantly lower than its free drug counterpart. This increase in 

cytotoxicity is likely due to increased cellular uptake and endosome escape of the pPSL 

formulation.  

The design of SN23816 from its parent compound aimed to increase aqueous 

solubility by alterations to the carboxamide side chain (Palmer et al., 1994), however it 
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is conceivable that potency of SN23816 may be limited by its ionisation properties. The 

weakly basic drug has a calculated pKa of 11.42; as discussed in section 1.3.3, 

ionisation of the drug is likely to significantly reduce cellular uptake of the free drug. 

This is expected to be a more serious problem for DNBM prodrugs which are rapidly 

metabolised in cells, relative to other classes of cytotoxics that are metabolically stable 

in cancer cells. Membrane transport becomes limiting for the rapid intracellular 

metabolism of SN23816. pH-sensitive liposome encapsulation of SN23816 may be able 

to overcome this issue due to their ability to enhance cellular uptake.  

While enhanced cellular uptake by the pPSL nanocarrier system is the likely reason 

for increased cytotoxicity of SN23816 in a monolayer cell culture (51D1 sPOR), it is 

likely that in the hypoxic tumour microenvironment, the pPSL encapsulation may also 

increase the targeting ability of SN23816 via the EPR effect. If the small size, long-

circulation and fusogenic abilities of the pPSL membrane (containing DOPE) allow the 

drug formulation to stay in the systemic circulation for sufficient time before 

extravasation into tumour tissue, due to the leaky vasculature, it is likely that pPSL-

SN23816 may specifically target tumour cells with enhanced cellular uptake to mediate 

improved intracellular delivery of the drug.  

3.6 Conclusion	

The basic DNBM prodrug SN23816 was actively loaded into the same pH-

sensitive liposome membrane as that developed in Chapter 2. The basic drug requires a 

different formulation strategy for active drug loading to increase EE and DL. 

Solubilisers for drug loading were investigated and a small quantity of SBE-β-CD was 

able to increase DL of SN23816. SN23816 demonstrated the highest hypoxia selectivity 

in the 51D1 sPOR cell line and pPSL-SN23816 formulations demonstrated a significant 
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increase in cytotoxicity compared to free drug solution, without reducing hypoxia 

selectivity. In addition, a rapid and validated reverse-phase HPLC method with UV 

detection was developed for SN23816. 

In the following chapter, in order to elucidate mechanisms for increased 

cytotoxicity of liposomal formulations, cellular uptake of the free drug and the effect of 

pPSL will be investigated.  

  



 

123 
 

 

 

 

 

 

 

 

 

 

 

Chapter FOUR.  Cellular Uptake and 
Intracellular Trafficking of pH-sensitive 

liposomes 
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4.1 Introduction	

As discussed in Chapter 1, the potency of free anticancer drugs may be limited by 

their ionisation at the extracellular pH (6.2 – 7.2) in tumours (Chen et al., 2014). 

Ionisation restricts drug diffusion through the lipid based cell membrane and only the 

unionised form freely partitions across cell membrane.  Similarly, a fundamental factor 

for optimised drug delivery is the understanding of the initial mode of internalisation of 

nanocarrier as drug delivery systems, such as liposomes, and their intracellular fates 

(Huth et al., 2006). The elucidation of cellular uptake and intracellular trafficking of 

pH-sensitive liposomes is important for the understanding of the mechanisms by which 

the cytotoxicity of SN25860 and SN23816 were increased in cancer cell lines, as 

demonstrated in Chapters 2 and 3.  

 Cellular uptake of the pPSL would differ mechanistically from that of small 

molecular drugs. While small molecular drugs enter cells by passive diffusion, 

nanocarriers such as liposomes are taken by the cells via endocytosis (Zhang et al., 

2017). The mechanism for the design of the pPSL in this Thesis is dissociation by 

which liposomes are deprotonated at physiological pH and undergo protonation (or 

charge reveral) at acidic pH to cause dissociation of the liposome bilayer to release its 

payload (section 1.7) (Fleige et al., 2012). The association of the fusogenic 

phospholipid, DOPE, in the backbone of the pPSL with cell membrane via clathrin-

mediated endocytosis can enhance the efficiency of cell uptake (Simões et al., 2004). 

Non pH-sensitive PEGylated liposomes have been shown to have reduced interaction 

with cells where steric hindrance causes a repulsive force around the liposomes (Simões 

et al., 2001). 
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Secondly, the cellular trafficking of liposomes plays an important role in the 

efficiency of intracellular drug release. Conventional liposomes, particularly those with 

PEGylation, may be entrapped in the endosome-lysosomal system (de Jesus & Kapila, 

2014). While pH-sensitive liposomes have been reported to undergo endosome escape 

and subsequently avoid lysosomal drug sequestration and degradation, by which the 

cellular bioavailability of the drug is enhanced (section 1.6.1.2).     

 Intracellular pH of cancer cells is estimated to be similar to that of health cells 

(approximately pH 7.0), despite an acidic extracellular milieu due to cellular 

mechanisms of pH regulation, such as acid-extrusion (Hulikova et al., 2013). 

Intracellular and extracellular pH are important factors to consider for the ionisation of 

some anticancer drugs. For weakly acidic drugs with pKa < 4.5, their high degree of 

ionisation of the drug molecules may limit the ability to cross cell membrane, thus drug 

molecules are not able to efficiently target cell nucleus (Zucker et al., 2009), even if the 

pHex reduced to 6.5 (at which only 1% is unionised). Weakly basic drugs pKa < 8 may 

be able to diffuse across cell membrane efficiently but may have the issue of being 

trapped in acidic organelles, such as endosomes ((pH 5 – 5.5) (Geisow & Evans, 1984; 

Wang et al., 2016) and lysosomes (pH 4.0 – 4.5) (Casey et al., 2010), as a result 

degradation of the drug may occur reducing its cytotoxic potency (Xu et al., 2015a ). It 

has been shown that increasing endosomal pH by co-administration of chloroquine or 

omeprazole reduced trapping of basic drugs in acidic endosomes and lysosomes (Poole 

& Ohkuma, 1981) by increasing endosome pH (Patel et al., 2013). However, for drugs 

with high pKa values, such as doxorubicin with a pKa of 8.2 (Gerweck et al., 1999), 

90% of its drug molecules in the ionised form at pH 7.4 and almost 99% will be ionised 

when pHex is reduced to 6.5, which may result in reduced passive diffusion across the 

cell membrane (Po & Senozan, 2001). In this thesis, both SN25860 (acidic pKa 4.16), 
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and SN23816 (pKa 11.14), may have limited access to the cancer cells due to their 

ionisation outside the cells.     

4.2 Aim	of	this	chapter	

In this chapter, to understand the mechanisms by which the drug cytotoxicity was 

improved by pSPL-SN25860 and pPSL-SN23816, the intracellular drug delivery 

efficiency of pPSL formulations compared to their respective free drug solutions and 

nPSL will be determined by measuring the intracellular drug concentrations following 

exposing the selected cancer cell models. The cellular uptake pathways of pPSL 

membrane and intracellular trafficking (endosomal escape) will be quantitatively and 

qualitatively investigated by flow cytometry and confocal microscopy.  The wild-type 

mouse mammary carcinoma cell line (EMT6) will be used for these studies.  

The specific objectives are:  

i. To determine the cellular uptake of free SN25860 and SN23816 and to evaluate 

the effect of low pHex (6.5). The effect of pHex on the cellular uptake of both 

drugs will be also predicted using the Henderson-Hasselbach equation based the 

pH-partition theory;         

ii. To quantitatively compare intracellular drug delivery efficiency of pPSL and 

nPSL (with the free drug as reference) in EMT6 cells using drug loaded pSPL-

SN25860; the significance of pHex and the pH-sensitivity of the liposomes on 

drug cellular concentrations will be compared.  

iii. To investigate cellular trafficking and the cellular uptake pathway of pPSL by 

flow cytometry, nPSL will be measured for comparison; 
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iv. To visualise cellular trafficking (i.e. endosoemal escape) of pPSL by confocal 

microscopy, using fluorescence-labelled liposomes, nPSL will be used for 

comparison. 

4.3 Materials	and	methods	

4.3.1 Materials		

Lipids for pPSL and nPSL were sourced and liposomes prepared as described in 

Section 2.3.1. Calcein and Nile Red were purchased from Sigma-Aldrich Ltd. 

(Auckland, New Zealand). 7-amino-actinomycin was purchased from ThermoFisher 

Scientific (Life Technologies, NZ). EMT6 cells were kindly donated by the ACSRC.  

4.3.2 	Cellular	uptake	by	simulation	based	on	pH‐partition		

A simulation based of pH-partition theory and Henderson- Hasselbalch equation 

was used to predict the ratio of intracellular and extracellular drug concentration. The 

distribution of weak acids and bases across a semi-permeable membrane, where the 

charged species is impermeable, is described by equations 4.1 and 4.2, respectively 

(Denny & Wilson, 1986). 

	 	
10    Equation 4.1 

	 	
     Equation 4.2 

Where Ci and Ce are intra- and extracellular drug concentrations, pHi and pHex are intra- 

and extracellular pH of cells and pKa the acid dissociation constant.  
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4.3.3 Cellular	drug	uptake	of	SN25860	and	SN23816	determined	by	HPLC	

Cellular uptake of pPSL-, nPSL-SN25860 and free drug formulations, pPSL-

SN23816 and the free drug solution was measured using two methods, in single EMT6 

cell suspension or after culturing in 6-well plates, and quantified by HPLC analysis.   

4.3.3.1  Cell culture 

EMT6 cells were passaged in αMEM (Invitrogen) with 5% foetal calf serum (FCS; 

Moregate Biotech, New Zealand) without antibiotics for less than 3 months from frozen 

stocks and confirmed to be Mycoplasma-free by PCR-ELISA (Roche Diagnostics). The 

size of cells was measured by Coulter Counter, and intracellular volume was estimated 

based on calculations of cell size.  

4.3.3.2  Treatment of cells  

In both methods, cells were detached from T75 flasks by trypsinisation, the target 

cell density was 1x106 cells/ml as measured by Coulter counting based on the Coulter 

Principle where the transient current change is proportional to particle volume (Koch et 

al., 1999). 

The final drug concentration was 0.6 mM both experiments, which was proven to 

cause minimal cell death in 4 h under oxic conditions.   

Cellular uptake by cells in suspensions: for this experiment, 50 µl of free drug or 

liposomes (equivalent to 120 mM SN25860) was added to a 10 ml cell suspension and 

incubated at 37°C for 4 h. Cells were immediately placed on ice after incubation, and 

centrifuged at 3000 rpm for 3 min at 4°C. Cell medium was discarded and cells were 

washed by resuspending with 1 ml of ice-cold PBS and further centrifuged. The process 

of washing occurred three times to wash out any free drug which was not taken up into 

cells.  
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Cellular uptake by cells in 6-well plate: for the second method to evaluate cell 

uptake, cells in 2 ml medium and seeded in a 6-well plate and grown for 48 h. 10 µl of 

120 mM SN25860 was added to each well and incubated at 37 °C for 4 h. The plate was 

place immediately on ice after incubation and the medium was aspirated and washed 

with ice-cold PBS three times.  

Control plates and tubes contained the same volume of media as experimental 

wells and were analysed in parallel to experimental wells and it was determined that no 

drug had precipitated or remained adherent to the plastic ware. 

4.3.3.3  Drug extraction from cells and HPLC analysis  

For cells in suspension, after thorough washing with PBS, the cell pellet was 

lysed with methanol (1:80 v/v) by resuspension with the organic solvent and vortexing. 

Cells in 6-well culture plates were also lysed and drug was extracted methanol (1:80 

v/v) by ensuring the organic solvent spreads covers the bottom of the well. Samples 

were subsequently dried using a vacuum evaporator (Concentrator 5301, Eppendorf) 

and the pellet was reconstituted with mobile phase. Intracellular (Ci) and extracellular 

(Ce) drug concentrations was determined by analysis on HPLC according to the method 

and conditions in section 2.3.2. The cell extract did not appear to interfere the main 

drug peaks.  

4.3.4 Cellular	uptake	pathways	and	intracellular	trafficking	by	flow	

cytometry		

4.3.4.1  Liposomes preparation  

nPSL and pPSL containing 10 mM or 80 mM calcein were prepared by thin-

film hydration according to section 2.3.3. In the calcein concentration range of 0.1 – 10 
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mM concentration, fluorescence intensity is reduced proportionally to reduction in 

concentration; at 80 mM the calcein intensity is self-quenched (Figure 2.5). 

4.3.4.2  Cell treatment and sample analysis   

1) Quantification of cellular uptake:  Cells in single cell suspension (1 x 106 

cells/ml) were incubated with calcein-labelled liposomes. Liposome suspensions of 

pPSL and nPSL were diluted with PBS and the particulate concentration was estimated 

by DLS (NanoSight particle analyser, Malvern, U.K).   

 After 4 h exposure to liposomes at 37 °C, cells were washed three times with ice-

cold PBS, and resuspended in culture medium. Flow cytometric analysis for cell 

fluorescence was performed using a Becton Dickinson LSR II flow cytometer (BD 

Biosciences, San Jose, CA, USA). Calcein was excited by the 488 nm laser and 

detected with a 505LP dichroic mirror and 530/30 band pass filter, whereas the cell 

viability marker, 7-amino-actinomycin D (Molecular Probe, ThermoFisher, MA, USA), 

was excited by the 488 nm laser and detected with a 685LP dichroic mirror and 695/40 

band pass filter.  For each sample, ≥ 10,000 events were collected by list-mode data that 

consisted of forward and side scatter. 

2) Studies of cellular uptake pathways:  Cellular uptake by clathrin-mediated 

endocytosis is the most widely reported mechanism for nanosized liposome (Huth et al., 

2006). In this study, the mode of internalisation was investigated by comparing cellular 

uptake in cells pre-treated with chlorpromazine (0, 14 and 28 µM) for 1 h. 

Chlorpromazine is considered as an inhibitor of clathrin-mediated endocytosis by 

interacting with clathrin in the coated pits and causing their loss from surface 

membrane (Huth et al., 2006; Wang et al., 1993). pPSL or nPSL were added to the pre-

treated cell suspension and incubated for 2 h.  
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In all flow cytometry analysis, the respective calcein-free liposomes and cell 

fragments were excluded by gating on the plot of side-scattered light versus forward-

scattered light. In total, 30,000 gated cells were analysed. Fluorescence intensity 

(logarithmic scale) in cells treated with liposomes was compared relative to those in the 

control cells, which were not treated with any liposomes. During flow cytometry cells 

were stained with 7-AAD , which has the ability intercalates double-stranded nucleic 

acids after penetrating cell membranes of dead or dying cells (Schmid et al., 1992). 

Toxicity was also monitored by gating changes in cell size and granularity by 

forward/side scatter parameter. 

3) Endosome escape: To investigate intracellular trafficking of liposomes after 

cellular uptake, pPSL containing 10 mM and 80 mM calcein were used to treat cells; 

omeprazole (2 mM) was used to increase the pH of endosome (Lee & Tannock, 2006). 

Cells in single suspension (1 x 106 cells/ml) were pre-treated with omeprazole for 1.5 h 

before incubation with pPSL-calcein for a further 1 h.  At this concentration, the pH of 

endosomes is raised to pH 7.0 (Lee & Tannock, 2006). 

4.3.5 Visualising	cellular	uptake	and	intracellular	trafficking	by	confocal	

microscopy	

4.3.5.1  Liposome preparation  

For confocal microscopy, pPSL and nPSL containing the hydrophilic fluorescence 

marker, calcein were prepared by thin-film hydration, using the methods described in 

section 2.3.3.1, with the exception where lipid films were hydrated with 10 mM calcein. 

A lipophilic fluorescent dye, Nile Red (0.1 µg/mL), was also incorporated into a group 

of pPSL to study the intracellular fate of the lipid membrane.  
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4.3.5.2  Cell treatment and sample preparation  

EMT6 cells were incubated with various liposomes at 37 °C for 0.5, 1 or 2 h, in 

humidified 5% CO2 atmosphere. Cells were washed with PBS, three times, before 

fixing with 4% paraformaldehyde for 15 min. 4’,6-diamidino-2-phenylindole (DAPI) 

was used to stain cell nucleus for 5 min before mounting with CitiFluor to minimize 

photobleaching.  

4.3.5.3  Observations from confocal microscopy 

Microscopic observations located intracellular fluorescence using a confocal 

laser scanning microscope (Olympus Fluroview FV1000, Olympus Corporation, Japan) 

with excitation wavelength of 366 nm for DAPI, 488 nm for calcein and 546 nm for 

Nile Red. The same settings for each colour were kept the same for all optical sections. 

4.4 Results	

4.4.1 Cellular	uptake	of	free	acid	SN25860	and	base	SN23816		

Table 4.1 shows the simulated ratios of intracellular and extracellular 

concentrations Ci/Ce according based on the pH-partitioning theory. In addition, the 

experimental cellular uptake determined by HPLC is also shown. SN23816 

demonstrated significantly higher Ci compared to SN25860 in both methods (> 30-fold 

increase in Ci/Ce ratio) (Table 4.1). Ci was low for free drug treated cells (approximately 

1.6% of Ce, in the case of free drug).  

The simplified assumption is that in tumour a range of pHex (6.5 – 7.4) (Song et 

al., 2006) may be representative of hypoxic environments. The corresponding pHi 

remained at about 7.0 (similar to pHi of normal cells) (Bose et al., 2016) and is 

relatively stable with decreasing pHex due to robust pH regulation mechanisms (Song et 

al., 1999). More recent measurements using 31P Magnetic Resonance Spectroscopy 
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(MRS) and spectroscopic imaging offer more powerful approaches for pHex 

measurement and estimates a narrower range (pH 6.7 – 6.8), pHi 7.1 – 7.3 for SKOV3 

cells (Canese et al., 2016). Values for normal tissue (pHex = 7.4, pHi = 7.0) were chosen 

as representative estimates of whole-body values of humans (Waddell & Bates, 1969). 

Cell size were 12.16 ± 2.44 µm (n = 3); intracellular volume was calculated 

based on size of cells to be 0.94 ± 0.58 µl.  

 

  



 

134 
 

Table 4.1 Simulated and experimental ratios (following 4 h exposure) of intracellular and 
extracellular concentrations Ci/Ce of SN25860 and SN23816 in EMT6 cells at pHi = 7.0 
and a range of pHex values (pH 6.1 – 7.4). The calculation of Ci/Ce in the tumour 
microenvironment where pHex = 6.5 is shown in red and the corresponding calculation 
in normal cells where pHex = 7.4 is shown in blue. The uptake of nPSL-, pPSL-
SN25860 and pPSL-SN23816 were also shown. Simulated Ci/Ce was calculated using 
Equations 4.1 and 4.2.  

Experimental 
method 

pHex 
Ci/Ce 

(pHi = 7.0) 

SN25860 Simulation 

6.1 7.86 

6.2 6.26 

6.3 4.98 

6.4 3.96 

6.5 3.15 

6.6 2.51 

6.8 1.58 

7 1.00 

7.2 0.63 

7.4 0.40 

SN25860 
Cell suspension 

7.4 

10.6 ± 0.6 ×10-3 

6-well plate 1.6 ± 1.4 ×10-3 

nPSL-SN25860 
Cell suspension 4.1 ± 1.6 ×10-3

6-well plate 3.9 ± 0.3 ×10-3 

pPSL-SN25860 
Cell suspension 27.0 ± 1.1 ×10-3

6-well plate 23.5 ± 1.2 ×10-3 

SN23816 Simulation 

6.1 0.13 

6.2 0.16 

6.3 0.20 

6.4 0.25 

6.5 0.32 

6.6 0.40 

6.8 0.63 

7 1.00 

7.2 1.58 

7.4 2.51 

SN23816 
Cell suspension 

7.4 

0.66 ± 0.04 

6-well plate 0.49 ± 0.12 

pPSL-SN23816 
Cell suspension 1.31 ± 0.18 

6-well plate 1.24 ± 0.13  
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4.4.2 Formulation	effect	on	cellular	drug	uptake	as	determined	by	HPLC	

Using both quantitative methods (cell suspension and 6-well plate), it was 

demonstrated that Ci /Ce were 2.5- and 1.5- fold higher, respectively, for pPSL-

SN25860 but 4-fold lower for nPSL-SN25860 compared to free drug (Table 4.1). This 

was similar shown for the cellular uptake of SN23816 and pPSL-SN23816 with a 

modest 2-fold increase in Ci/Ce of the pPSL formulation. nPSL-SN25860 was also 

investigated and demonstrated a reduction in cellular uptake compared to free drug.  

The number of washes with PBS was investigated as both methods were based on 

the assumption that any drug not taken up into cells were washed out with PBS. 

Supernatant of cell solutions were measured for drug concentration and it was 

determined that after 3 washes, the supernatant was free of any drug.  

4.4.3 Cellular	uptake	determined	by	flow	cytometry		

The final liposomal particulate concentration was determined to be similar 

before added to the cells; 5.5 × 109 particles/ml (pPSL) and 5.0 × 109  particles/ml 

(nPSL). 

A comparison between median values of the two calcein-loaded liposomes, after 

incubation with cells, demonstrated a 10-fold increase of pPSL over nPSL (Figure 4.1). 

However, there was variability of pPSL uptake, which was consistent with growth 

inhibition curve for EMT6-nfsB cells treated with pPSL (Figure 2.9). The confocal 

microscopy images supported the findings from cellular uptake experiments quantified 

by flow cytometry. After incubation for 1 h at 37°C, calcein fluorescence for both nPSL 

and pPSL treated cells were observed with the latter being much brighter in calcein 

fluorescence (Figure 4.1), indicating an increased amount of calcein uptake for pPSL.  
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Figure 4.1. Flow cytometry analysis of EMT6 cells treated with calcein loaded pPSL and nPSL 
for 4 h. Unstained cells were used as control.  

 

4.4.4 	Mechanisms	of	cellular	uptake	and	intracellular	trafficking	of	pPSL	

and	nPSL	by	flow	cytometry	

4.4.4.1  Mechanisms of cellular uptake of liposomes  

In this study, pre-treatment of cells with chlorpromazine demonstrated a 

reduction of calcein fluorescence for both pPSL and nPSL (Figure 4.2); the geometric 

mean fluorescence of calcein for pPSL incubated with cells not pre-treated with 

chlorpromazine (control) was approximately 10,000. When cells were pre-treated with 

14µM and 28µM chlorpromazine, fluorescence was reduced by 46% and 31% 

resepectively. Similarly for nPSL, a reduction of fluorescence by 40% and 26% was 

demonstrated.  
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                        (A)                                                        (B) 

Figure 4.2 Flow cytometry comparing uptake of pPSL (A) and nPSL (B) in EMT6 cells pre-
treated with 0 µM (control), 14µM and 28µM of chlorpromazine (CPZ), an inhibitor of 
clathrin-mediated endocytosis. Liposome concentration was determined to be 5.5 × 109  
particles/ml (pPSL) and 5.0 × 109  particles/ml (nPSL), while cell density was 1x106 cells/ml. 
Cells were treated with liposomes for 4 h at 37 °C.  
 
 

4.4.4.2  Role of endosome escape  

Flow cytometry micrographs show an increased right shift of fluorescence for 

cells treated with pPSL-80 mM calcein (geo mean = 862) (Figure 4.3C), compared to 

unstained cells (geo mean = 310) (Figure 4.3A). Cells treated with pPSL-10 mM 

calcein also demonstrated an increase in fluorescence, but to a lesser extent (geo mean 

= 702) (Figure 4.3B). The fluorescence shift in Figure 4.3 was non-homogenous which 

may indicate non-homogenous cell uptake of pPSL or oversaturation of cells with 

liposomes; furthermore any free calcein in the cell suspension may also affect the 

pattern of fluorescence. Due to the ability of pPSL to collapse at low pH value, 

liposomes are able to release its payload at endosome pH, diluting the self-quenched 

concentration of calcein to release brighter fluorescence. Similarly for pPSL-10 mM 

calcein, endosome escape was also observed (Figure 4.3B).  
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Cells pre-treated with omeprazole which raises endosome pH to 7.0 at which 

pPSL membrane are stable. A slightly reduced fluorescence was seen when cells were 

subsequently treated with pPSL-10 mM calcein (just over 1 fold decrease compared to 

no pre-treatment). A much larger reduction of fluorescence was seen for cells receiving 

omeprazole pre-treatment then incubated with pPSL-80 mM calcein (2.8- fold 

decrease).  
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Figure 4.3 Flow cytometry analysis of unstained cells (control) (A), cells treated with pPSL 
encapsulating 10 mM calcein (B) compared with pPSL-80mM calcein (C) without pretreatment 
of omeprazole. Flow cytometry analysis of pPSL-10mM calcein (D) and pPSL-80 mM calcein 
(E) in cells pre-treated with 2 mM omeprazole, an endosome de-acificier, were also shown. 
Significantly reduced intensities were observed in cells pre-treated with omeprazole (Panels D 
and E) which suggests that increasing endosome pH may affect the release of pPSL as it is 
unable to achieve endosome escape.  
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4.4.5 Visualising	cellular	uptake	and	intracellular	trafficking	by	confocal	

microscopy	

As shown in Figure 4.4, the kinetics of cellular interactions with nPSL and pPSL 

was significantly different. Liposome attachment to cells was observed at 30 min for 

nPSL whereas cellular uptake of pPSL had already taken place. By 1 h, internalization 

had occurred and fluorescence was evident for both pPSL and nPSL; however, the 

fluorescent intensity of pPSL treated cells was much stronger than those treated with 

nPSL. Furthermore, the calcein and Nile Red duel labelled pPSL was found to be 

distributed in the entire cytosol in a homogenous manner whereas the cells treated with 

nPSL showed punctate patterns of calcein stain, sequestered in intracellular vesicles. 

Only after 2 h, the fluoresce intensity of nPSL treated cells increased slightly but was 

still much lower than those treated with pPSL, and remained entrapped in small vesicles 

(dots).  
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Figure 4.4 Confocal fluorescence microscopy images of EMT6 cells after incubation with nPSL 
and pPSL-10 mM calcein (and 0.1 µg/mL Nile Red in the case of pPSL) at 0.5, 1 and 2 h to 
investigate the time dependence of cellular uptake of liposomes. Images were excited with 
lasers at 360 nm (blue), 488 nm (green) and red (546nm). 
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Figure 4.5 shows confocal microscopy images of EMT6 cells incubated with nPSL- 

or pPSL encapsuclating 80 mM calcein in the core and 1 µg/ml Nile Red in the 

membrane.  It was previously demonstrated that at 80 mM calcein is self-quenched. 

This is consistent with the calcein panel of nPSL where no calcein fluorescen can be 

seen while cells treated with pPSL clearly show calcein fluorescence. Omeprazole is 

able to increase endosome pH to 6.0 and chloroquine to pH 7.0 (Lee & Tannock, 2006). 

By pre-treating cells with these drugs before incubating with nPSL or pPSL, it is 

possible to further elucidate mechanisms of intracellular trafficking. In Figure 2.5, 

microscopy images of cells pre-treated with omeprazole, followed by pPSL, show 

bright calcein fluorescence, which suggests pPSL collapse and subsequent calcein 

release. In comparison to images of cells pre-treated with chloroquine, where calcein 

intensity was reduced, possibly due to reduced calcein release at endosome pH is higher 

compared to omeprazole pre-treated cells. Interestingly, Nile Red fluorescence was 

observed for only chloroquine and omeprazole pre-treated cells, which may elucidate 

the mechanism of intracellular processing of the liposome bilayer.  
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Figure 4.5 Confocal fluorescence microscopy images of cells excited with lasers at 360 nm 
(blue), 488 nm (green) and red (546nm) treated with nPSL or pPSL encapsulated with 80 mM 
calcein and 1 µg/ml Nile Red treated with 2 mM chloroquine (CHQ) or omeprazole (OMP) 
showing that following drug treatment to increase endosome pH, reduced calcein fluorescence 
was observed.  
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4.5 Discussion	

The rate of cellular uptake and intracellular localisation of liposomes have been 

studied by many researchers who have difficulties in drawing general conclusions about 

characteristics of nanoparticles, such as pH-sensitive liposomes, for optimal cellular 

uptake (Iversen et al., 2011). This may be due to the fact that rate and mechanism of 

uptake is largely cell-type dependent and vary between nanocarriers with different 

physical properties, namely size, charge and other surface properties (Iversen et al., 

2011).  

In this research, the mechanism of cell uptake of pH-sensitive liposomes is 

investigated both quantitatively and qualitatively. Intracellular trafficking is also 

visualised and the proposed mechanisms discussed.  

4.5.1 Comparison	of	cellular	uptake	of	SN25860	and	SN23816	(by	HPLC)		

The cellular uptake of SN25860 and SN23816 at pH 7.4 demonstrates 

significantly different quantities, with the weakly basic SN23816 showing 30 – 60-fold 

increase in Ci/Ce ratio compared to the weak acid, SN25860. This may be attributed to 

effect of ionisation of SN25860 and SN23816 in relation to pHi and pHex of cells. This 

is consistent with previous findings of weakly acidic and basic drugs when pHi < pHex 

(Gerweck et al., 2006). 

The measurement of pHex and pHi in cultured tumour cells suggests in hypoxic 

regions of solid tumours, viable clonogenic cells maintain a pHi significantly higher 

than the local pHex, hence the transmembrane pH gradient in such regions will favour 

the uptake of weak acids over weak bases, in comparison to the reverse preference of 

normal cells (Denny & Wilson, 1986). For this reason, it is predicted that weakly acidic 

cytotoxic drugs should have improved therapeutic efficacy compared to those with 
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weakly basic functional groups. The magnitude of the pH effect can be modelled 

schematically with relevant tissue compartments and transport processes, as shown in 

Figure 4.6. 

 

Figure 4.6 A simplified schematic of the vascular, extracellular and intracellular compartments 
of tumour and normal tissue. The movement of drugs between compartments can be identified 
as bulk transport (including blood flow, pinocytosis) (A), extravasation due to leaky vasculature 
(B) and pH-dependent partitioning (C) across a semipermeable membrane where the charged 
species is impermeable.  

 

This simplified model considers the pH-dependent partitioning process between 

the extracellular and intracellular compartments to be of significance. Any possible 

partitioning across the capillary barriers (e.g. between the vascular and extracellular 

compartment) was ignored and implies that there was no significant pH gradient across 

this barrier or that partitioning is restricted by high permeability for the charged species. 

Both of these assumptions are valid due to the leaky vasculature of tumour blood 

vessels and the absence of an endothelium in some tumour vessels. Therefore, the 

partitioning of drugs is predominantly focused on the distribution of drug across the 

intracellular and extracellular membrane.  
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Taking together the model for drug distribution in tumour tissues (Figure 4.6) 

and experimental measures of pHex and pHi, predictions can be made for the ratio of 

Ci/Ce of SN25860 and SN23816 using their calculated pKa values (Table 4.1). However, 

this model does not take into consideration the dynamic ionisation process and therefore 

impacts the accuracy of the absolute values of Ci and Ce. 

The cellular uptake of SN25860 and SN23816 allows comparison of weak acid 

and base and may help to predict intracellular delivery of other anticancer drugs. In 

normal cells, if pHex = 7.4, and pHi = 7.0, the ratio of Ci/Ce would be 6-folds higher in 

SN23816 compared to SN25860. This is likely to have been the conditions linked to 

experimental findings in section 4.4.1 where EMT6 cells were maintained in culture 

medium of pH 7.4, it is likely that cell regulation of pHi via the Na+H+ antiport 

maintains pHi to be around 7.0 (Bose et al., 2016). However, the experimental findings 

of free drug uptake of SN25860 and SN23816 (Table 4.1) yielded a significantly lower 

ratio of Ci/Ce than those predicted. This is likely due to the 4 h drug exposure time 

which may not be sufficiently long enough for drug partitioning to reach equilibrium 

(Aroui et al., 2010), thus low concentrations were detected. If drug exposure time was 

increased, it is likely that Ci will also increase, however this may affect the survival of 

detached cells in the cell suspension method.  

4.5.2 Formulation	effect	of	cellular	drug	uptake		

In Chapter 2, it was demonstrated that in vitro cytotoxicity of pPSL-SN25860 

was significantly higher than nPSL-SN25860 with a 21-fold reduction in IC50 value 

(Figure 2.9). The reason for this may be due to more effective cellular uptake of pPSL 

compared to nPSL. The Ci/Ce ratio of pPSL-SN25860 was measured by HPLC using 

two cell culturing methods and the method using cell suspension demonstrated a 6- and 

2.5-fold increase in intracellular drug concentration compared to nPSL and free 
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SN25860 solution, respectively. The DOPE containing pPSL are able to internalise 

more effectively due to their propensity to form aggregates allowing high affinity for 

cell membrane adhesion, compared to nPSL (Simões et al., 2001). The latter difference 

in cellular uptake of the free drug may be explained by the ionisation of the weak acid, 

SN25860. Due to the high pH of cells, the majority of the drug is likely to be ionised 

thus unable to cross cell membrane by passive diffusion. This is similar for cellular 

uptake of SN23816 and pPSL-SN23816 with a modest 2-fold increase in Ci/Ce of the 

pPSL formulation. Theoretically, the cellular uptake of SN25860 should benefit more 

from a pPSL formulation as passive diffusion is the rate limiting step for intracellular 

drug delivery. Despite the increased the ability of weak bases to passively diffuse into 

cells, it is likely that endosomal sequestration may occur due to ionisation of the drug at 

low pH.  

The quantitative methods involving washing of cells with PBS was devised 

based on the assumption that any drug not taken up into cells can be washed out with 

PBS. Multiples of washes were investigated to determine the number of washes to use. 

It was found that after three washes, the supernatant of cell suspensions contained 

negligible drug. The calculation of intracellular volume is also based calculated based 

on cell size of this cell line. The first report of the EMT6 cell line, from Balb/c mice, 

described the cells to be grouped in sharply defined islands of round or polygonal cells, 

approximately 9-20 µm in diameter (Rockwell et al., 1972). Using this size range and 

the equation to calculate spherical volume, for every one million cells, intracellular 

volume is approximately 0.5 – 4 µL. The extracellular volume was not excluded (as 

would be the case for radioisotope studies of cell uptake), however, even though 

absolute drug concentrations  of  SN25860 may not be accurately determined, the 
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calculated ratios of Ci/Ce using the PBS wash method provides sufficient evidence to 

compare uptake between free drug, conventional and pPSL formulations.  

It should be noted that the method of HPLC quantification of intra and 

extracellular drug does not give an absolute value of drug remaining inside or outside 

the cell but serve as a comparison of cellular concentration at a given time.  

4.5.3 Cellular	uptake	determined	by	flow	cytometry	

Flow cytometry is used to analyse the physical and chemical characteristics of 

particles in suspension as it passes through at least one laser. Cell components are 

labelled with fluorescence and subsequently excited by the laser to emit light at varying 

wavelengths (Han et al., 2016). Flow cytometry is widely used in nanotechnology to 

analyse cellular uptake among other characteristics (Osborne, 2015).  

In this study, the flow cytometry results support the findings of cellular uptake 

as determined by HPLC. Calcein is used as a hydrophilic flurophore inside the liposome 

core and after a period of interaction between liposome formulations (nPSL and pPSL) 

and cells, the amount of calcein inside liposomes was measured. The significantly 

higher intracellular fluorescence of calcein in pPSL treated cells suggests that cell were 

able to internalise pPSL to a greater extent. From this analysis, some variability of 

pPSL uptake was evident for EMT6 cells (Figure 4.1); this may be due to the larger 

number of liposomes per cell. Subsequent experiment showed that the concentration of 

pPSL was 4 × 109 particles/ml, higher than that of the nPSL, 1 × 109 particles/ml.  It is 

likely that pPSL have more oversaturated cells at 4,000 liposomes per cell, compared to 

1,000 nPSL per cell.  

The two quantitative methods for measuring cellular uptake of the free drugs 

and the pPSL have shown that the ratio of intracellular drug delivery of SN25860 is 
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significantly lower than SN23816 in physiological conditions. The increase of cellular 

uptake for pPSL formulations of SN25860 and SN23816 compared to their free drug 

counter-part was 2.5- and 2-folds, respectively (Table 4.1), despite the significantly 

higher Ci/Ce ratio for SN23816 and pPSL-SN23816 compared to SN25860. This is 

likely due to the ionisation of SN23816 at the experimental conditions where pHex = 7.4 

and pHi is assumed to be pH 7.0. It may be expected that at pHex = 6.5, the reverse 

trend is observed. Further the reduction of cellular uptake of nPSL-SN25860 compared 

to free drug, which may be due to the steric hindrance of PEGylation without the 

fusogenic properties of DOPE to compensate. This finding is supported by flow 

cytometry results which compared cellular uptake of the pPSL compared to the nPSL 

membrane. Figure 4.1 showed significantly higher intracellular calcein for the pPSL 

delivered payload compared to that of nPSL.  

4.5.4 Mechanism	of	cellular	uptake	of	pH‐sensitive	liposomes	

The knowledge about cellular uptake is important for the development of 

efficient nanocarriers. Among the different endocytic pathways, clathrin-mediated 

endocytosis is most widely studied. Other mechanisms, in particular caveolae-mediate 

endocytosis and macropinocytosis, are also likely to co-exist (Hillaireau & Couvreur, 

2009), which depends on the shape, size, surface charge and other physical properties of 

the nanocarriers (Sahay et al., 2010; Xu et al., 2013). In this study, the extent of 

clathrin-mediated endocytosis was quantified by inhibition of this mechanism using 

chlorpromazine. Significant reduction in cellular uptake of pPSL (46%) as well as nPSL 

(41%) in the chlorpromazine-treated cells, suggesting clathrin-mediated endocytosis 

was a major route of internalization for both liposomes despite their different affinity to 

the cells. Increasing the concentrations of chlorpromazine from 14 µM to 28 µM did not 
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show an increase in the inhibition effect, possibly due to the saturation of 

chlorpromazine in clathrin pits which reduces inhibition at high concentrations.  

4.5.5 Cellular	uptake	and	intracellular	trafficking	by	confocal	microscopy	

Confocal microscopy is an optical imaging technique for increasing optical 

resolution and contrast of a micrograph by means of adding a spatial pinhole placed at 

the confocal plane of the lens to eliminate unfocussed light (Tovey et al., 2013).  

In nanotechnology, confocal microscopy is a widely utilised imaging tool 

(Johnson, 2015) and allows the scanning of cell layers by pixels and can potentially 

distinguish between intracellular particles and those in the vicinity of cells. In this 

study, confocal microscopy allowed visual comparison of cellular uptake kinetics 

(within 0.5 – 2 h) for pPSL and nPSL. In Figure 4.4 it was observed that pPSL 

attachment to cells occurred after 30 min, faster than nPSL. At 1 h, both pPSL and 

nPSL were internalised but the calcein payload of pPSL was homogenously distributed 

to the entire cytosol, whereas intracellular nPSL were shown in a punctate pattern. 

Significant endosome escape following internalisation of the dual-labelled pPSL had 

likely occurred after 1 h, as evidenced by a homogenous distribution of both calcein and 

Nile Red in the cytosol (Figure 4.4). At 2 h cell death was observed possibly due to the 

toxicity of the dyes. In contrast, a slower internalization was observed with nPSL, and 

the calcein fluorescence of nPSL-treated cells was present in a punctate pattern with 

lower intensity (Figure 4.4). This time dependent phenomenon of liposome uptake is 

consistent with findings from the literature where prolonged exposure times are likely 

to preferentially accumulate PEGylated nanoparticles in larger-sized intracellular 

vesicles (Brandenberger et al., 2010), such as lysosomes. pPSL with the ability to 

preferentially release its payload at endosome pH, it likely to have released its calcein 
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content into the cytosol before reaching the lysosomes, however nPSL does not have 

this ability and is likely to be sequestered in endosomes/lysosomes. 

This assumption was further investigated by increasing the pH of endosomes to 

visualise the intracellular behaviour of pPSL and nPSL at higher endosome pH. Figure 

4.5 demonstrated two important phenomenon: 1) nPSL and pPSL had observably 

different intracellularly processing where no calcein fluorescence was seen for cells 

treated with nPSL while cells treated with pPSL cleared showed calcein fluorescence. It 

is likely that calcein encapsulated nPSL are sequestered in endosomes where no release 

has occurred, thus maintaining the self-quenched concentration. pPSL on the other hand 

showed intracellular fluorescence which may be due to the ability of pPSL to achieve 

endosome escape which dilutes the self-quenched calcein concentration thus 

fluorescence is observed. 2) Cells pre-treated with chloroquine and omeprazole to 

increase endosome pH demonstrated different fluorescence pattern after incubation with 

pPSL compared to cell receiving no pre-treatment. The reduced calcein fluorescence for 

pre-treated cells suggested that cytosolic release of calcein from endosome was 

inhibited as pPSL were more stable at the higher pH values (pH 6.0 for omeprazole and 

pH 7.0 for chloroquine) of pre-treated cells. Nile Red fluorescence was seen in a 

punctate pattern (dots), rather than homogeously distributed, for only cells pre-treated 

with chloroquine and omeprazole. As Nile Red is a lipophilic dye, it is likely to be in 

the liposome bilayer and once the liposome membrane collapses, it is likely that 

fluorescence intensity will reduce to below the limit of resolution for confocal 

microscopy. This is likely to have occurred with pPSL treated cells (with no drug pre-

treatment) as endosome pH is the lowest at approximately pH 5.0 – 5.5, whereas drug 

pre-treated endosomes are expected to have a higher pH and drug release from pPSL 

may be more gradual. This finding is consistent with the pH-sensitivity assay in Chapter 
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2 (Figure 2.5D) which found that at unaltered endosome pH (approximately 5.5), 78% 

of encapsulated calcein was released, compared to 60% at pH 6.0 and 11% at pH 7.4. 

As previously discussed in section 1.7, DOPE is a crucial component in the 

ability of pH-sensitive liposomes to undergo destabilisation upon acidification of 

endosomes, together with CHEMS which intercalates DOPE and stabilises the 

phospholipid at physiological pH but destabilise under acidic conditions provides a 

platform for low pH targeted delivery (Silva et al., 2016). This is consistent with 

previous studies where DSPC (Simoes et al., 2001) or HSPC liposomes (Paliwal et al., 

2016b) which lacked pH-sensitivity in buffer were also unable to mediate intracellular 

delivery. The mechanism of DOPE to promote liposome-endosome interactions may be 

explained by the poorly hydrated polar head group, compared to the significant 

repulsive forces associated with the hydration layer of PC liposomes (Düzgüneş et al., 

1985). Thus, the presence of DOPE enhances hydrophobicity of the liposome bilayer, 

facilitating energetically favourable interactions between the lipid layers of liposomes 

and endosome membrane. Furthermore, the ability of DOPE to assume an inverted 

hexagonal phase leading to the formation of non-lamellar structures (Torchilin et al., 

1993) may constitute an important mechanism to trigger endosomal destabilisation. As 

a result, cytoplasmic delivery of the pPSL payload can occur. 

4.6 Conclusion	

The cellular uptake of SN25860 and SN23816 were simulated based on 

calculations of pHex and pHi of tumour and normal cells. The results of experimental 

cellular uptake demonstrated reduced cellular uptake compared to those simulated but 

the general trend that weak acids have reduce cellular uptake in normal physiological 

pHex conditions was also observed experimentally. The simulated prediction of cellular 
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uptake is based on pKa of the drug, pHex and pHi and does not take into account the 

heterogeneity of cellular pH, which may affect the accuracy of its predictions. 

Subsequent flow cytometry analysis demonstrated increased intracellular delivery of 

calcein loaded pPSL, which is likely due to improved cellular uptake of pPSL by cells 

and endosome escape, which is attributed to the fusogenic ability of DOPE in the pPSL. 

Confocal microscopy images of the behaviour of pPSL with cells were consistent with 

this hypothesis. nPSL did not demonstrate endosome escape. The investigation of the 

mechanism of cellular uptake suggested that a proportion of pPSL (46%) and nPSL 

(41%) were endocytosed via clathrin-mediate endocytosis, and given the physical 

characteristics of pPSL and nPSL, this is consistent with literature findings.  

Overall, due to the poor cellular uptake of the weakly acidic SN25860, its 

potential for selectively delivery in tumour cell pH conditions and its ability for reduced 

intracellular sequestration, it is likely that this drug will benefit most from a pPSL 

delivery system. In Chapter 5, formulation strategies will be further investigated to 

increase DL of SN25860 in pPSL and a high DL formulation will be investigated in 

vivo for long-circulation, tissue distribution and antitumour efficacy.  
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CHAPTER FIVE. Anti‐tumour	Efficacy	of	
SN25860	in	pH‐sensitive	and	non	pH‐

sensitive	Liposomes	
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5.1 Introduction		

For efficient tumour targeted drug delivery of liposomes, an important factor is 

the entrapment of sufficient amounts of drug in each liposome carrier (Xu et al., 2014). 

This may pose challenges to formulation scientists, particularly with pH-sensitive 

liposomes. Active drug loading methods load drug into the aqueous cores of liposomes 

during liposome formation (Barenholz, 2003) and utilises an additional transmembrane 

chemical gradient (such as pH) as a driving force to guide drug molecules into 

preformed liposomes (Gubernator, 2011). Compared with passive loading methods 

(section 1.7.4.1), active loading is more effective for achieving high drug-to-lipid ratio 

and better control of the release profile by sequestration of drug inside liposome cores 

(Li et al., 1998). Active loading is based on two fundamental prerequisites; the first 

being the high permeability of lipid bilayers to neutral drug molecules allowing for an 

influx. The second is that an intra-liposomal pH can be used to charge and trap the 

compound in the liposomal core (Gubernator, 2011).  Calcium acetate has been 

successfully used to establish a transmembrane gradient for the active loading of weak 

acids into conventional liposomes (Joguparthi & Anderson, 2008). Indeed, in Chapter 2 

it was demonstrated that SN25860 could be loaded into pPSL using calcium acetate to 

achieve DL of 7.0 ± 0.2%.   

In vitro studies suggested that the drug loaded SN25860 formulations was 

associated with increased potency towards EMT6-nfsB breast cancer cells (Chapter 2), 

while these results demonstrated proof-of-principle efficacy of weak acid drug loading 

into the pPSL developed in Chapter 2, the DL was insufficient for in vivo relevance. 

Based on previous dose finding studies in immunocompromised mice, a calculated dose 

of 4 mg/ml SN25860 (DL ≥ 30%) is required for in vivo studies of pharmacokinetic and 
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tumour targeting (Atwell et al., 2007). Formulation parameters such as HP-β-CD 

concentration, pH adjustment and maintenance of the drug loading medium and calcium 

acetate concentration will be investigated to improve DL. The lipophilic DNBM 

prodrug has non-specific tumour targeting which may lead to non-specific toxicity and 

side effects when injected in vivo. Passive targeting of pH-sensitive liposomes utilising 

the principle of EPR effect, which allows anti-cancer drugs to extravasate from the 

systemic circulation into tumour tissue, can overcome non-specific distribution of the 

free drug. Formulations must have long circulation for this to effectively take place, 

both nPSL- and pPSL-SN25860 formulations are able to achieve long in vitro 

circulation whereby >50% of SN25860 was still encapsulated after 24 h (Figure 2.8). 

To evaluate the tumour targeting ability of liposomal SN25860, various mice 

models have been used, including Balb/c mice (Gabizon et al., 2004) and nude mice 

(Atwell et al., 2007). An excision assay utilising clonogenic endpoint was used to test 

the targeting ability of formulations. Implanted tumour cells were grown in mice, then 

dosed with drug formulations; following drug exposure the tumour was excised and 

cells plated to study the antitumour effects. By this means of comparison, tumour cells 

which have been killed (i.e. lost its reproductive potential) by drug treatment will fail to 

form colonies. This cell survival curve describes a relationship between the insult-

producing agent and the proportion of cells that survive (Munshi et al., 2005).  

The study of tumour targeting often employs tumour growth inhibition/cure end 

points, which have relevance to the clinical setting and make it possible to evaluate 

contributions from sustained release by liposomes. The drawback of these studies is that 

investigations are protracted and can typically take up to 4 – 6 months from tumour 

inoculation to end point, expensive and provide little information about underlying 

mechanisms (Wilson et al., 2004). The methods described here are based on 
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measurement of cell killing (i.e cell sterilisation) by clonogenic assay which integrates 

the processes of cell death pathways (prompt and delayed apoptosis, necrosis).  

5.2 Aim	of	this	chapter	

The aim of this chapter is to evaluate in vivo tumour targeting and the tissue 

distribution of high DL SN25860 liposome formulations [herein known as nPSL(hDL) 

and pPSL(hDL)].  

The specific objectives are:  

i. To  further increase the drug loading of SN25860 in pPSL so an effective dose 

can be given for in vivo antitumour studies; formulation efforts were also made 

to solubilise SN25860 in solution; 

ii. To investigate the tissue distribution of liposomal formulations in tumours, 

heart, liver, kidneys and plasma at 18 h, compared to free drug solution in 

mice, a method of drug extraction and HPLC assay of SN25860 in plasma 

and tissues was developed and validated,  

iii. To investigate the in vivo dosing of liposomal SN25860 in mice to find the 

maximum tolerated dose, and 

iv. To evaluate the ability of liposomal formulations in tumour cell killing in 

tumour bearing nude mice by means of a clonogenic assay in comparison 

with free drug in solution.  

5.3 Material	and	methods	

5.3.1 Materials	

Phospholipids (DOPE, DPPC, DSPC) and CHEMS were purchased from Avanti 

Polar Lipids (Alabama, USA), and DSPE-mPEG2000) from Lipoid (Steinhausen, 
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Switzerland). Cholesterol was obtained from Sigma-Aldrich Ltd (Auckland, New 

Zealand). The source of SN25860 and HP-β-CD were described in section 2.3.1. Milli-

Q water was prepared using a water purification system (Millipore Corp., Bedford, MA, 

USA). All other reagents were of analytical grade except acetonitrile which is of 

chromatographic grade.  

Needles (27-gauge) with 10 cc syringes (BD-Micro-Fine, UK) for drug dosing and 

tumour inoculations, and heparinised blood collection tubes were provided by the 

Vernon Janson Unit at the University of Auckland.  

5.3.2 Animals	

Animal studies, including six female Balb/c (18 – 20 g) and 42 female CD-1 nude 

(16 – 25 g) mice were performed under approval from the University of Auckland 

Ethics Committee (Ethics Approval Number 001593) (Appendix 3A). Mice were 

housed in a temperature controlled environment with a 12-h light/dark cycle.  

Animal welfare will was carefully monitored and recorded according to the Animal 

Manipulation and Welfare Monitoring Sheet (Appendix 3B). 

5.3.3 Solubilisation	of	SN25860	for	liposomal	drug	loading	and	preparation	

of	an	injectable	formulation	

To obtain a highly concentrated drug solution for liposome loading and an aqueous 

solution as a reference injectable formulation, a combination of solubilisation 

approaches (Wu et al., 2005; Wu et al., 2013) were employed based on the pKa of 

SN25860 (acidic pKa = 4.16) (Atwell et al., 2007) and drug stability (section 2.4.1.5). 

The use of HP-β-CD in combination with pH adjustment and small amounts of ethanol, 

as a cosolvent, were able to increase aqueous solubility and the amount of drug 

available for drug loading into pPSL.  
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For drug loading, a solution of 4.5 mg/ml SN25860 was prepared using 2.5% 

HP-β-CD, 2% ethanol and maintained at pH 7.0 with 0.2 M phosphate buffer during the 

entire drug loading process. Careful observation found no drug precipitation under these 

conditions.  

An injectable solution of SN25860 was prepared at 4 mg/ml, using 2.5% HP-β-

CD as a solubiliser, while pH of the diluent (PBS), was maintained at 7.0, and provided 

a reference for comparison.  

5.3.4 Formulation	of	pPSL	to	improve	DL	for	in	vivo	studies	

The goal of this chapter was to improve DL of pPSL-SN25860 (section 2.3.4) to ≥ 

30% for in vivo studies at an effective dose. Based on the factors affecting drug loading 

in Chapter 2, the following approaches were employed to further increase the DL of 

SN25860 into pPSL; these include 1) increasing calcium acetate concentration, 2) 

increasing drug concentration in the loading solution, and 3) maintaining consistent pH 

in the drug loading medium. In addition, attempts were made to reduce liposomes size 

by using smaller pore-sized membranes for extrusion.  

5.3.4.1 	Concentration	of	calcium	acetate	

The transmembrae pH gradient was generated by encapsulation of calcium acetate 

followed by removal of unentrapped acetate by both dialysis against a solution of iso-

osmotic NaCl (for 27 h at 37 °C) and ultracentrifugation for 1 h (188,272 × g, 4 °C), 

this process was same as Chapter 2. However, the concentration of calcium acetate in 

the lipid film hydration medium was increased for the previously reported 250 mM to 

500 mM calcium acetate.  
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5.3.4.2 	Drug	concentration	in	the	loading	solution		

SN25860 concentration in the drug loading solution was improved by the use of 

HP-β-CD and ethanol. Concentrations were escalated starting from those used in in 

Chapter 2 and visual observations of drug precipitation and liposome size were used as 

guidance for increased solubility and reduced liposome integrity, respectively.  

5.3.4.3 	Maintaining	consistent	pH	in	the	drug	loading	medium	

pH of drug loading solution was adjusted to pH 7.0 using 0.2 M phosphate buffer. 

Constant monitoring of pH using a microelectrode (Mettler-Toledo International Inc), 

during the drug loading process and adjustments using 0.2 M Na2HPO4 or NaH2PO4 

was carried out to maintain pH 7.0. The combined approach solubilised a SN25860 

solution of 4.5 mg/ml. 

5.3.4.4 	Pore	size	of	membrane	in	liposome	extrusion	

Pre-prepared liposomes were previously extruded through 100 nm membranes 

which produced formulations with a diameter range of 142 – 159 nm (Table 2.4) for 

pPSL-SN25860. Further efforts to reduce pPSL size involved extruding blank 

liposomes through a double stacked membrane with a pore size of 80 nm.  

5.3.4.5 	Characterisation	of	high	DL	liposomal	SN25860	

Size, zeta potential and morphology by cryo-TEM of pPSL(hDL) and 

nPSL(hDL) were investigated using the same methods as in section 2.3.5. 

Physicochemical stability of the high DL formulations was also investigated using 

methods described in section 2.3.5.5. 
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5.3.5 Effect	of	drug	loading	on	cytotoxicity	in	mouse	mammary	carcinoma	

cells	

In vitro cytotoxicity of pPSL(hDL) and nPSL(hDL) was compared with the 

previously formulated pPSL- and nPSL-SN25860 to assess the effect of DL was 

assessed on the antiproliferative potency of the drug.  

5.3.5.1 	Cell	culture	

EMT6-nfsB cells were cultured in αMEM, supplemented with 5% FCS for < 3 

months from frozen stocks and confirmed to be Mycoplasma-free by PCR-ELISA 

(Roche Diagnostics). 

5.3.5.2 	Cytotoxicity	assay	

An SRB assay was used to assess IC50. Briefly, 150 cells in 100 µL aliquots were 

plated in 96-well microtiter plates. Following 24 h in culture, during which cells 

attached and resumed growth, 100 µL of the tested drug (drug solution, nPSL or pPSL), 

re-suspended in PBS (pH 7.4), were added to each well. For each 8-fold increase in 

drug concentration, four drug concentration points were tested; each test was performed 

in triplicate wells. The cells were treated continuously for 18 h before drug was washed 

out with culture media.  The cultures were then fixed by addition of 50 µL 10% TCA to 

each well for 1 h. Plates were washed with water then stained for 30 min with 50 µL 

SRB (0.4% in 1% acetic acid). The plates were rinsed in four baths of water with 1% 

acetic acid to remove non-cell bound dye before drying. The dye was solubilized with 

100 µL of 10 mM Tris buffer for 2 h at room temperature and the optical density was 

determined using a microplate spectrophotometer (BioTek, Vermont, U.S.A). Culture 

medium was used as negative controls (100%). The effect of DL on cytotoxicity was 
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assessed by comparing the IC50 of pPSL(hDL) with pPSL-SN25860, and nPSL(hDL) 

with nPSL-SN25860.  

5.3.6 Establishment	of	EMT6‐nfsB	tumour	xenograft	model	

5.3.6.1 	Preparation	of	cell	suspension	for	inoculation			

Subconfluent monolayers of EMT6-nfsB cells (passaged in α-MEM + 5 µM 

puromycin) were harvested and seeded into T-175 flasks with a cell density of 1 × 106 

(35 ml/flask). Once culture reached 70% confluence, 0.07% trypsin in citrate-saline was 

used to harvest cells (5 min at 37 °C), this was followed by trypsin quenching with 

medium containing serum. Cells were collected by refrigerated low-speed 

centrifugation; 1 mL of medium was used to resuspend cell pellet as soon as 

centrifugation has stopped. A sample of cell suspension was diluted 100-fold in 

medium and 100 µl was transferred to 40 µl of trypan blue on a hemocytometer to 

determine cell viability and density.  

5.3.6.2 	Method	of	inoculation		

Six Balb/c mice were initially used for trial growth of tumours where EMT6-nfsB 

cells were inoculated subcutaneously at 5 × 106 cells/site. Mice were individually ear 

tagged and monitored regularly for tumour growth. When tumour growth was 

unsuccessful in immunocompetent Balb/c mice, immunocompromised CD-1 nude mice 

were used and the same procedure was followed for tumour inoculation.  

5.3.6.3 	Method	for	tumour	growth	monitoring				

Visual observations were sufficient when tumour size ≤ 3 mm × 3 mm; once 

superseded, electronic callipers were used to measure length (L) and width (W) of 

tumours, and the volume of tumour (V) was calculated according to the following 

equation (Tomayko & Reynolds, 1989): 
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V tumour 	=	L ×	W2	×	0.52     Equation 5.1  

 

5.3.7 Dose	finding	study	in	CD‐1	nude	mice	

Non tumour-bearing CD-1 nude mice were used for in vivo studies to ensure a safe 

dose. nPSL(hDL) and pPSL(hDL) were formulated according to section 5.3.4, then 

condensed by ultracentrifugation to achieve the final dosing concentration. An 

injectable solution of SN25860 was prepared according to section 5.3.3. Formulations 

were administered as single i.v doses via tail vein, using PBS as the vehicle. Dosing 

level started at 1 mmol/kg (512 mg/kg) and was escalated up to 1.33 mmol/kg (681 

mg/kg); two mice were used for each formulation. The volume of injection was 

calculated based on 100 µl/10g body weight (Atwell et al., 2007). Toxicity was 

monitored in CD-1 nude mice to establish the maximum tolerated dose (MTD), defined 

as the highest dose that did not cause body weight loss > 10% or severe morbidity or 

mortality in any of the animals. This dose was then used to treat CD-1 nude mice 

bearing subcutaneous EMT6-nfsB tumours, grown using the method in section 5.3.6.  

5.3.8 Long	circulation	and	tissue	distribution	studies					

A pilot study of long circulation of liposomes was conducted in Balb/c mice at the 

end of the tumour growth study in which tumours failed to grow in 5 weeks following 

inoculation (section 5.3.6.2). 

To predict and interpret the antitumour effects, tissue distribution of drug in 

different formulations (nPSL, pPSL and free drug) was studied in CD-1 nude tumour 

bearing mice. 
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5.3.8.1 	Drug	administration	

Pilot study of long circulation: Six Balb/c mice mice were allocated into three 

groups for the different formulation, free drug solution, nPSL(hDL) and pPSL(hDL). 

These formulations, containing 20 mg/ml SN25860 and 40 mg phospholipids, were 

intravenously administered via tail vein (100 µl/10g of body weight). After 18 h, mice 

were sacrificed and blood was drawn by cardiac puncture. Kidneys, liver and lungs 

were dissected to measure drug concentration.  

Tissue distribution in tumour bearing CD-1 mice:   Twelve CD-1 nude tumour 

bearing mice were used to evaluate tissue distribution of drug in different formulations 

(nPSL, pPSL and free drug; PBS was used as control). Mice were randomised to 

treatment groups (n = 3); once tumours grew to approximately 500 mm3 and were dosed 

with drug formulations at the predetermined MTD of 1 mmol/kg (40 mg phospholipids) 

via tail vein (100 µl/10g of body weight). After 48 h, mice were sacrificed and tumours 

excised.  

5.3.8.2 	Sample	extraction	

Blood samples: Whole blood samples were centrifuged at 1,370 ×g for 20 min at 

20 °C to separate plasma from red blood cells. A two-step method was used to extract 

the drug. Immediately after centrifugation, acetonitrile (450 µl) was added to 50 µl of 

plasma sample and combined by shaking for 3 min. The mixture was centrifuged at 

5,844 × g for 10 min and the supernatant collected. A further 500 µl of acetonitrile was 

added to the precipitate for a second extraction. The combined supernatants were 

evaporated using a concentrator and the residue re-dissolved by vortexing for 3 min 

with 50 µl mobile phase buffer (50 mM ammonium acetate); following centrifugation at 

3,000 rpm for 10 min, the supernatant was collected for HPLC analysis of SN25860. 
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Tissue samples: Organs (kidney, liver and heart) were added to acetonitrile (0.2 g : 

1 mL) and homogenised by a tissue dissociator (gentle MACS Dissociator, Miltenyi 

Biotech) at 2,000 × g for 1.5 min, tumours were minced using cross scalpel blades; 

samples were then centrifuged at 9,000 – 10,000 × g (Wilson et al., 2004). The 

supernatant was then analysed by HPLC and drug concentration was calculated using 

an external standard curve. 

5.3.8.3 	HPLC	analysis	and	validation	

Standard solutions of SN25860 were prepared with a concentration range 0.05 - 5 

µg/ml (0.1 – 10 µM), spiked with mouse plasma, to validate an external standard curve. 

The samples were treated with the same extraction step as section 5.3.8.2. A mobile 

phase of buffer (50 mM ammonium acetate, pH 3.0) : acetonitrile (55:45 v/v) was used 

with detection wavelength at 375 nm. SN25860 concentration was subsequently 

calculated based on this standard curve. QC samples were prepared 0.5, 4.0 and 8.0 

µg/ml using the same method to determine inter-day, intra-day precision and accuracy 

of SN25860 in mouse plasma.  

Sensitivity of the HPLC method was determined by LOD and LOQ, which was 

estimated based on signal-to-noise ratio. The peak height of noise signal was used to 

estimate both parameters. The peak height of the LOD was estimated to be three times 

higher than the noise signal and the peak height of LOQ was estimated to be ten times 

higher than that of the noise signal (Branch, 2005). 

5.3.9 Antitumour	activity	

5.3.9.1 	Tumour	inoculation		

Female CD-1 nude mice were inoculated with EMT6-nfsB tumours according to 

section 5.3.6. Tumours size and welfare of mice were monitored regularly for 15 days, 



 

166 
 

during which time tumour grew without ulceration. Mice were ear-tagged and 

randomised to treatment groups (3-7 mice /group) where tumours were grown until 

their volume reached 200 mm3, subsequently SN25860 solution, nPSL(hDL), 

pPSL(hDL) and PBS (control) were administered.  

5.3.9.2 	Drug	administration		

Drug formulations [solution, nPSL(hDL) and pPSL(hDL)] were prepared fresh 1-2 

days before dosing and intravenously injected via tail vein at the MTD of 1 mmol/kg 

(512 mg/kg), the MTD determined in section 5.3.7. A control group of mice were dosed 

with PBS at the same volume.  

5.3.9.3 	Antitumour	efficacy	

After 48 h, mice were sacrificed; tumours were dissected under aspetic conditions 

by submerging the body briefly in 80% ethanol and removing the tumours in a sterile 

hood. The excised tumours were minced before dissociation with an enzyme cocktail 

(Pronase 2.5 mg/ml, Collagenase 1 mg/ml, DNAase 0.2 mg/ml) and incubated at 37 °C 

for 45 min. After tumour dissociation, cells were collected by low-speed centrifugation 

and cell density was determined by hemocytometer or electronic particle counter. A 

known number of cells (1 × 105 cells followed by a 6-fold dilution down to 4.6 × 102 

cells) were plated onto P-60 tissue culture plates containing α-MEM + 5% FCS + 3 µM 

puromycin and grown for 7 days in 5% CO2 incubator at 37 °C to assess clonogenic 

survival. After incubation, cells were stained with 2% methylene blue in 50% ethanol. 

Dilutions providing between 10 and 100 colonies/dish were counted and plating 

efficiency (PE) was calculated using the following equation: 

PE	=	 number of colonies

	number of cells plates
     Equation 5.2 
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PE refers to the percentage of cells seeded into each dish that grows to form a colony. 

One of three outcomes may occur to cells after a chemotherapeutic insult: 1) some cells 

may remain single, not divide, and may show nuclear deterioration as they die by 

apoptosis – these cells would be scored as dead, 2) some cells may undergo one or two 

divisions and form small colonies of a few cells. These cells would be scored as dead, 

and 3) some cells may form large colonies, indicating that the cells have survived the 

treatment and have retained the ability to reproduce indefinitely (Munshi et al., 2005). 

Due to the non-linear relationship between number of seeded cells and cell 

proliferation, specific criteria for selection of data for calculating PE are required to 

choose dilutions which are most representative of the clonogenic capabilities of each 

tumour; these criteria include ((Franken et al., 2006):  

i. When higher dilution count > 100 colonies (average) and lower dilution 20-

100 colonies. PE was used from the dilution with fewer colonies, 

ii. When higher dilution count > 100 colonies; lower dilution count < 20 

colonies. PE was the averaged data from both,   

iii. When high dilution count < 100 colonies; lower dilution count < 20 

colonies. PE was used  from the dilution with more colonies, and  

iv. When higher dilution count < 100; lower dilution count > 20 colonies. PE 

was the average data from both.  

5.3.10 	Statistical	analysis		

IC50 of pPSL- and nPSL-SN25860 were compared with their high DL counterpart 

formulations, pPSL(hDL) and nPSL(hDL) to assess the effect of DL on cytotoxicity. 

The level of significance for all statistical analysis was set at 0.05. Clonogens/gram of 

tumour tissue was calculated relative to each treatment group and effects of treatment 
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were tested for significance (ANOVA with Tukey’s multiple comparison test) using 

GraphPad Prism 6.01 (GraphPad Software Inc., La Jolla, U.S.A). 

5.4 Results	

5.4.1 Solubilisation	of	SN25860	with	HP‐β‐CD	in	combination	with	pH	

adjustment	and	cosolvent	

SN25860 solution was initially solubilised with 2% (v/v) ethanol, the maximum 

concentration which does not affect the integrity of liposomes (Chapter 2).  Strategies 

of obtaining a high SN25860 concentration (4.5 mg/ml) for liposomal loading were 

investigated by adjustment of HP-β-CD which demonstrated a linear increase in 

solubility with increasing HP-β-CD concentration (Figure 5.1). 

 

Figure 5.1 Solubility of SN25860 (initially solubilised with 2% v/v ethanol) with HP-β-CD at 
pH 8.0. Duplicate results are plotted for each HP-β-CD concentration.  

 

A higher concentration of SN25860 could be achieved with 3% HP-β-CD however 

in a pilot experiment, it was observed that having an HP-β-CD concentration > 2.5% 

affected the integrity of the pPSL membrane and liposome pellet size was reduced after 
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drug loading. Hence, 2.5% (w/v) HP-β-CD and 2% ethanol were used to solubilise 

SN25860 in drug loading of nPSL(hDL) and pPSL(hDL) formulations.  

5.4.2 Factors	to	improve	drug	loading	of	liposomal	formulations		

With further investigations to drug loading parameters, nPSL(hDL) and 

pPSL(hDL) were prepared with significantly higher DL (33.2 ± 1.4% and 32.4 ± 

0.21%, respectively) than the initial proof-of-principle formulations (Chapter 2) and 

will subsequently be used in in vivo studies. Results from optimising formulation 

factors were as followed.  

5.4.2.1 	Concentration	of	calcium	acetate	

A 4.5 mg/ml SN25860 solution, solubilised as described in section 5.3.3, to load 

pPSL(hDL) formulations using intraliposomal 500 mM calcium acetate pPSL yielded 

DL of 32.4 ± 0.21% (mean ± SD, n = 4) whereas when 250 mM calcium acetate was 

used for form blank liposomes, a DL of 12.7 ± 4.6% (mean ± SD, n = 4) was achieved.  

5.4.2.2 	Drug	concentration	in	the	loading	solution	

Drug concentration in the loading medium was increased using strategies to 

solubilise SN25860, as described in section 5.3.3. When 2.5% (w/v) HP-β-CD was 

used, DL of pPSL(hDL) was increased to 31.1 ± 1.3%. This demonstrated an increase 

from when 2% (w/v) HP-β-CD was used to solubilise SN25860, which yielded DL of 

25.4 ± 2.8%. A further increase to 3% HP-β-CD reduced liposome pellet size and it is 

likely that cyclodextrins can affect the integrity of the liposome bilayer (Zhang et al., 

2015).  

5.4.2.3 	Maintaining	consistent	pH	in	the	drug	loading	medium	

The pH of the loading solution was maintained at pH 5.4 for nPSL and pH 8.0 for 

pPSL for the duration of the drug loading process using a phosphate buffer as it was 
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previously observed that despite the initial adjustment, pH of the drug loading solution 

may fluctuate during the loading process. For nPSL(hDL), with pH stabilisation a 

higher DL (33.2 ± 1.4%) could be achieved compared to no pH stabilisation (DL = 24.6 

± 3.1); a similar trend was demonstrated by pPSL(hDL), where pH stabilisation yielded 

DL of 31.1 ± 1.3%, compared to no pH stabilisation (DL = 21.9 ± 2.4) .  

5.4.2.4 	Other	formulation	factors		

Time and temperature of drug loading was also investigated. In the initial 

formulation of nPSL- and pPSL-SN25860, a fixed drug loading time of 45 min was 

used (section 2.4.3.3). Due to the higher drug concentration of SN25860 in the drug 

loading medium of the high DL formulations, it is likely a longer loading time is 

required. After a pilot study, it was determined that 60 min is optimal for drug loading.  

The temperature of drug loading medium was maintained at 47 °C [nPSL(hDL)] and 55 

°C [pPSL(hDL)], which was the same as the method to prepare nPSL- and pPSL-

SN25860 (section 2.4.3.3).  

5.4.2.5 	Pore	size	of	membrane	in	liposome	extrusion	

After drug loading factors were optimised, further efforts to reduce liposome size 

were investigated by extruding blank liposomes through double-stacked 80 nm pore 

size membrane. The resulting blank liposomes were approximately 20 nm smaller than 

100 nm membrane extruded liposomes (Table 5.1). After drug loading, the size of 

nPSL(hDL)- and pPSL(hDL) formulations were also significantly smaller than the same 

formulations loaded with liposomes extruded with 100 nm membrane.  

In a pilot study, blank liposomes were further reduced by extruding with 50nm 

membrane; however EE could only reach 53% (DL approximately 10%). This is 
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concurrent with similar work in the literature where maintaining liposome size range < 

150 nm may comprise loading efficiency (Toy et al., 2014). 

Figure 5.2 shows visual observation of the liposome pellet of the high DL nPSL 

and pPSL formulations, it is apparent that the majority of the drug has been loaded into 

liposomes as the supernatant appears clear and the yellow drug is predominately in the 

liposome pellet.  
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Table 5.1 Drug loading parameters of nPSL(hDL) and pPSL(hDL) using blank liposomes extruded using 100 nm or 80 nm membrane filter sizes. 

 

 

 

 

 

A   B  

Figure 5.2 Visual observations of nPSL(hDL) and pPSL(hDL) formulations before (A) and after (B) unentrapped SN25860 was removed  by 
ultracentrifugation. 

Formulation 
Filter size 

(nm) 
Before drug loading After drug loading 

EE (%) DL (%) 
Size PDI Size PDI 

nPSL(hDL) 
100 122.6 ± 1.6 0.03 ± 0.01 184.1 ± 9.2 0.18 ± 0.03 96.2 ± 0.0 34.6 ± 0.0 
80 102.9 ± 2.6 0.05 ± 0.04 165.5 ± 5.1 0.15 ± 0.04 95.1 ± 0.4 33.2 ± 1.4 

pPSL(hDL) 
100 134.0 ± 2.2 0.06 ± 0.02 173.6 ± 4.4 0.15 ± 0.03 87.0 ± 0.8 32.4 ± 0.2 
80 115.1 ± 3.2 0.12 ± 0.09 168.9 ± 4.2 0.20 ± 0.02 85.9 ± 1.4 31.1 ± 1.3 
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5.4.3 Characteristics	of	highly	drug	loaded	liposomal	SN25860	

5.4.3.1 	Size	and	morphology	of	high	DL	liposomes	

Size and zeta potential of pPSL(hDL) and nPSL(hDL) are presented in Table 

5.2. Cryo-TEM micrographs (Figure 5.3) of blank and drug loaded nPSL(hDL) and 

pPSL(hDL) showed unilamellae liposomes of generally uniform size. It is apparent that 

drug loaded liposomes had drug precipitate inside the liposome core (indicated by red 

arrows).  

 

 

 

 

 

 

 

 

 

 

 

  

 

 A  B  

 C  D  

Figure 5.3 Cryo-TEM micrographs of blank nPSL (A) and pPSL (B), and drug loaded 
formulations nPSL(hDL) (C) and pPSL(hDL) (D). The red arrows indicate drug 
precipitates or ‘bundles’ in the liposome cores.  
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5.4.3.2 	pH‐responsive	drug	release	of	high	DL	liposomal	formulations	

The high drug loaded formulations of loaded nPSL(hDL) and pPSL(hDL) showed a 

different drug release profile (at pH 7.4) compared to their low DL formulation 

counterparts (Figure 5.4A). The burst release of drug in the first 5 h seen in 

formulations with low drug loading (Figure 2.8) was no longer present in both 

nPSL(hDL) and pPSL(hDL) after 6 h. After 24 h, 70% of drug still remains entrapped 

but after 48 h, the majority of drug has released. Serum drug release of pPSL(hDL) was 

shown in Figure 5.4B. An initial burst release can be seen at 3 h, followed by a plateau 

of drug release. Over 24 h, 65.5% of drug was released.  

 

Figure 5.4 Cumulative drug release profile of nPSL(hDL) and pPSL(hDL) formulations at pH 
7.4, 6.5 and 5.5 over 48 h (A) (mean ± SD; n = 3). Serum drug release of pPSL(hDL) over 24 h 
is also shown (B). Cumulative release of free drug achieves nearly complete release after 3 h. 
Data points were inter-experiment means and errors are SD for 3 experiments.  
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5.4.3.3 	Physicochemical	stability	of	high	DL	liposomal	formulations	

The highly drug loaded liposomal formulations remained stable over 2 months 

in both suspension and pellet form, with no significant increases to particle size and 

zeta potential. At 3 months, increased particle size was observed and some drug leakage 

also occurred (Table 5.2). At 4 months, drug leakage of up to 47% was observed and 

the size of liposomes increased significantly.  

Chemical stability of SN25860 encapsulated in pPSL(hDL) and nPSL(hDL) were 

evaluated by analysing the total concentration of drug remaining after 4 months and 

was calculated by measuring intra and extrarliposomal drug concentration, drug 

degradation was  ≤ 6.5% which demonstrated the improved stability of SN25860 when 

encapsulated in liposome form, compared to free drug.  
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Table 5.2 Stability of high DL liposomal-SN25860 stored in suspension and pellet form, protected from light and maintained at 4 °C (mean 
± SD, n = 3). 

Formulation 
Time 

(month)
Particle size 

(nm) 
PDI 

Zeta potential 
(mV) 

SN25860 
remaining (%) 

Total drug 
concentration 

(mg/ml) 
pPSL(hDL)  

(pellet) 
0 168.9 ± 4.2 0.04 ± 0.01  -0.05 ± 0.02 100.0 ± 1.0 3.9  ± 0.6 

 1 168.1 ± 2.9 0.05 ± 0.03 0.06 ± 0.02 96.1 ± 0.4  
 2 178.3 ± 2.6 0.05 ± 0.05 0.05 ± 0.06 92.8 ± 1.6*  
 3 178.9 ± 3.2* 0.06 ± 0.02 0.06 ± 0.10 82.4 ± 3.2** 3.7 ± 0.3 
 4 183.0 ± 4.1** 0.10 ± 0.02 0.11 ± 0.09 52.7 ± 2.8**  

pPSL(hDL) 
(suspended in PBS) 

0 168.9 ± 4.2 0.03 ± 0.00 -0.03 ± 0.04  100.0 ± 0.8 3.8 ± 0.4 

 1 167.7 ± 2.8 0.05 ± 0.01 0.02 ± 0.04 94.9 ± 1.2  
 2 174.3 ± 0.6 0.06 ± 0.04 0.06 ± 0.02 91.9 ± 2.4  
 3 180.1 ± 2.4* 0.10 ± 0.01 0.10 ± 0.09 75.1 ± 4.1**  
 4 189.4 ± 3.3** 0.11 ± 0.02 0.13 ± 0.04 48.2 ± 2.6** 3.4 ± 0.2 

nPSL-SN25860  
(pellet) 

0 165.5 ± 5.1 0.05 ± 0.02 0.06 ± 0.10 100.0 ± 0.5 4.3 ± 0.9 

 1 168.2 ± 3.7 0.04 ± 0.03 0.08 ± 0.09 93.2 ± 3.4  
 2 169.1 ± 1.8 0.07 ± 0.05 0.14 ± 0.03 90.2 ± 1.8  
 3 177.3 ± 3.4* 0.06 ± 0.02 0.12 ± 0.11 79.8 ± 4.1**  
 4 179.9 ± 4.0** 0.10 ± 0.04 0.13 ± 0.06 52.8 ± 3.4** 4.1 ± 0.1 

nPSL- SN25860  
(in PBS) 

0 165.5 ± 5.1 0.04 ± 0.02 0.04 ± 0.01 100.0 ± 1.2 4.2 ± 0.2 

  1 172.6 ± 2.8 0.05 ± 0.01 0.05 ± 0.02 95.4 ± 2.4  
  2 174.7 ± 3.1 0.07 ± 0.02 0.09 ± 0.03 92.2 ± 3.1  
  3 186.4 ± 2.6* 0.11 ± 0.04 0.09 ± 0.04 83.6 ± 2.8**  
  4 188.9 ± 3.4** 0.11 ± 0.02 0.13 ± 0.02 54.2 ± 2.4** 3.9 ± 0.2 

*P<0.05 compared with freshly prepared formulations; **P<0.01 compared with freshly prepared formulations.
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5.4.4 Effect	of	drug	loading	on	cytotoxicity	in	mouse	mammary	carcinoma	cells	

Following an 18 h exposure of EMT6-nfsB cells to high DL liposomal formulations, it 

was shown that high DL formulations appeared to be significantly more cytotoxic 

compared to free drug; indeed nPSL(hDL) and pPSL(hDL) demonstrated a 6.6- and 141-

fold decrease in IC50, respectively (Figure 5.5). 

In comparison to the initial nPSL- and pPSL-SN25860 formulations, with lower DL 

(Table 2.5), both high DL formulations also demonstrated increased cytotoxicity; both had 

a 5.8-fold decrease in IC50 compared to the respective low drug loaded nPSL-SN25860 

and pPSL-SN25860.  

 

Figure 5.5 Growth inhibition curves of EMT6-nfsB cells treated with free drug, and high drug 
loaded nPSL(hDL) and pPSL(hDL) for 18 h, for which IC50 values are 31.06 µM, 4.71 µM and 
0.22 µM respectively (mean ± SEM; n = 3).   

 

5.4.5 Establishment	of	EMT6‐nfsB	tumour	model	

Tumours failed to grow in Balb/c mice following observations for 6 weeks. CD-1 

nude mice were subsequently used and EMT6-nfsB tumours grew successfully with a 

growth curve shown in Figure 5.6. At day 15, tumours started to ulcerate however no 
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bleeding from tumours were observed. After 16 day, tumours reached an approximate 

volume of 500 mm3, the tumour bearing CD-1 nude mice were used for tumour targeting 

experiments.  

 

Figure 5.6 EMT6-nfsB tumour growth in CD-1 nude mice over 16 days (mean ± SEM, n = 5). 

 

5.4.6 Dose	finding	study	

The MTD of drug formulations in CD-1, non-tumour bearing mice, was 1 mmol/kg at 

which mice did not suffer morbidity (weight loss < 5%) or mortality over 2 weeks, the 

change in body weight after dosing is shown in Figure 5.7 (absolute body weight shown in 

Appendix 4). The welfare of animals was monitored and recorded (Appendix 3B). At the 

higher dose (1.33 mmol/kg), mice dosed with nPSL(hDL) showed morbidity within 30 

min after dosing, with slow movements, partial eye closure and reduced responsiveness to 

touch, and were culled humanely. Mice dosed with pPSL(hDL) at this dose level 

demonstrated morbidity after 2 weeks, which were also culled. Therefore a dose level of 1 

mmol/kg was chosen for further tumour targeting and efficacy experiments. 
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Figure 5.7 Body weight change of non-tumour bearing CD-1 nude mice following a single i.v 
treatment with SN25860 formulations [(drug solution, nPSL(hDL) and pPSL(hDL)] at 1 mmol/kg 
over 2 weeks (mean ± SD, n = 2). 

 

5.4.7 Long	circulation	and	tissue	distribution		

5.4.7.1 	HPLC	analysis	and	validation		

Figure 5.8 showed the standard curve for SN25860 solutions (0.02 – 5 µg/ml) in 

plasma, from which drug concentrations were calculated. The assay with spiked plasma 

had good linearity (r2 = 0.997) with no interference was observed from plasma 

components. The recoveries (1 µg/ml) after two extraction steps for all concentrations 

were > 85%.  
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Figure 5.8 HPLC standard curve of SN25860 concentrations (0.05 - 5µg/ml) spiked with mouse 
plasma (mean ± S.D; n = 4). 

 

The blank tumours and plasma causes no interference in HPLC peak of SN25860, 

hence the drug peaks used in calculation were specific to drug concentration (Appendix 5).  

Table 5.4 summarises the inter-day, intra-day precision and accuracy of the standard 

assays. The precision of the HPLC method was evaluated through the determination of the 

R.S.D; accuracy was calculated using Equation 2.4. The intra-day variability of the QC 

standards (0.5, 4.0 and 8 µg/ml) was 2.08%, 0.50% and 0.50% respectively, which 

suggests that the repeatability of the HPLC assay is adequate. Both intra-day and inter-day 

variabilities were ≤ 5%, which are within the ICH guidelines of acceptability (Branch, 

2005).  
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Table 5.4 Inter-day, intra-day precision and accuracy of QC standards of SN25860 in mouse 
plasma (means ± SD, n = 6). 

 Nominal 
concentration 

(µg/ml) 

Mean ± SD 
(µg/ml) 

Precision 
(% R.S.D ) 

Accuracy 
(% nominal) 

Inter-day 
0.5 0.53 ± 0.03 5.66 106  
4.0 3.98 ± 0.02 0.50 99.5 
8.0 7.99 ± 0.25 3.13 99.9 

Intra-day 
0.5 0.48 ± 0.01 2.08 96.0 
4.0 4.00 ± 0.02 0.50 100.0 
8.0 8.04 ± 0.04 0.50 100.5 

 

The LOD and LOQ of SN25860 in plasma were estimated at 0.015µg/ml and 0.05 

µg/ml, respectively. The peak height of the noise signal was visibly estimated to be 0.011 

using HPLC chromatograms. The peak height of LOD was estimated at three times higher 

than the peak height of noise signal and the peak height of LOQ was calculated at ten 

times higher than the peak height of noise signal. The peak height of the noise signal was 

0.011, the estimated peak height of LOD was 0.033 and corresponding for LOQ was 

0.110. These correspond to 0.015 µg/ml and 0.05 µg/ml, respectively. 

5.4.7.2 	Long	circulation	and	tissue	distribution	in	non‐tumour	bearing	Balb/c	

mice		

Figure 5.9 showed the concentration of drug remaining in plasma and liver of Balb/c 

mice 18 h post injection via tail vein. Plasma drug concentration for drug solution was 

negligible after 18 h; the amount of SN25860 in plasma of nPSL and pPSL-SN25860 

formulations was higher than that of drug solution.  

In contrast, drug concentration in liver was much lower for nPSL and pPSL-SN25860 

formulations compared to drug solution. Drug concentration in heart and kidneys were 

below the LOD (0.015 µg/ml).  
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Figure 5.9 SN25860 concentration remaining in plasma and liver of Balb/c mice after 18 h (n = 2). 
Drug concentration in heart and kidneys were below 0.015 µg/ml. 

 

5.4.7.3 	Tissue	distribution	in	tumour‐bearing	CD‐1	nude	mice	

The study of tissue distribution in tumour bearing CD-1 nude mice showed no 

detectable drug in plasma after 48 h of dosing for any of the formulation groups, which 

indicated that plasma drug concentration was < 0.015 µg/ml, the LOD of the HPLC assay.   

Table 5.5 shows the amount of SN25860 in tumours determined by HPLC 48 h after a 

single i.v injection. The drug concentration in tumour, expressed as the amount of drug per 

gram of tumour, was 56.3 ± 10.3 µg/g for pPSL(hDL), almost 9 times that of of 

nPSL(hDL) (6.76 ± 0.76 µg/g); while free drug was not quantifiable (< 0.05 µg/ml). The 

proportion of drug to reach the tumour (as a function of the amount of drug injected) was 

0.06 ± 0.00% for nPSL(hDL) and 0.47 ± 0.08% for pPSL(hDL).  
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Table 5.5 SN25860 concentration remaining in tumours of CD-1 nude mice at 48 h after i.v 
injection of various formulations (mean ± SD, n = 3).  

Drug 
formulation 

Weight of 
mice 
(mg) 

Weight of 
tumour  

(mg) 

  Drug conc. 
in tumour 

(µg/g) 

Proportion of 
intratumoural 

drug (%) 

Control 23.22 320 < 0.05 < 4 × 10-4 
Solution 23.8 ± 1.8 293 ± 51 < 0.05 < 4 × 10-4 

nPSL-SN 23.4 ± 1.4 286 ± 25 6.76 ± 0.76 0.06 ± 0.00 
pPSL-SN 23.6 ± 0.7 471 ± 80 56.3± 10.3 0.47± 0.08 

 

5.4.8 Antitumour	activity		

Tumours bearing CD-1 nude mice were randomised into treatment groups, three 

formulation treatment groups were given a dose of 1 mmol/kg SN25860, with PBS as 

control. Figure 5.10A shows a tumour bearing mouse before drug dosing, it can be seen 

that the EMT6-nfsB tumour grew with minimal ulceration. After 48 h, the tumour size was 

measured once again, animals were sacrificed and tumours excised. From Panel B (Figure 

5.10B), it can be seen that tumours had defined margins.  

Tumour volume growth in each randomised treatment group over 15 days is shown in 

Figure 5.10C. After dosing, tumour volume was reduced for nPSL(hDL) and pPSL(hDL) 

formulations while tumours in the control and drug solution groups continued to increase. 

This was confirmed by comparing data on day 15 and day 17 after tumour inoculation 

(Figure 5.10D).  

The number of colonies grown for all plates was manually counted; PE was calculated 

for all dilutions and the number of clonogens per gram of tumour was calculated for the 

best PE as determined by criteria in section 5.3.9.3 (Appendix 6). An image representative 

of plates in each drug treatment group is shown in Figure 5.11A.  

Using a one-way ANOVA analyse (with Tukey’s multiple comparison test) of log-

transformed data of colony count for the different treatment groups (control, solution, 
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nPSL and pPSL), a statistically significant difference was shown for control versus all 

other treatment groups. The comparison of other formulations groups are indicated by 

asterisks in Figure 5.11C.  

 

Figure 5.10 Photographs of tumour bearing mice before treatment (A) and excised tumour after 
formulation treatment (B). Graphical representation of tumour growth in CD-1 nude mice after a 
single drug dose (C), and the ratio of tumour growth 48 h after drug formulations were 
administered (D) (mean ± S.E.M; n = 3 for control group; n = 7 for drug treated groups). 
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Figure 5.11 Photo of clonogenic plates showing representative median tumour cell colonies grown 
from cells treated with drug solution, nPSL(hDL) and pPSL(hDL); PBS treated mice were used as 
control (A). Panel B shows antitumour activity of SN25860 formulations against subcutaneous 
EMT6-nfsB tumour xenografts by ex vivo clonogenic assay 48 h after a single i.v dose (n = 3 for 
control group; n = 7 for drug treated groups). Line, geometric mean; bars, SEM. Panel C shows p-
values for multiple comparison of Tukey’s analysis.  
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5.5 Discussion		

5.5.1 Aqueous	injectable	drug	solution	

A highly concentrated aqueous SN25860 solution was obtained based on combined 

solubilisation approaches of solubiliser optimisation and pH adjustment. The small amount 

of ethanol was initially used to partially dissolve the drug without affecting the potential 

integrity of liposomes or causing toxicity in vivo (Nałecz‐Jawecki et al., 1997). The use of 

HP-β-CD was able to solubilise SN25860 by the formation of inclusion complexes and the 

relationship between drug solubilisation and HP-β-CD concentration appeared to be linear 

(Figure 5.1), which suggests that a 1:1 complex between SN25860 and HP-β-CD was 

formed (Cavalcanti et al., 2011). The adjustment of the aqueous drug solution to pH 8.0 

also contributed to the solubilisation of the SN25860. The weakly acidic drug (pKa 4.16) is 

predominately in the ionised form at pH 8.0, according to the Henderson-Hasselbalch 

equation, described in Chapter 1 (Equation 1.1). The pH of the drug solution is close to the 

physiological pH of 7.4 and should not cause tissue irritation in vivo. Furthermore, HP-β-

CD is a tissue compatible excipient and its use to solubilise SN25860 in aqueous solution 

can inhibit post-injection drug precipitation to enhance drug absorption (Wu et al., 2010). 

5.5.2 Formulation	of	a	high	drug	loaded	pH‐sensitive	SN25860	liposome	

For the liposomal formulation of SN25860 (nPSL and pPSL) to have in vivo 

relevance, a highly drug loaded formulation is required. In the field of liposomal drug 

delivery of anticancer drugs, much effort has gone in to improving the drug loading of 

formulations, the highest drug loading of the hydrophobic camptothecin into liposome-like 

nano-capsules has been achieved by Shen and co-workers at 58 wt% (Shen et al., 2010).  

Similarly, Drummond developed a nanoliposomal irinotecan with >800 g drug/mol 

phospholipid (Drummond et al., 2006). Formulation factors, both in the preparation of 
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liposomes and active drug loading, were investigated and a significantly higher DL was 

achieved compared to that described in Chapter 2. The tissue distribution, in vivo dosing 

and antitumour effects of pPSL(hDL) was subsequently investigated and compared with 

nPSL(hDL) and drug solution.  

Manipulation of active loading conditions as well as the aid of solubilizers, such as 

cyclodextrin and ethanol, culminated in a maximal DL of 33.2% w/w of nPSL(hDL) and 

31.1% w/w of pPSL(hDL) formulations, this is the highest drug loading of a lipophilic 

drug achieved to date. In both cases, high EE (> 85%) was also achieved. The high DL 

may be attributed to active drug loading mechanisms utilising a high concentration (500 

mM) of calcium acetate to establish a pH gradient between the liposomal membranes. As 

previously discussed, the continual efflux of protons from liposomes in the form of acetic 

acid enhances the transmembrane pH gradient, with a 1000-fold higher concentration of 

calcium acetate inside the liposome core (Zucker et al., 2009), it is likely that the pH 

gradient driving force is enhanced. This is consistent with findings from the literature in 

that a low salt concentration (≤ 100 mM) leads to reduced drug loading (Zucker et al., 

2009). Furthermore, the increase in calcium ions which form insoluble complexes with 

drug molecules may be able to sequester an increased amount of drug to increase EE and 

reduce drug leakage. 

The combined strategies of increasing drug concentration by utilising solubilisers and 

pH of the drug loading medium have also been an important factor in optimising DL of the 

pPSL and nPSL formulations. The optimised HP-β-CD concentration was able to 

solubilise the highest concentration of SN25860 without disruption the liposome bilayer 

(Hatzi et al., 2007). The optimal concentration of HP-β-CD was determined to be 2.5% w/v 

(Figure 5.1). The adjustment and maintenance of pH in the drug loading medium was also 

important for maintaining solubility in the drug loading medium to provide a rich drug 
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reservoir for loading (Barenholz, 2007). Both strategies are able to reduce drug 

precipitation, the ability of HP-β-CD to form inclusion complexes with SN25860 and high 

pH to maintain a high proportion of ionised drug are able to stabilise the supersaturated 

drug solution (Modi et al., 2012). The overall result allowed for i.v dosing of liposomal-

SN25860 at 4 mg/ml. Furthermore, post injection drug precipitation may be prevented as 

pH of the diluent is close to physiological pH which reduces injection site tissue irritation 

resulting from drug precipitation.  

To exploit the leaky vasculature of solid tumour tissue, it is pertinent that drug 

loaded liposomes are as close to 100 nm as possible and it has been suggested that 

particles > 160 nm may not be able to efficiently utilise the EPR effect for tumour 

targeting (Nagayasu et al., 1999; Nakamura et al., 2015. Thus efforts were made to reduce 

liposome size by extrusion via 80 nm membrane filters. The final formulation where blank 

liposomes were extruded through 80 nm membrane produced the smallest liposomes 

without affecting loading efficacy (Table 5.1).  

Drug release of the highly drug loaded liposomal formulations were improved 

compared to its low drug loaded counterparts. Figure 5.4 demonstrated sustained drug 

release over 24 h with 70% of drug still entrapped, compared to Figure 2.8 where only 

45% of drug remain entrapped in the low DL pPSL formulation. The enhanced ability of 

pPSL(hDL) to retain drug in the liposome core may be due to the complexation of the drug 

with intraliposomal calcium which causes reduced solubility of the drug and causes 

sequestration inside the liposome core (Modi et al., 2012). This was supported by evidence 

from cryo-TEM images of ‘bundles’ of drug precipitates (Figure 5.3D), which is consistent 

with other findings of highly drug loaded liposome formulations (Zhang et al., 2015). 
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The formulations demonstrated minimal leakage over 60 days with no significant 

changes to particle size and zeta potential. This indicates their suitability for cold storage 

for up to 2 months and is consistent with the initial pPSL-SN25860 formulation, described 

in Chapter 2, which suggests that the increased amount of drug in the liposome core has 

not affected the stability of the formulation.  

Cytotoxicity of the high drug loaded liposomal formulations were investigated in 

EMT6-nfsB cells and compared to low drug loaded formulations (developed in Chapter 2) 

to evaluate the importance of DL.  High DL of liposomal formulations was able to 

significantly increase cytotoxicity of the formulation in the EMT6-nfsB cell line. Both 

nPSL(hDL) and pPSL(hDL) had a 5.8-fold increase in IC50 compared to the respective low 

drug loaded nPSL-SN25860 and pPSL-SN25860. Furthermore, compared to the free drug 

solution, nPSL(hDL) and pPSL(hDL) demonstrated a 6.6- and 141-fold respective increase 

in IC50 (Figure 5.5). The mechanism for this substantial increase in cytotoxicity may due to 

to the process of liposome uptake into cells, which is considered to be via energy-

dependent pathways of endocytosis (Kim et al., 2012), followed by release of the drug 

from endosomes to allow efficient cytoplasmic delivery and subsequently delivery to the 

nucleus (Huang et al., 2010; Kirkham & Parton, 2005. A higher DL leads to a greater 

amount of drug to be taken up by cells using the same amount of energy. This is consistent 

with other reports of highly drug loaded formulations (Ogawara et al., 2008). 

5.5.3 Establishment	of	EMT6‐nfsB	tumours	models	

Two liposome formulations were compared for plasma and tumour retention in 

mice as well as tumour targeting abilities. In vivo responses were investigated after i.v 

administration via tail vein, compared with free drug solution.  
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In an initial pilot experiment, tumours failed to grow in Balb/c mice, which may be 

due to the immunogenicity of transfected cells line, eliciting a specific T-cell response in 

Balb/c host. EMT6-nfsB tumours in CD-1 nude mice grew to 500 mm3 in 16 days, this was 

similar to previous findings (Atwell et al., 2007; Wilson et al., 2004).  

5.5.4 Long	circulation	and	tissue	distribution	

The standard curve of SN25860 in mouse plasma demonstrated good linearity over the 

concentration range from 0.05 to 5 µg/ml (R2 = 0.997; n = 4) with no interference from the 

plasma. The methods meet requirements according to the ICH guidelines (Branch, 2005). 

Preliminary studies on long circulation properties of the liposomes was studied in 

Balb/c mice; following an i.v dose, drug concentration was measured at 18 h. Free drug 

solution was almost completely cleared from blood at 18 h; this is consistent with the short 

half-life of DNB mustards (Atwell et al., 2007). PEGylation of liposomal-SN25860 (nPSL 

and pPSL) conferred steric stabilisation which was able to prolong circulation time by 

reducing RES clearance, which otherwise may result in uptake of liposomes into the liver 

and the spleen within minutes of i.v administration (Sun et al., 2017). This phenomenon 

was likely to have occurred with the administration of SN25860 solution, where drug 

concentration was undetectable in blood and liver accumulation was higher after 18 h 

(Figure 5.9). Drug concentration of nPSL- and pPSL-SN25860 treated animals was similar 

in plasma which suggested a similar ability to retain encapsulated drug at physiological 

conditions when plasma pH = 7.4. 

Drug concentration in the liver of nPSL and pPSL formulations was significantly lower 

than in solution (Figure 5.9) and it is likely that PEGylation reduced liver clearance of the 

liposomes and allowed evasion of the RES. In consideration together with the data for long 

circulation, it may also indicate that drug was retained in the liposomes during blood 
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circulation which is favourable for tumour targeting. This is consistent with the results 

from in vitro serum drug release (Figure 5.4B), where an estimated 40% of drug remain 

encapsulated in pPSL(hDL) after 18 h.  

5.5.5 Tissue	distribution	and	anti‐tumour	effects	of	SN25860	formulations	

In tumour bearing CD-1 nude mice, tissue distribution of SN25860 and its liposomal 

formulations were studied, and although no drug was detectable in plasma 48 h post dose, 

the drug accumulation in tumour was nearly 9 time higher for pPSL(hDL) compared to 

nPSL(hDL) (Table 5.5). The significantly higher tumour accumulation of SN25860 of 

pPSL(hDL) is most likely due to increased cellular uptake of pPSL by EMT6-nfsB cells 

(Table 4.1) and their ability to undergo endosome escape (Figure 4.4). As discussed in 

section 1.6.1.2, DOPE containing liposomes have the ability to improve cytoplasmic 

delivery of encapsulated drug due to their ability for pH-responsive release, indeed pH-

sensitivity data of the pPSL membrane (Figure 2.5D) suggest that at endosome pH (pH 5 – 

5.5), burst release of the pPSL content may occur and subsequent cytoplasmic delivery of 

SN25860. Furthermore, the fusogenic properties of DOPE may help to facilitate cellular 

uptake and efficient internalisation compared to conventional liposomes. Combined with 

the long circulation property of pPSL(hDL), the ability for tumour targeting is enhanced 

compared to nPSL and free drug formulations. Indeed, this was observed with the 

evaluation of the proportion of drug to reach the tumour where pPSL delivered drug 

reached 0.56%, a 9.3-fold increase compared to nPSL delivered drug (0.06%), and no drug 

was detectable in tumour for free drug solution (Table 5.5).  

5.5.6 Antitumour	activity	

Following a single treatment with various SN25860 formulations, size reduction of 

tumours 48 h after dosing was not statistically significant (p ≥ 0.05) compared with the 

untreated controls (Figure 5.10D). This is due to the delayed growth response in DNBM 
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prodrug treated tumour, the chemotherapeutic insult is likely to have eliminated the 

clonogenic potential tumour cells but growth delay requires a longer time than 48 h to 

become significant between different treatment groups. In light of this, significant 

antitumour activities of all three drug formulation were subsequently observed, as 

evaluated by a clonogenic assay endpoint (Figure 5.11). The large variation of tumour size 

reduction in nPSL, and to a smaller extent pPSL, treated tumour which may be due to the 

non-homogenous tumour penetration of drug formulation, indeed from Figure 5.10C faster 

growth of tumours allocated to the pPSL(hDL) treatment group was observed compared to 

other treatment groups, which  may negatively affect the distribution of pPSL, and this 

group demonstrated the most significant tumour reduction (Figure 5.10D).  

To measure the efficacy of SN25860, clonogenic cell killing (i.e. cell sterilisation), 

which integrates the contribution of all cell death was measured as the pharmacodynamics 

endpoint as this is equally applicable to cell cultures and tumour xenografts ((Sebastian 

Yakisich, 2014). Log cell kill in single cell suspensions has a linear relationship with AUC 

of SN258604A or its reduced metabolites, consistent with the linear relationship between 

pharmacodynamics and AUC for other alkylating agents (Ozawa et al., 1988). The 

linearity of clonogenes is over a narrow range due to the nature of cell proliferation, this 

narrow dynamic range creates a situation where not all data can be averaged for PE, and 

hence selection of PE data is based on criteria set out in section 5.3.9.3. The discrepancy 

between reduction in tumour size and reduction in number of clonogenes can be explained 

by the fact that formulations are able to reproductively sterilise cells while they are still 

metabolically active. The time of drug treatment (48 h) is not sufficiently long to observe 

consistent tumour reduction, but if the time was to be extended over months (i.e. tumour 

growth delay assay), it is expected that there may be enhanced tumour regression in nPSL 

and pPSL formulations. 
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Passive targeting by the EPR effect is the proposed mechanism for tumour targeting of 

pPSL. The targeting effect of liposomes is achieved as they remain in the bloodstream, 

where the vessel structure is normal but would extravasate through the leaky vasculature at 

the tumour microenvironment. Upon arrival at the target site, liposomes release their 

payload in the vicinity of tumour cells. The absence of lymphatic drainage from tumours 

contributes to the retention of liposomes, ultimately leading to accumulation of the drug 

payload at the site of tumour (Matsumura & Maeda, 1986). For extravasation of drug-

loaded liposomes, physical properties such as size and surface characteristics are 

particularly important. Hydrophilic particles with a size < 200 nm tend to exhibit improved 

EPR effect, which may be attributed to the increased residence time in blood. Indeed, the 

formulated nPSL and pPSL formulations were able to maintain sustained drug release in 

vitro for 24 h (Figure 5.4) to allow sufficient circulation time for formulations to 

extravasate into tumour tissue.  

To take advantage of the leaky vasculature of tumuors, liposome carriers must evade 

the immune system clearance. Kidneys are able to filter particles smaller than 10 nm and 

the liver can capture particles larger than 100 nm (Papahadjopoulos et al., 1991). Thus, an 

idea nanocarrier should be in a size range between 10 and 100 nm. The kidneys can also 

filter foreign particles based on surface charge; positively charged liposomes can bind 

easily to cells in the body before reaching the target tumour cells. It was traditionally 

recognised that nanocarriers should be anionic or neutral for successful evasion of renal 

elimination (Acharya & Sahoo, 2011). However, this may cause issues with cellular 

interaction at the target tumour cells. The DOPE component of the pPSL carrier has the 

ability to undergo protonation in acidic pH, thus they are able to avoid RES clearance in 

the systemic circulation while maintaining the ability for intracellular drug delivery. The 

capability of pPSL(hDL) to achieve long circulation allows the formulation to exploit the 
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leaky vasculature of tumours and together with its ability to achieve enhanced cellular 

uptake and endosome escape may contribute to is improved in vivo antitumour efficacy.  

5.6 Conclusion		

To enable drug dosing, a highly drug loaded pPSL was obtained with a maximal DL of 

32.4 ± 0.21% (EE = 87.0 ± 0.82%). Similarly, using the loading strategies, the DL of 

nPSL-SN25860 was increased to 33.2 ± 1.4% (EE = 95.1 ± 0.4%).  Furthermore, an 

injectable solution of highly concentrated SN25860 was also achieved by investigation of 

solubilisers. The final high DL formulations, nPSL(hDL) and pPSL(hDL) demonstrated 

increased blood circulation time compared to free drug solution, with less liver 

accumulation. Tumour accumulation of pPSL delivered SN25860 was significantly higher 

compared to nPSL delivered or free drug solution, as found 48 h post injection. 

Furthermore the antitumour effects of pPSL(hDL) was significantly higher than that of 

free drug solution and possibly nPSL(hDL)-SN.  
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CHAPTER SIX. General Discussion and Future 
Directions		
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6.1 General	discussion	

Cancer is a leading cause of morbidity and mortality worldwide. Chemotherapy is the 

mainstay treatment for solid tumours (Medina & Fausel, 2008) and from its inception has 

contributed to improved cancer survival rates (Jonsson & Wilking, 2007).  However, non-

selective tumour targeting has led to unwanted side effects. 

Overcoming biological barriers is one of the major obstacles to the development of 

efficacious “next generation” chemotherapeutics. The human body has exquisite 

mechanisms for maintaining health and homeostasis, which limit targeted, controlled, and 

sustained drug delivery. Similarly, the unique physiology of diseased states, such as solid 

tumours, potentially presents additional barriers that must be overcome. The features of 

solid tumours, in particular the leaky vasculature, low pH and hypoxia, may be utilised for 

tumour specific targeting.  

A pharmacological approach to tumour targeting is the design of DNBM prodrugs 

which are selectively activated under tumour hypoxia to reduce toxicity to normal tissues. 

DNBM prodrugs have demonstrated success in tumour regression in animal models 

(Patterson et al., 2007). However, certain design characteristics of drug molecules affect 

their druggability and tumour-specificity. An example of this is the addition of a weakly 

acidic side chain to make SN25860, which was designed to avoid activation by the enzyme, 

AKR1C3 which was also found to be in normal tissues and rapid clearance by 

glucuronidation; however aqueous solubility was compromised. Similarly, SN23816 is a 

weakly basic DNBM prodrug with a carboxamide side chain, which increases its aqueous 

solubility due to a higher pKa, but this reduced the potential for cell uptake due to the 

effect of ionisation. Additionally, DNBM prodrugs are lipophilic and thus poorly water-

soluble, posing a challenge in formulation an aqueous solution as injectables. Thus, while 
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both DNBM prodrugs have excellent potential for chemotherapy, limitations of cellular 

uptake and non-specific tumour distribution reduces their clinical application and drug 

delivery strategies are required to address these issues.  

In the field of pharmaceutical research, nano-sized liposomal drug delivery systems 

have played a significant role in improving tumour specificity and reducing side effects of 

cancer chemotherapy (Allen & Cullis, 2004).  Recently, PEGylated pH-sensitive 

liposomes (pPSL) as a refined liposomes, have attracted interest due to their ability to 

increase intracellular drug availability in tumours by circumventing endosome entrapment, 

thus increasing the intracellular drug availability (Ducat et al., 2011). pPSL are able to 

exploit the characteristics of low pH in solid tumours, they are designed to be stable at 

physiological pH but destabilise or become fusogenic in an acidic medium (Yatvin et al., 

1980), such as endosomes (Karanth & Murthy, 2007), to release their drug payload into 

the cytosol. DOPE based pPSL have fusogenic properties and are able to encapsulate 

DNBM prodrugs to achieve tumour-specific accumulation and endosome escape through 

pH-triggered release, as discussed in Chapter 1. 

The aim of this thesis was to investigate a combination of strategies including 

pharmacological targeting (using DNBM prodrugs) and drug delivery approaches 

(utilising a pH-sensitive liposomal system based on the fusogenic DOPE), to exploit the 

features of solid tumours (hypoxia, low pH and leakly vasculature) to achieve tumour 

targeted, intracellularly delivery of DNBM prodrugs (Figure 6.1). SN25860 is used as a 

representative weakly acidic prodrug and SN23816 is a weakly basic prodrug for 

comparison. It is hypothesised that pPSL drug delivery system would confer better tumour 

targeting of the DNBM prodrugs via the desired ‘EPR’ effect and thus reduce off-target 

side effects and reduce the therapeutic dose. Once in the tumours, pPSL nanocarriers may 

enhance cytoplasmic delivery via both enhanced cellular uptake (due to the fusogenic 
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properties of DOPE) and endosome escape and consequently cytotoxicity may be 

increased. Additionally, the pPSL serves as a solubilising approach enabling dosing at the 

therapeutic levels and may overcome the cellular barrier posed by the high degree of 

ionisation. The simulated modelling of pH-dependent cellular uptake of the weak acid and 

base provides valuable comparative data for the permeability of ionised drugs in cancer 

cells.  
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Figure 6.1 Schematic representation highlighting the structure of this thesis. 
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To achieve the aforementioned aims, a systematic approach was taken in the 

research and development of an effective pH-sensitive liposomal carrier for SN25860 

and SN23816 with the understanding of important formulation and biological factors, in 

vitro and in vivo.  

Firstly, the formulation of pPSL loaded with DNBM prodrugs require a high DL 

and thus require active drug loading strategies. The systematic investigation of 

liposome formulation parameters as well as drug loading factors was carefully 

considered due to the precarious nature of pH balance in the drug loading process. The 

pPSL membrane must be formulated with pH-responsiveness to the tumoural pH, either 

extracellular (pH approximately 6.5) (Yatvin et al., 1980) and/or endosomal acidity (pH 

5 – 5.5) (Lindner & Hossann, 2010), while maintaining stability at physiological pH for 

an extended period of time (24 h) (Lindner & Hossann, 2010) in order to exploit the 

EPR effect (Matsumura & Maeda, 1986) (Figure 1.5).  

Once optimised, the pPSL membrane was investigated for stability at physiological 

pH and selective release at pH 6.5 (pHex) and pH 5 - 5.5 (endosome pH) (Chapter 2), 

strategies were developed to load the acidic SN25860 (Chapter 2) and the basic 

SN23816 (Chapter 3) with high DL. Sufficient DL (drug to lipid ratio) is recognised as 

a crucial factor for anti-tumour efficacy for other anticancer formulations, such as 

liposomal gemcitabine (Xu et al., 2014).  As endocytosis is an energy-related process, it 

is conceivable that only a high DL could result in enhanced cellular uptake of 

liposomes and intracellular drug concentration using the same amount of energy.  

Despite the enhanced efficiency of intracellular delivery by pPSL delivered, enhanced 

cytoplasmic drug concentration is not guaranteed unless the liposomes contain high 

drug content.  
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The systematic optimisation of drug loading parameters, in particular loading time, 

temperature, pH and the use of cyclodextrins as solubilisers, were major contributors to 

high DL of pPSL formulations (Chapter 2). This lead to the development of 

significantly higher drug loaded pPSL-SN25860 which was subsequently used for 

animal studies at an effective dose (Chapter 5). In this study the increase of DL of 

SN25860 from 7.0 ± 0.2% (Chapter 2) to 31.1 ± 1.3% (Chapter 5) was a significant 

achievement and demonstrated enhanced cytotoxicity (5.8-fold decrease in IC50). This 

is likely due to the increased efficiency of intracellular delivery of drug by pPSL. 

Equally importantly, the high DL pPSL formulation (and the corresponding nPSL 

formulation) was able to achieve a dose level of 4mg/ml for in vivo studies.    

Chapter 3, based on the understanding of the pPSL properties and by using 

different pH gradient, the weakly basic SN23816 was successfully loaded into pPSL. 

Cytotoxicity was also significantly improved with the pPSL formulation compared to 

free drug, both under aerobic and hypoxic conditions. The likely mechanisms for the 

increase in cytotoxicity of pPSL-SN23816 are enhanced cellular uptake and endosome 

escape facilitated by DOPE of the pPSL membrane. Furthermore, the pPSL-SN23816 

formulation is also more likely to utilise the leaky vasculature of the tumour tissue due 

to their long-circulation and small size. As discussed in section 1.4.1, passive targeting 

by liposomes can preferentially deliver the chemotherapeutic payload to the target 

tumour cells and relies on the EPR effect. Recently there have been contentious 

discussions about the applicability of the EPR effect in tumour targeting. In 

experimental animal models, it appears that the EPR effect differs from tumour to 

tumour xenografts implanted at the same site (Yuan et al., 1994), and from site to site 

following implantation of the same tumour (Jain et al., 1998). Furthermore, the rate of 

tumour growth in mice may not be comparable to that of human patients, with 
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spontaneously formed, slow growing tumours, which reflects the heterogenous nature 

of the EPR effect (Nichols & Bae, 2014). Although there seems to be a clear EPR effect 

in clinical tumours ((Bae & Park, 2011), the extent of the effect and its heterogeneity 

affects the application of nanoparticles, such as liposomes, and there is a need for 

systematic investigation of factors that affects clinical EPR outcomes.  

In Chapter 4, cellular uptake of the acidic SN25860 and basic SN23816 were 

simulated based on their pKa values and published pHi and pHex. Due to the fact that 

pHex of tumour tissue (approximately 6.5) is significantly lower than that of normal 

tissue, whereas pHi remains similar for both tissues, a pH gradient exists across the cell 

membrane. Ionisable anticancer drugs, whereby the main mechanism of cell permeation 

is passive diffusion, will have differing accessibility to cells depending on their pKa and 

the pH of the microenvironment. In principle, it may be expected that low pHex can 

enhance the intracellular uptake of weakly acidic chemotherapeutics with an opposite 

effect on weak bases as the reduced pHex favours the unionisation of weak acids but 

facilities the ionisation of basic drugs (Gerweck et al., 2006). This is clearly 

demonstrated in the simulation results (Table 4.1). The importance of this simulation 

extends to other ionisable anticancer drugs to predict the potential extent of their 

cellular uptake based on the pH-partitioning theory. These results provide evidence that 

the pH gradient is a determinant of the efficacy of weak acids and basis in the complex 

in vivo environment and may be exploited for anticancer therapy.  

Experimentally, due to the heterogeneity of pHex  (6.2 - 7.8) (Chiang & Lo, 2014; 

Engin et al., 1995) within the tumour (section 1.6.1.1) and the convenience of the 

quantitative method, cellular uptake of the two prodrugs was assessed by measuring the 

intracellular drug concentration with HPLC under the condition of pHex =7.4.  It was 

found that the uptake of the weak acid SN25860 was significant reduced compared to 
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that of the weak base, which was consistent with simulated calculations (Table 4.1). 

However, the difference between experimental and simulated Ci/Ce of SN25860 was 

much lower than that of SN23816. This may be due to the short exposure time to cells 

(4 h), which may not be sufficient to achieve equilibrium. The higher lipophilicity of 

SN23816 (as estimated from the chemical structure in Figure 1.3), suggests that 

SN23816 may permeate cell membrane at faster rate compared to SN25860.  It was 

highlighted that the cellular uptake was low for SN25860 Ci/Ce = 1.6 - 10.6 × 10-3
 after 4 

h, while the SN23816 almost reached equilibrium, Ci/Ce = 0.49 - 0.66. As expected, the 

encapsulation of SN25860 and SN23816 into the pPSL demonstrated the ability to 

overcome barriers of intracellular delivery; the Ci/Ce were both increased by 2 - 2.5 

folds. This can be attributed to the fusogenic properties of DOPE, which promotes 

cellular uptake and endosome escape through pH-triggered release (Li et al., 2011; 

Simoes, 2004). This is consistent with findings from the literature, it has recent been 

shown that in cell membrane trafficking studies, ≥ 20 mol% of DOPE can improve the 

internalisation of liposomes (Keswani et al., 2015).  

To illustrate the mechanisms of cellular processing, including cell membrane 

binding, internalisation and intracellular trafficking, flow cytometry and confocal 

microscopy techniques were employed. Flow cytometry analysis suggested that 

clathrin-mediated endocytosis is the predominant mechanism of endocytosis for the 

pPSL and nPSL. This perhaps the first study to quantify the mechanisms of endocytosis 

of the pPSL/nPSL.  Both flow cytometry and confocal microscopy showed the pPSL to 

have significantly improved the cellular uptake and endosome escape compared to 

nPSL (Figure 4.1, 4.3 and 4.5); indeed, it was observed that nPSL may be entrapped in 

the endosomes, limiting the drug cytotoxicity due to its subsequent degradation in 

lysosomes.  



 

204 
 

To improve the efficiency of cellular uptake by target cells, the commonly used 

strategies are to target specific receptors on the cancer cells (section 1.4.2). However 

this type of nano-systems is highly challenging to formulate. Furthermore, once 

systemically administered, the functions of the ligands are easily masked components in 

the blood (Noble et al., 2014). This is a possible reason for the small number of 

clinically approved liposomal products despite the significant effort in research 

(Venditto & Szoka, 2013). The pPSL developed in this thesis have the similar function 

as ligand in that there are specific interactions between the liposome and the target cells 

(Bae & Park, 2011), but are simpler to prepare and scale-up.   

Finally, given the increased amount in cellular uptake for the weak acid, SN25860, 

the tumour-targeted delivery and tissue distribution of the highly drug loaded pPSL-

SN25860 was investigated in Chapter 5. The long-circulation of pPSL formulation was 

demonstrated in Balb/c mice at 18 h where blood concentration of SN25860 in nPSL 

and pPSL formulations were significantly higher with less accumulation in the liver 

compared to that of free drug, indicating that the liposomal formulations could protect 

the drug from RES clearance and maintain long-circulation. In tumour bearing CD-1 

nude mice, it was observed that administration of pPSL was able to reduce the 

clonogenic capability of tumour cells to a much greater extent compared to free drug (p 

< 0.001) with few colonies remained following a single i.v. treatment of pPSL-

SN25860. Compared to nPSL-SN25860, there was no statistically significant difference 

(p = 0.62), however, the pPSL resulted in a small variation between tumour xenografts 

while the nPSL appeared largely variable (Figure 5.10). Furthermore, the proportion of 

intratumoural drug was significantly higher for pPSL-SN25860 (0.47 ± 0.08%) 

compared to nPSL-SN25860 (0.06 ± 0.00%) and free drug (< 4 × 10-4%) after 48 h. The 

combined property of long-circulation and tumour-targeting by the pPSL formulation is 
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promising futures preclinical studies of the formulation as there is good correlation 

between in vitro and in vivo studies, particularly reflected in the pH-responsive drug 

release studies  and cytotoxicity studies in cancer cell lines.  

In conclusion, this research has highlighted advances in the development of 

liposomal drug delivery to overcome extracellular barriers (such as the RES and tissue 

barriers) and cellular barriers (such as restricted cellular uptake, intracellular trafficking 

and endo-lysosomal pathway). This PhD thesis has demonstrated: 1) pPSL can improve 

the cytotoxicity of both SN25860 and SN23816 in vitro and has the capability of 

tumour-targeted delivery of SN25860; and 2) the delivery of pPSL had improved 

cellular uptake due to the fusogenic properties of DOPE and the pPSL payload was able 

to achieve endosome escape by selectively destabilising at low pH to enhance 

intracellular drug delivery. The liposomes (both nPSL and pPSL) developed in this 

project are efficient, biocompatible and are able to maintain controlled drug release to 

passive target solid tumours via the EPR effect.  

6.2 Future	directions	

To date, there have been no clinical approved formulations of pH-sensitive 

liposomes despite extensive research in this area for the encapsulation of anticancer 

drugs (Venditto & Szoka, 2013). This may be, at least in part, due to the small 

proportion of dose that reaches the site of tumour after administration. In a review of 

the literature from the past 10 years, only 0.7% (media) of the administered 

nanoparticle dose is found to be delivered to a solid tumour (Wilhelm et al., 2016). The 

small proportion of intratumoural drug may be a barrier in the translation of 

nanotechnology for human use with respect to manufacturing, cost, toxicity and 

therapeutic efficacy.  
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For future studies, a number of potential strategies can be used to improve tumour 

targeting to enhance the overall antitumour effect, commercial relevance of pPSL and 

applicability to other DNBM prodrug, some of these strategies include:  

Dose reduction of i.v administered SN25860 may be possible as pPSL was able to 

significantly increase potency and antitumour efficacy, as demonstrated in in vitro 

cytotoxicity studies and in vivo antitumour efficacy, as demonstratedin Chapter 5. 

Liposome encapsulation of drugs can improve therapeutic effectiveness and a reduced 

therapeutic dose may be possible to achieve the same antitumour effect (Daraee et al., 

2016). 

Size adjustment: The current pPSL formulations of SN25860 (including high DL) 

and SN23816 are in a size range 142.8 - 168.8 nm. It is recommended that particle size 

approximately 60 – 100 nm are most suitable for exploiting the EPR effect and hold 

high propensity of extravasation across tumour vasculature (Wang et al., 2015). Thus 

the size of the pPSL membrane should be reduced while still maintaining high drug 

loading. A strategy to achieve this is size-changeable delivery system that can maintain 

large initial nanoparticle size for high drug loading and prolonged blood circulation, 

while transforming into smaller particles at the tumour site (Li et al., 2016; Ruan et al., 

2015).  

Adjustment of surface charge: The surface of cancer cells are considered to be 

negatively charged due to the secretion of a large amount of lactate anions across 

membranes, whereas the surfaces of normal cells remain charge-neutral or slightly 

positive (Chen et al., 2016). Therefore, surface charge is an important factor in the 

design of pH-sensitive liposomes to improve their interaction with cancer cells (Chen et 

al., 2016; Yan et al., 2015). Generally, negatively charged liposomes are preferred as 
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they demonstrate lower rates of phagocytosis by the RES, resulting in longer circulation 

half-life (Alexis et al., 2008). 

Recently, pH-sensitive liposomes are designed with a negative surface charge at 

physiological pH which can undergo charge reversal in response to environmental 

acidity (protonation) and become positively charged to better associate with cell 

membrane (Yan et al., 2015). A study has shown that insertion of an aromatic group to 

cationic and fusogenic lipids, such as DOPE and 1,2-dioleoyl-3-trimethylammonium-

propane (DOTAP),  may facilitate fusion between liposomes and cell membrane by 

fusion pore formation, which is a critical step in the fusion process. By this mechanism, 

after liposomes fuse with cell membrane, the payload can be directly delivered into the 

cytoplasm of the target cells (Partlow et al., 2008).  

Detachable PEG: PEGylation can prolong the circulation half-life and enhance the 

therapeutic efficacy of pPSL drug delivery system. However, however it has also been 

reported to result in poor cellular uptake and delayed drug release from endosomes 

(Remaut et al., 2007), resulting in low bioavailability at the target site and comprised 

drug efficacy. This is known as the ‘PEG dilemma’ (Hatakeyama et al., 2013). To 

overcome this issue, a mechanism such as pH-responsive PEG detachment has been 

investigated where the PEG shell remains stable at physiological pH, facilitating long-

circulation, but PEG shedding occurs at the tumour site in response to low pHex which 

facilitates endocytosis by membrane fusion and endosome escape. Alternatively, PEG-

detachment can also occur in response to endosome pH following endocytosis, where 

endosome escape is promoted. Both of the aforementioned mechanisms can achieve the 

synergistic effect of long-circulation, enhanced intracellular delivery and cytosolic drug 

release (Gao et al., 2012). Conjugation of PEG with hydrazone with a pH-sensitive 

linker, such as hydrazone (Hami et al., 2014), may be able to further promote cell 
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uptake and endosome escape of liposome (Ding et al., 2015) and improve the efficacy 

of the pPSL formulation developed in this study. 

Improve drug retention: a close correlation of in vitro drug release and in vivo 

circulation was observed for this study. Both nPSL and pPSL formulations 

demonstrated sustained release over 24 h compared to free drug, which was in 

concordance with the higher plasma drug concentration of nPSL- and pPSL-SN25860 

compared to drug solution, at 18 h in Balb/c mice. However, circulation of the nPSL 

and pPSL in this study has room for improvement as in the literature, a study found that 

doxorubicin encapsulated into pH-sensitive liposomes were able to retain ≥ 70% of 

drug after 24 h at pH 7.4, with improved tumour targeting efficacy (Paliwal et al., 

2016b). 

Drug crystallinity could be investigated for nPSL- and pPSL-SN25860 

(particularly the highly drug loaded formulation from Chapter 5) and pPSL-SN23816 as 

this can affect the release kinetics of the drugs (Reddy, 2000) from liposomes. Due to 

time and equipment constraints, this could not be done for our study.  

Formulation stability should be investigated to improve the potential for 

commercial application of pPSL-SN25860 and SN23816. The physicochemical stability 

of both nPSL and pPSL were approximately 2 months with no significant increases in 

particle size, size distribution and drug leakage. To increase stability, lyophilisation of 

the formulation could be done which can extend the shelf-life of liposomal formulations 

compared to current pellet or suspension forms (Chen et al., 2010). 

Translation of pPSL to other DNBM prodrugs may also be a possibility. Due to 

the success of pPSL-SN25860 and SN23816 in achieving improved cellular uptake and 

intracellular delivery, other DNBM prodrugs which suffer the same drawbacks as the 
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weak acid, SN25860, and weak base, SN23816 (Atwell et al., 2007; Palmer et al., 1994), 

may also benefit from a liposomal formulation to improve cytotoxicity and tumour 

targeted drug delivery. Furthermore, DNBM prodrugs were designed as hypoxia 

activated prodrug, and was demonstrated that pPSL encapsulation did not reduce 

hypoxia selectivity, thus the combination could be used to target tumour hypoxia as 

well as tumour acidity (Wilson et al., 2014).  

The success of the pPSL nano-system developed for the DNBM prodrugs (weak 

acid, SN25860 and weak base SN23816) in this thesis by significantly improving drug 

loading, long-circulation, drug potency and antitumour efficacy has addressed gaps in 

current knowledge. Strategies developed here may be applied to a plethora of other 

chemotherapeutic drugs and research in this area will remain of great interest. 
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Appendices		

Appendix 1.	Peak purity profiles of DNB mustards (section 2.4.1.2).	

 

A1.1 Typical peak purity profile of 5µg/ml SN25860 showing mean purity value is within the 
threshold limit. The similarity of spectra is also shown.  

 

 

A1.2 Typical peak purity profile of 5µg/ml SN23816 showing mean purity value is within the 
threshold limit. The similarity of spectra is also shown.  
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Appendix 2. SN23816 drug peak and impurities (section 3.4.1.1). 

 

A2.1 HPLC chromatograms of SN23816 showing drug peak and impurities for a standard drug 
assay (5 µg/ml) (A), impurities and drug peak after 4 h (B) and after 24 h (C) at 25 °C, pH 
buffered at 7.5.  
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Appendix 3A. University of Auckland Animal Ethics Committee Approval letter for in 

vivo tumour targeting study	(section 5.3.2). 

 

A3.1 Letter of approval to undertake in vivo tumour targeting studies for liposomal formulations 
of SN25860 by the University of Auckland Animal Ethics Committee. 
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Appendix 3B. Animal welfare monitoring (section 5.3.2). 

A3.2 Animal welfare score sheet adapted from the clinical assessment scheme authored by Dr 

David B. Morton, Centre for Biomedical Ethics, University of Birmingham UK. 

 
Animal/Species: CD-1 nude mice Date of Treatment/Operation: 11/10/16 
Prestudy Bodyweight: 17.28 g  AEC #: 001593 
 
Date 11/10 12/10 13/10 17/10 18/10 21/10 24/10 25/10 26/10 28/10 

Day Tue Wed Thur Mon Tue Fri Mon Tue Wed Fri 
Time 0900 0900 0830 0845 0900 0900 0900 0830 0830 0900 
 
Inquisitive N N N N N N N N N N 
Diarrhoea - - - - - - - - - - 
Dehydration - - - - - - - - - - 
Vocalization - - - - - - - - - - 
CNS signs seizures/ 
convulsions 

- - - - - - - - - - 

Inactive - - - - - - - - - - 
Hunched posture - - - - - - - - - - 
Rough coat - - - - - - - - - - 
Rate of breathing N N N N N N N N N N 
*Type of breathing           
 

FOOD AND WATER 

Food intake ok Yes  - food and water managed by VJU (free access) 
Wt of full bottle 
Wt of bottle today 
 
Scoring details: 
* Breathing R = rapid, S = shallow, L = laboured, N = normal 
‘+’ = observed in the animal; ‘-’ = not observed in the animal 
 
Humane End-points: 
1. Weight loss of 10% or more over 24 hrs 
2. Weight loss of 20% or more plus one other clinical sign compared with control 

group 
3. Weight loss of 25% compared with control group 
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Appendix 4. Body weight monitoring of mice in dose finding studies (section 5.4.6). 

A4.1 Body weight of non-tumour bearing CD-1 nude mice following a single i.v treatment with 
SN25860 formulations [(drug solution, nPSL(hDL) and pPSL(hDL)] at 1 mmol/kg over 2 
weeks. 

Body weight (mg) 

Days after 

dosing 

0 1 2 6 7 10 13 14 15 

Drug 

solution 

17.28 16.72 17.05 18.95 19.22 19.88 20.16 20.89 20.45

19.87 19.38 19.50 20.0 20.96 21.60 22.08 22.68 24.01

nPSL(hDL) 
18.44 17.57 17.90 20.02 20.64 20.99 21.64 22.04 21.85

18.48 17.85 19.18 21.30 21.41 21.98 22.24 22.99 22.75

pPSL-

(hDL) 

19.56 19.12 19.20 20.94 21.13 21.41 22.04 22.86 23.47

18.38 17.72 18.91 21.00 21.16 21.58 22.62 23.00 22.05
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Appendix 5. Chromatograms of tumour samples from mice treated with different 

SN25860 formulations (section 5.4.7.1) 

A

 

B 

 

C 

 

D

 

A5.1 HPLC chromatograms of excised tumours from mice treated with SN25860 solution (A), 

nPSL(hDL)-SN (B), pPSL(hDL)-SN (C) and a blank with no formulation treatment (D). 
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Appendix 6. Colony count data and calculations of plating efficiency in clonogenic assay of excised tumours (section 5.4.8) 

A 6.1 Absolute values of colony counts and calculations of plating efficiency in clonogenic assay of tumour xenografts. 
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