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Abstract  

Development of new anticancer agents is pursued with keen interest by health 

researchers for cancer therapy. However several such compounds which are discovered 

have poor water solubility which limits their preclinical and clinical development. 

Using formulation strategies to improve solubility, dissolution, delivery and efficacy of 

these agents is an effective strategy to investigate the application of these compounds in 

preclinical studies. PIK75 is a potent and specific PI3K p110α inhibitor with poor water 

solubility which has limited its preclinical investigation. The aim of this study was to 

design and evaluate formulation systems of PIK75. Two nano formulation systems 

were investigated for the delivery of PIK75 namely nanosuspension and nanoemulsion 

system. The targeted delivery of nanosuspension and nanoemulsions system was also 

investigated for effective delivery of PIK75 to cancer cells. A pro-apoptotic molecule 

C6-ceramide was also co-delivered to augment therapeutic efficacy.  

 

Preliminary formulation studies with PIK75 were conducted by preparing PIK75 

nanosuspension formulations using high pressure homogenisation technique. The 

physicochemical properties of the nanosuspension were characterized and 

pharmacokinetic and tissue distribution parameters were investigated. Poloxamer-188 

and soybean lecithin were used to stabilize the nanoparticles and a 3
2 

factorial design 

was established to optimize the homogenising parameters. PIK75 nanosuspension with 

an average particle size of 160-180 nm, entrapment efficiency of 97-98% and surface 

charge above -30mV were prepared. The nanosuspension showed an 11-fold 

improvement in saturation solubility and stability recovery was greater than 90% for 6 

h in the nanosuspension system and in human plasma. In vivo, PIK75-NS showed a 

similar plasma pharmacokinetic profile to PIK75 suspension, but tissue distribution 

studies indicated lower PIK75 levels in the liver and kidney post PIK75-NS 

administration.  

 

In the second part of this investigation in order to improve drug delivery through 

targeting, PIK75 surface functionalized nanosystems were developed and evaluated. 

EGFR and FR functionalized nanoemulsions incorporating PIK75 and C6-ceramide 

were characterized for particle size, surface charge, entrapment efficiency and 

morphology. Fluorescence and quantitative uptake studies were conducted in SKOV-3 
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cells to determine intracellular distribution. Cell viability was assessed using MTT 

assay while mechanism of cytotoxicity was evaluated using capsase-3/7, TUNEL and 

hROS assay. Cytotoxicity assay showed a 57% decrease in IC50 value of PIK75 

following treatment with EGFR targeted nanoemulsion and a 40% decrease following 

treatment with FR targeted nanoemulsion. Combination therapy with PIK75 and 

ceramide enhanced the cytotoxicity of PIK75 compared to therapy with individual 

formulations. The increase in cytotoxicity was attributed to increase in cellular 

apoptosis and hROS activity. PIK75 nanosuspension was also surface functionalized 

with folic acid to prepare targeted nanosuspension. In vitro dissolution testing showed 

improved dissolution rate and increase in saturation solubility (161 fold for PIK75 NS 

and 113 fold for PIK75-FA NS compared to solubility in PBS). In vitro studies in 

SKOV-3 cells indicated improved uptake and 62% decrease in IC50 value of PIK75 

following treatment with targeted nanosuspension compared to non-targeted 

nanosuspension. These results illustrated the opportunity to formulate PIK75 as a 

targeted delivery system for effective uptake and cytotoxicity in ovarian cancer. 
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Chapter 1. INTRODUCTION 

1.1. General Introduction 

Cancer is a condition which is characterised by unregulated cell growth and invasion of 

these unregulated cells into nearby healthy tissues. It is a critical health concern with an 

estimated 21 million people expected to be diagnosed by 2030 (1, 2). Surgical 

debulking, radiation and chemotherapy are often used for the treatment of cancers. 

Chemotherapy is used to remove residual tumour or in conditions where the tumour site 

is surgically inaccessible. Despite the frequent use of chemotherapeutic agents their 

non-specific action leads to a number of adverse effects in patients which necessitates 

dose reduction leading to ineffective therapeutic outcomes. In recent years, high 

throughput screening techniques have enabled the development of site specific 

―molecular targeted‖ agents. However many of these agents have reduced aqueous 

solubility and stability resulting in poor pharmacokinetic and biopharmaceutical 

properties (3). Drug delivery is an area of research which aims to formulate such 

therapeutic agents into delivery systems to enable pre-clinical and clinical 

investigation. Several such drug delivery strategies have been investigated and a 

number of such products have been approved for clinical use (4, 5). Although many of 

these drug delivery strategies overcome solubility and stability issues, site specific 

targeting is critical to avoid damage to healthy tissues.  

 

Nanotechnology based delivery systems (NBDS) are nano-scale delivery systems 

which contain encapsulated, dispersed, adsorbed or conjugated drugs and imaging 

agents (6). Examples of NBDS include liposomes, nanocrystals, nanoemulsions, 

polymeric biodegradable nanoparticles (nanospheres and nanocapsules), ceramic 

nanoparticles, polymeric micelles and dendrimers (7). These delivery systems are often 

used to improve drug solubility (8), drug stability (9), pharmacokinetic (10), tissue 

distribution properties (11) and minimise drug toxicity (12). Due to these benefits it is 

estimated that such NBDS will generate annual revenue of US$80-200 billion by 2015-

2020 (13). In fact some of these delivery systems have already found clinical 

applications. Doxil
® 

is a polyethylene glycol (PEG) modified liposomal formulation of 

doxorubicin which provides superior anti-tumour efficacy, reduced cardiotoxicity and 

myelosuppression attributed to passive targeting capability of the delivery system (11). 
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Similarly Abraxane
®
, also known as nab-paclitaxel, is an albumin based nanoparticle of 

paclitaxel (PTX) approved for the treatment of metastatic breast cancer. The 

nanoparticle formulation enables PTX to be formulated without Cremophor EL
®
 which 

is known to cause hypersensitivity reactions in patients. Similarly the nab-paclitaxel 

formulation also enhances the circulation half-life of PTX, increases intratumoural PTX 

concentration and reduces infusion period, thus improving therapeutic outcomes in 

patients. Other NBDS which have found clinical applications include 

Amphocil
®
/Ambisome

®
/Abelcet

®
 for amphotericin B, DaunoXome

®
 for daunorubicin 

citrate, Rapamune
®
 for Sirolimus, Emend

®
 for aprepitant, TriCor

®
 for fenofibrate, 

Megace ES
®
 for megestrol acetate and Elestrin

®
 for estradiol. Apart from the clinical 

success with NBDS several drugs are also currently being investigated in clinical trials 

(14-17). 

 

Due to the successful formulation and delivery of several drugs as NBDS we 

investigated the delivery of PIK75 using NBDS. PIK75 is a known investigational anti-

cancer agent that was re-synthesised at the Auckland Cancer Society Research Centre 

(ACSRC) (18). It has low water solubility, a high melting point and a high log 

Poctanol/water (3.84). It is soluble in a range of organic solvents but not at concentrations 

well tolerated in animals and thus has only been parenterally administered as a 

suspension formulation (19). Hence the aim of this study was to design formulation 

systems of PIK75 which would improve biopharmaceutical properties (solubility, 

dissolution and stability), pharmacokinetic properties (plasma and tumour drug 

accumulation) and pharmacodynamic properties (downregulate pAkt phosphorylation). 

To fulfil this aim the following specific objectives were outlined for the project:  

 

1. To develop stability indicating HPLC method and conduct in vitro and in vivo 

characterisation of PIK75 nanosuspension (PIK75-NS). 

 

2. To develop surface functionalised PIK75 nanoemulsions and to evaluate 

cytotoxicity and pro-apoptotic activity in SKOV-3 tumour cells. 

 

3. To develop surface functionalised PIK75-NS systems and conduct pharmacokinetic 

and pharmacodynamic studies to assess drug distribution and downregulation of Akt 

phosphorylation. 
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1.2. Literature Review 

1.2.1.  Cancer and cancer therapy 

Cancer is a condition where cells grow in an uncontrolled manner invading nearby 

healthy tissue and spreading through the lymphatic and circulatory systems to other 

healthy organs. It is a significant health issue with an estimated 13.2 million people 

globally likely to succumb to it by 2030 (20). For many cancers, surgical excision of 

the tumour is followed by treatment with radiotherapy, chemotherapy, immunotherapy, 

gene therapy or hyperthermia. Amongst these therapeutic options chemotherapy is the 

most effective treatment for cancer. Most chemotherapeutic agents work by inhibiting 

synthesis of pre-DNA molecules, directly damaging DNA in the nucleus or affecting 

synthesis or breakdown of mitotic spindles. These sites of action are also present in 

normal cells, due to which anti-cancer agents act in a non-specific manner affecting 

rapidly proliferating cells such as cells of the gastrointestinal tract, bone marrow and 

hair follicles. This non-specificity leads to a number of adverse effects in patients such 

as mucositis, immunosuppression and alopecia. In order to overcome these adverse 

reactions health researchers are exploring novel therapeutic targets which would 

increase cancer cell specificity minimising adverse effects to patients. Some of these 

novel therapeutic targets, their role in oncogenesis and example of some anticancer 

agents against these targets are listed in Table 1.1.  
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Table 1.1: Examples of novel therapeutic targets in cancer reported in literature, their role in oncogenesis and examples of anticancer agents 

reported for these targets.  

Novel therapeutic targets Role in oncogenesis Examples of anticancer agents for the targets 

Heat Shock Protein 90 (21)  
Biochemical buffer allows survival of mutated 

proteins  perform malignant functions  

Anamycins, Geldanamycin (GA), 17-allyl-17-

diamethoxygeldanamycin (17-AAG), 

17dimethylaminoethylamino-17-

demethoxygeldanamycin (17-DMAG) 

Autophagy 

(inducers/inhibitors) (22) 

Dual role in cancer. Oncogenesis – allows 

cancer cells to overcome metabolic stress; 

prevents tumour progression by degradation of 

oncogenic proteins   

Aminoquinolines (Chloroquine
, 

Hydroxychloroquine), Quinacrine, 3-

methyladenine 

 

Glycans (23) 
Regulate tumour proliferation, invasion, 

haematogenous metastasis and angiogenesis 
GD0039, Theratope, P188, GCS-100  

Hypoxia-inducible factor-

1(24) (25) (26) (27) 

Heterodimeric transcription factor which 

regulates tumours response to hypoxia 
Vincristine, taxol, 2-methoxyestradiol 

Hexokinase-2(28), (29) 
Regulates first enzymatic step in glucose 

phosphorylation 

2-deoxyglucose, lonidamine, 3-bromopyruvate, 

imatinib 
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Automation of drug discovery has enabled the development of targeted cytotoxic 

agents. However many of these compounds have poor water solubility which leads to 

incomplete dissolution resulting in poor bioavailability in vivo (30). Intravenous 

administration of such compounds leads to precipitation in vivo which carries the risk 

of embolism, respiratory failure and tissue ischemia in patients. Poor water solubility 

also means that hydrophobic compounds are easily metabolised and excreted rapidly 

resulting in sub-optimal therapeutic levels at the tumour site. Thus promising new 

drugs cannot be tested in pre-clinical or clinical stages and if these compounds are used 

they elicit a poor therapeutic response post administration (30, 31).  

 

1.2.2.  Ovarian Cancer 

Ovarian cancer is the sixth most common cancer and seventh leading cause of death 

from gynaecological cancer in women (32). According to the International Federation 

of Gynaecology and Obstetrics (FIGO) ovarian cancer is classified into four stages 

which indicates the severity of the condition and diffusion (33): 

 

o STAGE I: limited to ovaries 

 

o STAGE II: one or both ovaries with pelvic extension  

 

o STAGE III: one or both ovaries with peritoneal implants outside of the pelvis 

and/or retroperitoneal or inguinal nodes. Superficial liver metastases. Tumour is 

limited to pelvis with extensions to small bowel or omentum 

 

o STAGE IV: Growth in one or more ovaries with distant metastases to liver or 

beyond the peritoneal cavity   

 

Due to lack of early detection many patients are diagnosed only when they have 

reached advanced stages (III or IV) where the condition has poor prognosis with only 

35-38% 5-year survival rate for all stages. Currently surgical debulking followed by 

adjuvant chemotherapy (platinum/taxane) is the standard regimen for the treatment of 

ovarian cancer. However most patients relapse within 18 months of treatment and a 
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decrease in response rate to the treatment is observed with each subsequent relapse 

attributed to the development of drug resistance (34).  

 

Novel therapeutic agents are being pursued with interest to overcome problems with 

drug resistance and relapse is many ovarian cancer patients (35) (36). The 

phosphatidylinositol-3-kinase (PI3K) pathway is inappropriately activated in 

approximately 70% of ovarian cancers and it is also considered to be a primary reason 

for the development of multiple drug resistance (37).    

 

1.2.3. Phosphatidylinositol-3-kinase  

PI3K are a family of lipid kinases which catalyze the production of second messenger 

molecules which control several cell survival pathways (Figure 1.1). More specifically, 

following activation by receptor tyrosine kinase or G-protein coupled receptors, PI3K 

enzymes catalyze the phosphorylation of the 3-hydroxyl position of the inositol ring of 

phosphatidylinositol lipids which leads to the production of D3 phosphorylated 

phosphoinositides such as phosphatidylinositol 4,5-diphosphate (PIP2) and 

phosphatidylinositol 3,4,5-triphosphate (PIP3). PIP2 and PIP3 bind to downstream 

effectors such as protein kinase B (PKB)/Akt, a serine/threonine specific protein kinase 

which allows these effectors to translocate to the plasma membrane where they can be 

phosphorylated and activated by activating kinases, regulating downstream cell 

processes such as apoptosis, cell proliferation, transcription and cell migration (38-42). 

PIP3 also indirectly activates the protein kinase, mammalian target of rapamycin 

(mTOR) which is crucial for cell growth. The PI3K/Akt pathway is inappropriately 

activated in many conditions such as diabetes, autoimmune diseases and in cancer. 

Thus the PI3K/Akt pathway has been an attractive target for therapeutic agents.  

 

The family of PI3K enzymes has a number of isoforms which are subdivided into 

different classes (Class I, II or III) depending on their subunit structure, regulation and 

substrate selectivity. The class 1A isoform p110-α encoded by the PI3KCA gene is 

frequently mutated in ovarian, colorectal, breast and liver cancer and is a major target 

for small-molecule inhibitors (43-45). Since other isoforms of this enzyme also have 

critical functions (45), compounds that specifically inhibit p110α have been explored as 

potential anti-cancer agents (46-49).  
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1.2.4. PIK75 

N'-[(1E)-(6-Bromoimidazol[1,2-a]pyridin-3-yl)methylene]-N,2-dimethyl-5-

nitrobenzenesul-fonohydrazide hydrochloride (PIK75) (Figure 1.2)), is a potent and 

selective PI3K p110α inhibitor (IC50 p110-α - 7.8±1.7 nM; p110-β - 343±23 nM; p110-

δ - 907±32 nM) (50, 51). It shows potent inhibition of cellular proliferation (IC50s of 69 

nM in NZB5 medulloblastoma cells and 66 nM in NZOV9 ovarian tumour cells (19)) 

and has demonstrated activity in a HeLa human cervical cancer xenograft model (18). 

PIK75 has a high melting point (216°C) and a high log Poctanol/water (3.84) value due to 

which it has a poor aqueous solubility (0.03 µg/ml). It is soluble in a range of organic 

solvents including dimethyl sulfoxide (DMSO), but not at concentrations well tolerated 

in animals so to date it has only been dosed as a suspension (19). Hence alternative 

strategies are investigated to improve PIK75’s solubility. 
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Figure 1.1: Overview of PI3K/Akt pathway and site of PIK75 inhibition (52).  
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Figure 1.2: Chemical structure of PIK75 and internal standard (SN32776). 

 



Chapter 1....Introduction 

 

10 

 

1.2.5. Strategies for resolving problems with drug solubility 

Poor aqueous solubility of a compound can be improved by chemical transformation, 

physiological procedures or pharmaceutical methods. Using the pharmaceutical 

approach, drug solubility can be improved by salt formation, pH adjustment, addition 

of co-solvents or by incorporation in delivery systems such as micelles, liposomes or 

nanoparticulate systems (Figure 1.3). Although there are several strategies to overcome 

poor drug solubility there is no universal formulation approach which can be applied to 

all compounds. The type of formulation strategy adopted depends on the 

physicochemical properties of the drug and its intended therapeutic action (53).  

 

Compounds which are ionisable are often formulated in their salt form or their pH is 

adjusted to enhance solubility. Compounds which cannot be formulated in this manner 

are usually solubilised using co-solvents such as ethanol or propylene glycol (54). 

Surfactants such as polysorbate 80, sodium taurocholate or lecithin reduce interfacial 

tension between solid liquid interface, enhancing drug solubility. However as 

surfactants can adsorb to the plasma membrane affecting fluidity and barrier properties, 

their use is limited. Surfactants are often used at their critical micellar concentration 

due to which they are also prone to precipitation upon dilution. This issue has been 

observed with etoposide (Vepesid
®
) due to which it is administered with a significant 

fluid volume (55). Apart from these issues surfactants can also induce hypersensitivity 

reactions (e.g. anaphylaxis, pain at injection site, emboli formation, paradoxical 

precipitation). These are often observed with the use of Cremophor EL
® 

in PTX 

formulation (Taxol
®
)
 
(53, 56). In order to overcome such issues a number of delivery 

systems have been investigated for the delivery of anti-cancer agents. 
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Figure 1.3: Formulation strategies for improving poor drug solubility. 
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A

 

 

Figure 1.4: Drug delivery systems: Nanosuspensions (A), Nanoemulsions (B) as pegylated and targeted delivery systems. 
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1.2.6. Nanoparticulate delivery systems 

The National Nanotechnology Initiative, a US government program which was 

instigated in 2001, defines nanotechnology as the understanding and the control of 

matter at dimensions of roughly 1-100 nm (6). In pharmaceutical terms, nanoparticles 

are submicron colloidal systems where the therapeutic agent is either dispersed in a 

polymer matrix carrier, encapsulated within a polymer shell, covalently attached or 

adsorbed to the particle surface or encapsulated within a structure (57, 58). Table 1.2, 

lists some of the advantages and disadvantages of preparing nanoparticulate delivery 

systems. 

 

Table 1.2: Advantages and disadvantage of preparing drug nanoparticulate delivery 

systems.   

Advantages of nanoparticle drug 

delivery systems (11, 59-69) 

Disadvantages of nanoparticle drug 

delivery systems (70) 

Increase in surface area to volume ratio 

which improves solubility and drug 

dissolution   

Higher manufacturing costs  increased 

drug costs to patients 

Improved drug stability  product life 

extension 

Some nanoformulations may require use of 

organic solvents which may not be 

completed eliminated from the final 

product 

Enhanced drug loading capacity Components of the nanoformulation can 

induce immune responses or allergic 

reactions 

Ability to incorporate lipophilic or 

hydrophilic drugs  

 

Feasibility of administering from variable 

routes (intravenous, oral) 

 

Controlled delivery systems can be 

developed (e.g matrix carriers, polymeric 

delivery systems) 

 

Can be encapsulated in biodegradable 

delivery systems 
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Multifunctional delivery systems – drug 

monitoring and delivery  

 

Targeted delivery at cellular and nuclear 

level – decrease in adverse effect profile 

of drug 

 

Can overcome multidrug resistance  

  

 

Successful development of several nanoparticulate systems of anti-cancer agents have 

been reported in the literature (71, 72). Part of the effectiveness of these systems has to 

be attributed to specific properties of the tumour vasculature. Normal vasculature is 

lined by a layer of endothelial cells with pericytes maintaining the integrity of the blood 

vessel making it impermeable to molecules larger than 2-4 nm. On the other hand, in 

tumour tissues the defective endothelial barrier results in a leaky vasculature with 

fenestrations, irregular vessel diameters, high tortuosity and random branching due to 

which these vessels have increased permeability to macromolecules and colloidal 

carriers of diameter up to 600 nm (73). This allows nanoparticles to more easily 

extravasate into the interstitial matrix at the tumour site than at normal tissues, thus 

reducing drug distribution and toxicity to normal tissues. Along with this the lymphatic 

vessels have wider lumen, increased number of intracellular spaces, sprouting 

endothelial cells and poor drainage at the tumour tissue due to which nanocarriers are 

not effectively cleared from the tumour site. This phenomenon is known as the 

Enhanced Permeation Retention (EPR) effect  (Figure 1.5) which extends the drug and 

tumour interaction period allowing the drug to be released over a longer period of time 

(7, 74, 75). The EPR effect was first described by Maeda and co-workers and has been 

a vital mechanism for targeting several anti-cancer NBDS to tumour tissues (76). 

Development of nanoparticulate systems for anti-cancer drug delivery offers several 

benefits including site specific targeting, reduction in dose of anti-cancer agent and 

avoiding recognition by the cells of the reticuloendothelial system (RES). 

Nanoparticles can be coated with hydrophilic polymers such as PEG or PEG containing 

co-polymers (poloxamers, poloxamines, polysorbates) to provide stealth properties 

(77).  
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DaunoXome
® 

(liposomal daunorubicin) and Doxil
®
 (PEG coated liposomal 

doxorubicin) are the first two NBDS against cancer that were approved by FDA, and 

have proved very successful in clinical stages. In DaunoXome
®
, daunorubicin is 

encapsulated in self-assembling lipid vesicles called liposomes. On the other hand, in 

Doxil
® 

the doxorubicin is incorporated in anionic liposome and the surface of the 

liposome is coated with PEG which allows the drug to escape from the RES cells, 

resulting in enhanced circulation time, improved accumulation in tumour tissue, 

increased anti-tumour activity and avoidance of cardiotoxicity (71, 78).       

 

Passively targeted NBDS can target anti-cancer drugs to tumour tissues due to the EPR 

effect. However the therapeutic agent needs to be internalized from the tumour 

interstitium into the tumour cell to exhibit any effectiveness. This uptake can be 

achieved by actively targeted NBDS (Figure 1.5).  

 

1.2.6.1. Active targeting of nanoparticles 

In the 19
th

 century Paul Ehrlich first proposed the theory of active targeting by 

idealizing a delivery system that would target drugs to specific areas in the body, which 

he described as the ―magic bullet‖ (79).  Active targeting of nanoparticles is achieved 

by attaching a component to the nanocarrier structure that recognizes a target within the 

tumour affected organ, tissue, cell or intracellular organelle leading to preferential 

accumulation of the nanoparticles (Figure 1.5). Regardless of the location of the target 

it is important that the target is tumour specific, is homogenously expressed on the 

tumour cell and it is not shed or downregulated. 

 

In order to prepare such an effective carrier system several receptor or antigens have 

been identified and nanoparticles have been designed. Some of these targeting agents 

include medium sized molecules (albumin, folic acid (80, 81), galactose (82)), peptides 

(RGD (83, 84), ATWLPPR (VEGF peptide) (85)), aptamers (Pegaptanib) (86), proteins 

(Transferrin (87-89), luteinizing hormone releasing hormone (LHRH)(90)), antibodies 

(Herceptin (Trastuzumab) (91), Rituxan (Rituximab) (92), CD19 antibody) (93). 

Amongst these targeting ligands epidermal growth factor (EGF) peptide and folic acid 

(FA) are two ligands that have been extensively explored for active targeting of 

nanoparticles (94-98). 
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Figure 1.5: Passive and active targeting of anti-cancer NBDS. 
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Epidermal Growth Factor Receptor based targeting 

The epidermal growth factor receptor (EGFR) family is composed of an extracellular 

ligand binding domain, a hydrophobic transmembrane domain and a cytoplasmic 

tyrosine kinase containing domain. When growth factors bind to EGFR it triggers 

homodimerisation of EGFR or hetrodimerisation of EGFR with other receptors 

belonging to the ErbB family. This leads to autophosphorylation and subsequent 

activation of downstream signalling pathways which regulate cell proliferation, 

differentiation, survival and transformation (99).  

 

EGFR is often abnormally activated in many epithelial tumours with up to 60% 

expression in ovarian cancer with this aberrant expression being associated with poor 

outcome (100, 101). Over 20 years ago Mendelsohn and Sato showed that monoclonal 

antibodies (MAbs) directed at the EGF site on the EGFR could inhibit growth of cancer 

cells (102). From then on several preclinical and clinical investigations of anti-EGFR 

agents have helped to improve the understanding and targeting of EGFR.  

 

Two classes of anti-EGFRs are currently approved for the treatment of cancer. 

Cetuximab is a monoclonal antibody directed against the extracellular domain of 

EGFR. Gefitinib and erlotinib are low molecular weight adenosine triphosphate (ATP) 

competitive inhibitors of receptor tyrosine kinase (99). The concept of EGFR based 

targeting has also been explored for several NBDS, however these targeted systems 

have shown improved cellular cytotoxicity and in vivo studies have shown more anti-

proliferative, anti-angiogenic and pro-apoptotic activity with these targeted systems 

(96). Due to the tumour targeting capabilities of these systems, EGFR targeted 

nanoparticles have been found to be useful tool for delivery of NBDS (94).  
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Figure 1.6: Receptor mediated endocytosis of actively targeted nanoparticles; (1) the actively targeted nanoparticles bind to the tumour cell 

surface receptors, (2) the receptor and the nanoparticle complex are endocytosed, (3) the nanoparticles are encapsulated in an early endosome, 

(4) the pH of the endosome decreases which leads to the release of drug from receptor, (5) the nanoparticles are released intracellularly by 

translocation, anion exchange or simple leakage and (6) the receptor is recycled to the cell surface. 
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Folate Receptor based targeting 

Folic acid (FA) is a small molecular weight vitamin (441 Da) that is required by 

eukaryotic cells in the biosynthesis of nucleotide bases (purines and pyrimidines) (103, 

104). Folate can be internalized in cells by a low affinity membrane spanning protein 

(KD ~ 1-5 µM) which transports reduced folates directly into the cytosol or it can be 

endocytosed by a high affinity glycoprotein (KD ~ 100 pM).  

 

The glycoprotein based FA transport system is expressed at high levels on the surface 

of many cancer cells (especially tumour cells of the ovaries, mammary glands, colon, 

lung, prostate, nose, throat and brain) which makes it a rational target for drug delivery 

to tumour tissues (103, 105, 106). When FA conjugated NBDS are administered they 

accumulate at the tumour site and bind to the folate receptors (FR) which leads to the 

formation of an endosome. When the pH within the endosome decreases, lysozymes 

are activated which allows the folate-drug conjugate to be detached from the FR. The 

folate-drug conjugate then enters the cell cytoplasm by translocation, anion exchange 

or simple leakage. The FR then returns to the cell membrane to start a second round of 

transport (Figure 1.6) (105). It has been observed in studies that folate conjugated 

macromolecules can be specifically taken up into tumour cells such as human ovarian 

cancer cells (SKOV-3) (107). 

 

1.2.7. Nanosuspensions 

1.2.7.1. Background 

Nanosuspensions (NS) are colloidal dispersions of nanosized drug particles which are 

stabilised with appropriate polymers or surfactants. They are often used for the delivery 

of drugs with poor aqueous and lipid solubility. Formulation of drug nanosuspension 

leads to an increase in saturation solubility and drug surface area subsequently 

improving drug dissolution velocity (108). Due to the increase in saturation solubility 

and dissolution velocity a greater concentration gradient exists at biological membranes 

(e.g. at gut wall, skin and at barriers such as blood brain barrier) providing better 

penetration into or across membranes. 
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1.2.7.2. Nanosuspension preparation 

Nanosuspensions can be prepared by bottom up or top down technique. In the bottom-

up technique the drug is dissolved in a solvent and subsequently precipitated by adding 

an anti-solvent (usually water) which leads to the production of crystalline 

nanoparticles. Although this technique allows the development of small nanoparticles 

(< 100 nm) this technique has not found any commercial applications due to processing 

issues (e.g. production period, problems with stirring and mixing a large quantity of 

drug and excipient, a low drug encapsulation efficiency and large particle size 

distribution) (109, 110).  

 

The top-down technique involves disintegration of microparticles to nanoparticles 

which can be achieved by media milling, high pressure homogenisation, emulsion 

diffusion method or supercritical fluid technique. This technique has enabled the 

development of five commercial products, four of which have been manufactured by 

media milling and one by high pressure homogenisation technique (Table 1.3) (111, 

112).  

 

Pearl milling, which leads to the formation of NanoCrystals
®
 is a patent protected 

technology that was developed by Liversidge et.al, previously owned by NanoSystems 

and now acquired by Elan (113). The media mill consists of a milling chamber, a 

milling shaft and a recirculation chamber. During the milling process the drug particles 

are mechanically broken down into smaller particles by milling balls which are either 

made of glass, zircon oxide, polystyrene derivatives or special polymers. Common 

problems that are encountered with the use of this technique include contamination of 

the sample due to erosion of the milling balls, degradation of thermolabile drugs and 

presence of a large proportion of particles more than 5 µm in diameter (109, 110). It 

has also been observed that a longer preparation time is required to prepare 

nanosuspensions by this technique (56). Hence an alternative strategy such as high 

pressure homogenisation has been explored to prepare nanosuspensions. 

 

In the homogenisation technique particle disintegration can be achieved by using a 

microfluidizer or a piston gap homogeniser. In a microfluidizer the suspension is 

accelerated in Z type chamber (where the suspension changes directions a few times) or 

a Y type chamber (where the suspension is divided into two streams that collide 
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frontally). Due to longer processing periods and inability to prepare a homogenous 

formulation other disintegration techniques have been explored to prepare 

nanosuspensions (109). 
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Table 1.3: Currently marketed nanosuspensions and their preparation technique (adapted from Nanosuspension technology for drug delivery)  

 (55). 

 

Product Active ingredient Indications Preparation method 

Gris-Peg® Griseofulvin Anti-fungal Co precipitation 

Cesamet® Nabilone Anti-emetic Co precipitation 

Rapamune® Sirolimus Immunosuppressant Media Milling 

Emend® Aprepitant Antiemetic Media Milling 

TriCor® Fenofibrate Hypercholesterolemia and hypertriglyceridaemia Media Milling 

Megace® ES Megestrol acetate Anorexia, cachexia Media Milling 

Triglide™ Fenofibrate Hypertriglyceridaemia High Pressure Homogenisation 

Invega 

Sustenna 

Paliperidone 

palmitate 
Antidepressant High Pressure Homogenisation 

Nanotax® Paclitaxel Anti-cancer Precipitation with compressed antisolvent 
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The piston gap high pressure homogenisation (PG-HPH) technique was developed by 

Műller et.al in 1994 (114). In PG-HPH the drug particles are dispersed with stabilisers 

using high speed stirrers to form a pre-suspension. This pre-suspension is entered 

through a very narrow gap of 25 µm at a very high velocity which results in an increase 

in the dynamic pressure and a reduction in the static pressure of the suspension below 

the vapour pressure/boiling point of water, in accordance with Bernoulli’s principle. 

The drop in static pressure causes water vapour bubbles to form in the gap which 

subsequently collapse forcing drug particles to impact against other drug molecules 

resulting in particle size reduction (109, 113, 115). The greatest degree of size 

reduction is obtained within the first few passes as in the initial stages the drug crystal 

cracks along planes of defect which are exhausted after a few homogenisation cycles.  

 

In contrast to media milling, in PG-HPH parts of the equipment do not erode into the 

processed material. Some degree of erosion of metal ions from the walls of the 

homogeniser has been reported. However this was only observed at extreme 

experimental conditions (e.g. 20 cycles for 1500 bar). Also the nanosuspension 

production time is in hours when using PG-HPH compared to days of processing time 

required for samples subjected to media milling. Due to this there is a lower chance of 

microbial contamination of the sample (113).  The limitations with the use of PG-HPH 

include cost of equipment and pre-milling of the sample which is required to prevent 

processing problems in the PG-HPH (116).  

 

Nanosization of drug particles during the production of nanosuspension leads to 

exposure of new surface area with greater surface free energy. The increase in surface 

free energy increases the tendency of the nanosized particles to agglomerate. This 

agglomeration can be prevented by addition of polymers and surfactants which 

interpose between the hydrophobic drug surface and aqueous media, decreasing the 

surface free energy.  

 

Stabilisation of nanoparticles can be achieved by steric stabilisers or electrostatic 

stabilisers. Steric Stabilisation involves use of polymers that adsorb on the surface of 

the particles, creating an osmotic pressure when steric layers of adjacent particles come 

in contact with each other. If steric Stabilisation is insufficient, electrostatic 

stabilisation can be achieved by adding charged polymers or ionic surfactants on the 
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surface of the particles. In nanosuspension preparations the type and concentration of 

the stabiliser that is used is very critical for the development of an optimised system 

(111).  

 

Typical examples of stabilisers used in nanosuspensions are poloxamers, polysorbates, 

PEG and lecithin (110, 117, 118). PEG provides poor polymeric stabilisation due to 

lack of hydrophobic units in the polymer which do not allow adsorption of the polymer 

to the drug particles. Poloxamers on the other hand allow effective stabilisation of 

nanoparticles due to the presence of hydrophobic polypropylene glycol units which 

adsorb efficiently on drug surfaces (119). Lecithin is an amphoteric stabiliser which 

provides both steric and electrostatic repulsion. It is preferred in parenteral applications 

and several in vivo studies have shown its biocompatibility, due to which it is often 

used in nanosuspension formulations (64, 120).  

 

Depending on the route of administration and the properties of the drug, other additives 

such as buffers, salts, polyols, osmogent and cryoprotectants are often added to the 

nanosuspension systems (108). 

 

1.2.7.3. Nanosuspension applications 

Several drugs have been formulated as nanosuspensions to improve water solubility 

(60), dissolution velocity (121), mucoadhesive properties (122), enhance brain delivery 

(123) and reduce ocular irritation (124). In anti-cancer therapy, several cytotoxic agents 

with poor water solubility have been formulated as nanosuspensions (8, 125). 

Formulation of cytotoxic nanosuspensions has enabled development of formulations 

with enhanced cytotoxic efficacy and increased apoptosis (12, 126, 127). In vivo studies 

have indicated that the nanosuspension formulation shows a higher anti-tumour 

efficacy, increased survival rate and reduced drug toxicity (125). As nanosuspension 

formulations preferentially accumulate in mononuclear phagocytic (MNP) cells post 

intravenous administration they have also been explored for targeted delivery of drugs 

to MNP cells in the liver, lungs and spleen. However, only a few studies have been 

reported on the targeted delivery of nanosuspensions to tumour tissues.  

In terms of clinical applications of nanosuspensions several poorly water soluble drugs 

have been formulated as nanosuspensions and introduced into the market (Table 1.1).  
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1. Sirolimus is a poorly water soluble immunosuppressant which was formulated 

as a nanocrystal (Rapamune®) and used to prevent rejection in organ 

transplantation. This formulation showed improved bioavailability, avoided 

storage problems and did not have a complicated reconstitution procedure as 

Sirolimus solution.  

 

2. Aprepitant is another poorly water soluble antiemetic agent which was 

formulated as a nanosuspension to improve its solubility and absorption through 

the upper gastrointestinal tract. The nanosuspension formulation (Emend®) 

showed improved dissolution of aprepitant which enabled enhanced absorption.  

 

3. Fenofibrate is a fibrate used for the treatment of hypercholesterolemia and 

hypertriglyceridaemia. Fenofibrate usually shows increased absorption in a fed 

state with 35% greater bioavailability. Formulation of fenofibrate nanocystals 

(Tricor® and Triglide®) avoided this variability in absorption in fed and fasted 

state.  

 

4. Similarly formulation of megestrol acetate as nanocrystals (Megace ES®) also 

showed reduced variability between fed and fasted state along with improved 

long-term physical stability.  

 

5. In terms of parenteral delivery, Invega Sustenna was the first injectable 

nanosuspension approved in 2009 for intramuscular delivery of paliperidone 

palmitoyl ester. The extended release of paliperidone from this formulation 

enabled once a month dosing of this formulation for the treatment of 

schizophrenia. 

 

6. Recently CritiTech Inc. reported the development of an injectable nanocrystal 

PTX formulation called Nanotax for ovarian and other intraperitoneal cancers 

prepared by continuous supercritical fluid process. In preclinical studies 

Nanotax® showed prolonged survival, improved efficacy and decrease in 

adverse effects compared to Taxol® (128). 
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1.2.8. Nanoemulsions 

1.2.8.1. Background 

Nanoemulsions (NE) are nanoscale droplets (size range of 20-200 nm) of one 

immiscible liquid phase dispersed within another and stabilised using an appropriate 

emulsifier. They are often also referred to as mini-emulsions, ultrafine emulsions or 

submicron emulsions, however these are not the same as microemulsions. 

Microemulsions are isotropic thermodynamically stable systems composed of oil, water 

and surfactant. NE on the other hand cannot exist in an equilibrium and hence do not 

form spontaneously. They require the input of energy which can be applied by high 

shear stirring, HPH or ultrasound generators (129). In contrast to microemulsions, NEs 

are similar to solid lipid nanoparticles (SLN) whereby both these systems require the 

input of energy, however the dispersed phase is the major differentiating factor. In SLN 

the lipids used in the dispersed phase have a melting point above 40-50ºC which 

maintains it in a solid state at room temperature, whereas in NE the lipids have a low 

melting point (Tm less than 0ºC). 

 

NE drug delivery systems offer several advantages over other delivery systems 

including enhancing solubility of poorly water soluble drugs, avoiding first pass 

metabolism (depending on the type of oil used), protection of drug from degradation in 

intestinal lumen and feasibility of being scaled up. NEs are often formulated with 

surfactants which are classified as ―generally recognised as safe‖ (GRAS) due to which 

they can have clinical applications. The small size of NEs also means that this type of 

formulation system is stable against creaming or sedimentation during storage (130). In 

comparison to microemulsions, lower surfactant concentrations are required for the 

preparation of NEs (114). Similarly, in comparison to SLN, NEs show higher drug 

entrapment efficiency with improved long term formulation stability (131). 

 

1.2.8.2. Nanoemulsion preparation 

NEs typically consist of active pharmaceutical ingredients, oil, surfactant or emulsifier 

and other additives. The oil phase used in NE can be derived from natural sources or 

from synthetic lipids, fatty acids, oils such as medium or long chain triglycerides or 

perflurochemicals. Oils derived from vegetable origin are liable to auto-oxidation and 

hence antioxidants (e.g. α-tocopherol, ascorbic acid) are often incorporated when such 
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oils are used. Purified soybean, corn, castor, peanut, cottonseed, sesame and safflower 

oils are commonly used in parenteral applications. Natural lecithins derived from plant 

and animal sources [e.g., egg yolk or soy phosphatidylcholine] are commonly used 

emulsifiers for parenteral nanoemulsions. PEG modified phospholipids are also added 

to avoid clearance by RES cells and enhance circulation time. Other additives such as 

tonicity modifiers (glycerol, sorbitol, xylitol), pH adjustment agents and preservatives 

are also often added to NE formulation systems.  

 

NEs can be prepared by HPH, microfluidization or ultrasonication techniques. Similar 

to NS, during the preparation of NE using PG-HPH, cavitation forces are used to 

nanosize drugs. Likewise microfluidizer processors are also equipped with a high 

pressure pump which forces the formulation through microchannels at a high velocity. 

The fluid is split into two and pushed though the microchannels with dimensions of 

around 75 µm at high velocities (50-300 m/s). Upon entering these microchannels the 

fluid forms jets which collide with jets from the opposing microchannels. These high 

shear and impact forces enable particle size reduction leading to the formation of NEs. 

In contrast to microfluidization, with the ultrasonication technique a coarse emulsion is 

prepared by heating the organic and aqueous phase separately and adding the aqueous 

phase to the oil phase prior to ultrasonication. The coarse emulsion is processed further 

using an ultrasonicator to prepare an o/w or w/o NE. 

 

1.2.8.3. Nanoemulsion applications 

Several authors have investigated the development of anti-cancer NE formulations for 

improved in vitro and in vivo efficacy. Some of these findings are reported below: 

 

1. Dacarbazine (DAC) is an antineoplastic chemotherapeutic agent used for 

malignant melanoma, Hodgkin lymphoma and sarcomas. It is unstable in the 

presence of light and it degrades into 4-diazoimidazole-5-carboxamide. 

Kakumanu et al, recently reported the development of DAC NE and explored 

its ability to maintain DAC stability and anti-cancer potential compared to DAC 

suspension. Development of DAC NE formulation provided a 10-fold greater 

tumour reduction efficacy compared to DAC suspension (132). Thus indicating 

the NEs can be used to improve the stability and in vivo drug efficacy.   
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2. Tamoxifen (TAM) is an antiestrogen often recommended for metastatic breast 

cancer. Like DAC, TAM is also a poorly water soluble antineoplastic agent 

which has been incorporated in various formulation systems with an aim to 

improve solubility. Tagne et al, recently reported development of a TAM NE 

and compared its apoptotic potential with a suspension of TAM. Cell apoptotic 

activity in HTB-20 breast cancer cell line showed that TAM NE had a 4 fold 

greater cell apoptosis compared to TAM suspension. The reduced particle size 

and negative surface charge of the NE was thought to enhance the 

bioavailability of TAM. The greater surface charge of the NE also enhanced the 

stability of the NE by preventing droplet coalescence resulting in repulsion of 

NE particles. Thus formulation of a poorly water soluble drug in a NE delivery 

system not only helped to overcome solubility problems but has also enhanced 

the stability of the system and has improved drug bioavailability (133).  

 

3. NE and suspension formulation systems were also compared in another study 

where alpha-tocopherol (vitamin E), sodium pyruvate and phospholipids were 

combined to prepare an antioxidant synergy formulation (ASF) as a 

nanoemulsion and as a suspension. The NE had an average particle size of 47 

nm and the suspension had an average particle size of 348 nm. It was found that 

the smaller size of NE enabled greater penetration and provided larger surface 

area for absorption compared to larger particles providing greater in vivo 

efficacy (134).  

 

4. PTX is a drug of choice for ovarian cancer, but as it is a substrate for Pgp efflux 

pumps and CYP 450 metabolising enzymes its use has been limited in clinical 

settings. It has been extensively explored in a number of NE systems (135, 

136). Ganta et al, reported the development of PTX and curcumin NEs with the 

aim of enhancing the oral bioavailability and anti-tumour efficacy of PTX (61). 

In this study the authors envisaged that using curcumin in combination with 

PTX would result in reduced efflux of PTX affecting PTX pharmacokinetic 

properties. Based on their work the authors identified that formulating PTX as a 

NE resulted in higher plasma PTX concentration, higher bioavailability and a 

greater tumour accumulation compared to PTX solution. This was attributed to 

a greater absorption of PTX across the gastrointestinal tract. However 
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formulating PTX as a NE did not prevent drug efflux by efflux proteins. Co-

administration of curcumin with PTX NE resulted in a 1.8 fold improvement in 

relative bioavailability compared to PTX-NE and there was also a significant 

increase in life span of tumour bearing mice with PTX-Curcumin NE compared 

to PTX solution. In another study PTX NEs were combined with ceramide and 

administered to aggressive brain tumour cells to show enhanced cytotoxic 

activity. PTX has also been incorporated in a multi-functional NE system where 

it has been loaded into the core of the delivery system and the NEs have been 

surface functionalised with gadolinium ions. This system showed greater 

cytotoxicity in human breast adenocarcinoma cells, decreased magnetic 

relaxation times and improved imaging contrast (137).     

 

5. NEs have also been designed to target anti-cancer agents specifically to tumour 

tissues. Ohguchi et al, reported the development and delivery of a folate-PEG 

linked aclacinomycin A NE to KB cells in a xenograft model. The authors 

explored the effect of modifying the PEG chain length and altering the amount 

of folate on PEG on the system’s targeting ability. It was found that at the same 

amount of folate modification, increasing the PEG chain length resulted in 

greater association of the NE system with the KB cells. Increasing the mol% of 

folate on PEG chains from 0.03% to 0.24% showed 5 fold and 3.3 fold greater 

association compared to non targeted NE. In vivo both these systems showed 

higher tumour suppression compared to aclacinomycin solution, which was 

attributed to a long circulation time and tumour targeting ability of the NE 

system. Thus targeting NE to tumour tissues has shown benefit for in vitro and 

in vivo work (138). 

 

1.2.9. Ceramide 

Apoptosis is a process in which cells activate an internally encoded suicide program 

which leads to cell death (139). Activation of this program can occur via an extrinsic or 

an intrinsic pathway. In the extrinsic pathway, signalling ligands (e.g. FasL or TNF) 

interact with their corresponding members of death receptor family (e.g. FAS, TNF R1) 

resulting in the formation of death inducing signalling ligand (DISC). The DISC 

comprises of the death receptor, linker molecule FADD (Fas-associated death domain 
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protein) and procaspase-8. Activation of caspase-8 leads to subsequent activation of 

caspase-3 (central executioner) which leads to proteolysis of target proteins e.g. poly 

(ADP-ribose) polymerase and specific transcription factors ultimately leading to cell 

death. In the intrinsic apoptosis pathway various signalling molecules such as Ca
2+

, 

reactive oxygen species, ceramide can affect mitochondrial integrity leading to release 

of proapoptotic factors into the cytosol which leads to the activation of caspase-3 

causing cell death.  

 

Sphingolipids are part of membrane lipids which are required for cell recognition and 

adhesion. Ceramides (Figure 1.7) are short chain sphingolipids which inhibit pro-

survival pathways. Endogenously ceramide is synthesised by sphingomyelin hydrolysis 

or de novo synthesis. Extracellular stimuli such as irradiation, UV-light, pseudomonas 

aeruginosa infection and chemotherapeutic agents can increase intracellular 

concentration of ceramide resulting in enhanced permeability of the mitochondrial 

outer membrane. This leads to release of intermembrane space proteins such as 

cytochrome c (Cyt c), procaspases, apoptosis inducing factor (AIF), heat shock proteins 

and endonuclease G in the cytosol (Figure 1.8). Release of these proteins in the cytosol 

leads to activation of specific capsases and DNAses which result in DNA 

fragmentation and cell death (139) (140). Ceramide is also known to prevent 

recruitment of Akt to PIP3 which leads to Akt dephosphorylation and inactivation 

leading to dysfunction of the PKB/Akt anti-apoptotic pathway (139). Exogenously 

administered ceramide causes G0-G1 cell cycle arrest, induces apoptosis and 

resensitizes cancer cells to anti-cancer therapy (141, 142).  

 

Combination therapy involves the simultaneous administration of two or more 

pharmacologically active agents to treat a single disease. Traditionally in the treatment 

of cancer different therapeutic options such as surgery, photodynamic therapy, 

radiation therapy and chemotherapy have been combined together to provide effective 

anti-cancer therapy. Due to the complexity of tumours, multiple agents with non-

overlapping toxicities and different mechanism of action are often combined during 

chemotherapy. Ceramide has been combined with PTX and administered as part of 

several NBDS (141-143). Desai et al, reported the delivery of PTX and ceramide as 

combination therapy in NE system to human glioblastoma cells. Using nanoemulsion 

systems to deliver these two agents showed enhanced cytotoxicity and increased 
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apoptosis compared to administration of these individual agents (144). Thus 

combination therapy with ceramide and anti-cancer agents can help to improve 

cytotoxicity, apoptotic activity and enable treatment of resistant cancer cells thereby 

improving therapeutic outcomes. 
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Figure 1.7: Structure of C6 ceramide. 
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Figure 1.8: Apoptotic pathway and mechanism of ceramide mediated inhibition of pro-survival pathways. 
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1.2.10. Thesis outline 

In Chapter 2 data on PIK75 HPLC method development, forced degradation studies, 

development of PIK75-NS and its characterisation is discussed. The chapter presents 

data on optimization of stabilisers and process parameters used for the preparation of 

PIK75-NS. In vitro characterisation data, pharmacokinetic and tissue distribution data 

for the optimised PIK75-NS formulation is also reported in this chapter.  

 

In Chapter 3 development of PIK75 targeted NE formulations (EGFR targeted and FR 

targeted) is discussed. Combination therapy of PIK75 NEs and ceramide NEs is also 

reported.  

 

In Chapter 4 development of PIK75 FR targeted nanosuspensions is reported. This 

formulation is compared with PIK75-NS optimised in Chapter 2 and the effect of these 

formulations on cytotoxicity is assessed. The pharmacokinetic and tissue distribution 

properties of these formulations in SKOV-3 tumour bearing mice are also reviewed.   

 

In Chapter 5 concluding discussion and future directions arising from this work are 

presented. 

.
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Chapter 2. DEVELOPMENT AND EVALUATION OF 

PIK75 NANOSUSPENSION 

2.1. Introduction 

Nanosuspensions  (NS) are colloidal dispersions of nano-sized drug particles which are 

stabilised with appropriate polymers or surfactants (116). They are often used as a 

delivery system for compounds with poor aqueous and lipid solubility. Several anti-

cancer agents have been formulated as nanosuspension systems showing improved 

saturation solubility, enhanced drug dissolution, reduced systemic exposure of drug and 

improved distribution of drug from blood into tissues (60, 66).   

 

PG-HPH was used to prepare PIK75-NS formulations which could be evaluated in 

preclinical studies. PIK75-NS was characterised for particle size distribution, 

morphology and crystalline properties. The change in saturation solubility was also 

investigated and sample processing conditions were evaluated to determine an optimum 

technique. In vitro precipitation testing was conducted within the formulation vehicle 

and in human plasma to determine the stability of the formulation under these 

conditions compared to PIK75 suspension. The formulation was also tested for long 

term physical and chemical compatibility. The PIK75-NS formulation was tested in 

vivo to observe pharmacokinetic and tissue distribution properties compared to PIK75 

suspension. 

 

Materials and Methods  

2.2. Materials 

Drug and excipients used to prepare PIK75-NS are shown in Table 2.1 and equipments 

used to prepare and characterise PIK75-NS are listed in Table 2.2. 
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 Table 2.1: Drug and excipients used for the project. 

Drug/Excipients Supplier 

PIK75  
Auckland Cancer Society Research 

Centre (ACRSC), (New Zealand) 

DMSO Sigma Aldrich, (USA) 

Tween 20 Sigma Aldrich, (USA) 

0.9% Sodium chloride injection  Hospira, New Zealand 

Soybean lecithin phosphatidylcholine (Lipoid 

S75) 
Lipoid GmbH, (Germany) 

Poloxamer 188 (Pluronic F 68) BASF, (Germany)  

 

Table 2.2: Equipments used for the project. 

Equipment Manufacturer/Supplier 

Ultra Turrax homogeniser IKAWerke GmbH & Co., Germany 

Emulsiflex-C3 high pressure homogeniser Avestin Inc, Canada 

Refrigerated Circulator 
Julabo Labortechnique, GmbH, 

Germany 

Malvern Zetasizer Nano ZS Malvern Instruments, UK 

JEOL 100-X transmission electron microscope Peabody, MA 

Leica DMR polarized light microscope Leica, GmbH, Germany 

Q1000 Tzero™ module TA Instruments, USA 

D8 Advance Diffractometer Bruker AXS, CA, USA 

OLS200 water bath Cambridge, UK 

Agilent series 1200 LC Agilent Corporation, Germany 

TissueLyser II Qiagen, USA 

Agilent 6460 triple quadrupole LC-MS/MS Agilent Corporation, Germany 

Differential Scanning Calorimeter Shimadzu, Japan 
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2.3. Methods 

2.3.1. Analytical method 

2.3.1.1. Chromatographic conditions 

A HPLC method was developed and validated for the determination of PIK75 in all the 

samples. An Agilent series 1200 LC comprising a quaternary pump, an autosampler 

and photodiode array detector were used with data acquisition by Chemstation
® 

(Agilent Corporation, Germany). Analysis of PIK75 was performed on a reverse phase 

C18 column (2.1 mm × 150 mm, 5 µm, Phenomenex, USA) using a security C18 pre-

column with security guard cartridges (20 mm × 4 mm, 5 µm, Phenomenex, USA). The 

mobile phase consisted of solvent A (80% acetonitrile in Milli-Q water) and solvent B 

(45 mM ammonium formate, pH 3.5) which was circulated at a flow rate of 1 ml/min 

with a gradient method. The gradient used was: 0–6 min 15% of solvent A; 6–11 min 

75% solvent A; 11–13 min 15% of solvent A. The mobile phase was filtered through a 

0.45 µm nylon filter before use. A 30 µl sample was injected onto the HPLC column 

and analysed at 270 nm. The autosampler temperature was maintained at 4°C and the 

column temperature was maintained at 25°C. 

 

2.3.1.2. Method validation 

The HPLC method was validated for linearity, specificity, accuracy and precision. 

Primary stock solution of PIK75 (1 mg/ml) was prepared by dissolving an appropriate 

amount of PIK75 in acetonitrile. The working standard solution of PIK75 (0.1 mg/ml) 

was obtained by further diluting the stock solution with acetonitrile. From the working 

standard solution, calibration standards over a range of 0.5-50.0 µg/ml were prepared in 

mobile phase. Intra-day accuracy and precision were determined by analysis of three 

replicates of 0.5, 10 and 30 µg/ml concentrations on the same day, while inter-day 

accuracy and precision were determined by the analysis of a similar sequence of 

samples on three different days. The overall precision of the method was determined by 

measuring the relative standard deviation (% RSD) and the accuracy of the method was 

determined by comparing the measured concentrations to their actual concentrations. 

 

2.3.1.3. Forced degradation study and peak purity analysis 

PIK75 was subjected to various stress conditions for pre-determined intervals to 

develop a stability indicating HPLC method. The samples were exposed to the 
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following conditions as per International Conference on Harmonisation (ICH) 

guidelines (145) and tested on HPLC to determine PIK75 stability:  

 

Acid hydrolysis: PIK 75 (1 mg) was dissolved in DMSO (2 ml) and diluted with 1 N 

HCl (up to 10 ml) and stored at 40ºC.  

 

Base hydrolysis: PIK 75 (1 mg) was dissolved in DMSO (2 ml) and diluted with 0.1 

M NaOH (20 µL) followed by dilution with acetonitrile (up to 10 ml) and stored at 

40ºC. 

 

Oxidation: PIK75 (1 mg) was dissolved in 3% v/v H2O2 in acetonitrile (up to 10 ml) 

and stored at 40ºC. 

 

Photolysis: PIK 75 (1 mg) was exposed to UV light (2 days) and visible light (8 

days). 

 

Temperature: PIK 75 (1mg) was stored at 60ºC/75% relative humidity.  

 

The samples were tested at different time points and the samples were collected until 5-

20% degradation was obtained. Peak purity analysis was conducted on Agilent 

Chemstation
® 

software. UV spectra were obtained at five points across the peak for 

PIK75, two points before the peak apex (leading front), one point at the apex and two 

points after the apex (tailing front). The UV spectra from these five points were 

compared for similarity. On analysis, if the UV spectra were found to be dissimilar at 

these five points, then it was presumed that an impurity/degradation product was co-

eluting with the drug. However if UV spectra across these five points was similar then 

it was deduced that the peak was not impure. The peak purity analysis was carried out 

for all the pre-formulation and formulation samples analysed on HPLC. 

 

2.3.2. Preparation of PIK75-NS 

Preliminary studies were conducted to optimize type of stabilisers, concentration of 

stabilisers and homogenising conditions. A 3
2
 factorial design was established to 

optimise the homogenising parameters (Table 2.3). Based on these findings the 
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following protocol for preparing PIK75-NS was developed. PIK75 (300 mg), 

poloxamer 188 (P-188) (100 mg) and hydrogenated soybean lecithin with 70% 

phosphatidylcholine (SBL-PC) (100 mg) were dispersed in Milli-Q water (25 ml) and 

stirred for 30 min. The dispersion was micronized using an Ultra Turrax homogeniser 

at 9,000 rpm for 30 min. The premix was high pressure homogenised using an 

Emulsiflex-C3 high pressure homogeniser for 15 cycles at 7250 psi, 5 cycles at 15,000 

psi and 15 cycles at 18,000 psi to prepare the nanosuspension. Continuous cooling via 

heat exchanger was used during the homogenisation process to maintain the product 

temperature between 2-4°C. 

 

2.3.3. Particle size and zeta potential measurement 

The mean particle size and the polydispersity index (PDI) of the pre-milled and milled 

nanosuspension were determined by photon correlation spectroscopy (PCS) with a 

Malvern Zetasizer Nano ZS at a 90º fixed angle and at 25ºC. Prior to measurement, the 

samples were diluted with MilliQ water to a suitable scattering intensity and 1 ml 

aliquot was used to measure the particle size and PDI.  

 

PIK75-NS was centrifuged at 13,000 rpm for 60 min, the supernatant was extracted and 

the amount of unincorporated PIK75 was measured using HPLC. Drug entrapment 

efficiency was calculated by subtracting the amount of free PIK75 in the supernatant 

from the initial amount of PIK75 used to prepare the nanosuspension formulation. 
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Table 2.3: 3
2
 factorial design to assess the effect of homogenisation pressure and 

homogenisation cycles on particle size and polydispersity index. 

Batch No 
Variable level in coded form  

X1                                             X2  

1 -1 -1 

2 -1 0 

3 -1 1 

4 0 -1 

5 0 0 

6 0 1 

7 1 -1 

8 1 0 

9 1 1 

Coded values  
Actual values  

X1 X2 

-1 7,250 5 

0 15,000 10 

1  18,000 15 

 

X1 = homogenisation pressure (psi); X2 = number of homogenisation cycles. 
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2.3.4. Morphological analysis using Transmission electron microscopy 

Samples were placed on mesh copper grids and negatively stained with 20 µL of 1% 

(w/v) uranyl acetate for 10 min at ambient temperature. After draining off excess stain 

with Whatman 1 filter paper, the copper grid was placed on Transmission electron 

microscopy (TEM) sample holder and observed with a transmission electron 

microscope at an accelerating voltage and equipped with 20 mm aperture. 

 

2.3.5. Crystalline state evaluation  

Crystalline state evaluation was carried out using Polarized Light microscopy (PLM), 

Differential Scanning Calorimetry (DSC), and X-Ray Powder Diffraction (XRPD) to 

determine any transformation of crystalline PIK75 into an amorphous state after HPH 

process. 

 

2.3.5.1. Polarised light microscopy 

Optical microscopy analysis was conducted using a brightfield Leica DMR polarized 

light microscope (20x normal or 100x oil immersion lens, 10 x objective) equipped 

with a Nikon CoolPix 4500. For analysis, a drop of the suspension (pre-milled or 

milled) was placed on a clean glass slide and covered carefully with a coverslip. 

 

2.3.5.2. Differential scanning Calorimetry 

The thermal properties of PIK75 and the other excipients in the NS were measured on a 

Q1000 Tzero™ module. Heat flow and heat capacity calibration of the instrument was 

done using indium and sapphire, respectively. The samples were accurately weighed 

(7.4 mg) and crimped in aluminium pans and heated at 10
°
C min

-1
. The data was 

analyzed using Universal Analysis software (TA, Instruments, USA) version 4.1D 

 

2.3.5.3. X-ray powder diffraction  

X-ray diffractograms of PIK75, P-188, SBL-PC and PIK75-NS were recorded using a 

D8 Advance Diffractometer with Cu line as the source of radiation. For analysis 600 

mg of sample was used and standard runs were obtained using a voltage of 40 kV, a 40 

mA current and a scanning rate of 0.02/min over a 2θ range of 2.0–40.0
o
. 
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2.3.6. Solubility determination  

PIK75 macrosuspension was added in excess to 5 mL of phosphate buffer saline (PBS) 

pH 7.4 and placed in a controlled temperature shaking water bath (OLS200, 

Cambridge, UK) at 25°C for 48 h. The samples were centrifuged for 5 min at 10,000 

rpm and the supernatant was collected and injected onto the HPLC column.  

 

A saturated solution of PIK75-NS in PBS was prepared as above, but the samples were 

processed further using alternative separation technique (Table 2.4) to ensure that the 

samples did not contain any nanoparticles. The samples were diluted with mobile phase 

and 30 µL was injected in HPLC for analysis. 

 

2.3.7. Drug excipient compatibility testing 

Drug excipient compatibility was tested by triturating PIK75 with the excipients and 

stored at 60ºC, 40% relative humidity for one month. During this period, the samples 

were observed for any change in colour and after one month PIK75 was extracted from 

the sample using acetonitrile and its concentration was determined using HPLC 

analysis. 
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Table 2.4: Processing conditions for testing saturation solubility. 

Code Processing conditions 

PC-1 Centrifuged at 13,000 rpm for 60 min 

PC-2 Centrifuged at 13,000 rpm for 90 min 

PC-3 Centrifuged at 13,000 rpm for 120 min 

PC-4 Centrifuged at 13,000 rpm for 60 min and filtered with a 0.22 µm filter 

PC-5 

Centrifuged at 13,000 rpm for 60 min, filtered with a 0.22 µm filter, filtered 

in a 100 kDa pore size Nanosep
®
 filter by centrifuging at 10,000 rpm for 10 

min 

PC-6 

Centrifuged at 13,000 rpm for 60 min, filtered with a 0.22 µm filter, filtered 

in a 3 kDa pore size Nanosep
®
 filter by centrifuging at 10,000 rpm for 10 

min 
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2.3.8. In vitro stability in formulation vehicle and human plasma 

PIK75 suspension was prepared by adding PIK75 in 10% DMSO, 0.5% Tween 20 and 

89.5% saline. PIK75-NS was prepared using the same methodology as described 

earlier. Stability of PIK75 in the formulation was tested by placing 5 ml of PIK75 

suspension and PIK75-NS separately in a shaking water bath maintained at 37ºC with 

100 rpm. At pre-determined time intervals a 50 µL sample was centrifuged at 13,000 

rpm for 60 min, filtered with a 0.22 µm filter and further purification was achieved by 

using a 3 kDa pore size Nanosep
®
 filter. The percentage PIK75 recovered was 

measured using HPLC. 

 

Plasma stability was also tested separately for PIK75 suspension and PIK75-NS by 

adding 10 µL of the formulation to 1.2 mL of plasma and kept in a water bath at 37°C. 

At predetermined intervals a 100 µL sample was withdrawn and diluted with 300 µL of 

ice-cold acetonitrile to deproteinize the human plasma samples. These samples were 

purified further using the methodology described above and the percentage PIK75 

recovered was measured using HPLC. 

 

2.3.9. Stability studies  

PIK75-NS was stored in glass vials at 40°C±2°C/75% RH±5% as per ICH guidelines 

(146). Samples were recovered at predetermined time intervals (2 months, 4 months 

and 6 months) to assess chemical and physical stability. 

 

For chemical stability testing, 50 µL of the sample (n=5) was dissolved in 1 ml 

acetonitrile and was injected on the HPLC column. PIK75 concentration was 

determined using the calibration curve and percentage recovery was calculated and 

expressed as mean±SD. For assessing physical stability, particle size and PDI were 

monitored using a Malvern Zetasizer Nano ZS. 

 

2.3.10. Pharmacokinetic and tissue distribution studies 

2.3.10.1. Preparation of stock solutions and standard solutions in biological 

matrices  

Stock solution of PIK75 and internal standard (IS) (SN32776) (Figure 1.2) were 

prepared by dissolving appropriate amounts in acetonitrile to prepare a stock 
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concentration of 500 µM. Standard solutions (0.01, 0.05, 0.5, 1.13, 2.26, 4.56, 9.04, 

18.08 and 36.16 µg/ml) of PIK75 were prepared by spiking known volumes of PIK75 

working standard solution and IS to freshly thawed plasma and tissue homogenates. 

 

2.3.10.2. Sample processing 

Ice cold methanol was added to the plasma and tissue samples to precipitate the 

proteins in the sample. After vortexing the sample for 1 min the samples were stored at 

- 80ºC for 30 min and the supernatant was transferred to fresh eppendorf tubes. The 

samples were diluted with the mobile phase and 40 µl was injected onto the LC-

MS/MS column for analysis. A calibration curve was constructed as a linear plot of 

peak area rations between PIK75 and IS against the PIK75 concentrations.  

 

2.3.10.3. Bioanalytical method validation 

Intra-day accuracy and precision were determined by analyzing three replicates at 0.05, 

1.13 and 4.52 µg/ml concentrations in plasma, tumour and liver homogenates on the 

same day. Inter day accuracy and precision was determined by analyzing the samples 

on three different days.  

 

Overall precision and accuracy were determined by measuring % RSD and comparing 

average of measured concentrations with their true concentrations. 

 

2.3.10.4. Preparation of quality control samples 

Quality control (QC) samples were prepared at 0.029, 0.294 and 2.940 µg/ml 

concentrations in plasma and tissue matrices. During sample analysis, one set of QC 

concentration was included and processed with the standard solution and unknown 

samples. These samples were scattered in between the standard solutions and unknown 

samples. 

 

2.3.10.5. Bioanalytical method 

A structural analogue of PIK75, SN32776 was added as the internal standard to 0.1 ml 

of plasma or tissue homogenate, followed by 1 ml chilled acetonitrile. Each sample was 

vortexed, kept at -80˚C for 30 min and centrifuged at 3,500 rpm for 15 min to 

precipitate the proteins. The supernatant was removed, diluted with mobile phase and 

injected into an Agilent 6460 triple quadrupole LC-MS/MS system for quantitative 
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analysis using multiple reaction monitoring and electrospray ionization. PIK75 was 

analyzed with a precursor ion m/z of 454 and a product ion m/z of 254. The internal 

standard was analyzed with a precursor ion m/z of 413 and a product ion m/z of 213. 

  

Separation was performed on a reverse phase C18 column (2.1 mm × 150 mm, 5 µm, 

Phenomenex, USA) using a guard C18 pre-column with security guard cartridges (20 

mm × 4 mm, 5 µm, Phenomenex, USA). The mobile phase consisted of solvent A (5 

mM ammonium formate in Milli-Q water) and solvent B (0.1% formic acid in 99.1% 

methanol) which was circulated at a flow rate of 0.4 ml/min with a gradient method. 

The gradient used was: 0-2.5 min 20% of solvent A; 2.5-8 min 100% solvent A; 8-9 

min 20% of solvent A. Samples were injected at 30 µl of injection volume, the 

autosampler temperature was maintained at 4°C and the column temperature was 

maintained at 35°C. 

 

2.3.10.6. Mice 

Male CD1 mice weighing 25-30 g were obtained from Charles River Laboratories, 

USA. The animals were housed in groups of 10 in a temperature-controlled room (22 ± 

2 °C) with a 12-hour light/dark cycle and were fed ad libitum water and a standard 

rodent diet (Harlan Teklad diet 2018i). All animal experimental protocols were 

evaluated and approved by the Animal Ethics Committee, University of Auckland, 

New Zealand. Mice received intraperitoneal (i.p) injection of PIK75 (10 mg/kg) 

suspension or PIK75-NS. At predetermined time points (15, 30 min and 1 and 4 h), 

three mice from each group were euthanized with carbon dioxide inhalation and blood 

samples were collected by cardiac puncture into blood collection tubes containing 

EDTA (Becton Dickinson, Auckland, New Zealand). The samples were centrifuged at 

6,500 rpm for 15 min for the isolation of plasma. Liver, kidneys, lungs, heart and brain 

were also collected. These tissues were washed with 1 ml PBS (pH 7.4) to remove any 

blood contamination, then snap frozen in liquid nitrogen and stored at -80˚C until 

analysis. Prior to analysis the tissue samples were weighed then homogenised in PBS 

using TissueLyser II. 

 

2.3.10.7. Sample processing 

Ice cold acetonitrile was added to the plasma and tissue samples to precipitate the 

proteins in the sample. After vortexing the sample for 1 min the samples were stored at 
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-80ºC for 30 min and the supernatant was transferred to fresh eppendorf tubes. The 

samples were diluted with the mobile phase and 40 µl was injected onto the LC-

MS/MS column for analysis. A calibration curve was constructed as a linear plot of 

peak area rations between PIK75 and IS against the PIK75 concentrations. 

 

2.3.11. Pharmacokinetic and statistical analysis 

Pharmacokinetic analysis was carried out by non-compartmental analysis using 

Microsoft Excel add-in ―PKSolver‖. The specifications of this program and validation 

have been published in Computer Methods and Programs in Biomedicine (147). 

Statistical analysis was performed with the software package SPSS® 15.0 (IBM, USA) 

using ANOVA analysis. A p value < 0.05 was considered statistically significant. 

 

2.4. Results 

2.4.1. Analytical method 

A reverse phase HPLC method was developed and validated for quantitative analysis of 

PIK75. Figure 2.1 shows the elution peak of PIK75 with ammonium formate and 

acetonitrile used as mobile phase with a gradient method. The UV spectra obtained 

across PIK75 peaks indicated that the drug eluted as pure peak without interference 

from any impurities.  

  

The calibration curve for PIK75 (concentration vs. peak area) showed good linearity in 

the range of 0.5-50 µg/ml. The equation for the linear regression analysis was y = 

81.66x + 51.29 with a correlation coefficient of 0.9994. Table 2.5, shows the intra-day, 

inter-day, accuracy and precision for the developed HPLC method. The mean intra-day 

and inter-day accuracy values were 100.34±5.36 and 99.22±4.41, respectively. The 

mean intra-day and inter-day precision values were 4.28±0.77 and 4.23±1.23, 

respectively. These values indicated that the developed method had good intra-day and 

inter-day accuracy and precision. The parameters that were determined above indicated 

that the developed analytical method was specific, precise and accurate for the 

determination of PIK75. 
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2.4.2. Forced degradation and peak purity analysis 

Forced degradation studies were conducted to develop a stability indicating HPLC 

method for PIK75. PIK75 degradation studies were terminated once 5-20% degradation 

had occurred or after 1 week of stress testing, whichever occurred first. The samples 

were tested in HPLC and peak purity was assessed using a PDA detector and 

Chemstation software. Peak purity analysis was conducted at five points across the 

peak, two points before the apex (leading front), one point at the apex and two points 

after apex (tailing front). Similarity in the UV spectra provided information on peak 

purity.  

 

Figure 2.2 to Figure 2.6 depict the HPLC chromatograms for acid hydrolysis (Figure 

2.2), alkaline hydrolysis (Figure 2.3), oxidative (Figure 2.4), photolytic (Figure 2.5) 

and thermal degradation (Figure 2.6) of PIK75. Acid degradation of PIK75 with 0.1 N 

HCl showed minimal degradation of PIK75. Exposure of PIK75 to 1 N HCL was 

associated with PIK75 degradation corresponding to other peaks observed in the 

chromatogram. Acid hydrolysis showed degradation peaks close to elution of PIK75 

(RT = 12.2 min vs. RT = 12.5 min) however these peaks showed adequate resolution 

(resolution > 1.5). Further at the selected degradation conditions the 5 point UV 

spectral analysis indicated that peak purity of PIK75 was maintained following 

exposure to HCl. During forced degradation of PIK75 with NaOH a pink coloured 

sample was obtained indicating base induced degradation. Oxidative, photolytic and 

thermal degradation of PIK75 showed minimal change in the chromatogram indicating 

that the peak corresponding to PIK75 was pure. 
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Figure 2.1: HPLC chromatogram of PIK75 with a retention time of 12.5 min.  Inset 

shows peak purity as five overlaid UV spectra. 

 

 

 

 

Table 2.5: PIK75 HPLC method intra-day and inter day accuracy and precision. 

Nominal concentration (µg/ml) 
Accuracy % Precision % 

Intra-day Inter-day Intra-day Inter-day 

10 
 

104.54 103.24 5.05 5.46 

30 
 

102.19 99.92 3.51 3.99 

50 
 

99.92 97.62 0.26 1.38 

Mean 
 

100.34 99.22 4.28 4.23 

SD 
 

5.36 4.41 0.77 1.23 
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Figure 2.2: Chromatogram obtained after injection of sample containing PIK75 in 1N 

HCl. Peak purity is shown as five overlaid UV spectra (inset) obtained at five time 

points across the PIK75 peak. 

 

 

Figure 2.3: Chromatogram obtained after injection of sample containing PIK75 in 1 N 

NaOH. Peak purity is shown as five overlaid UV spectra (inset) obtained at five time 

points across the PIK75 peak. 
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Figure 2.4: Chromatogram obtained after injection of sample containing PIK75 in 3% 

v/v H2O2 tested after one week of exposure. Peak purity is shown as five overlaid UV 

spectra (inset) obtained at five time points across the PIK75 peak. 

 

 

Figure 2.5: Chromatogram obtained after injection of sample containing PIK75 under 

UV and visible light. Peak purity is shown as five overlaid UV spectra (inset) obtained 

at five time points across the PIK75 peak. 
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Figure 2.6: Chromatogram obtained after injection of sample containing PIK75 

exposed to a temperature of 60°C/75% relative humidity. Peak purity is shown as five 

overlaid UV spectra (inset) obtained at five time points across the PIK75 peak. 
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2.4.3. PIK75 nanosuspension formulation development  

Preliminary studies were conducted to determine the type and concentration of stabilisers 

required for the preparation of PIK75-NS. Poloxamers, lecithin, polysorbates and 

polyvinylpyrrolidone were investigated as potential stabilisers. PIK75-NS prepared with 

polyvinylpyrrolidone had a size range of 500-600 nm and saturation solubility of 5.40 µg/ml 

but these nanoparticles had a surface charge of less than -10 mV. On the other hand PIK75-

NS prepared with sodium dodecyl sulphate and sodium carboxymethyl cellulose had a 

surface charge of > -30 mV but the nanoparticles were larger than 900 nm in size and had a 

size distribution of 0.5-0.8. Poloxamer 407 and P-188 provided nanosuspensions within a size 

range of 300-500 nm. As poloxamer 407 can cause hypertriglyceridaemia and 

hypercholesterolemia, P-188 was investigated as a potential stabiliser for PIK75-NS 

preparation (148, 149). Usually for nanosuspension a combination of stabilisers is 

recommended for effective stabilisation. Hence along with P-188, SBL-PC was also selected 

to prepare PIK75-NS due to its amphoteric properties and its safety in parenteral applications. 

Formulating PIK75-NS with these stabilisers provided nanoparticles in the size range of 380-

460 nm with a saturation solubility of 36.19±20 µg/ml.  

 

Once the stabilisers were selected, the HPH parameters were optimised by designing a 3
2 

factorial study (Table 2.3). In this study the effect of homogenisation pressure and number of 

homogenisation cycles on the size and PDIs of the nanosuspension was evaluated as these 

parameters influence physical stability, cellular uptake, biodistribution and drug release from 

nanosuspensions. The particle size data was analyzed using multiple linear regression 

analysis to determine the co-efficients of the quadratic statistical model and to determine 

statistically significant terms. Figure 2.7 shows the effect of homogenisation pressure and the 

number of cycles on particle size and PDI. An increase in both homogenisation pressure and 

homogenising cycles showed a decrease in particle size and size distribution. The following 

equation was derived by the best-fit method to describe the relationship between particle size 

(Y), the homogenisation pressure (X1) and the number of homogenisation cycles (X2).  

 

Y = 1711.12 - 0.08X1 - 5.20X2 - 0.05X1X2 
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The negative value of the estimated coefficients indicated that an increase in both 

homogenisation pressure and cycles resulted in a decrease in particle size and PDI. ANOVA 

analysis of these process parameters indicated that homogenisation at 18,000 psi resulted in a 

significant decrease in particle size and size distribution compared to homogenisation at 

7,250 psi. Although there was no significant decrease in particle size following 

homogenisation at 15,000 psi compared to homogenisation at 18,000 psi, there was a 

significant reduction in particle size distribution. In terms of the number of homogenisation 

cycles it was found that homogenisation for 15 cycles compared to 5 cycles showed a 

significant decrease in particle size. This indicates that a gradual increase in the 

homogenisation pressure led to decrease in particle size and an increase in the number of 

homogenisation cycles improved nanoparticle size distribution. Hence PIK75-NS samples 

were prepared by homogenisation for 15 cycles at 7250 psi, 5 cycles at 15,000 psi and 15 

cycles at 18,000 psi. 
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Figure 2.7: Influence on PIK75-NS particle size and polydispersity index following homogenisation at variable pressure and homogenisation 

cycles. 
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Once the homogenisation parameters were optimised the ratio of P-188 and SBL-PC 

were altered to identify an optimum ratio of these excipients (Table 2.6). Increasing the 

ratio of SBL-PC (NS-2) showed a 4 fold increase in entrapment efficiency (p < 0.05) 

and a decrease in nanoparticle size compared to the NS-1 system. When the levels of 

SBL-PC were reduced (NS-3 compared to NS-2), it was observed that although high 

entrapment efficiency was maintained there was an increase in nanoparticle size 

possibly due to ineffective stabilisation. Increasing the proportion of P-188 increased 

the entrapment efficiency but it was associated with an increase in particle size. When 

P-188 and SBL-PC were added in the same ratio there was 7 times greater entrapment 

of PIK75 (p < 0.05) and a significant decrease in particle size compared to the NS-1 

system. P-188 is a non-ionic triblock copolymer with a central hydrophobic chain of 

polyoxypropylene flanked with two hydrophilic chains of polyoxyethylene. The 

hydrophobic chains attract the polymer to the surface of the nanosized drug and the 

hydrophilic chains provide steric stabilisation (150). As an amphoteric stabiliser SBL-

PC is able to provide both steric and electrostatic stabilisation. After nanosization of 

PIK75, SBL-PC and P-188 accumulate at the drug and aqueous interface and form a 

mechanical and thermodynamic barrier preventing drug particle aggregation. The NS-5 

system enabled the preparation of spherical nanosuspension of PIK75 within a size 

range of 160-180 nm. Following optimization of process and formulation parameters 

the nanosuspension system was characterised for size, surface charge, crystalline state 

and saturation solubility. Pharmacokinetics and tissue distribution characteristics of the 

nanosuspension were also evaluated. 

 

2.4.4. Particle size and zeta potential measurements 

PCS was used to assess particle size, PDI and surface charge of the nanosuspension. A 

PDI value of 0.1-0.3 usually indicates a narrow distribution, whereas values greater 

than 0.5 signify a very broad size distribution (117). PCS analysis showed that the pre-

milled NS had an average particle size of 1532 nm ± 141 with a PDI of 0.4 which was 

reduced by milling to 187.6 nm ± 19.11 with a PDI of 0.3 (Table 2.6, NS-5 system). 

Further zeta potential analysis indicated that the nanosuspension had an average zeta 

potential of -39.3 ± 0.86 mV at pH 6.0. Nanoparticles which are stabilised with steric 

and electrostatic stabilisers (P-188 and SBL-PC) require a minimum zeta potential 

value of ±20 mV (10). 
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Table 2.6: Formulation variables for the preparation of PIK75-NS. 

Batch 

No 

PIK75 : P-188:SBL-PC 

ratio 

Particle size 

(nm±SE) 

Polydispersity 

index 

Entrapment efficiency 

(%±SE) 

Zeta potential 

(mV±SE) 

NS1 3:5:1 502.5±49.95 0.5 14.09±0.56 -39.7±0.961 

NS2 3:1:5 381.4±91.32 0.6 62.50±15.01 -36.3±0.945 

NS3 3:1:2 516.6±12.96 0.5 63.42±18.29 -43.2±0.500 

NS4 3:2:1 590.8±79.91 0.6 57.38±17.45 -37.3±0.416 

NS5 3:1:1 187.6±19.11 0.3 96.07±1.82 -39.3±0.862 
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2.4.5. Morphological analysis using Transmission electron microscopy 

The micrograph for pre-milled PIK75 (Figure 2.8A) showed drug and excipient 

agglomerates which were reduced to spherical nanoparticles with a size range of 

around 160-180 nm after milling (Figure 2.8B). 

 

2.4.6. Crystalline state evaluation  

PLM can be used to gather preliminary information on the presence of crystalline or 

amorphous forms of a compound as only the crystalline form would show birefringence 

patterns under polarized light. Both the pre-milled and milled nanosuspension showed 

birefringence patterns indicating that the crystalline state of PIK75 was unaltered 

following homogenisation operations (Figure 2.9) (151). DSC thermograms for PIK75-

NS showed peaks corresponding to the melting point of PIK75 and the stabilisers 

(Figure 2.10). However the peak corresponding to the melting of PIK75 was broader 

and had shifted possibly due to a decrease in drug particle size and concurrent melting 

of SBL-PC and PIK75  (150, 152, 153). Figure 2.11, shows the XRPD diffractograms 

of PIK75, PIK75-NS and the stabilisers. The diffractogram of PIK75 showed sharp 

peaks at diffraction angles of 2θ (11.5, 13, 14.6, 15.5, 18.9, 19.5, 20.6, 23, 24.8). The 

diffractogram  for P-188 showed two intense peaks at 16.0° and 20.8° and a broad and 

diffuse pattern was apparent with SBL-PC suggesting it was essentially amorphous (9). 

PIK75-NS showed sharp diffraction peaks similar to PIK75 diffractogram 

demonstrating that the crystalline nature of the drug was unaltered after HPH. A 

decrease in peak intensity was observed for certain diffraction angles due to the 

presence of polymer at the surface of the nanoparticles (8, 151). 



Chapter 2.... Development and evaluation of PIK75 nanosuspension  

 

59 

 

 

 

Figure 2.8:  TEM image of pre-milled PIK75 nanosuspension (A) and milled PIK75-

NS formulation (C). 

 

  

 

 

Figure 2.9: Optical microscopy – light microscopy (LM) and polarized light 

microscopy (PLM) analysis (1000×): pre-milled PIK75 LM (A), pre-milled PIK75 

PLM (B), PIK75-NS LM (C), PIK75-NS PLM (D). 
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Figure 2.10: DSC thermograms for PIK75 (A), P-188 (B), SBL-PC (C), PIK75-NS 

formulation (D). 

 

  

  

Figure 2.11: XRPD diffractograms for PIK75 (A), P-188 (B), SBL-PC (C), PIK75-NS 

formulation (D).  
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2.4.7. Saturation solubility 

Saturation solubility of PIK75 macrosuspension equilibrated in PBS at 25°C was 

4.7±5.3 µg/ml. Figure 2.12 shows the effect of selected processing conditions on 

particle count rate and saturation solubility. PIK75 samples which were processed by 

centrifugation (PC1-PC3) showed that increase in the period of centrifugation did not 

alter the count rate. However a small decrease in the saturation solubility was observed 

by centrifuging the samples for 90 min (7% decrease, p > 0.05) and 120 min (1% 

decrease, p > 0.05). Centrifuging the samples and filtering them with a 0.20 µm filter 

(PC4) did not alter the count rate however a 12% decrease (p < 0.05) in saturation 

solubility was observed. Centrifugal filtration devices with two pore sizes (100 kDa and 

3 kDa) were investigated to monitor a change in saturation solubility and count rate. 

Processing the sample with a 100 kDa pore size Nanosep® reduced the saturation 

solubility of PIK75 by 43% (p < 0.05) in comparison to using the PC1 technique. The 

decrease in saturation solubility value was associated with a decrease in particle count 

rate. However the count rate for PC5 samples was higher than the count rate obtained 

with blank PBS samples hence the 3 kDa pore size filter was used. The 3 kDa pore size 

Nanosep® reduced the saturation solubility of PIK75 by 49% (p < 0.05) in comparison 

to using the PC1 technique. The count rate obtained by this technique (PC6) was 

similar to the value observed from blank PBS sample. Furthermore in comparison to 

PC5 technique the PC6 technique showed a statistically significant decrease in 

saturation solubility which could be attributed to effective separation of nanoparticles 

from the samples due to use of small pore size filters. 

 

2.4.8. Drug excipient compatibility testing 

In this study PIK75’s chemical compatibility with P-188 and SBL-PC was studied to 

determine if there was any interaction between PIK75 and the stabilisers. This was 

considered as an important risk reduction exercise early in the formulation development 

process to assess drug recovery. Drug excipient compatibility testing (Table 2.7) 

showed that when PIK75 was combined with P-188 and SBL-PC about 97-99% of 

PIK75 was recovered. Regular visual inspection of the sample showed no change in the 

appearance of the sample thereby indicating that PIK75 was physically and chemically 

compatible with the stabilisers. 
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2.4.9. Stability studies  

Stability testing was conducted to provide evidence on the quality of PIK75 under the 

influence of a variety of environmental factors such as temperature and humidity. The 

tests on PIK75-NS were designed as per the ICH harmonized tripartite guidelines. 

Visual observation during stability testing did not show discolouration of PIK75-NS. 

Chemical stability testing showed a 2-3% decrease in PIK75 recovery but this decrease 

was not statistically significant (Table 2.8). Similarly, the surface charge did not alter 

significantly during the period of stability testing. A 3-4% increase in particle size was 

observed during 4 months and 6 months of stability testing. However the increase in 

particle size did not affect PIK75 recovery from the nanosuspension formulation. 

 

2.4.10. In vitro PIK75 stability in formulation and in human plasma  

In vitro stability testing of PIK75 and PIK75-NS was conducted in the formulation and 

also in human plasma. PIK75 suspension prepared with 10% DMSO, 0.5% Tween 20 

and 89.5% saline showed a rapid decline in PIK75 recovery over 8 h reaching < 20% 

after 8 h (Figure 2.13A). In contrast, PIK75-NS showed a very small degree of drug 

precipitation over 8 h with drug recovery maintained between 96% to 100%.  

 

In human plasma, the PIK75 suspension showed more than 90% recovery of the drug 

within the first 60 min (Figure 2.13B). However after 2 h PIK75 recovery started to 

decline gradually with an average drug recovery of 27% after 8 h of stability testing. 

The PIK75-NS showed more than 90% drug recovery for 6 h with 70% of PIK75 being 

recovered after 8 h compared to PIK75 suspension. 
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p <  0.05

 

 

Figure 2.12:  PIK75 saturation solubility in PBS and count rate following processing 

the samples with different separation techniques. 
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Table 2.7: PIK75 and its compatibility with excipients incorporated in the 

nanosuspension system. 

PIK75 and Excipient(s) Average recovery ± SD 

PIK75 + P-188 97.28±2.39 

PIK75 + SBL-PC 99.05±0.58 

PIK75 + P-188+SBL-PC 97.14±0.72 

 

Table 2.8: Long term chemical and physical stability of PIK75 nanosuspension at 

40°C/75% RH. (*p<0.05 - results are statistically significant). 

Storage 

period  

Average PIK75 

recovered(%) ± SD  

Zeta 

potential± SD 

(mV)  

Size±SD 

(nm)  
PDI  

Initial  96.07±1.82  -39.3±0.86  166±0.35  0.2  

2 months  95.16±0.40  -40.4±0.35  166±1.10  0.2  

3 months  93.99±0.62  -39.7±0.96  170±0.15
(*) 

 0.2  

6 months   92.84±0.34  -36.3±2.60  183±1.10
(*)

  0.2  
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*
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**

 

Figure 2.13: In vitro PIK75 recovery from PIK75 suspension and PIK75-NS in 

formulation vehicle (A) and in human plasma (B). * - p<0.05 compared to percentage 

PIK75 recovered at t=0 h. 
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2.4.11. Pharmacokinetics and tissue distribution  

For pharmacokinetic evaluation PIK75-NS was administered via the i.p route due to 

risk of precipitation after IV injection and poor bioavailability post oral administration. 

As PIK75 has been successfully administrated via the i.p route (18) and due to our 

interest in exploring this formulation system for treatment of ovarian cancer, we 

investigated the i.p route of administration for the delivery of PIK75-NS. PIK75 has 

been administered at doses as high as 50 mg/kg (18), hence to minimize toxicity a dose 

of 10 mg/kg was administered in this study and the wellbeing of animals was 

monitored. As no obvious signs of toxicity or bodyweight loss were apparent we 

decided to conduct pharmacokinetic and tissue distribution studies at a dose of 10 

mg/kg.  

 

The LC-MS/MS method used for quantitation of PIK75 provided rapid elution of IS 

(retention time 4.8 min) as well as PIK75 (retention time 5.1 min) both forming 

symmetrical peaks (Figure 2.14). Intra-day accuracy and precision in the sample 

matrices (plasma and liver) were acceptable with relative recoveries and %RSD in the 

range of 80 – 99% (n=2) and 1.3 – 8.8%, respectively. Similarly, inter-day accuracy 

and precision with relative recoveries and %RSD in the range of 85 – 99% and 1.0 – 

8.7% respectively, were obtained (Table 2.9). Calibration curves in the plasma and 

tissues (liver, kidney, lungs, heart and brain) are presented in Figure 2.15 which 

showed that the analytical method was linear from 0.01-4.50 µg/ml (R
2
>0.99). QC 

samples (Table 2.10) showed a relative recovery in the range of 81 – 99%.  These 

results indicate that the LC-MS/MS method used for the determination of PIK75 

concentration was linear, specific, precise and accurate.  

 

Pharmacokinetic studies indicated that both PIK75 suspension and PIK75-NS showed 

similar plasma pharmacokinetic profiles with  peak PIK75 concentration (Cmax) values 

of 3.7 µg/ml and 3.6 µg/ml, respectively, observed within 15 min of drug 

administration (Figure 2.16, Table 2.11). The plasma area under the curve (AUC0-4), 

mean residence time (MRT) and elimination half life, was also similar for both the 

formulations.  
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PIK75 tissue distribution was investigated in the liver, kidney, heart, lungs and brain 

post administration of PIK75 as a suspension and nanosuspension. Figure 2.17 shows 

the concentration of PIK75 in the tissues post administration of PIK75 suspension and 

PIK75-NS and Table 2.12 shows the Cmax, AUC0-4 and MRT parameters. The kidney 

was the predominant site of drug accumulation for PIK75 suspension which had a 2-

fold greater Cmax and 3-fold greater AUC0-4 than PIK75-NS (p < 0.05). In each tissue, 

the Cmax and AUC0-4 values were greater with the PIK75 suspension than with PIK75-

NS. However a significant difference was only observed 30 min post dosing of the two 

formulations. PIK75-NS showed a 6-fold reduced distribution to the brain compared to 

PIK75 suspension. The MRT values with both the formulations were identical in all the 

tissues except kidneys and lungs, where 1.5-2 times greater MRT values were observed 

with the nanosuspension. 
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Figure 2.14: A representative chromatogram of PIK75 and IS. 
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Figure 2.15: Calibration curves of PIK75 in mouse plasma (A), liver (B), kidney (C), lungs (D), heart (E) and brain (F) homogenates. 
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Table 2.9: Results of accuracy and precision tests for the determination of PIK75 by 

LC-MS/MS technique. 

Tissue 

Nominal 

concentration  

(µg/ml)  

Accuracy % Precision % 

Intra-day 
Inter-

day 
Intra-day Inter-day 

Plasma 

0.01 93 97 2.7 2.5 

1.13 99 95 1.3 1.0 

4.50 99 99 4.9 2.3 

Liver 

0.01 80 85 8.8 8.7 

1.13 92 89 4.5 5.4 

4.50 99 99 1.9 2.0 

 

Table 2.10: Summary of PIK75 recovery data in plasma, liver, kidney, lungs, heart and 

brain. 

Nominal 

concentration  

(µg/ml) 

Plasma  Liver Kidney Lungs Heart  Brain 

Percentage PIK75 recovered 

0.03 89.9±5.9 94.2±5.5 84.8±3.9 86.5±2.5 80.7±3.6 89.6±1.3 

0.29 89.6±3.3 93.0±0.9 96.5±3.7 92.4±0.8 84.1±6.7 94.1±8.3 

2.94 90.0±4.3 98.9±0.5 95.3±1.1 94.7±0.6 98.4±0.4 94.6±1.0 
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Table 2.11: Plasma pharmacokinetic parameters after i.p administration of  10mg/kg PIK75 suspension and PIK75-NS. 

Pharmacokinetic parameters PIK75 suspension PIK75-NS 

Cmax (µg/ml) 3.7±1.0 3.6±2.3 

AUC0-inf (µg.h/ml) 8.1±2.6 7.3±0.5 

t1/2 (h) 1.3±0.2 1.7±0.3 

MRT (h) 1.1±0.2 1.3±0.1 

 

 

Table 2.12: PIK75 Cmax and AUC0-4 values in the tissues investigated after i.p administration of 10 mg/kg PIK75 suspension and PIK75-NS.  

Tissues 
PIK75 suspension Cmax 

(µg/g) 

PIK75 suspension AUC0-4 

(µg.h/g) 

PIK75-NS Cmax 

(µg/g) 

PIK75-NS AUC0-4 

(µg.h/g) 

Liver 7.8±3.0 15.5±7.7 2.4±0.2 3.9±3.6 

Kidney 16.2±6.1 18.4±3.1 3.8±0.5 4.7±2.0 

Heart 5.9±3.4 2.3±2.3 1.5±0.9 0.5±0.5 

Lungs 1.8±1.0 2.3±2.3 1.7±0.9 2.9±2.8 

Brain 1.8±1.0 2.3±2.3 0.5±0.1 0.3±0.3 
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Figure 2.16: PIK75 concentration in plasma following a dose of 10 mg/kg of PIK75 

suspension or PIK75-NS. 
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p<0.05
p<0.05

p<0.05

p<0.05

p<0.05

 

Figure 2.17: PIK75 concentration  (normalized to weight) in liver, (A) kidney (B), heart (C), lungs (D) and brain (E) following administration of 

PIK75 suspension (        ) and PIK75-NS (       )at a dose of 10mg/kg. Each time point represents mean±SD of n=3 mice. 
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2.5. Discussion  

PIK75 is a potent inhibitor of PI3K p110-α isoform, however due to its poor aqueous 

solubility and stability preclinical investigation with this compound has been limited. 

Hence in this study we investigated development of formulation systems of PIK75 to 

improve its solubility, stability and cytotoxic efficiency. A gradient method was 

established with ammonium formate and acetonitrile as the mobile phase. Calibration 

assay, intra-day, inter-day accuracy and precision studies indicated that the HPLC 

method was specific, precise and accurate for the determination of PIK75. Further to 

validation of the HPLC method, forced degradation studies were conducted to develop 

a stability indicating HPLC method. Peak purity analysis following forced degradation 

studies indicated that despite exposure to the degradation conditions the peak for PIK75 

was not impure. 

 

Nanosuspension is a formulation approach that is often adopted for drugs which exhibit 

poor solubility in aqueous and organic media (154). During the preparation of 

nanosuspension using HPH technique the particle diminution leads to an increase in 

particle surface area. The increase in surface area is associated with an increase in 

surface free energy which predisposes the nanoparticles to aggregate. This aggregation 

can be prevented by the addition of appropriate stabilisers to the aqueous media (8, 

155). In this study P-188 and SBL-PC provided PIK75-NS within a size range of 100 to 

600 nm. Nanoparticles of less than 300-400 nm are typically chosen for intravenous 

applications (156). Hence P-188 and SBL-PC were selected as optimum stabilisers for 

stabilising PIK75 nanoparticles.  

 

Following the preparation of PIK75-NS its crystalline properties were evaluated to 

identify any polymorphic transformation of PIK75 due to collision and shear forces in 

the homogenisation valve (117). PLM, DSC and XRPD analysis indicated that the 

crystalline properties of the compound were maintained even after HPH.  

 

The saturation solubility of PIK75-NS was also evaluated during in vitro studies. Prior 

to measuring saturation solubility the count rate of the particles in the samples was 

tested by PCS (Figure 2.18). A blank count rate was used to determine the intensity 

signal from PBS which was used as a reference value. It was envisaged that an increase 
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in the count rate from the saturation solubility samples would indicate that undissolved 

drug particles (i.e. nanosuspension) would be contributing to an increase in scattering 

intensity which would result in an overestimation of saturation solubility. Altering the 

period of centrifugation (PC1 – PC3) showed a minimal effect on saturation solubility 

and on count rate. For the preparation of the PC-4 system the samples were initially 

centrifuged as direct filtration of the concentrated nanoparticles was not feasible due to 

pressure build up. Following filtration with a 0.2 µm filter, the count rate did not alter 

but there was a statistically significant change in saturation solubility. Van 

Eerdenbrugh et al. investigated the effect of using several particle separation 

techniques (centrifugation, filtration and ultracentrifugation) and found that each of 

these techniques showed limited nanoparticle separation efficiency (157).  In order to 

explore other separation strategies two different pore sizes of Nanosep® MF 

centrifugal devices were selected to assess saturation solubility. Both these systems 

showed a significant decrease in count rate and solubility of PIK75 indicating the 

importance of sample processing prior to measurement of saturation solubility of 

nanosuspension.  

 

Figure 2.18: Schematic reasoning behind measurement of count rate during saturation 

solubility studies. 

 

Post physicochemical evaluation, in vitro precipitation testing was conducted within the 

formulation and in human plasma. Stability studies were carried out within the 

formulation to ensure that consistent drug recovery was maintained over 8 h, whereas 
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in human plasma drug recovery was assessed to determine if PIK75 was binding to 

human plasma proteins. Stability testing within PIK75 suspension (prepared by adding 

PIK75 in 10% DMSO, 0.5% Tween 20 and 89.5% saline) formulation indicated < 20% 

drug recovery over 8 h. On the contrary PIK75-NS was coated with steric and 

electrostatic stabilisers which prevented particle aggregation and precipitation up to 8 

h. Stability testing in human plasma indicated that the PIK75 suspension showed 80-

96% PIK75 recovery over 2 h with a rapid decline thereafter over 8 h. Exposure of 

PIK75 to plasma proteins could be a possible explanation for a decrease in drug 

recovery. In contrast to this, PIK75-NS showed 93-100% PIK75 recovery in the first 6 

h with a maximum recovery of 75% after 8 h of stability testing. Although these tests 

have been carried out to mimic physiological conditions they do not consider effects of 

dilution, drug distribution and elimination. In order to consider the effects of dilution an 

in-vitro serial dilution technique reported by Yalkowsky and co-workers was tested 

(158). Visual observations from these tests also indicated that the PIK75-NS system 

was stable upon dilution (results not shown).  

 

After conducting in vitro assessment with PIK75-NS and PIK75 suspension the 

pharmacokinetic and tissue distribution properties of these formulations were 

investigated in mice. Plasma kinetic studies did not show a significant difference in the 

plasma profile of the two formulations at all dosing intervals which were investigated. 

A similar effect of nanosuspension system on plasma kinetic profile was also recently 

reported in the literature (159, 160). The minimal difference between the suspension 

and nanosuspension system is perceived to be beneficial as formulating a poorly 

soluble anti-cancer agent as a nanosuspension enables the delivery of such agents while 

avoiding use of solubility enhancing components such as DMSO and Tween-20.  

 

On the other hand tissue distribution studies with PIK75-NS showed that within 15 min 

of i.p administration PIK75 accumulated primarily in the liver and lungs. However 

within 30 min post drug administration both formulations showed a similar distribution 

profile in the tissues which were investigated. In the literature, it has been reported that 

post intravenous administration of nanosuspension within 5-10 min 60-90% of these 

nanoparticles accumulate in the liver Kupffer cells, 2-20% accumulate in the spleen and 

varying fractions accumulate in the lungs (161). In our work, the high concentration of 

PIK75 observed in the lungs could be attributed to the route of PIK75-NS 



Chapter 2.... Development and evaluation of PIK75 nanosuspension  

 

77 

 

administration. Following i.p administration colloidal particles exit largely intact from 

the peritoneum via the lymphatics and are drained into the vascular space at the 

juncture of the left internal jugular vein and subclavian vein due to which 

nanosuspension formulation systems are often distributed to the lungs (162-164). Post 

delivery to the circulatory system the PIK75-NS system would also be taken up by 

Kupffer cells of the liver, indicating the high levels of PIK75 observed in the liver. On 

the contrary to our observation several reports in the literature have observed higher 

drug concentration in tissues with nanosuspension compared to solution formulation. 

This difference could be attributed to a number of factors such as route of drug 

administration, accumulation of nanosuspension in the lymphatic system (165) or in 

other tissues and presence of P-188 that has been reported to reduce opsonization of 

drug carrier thus enhancing delivery of agents to tumour tissues (56). 

 

2.6. Conclusion 

In conclusion, PIK75-NS with a size range of 100-200 nm were prepared by the HPH 

technique. Crystalline state evaluation indicated that the crystalline properties of the 

drug were maintained after homogenisation. Critical evaluation of saturation solubility 

showed more than 11-fold improvement in solubility of PIK75 when prepared as a 

nanosuspension. In vivo studies indicated that formulation of PIK75 as a 

nanosuspension gave similar plasma kinetics to a DMSO based formulation and 

reduced exposure of PIK75 to drug metabolizing tissues. 



Chapter 3....Surface functionalised PIK75 nanoemulsion for enhanced drug delivery  

 

78 

 

Chapter 3. SURFACE FUNCTIONALISED PIK75 

NANOEMULSION FOR ENHANCED DRUG 

DELIVERY 

3.1. Introduction 

NEs are nanoscale droplets (size range of 20-200 nm) of one immiscible liquid phase 

dispersed within another and stabilised using an appropriate emulsifier. They are often 

formulated as oil-in-water emulsions where the lipophilic compound is solubilized in 

the lipid core. This system offers several advantages over other delivery systems 

including enhanced solubility of poorly water soluble drugs, avoiding pain associated 

with the intravenous administration of anti-cancer agents and feasibility of being scaled 

up. NEs have been used for the delivery of several poorly water-soluble anti-cancer 

agents some of which have been functionalised to enhance circulation time or improve 

tumour uptake (69, 133, 138, 166, 167). Only a few studies, however, have reported 

targeted drug delivery using NEs (168). Hence, we investigated the effect of using 

EGFR and FR targeted NEs on the cytotoxicity of PIK75. 

 

The first approach uses a peptide that binds specifically to the EGFR, a member of the 

ErbB family of tyrosine kinase receptors which are over-expressed in many solid 

tumours. Many papers have reported the development of EGFR targeted nanoparticles 

for site-specific delivery of anti-cancer agents (95, 96). Likewise, FA has often been 

incorporated in nanoparticulate systems for the targeted delivery of anti-cancer agents 

(169), antisense oligonucleotides (98), folate conjugated protein toxins (170) and FA 

derivatized diagnostic agents (171). FRs are also overexpressed in several human 

cancers including ovarian, endometrial, colorectal, breast, lung and renal carcinoma. 

Furthermore, as a tumour progresses, the density of FRs on cell surface is also known 

to increase. However, often effective cytotoxicity cannot be attained by targeted 

delivery of anti-cancer agents to tumour tissues. In this situation, targeting tumour cells 

with a combination of cytotoxic agents would be an effective strategy. One such 

strategy is the co-administration of cytotoxic agents with ceramide.  
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Ceramide are short chain sphingolipids which inhibit pro-survival pathways, induce 

mitochondrial dysfunction and stimulate caspase activity resulting in DNA 

fragmentation and cell death (140). Previous work has shown that exogenous 

administration of ceramide reinstates the apoptotic signal and resensitizes cancer cells 

to anti-cancer therapy (141). Combination therapy of PTX and ceramide in SKOV-3-

cells and tumour models has shown improved therapeutic efficacy, including 

overcoming higher apoptotic threshold in resistant phenotype (141, 142). Hence, we 

have also investigated the effect on PIK75’s cytotoxicity by co-administrating ceramide 

and PIK75.  

 

Materials and Methods  

3.2. Materials 

Drug and excipients used for the development of PIK75 and ceramide NEs formulation 

are shown in Table 3.1 and the equipments used for the preparation and 

characterisation of the NEs are listed in Table 3.2. 

 

Table 3.1: Drug and excipients used for the project. 

Drug/Excipient Manufacturer/Supplier 

PIK75 ACSRC 

C6-Ceramide (N-hexanoyl-D-erythro-

sphingosine) 
Avanti Polar Lipids (Alabaster, AL) 

EGFR binding peptide YHWYGYTPQNVI 

with a linker sequence GGGGC 
Tufts University, Boston, MA 

1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-

[maleimide(polyethylene glycol)-2000] 

(ammonium salt) (DSPE-PEG2000) maleimide 

Laysan Bio Inc., (Arab, AL) 

1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy-

(polyethyleneglycol)-2000] (DSPE-PEG2000) 

Genzyme Corporation (Cambridge, 

MA) 
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Flax seed oil 
Jedwards International (Quincy, 

MA) 

Egg lecithin (Lipoid E 80) Lipoid GmbH, Germany 

Fluorescent probe, 6-((N-(7-nitrobenz-2-oxa-

1,3-diazol-4-yl)amino)hexanoyl)Sphingosine 

(NBD C6-Ceramide) 

Invitrogen (Eugene, Oregon) 

Cysteine Sigma Chemicals (St. Louis, MO) 

N,N’-dicyclohexylcarbodiimide Sigma Chemicals (St. Louis, MO) 

3-[4,5-dimethylthiazolyl]-2,5-

diphenyltetrazolium bromide (MTT reagent) 
Sigma Chemicals (St. Louis, MO) 

SKOV-3 human ovarian adenocarcinoma 

cells 

American Type Culture Collections 

(Manassas, VA) 

BCA protein assay kit and 

chemiluminescence substrate 
Thermo Scientific (Rockford, IL) 

ApoONE Homogenous Caspase-3/7 assay kit Promega (Madison, WI) 

DeadEnd Colorimetric apoptosis detection 

system (TUNEL assay) 
Promega (Madison, WI) 

hROS detection kit Cell Technology (CA, USA) 

http://products.invitrogen.com/ivgn/product/N1154?ICID=search-product
http://products.invitrogen.com/ivgn/product/N1154?ICID=search-product
http://products.invitrogen.com/ivgn/product/N1154?ICID=search-product
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Table 3.2: Equipments used for the project. 

Equipment Manufacturer/Supplier 

Vibra-Cell VC 505 ultrasound instrument  Sonics and Materials, Inc., Newton 

Zetasizer Nano ZS Malvern, UK 

JEOL 100X transmission electron microscope  Peabody, MA 

Waters LC system, model 2487 Waters Corporation, Milford 

Bio-Tek Synergy HT plate reader Winooski, VT 

Centricorn Millipore, Bedford, MA 

 

3.3. Methods 

3.3.1. Synthesis of EGFR-PEG(2000)-DSPE conjugate 

EGFR specific peptide, YHWYGYTPQNVI designated as GE11 was used to prepare 

EGFR functionalised NE to target SKOV-3 ovarian tumour cells over expressing 

EGFR. The GE11 peptide was originally synthesized and screened as an EGFR specific 

peptide by Zonghai Li and colleagues (172, 173). For this study the GE11 peptide with 

a spacer sequence of GGGGC was synthesized at Tufts University Core Facility, 

Boston, MA. The carboxyl group of terminal cysteine of the peptide was reacted with 

the maleimide of PEG2000-DSPE to form the construct by adding EGFR peptide to 

DSPE-PEG(2000)-maleimide (MW - 2942) dissolved in HEPES buffer  (pH 7.4) at 1:1 

molar ratio while mixing under N2 at 4ºC  for 24 h (Figure 3.1).  The peptide conjugate 

was then purified by dialysis (3.5 kDa), lyophilised and characterised by NMR 

spectroscopy.  

 

3.3.2. Synthesis of FA-cys-PEG(2000)-DSPE conjugate 

FA was used in the preparation of folate-functionalised NE to target SKOV-3 tumour 

cells over expressing folate alpha receptors. FA-cys-PEG(2000)-DSPE conjugate was 

prepared by adding 8.24 mg of cysteine to 100mg DSPE-PEG(2000)-maleimide 

dissolved in 25 ml of HEPES buffer (Figure 3.2). The sample was then incubated 

overnight at 4ºC under N2 then dialysed (3.5 kDa cut-off) to remove excess cysteine 

and lyophilised. 51 mg of this lyophilised complex was added to FA (13 mg) dissolved 
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in 6 ml of anhydrous DMSO. Pyridine (3 ml) was then added followed by 16 mg of 

N,N’-dicyclohexylcarbodiimide (DCC) and the reaction was stirred at room 

temperature for 4 h. The samples were evaporated to dryness under vacuum to remove 

the pyridine and DMSO and resuspended in 50 mL water, dialysed, freeze dried and 

characterised by NMR spectroscopy.   

 

3.3.3. Preparation of PIK75-nanoemulsion formulations 

PIK75 (7 mg) in chloroform (500 µL) was added to flax seed oil (1.0 g) following 

which N2 was blown in the sample to evaporate the solvent and obtain the drug in lipid 

phase. The aqueous phase was prepared by dissolving DSPE-PEG2000 (15 mg) and egg 

lecithin (120 mg) in deionised water (4 ml) by stirring for 30 min. The lipid and 

aqueous phases were heated separately to 70°C for 5 min and then the aqueous phase 

was mixed with the lipid phase to prepare a coarse emulsion. This was ultrasonicated at 

30% amplitude and 50% duty cycle for 5 min using an ultrasound instrument to obtain 

the PIK75 NE (PIK75 NE).  

 

PIK75 formulations containing targeted NEs were prepared similarly, except that 

EGFR-PEG2000-DSPE (2.5 mg) or FA-cys-PEG2000-DSPE (7.94 mg) conjugate was 

added to the aqueous phase of formulation to form the EGFR targeted PIK75 NE 

(PIK75 NE-EGFR) or the FA targeted PIK75 NE (PIK75 NE-FA), respectively.  

 

The C6-ceramide containing NE (CER NE) and targeted NEs (CER NE-EGFR and 

CER NE-FA) were also prepared using a similar procedure but ceramide (40 mg) was 

added to the organic phase instead of PIK75. For control experiments, blank NEs 

without the drugs were prepared in a similar manner. 
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DSPE-PEG-Mal

EGFR-MAL-PEG-DSPE

HEPES, pH 7.4 

buffer

4ºC/24 h stirring under N2 atmosphere,

Dialysis (3500 cut off),

lyophilization

YHWYGYTPQNVI-GGGGC

EGFR peptide with spacer

 

 

Figure 3.1: Synthesis of  EGFR-m-PEG-DSPE conjugate from DSPE-PEG(2000) maleimide. 



 

 

 

 

Chapter 3....Surface functionalised PIK75 nanoemulsion for enhanced drug delivery  

 

84 

 

 

 

 

+

+

DSPE-PEG-Mal Cysteine

DSPE-PEG-Cys Folic Acid (FA)

DSPE-PEG-Cys-FA

DMSO/PyridineDCC

 

 

Figure 3.2: Synthesis of  DSPE-PEG-Cys-FA conjugate from DSPE-PEG(2000) maleimide. 
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3.3.4. Characterisation of Nanoemulsions 

3.3.4.1. Particle size and zeta potential 

The particle size, PDI and zeta potential of the NEs were determined by PCS using 

Zetasizer Nano ZS at a 90° fixed angle and at 25°C. The samples were diluted with 

milli-Q water to a suitable scattering intensity prior to the measurement and 1ml aliquot 

was used to measure the particle size and PDI. Refractive index value of 1.45 was used 

for these measurements. 

 

Average surface charge of NE oil droplets was determined by taking 1 ml diluted NEs 

in electrophoretic cell and the measurements were done at 25°C under electric field 

strength of 23.2 V/cm. 

 

3.3.4.2. Transmission electron microscopy 

TEM images were obtained to assess the size and morphology of the formulations. For 

this, 10 µL of the diluted NE was placed on the Formvar-coated copper grids and 

negatively stained with 50 µL of 1% (w/v) uranyl acetate for 10 min. A Whatman filter 

paper was used to drain excess liquid; the grids were allowed to air-dry and were 

observed with a JEOL 100X transmission electron microscope.  

 

3.3.4.3. PIK75 HPLC analysis 

A HPLC assay was used to determine PIK75 entrapment efficiency in the non-targeted 

and targeted NE’s. A Waters LC system comprising of a quaternary pump, an 

autosampler and UV-detector was used for PIK75 analysis. The LC system was 

interfaced with Empower software for instrument control, data acquisition and 

processing. Separation was performed on a reverse phase C18 column (4.6 mm×150 

mm, 5 µm, Agilent Zorbax column, USA) using a guard C18 pre-column with security 

guard cartridges (20 mm×4 mm, 5 µm, Phenomenex, USA). The mobile phase 

consisted of solvent A (80% acetonitrile in Milli-Q water) and solvent B (45 mM 

ammonium formate, pH 3.5), which was circulated at a flow rate of 1 ml/min with a 

gradient method. The gradient used was: 0-15 min 25% of solvent A; 15-17 min 95% 

solvent A; 17-20 min 25% of solvent A. Samples were injected at 30 µl of injection 

volume and analyzed at 270 nm. 
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3.3.4.4. Drug assay and entrapment efficiency 

PIK75 concentration in the formulations was determined by extracting PIK75 from 

NE’s using acetonitrile followed by HPLC analysis. 5 ml of acetonitrile was added to 

the NE (0.15 ml), samples were vortexed, sonicated and centrifuged (1,000 rpm, 10 

min). The supernatant was collected, diluted with the mobile phase and injected on 

HPLC for PIK75 assay. 

 

PIK75 encapsulation efficiency was determined by an ultrafiltration method using 

centrifugal filter devices (molecular weight, cut-off 3,000 Daltons). In this method, the 

hydrostatic pressure against the membrane allowed the aqueous phase to separate from 

the lipid phase. NE sample (1 ml) was placed in the upper donor chamber and the unit 

was centrifuged at 3,500 rpm for 15 min. Drug incorporated in the lipid phase remained 

in the donor chamber and the aqueous phase moved into the recovery chamber. The 

PIK75 in the aqueous phase was estimated using HPLC. PIK75 entrapment efficiency 

was determined by subtracting the encapsulation efficiency value from the PIK75 assay 

value. 

 

3.3.5. Cellular uptake of fluorescently labelled nanoemulsions 

Fluorescently labelled NE’s were prepared by incorporating NBD-C6-ceramide (0.05% 

w/v) in the lipid phase and preparing the NE as described previously. SKOV-3 cells 

were plated on glass coverslips in six-well microplates and incubated with 50 µl of 

NBD-C6-ceramide NE’s diluted with 2 ml of RPMI-1640 media per well. At pre-

determined time intervals, the cells were washed with RPMI-1640 and the coverslips 

were placed on glass slides prior to imaging. Brightfield and fluorescence images were 

obtained at 20x magnification on an Olympus fluorescence microscope. 

 

3.3.6. Quantitative cellular uptake of PIK75 from nanoemulsions 

Approximately 4 x 10
6
 SKOV-3 cells were cultured in T-150 flasks and the cells were 

allowed to adhere by incubating them overnight. An equivalent of 10 µM of PIK75 in 

formulations (solution, non-targeted, EGFR and FR targeted NE’s) were diluted with 

RPMI-1640 and added to each of the flasks. After 6 h of incubation, the flasks were 

washed twice with 1% PBS solution to ensure that excess non-internalized formulation 

was removed.  Cell lyses buffer was added to lyse the cells; the lysate was collected, 
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and centrifuged at 13,000 rpm for 15 min at 4ºC. The supernatant was collected and the 

protein concentration was determined using bicinchonic acid (BCA) protein assay kit. 

Intracellular PIK75 uptake was estimated using above described HPLC assay and 

PIK75 concentration was determined relative to the total amount of protein in the cell. 

 

To prepare the sample for measurement, 300 µL of ice-cold acetonitrile was added to 

the cell lysate in order to precipitate the protein and incubated at -20ºC for 30 min. The 

samples were then centrifuged for 15 min at 13,000 rpm and 4ºC. The supernatant was 

extracted, diluted with the mobile phase and the concentration of PIK75 was 

determined using HPLC. The PIK75 concentration in PIK75 solution, PIK75 NE and 

targeted NE’s was determined by extrapolating the readings obtained from the standard 

curve. The final PIK75 concentration was reported as µg of the drug per mg of total 

cellular protein. 

 

3.3.7. Cytotoxicity with single and combination therapy 

The cytotoxicity studies were carried out by using graded concentrations of PIK75 as 

single and as combination therapy with ceramide. PIK75 stock concentrations (10, 50, 

500 µM) were prepared by diluting the PIK75 solution (PIK75 in DMSO), PIK75 NE, 

PIK75 NE-EGFR and PIK75 NE-FA in RPMI-1640. These stock solutions were further 

diluted with RPMI-1640 to obtain graded concentrations (10, 100, 1000, 10,000, 

100,000 nM) of PIK75. Likewise, ceramide stock concentration (250, 1000 µM) were 

prepared and further diluted with RPMI-1640 to obtain graded concentrations (1, 5, 10, 

20, 40, 60, 80, 100 µM) of ceramide.  

 

For cytotoxicity testing, 3,000 cells per well were cultured in 96 well plates and 

allowed to adhere overnight. RPMI-1640 growth media was used as a negative control 

(0% cell death) and poly(ethyleneimine), a cationic cytotoxic polymer at a 

concentration of 0.25mg/ml (molecular weight 10 kDa), was used as a positive control 

(100% cell death). Each of the graded concentration of PIK75 was tested with eight 

replicates and the plates were incubated for 72 h. The media was then replaced with 50 

µL of MTT (2.0 mg/ml in RPMI-1640) and the plates were incubated for 3 h to enable 

viable cells to reduce the tetrazolium compound into formazan dye. The formazan 

crystals were then dissolved in 200 µL of DMSO and the plates were rocked gently for 
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5-10 min to ensure that all the crystals were dissolved. Plates were read at 570 nm and 

the percentage cell viability was measured relative to the negative control. The IC50 

value for PIK75 and ceramide, as single agents and in combination, was determined 

using GraphPad Prism 5 software by sigmoidal curve fitting method. 

 

3.3.8. Quantitative and Qualitative apoptotic analysis 

3.3.8.1. Terminal transferase dUTP nick end labelling assay 

Qualitative analysis of apoptotic activity following treatment with PIK75 and ceramide 

formulations was determined by terminal transferase dUTP nick end labelling 

(TUNEL) assay. Cells were grown on glass coverslips in 6-well microplates (20,000 

cells per well) and they were treated with PIK75 (100 nM) and ceramide (10 µM) as 

single agents and in combination; in solution as well as in formulations. After 48 h of 

treatment, the cells were fixed with 10% formalin in PBS for 25 min and permeabilized 

with 0.2% Triton X-100 in PBS for 5 min at room temperature. After washing with 

PBS, the coverslips were incubated with 100 μL rTdT reaction mixture and kept at 

37ºC, 5% CO2 for 60 min. Cover slips were incubated with sodium citrate buffer for 15 

min at room temperature and washed with PBS to remove the unincorporated 

biotinylated nucleotides. The coverslips were then immersed in 0.3% hydrogen 

peroxide solution in PBS for 3-5 min to block endogenous peroxidase. After the 

washing, coverslips were incubated with 100 μL of diluted streptavidin-HRP (1:500 in 

PBS) for 30 min. The cells were washed in PBS followed by incubation with 100 μL of 

freshly prepared diaminobenzidine (DAB) solution. The coverslips were then washed 

several times in deionised water, mounted on glass slides and observed under a light 

microscope. 

 

3.3.8.2. Caspase-3/7 activity measurements 

SKOV-3 cells were plated in 96 well microplates at a density of 20,000 cells per well. 

After overnight incubation, the cells were treated with PIK75 (100 nM) and ceramide 

(10 µM) as single agents and in combination; in solution as well as in formulations. 

After 2 h, the formulations were discarded and the cells were washed with RPMI-1640 

and incubated with 100 µL of media for 24 h. Apo-ONE Caspase 3/7 substrate (100 µl) 

solution with buffer was then added to each of the wells and the contents were mixed at 

200-300 rpm for 2 h at room temperature. The fluorescence intensity was measured at 
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an excitation wavelength of 490 nm and an emission wavelength of 520 nm using a 

Synergy HT microplate reader. Untreated cells were used as negative controls. For the 

determination of caspase activity, blank formulation values were subtracted and fold 

increase in activity was calculated based on the activity measured from untreated cells. 

 

3.3.9. Detection of highly reactive oxygen species markers 

For the detection of highly reactive oxygen species (hROS) markers, 20,000 cells were 

seeded in 96 well plates and after overnight incubation, the cells were treated with 

PIK75 (100 nM) as single agent and in combination with ceramide; in solution as well 

as NE formulations. The cells were incubated with the PIK75 samples for 2 h and after 

24 h the plates were washed with modified Hank’s buffered salt solution (HBSS). 

Aminophenyl fluorescein (APF) dye (5 mM) was diluted with HBSS in a 1:10 ratio and 

4 µL of the diluted dye was added to 200 µL of media for each well. The final 

concentration of the dye was adjusted to 10 µM. The plates were then incubated at 

room temperature for 60 min. The fluorescence intensity was measured using Bio-Tek 

Instrument Synergy
®

 HT microplate reader at an excitation/emission maxima of 

490/515 nm. Untreated cells and those treated with blank formulations were used as 

negative controls. For the determination of hROS activity, blank values were subtracted 

and fold increase in activity was calculated based on the activity measured from 

untreated cells. 

 

3.4. Results 

3.4.1. Preparation of nanoemulsion formulations 

Lipid-in-water NE’s were prepared using flax seed oil as the lipid phase of the 

formulation in which PIK75 or ceramide was solubilized. Egg phosphatidylcholine was 

used in stabilising the oil-droplets in aqueous phase by reducing the surface tension at 

the interfacial layer, whereas PEG(2000)DSPE provided steric stabilisation. For surface 

functionalization, EGFR-PEG(2000)DSPE and FA-PEG(2000)DSPE  were synthesised 

based on maleimide chemistry. These conjugates were purified and characterised 

before being incorporated into the NE formulation. They were added to the aqueous 

phase of the NE, so that the DSPE phospholipid chain of the conjugate incorporates 

into the phospholipid monolayer on the oil droplet, while hydrophilic targeting moiety 

oriented into the aqueous phase of the formulation. 
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3.4.2. Characterisation of nanoemulsion formulations 

Size distribution, surface charge and drug entrapment efficiency of all NE formulations 

are shown in Table 3.3. The blank NE showed an average particle size of 164±22 nm, 

the PIK75 NE showed an average particle size of 197±2 nm and both targeted NE’s 

also showed similar particle sizes to the blank and PIK75 NE. CER NE’s showed a 

particle size in the range of 147-183 nm. Polydispersity indices for all the NE’s were 

between 0.1-0.3, indicating a narrow size distribution. Figure 3.3 depicts the TEM 

micrograph of NE showing spherical morphology and uniform particle size. Zeta 

potential measurements indicated that all the NE systems showed a surface charge in 

the range of (-) 50 to (-) 58 mV attributed to egg phosphatidylcholine incorporated in 

the NE. The zeta potential values for the PIK75 and ceramide formulations were 

similar to the Blank NE indicating that the drugs were confined to the lipid phase and 

did not adsorb to the interfacial layer to affect the surface charge.  

 

Both non-targeted and targeted PIK75 NE’s showed an entrapment efficiency of 79 % 

(Table 3.3). Although PIK75 has a log Poctanol/water value of 3.84 and is soluble in a 

range of organic solvents, it has limited solubility in oils. Thus some of the PIK75 may 

have partitioned into the aqueous phase during the preparation of the NE’s. In order to 

increase the percentage of entrapment, a higher quantity of PIK75 was incorporated in 

the organic phase but this led to drug precipitation. Hence the amount of PIK75 added 

to the NE’s was limited to 7 mg, which provided an optimum entrapment of 79-82% in 

the lipid phase. C6-ceramide being a highly lipophilic molecule is freely soluble in 

many oils such as soybean oil, flax seed oil, pine nut oil and fish oil in the range of 80-

100 mg/g oil. Based on our previous work on ceramide, in our current study we 

observed 100% entrapment efficiency when 20 mg/ml ceramide NE’s were prepared. 
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Table 3.3: Characterisation of nanoemulsion formulations. 

Formulation Average size (nm) Polydispersity index Zeta potential (mV) Drug entrapment (%) 

Blank NE  164±22 0.2 -51.83±2.4 - 

PIK75 NE  197±2 0.2 -54.93±0.8 79±4% 

PIK75 NE-EGFR  212±40 0.1 -57.23±2.8 79±4% 

PIK75 NE-FR  168±12 0.2 -55.50±1.5 79±4% 

Ceramide NE  147±18 0.1 -58.03±2.0 100 

Ceramide NE-

EGFR  
205±18 0.3 -55.50±1.5 100 

Ceramide NE-FA  183±61 0.3 -52.7±2.8 100 
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Figure 3.3: Transmission electron micrograph of PIK75 containing nanoemulsion (A) and C6-ceramide containing nanoemulsion (B). 
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Table 3.4: IC50 values of PIK75 and Ceramide formulations in SKOV-3 cells as single 

and combination therapy. 

Formulation IC50 values (µM) 

PIK75 solution 0.301±4 

PIK75 NE 0.309±4 

PIK75 NE-EGFR 0.170±3
*
 

PIK75 NE-FA 0.118±3
*,#

 

Ceramide solution 13±3 

Ceramide NE 19±4 

Ceramide NE-EGFR 14±3 

Ceramide NE-FR 10±4 

PIK75 + Ceramide in solution 0.155±4 

PIK75 + Ceramide in NE 0.174±4 

PIK75 + Ceramide in NE-EGFR 0.103±4
*
 

PIK75 + Ceramide in NE-FA 0.105±4
*
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Table 3.5: Temporal study of PIK75 and C6-ceramide to determine dosing interval of 

each compound in SKOV-3 cells. 

Treatment combination % cell viability 

PIK75
0 h

+Cer
0 h

 48.18±0.63
*
 

PIK75
0 h

 +Cer
2 h

 49.09±1.92 

PIK75
0 h

 +Cer
4 h

 49.13±2.64 

PIK75
0 h

 +Cer
6 h

 47.72±3.75 

PIK75
2 h

 +Cer
0 h

 48.01±3.01 

PIK75
4 h

 +Cer
0 h

 50.57±3.07 

PIK75
6 h

 +Cer
0 h

 46.29±3.61 

*
Mean ± S.D. (n = 3). For all data points p>0.05 
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3.4.3. Cellular uptake of fluorescently labelled nanoemulsion 

Targeted and non-targeted NE formulations were prepared with NBD-C6-ceramide and 

their uptake in SKOV-3 tumour cells was monitored under Brightfield microscope 

(Figure 3.4) and fluorescence microscope (Figure 3.5). All formulation systems showed 

intracellular uptake within 15 min of incubation. An increase in fluorescence intensity 

was observed with all the three systems as the period of incubation was increased. The 

targeted NE’s showed greater fluorescence intensity at all time points compared to the 

non-targeted NE. This difference may be due to receptor mediated endocytosis of the 

targeted NE’s compared to non-specific endocytosis of non-targeted NE. Furthermore, 

the hydrophilic PEG chains on the surface of the non-targeted NE may prevent 

interaction between the NE and the SKOV-3 cells due to steric hindrance. Hence, 

quantitative analysis of PIK75 uptake was conducted post incubation of SKOV-3 cells 

with PIK75 formulations. 

 

3.4.4. Quantitative cellular uptake of PIK75 from nanoemulsion 

formulations 

The intracellular uptake of PIK75 in solution, targeted and non-targeted NE’s was 

tested on SKOV-3 cells at an equivalent PIK75 dose of 10 µM for 6 h. Figure 3.6 

shows the concentration of PIK75 in µg relative to intracellular protein (mg). PIK75 

NE and the targeted NE’s showed a significantly greater uptake of PIK75 compared to 

PIK75 solution (p<0.05). Likewise, both the targeted systems showed a significantly 

greater uptake of PIK75 compared to the non-targeted system. However no difference 

was observed in the intracellular uptake of both the EGFR and FR targeted systems 

(p>0.05). 
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Figure 3.4: Uptake of NBD C6-ceramide incorporated non-targeted nanoemulsion (non-targeted NE), EGFR targeted nanoemulsion (EGFR 

targeted NE) and FR targeted nanoemulsion (FR targeted NE) in SKOV-3 cells after 15, 30 and 60 min of incubation. Brightfield images were 

acquired using a 20× objective. 



 

 

 

 

Chapter 3....Surface functionalised PIK75 nanoemulsion for enhanced drug delivery  

 

97 

 

 
Non-targeted NE EGFR targeted NE FR targeted NE

15
 m

in
30

 m
in

60
 m

in

 

 

Figure 3.5:Uptake of NBD C6-ceramide incorporated non-targeted nanoemulsion (non-targeted NE), EGFR targeted nanoemulsion (EGFR 

targeted NE) and FR targeted nanoemulsion (FR targeted NE) in SKOV-3 cells after 15, 30 and 60 min of incubation. Fluorescence images were 

acquired using a 20× objective. 
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p < 0.05

p < 0.05

p < 0.05

 

Figure 3.6: Quantitative intracellular uptake of PIK75 from PIK75 formulations after 6 h of incubation. Intracellular PIK75 concentration 

expressed as mg of protein from SKOV-3 cells. Each treatment represents n=3. 
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Figure 3.7: Percentage cell viability of SKOV-3 cells as a function of  (A) PIK75 concentrations when administered as a solution, PIK75 

nanoemulsion (PIK75 NE), PIK75 EGFR targeted (PIK75 NE-EGFR) and folate targeted (PIK75 NE-FA) nanoemulsions, and (B) 

Percentage cell viability as a function of Ceramide concentrations when administered as a solution, Ceramide NE, Ceramide NE-EGFR 

and Ceramide NE-FA. The results represent mean±SD, n=8. Statistical significance in the IC50 values indicated in Table 3.4. 
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3.4.5. Cytotoxicity with single and combination therapy 

The cytotoxicity of PIK75 and ceramide formulations in SKOV-3 cells was evaluated 

using the MTT assay. Figure 3.7A shows the percentage cell viability following 

treatment with PIK75 in solution, non-targeted NE and EGFR and FR targeted NE. The 

data was fitted using GraphPad Prism to determine the IC50 values for each of the 

formulation systems. Table 3.4 shows the IC50 values of PIK75 and ceramide 

administered singly or in combination.   

 

There was little difference in the IC50s of PIK75 NE and PIK75 solution. This could be 

attributed to the presence of hydrophilic PEG chains on the surface of the NE which 

may have posed a steric barrier affecting uptake of these nanoparticles. Treating the 

cells with PIK75 targeted systems was more effective showing 57% decrease with 

EGFR targeted NE and a 40% decrease with FR targeted NE (p<0.05) compared to 

PIK75 solution and PIK75 NE. In contrast to the PIK75 NE, the EGFR and FR targeted 

NE’s would be taken up into the cells by receptor-mediated endocytosis leading to 

increased intracellular concentration and enhanced cytotoxicity. The FR targeted NE 

showed a 69% decrease in the IC50 value of PIK75 compared to the EGFR targeted NE 

(p<0.05).  

 

Figure 3.7B shows the percentage cell viability following treatment with ceramide 

formulations. The ceramide solution and NE’s showed IC50 values between 10 µM to 

19 µM. Statistical analysis indicated a significant difference between targeted and non-

targeted ceramide NE’s.  

 

It has been reported that when ceramide is combined with PTX, temporal spacing of 

these agents provides effective therapy against multiple drug resistant breast and 

ovarian cancer (143). Hence, prior to conducting the combination study with PIK75 

and ceramide, temporal spacing of these agents was investigated to consider the 

mechanistic action of these individual agents on SKOV-3 cells 
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Table 3.5 shows the percentage cell viability following temporal spacing of PIK75 

solution and ceramide solution. Dosing SKOV-3 cells with PIK75 solution and 

ceramide solution at different intervals showed percentage cell viability between 46-

51%, indicating temporal spacing of these agents did not affect percentage cell 

viability. Hence, combination studies with all the PIK75 and ceramide formulations 

were conducted with simultaneous dosing of both agents.  

 

Figure 3.8 illustrates the percentage cell viability following combination of PIK75 and 

ceramide formulations and Table 3.4 shows the corresponding PIK75 IC50 values. 

Combination of PIK75 and ceramide resulted in a significant decrease in PIK75 IC50 

values compared to individualized therapy with PIK75 in all formulation systems. 

Combination therapy with PIK75 and ceramide in NE showed a 59% decrease in IC50 

value of PIK75 compared to the solution form (p<0.05). In contrast to this, both the 

targeted systems showed a 66-68% decrease in PIK75 IC50 when dosed to SKOV-3 

cells as combination therapy. However, there was no significant difference in the IC50 

value of PIK75 following combination therapy with both the targeted systems. 
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Figure 3.8: Percentage cell viability of SKOV-3 cells in combination study of (A) PIK75 and Ceramide in solution, (B) PIK75 and Ceramide in 

nanoemulsion, (C) PIK75  and Ceramide in EGFR targeted nanoemulsion, (D) PIK75 and Ceramide in folate targeted nanoemulsion. The results 

represent mean±SD, n=8. Statistical significance in the IC50 values indicated in Table 3.4. 
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3.4.6. Qualitative and Quantitative apoptotic analysis 

3.4.6.1. TUNEL assay 

TUNEL assay is a qualitative test for analysis of cellular apoptosis. In this assay, the 

biotinylated nucleotides are incorporated at 3′-OH DNA end of the fragmented DNA. 

This is followed by binding of horseradish peroxidase-labelled streptavidin to the 

incorporated nucleotides. These nucleotides are then detected with the help of 

peroxidase substrate diaminobenzidine which results in the formation of dark brown 

stains. Figure 3.9 shows the untreated cells, and cells treated with DMSO and blank 

NE. These cells do not show brown coloured nuclei indicating that no apoptosis had 

occurred. Cells treated with PIK75 and ceramide as single therapy, or in combination 

showed brown colour nuclei indicating apoptosis. The cells that were treated with a 

combination, of PIK75 and ceramide showed pronounced dark brown colouration of 

the nuclei. This correlated with cytotoxicity data (Figure 3.8) which indicated that 

combination therapy showed higher therapeutic efficacy (62).  

 

3.4.6.2. Caspase-3/7 activity measurements 

Figure 3.10, shows the caspase 3/7 activity in SKOV-3 cells following treatment with 

PIK75 and ceramide as individual and combination treatment. For these studies, PIK75 

and ceramide were administered at a concentration of 100 nM and 10 µM respectively, 

individually and in combination. All the PIK75 formulations showed 0.9 to 1.4-fold 

increase in caspase activity relative to controls. PIK75 NE showed 1.3-fold higher 

caspase activity while PIK75 NE-FA system showed a 1.5-fold higher caspase activity 

compared to PIK75 solution (p<0.05). 

 

Combination treatment with ceramide showed an increase in caspase activity with all 

the formulations. A 1.3- to 1.5-fold improvement in caspase activity was observed with 

the use of ceramide (p<0.05).  These findings support the results observed in TUNEL 

assay and cell viability studies where combination therapy showed greater cytotoxicity 

compared to individual therapy with PIK75. 
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Figure 3.9: TUNEL staining images of SKOV-3 cells treated with PIK75 and ceramide 

formulations as single and combination therapy. Images obtained at 40 × magnification. 
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Figure 3.10: Quantitative pro-apoptotic analysis using ApoONE Caspase 3/7 activity measurements in SKOV-3 cells following treatment with 

PIK75 and ceramide as individual and combination treatment. The results represent mean±SD, n=3. * p<0.05 compared to PIK75 solution.  
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3.4.7. Detection of highly reactive oxygen species markers following 

treatment with PIK75 nanoemulsion formulations 

 

Figure 3.11 shows the hROS activity based on fluorescent intensity at 10-µM dye 

concentration. All the formulations showed a small increase in hROS activity relative 

to controls. When SKOV-3 cells were treated with PIK75 formulations as single 

therapy a 0.1- to 0.3-fold increase in hROS activity was detected relative to controls. 

On the other hand, a statistically significant increase in hROS activity was detected 

when SKOV-3 cells were treated with a combination of PIK75 and ceramide. This 

indicated that an improvement in cell cytotoxicity following combination therapy with 

PIK75 and ceramide could be attributed to enhanced apoptosis and also by a small 

increase in hROS markers in cells. 
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Figure 3.11: hROS activity following incubation with PIK75 and ceramide formulation as individual treatment and in combination.  Each 

treatment represents n=3. * p<0.05 compared to PIK75 solution.   
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3.5. Discussion 

NE’s are thermodynamically stable systems comprising of two immiscible liquid 

phases stabilised with an appropriate stabiliser. Due to the ability of these systems to 

incorporate lipid vehicle surrounded by an aqueous phase, lipophilic compounds can be 

incorporated in the core of these delivery systems. These delivery systems have been 

investigated for the delivery of several anti-cancer agents with poor aqueous solubility 

(61-63, 133, 167).  

 

In this study PIK75, a poorly water-soluble anti-cancer agent, was solubilized in 

flaxseed oil and made into NE formulations using high-energy ultrasonication process. 

The procedure for preparation of the non-targeted nanoemulsions and successful 

delivery of cytotxic agents has been previously reported in literature (61, 62, 144). In 

this study use of explored the applicability of these nanoemulsion for the preparation of 

EGFR and FR targeted nanoemulsions. The surface of the nanomeulsions used in this 

study was were coated with PEG to prevent rapid uptake of the NE by RES cells, which 

would enhance residence time and improve accumulation in tumours by the EPR effect 

(11). Surface functionalisation of the NE’s was achieved by incorporating EGF peptide 

and FA in the NE’s to target receptors that are usually highly expressed in several 

tumours, and have been investigated for the targeted delivery of nanoparticles (95, 96, 

169). SKOV-3 cells are human ovarian adenocarcinoma cells with increased EGFR and 

FR expression on their cell surface (96, 174, 175). The p110-α isoform of PI3K enzyme 

is frequently activated in these cell lines (176) and hence these cells were investigated 

for the delivery of PIK75 in NE formulations.   

 

Non-targeted and targeted NE’s were prepared using the ultrasonication technique. This 

technique enabled the preparation of spherical NE’s (Figure 3.3) with a size below 250 

nm and a uniform particle size distribution (Table 3.3). In literature ceramide 

nanoemulsions with an average hydrodynamic radius of approximately 200 nm have 

been reported to successfully deliver cytotoxic agents (144). Surface functionalisation 

of the NE’s with the EGF peptide (GE11) or FA did not affect particle size distribution 

of the NE’s (Table 3.3). The zeta potential value indicates the degree of ionization of 

the components adsorbed at the interfacial layer of the NE’s. The egg lecithin, which 
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was used as a stabiliser in the NE, provided the negative surface charge value in the 

range of (-) 51.83 to (-) 58.03 mV.  

 

Using the ultrasonication technique, PIK75 and ceramide NE’s (non-targeted, as well 

as EGFR or FR targeted) were prepared and investigated as individual therapy and 

combination therapy in SKOV-3 cells. The qualitative cellular uptake analysis with 

NBD-C6 ceramide indicates that both targeted and non-targeted NE’s were efficiently 

internalized by SKOV-3 cells (Figure 3.5). Both the non-targeted and the targeted 

systems showed cellular uptake of NBD-C6 ceramide within 15 min of incubation, but 

higher fluorescence intensity was observed only for the targeted systems. Hence, 

quantitative cellular uptake studies were conducted by incubating the SKOV-3 cells 

with PIK75 formulations at an interval of 1 and 6 h to determine if PIK75 would have 

greater uptake from the targeted NE’s compared to non-targeted NE’s. The 

concentration of PIK75 detected after 1 h incubation time was below the limit of 

quantitation of the assay and therefore only 6 h incubation time points were analysed. 

 

Quantitative cellular uptake studies with PIK75 indicated that the non-targeted NE’s 

showed greater uptake of PIK75 compared to PIK75 solution. Similar finding were 

reported by Ganta et al, who observed that nanoemulsions could be used to efficiently 

delivery cytotoxic agents to subcellular sites in cells (62). In this study we also 

observed that along with nanoemulsions both the targeted systems showed a 

statistically significant increase in uptake of PIK75, which indicated that higher 

subcellular levels of PIK75 were achieved by formulating PIK75 in targeted NE’s. 

 

Cytotoxicity assays were conducted to determine if a higher subcellular concentration 

of PIK75 would lead to a decrease in cell viability. When PIK75 was administered in 

single therapy the targeted NE’s showed a significant improvement in cytotoxicity 

compared to PIK75 solution and PIK75 NE. These results correlate well with the 

quantitative uptake data where a higher concentration of PIK75 was detected in SKOV-

3 cells using the targeted NE compared to non-targeted NE. EGFR and FR targeted 

NE’s would be taken into the cells by specific receptor mediated endocytosis in 

contrast to non-specific uptake of non-targeted NE’s (177). With EGF mediated 

systems, this process occurs within 10 to 20 min of stimulation (178). It has also been 

observed that since the uptake of these systems is receptor mediated, these systems can 
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bypass cancer cell multi-drug efflux pumps (177). Hence, the enhanced uptake with the 

targeted system can lead to greater cytotoxicity.  

 

Combination therapy with ceramide has been reported to give improvements in 

cytotoxicity for many polymeric nanoparticles (141-143). In the present study, 

combination of PIK75 and ceramide enhanced PIK75 cytotoxicity compared to 

individualized treatment. PIK75 exhibits cytotoxic activity by inhibiting the PI3K 

enzyme preventing cell growth and proliferation (51). Ceramide is known to enhance 

cellular apoptosis by activating the intrinsic and extrinsic apoptotic pathway (139). Due 

to the varied mechanism of these agents their co-administration would enable them to 

act synergistically leading to improved cytotoxicity.  

 

Qualitative and quantitative analysis of apoptosis was conducted using the TUNEL 

assay and Caspase-3/7 assay respectively and suggested that the increased cell 

cytotoxicity could be attributed to increased cellular apoptosis. In literature similar 

findings have been reported where combination therapy with ceramide doubled the 

number of apoptotic cells compared to single therapy (141). However due to recent 

observations of ceramide mediated non-caspase dependant apoptosis alternative 

mechanism of cell death were investigated (179, 180). hROS are chemically reactive 

oxygen species which are formed as a by-product of normal metabolism of oxygen and 

these have important roles in cell signaling and homeostasis. During times of 

environmental stress (e.g. exposure to chemotherapeutic agents) ROS levels can 

increase dramatically resulting in damage to cell structures. Hence, in this study, 

measurement of hROS markers also indicated a slight increase in hROS activity with 

some formulations. This indicated that other pathways were also contributing to 

improved cytotoxicity in SKOV-3 cells. 

 

3.6. Conclusion 

In conclusion, in this part of the study NE’s containing PIK75, ceramide and 

combination of PIK75 and ceramide were successfully prepared using ultrasonication 

technique with a size below 250 nm. These formulations were surface functionalised 

for targeted drug delivery to ovarian cancer cells. Targeted and non-targeted NE’s were 

delivered inside SKOV-3 cells and provided enhanced cytotoxicity. The increase in 
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cytotoxicity was attributed to an increase in apoptosis and also due to a small increase 

in hROS activity, especially in combination therapy with PIK75 and ceramide. The 

results of this study demonstrate a therapeutic benefit of incorporating PIK75 in 

targeted NE. Additionally, co-administration of PIK75 and ceramide could provide 

further benefits by allowing these agents to work on multiple pathways simultaneously 

to produce greater cytotoxic effect. 
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Chapter 4. FOLATE TARGETED PIK75 

NANOSUSPENSION FORMULATION 

4.1. Introduction 

Nanosuspensions are colloidal dispersions of nanosized drug particles which are 

stabilised with appropriate polymers or surfactants. This delivery system is often 

reserved for the delivery of compounds which have poor aqueous and lipid solubility. 

Several anti-cancer agents have been successfully delivered as nanosuspensions (56) 

and many studies have reported surface functionalisation of nanosuspensions to target 

drugs to diseased tissues (181-183). FA has been reported for targeted delivery of anti-

cancer agents (169), antisense oligonucleotides (98), folate conjugated protein toxins 

(170) and folic acid derivatized diagnostic agents (171). FRs are also upregulated in 

several human cancers including ovarian, endometrial, colorectal, breast, lung and renal 

carcinoma. However, only a few papers have explored the delivery of anti-cancer 

agents using FR targeted nanosuspensions (184, 185). Hence we explored the 

development of targeted nanosuspension and investigated the effect on uptake and 

cytotoxicity in SKOV-3 cells. 

 

Materials and Methods  

4.2. Materials 

Drug and excipients used for the development of PIK75 nanosuspension formulations 

are shown in Table 4.1 and the equipments used for the preparation and 

characterisation of the nanosuspensions are listed in Table 4.2. 

 

Table 4.1: Drug and excipients used for the project. 

Drug/Excipient Manufacturer/Supplier 

PIK75 ACSRC 

C6-Ceramide (N-hexanoyl-D-erythro-

sphingosine) 
Avanti Polar Lipids (Alabaster, AL) 

Poloxamer 188  BASF, Germany 
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Soybean lecithin with 70% 

phosphatidylcholine 

Lipoid GMBH (Ludwigshafen, 

Germany) 

Folic acid  Sigma-Aldrich (USA) 

1,1’-carbonyldiimidazole Sigma-Aldrich (USA) 

3-(4,5-dimethylthiazolyl)-2,5-

diphenyltetrazolium bromide (MTT 

reagent) 

Sigma Chemicals (St. Louis, MO) 

SKOV-3 human ovarian 

adenocarcinoma cells 

American Type Culture Collections 

(Manassas, VA) 

BCA protein assay kit and 

chemiluminescence substrate 
Thermo Scientific (Rockford, IL) 

ApoONE Homogenous Caspase-3/7 

assay kit 
Promega (Madison, WI) 

DeadEnd Colorimetric apoptosis 

detection system (TUNEL assay) 
Promega (Madison, WI) 

hROS detection kit Cell Technology (CA, USA) 

Phospho-Akt (Ser473) rabbit mAb, 

Phospho-Akt (Thr308) rabbit mAb, Akt 

antibody, anti-β-actin monoclonal 

antibody and horseradish peroxidase 

conjugated secondary antibody 

Cell Signalling Tech (Danvers, MA) 

 

Table 4.2: Equipments used for the project. 

Equipment Manufacturer/Supplier 

Ultra Turrax homogeniser IKAWerke GmbH & Co., Germany 

Emulsiflex-C3 high pressure homogeniser Avestin Inc, Canada 

Refrigerated Circulator Julabo Labortechnique, GmbH, Germany 

Malvern Zetasizer Nano ZS Malvern Instruments, UK 

Philips XL305 FEG Philips, Netherlands 
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D8 Advance Diffractometer Bruker AXS, CA, USA 

OLS200 shaking water bath Cambridge, UK 

Agilent series 1200 LC Agilent Corporation, Germany 

Bio-Tek Synergy HT plate reader  Winooski, VT 

TissueLyser II Qiagen, USA 

Agilent 6460 triple quadrupole LC-

MS/MS 
Agilent Corporation, Germany 

ImageQuant LAS 4000  GE Healthcare, Sweden 

 

4.3. Methods 

4.3.1. Synthesis of P-188 folic acid conjugate 

FA was used in the preparation of folate functionalised nanosuspension to target 

SKOV-3 tumour cell FRs. The P-188 folic acid conjugate was prepared by adopting the 

synthesis technique reported by Lin et al for the preparation of poloxamer-407 folic 

acid conjugate (186). 87.6 mg of folic acid was dissolved in 5 mL of DMSO and 35.3 

mg of 1,1’-carbonyldiimidazole was added to the FA DMSO solution. This solution 

was stirred in the dark at room temperature for 24 h. 620 mg of P-188 was added to the 

above solution and stirred in the dark for 1 day at room temperature. After 24 h the 

sample was transferred to a dialysis tube (Spectra, Millipore, MWCO 6000-8000 kDa) 

and dialysed for 3 days against deionised water (Figure 4.1). Poloxamer-188 folic acid 

conjugate (FA-P188) was lyophilised and the recovered product was characterised 

using NMR spectroscopy.  
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Folic acid 1,1’-carbonyldiimidazole Poloxamer 188

x = 80,  y = 27

Folic acid -Poloxamer 188 conjugate
 

 

Figure 4.1: Schematic representation of the synthesis of the folic acid poloxamer-188 conjugate. 

 



Chapter 4.... Folate targeted PIK75 nanosuspension formulation 

 

116 

 

4.3.2. Preparation of non-targeted and targeted PIK75-NS 

PIK75-NS was prepared using the homogenisation procedure optimised in Chapter 2, 

Section 2.3.2. Folate receptor targeted PIK75 nanosuspension (PIK75-NS-FA) was 

prepared similarly, except FA-P188 conjugate (80 mg) was added to the aqueous phase 

instead of P-188. 

 

4.3.3. Characterisation of Nanosuspension 

4.3.3.1. Particle size and zeta potential 

The particle size, PDI and zeta potential of the nanosuspension was determined by PCS 

using Zetasizer Nano ZS at a 90° fixed angle and at 25°C. The samples were diluted 

with milli-Q water to a suitable scattering intensity prior to the measurement and 1 ml 

aliquot was used to measure the particle size and PDI. Refractive index value of 1.45 

was used for these measurements. Average surface charge of nanosuspension was 

determined by taking 1 ml diluted nanosuspension in electrophoretic cell and the 

measurements were done at 25°C under electric field strength of 23.2V/cm. 

 

4.3.3.2. Scanning electron microscopy 

Morphological evaluation of PIK75-NS was conducted using scanning electron 

microscopy (SEM). For this, 10 µL of PIK75-NS and PIK75-NS-FA was diluted with 2 

ml MilliQ water. 10 µL of this diluted NS was placed on a carbon specimen holder. 

The samples were then coated with platinum in a sputter coater and observed using 

SEM. For analysing PIK75 powder sample, 5 mg of PIK75 powder was placed on the 

specimen holder and coated with platinum in a sputter coater.  

 

4.3.3.3. X-ray powder diffraction 

XRPD diffractograms of PIK75, PIK75 macrosuspension, PIK75 FA macrosuspension, 

PIK75-NS, PIK75-NS-FA patterns were recorded using a D8 Advance Diffractometer 

with Cu line as the source of radiation. For analysis, 600 mg of sample was used and 

standard runs were obtained using a voltage of 40 kV, a 40 mA current and a scanning 

rate of 0.02/min over a 2θ range of 2.0–40.0
o
. 
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4.3.3.4. Drug assay 

PIK75-NS was centrifuged at 10,000 rpm for 10 min; the supernatant was extracted, 

diluted with the mobile phase and the amount of unincorporated PIK75 was measured 

using HPLC. Drug entrapment efficiency was calculated by subtracting the amount of 

free PIK75 in the supernatant from the initial amount of PIK75 used to prepare the 

nanosuspension formulation. 

 

4.3.3.5. Saturation solubility 

PIK75-NS and PIK75-NS-FA were added in excess to 5 mL of PBS pH 7.4 and placed 

in a controlled temperature shaking water bath at 25°C for 48 h. The samples were 

centrifuged at 13,000 rpm for 60 min, filtered with a 0.22 µm filter and filtered further 

in a 3 kDa pore size Nanosep
®
 filter by centrifuging at 10,000 rpm for 10 min. Post the 

second cycle of filtration, the supernatant was collected and injected in HPLC for 

analysis.  

 

4.3.3.6. Dissolution study of PIK75 nanosuspensions 

Dissolution testing on PIK75-NS, PIK75-NS-FA macrosuspension and nanosuspension 

was performed in USP apparatus-Type II using paddle method at a rotation speed of 50 

rpm and PBS (pH 7.4) with 1% Tween 20 as the dissolution medium. The volume and 

temperature of the dissolution medium were 900 ml and 37±0.5°C. At each sampling 

time, 2 ml was withdrawn using the sampling port attached with a 0.22 µm filter and 2 

ml blank medium was added back into the vessel through the sampling port. Samples 

were centrifuged at 13,000 rpm for 60 min, filtered with a 0.22 µm filter and filtered 

further in a 3 kDa pore size Nanosep
®
 filter by centrifuging at 10,000 rpm for 10 min. 

The resulting supernatant was diluted with the mobile phase and 30 µl was injected into 

HPLC for analysis. 

 

4.3.4. Quantitative cellular uptake of PIK75 

Approximately 4 × 10
6
 SKOV-3 cells were cultured in T-150 flasks and the cells were 

allowed to adhere by incubating them overnight. An equivalent of 10 µM of PIK75 in 

formulations (solution, non-targeted and targeted nanosuspensions) were diluted with 

RPMI-1640 and added to each of the flasks. After 1 h and 6 h of incubation, the flasks 

were washed twice with 1% PBS solution to ensure that excess non-internalized 
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formulation was removed. Cell lyses buffer was added to lyse the cells; the lysate was 

collected, and centrifuged at 13,000 rpm for 15 min at 4ºC. The supernatant was 

collected and the protein concentration was determined using BCA protein assay kit. 

Intracellular PIK75 uptake was estimated by an HPLC assay and PIK75 concentration 

was determined relative to the total amount of protein in the cell. 

 

To prepare the sample for measurement, 300 µL of ice cold acetonitrile was added to 

the cell lysate in order to precipitate the protein and incubated at -20ºC for 30 min. The 

samples were then centrifuged for 15 min at 13,000 rpm and 4ºC. The supernatant was 

extracted, diluted with the mobile phase and the concentration of PIK75 was 

determined using HPLC. The PIK75 concentration in PIK75 solution, PIK75-NS and 

PIK75-NS-FA was determined by extrapolating the readings obtained from the 

standard curve. The final PIK75 concentration was reported as μg of the drug per mg of 

total cellular protein. 

 

4.3.5. Cytotoxicity with single and combination therapy 

The cytotoxicity studies were carried out by using graded concentrations of PIK75. 

PIK75 stock concentration (10, 50, 500 µM) were prepared by diluting the PIK75 

solution (PIK75 in DMSO), PIK75-NS, PIK75-NS-FA in RPMI-1640. These stock 

solutions were diluted further in RPMI-1640 to obtain graded concentrations (10, 100, 

1000, 10000, 100,000 nM) of PIK75.  

 

For cytotoxicity testing approximately, 3,000 cells were cultured in 96 well plates and 

allowed to adhere overnight. RPMI-1640 growth media was used as a negative control 

(0% cell death) and poly(ethyleneimine) a cationic cytotoxic polymer at a concentration 

of 0.25 mg/ml (molecular weight 10 kDa) was used as a positive control (100% cell 

death). Each of the graded concentration of PIK75 was tested with eight replicates and 

the plates were incubated for 72 h. The media was then replaced with 50 μL of MTT 

(2.0 mg/ml in RPMI-1640) and the plates were incubated for 3 h to enable viable cells 

to reduce the tetrazolium compound into formazan dye. The formazan crystals were 

then dissolved in 200 μL of DMSO and the plates were rocked gently for 5-10 min to 

ensure that all the crystals were dissolved. Plates were read at 570 nm using a Bio-Tek 

Synergy HT plate reader and the percentage cell viability was measured relative to the 
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negative control. The IC50 value for PIK75 was determined using GraphPad Prism 5 

software by sigmoidal curve fitting method. 

 

4.3.6. Quantitative and Qualitative apoptotic analysis 

4.3.6.1. TUNEL assay 

Qualitative analysis of apoptotic activity following treatment with PIK75 solution, 

PIK75 non-targeted and targeted nanosuspension was determined by TUNEL assay. 

Cells were grown on glass coverslips in 6-well microplates (20,000 cells per well) and 

they were treated with PIK75 (50 nM). After 48 h of treatment the cells were fixed with 

10% formalin in PBS for 25 min and permeabilized with 0.2% Triton X-100 in PBS for 

5 min at room temperature. After washing with PBS, the coverslips were incubated 

with 100 μL rTdT reaction mixture and kept at 37ºC, 5% CO2 for 60 min. Cover slips 

were incubated with sodium citrate buffer for 15 min at room temperature and washed 

with PBS to remove the unincorporated biotinylated nucleotides. The coverslips were 

then immersed in 0.3% hydrogen peroxide solution in PBS for 3-5 min to block 

endogenous peroxidase. After washing the coverslips they were incubated with 100 μL 

of diluted streptavidin-HRP (1:500 in PBS) for 30 min. The cells were washed in PBS 

followed by incubation with 100 μL of freshly prepared DAB solution. The coverslips 

were then washed several times in deionised water, mounted on glass slides and 

observed under a light microscope. 

 

4.3.6.2. Caspase-3/7 activity measurements 

SKOV-3 cells were plated in 96 well microplates at a density of 20,000 cells per well. 

After overnight incubation the cells were treated with PIK75 (50 nM) and after 2 h the 

formulations were discarded and the cells were washed with RPMI-1640 and incubated 

with 100 µL of media for 24 h. Apo-ONE Caspase 3/7 substrate (100 μL) solution with 

buffer was then added to each of the wells and the contents were mixed at 200-300 rpm 

for 2 h at room temperature. The fluorescence intensity was measured at an excitation 

wavelength of 490 nm and an emission wavelength of 520 nm using a Synergy HT 

microplate reader. Untreated cells were used as negative controls. For the determination 

of caspase activity, blank formulation values were subtracted and fold increase in 

activity was calculated based on the activity measured from untreated cells. 
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4.3.7. Detection of highly reactive oxygen species (hROS) markers 

For the detection of hROS markers, 20,000 cells were seeded in 96 well plates and after 

overnight incubation the cells were treated with PIK75 (50 nM). The cells were 

incubated with the PIK75 samples for 2 h and after 24 h the plates were washed with 

modified HBSS. APF dye (5 mM) was diluted with HBSS in a 1:10 ratio and 4 µL of 

the diluted dye was added to 200 µL of media for each well. The final concentration of 

the dye was adjusted to 10 µM. The plates were then incubated at room temperature for 

60 min. The fluorescence intensity was measured using Bio-Tek Instrument Synergy
®

 

HT microplate reader at an excitation/emission maxima of 490/515 nm. Untreated cells 

and those treated with blank formulations were used as negative controls. For the 

determination of hROS activity, blank values were subtracted and fold increase in 

activity was calculated based on the activity measured from untreated cells. 

 

4.3.8. Tumour model development and treatment 

All animal experimental protocols were evaluated and approved by the Animal Ethics 

Committee, University of Auckland, New Zealand. To develop the subcutaneous 

tumours, CD1 nude mice were injected with approximately 2.5 x 10
6 

SKOV-3 cells 

suspended in 100 µL of PBS. Tumour size was measured every other day using Vernier 

callipers in two dimensions. Individual tumour volumes (V) were calculated using the 

formula V = [length × (width)
2
]/2, where length is the longest diameter and width is the 

shortest diameter perpendicular to length. Once the tumours reached 250 mm
3
, the 

animals were allocated into three treatment groups (PIK75 suspension, PIK75-NS, 

PIK75-NS-FA). PIK75 suspension was prepared by adding PIK75 in 10% DMSO, 

0.5% Tween 20 and 89.5% saline, whereas PIK75-NS and PIK75-NS-FA were 

prepared using the same methodology as described in section 4.3.2. PIK75 suspension 

was formulated with the above excipients to prevent DMSO mediated toxicity in the 

animals. Each treatment group was further sub-divided into 3 subgroups based on post 

administration time points for analysis and animal euthanasia (30 min, 2 h and 4 h). 

Data from all three subgroups was used to assess both pharmacodynamic and 

pharmacokinetic parameters. The animals were fasted overnight prior to dosing and the 

treatment was administered intraperitoneally at a tolerated dose of 40 mg/kg.  
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At the established post administration time points (30 min, 2 h, 4 h), 3 animals from 

each treatment group were euthanized by carbon dioxide inhalation. Blood samples 

were collected by cardiac puncture into blood collection tubes containing EDTA 

(Becton Dickinson, Auckland, New Zealand). The samples were centrifuged at 6,500 

rpm for 15 min for the isolation of plasma. Tumour and vital organs (liver, kidneys, 

lungs and spleen) were also collected. Half of each tumour tissue was used to prepare 

western blot to determine pAkt activity. The tissues were washed with 1 ml PBS (pH 

7.4) to remove any blood contamination, then snap frozen in liquid nitrogen and stored 

at -80˚C until analysis. Prior to analysis the tissue samples were weighed then 

homogenised in PBS using TissueLyser II. The tumour samples were biopulverized and 

used for further analysis. 

 

4.3.9. Western blot 

Proteins were extracted from the biopulverized tumour samples using tissue lysis 

buffer. The tissue lysis buffer was added and the samples were vortexed and 

centrifuged at 4ºC, 14,000 rpm for 10 min to extract the supernatant. BCA assay kit 

was used to determine protein concentration. Equal amounts of total protein were 

separated by 10% SDS-PAGE and transferred to PVDF membrane (Immobilon-P 

membrane, Millipore, USA). This membrane was treated with primary antibodies 

overnight at 4ºC, followed by incubation with appropriate horseradish peroxidase-

conjugated secondary antibodies. The antigen-antibody complexes were detected using 

Pierce ECL western blotting substrate. Signals were analysed using ImageQuant LAS 

4000. Detection of total Akt and β-actin levels served as loading controls. 

 

4.3.10. Pharmacokinetic and statistical analysis 

Pharmacokinetic analysis was carried out by non-compartmental analysis using 

Microsoft Excel add-in ―PKSolver‖. The specifications of this program and validation 

have been published in Computer Methods and Programs in Biomedicine (147). 

Statistical analysis was performed with the software package SPSS® 15.0 (IBM, USA) 

using ANOVA analysis. A p value < 0.05 was considered statistically significant. 
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4.4. Results 

4.4.1. Particle size, zeta potential, SEM analysis, drug entrapment 

efficiency and saturation solubility 

Table 4.3 shows the particle size, PDI, zeta potential, entrapment efficiency and 

saturation solubility data for PIK75-NS and PIK75-NS-FA. PIK75-NS showed an 

average size of 182±45 nm and PIK75-NS-FA showed an average size of 161±40 nm. 

Both the nanosuspensions showed a narrow particle size distribution, a surface charge 

of greater than -30 mV and 97-98% drug entrapment efficiency. Figure 4.2 shows the 

SEM micrograph of PIK75-NS showing a spherical morphology and a particle size 

distribution of 130-200 nm complementing the results obtained using particle size 

analyzer. Saturation solubility of pre-milled PIK75 in PBS was 4.7±5.3 µg/ml. Both the 

nanosuspension formulations showed an 11-fold improvement in saturation solubility 

compared to pre-milled PIK75.   

 

4.4.2. X-ray powder diffraction analysis 

The representative X-ray diffraction of PIK75 powder and the formulations are shown 

in Figure 4.3. The diffractogram of PIK75 showed sharp peaks at diffraction angles of 

2θ (11.5, 13, 14.6, 15.5, 18.9, 19.5, 20.6, 23, 24.8) indicating that PIK75 was in 

crystalline form. All the formulations showed a similar diffraction pattern indicating 

that the crystalline nature of PIK75 was maintained post HPH. 

 

4.4.3. Dissolution study of PIK75 nanosuspensions 

Drug dissolution testing was conducted under sink conditions in PBS (pH 7.4) using 

the paddle method. Figure 4.4 shows the percentage PIK75 dissolved over 3 h from 

non-targeted and targeted PIK75 prepared as macrosuspension and nanosuspension. 

PIK75 macrosuspension showed 18% dissolution of PIK75 within 15 min of 

dissolution testing with a maximum dissolution of 38% over 3 h. Similarly PIK75 FA 

macrosuspension showed a gradual dissolution with 28% of PIK75 being dissolved 

within 15 min of dissolution testing and a maximum of 44% dissolution over 3 h. 

Likewise PIK75-NS showed a rapid dissolution of PIK75 with 56% drug dissolution 

occurring within 30 min. This was followed by a gradual dissolution of PIK75 over 3 h 

with a maximum dissolution of 89%. Similarly PIK75-NS-FA provided less than 70% 
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PIK75 dissolution within 30 min of dissolution testing with 96-99% of PIK75 being 

dissolved after 3 h.   

 

4.4.4. Quantitative cellular uptake of PIK75 from nanosuspension 

formulations 

The intracellular uptake of PIK75 from PIK75 solution, PIK75-NS and PIK75-NS-FA 

was tested on SKOV-3 cells at an equivalent PIK75 dose of 10 µM for 1 and 6 h. 

Figure 4.5 shows the concentration of PIK75 in µg relative to intracellular protein 

(mg). Incubation of the cells for 1 h showed that with PIK75-NS the intracellular 

concentration of PIK75 was 8.3 µg/mg and with PIK75-NS-FA it was 14.9 µg/mg 

(p<0.05). Incubating the cells with PIK75 solution for 1 h provided intracellular PIK75 

concentration below the detection limit of the HPLC assay. Increasing the duration of 

incubation from 1 to 6 h showed an increase in intracellular concentration for all the 

formulations tested (2.2 µg/mg – PIK75 solution, 61.2 µg/mg – PIK75-NS, 85.4 µg/mg 

– PIK 75 NS-FA). The PIK75-NS-FA system showed an increased intracellular PIK75 

concentration post 1 h (80%) and 6 h (39%) of incubation compared to the non targeted 

system (p<0.05). 

 

4.4.5. Cytotoxicity study following therapy with PIK75 solution, 

PIK75-NS and PIK75-NS-FA 

The cytotoxicity of PIK75 solution, PIK75-NS and PIK75-NS-FA was evaluated using 

the MTT assay. The data was fitted using Graphpad Prism to determine the IC50 values 

for each of the formulation systems. Table 4.4 shows the IC50 values of PIK75 

following therapy with PIK75 solution, PIK75-NS and PIK75-NS-FA.  

 

Administration of PIK75 solution to SKOV-3 cells provided an IC50 value of 301±4 

nM. On the other hand PIK75-NS showed a 50% decrease and PIK75-NS-FA showed a 

62% decrease in IC50 value compared to PIK75 solution (p<0.05). Similarly PIK75-

NS-FA showed a 62% decrease in PIK75 IC50 compared to PIK75-NS. 
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Table 4.3: Characterisation of nanosuspension formulations. 

Nanosuspension 

formulation 

Average particle size 

(d.nm) 

Polydispersity 

index 
Zeta potential (mV) 

Drug 

entrapment (%) 

Saturation 

solubility (µg/ml) 

PIK75-NS 161±25 0.3 -39 0.85 98±2 50±0.5 

PIK75-NS-FA 165±33 0.2 -34 ± 0.92 97±2 35±0.5 

 

Table 4.4: IC50 values of PIK75 formulations in SKOV-3 cells.  

Formulation  IC50 values  

PIK75 solution  301±4 nM  

PIK75-NS  152±4 nM  

PIK75-NS-FA  58±4 nM  
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A CB

 

 

Figure 4.2: Scanning electron micrographs of A) PIK75 pure drug, B) PIK75 nanosuspension, and C) PIK75 folate-nanosuspension. 
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Figure 4.3: XRPD diffractograms for PIK75 (A), PIK75 macrosuspension (B), PIK75 

FA macrosuspension (C), PIK75-NS (D), PIK75-NS-FA (E). 

 

 

Figure 4.4: Percentage PIK75 dissolved from PIK75 macrosuspension, PIK75 FA 

macrosuspension, PIK75-NS and PIK75-NS-FA. 
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p < 0.05

p < 0.05

NS

 

Figure 4.5: Quantitative uptake of PIK75 from PIK75 formulations after  1 h   and 

6 h  of incubation. Intracellular PIK75 concentration expressed as mg of protein 

from SKOV3 cells. Each treatment represents n=3. NS – results not significant, below 

HPLC detection. 

 



Chapter 4.... Folate targeted PIK75 nanosuspension formulation 

 

128 

 

4.4.6. Quantitative and Qualitative apoptotic analysis 

4.4.6.1. TUNEL assay 

Figure 4.6 shows the untreated cells and the cells treated with blank nanosuspension. 

These cells did not show brown coloured nuclei indicating lack of apoptosis. Cells 

treated with PIK75 solution, PIK75-NS and PIK75-NS-FA showed brown colour nuclei 

indicating apoptotic cells. 

 

4.4.6.2. Caspase-3/7 activity measurements 

Figure 4.7 indicates the caspase-3/7 activity in SKOV-3 cells following treatment with 

PIK75 solution, targeted and non targeted nanosuspension. Both nanosuspension 

formulations showed a 1.5 to 2-fold increase in caspase-3/7 activity relative to 

untreated cells. Similarly both the nanosuspension formulations showed a statistically 

significant increase in caspase-3/7 activity relative to PIK75 solution. 

 

4.4.7. Detection of highly reactive oxygen species markers following 

treatment with PIK75 nanosuspension formulations 

Figure 4.8 shows the hROS activity based on fluorescence intensity at 10 µM dye 

concentration. Both PIK75-NS and PIK75-NS-FA showed 2-fold increase in the hROS 

activity compared to treatment with PIK75 solution (p<0.05). 
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Figure 4.6: TUNEL staining images of SKOV-3 cells treated with PIK75 solution, PIK75 nanosuspension and PIK75 folate receptor targeted 

nanosuspension. Images obtained at 20 × magnification. 
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Figure 4.7: Quantitative pro-apoptotic analysis using ApoONE Caspase 3/7 activity measurements in SKOV-3 cells following treatment 

with PIK75 solution and nanosuspension formulations. The results represent mean±SD, n=3. 
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Figure 4.8: hROS activity following incubation with PIK75 solution and nanosuspension formulations.  Each treatment represents n=3. 
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4.4.8. Western blot analysis 

Figure 4.9 shows the western blot analysis of pAkt Ser473 and pAkt Thr308 down-regulation 

in SKOV-3 tumour bearing CD1 nude mice following treatment with 40 mg/kg PIK75 

suspension, PIK75-NS and PIK75-NS-FA. Both PIK75 suspension and PIK75-NS showed 

minor down-regulation of pAkt Ser473 and pAkt Thr308 post dosing at all time-points. In 

comparison, PIK75-NS-FA showed significant down-regulation with near knockdown of 

pAkt Ser473 and Thr308 at all time-points. Total Akt and β-actin which were included as 

internal loading control indicated equivalent total Akt and proteins in all the wells. 

 

4.4.9. Pharmacokinetic and tissue distribution analysis 

The LC-MS/MS method used for the determination of PIK75 concentration in the plasma and 

tissue homogenates exhibited good linearity (r
2
≥0.99) (Figure 4.10). PIK75 concentration in 

the plasma and pharmacokinetic parameters following i.p administration of 40 mg/kg PIK75 

suspension, PIK75-NS and PIK75-NS-FA in SKOV-3 tumour bearing CD1 nude mice are 

shown in Figure 4.11  and Table 4.5. Of the three time-points tested, plasma concentrations 

peaked 30 min after dosing, with similar concentrations of 0.8 µg/ml and 0.59 µg/ml for the 

PIK75 suspension and PIK75-NS, respectively, but 3-4 fold higher concentrations of 2.38 

µg/ml for the PIK75-NS-FA (p<0.05). The PIK75-NS-FA concentrations remained high at 2 

h (p<0.05, compared to PIK75 suspension and PIK75-NS) but all three formulations showed 

similar PIK75 concentration in the plasma 4 h post drug administration. As a result, PIK75-

NS-FA showed a 5 to 6-fold greater AUC0-4 value (p<0.05) and a 7 to 10- fold increase in t1/2 

(p<0.05) and MRT (p<0.05) compared to PIK75 suspension and PIK75-NS. In contrast, all 

three formulations showed a gradual increase of PIK75 concentration in the tumour, with 

maximal PIK75 concentrations reached at 4 hr after dosing that were 6-fold greater with the 

PIK75-NS than PIK75 suspension (p<0.05) and 11-fold greater with the PIK75-NS-FA than 

PIK75 suspension (p<0.05) (Figure 4.12). Similarly, tumour PIK75 AUC0-4 values were 5-

fold greater for the PIK75-NS than PIK75 suspension (p<0.05) and 9-fold greater for PIK75-

NS-FA than PIK75 suspension (p<0.05).  

 

In the liver, kidneys and lungs, PIK75 suspension and PIK75-NS-FA showed higher PIK75 

concentration 30 min post dosing compared to PIK75-NS (Figure 4.13). More specifically, 

PIK75 suspension and PIK75-NS-FA showed a 10 to 7-fold higher concentration of PIK75 in
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the liver compared to PIK75-NS (p<0.05) whereas in the kidneys and lungs these 

formulations showed a 3-fold higher concentration of PIK75 compared to PIK75-NS. 

However the 2 h and 4 h dosing intervals showed a small difference in PIK75 concentration 

with all three formulations (p>0.05) in all three tissues. Interestingly, it was observed that in 

the spleen PIK75-NS and PIK75-NS-FA showed 14 to 16-fold higher Cmax and AUC0-4 values 

compared to PIK75 suspension (p<0.05). 
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Figure 4.9: Western blot analysis of phospho-Akt (pAkt) serine and threonine down-regulation in SKOV-3 tumour bearing mice following 

treatment with PIK75 suspension, PIK75 nanosuspension and PIK75 folate receptor targeted nanosuspension. A total of 40 µg of protein extracts 

were loaded per well. Akt (total) and β-actin served as internal loading control. 
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Figure 4.10: Calibration curves of PIK75 in mouse plasma (A), tumour (B), liver (C), kidney(D), spleen (E) and lung (F) homogenates. 
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Figure 4.11: PIK75 concentration in plasma following a dose of 40 mg/kg of PIK75 suspension ( ), PIK-75 nano-suspension ( ) 

and PIK-75 folate receptor targeted nano-suspension ( ). (*) - p<0.05 compared to PIK75 suspension and PIK75 nanosuspension. 
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Figure 4.12: PIK75 concentration  (normalized to weight) in tumour following administration of PIK-75 suspension ( ), PIK-75 nano-

suspension ( ) and PIK-75 folate receptor targeted nano-suspension ( )  at a dose of 40mg/kg. Each time point represents mean±SD 

of n=3 mice. * - p-value < 0.05. 
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Figure 4.13: PIK75 concentration (normalized to weight) in liver, (A) kidney (B), lungs (C) and spleen (D) following administration of 

PIK-75 suspension ( ), PIK-75 nano-suspension ( ) and PIK-75 folate receptor targeted nano-suspension ( ) at a dose of 

40mg/kg. Each time point represents mean±SD of n=3 mice. * - p-value < 0.05.  
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Table 4.5: Plasma pharmacokinetic parameters after intraperitoneal administration of 40 mg/kg PIK75 suspension, PIK75-NS and PIK75-

NS-FA. NS-FA. 

 

Pharmacokinetic parameters PIK75 suspension PIK75-NS PIK75-NS-FA 

Cmax (µg ml
-1

) 0.80±0.12 0.59±0.28 2.38±0.68
(*,#)

 

AUC0-4 (µg h ml
-1

) 1.09±0.08 1.46±0.17 6.74±0.70
(*,#)

 

t1/2 (h) 1.52±0.21 9.90±0.21
(*)

 1.11±0.05
(#)

 

MRT (h) 2.27±0.35 15.13±0.30
(*)

 1.82±0.17
(#)

 

     * p-value < 0.05, difference is statistically significant compared to PIK75 suspension 

     # p-value < 0.05, difference is statistically significant compared to PIK75-NS 
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Table 4.6: PIK75 Cmax and AUC0-4 values in the tissues investigated after intraperitoneal administration of 40 mg/kg PIK75 suspension, 

PIK75-NS and PIK75-NS-FA.. 

Tissues 
PIK75 suspension 

Cmax  (µg g
-1

) 

PIK75 suspension 

AUC0-4 (µg g
-1

 h) 

PIK75-NS 

Cmax (µg g
-1

) 

PIK75-NS 

AUC0-4  (µg g
-1

 h) 

PIK75-NS-FA 

Cmax (µg g
-1

) 

PIK75-NS-FA 

AUC0-4  (µg g
-1

 h) 

Tumour  3.90±1.10 11.06±0.91 21.59±3.29
(*)

 52.09±1.99
(*)

 43.84±2.21
(*,#)

 98.77±0.76
(*,#)

 

Liver 17.81±1.01 38.20±1.12 13.5±0.55
(*)

 29.59±0.17
(*)

 10.93±0.22
(*)

 30.67±0.33 

Kidney 47.57±7.26 84.03±2.39 22.62±3.14 60.68±2.60
(*)

 17.37±1.45
(*)

 31.91±1.00
(*,#)

 

Spleen 1.93±0.13 5.61±0.10 26.64±7.21
(*)

 77.22±7.52
(*)

 27.35±11.82
(*)

 89.17±9.92
(*)

 

Lungs 42.55±9.03 70.44±4.58 26.26±1.63 64.22±1.08 23.69±6.46 58.03±6.77 

 

    * p-value < 0.05, difference is statistically significant compared to PIK75 suspension  

    # p-value < 0.05, difference is statistically significant compared to PIK75-NS 
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4.5. Discussion 

Nanosuspensions are colloidal dispersions of nanosized drug particles stabilised with 

polymers or surfactants. These dispersions have been developed for several compounds 

to improve aqueous solubility, dissolution velocity and replace toxic excipients. 

However in earlier in vivo studies it was observed that post intravenous administration 

of nanosuspension formulations a large proportion of the drug was opsonized by 

phagocytic cells of the mononuclear phagocytic system (MPS) in organs such as the 

liver, spleen and lungs (181). Hence drugs could be formulated as a nanosuspension 

and passively targeted to MPS cells. Similarly, passive targeting using drug 

nanosuspension was also explored for the delivery of anti-cancer agents to tumour 

tissues. The defective vasculature and poor lymphatic drainage allowed such anti-

cancer nanosuspension formulations to be delivered specifically to the tumour tissue 

(11). However once these delivery systems were at the tumour site they had to be 

internalised into the cell to show significant therapeutic effect. Hence surface 

functionalisation of nanosuspension was explored for active targeting of therapeutic 

agents to target tissues (187, 188). Kim et al, reported the development of naproxen and 

PTX nanosuspension which was stabilised with chitosan, cross-linked with 

tripolyphosphate and conjugated with folic acid. However the authors only explored the 

stability and release profile of this targeted system (184). Likewise Liu et al, prepared 

PTX nanosuspension with amorphous precipitate method and further conjugated folate 

to poloxamer 407 for improving drug uptake. MTT assay indicated that the targeted 

system showed improved cytotoxicity but the in vivo benefit of this system was not 

investigated (185). Hence we developed a folate receptor targeted PIK75 

nanosuspension system and investigated in vitro and in vivo characteristics in SKOV-3 

human ovarian adenocarcinoma cells. 

 

For preparation of nanosuspensions, the choice of stabiliser and its concentration is 

critical for the development of an optimized system (111). Based on previous work 

with PIK75, P-188 and SBL-PC were selected for the stabilisation of PIK75 

nanoparticles. P-188 is a non-ionic triblock copolymer with a central hydrophobic 

chain of polyoxypropylene flanked with two hydrophilic chains of polyoxyethylene. 

The hydrophobic chains attract the polymer to the surface of the nanosized drug and the 
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hydrophilic chains provide steric stabilisation (150). Further, P-188 has been reported 

to reduce opsonisation thus enhancing delivery of agents to tumour tissues (56). SBL-

PC is an amphoteric stabiliser due to which it is able to provide steric and electrostatic 

stabilisation. SBL-PC is also preferred in parenteral applications and it is shown to be 

biocompatible. Thus we used P-188 and SBL-PC to prepare PIK75 nanosuspensions.  

 

Previously, Lin et al, reported the synthesis of Pluronic F127-folic acid adduct for the 

delivery of iron oxide micelles (186). In this study we explored the use of 

carbonyldiimidazole to prepare a FA-P188 conjugate. The non-targeted and targeted 

nanosuspensions were prepared using the optimized HPH process parameters and 

characterised for size, surface charge and entrapment. Particle size and SEM analysis 

indicated that the nanoparticles had a spherical morphology and uniform size 

distribution. Incorporation of FA-P188 conjugate did not affect the particle size and the 

size distribution of the nanoparticles which could be due to the small size of folic acid 

conjugated to P-188. Both the nanosuspension systems showed a surface charge 

between -34 to -39 mV which could be attributed to the phosphatidylcholine groups of 

SBL-PC. Usually a zeta potential value of ±20mV is sufficient for nanosuspensions 

stabilised using both electrostatic and steric stabilisers (108). Hence both the non-

targeted and targeted nanosuspensions prepared in this study would be physically 

stable. Saturation solubility and dissolution testing indicated that both the non-targeted 

and targeted nanosuspensions showed an improvement in saturation solubility and 

dissolution velocity compared to pre-milled PIK75 that could be attributed to a 

decrease in drug particle size post HPH. Similarly X-ray analysis was conducted to 

assess if the initial crystalline state of the drug was preserved post HPH. The crystalline 

diffraction peaks were found to be similar for all the samples suggesting that the 

crystalline form of PIK75 was unaltered post homogenisation. 

 

The intracellular uptake and cytotoxicity of the nanosuspensions were determined in 

SKOV-3 cells, which contain the H1047R PIK3CA mutation (176), and express high 

levels of folate receptors (174). Quantitative uptake studies showed that PIK75 solution 

and the non-targeted and targeted nanosuspensions showed a time dependant uptake of 

PIK75. Both the nanosuspension systems showed a higher intracellular uptake 

compared to PIK75 solution. The greater uptake from the nanosuspension systems 

could be attributed to better internalization of nanoparticles via endocytosis or 
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phagocytosis and improved adhesion of the nanoparticles to the surface of cells, 

increasing the contact area and time between the drug and cells (127, 189). The 

nanosuspension systems have improved solubility and dissolution properties which 

would also provide sufficient drug concentration around the cells (126, 190), thus 

enhancing cellular uptake. Further, as lecithin is an amphiphilic surfactant it can affect 

intracellular proteins and polar groups of phospholipid bilayer which may favor 

formation of channels, allowing penetration of the nanosuspension in the cells (191). 

Although PIK75-NS showed similar saturation solubility to PIK75-NS-FA, receptor 

mediated endocytosis of the targeted nanosuspension system would have enhanced 

drug uptake with the PIK75-NS-FA system.  

 

The increase in PIK75 uptake with the nanosuspension system led to improvements in 

cytotoxicity with a 5-fold reduction in IC50 value. The induction of apoptosis was also 

increased with the nanosuspension formulations, as indicated by TUNEL staining and 

caspase 3/7 activity. A similar effect was reported by Feng et al., in MCF-7 cells where 

apoptosis was identified as the primary mechanism for cell death induced by oridonin 

nanosuspension (190). However caspase-3/7 levels were not found to be elevated 

relative to the PIK75 solution, suggesting an increase in apoptosis could be induced by 

other pathways. Hence we investigated the elevation of hROS markers following 

treatment of SKOV-3 cells with the nanosuspension formulations. Reactive oxygen 

species such as superoxide radicals (O2
•¯

), hydrogen peroxide (H2O2) and hydroxyl 

radicals (
•
OH) can be generated by several cellular processes causing oxidative damage 

such as lipid peroxidation and oxidative DNA damage. A small increase in the levels of 

hROS markers was observed with both the non-targeted and targeted nanosuspensions 

formulations. Having shown improved uptake and cytotoxic efficacy with the 

nanosuspension formulations, in vivo studies were conducted in SKOV-3 tumour 

bearing mice to determine pharmacodynamic, pharmacokinetic and tissue distribution 

properties of the non-targeted and targeted nanosuspension.     

 

Pharmacokinetic studies indicated that PIK75-NS-FA showed >3-fold higher 

concentration of PIK75 in the plasma compared to PIK75-NS and suspension 

formulations in the first 2 h after dosing, before returning to similar levels at 4 h post 

dosing. Tumour concentrations for all formulations were greatest 4 h after dosing (the 

final time-point in the study), indicating preferential accumulation in the tumour, with 
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5-fold greater tumour concentrations achieved with PIK75-NS and 10-fold greater 

concentrations achieved with PIK75-NS-FA compared to the PIK75 suspension. The 

enhanced tumour accumulation with the nanosuspension formulations is thought to be 

due to their higher saturation solubility, enhanced dissolution velocity and their small 

size which enabled passive targeting of these nanoparticles to tumour tissues. Tissue 

distribution studies in the other tissues indicated that with PIK75 suspension a large 

proportion of PIK75 had distributed to the kidney and lungs, whereas with both the 

nanosuspension formulations the majority of the drug had distributed to the spleen, 

lungs and liver. In previous studies it has been observed that phagocytic cells of MPS 

in the liver, spleen and lungs often phagocytose nanoparticles (120, 125, 192). Post 

phagocytosis the lipophilic character of drugs allows the drug to partition into the 

cytoplasm and diffuse out of the cell down the drug’s concentration gradient (193, 194) 

where it may return to the bloodstream and redistribute to the tumour, possibly adding 

to the accumulation of drug in the tumour. 

 

Western blot analysis of tumour lysates indicated significant down-regulation of pAkt 

Ser473 and pAkt Thr308 at all time points with PIK75-NS-FA relative to PIK75 

suspension and the PIK75-NS. pAkt is a serine/threonine specific protein kinase with a 

PH domain which binds phosphoinositides such as PIP2 and PIP3. PIP2 is 

phosphorylated by PI3K into PIP3 which allows pAkt to translocate to the plasma 

membrane where it is phosphorylated and activated by activating kinases such as 

phosphoinositide-dependent kinase-1 which phosphorylates Thr308 and mTORC2 

which phosphorylates Ser473, leading to activation of pAkt allowing it to regulate 

downstream cell processes such as apoptosis, cell proliferation, transcription and cell 

migration (38, 39). In this study, inhibition of PI3K by PIK75 would result in decreased 

phosphorylation of PIP2 to PIP3, preventing activation of Akt at Ser473 and Thr308 and 

thus preventing its signalling role in survival, proliferation, transcription and cell 

migration (38, 39). The enhanced downregulation achieved with the targeted 

nanosuspension could be attributed to a number of factors such as improved solubility 

and dissolution characteristics of the PIK75-NS-FA system, re-distribution of PIK75 

from other tissues and folate-receptor mediated uptake of PIK75-NS-FA nanoparticles. 

Although PIK75-NS-FA would have undergone dissolution prior to reaching the 

tumour site, it is likely that some targeted nanoparticles would have exited intact from 
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the peritoneum, through the lymphatics to reach the tumour tissue, enabling receptor 

specific uptake of PIK75-NS-FA (162-164). 

 

4.6. Conclusion 

Non-targeted and targeted nanosuspensions of PIK75 were successfully prepared using 

HPH technique. Both the nanosuspensions showed an improvement in saturation 

solubility and in vitro dissolution which was attributed to a decrease in particle size 

following nanosizing. Studies in SKOV-3 cells showed enhanced uptake and cytoxicity 

with the targeted nanosuspension compared to the non-targeted and solution 

formulation of PIK75. The improvement in cytoxicity was attributed to an increase in 

apoptosis and a small increase in hROS activity. Further in vivo studies in human 

xenograft models would be required to confirm the benefits offered by the targeted 

nanosuspension system. 
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Chapter 5. GENERAL DISCUSSION AND FUTURE 

DIRECTIONS 

Chemotherapy is a vital therapeutic option in cancer, especially following surgery or in 

circumstances when the tumour is inaccessible. However, the non-specific nature of 

these agents causes a number of adverse effects in patients. Researchers have been 

investigating the development of more cancer-cell cytotoxic agents to overcome this 

issue of non-specificity. However, many of these have solubility and stability issues 

due to which pre-clinical investigation with such compounds has been limited. Drug 

delivery is an area of pharmaceutical research which investigates formulation strategies 

to overcome these solubility and stability issues of potential anti-cancer agents. 

Nanoparticulate delivery system is one such formulation approach which has been 

explored with several anti-cancer agents to improve solubility, stability, enhance 

pharmacokinetic and therapeutic properties. Several of these nanoparticulate systems 

are currently being investigated in clinical trials and many anti-cancer nanoparticulate 

systems have already found clinical applications.  

 

PIK75 is a PI3K inhibitor with selective activity for p110-α isoform over the other class 

Ia PI3K isoforms p110-β and p110-δ. It is soluble in a range of organic solvents but not 

at concentrations well tolerated in animals and thus has only been dosed as a 

suspension formulation (19). Furthermore it has significant activity against a range of 

kinase enzymes, including the PI3K related kinase DNA-PK (50, 195), suggesting 

PIK75 treatment may be associated with off-target toxicity in normal tissues. Hence the 

primary objective of this study was to investigate nanoparticulate formulations of 

PIK75 to improve solubility, enhance stability, augment cytotoxicity and target these 

delivery systems to tumour tissues. Previously we had investigated the delivery of 

several anti-cancer agents using nanosuspension, lipid nanospheres and solid lipid 

nanoparticles. However due to PIK75’s limited solubility in lipids we first investigated 

the delivery of PIK75 as a nanosuspension formulation.  

 

Nanosuspensions are colloidal dispersions of nanosized drug particles which are 

stabilised with appropriate polymers or surfactants. This delivery system is often 
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reserved for the delivery of compounds which have poor aqueous and lipid solubility. 

During the preparation of PIK75-NS using HPH the homogenisation process 

parameters, type of stabilisers and concentration of stabilisers were optimised. These 

optimisation studies indicated that P-188 and SBL-PC provided nanoparticles with a 

size range of 100-200 nm, monodisperse size distribution and a high PIK75 entrapment 

efficiency. Crystalline state evaluation indicated the crystalline properties of PIK75 

were maintained post-HPH. Saturation solubility studies indicated that PIK75-NS 

exhibited an 11-fold improvement in saturation solubility with drug recovery greater 

than 90% for 6 h in the nanosuspension system and in human plasma. In vivo studies 

indicated that both PIK75 suspension and nanosuspension showed a similar plasma 

pharmacokinetic profile, however tissue distribution studies indicated lower PIK75 

levels in the kidney post nanosuspension administration.  

 

The nanoemulsion formulation approach was also investigated for the delivery of 

PIK75. PIK75 was formulated as a NE composed of flaxseed oil as the internal phase, 

egg lecithin and m-PEG as stabilisers and water as the external phase. PIK75-NE was 

surface functionalised with targeting ligands (EGF peptide, FA) to target the NEs to 

tumour cells. A pro-apoptotic molecule (C6-ceramide) was also co-delivered to 

augment therapeutic efficacy. Cytotoxicity assay showed a 57% decrease in the IC50 

value of PIK75 following treatment with EGFR targeted NE and a 40% decrease 

following treatment with FR targeted nanoemulsion. Combination therapy with PIK75 

and ceramide enhanced the cytotoxicity of PIK75 compared to therapy with individual 

formulations. The increase in cytotoxicity was attributed to increase in cellular 

apoptosis and hROS activity. In this part of the study, uptake and cytotoxicity studies 

were conducted in SKOV-3 cells which are known to express EGFR and FR. In future 

studies it would be ideal to test the targeted and non-targeted NEs in cell lines which do 

not express EGFR or FR, which would enable better characterisation of receptor 

mediated uptake of the targeted NEs. Further in vivo investigation in xenograft tumour 

models will enable characterisation of the anti-tumour efficacy of the targeted NEs and 

combination therapy with ceramide.  

 

During the preparation of targeted NEs we also evaluated the development of targeted 

PIK75-NS. Previously, Lin et al, reported the synthesis of Pluronic F127-folic acid 
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adduct for the delivery of iron oxide micelles (186). Hence we explored the use of 1,1’-

carbonyldiimidazole to prepare FA-P188 conjugate. PIK75-NS-FA was prepared by 

adopting the homogenisation technique developed for PIK75-NS. In vitro 

characterisation studies indicated similar size, charge, solubility and dissolution 

characteristics of the targeted and non-targeted NS formulations. In vitro studies in 

SKOV-3 cells indicated a 62% decrease in IC50 value of PIK75 following treatment 

with targeted nanosuspension compared to non-targeted nanosuspension. The 

improvement in cytotoxicity was attributed to an increase in caspase 3/7 and hROS 

activity. As the PIK75-NS-FA system showed improved uptake and cytotoxicity 

compared to PIK75-NEs we investigated the in vivo pharmacokinetic and tissue 

distribution properties of both non-targeted and targeted PIK75-NS formulation. 

Combination therapy of PIK75-NS-FA with ceramide solution was also evaluated in 

SKOV-3 cells. However, as combination therapy did not show enhanced cytotoxicity 

PIK75-NS-FA was provided as single therapy to SKOV-3 tumour bearing mice. 

Tumour distribution studies indicated a gradual accumulation of PIK75 in the tumour 

over 4 h with PIK75 suspension and both nanosuspension formulations. However, 5 to 

10-fold more PIK75 accumulated in the tumour with both the nanosuspension 

formulations. The nanosuspension formulations showed higher accumulation in the 

tumour due to their higher saturation solubility, enhanced dissolution velocity and their 

small size which enabled passive targeting of these nanoparticles to tumour tissues. 

Western blot analysis of tumour lysates indicated down-regulation of pAkt Ser473 and 

pAkt Thr308 with all the PIK75 formulations compared to control. However, a further 

downregulation of these proteins was observed post administration of PIK75-NS-FA 

which was attributed to receptor mediated uptake of the targeted nanosuspension 

formulation. Further in vivo investigation in xenograft tumour models will enable 

characterisation of the anti-tumour efficacy of the PIK75-NS-FA relative to PIK75 

suspension to determine if the nanosuspension has sufficient anti-tumour activity to 

progress into clinical trials. 

 

The work conducted in the current study has demonstrated the usefulness of 

nanosuspension and nanoemulsion systems for the delivery of PIK75. These delivery 

systems improved PIK75’s solubility and cytotoxic activity in SKOV-3 cells. Surface 

functionalization of these delivery systems enabled receptor mediated uptake of PIK75 
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into tumour cells further enhancing PIK75’s cytotoxic capacity. The targeted 

nanosuspension formulation was also tested in vivo showing greater tumour 

accumulation and pAkt downregulation. Further in vivo investigation in xenograft 

tumour models and efficacy studies will enable better characterisation of the anti-

tumour activity of these delivery systems. Other anti-cancer agents could also be 

incorporated in these delivery systems to extend the applicability of these systems to 

other cytotoxic agents with solubility, stability and toxicity issues. Development of 

multi-functional delivery systems by addition of diagnostic agents in the targeted 

nanosystems would also be an attractive area for further formulation research.  
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1
H NMR spectra of EGFR-PEG(2000) DSPE (in d6-DMSO) 
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1
H NMR spectrum of FA-cys-PEG(2000) DSPE conjugate (d6-DMSO). 
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1
H NMR spectrum of poloxamer 188 (d6-DMSO). 
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H NMR spectrum of folic acid poloxamer 188 conjugate (in d6-DMSO). 
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