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Abstract 

Objectives: The field of Nano-therapeutics has gained vast attention over the past decades, 

described as the future cancer medicine. Controlling the particle size is highly crucial for many 

reasons including proper drug formulation, tumour targeting and enhancing bioavailability. 

Mostly, nanoparticles within the range of 100 to 200 nm are the most easily manufactured, yet 

they may not be the best option for optimum drug targeting and tissue accumulation which are 

in favour of smaller particles (< 50nm). Thus, preparing nanoparticles of small size (<50nm) 

in an easy way and with high concentrations of the required drug still requires work. 

Additionally, fabrication of effective anticancer nanomedicine has taken a new pathway over 

the last decades, where new active pharmaceuticals ingredients (API) were introduced as novel 

therapeutics for cancer therapies. One of the recently studied drugs is orlistat, a weight loss 

medication that showed remarkable activity against many tumours through inhibiting cellular 

fatty acid synthesis and hindering cellular division and growth. However, orlistat is highly 

hydrophobic, and formulation of nanoparticles of small size to ensure cellular accumulation 

and yet having high drug content is still a hurdle. Therefore in this thesis, a straightforward 

solvent shift technique was adopted for preparation of phospholipids coated orlistat 

nanoparticles of controlled size, high stability, and immense drug content. 

Various naturally existing organic and inorganic nanoparticles have been present before they 

were synthesized in labs. Among the naturally occurring nanoparticles is the low-density 

lipoprotein (LDL), a normal blood constituent, serving as a means of cholesterol delivery to 

tissues. Cholesterol is one of the main constituents of the cell membranes. Cells get their 

cholesterol requirement either through making it themselves, taking it up from LDL, or both. 

Distinctly, being of high proliferation rate, tumour cells need large amounts of cholesterol 

obtained chiefly from LDL to establish new membranes. Thus, LDL could be used as a vehicle 

to carry antitumor drugs, consequently acting as an excellent targeting modality. 
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Methods: The present thesis involved the preparation of nanoparticles of hydrophobic 

materials through rapid solvent exchange technique, including coating of the particles to 

control the size of the prepared nanoparticles. Investigating the effect of different 

concentrations of the materials used and the rate of nanoprecipitation on particle size and 

surface charge was conducted using dynamic light scattering and transmission electron 

microscopy. Afterwards, the results were compared to each other to find the inflection point in 

the particle size growth with the concentration of used material and effect of different coating 

on particle ripening. 

This thesis as well involved the preparation of phospholipids coated orlistat nanoparticles 

through nanoprecipitation by solvent exchange technique, together with stabilising of the 

particles with surfactants to control the size of the prepared nanoparticles. Characterisation of 

the prepared nanoparticles was done using dynamic light scattering, transmission electron 

microscopy, differential scanning calorimetry (DSC) and polarised light microscopy (PLM). 

Prepared nanoparticles were further freeze dried to assess for shelf stability. Moreover, 

encapsulation efficiency and drug release patten were assayed. 

Finally, preparation of novel LDL-like nanoparticles of the recent anti-cancer medication 

orlistat (ORL) was done through the simple straightforward solvent exchange technique, this 

includes coating of the particles with a mixture of phospholipids including POPC, DSPC, 

Cholesterol and DSPE PEG (5000) maleimide. An 11-mer peptide moiety, which resembles 

the active site of the apoprotein B of the natural LDL, is attached to the NPs through simple 

click chemistry. The prepared formulation was evaluated for its physico-chemical properties 

through size analysis and conjugation efficacy. Finally, the efficacy of the formulation was 

evaluated against breast cancer through cell studies on various breast cancer cell lines.  
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Key findings: Results showed that the prepared nanoparticles of different materials used 

(triolein, trihexanoin, tricaprin, and orlistat) shared a common pattern of particle size growth 

upon using high concentrations of the material. Yet, coating the nanoparticles during the 

solvent exchange resulted in controlling the size at high concentrations, near to the therapeutic 

doses, keeping it below 50nm. Moreover, the slow rate of nanoprecipitation (0.11ml/min), 

which is mostly adopted, enhanced the particles ripening, unlike the rapid solvent shift 

technique (1 ml/s). The prepared nanoparticles were of suitable zeta potential to ensure surface 

stability against further aggregation. 

Moreover, the prepared coated orlistat nanoparticles showed a small controlled size (< ~50 nm) 

even at high drug loading concentrations, with a proper zeta potential of up to (-70 mV) which 

ensure stability against aggregation. Orlistat was completely coated with the phospholipid used 

according to DSC thermograms and PLM. Freeze drying the NPs did not affect its size upon 

storage for up to 6 months. The prepared formulation showed entrapment efficiency of 77% 

and a controlled release pattern over 1 week period. 

Concerning the novel LDL-like ORL NPs, the prepared formulation was in size range of around 

50 nm, and of spherical intact structure with a stable average zeta potential of -25 mV. The 

click chemistry employed for peptide attachment was successful with % free sulfhydryl groups 

in the conjugated peptide drop to 0.7%. The formulation showed enhanced cytotoxicity in all 

the employed breast cancer cell lines, resulting in significant decrease in the IC50 compared to 

other orlistat NPs formulation with no peptide conjugated. Moreover the rate of internalisation 

of the LDL-like ORL NPs was significantly enhanced in breast cancer cell lines, due to the 

combined effect of active and passive targeting.  

Conclusions: In conclusion, coating of the particles and controlling the rate of solvent shift in 

our study resulted in a suitable and easy way of controlling particle size and avoiding undesired 

particle size growth. Although orlistat is highly hydrophobic, yet it could be formulated into 
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nanoparticles assemblies, using a simple method and with high stability, small controlled size 

and immense drug concentration. Finally, LDL-like ORL NPs is a promising formulation for 

combating breast cancer, with significant efficacy and targeting ability. 
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1 Chapter 1: General Introduction 

1.1 Cancer worldwide 

Cancer is considered one of the most hazardous clinical conditions being associated with high 

mortality rates. The reason behind this is the abnormal and uncontrolled cell division that may 

affect the normal body functions. Worldwide, cancer is considered one of the leading causes 

of mortality(1,2), accounting for over 160,000 deaths in the UK and 90,000 deaths in Egypt 

based on the most recent statistics(3,4). Over 200 types of cancers are identified now and many 

attempts to treat them with either radiation, chemotherapy or surgery have been done, however; 

an effective regimen to control cancer is still unavailable. Recently, targeted drug delivery has 

emerged as a way to improve the therapeutic outcome of anticancer treatments achieving a 

selective effect on tumour cells; hence protecting other tissues from their toxic side effects and 

improving their therapeutic index.(5) Nanotechnology was applied in oncology to provide 

alternative ways for drug delivery through targeting the tumour and reducing its resistance(6). 

The simplest and most widely used type of nanomedicine is liposomal formulations. It has been 

used since the approval of liposomal doxorubicin and daunorubicin for treatment of Kaposi’s 

sarcoma in 1995, which then have been used in breast and ovarian cancer (7).  

Most targeted nanomedicines focus mainly on the passive way of delivery, also known as 

enhanced permeability and retention effect (EPR), as a way to enhance the pharmacokinetic 

profiles, permeability, and distribution of anticancer therapy to the cancer tissue. This is 

attributed to the fact that most of solid tumours are characterized by enormous network of 

fenestrated blood vessels (8). 

Considering the relatively poor efficacy of the available traditional therapies for cancer, 

especially with aggressive tumours, the recent approaches to cancer treatment should focus on 

the identification of ‘cancer-specific markers’ to enable the effective targeted delivery of 

anticancer agents to tumours. 
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1.2 Breast cancer  

1.2.1 History and statistics 

Throughout all cancer types, breast cancer is the most abundant type of cancer in women 

worldwide. For instance, approximately 1.7 million new cases were diagnosed with breast 

cancer in 2012 (9), this counts for about 12% of all new cancer cases and 25% of all cancers in 

women. The history of breast cancer dates back to around 1,500 years B.C, many civilizations 

described breast cancer and tried to find approaches to its management. This includes the 

ancient Egyptian civilization (10,11), where the condition was mentioned in various papyri 

such as Edwin Smith (12) and George Ebers papyri (13). Later on, the Ancient Greeks also 

described the disease (14).  

Nonetheless, breast cancer is not restricted to females, male breast cancer is also possible to 

occur, representing around 0.8%–1% of all breast cancer cases (15–17) . 

Survival rates vary widely every year, positively those rates increased tremendously in the 

recent years (up to 90%)(18). This striking improvement could be related to the development 

of the screening methods, early diagnosis, and the new treatment strategies (19). 

Aiming towards a new era of breast cancer eradication, the new field of proteomics has 

identified several blood-based biomarkers, including HSP27, transcriptional regulator 14-3-3σ, 

C3a, and fibrinogen-α4. Those biomarkers can help in effective tumour targeting. Moreover, 

many proteomic studies of breast cancer have been carried out aiming to aid the development 

of personalized medicines (PM), this in turn may help improve early detection and treatment 

of the tumour. (20–22). Yet, resistant, and metastatic breast cancer remains a great hurdle for 

clinical eradication (23–25). 



3 

 

1.2.2 Types and pathology 

Breast cancer can be simply defined as any anomalistic overgrowing cancerous tissue that 

affects any of the breast tissues. Normally the breast is formed of two main tissues, the 

glandular and the stromal tissues, in addition to the lymphatic tissue that is responsible for the 

immune function and the clearance of pathogens and waste(26). 

Despite the fact that most of the tumorous growths affecting human breast are considered non-

cancerous, or in other words benign, including cysts and fibrosis, yet those benign tumours 

could still develop into cancerous tumours, especially with the lack of proper diagnosis and 

with increasing the risk factors that will be discussed later(27). 

Breast cancer could be classified in various ways, i.e., according to the degree of invasion, 

depending on the type of tissue affected, the stage of development, and finally on molecular 

levels depending on the expression of specific receptors on the cancerous cells. 

In the following section we will discuss in brief most of the used classifications for breast 

cancer.  

 Degree of Invasion 

1.2.2.1.1 Non-Invasive Breast Cancer  

It is considered when the cancerous cells are confined to their specific tissue of origin and do 

not spread into the surrounding connective or lymphatic tissues(28). 

1.2.2.1.2 Invasive Breast Cancer  

In this case cancerous tissue will break through its tissue of origin into the surrounding 

tissues. One should note that it is different from metastasis, where the cancer cell travels to 

other body organs. Cancer can be invasive without being metastatic(29). 
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 Type of tissue 

1.2.2.2.1 Lobular carcinoma in situ (LCIS) 

It refers to cancerous tumours confined in the lobules (milk glands) of the breast. 

1.2.2.2.2 Ductal carcinoma in situ (DCIS): 

Cancerous tumour growth affecting the milk ducts of the breast, and considered the most 

common non-invasive breast cancer. 

1.2.2.2.3 Infiltrating lobular carcinoma (ILC) 

It is considered the metastatic type of the lobular breast cancer. 

1.2.2.2.4 Infiltrating ductal carcinoma (IDC) 

It is the invasive type of ductal carcinoma, invading the surrounding breast tissues. 

 Stage of development 

Breast cancer could be classified into 4 stages depending on how advanced the tumour is, and 

its invasion to the surrounding tissues. Stages are assigned roman numbers from I to IV, starting 

from stage I describing small tumour mass confined to a single tissue, Stage II with bigger 

tumours invading 1 to 3 lymph nodes, Stage III with bigger tumour mass invading more than 

3 lymph nodes and finally Stage IV describing metastatic breast cancer that travels and invades 

other body organs(28). 

 Molecular subtype 

Due to the nature of the breast cancer, being very heterogeneous, it could be classified based 

on the hormonal receptor. Three main hormonal receptors are used for this molecular 

classification, oestrogen (ER), progesterone (PR) and human epidermal growth factor 2 

receptor (HER 2) (30). 

Accordingly, breast cancer could be divided into 3 main molecular subtypes, the double 

positive (ER, PR +) that is subdivided into Luminal A and B depending on the abundance of 
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the biomarker protein Ki 67(31), the HER-2 positive (i.e., the triple positive breast cancer, and 

double negative breast cancer), and the triple negative (2). 

1.2.3 Etiology and risk factors 

The exact cause of cancer remains mysterious, with great scientific efforts are continuously 

made to study the development of cancerous cell, and relating this to the causes of developing 

cancer. However, many risk factors are well know that may increase the rate of developing 

breast cancer, mainly in women, are well known, which will be discussed in brief in the 

following section. 

 Aging 

According to several studies, the risk of developing breast cancer increases significantly with 

aging, with around 77% of breast cancer patients aged 50 and over. This is due to the hormonal 

disturbances that increase with aging and menopause(32). 

 Genetic risk factors 

Several studies have linked many types of cancers to some genetic mutations that result in 

abnormal cell growth and development of the cancerous tissues. Among those studies, breast 

cancer was found to be linked to mutations affecting 2 genes, BRCA1 and BRCA2(33). 

Inheritance of those mutated genes results in increasing the risk of developing breast cancer by 

a chance of up to 80%(34).  

 History of breast cancer 

Chances of developing breast cancer increases in women whose first-degree relatives 

developed breast cancer. Additionally, women with cured breast cancer have a higher chance 

of developing breast cancer again, known as recurrence. 
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 Other personal habits 

This may include the use of hormonal replacement therapies or oral contraceptives, that results 

in change in the normal hormonal balance. The overconsumption of alcohol, smoking, obesity, 

and physical inactivity are considered as well among the factors that increases the chances of 

developing breast cancer (35). 

1.2.4 Diagnosis 

Early and proper diagnosis of breast cancer could improve the outcomes of treatment strategy. 

Poor prognosis and staging of breast cancer could result in a decrease in survival rate, and 

increases the chances of metastasis(36). Many methods have been developed for the breast 

cancer diagnosis. The most important is mammography, which indicates X-ray imaging of the 

breast. Considered as one of the conventional diagnosis methods, yet one of the most 

commonly used(37). Another adjunct diagnosis tool together with mammography is magnetic 

resonance imaging (MRI). MRI is a highly sensitive diagnosis tool, that can help in staging 

breast cancer, with no radiation used(38). Recently, a novel diagnosis tool known as molecular 

breast imaging (MBI) is developed, depending on the use of radioactive tracer that specifically 

marks cancerous tissues, and can be visualised by a nuclear scanner(39). However, breast 

biopsy remains the only definitive tool for breast cancer diagnosis, identifying the cancerous 

tissues, classifying it and determining its stage(40). 

1.2.5 Treatment strategies 

Many approaches are available for the control of breast cancer, this includes the conventional 

strategies such as surgery, radiotherapy (RT), endocrine (hormonal) therapy (ET), and 

chemotherapy (CT), or the novel targeted therapies including the use of monoclonal antibodies 

and through the use of nanotechnology. The choice of an effective algorism for the best 

treatment outcomes depends mainly on the stage of breast cancer, usually starts with surgery 

followed by other adjuvant therapies(41). 
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 Surgical management of breast 

Surgical management of breast cancer includes either surgical removal of the tumour with the 

surrounding tissues, which is known as the breast conservation surgery, or the complete 

removal of the affected breast known as mastectomy. 

 Radiotherapy 

Radiotherapy (RT) refers to the use of radiations such as X-rays or gamma rays to eradicate 

cancerous cells. It is usually employed following breast conservation surgery to attempt 

complete removal of any remaining cancerous cells that may cause tumour recurrence. RT is 

typically given over a period of five to seven weeks following the employed surgery(42). 

 Endocrine therapy 

Hormonal therapy of breast cancer depends on the molecular subtype of the cancer expressed. 

The Endocrine therapy (ET) helps supressing tumour growth through blockage the action of 

hormones. Endocrine therapies are usually employed for patients with cancerous tissues that 

are overexpressing the oestrogen receptors (ER). ET includes the use of oestrogen blockers 

such as Tamoxifen, or Aromatase enzyme inhibitors, which blocks the enzyme responsible for 

production of oestrogen, such as Anastrazole. Oestrogen blockers only are recommended for 

premenopausal patients, while both ER blockers and aromatase enzyme inhibitors can be used 

in postmenopausal patients(43). 

 Targeted therapy (monoclonal antibodies) 

HER-2 targeted monoclonal antibodies are introduced for breast cancer, those expressing HER-

2 receptors and are not sensitive to hormonal therapies. The first approved monoclonal 

antibody used is Trastuzumab, which is usually used in combination with chemotherapies for 

the control of HER-2 positive tumours(44). Nowadays, Pertuzumab in conjunction with 

Trastuzumab and docetaxel is the first line treatment regimen for patients with HER-2 positive 

metastatic breast cancer(45). 
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 Chemotherapy 

It involves the use of chemical anti-cancer medications, those medications either kill or stop 

the growth of the fast-growing cancerous cells. Chemotherapy is widely used for management 

of breast cancer, given either before surgery to shrink tumour, or after surgery to prevent 

recurrence. Typically, chemotherapies are given in cycles, followed by recovery periods. Many 

combination chemotherapy cycles can be used as regimens for breast cancer, the most 

important are described in Table 1. 

Table 1 Chemotherapy combination regimens for breast cancer control 

Strategy Abbreviations Component 

AC 

Adriamycin (Doxorubicin), and 

Cyclophosphamide. 

CAF  

Cyclophosphamide, Adriamycin 

(Doxorubicin), and 5-Fluorouracil,  

CMF 

Cyclophosphamide, 5-Fluorouracil, and 

Mitoxantrone. 

MMF 

Methotrexate, 5- Fluorouracil and 

Mitoxantrone. 

MFL 

Mitoxantrone, 5-Fluorouracil and 

leucovorin. 

VATH Vinblastine, Doxorubicin, Thiotepa, and 

Halotestin. 

Single-Agent 

Regimens 

 

Paclitaxel  

Vinorelbine  
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Although most of the CT are administered through the intravenous IV route of administration, 

few are suitable for oral administration including methotrexate and cyclophosphamide. 

Recently great efforts are done towards development of more orally suitable chemotherapeutics 

to enhance patient’s acceptance and compliance (46,47). Several chemotherapeutics 

formulations that can be suitable for oral administration are under investigation for breast 

cancer. Idarubicin, etoposide, taxane, gimatecan and vinorelbine are among those 

chemotherapeutics investigated in novel formulations for oral use(48–50). 

However, the use of chemotherapy remains troublesome, due to the expected side effects 

occurring from its use, as it lacks selectivity. 

1.2.5.5.1 Side effects of chemotherapy 

As the chemotherapy travels through the body, it can affect other non-cancerous tissues of the 

body such as hair follicles, bone marrow and digestive system, resulting in undesirable side 

effects. Although most of those side effects are reversible, meaning that they end once the 

treatment is finished, however, some may be long term or even irreversible(51). 

Among the short term and most common side effects of the vast majority of chemotherapeutics 

are hair loss, GIT disorders (nausea, vomiting, loss of appetite constipation and diarrhoea), 

immunosuppression with increased risk of infections, and nerve damage. 

On the other hand, certain chemotherapeutics employed for breast cancer can cause long term 

permanent side effects including infertility, bone thinning, heart damage and leukaemia. 

Additionally, the chemotherapy regimen always has a negative impact on the patient mental 

health, usually impacted as feeling of fear, sadness, isolation, and depression. 

All of those side effects resulted in the increased interest in developing more selective and 

targeted formulation for breast cancer chemotherapeutics to enhance the patient’s quality of 

life(52). 
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1.3 Nanotechnology for cancer therapy 

The inadequate selectivity of the available chemotherapeutics, that results in the wide range of 

side effects, have led to the increased urge for formulations with higher selectivity and targeting 

to the cancerous cells(41). Among the approaches for enhancing chemotherapeutic selectivity 

is the use of nanotechnology for medicinal formulations that could help targeting tumours. 

Nano-therapeutics refers to an area of drug formulation that employs nanotechnology in 

preparation of drug particles in the range between 1 to 100 nm(53). 

Recently, various nano-therapeutics for breast cancer control are either in market or under 

investigation, with increased interest in the research of development of novel nano sized drug 

carriers for chemotherapeutics. Those nanoparticles could enhance the selectivity towards the 

tumour either through their physico-chemical properties (passive targeting), and/or through the 

utilisation of specific targeting moieties that could be attached to the prepared nanoparticles 

(active targeting). 

1.3.1 Targeting mechanisms 

 Passive targeting 

Inflammation and hypoxia are well known conditions that increase the permeability of the 

endothelium of blood capillaries to increase the blood flow to the affected area. Since this is 

the normal case for most tumour, causing inflammation and hypoxia at the affected site, most 

of tumours are characterised by leaky blood vessels. Additionally, the rapidly growing tumours 

result in development of abnormally fenestrated blood vessels(54). All of those factors result 

in enhancing the permeation of macromolecules and nano-sized particles into the tumour 

tissues. Moreover, the absence of normal lymphatic drainage in tumours leads to increasing the 

retention of the nanosystems within the tumour, in a way better than for small drug molecules 

which are easily washed out by the circulation(55). This effect is known as enhanced 
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permeation and retention (EPR), in this case the encapsulation of drugs in nano-sized systems 

enhances their pharmacokinetics and provide some tumour selectivity(56). 

Since the establishment of EPR concept, extensive research was done to make use of this 

passive targeting mechanism in development of drug formulations for cancer therapy(57). 

Some of those formulations are already in the market such as Doxil© and Caelyx©, that are 

nanoparticle formulations of anti-cancer drugs that depends on passive tumour targeting(58). 

However, the EPR effect is still of low selectivity to tumours, as it depends mainly on the 

intrinsic tumour characteristics including the degree of angiogenesis, the intratumour pressure 

and degree of tumour growth(59). 

Thus, in order to make full use of the EPR effect, several approaches were proposed to enhance 

the accumulation of nanoparticles in tumours. Those approaches are either through the use of 

permeation enhancers, which are chemicals that increase tumours perfusion such as bradykinin, 

or through modulating the physico-chemical characteristics of the nanocarriers(60).  

Particle size and surface charge have a direct effect on the efficiency of the nanocarrier, 

affecting its adhesion to tumours, cellular uptake, circulation time, and retention in 

tumours(61). For instance, large nanoparticles (>200 nm) could be easily cleared by the 

reticuloendothelial system (RES), while tiny particles have high renal clearance. Thus, the 

optimal size range for the best pharmacokinetic profile lies in the range between 20- 200 

nm(57). Another example are too hydrophobic nanosystems that could be easily opsonised and 

cleared; hence it is preferred to make nanoparticle surface more hydrophilic(62). This could be 

achieved through the use of hydrophilic polymers, generally polyethylene glycol (PEG), in a 

way that covers the nanoparticle surface from the immune system. PEGylation is a well-

established mechanism for surface modification of nanocarriers to produce what is known as 

stealth nanoparticles, they are usually incorporated at loading of 5-9 mol%(62). 
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 Active targeting 

Active targeting refers to the attachment of specific ligand to the surface of nanocarriers. 

Following the accumulation of the nanocarriers in tumour tissue, those ligands bind to specific 

receptors overexpressed on tumour cell, which in turns enhance the uptake and penetration of 

the nanocarriers. 

The concept of active targeting was proposed in the 1980s, through the investigation of 

antibody grafted liposomal formulation(63). Since then, many other ligands were identified 

such as peptides, aptamers, and nucleic acids and. Several ligands are discovered and utilised 

nowadays, thanks to the identification of biomarkers and receptors overexpressed in each 

tumour type(64). One of the most common ligands used in literature and in clinical trials is 

folic acid, which binds to folate receptors overexpressed in many tumour tissues including 

breast cancer(65). 

Advances in nanotechnology field resulted in better outcomes in the field of breast cancer 

eradication, some rely on passive tareting while others rely on active tareting. Various types of 

nanocarrier systems are extensively studied for targeting breast cancer, some are already in the 

market, and other are still in clinical trials (66). Table 2 shows the most common advances in 

targeting breast cancer using nanocarrier systems, either available in the market (Table 2A), or 

still under clinical trials (Table 2B). 

Table 2 Nanocarrier delivery systems for targeting breast cancer A) already available 

product in market, B) under clinical trials. 

Product name 

Nanocarrier 

system 

Chemotherapeutic Cancer target 

Date 

approved 

Doxil/Caelyx 

(Janssen) 

PEGylated 

liposome 

Doxorubicin 

Ovarian, breast 

cancer, 

leukaemia 

FDA, 1995 
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DaunoXome 

(Galen) 

Non-

PEGylated 

liposome 

Daunorubicin 

HIV-related 

Kaposi 

sarcoma 

FDA, 1996 

DepoCyt 

(Pacira) 

Non-

PEGylated 

liposome 

Cytarabine 

AML, non-

Hodgkin 

lymphoma 

FDA, 1999 

Myocet (Teva 

UK) 

Non-

PEGylated 

liposome 

Doxorubicin 

Metastatic 

breast cancer 

FDA, 2000 

Marqibo 

(Spectrum) 

Non-

PEGylated 

liposome 

Vincristine 

Non-

Hodgkin’s 

lymphoma 

FDA, 2012 

Onivyde 

(Merrimack) 

PEGylated 

liposome 

Irinotecan 

Breast, 

pancreatic, 

sarcomas, or 

brain 

FDA, 2015 

Table 2B 

Passive 

targeting 

Name Nanocarrier system Chemotherapeutic 

Target 

tumour 

Phase 

of 

clinical 

trial 

NK 105 Micellar nanoparticle Paclitaxel Metastatic 

or 

Recurrent 

Phase 

III 
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Breast 

Cancer 

EndoTAG-

1 

Cationic liposomes Paclitaxel 

HER2-

negative 

Breast 

Cancer 

Liver 

Cancer 

and 

Neoplasm 

Metastasis 

Phase 

II 

Nab-

rapamycin 

(ABI-009) 

Albumin-bound 

nanoparticles 

Rapamycin 

Solid 

Tumours 

Phase I 

CRLX-101 

(IT-101) 

Cyclodextrin-based 

polymer 

Camptothecin 

Solid 

Tumour, 

and 

Ovarian 

Cancer 

Phase 

II 

NC-6300 PEGylated polymer Epirubicin 

Solid 

Tumour 

Phase 

I/II 

IT-141 PEGylated polymer 

SN-38 

(metabolite 

of irinotecan) 

Cancer, 

and 

Recurrent 

Solid 

Tumours 

Phase I 

Active 

targeting 

BIND-014 

PSMA-targeting 

polymer 

(prostate-specific 

membrane antigen) 

Docetaxel 

Prostate 

Cancer 

Metastatic 

Cancer 

and 

Solid 

Tumor 

Phase 

I/II 
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MBP-426 

TfR-targeting 

liposome(transferrin 

receptor) 

Oxaliplatin 

Cancerous 

tissues 

Phase I 

Anti-

EGFR-IL-

dox 

EGFR-targeting 

liposome 

Doxorubicin 

Breast 

Cancer 

Phase 

II 

ThermoDox 

Therapeutic directed 

(thermally sensitive 

liposome) 

Doxorubicin 

Breast 

Cancer 

Phase 

I/II 

 

1.3.2 Nanoparticles delivery systems for breast cancer 

After the great advances in the nanotechnology field as a way of targeted delivery of 

chemotherapeutics, many nanosystems were developed for managing breast cancer. Table 3 

illustrates the classification of most of the used approaches for nanosystems available for breast 

cancer, either in market or still under investigation. Some of those nanosystems approaches 

will be discussed briefly in the following section. 

Table 3 Nanocarrier approaches for chemotherapeutic targeting of breast cancer. 

Organic drug delivery Inorganic drug delivery Localised drug delivery Receptor based 

Micelles (67) 

Liposomes (68) 

Polymers(69) 

Dendrimers(70) 

Gold NPs(71) 

SPIO NPS(72) 

Quantum dots(73) 

Nanofibers(74) 

Hydrogels(75) 

Intraductal(76) 

HER 2(77) 

EGFR(78) 

IGF-IR(79) 

VEGF(80) 
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 Organic drug delivery approaches 

This type of nanocarriers utilises organic substances in their formulation, including lipids, 

polymers, or surfactants. Micelles, liposomes, polymeric nanoparticles, solid lipid 

nanoparticles and dendrimers are among the examples for this approach. 

Micelles refers to colloidal particles prepared from conjugates of water-soluble polymers or 

surfactants, hence suitable for delivery of hydrophilic chemotherapeutics. This type of 

nanocarriers have been studied extensively since they were first proposed (81), and for instance 

have been studied for the delivery of doxorubicin and paclitaxel to breast cancer cell 

lines(67,69). 

Another example is liposomes, which are spherical particles with a membrane like structure 

formed of single or multiple layers of phospholipids(82). Their size ranges from 50 to 200 nm 

and have shown great advantage being biocompatible and biodegradable(83).  

Recently, polymeric nanoparticles have gained great attention, due to the wide ranges of 

polymers available or could be synthesised, which in return could help manipulate the physico-

chemical properties of the prepared nanocarriers. Polymers range from the natural such as 

chitosan and cellulose to synthetic such as poly-ε-caprolactone (PCL), poly-(lactic-co-

glycolide), and polylactide (PLA). Clinical investigation of polymeric nanosystems of 

chemotherapeutic drugs like paclitaxel, doxorubicin, camptothecins, and platinates is currently 

carried out (84). Moreover, polymeric NPs were proven to have a higher loading capacity for 

poorly water-soluble drugs, and better physicochemical properties (solubility, stability) 

compared to liposomes(85). 

 Inorganic drug delivery approaches 

This includes nanosystems prepared from inorganic materials, particularly metallic particles. 

The most commonly known is gold nanoparticles which are used as a chemotherapy by 

themselves or could be conjugated to chemotherapeutics or ligands for better targeting of 
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tumour tissues(86). Gold nanoparticles showed great sensitivity and specificity and can be used 

as a diagnostic marker for breast cancer(87).  

Another interesting metallic nanoparticles are those prepared from superparamagnetic iron 

oxides (SPIO-NPs), which are referred to as magnetic nanoparticles (88). Besides their use as 

a magnetic resonance contrast agent, they can be further used for targeting tumours using 

magnetic fields, among which is breast cancer(89,90). 

 Localized drug delivery approaches 

One of the approaches to overcome the side effects of systemic chemotherapies is to apply the 

anti-cancer medication locally to the tumour. This could be useful for early-stage tumours and 

those that are near to body surfaces. Nonetheless, the medication should be manipulated in 

specific formulation to enhance its localisation in tumour tissues for prolonged time. Among 

those specific formulations that have been studied for breast cancer management are hydrogels, 

nanofibers, and the use of intraductal catheters(91). 

1.4 Nanoparticles preparation techniques 

Many techniques have been proposed for the preparation of nanoparticles, this could be 

classified into the top-down techniques (miniaturisation) and the bottom-up techniques(92). 

The top-down techniques involve the breakdown of larger drug particles into small nanometre 

sized drug particles by applying either shear, friction, pressure, or combination of those 

forces(93). Nanoparticles preparation methods using the top-down method include high 

pressure homogenisation, sonication, and media milling. Although this method is considered 

reproducible and easy for scale-up, yet they only produce large particles in the size range of 

few hundred nanometres to 2 µm(94,95). Production of smaller nanoparticles, i.e., <100 nm, 

using the miniaturisation technique is still a hurdle(92). 

On the contrary the bottom-up method involves the assembly of smaller molecules into a 

nanometre sized particles, among the bottom-up techniques are the nanoprecipitation(96), 
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emulsification, solvent evaporation(97), and supercritical fluid techniques(98). The bottom-up 

method is more extensively used in research to produce small sized nanoparticles. However, 

most of the bottom-up techniques are complex and difficult to scale up for industrial 

production. Thus, great efforts are continuously made to develop techniques that are easy to 

scale up, together with production of stable small nanoparticles(99). In our work we studied 

the use of a specific nanoprecipitation technique, known as rapid solvent shift or flash 

nanoprecipitation(100), to produce small sized nanoparticles (<50 nm), while keeping the 

method easy enough for scale-up. 

1.5 Theory of Nanoparticle formation using Nanoprecipitation technique 

1.5.1 Classical Nucleation Theory (CNT)  

The process of precipitation of particles using the solvent shifting method involves a concept 

known as ‘nucleation.’, the nucleation process is described based on classical nucleation 

theory(101). However, the process may include some ‘non-classical’ ways of nucleation.  

‘Nucleation’ is a process that takes place when a system is brought into a non-equilibrium 

metastable state. This metastable state is described as a supersaturated condition that represents 

a local minimum of the free energy. Due to this local minimum free energy, the system is stable 

towards small fluctuations (102). However, with an increase in microscopic fluctuations, the 

random collisions of the dissolved molecules of the solute in the solution lead to the formation 

of the clusters of a new phase which are calle ‘Nuclei’. These nuclei represent the new state 

that represents the new minimum of the free energy possessed by the bulk system, and the 

transformation of the phase (from clusters to nuclei) takes place through the energy barrier 

which represents the local maximum free energy state(103,104). 
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Figure 1 Free energy diagram of Classical Nucleation Theory (CNT). 

The process of nuclei formation in a supersaturated solution consisting of homogeneously 

distributed molecules can be explained through random collisions that lead to the aggregation 

of these molecules towards the formation of clusters or ‘embryos’. As the cluster or embryo 

reaches a particular size known as ‘critical’ size, it can be regarded as the ‘critical nucleus.’ 

Assuming it to be spherical, the radius of this critical nucleus can be predicted on the basis of 

CNT (Figure 1). It is important to note that, according to CNT assumptions, the collisions 

between any two pre-existing clusters, the break-off of pre-existing clusters into two or more 

smaller clusters or the collisions between two particles are ignored (105,106). 

By considering the nature of nucleus as ‘spherical,’ the CNT assumes that the interior of the 

nucleus is in the bulk new-phase state, and the interfacial tension (𝜸) is the same as for a planar 

interface of the coexisting new and mother phases. With these assumptions, the free energy of 

homogeneous nucleation (Δ𝑮homo) for a spherical particle with radius 𝒓, the surface energy 𝜸 

and the bulk free energy of volume ΔGv, is quantitatively represented as 

Equation 1  𝚫𝐆𝐡𝐨𝐦𝐨 = 𝟒 𝝅𝒓𝟐𝛄 +  
𝟒

𝟑
 𝝅 𝒓𝟑𝚫𝐆𝐯 
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The free energy of the bulk nucleus is expressed as the difference between the free energy of 

the bulk particle and the solution as  

Equation 2 Δ𝑮𝒗= − 
𝑲𝑩 𝑻 𝐥𝐧(𝑺)

𝑽𝒎
  

Where kB is Boltzmann's constant, T is temperature (K), S is the degree of supersaturation 

and Vm is the molecular volume  

In the Equation 3, as the surface term is always positive while the bulk free energy is always 

negative, the maximum free energy through which a cluster will pass to form a stable nucleus 

can be obtained by differentiating ΔG with respect to r and setting it to zero (dΔG/dr = 0). 

This gives critical free energy ΔGcrit:  

Equation 3 Δ𝑮Crit =  
𝟒

𝟑
𝛑 𝐫𝐜𝐫𝐢𝐭

𝟐
 

The critical radius of the nucleus is given by:  

Equation 4 𝑹Crit = − 
𝟐𝛄

𝚫𝐆𝐯
  

Combining Equation 3 and Equation 5 then give:  

Equation 5 R Crit = 
𝟐𝛄𝑽𝒎

 𝑲𝑩 𝑻 𝐥𝐧(𝑺)
  

Thermodynamically, the critical size reflects a metastable state as any radii smaller than rcrit 

will be unstable and dissolve back in the solution while any radii larger than rcrit will lead to 

the unlimited growth, this is explained in Figure 1. 

The green curve represents surface free energy, and blue curve represents the bulk free energy. 

Combining these two terms allows the prediction of the critical radius at which a cluster of 

molecules become stable and start growing as a stable nucleate (red curve at rcrit).  

From the Figure 1, it can be said that the positive surface term offers a barrier to form the 

critical nucleus. Once it is formed, the negative volume term then allows the nucleus to grow 

into a particle and attain the bulk properties.  

Considering the kinetic barriers, the rate of nucleation (J) can be expressed as;  
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Equation 6  𝐉 = 𝐀 𝐞
(

𝐄𝐚 
𝐊𝐁𝐓

).(
−∆𝐆

𝐊𝐁𝐓
)
 

Where the first exponent (
𝐄𝐚 

𝐊𝐁𝐓
) represents the kinetic barriers with an overall activation energy 

Ea, while the second exponent (
−∆𝐆

𝐊𝐁𝐓
) represents the thermodynamic barrier. The parameter A is 

a pre-exponential factor which is determined by the properties of the nucleating solute. The 

theoretical value of the pre-exponential factor has been reported to be ~1030 cm−3 s−1; however, 

it is very difficult to measure in practice.  

The kinetic barriers are generally neglected due to difficulty in their quantification. On the 

other hand, the thermodynamic barrier can be calculated based on the assumptions of CNT, 

which mainly involve consideration of the similar behaviour of the nanoscopic nuclei, and 

macroscopic phase, i.e., the nuclei possess same structure and corresponding interfacial 

energies as the bulk. This is the background for nucleation based on CNT.  

However, there have been discussions about the assumptions of the CNT and their lack of 

applicability to the extremely small clusters of few (~ 10) molecules, where the radius of 

curvature is so high that the centre of the curve is not in the thermodynamic limit and the 

interface is sharply curved, thus changing its free energy. Erdemir et al.(107) have discussed 

such shortcomings of CNT in detail, thus taking the discussion towards the other non-classical 

theories too. 

1.5.2 Ostwald ripening and particles condensation 

Ostwald ripening is considered one of the mechanisms of particle growth, where the growth of 

particles is caused due to change in their apparent solubility depending on the size of the 

particle. Due to the high surface area available for dissolution and the surface energy of smaller 

particles within the solution, these smaller particles redissolve and then molecularly diffuse 

onto the larger particles allowing their further growth. This diffusion controlled growth can be 
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expressed by following equation obtained from the mathematical treatment by Lifshitz and 

Slyozov (108).  

Equation 7   𝑹𝟑 =  
𝟖 𝛄 𝑪∞𝑽𝒎 𝑫

𝟗 𝑹𝒈𝑻
 𝒕 =  𝑲𝑶𝑹𝒕  

where R is the average radius of all particles (nm), 𝛾 is the particle surface tension (mN/m), 𝐶∞ 

is the solubility of the particle material in the medium (μM), Vm is the molar volume of the 

material (cm3/mol), D is diffusion coefficient of the particle material (cm2/s), Rg is universal 

gas constant (8.314 J / mol. K.), T is absolute temperature (K), t is the time (s) and kOR is the 

rate constant for the Ostwald ripening (nm3/s). 

For most hydrophobic materials, the growth of particles due to Ostwald ripening is expected to 

be absent. However, if the rate of injection is slow, then during the solvent shifting from the 

maximum organic solvent to the organic solvent-aqueous mixture, the particle can grow due to 

condensation ripening, in a process similar to Ostwald ripening, in the regions of higher organic 

solvent content. In this case the smaller nuclei coalescence over the larger particles resulting in 

particle size increase. 

1.5.3 DLVO theory 

The DLVO stands for Derjaguin, Landau, Verwey and Overbeek, the scientists behind this 

theory which works on the explanation of the stability of colloids in suspension. The theory 

has an in-depth sight into the balance between two opposing forces, the electrostatic repulsion 

due to surface charge and oppositely Van der Waals attraction forces, this balance could explain 

why some colloidal systems may suffer instability as aggregation while others do not. 

To understand the theory, two forces should be put in consideration, the first is the electrostatic 

repulsion which occurs when two particles approach each other and their likely charged double 

layers (layer formed from the surface charge of the particles covered with counter ions) begin 

to interfere. The electrostatic repulsion could be defined as the energy that must be overcome 

to force and bring the particles together. The maximum energy is related to the zeta potential. 
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On the other hand, the second force is Van der Waals attractions, which is the result of forces 

between the mass of individual particles. The effect is additive; that is, one particle of the 

colloid has a Van der Waals attraction to each other particle. This is repeated for each particle 

in the colloid to get the total force.  

Combing both force, DLVO theory explains the stability of colloids against agglomeration. At 

each distance, if the attractive force is greater than the repulsive one, the formed colloid will 

be unstable, and vice versa.  

Surface forces at the interface of the particle and the dispersant are quite important. Colloidal 

particles carry the same electrical charge which produces a force of mutual repulsion between 

them, where if this charge is high, the particles will remain dispersed and vice versa. This 

charge could be predicted from the surface forces known as zeta potential (109,110). 

The way in which these two energies mentioned above (electrostatic repulsion and Vander 

Waals attraction) are calculated is given as follows  

For two spheres of radii R1 and R2 separated by a distance D, the Van der Waals interaction 

energy is given by the following equation in KBT (KB is Boltzmann constant and T is absolute 

temperature in Kelvin) units:  

Equation 8 𝑬𝒗𝒅𝒘 =  
−𝑨𝑹

𝟏𝟐 𝑫 𝑲𝑩𝑻
 

In the equation, A is Hamaker constant which is defined as (𝐴=𝜋2𝐶𝜌1 𝜌2) where 𝜌1 and 𝜌2 are 

the number of atoms per unit volume in the two bodies and C is the coefficient in the atom-

atom pair potential. The unit of Hamaker constant is J.  

Similarly, for two spheres of same radii, i.e., R1=R2= R, separated by a distance D, the electric 

double layer interaction energy in KBT units can be given by the following equation:  

Equation 9  𝑬𝑬𝑫𝑳 =  
𝟐 𝝅 𝜺 𝜺𝒐 𝑹  𝝍𝒐 

𝟐 𝐥𝐧( 𝟏+𝒆
−(

𝑫

𝒌−𝟏)
)

𝑲𝑩𝑻
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Where k is the Debye length, 𝜀 is the dielectric constant of the medium, 𝜀0 is the permittivity 

of free space, 𝜓0 is the surface potential, and e is the charge of the electron. The surface 

potential can be approximated to the zeta potential (𝜁) for calculations.  

Equation 8 and Equation 9 were used for the calculation of total interaction energy in case 

of nanoparticles, where  

Equation 10 ETotal = EvdW + EEDL. 

1.6 Rapid solvent shift technique (flash nanoprecipitation) 

Rapid solvent shift technique (also known as flash nanoprecipitation) is considered one of the 

newly introduced bottom-up techniques for nanoparticles formulation. The process relies on a 

rapid mixing, kinetically controlled form of nanoprecipitation, particularly for water insoluble 

(hydrophobic) drugs. Solvent shift refers to mixing an organic solvent drug mixture miscible 

with aqueous anti-solvent, at relatively high speed. The technique is simple, efficient and can 

be easily scaled up for industrial production. Additionally, flash nanoprecipitation is suitable 

to prepare stable nanoparticles of hydrophobic drugs (i.e., nano-suspensions or nano-

emulations), through stabilising the surface of NPs by stabilisers including lipids, polymers, 

and surfactants. This stabilisation can pave the way to production of nanoparticles of tailored 

size and high stability(111). 

Since this proposed technique is considered a subtype of nanoprecipitation, it follows the stages 

of the classical nucleation process mentioned before. The process starts with nucleation, 

followed by growth of the formed nuclei by capturing more of the dissolved molecules. Yet, 

the flash nanoprecipitation involves rapid mixing of organic miscible phase with aqueous 

phase, which creates a high supersaturation state that favours the rapid formation of plentiful 

nuclei(106). Then growth occur by condensation and/or coagulation, simultaneously with 

precipitation of the stabiliser layer of lipids, polymers, and/or surfactants, and hence controlling 
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the particle size. This coating process encapsulate the drug into a hydrophobic core, preventing 

further growth or aggregation of the nanoparticles(93). 

Besides the principle that size controlled and stable nanoparticles requires rapid nucleation rate 

and slower growth rate, many other factors could govern the physicochemical properties of the 

prepared NPs. Drug properties, the solvents nature, stabilisers, temperature, and drug 

concentration are the most important parameters that could have further effect on the particle 

size, zeta potential, morphology, and stability of the NPs(100). 

1.6.1 Drugs properties 

Since the technique is used for hydrophobic drugs, the whole process of nucleation and growth 

is expected to occur during mixing of the solvent/anti-solvent phases. Thus, the drug molecule 

should be sufficiently hydrophobic with minimum solubility in the aqueous anti-solvent phase. 

The n-octanol partition coefficient, log P or calculated Clog P, is the key indicator of the drug 

hydrophobicity. It is the ratio between the partitions of drug dissolved between n-octanol 

(organic hydrophobic phase) and water. Higher log P values indicate more hydrophobic nature 

with higher partitioning in the hydrophobic phase and low aqueous solubility. It is reported that 

the technique of rapid solvent shift is suitable for drugs with log P > 6. Unstable and large sized 

nanoparticles were the outcome of flash nanoprecipitation of drugs with log P <6 due to the 

rapid condensation and Ostwald ripening as suggested by Pustulka et al(112). Another study 

by Zhu et al. showed that flash nanoprecipitation of drugs with log P <2 are unable to form 

nanoparticles by flash nanoprecipitation due to high solubility, while those drugs with 2>log P 

<9 formed nanoparticles that can grow through condensation and Ostwald ripening, yet the 

drugs with log P > 12 formed high stable nanoparticles(113). Consequently, hydrophobic 

materials and drugs were frequently used for the rapid solvent shift technique, for example β-

carotene, curcumin, cyclosporine A, and itraconazole. In order to manipulate more hydrophilic 
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drug in this process, production of prodrug of higher hydrophobicity has been employed (114–

118). 

1.6.2 Solvent and anti-solvent nature 

Flash nanoprecipitation involves mixing organic and aqueous phase (water or aqueous solution 

or aqueous buffers), they should be miscible for the drug molecules to precipitate in the aqueous 

phase. Polar organic solvents that are miscible with water can be used, for instance ethanol, 

methanol, acetone, dimethyl sulfoxide (DMSO), dimethyl formamide (DMF), and 

tetrahydrofuran (THF). The choice of the organic solvent to be used will be related to which 

will dissolve more of the drug and other stabilisers, in order to reach a higher supersaturation 

condition upon mixing with anti-solvent(102). 

The volume ratio of mixing the solvent and the anti-solvent phases greatly affects the 

supersaturation state and in return affects the properties of the formed nanoparticles. Low 

volume of solvent to anti-solvent, increases the supersaturation at the interface between the 

organic and the aqueous phase; resulting in rapid nucleation rate and smaller nanoparticles, and 

vice versa(119). 

Another important factor is the rate of mixing the two phases, which have a direct influence on 

the rate of nucleation and growth of nanoparticles. Mixing of dispersion after the 

nanoprecipitation process can trigger growth of particles, either through condensation or 

Ostwald ripening. The organic solvent in the mixture enhances the Ostwald ripening by 

solubilising the drug particles, which are then redispose over other particles. Additionally 

mixing could enhance mechanical condensation between adjacent particles(120). Hence the 

best case scenario is to remove the organic solvent after the nanoprecipitation technique. 

Solvents of high boiling point, i.e., DMSO and DMF, can be removed by dialysis, whilst those 

solvents of low boiling point, i.e., ethanol and acetone, are eradicated by evaporation. Another 

approach is to follow the nanoprecipitation technique with freeze drying or spray drying, this 
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will not only remove the organic solvent, but will enhance the stability of the nanoparticles for 

long term storage(115). 

1.6.3 Stabilizers  

For various reasons the use of stabilisers such as phospholipids, surfactants and polymers are 

highly encouraged during the process of rapid solvent shift nanoprecipitation. Primarily, 

stabilisers encapsulate the precipitated drug, and protect the formed nanoparticles from further 

growth and agglomeration(121). Hence, stabilisers are used to control particle size growth, by 

lowering the interfacial energy and increasing the nucleation rate, as well as preventing further 

aggregation of the particles by Ostwald ripening, condensation, or aggregation(122). 

Both the type and the concentration of the selected stabiliser greatly affect the nanoparticles 

physicochemical properties. Various stabilisers were proposed for the process of flash 

nanoprecipitation, they can be polymers such as hydroxylpropylmethyl cellulose (HPMC), 

sodium carboxymethyl cellulose (CMC), polylactic co-glycolic acid (PLGA), polyvinyl acetate 

(PVA) or poloxamers. Besides polymers, other stabilisers are used including surfactants such 

as Tween 80, sodium dodecyl sulfate (SDS), cetyltrimethylammonium chloride (CTACl), and 

phospholipids. The affinity of the stabiliser to the drug surface will influence the particle size 

formed. The higher this affinity, the faster is the adsorption of the stabiliser to the drug surface 

and hence the smaller the particle size formed, and vice versa(123). Another factor is the steric 

configuration and charge of the stabiliser, which governs the stability of the formed 

nanoparticles against aggregation. Stabilisers either charged or conferring steric hindrance, will 

prevent further aggregation of the particles. For electrostatic stabilisation, charged stabilisers 

increase the repulsion forces between the formed nanoparticles and prevent agglomeration, 

thus increasing the stability of the formed nanoparticles(124). Usually a mixture of different 

types of stabilisers are used to enhance the nanoparticles stability through synergistic effect, 

some could be added to the organic phase including polymers, non-ionic surfactants and/or 
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phospholipids, or even to the anti-solvent phase including the ionic polymers and 

surfactants(125).  

Concerning the concentration of the stabilisers, it is related to its molecular structure and 

aqueous solubility. The concentration of the used stabilisers should be adjusted to avoid particle 

size increase. Insufficient stabiliser could result in poor drug encapsulation, while excessive 

amount could increase particle size through increasing viscosity of the final dispersion and 

enhancing drug diffusion. For instance, in a study by Guhagarkar et al.(126) they showed that 

the particle size of PVA coated nanoparticles decreased from 1000 to 300 nm with increasing 

PVA content from 0.1 % to 0.5%., however excessive use of PVA, i.e., 4%, resulted in 

significant particle size increase. 

1.6.4 Temperature 

It is well known that temperature plays an important role in kinetics governed process such as 

nanoprecipitation, affecting the drug solubility, degree of supersaturation and the rate of 

nucleation and growth. Typically, flash nanoprecipitation technique is carried out at room 

temperature to control the effect of temperature on the overall process. Nevertheless, Kim et 

al.(127) studied the effect of temperature on the particle size of nanoparticles prepared by rapid 

solvent shift technique. The results showed a direct relationship between increasing 

temperature and particle size growth. Lowering the temperature decreases the drug solubility, 

while enhancing the degree of supersaturation, resulting in increasing the rate of nucleation, 

yet reducing the rate of growth by reduction of the Brownian motion(127). Thus, for further 

control of nanoparticle size for some drug moieties, scientists can perform the process of flash 

nanoprecipitation at low temperatures, i.e., 4 ºC or even ice bath(128). 

1.6.5 Drug concentration  

Among the factors affecting the particle size of the formed nanoparticles by flash 

nanoprecipitation is the used drug concentration. Drug concentration has a complex effect on 
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the final particle size. Usually increasing the drug concentration increases the degree of 

supersaturation, which in returns increases the rate of nucleation resulting in small particle size. 

For instance, Zhang et al. showed that increasing concentration of atorvastatin calcium from 

20 to 60 mg/ml resulted in a decrease in particle size from 400 to 250 nm, yet increasing the 

concentration to 80 mg/ml resulted in particle size increase due to aggregation(129). 

The effect of drug concentration is complex, and depends on many factors such as the drug 

hydrophobicity, the stabilisers used, and the solubility of the drug in organic phase. Although 

increasing drug concentration is expected to increase the supersaturation and decrease the 

particle size as described above, however, the increased nucleation rate could increase the 

particle aggregations, especially in the absence of stabilisers and in case of more hydrophobic 

molecules. Zhang et al. as well investigated this for cefuroxime axetil nanoparticles prepared 

by flash nanoprecipitation with no stabilisers, and results showed that the particle size of the 

prepared nanoparticles increased significantly from 300 to 800 nm with increasing the drug 

concentration from 60 to 120 mg/ml(130). Therefore, screening the drug concentration 

influence on the particle size is crucial to obtain ultrafine nanoparticles by rapid solvent shift 

technique(131). 

1.7 LDL-like nanoparticles 

Lipoproteins are normal constituent of human blood that are responsible for transport of lipids 

and cholesterol into the body cells. They are considered natural nanoparticles ranging in the 

size between 8 to 1200 nm, and classified according to their lipid content into high density 

lipoprotein (HDL), low density lipoprotein (LDL), and very low density lipoprotein (VLDL). 

The use of those lipoproteins as a carrier for drug entities has been extensively studied, being 

biodegradable and not recognised by human immune system. As a result, they are able to 

provide a solution for the biocompatibility issues associated with most of the synthetic 

nanoparticles (132). 
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Recently over expression of specific receptors for hormones, growth factors or other 

metabolites in tumour cells resulted in increasing interest in the field of targeted therapeutics. 

It was found that low density lipoprotein receptors LDLR are specifically overexpressed in 

most tumour tissues. This is attributed to the high metabolic requirements of cancerous cells 

for cholesterol for cellular proliferation. Therefore, encapsulation of anti-tumour drugs into the 

LDL matrix was studied as a targeting mechanism for tumours (133). LDL nanoparticles are 

internalised through receptor mediated uptake involving the Apo-lipoprotein B-100 found as a 

part of the structure of the LDL(134). Other cellular uptake mechanisms are as well included 

in the uptake of LDL such as clathrin-mediated endocytosis, caveolae mediated transport, and 

macro-pinocytotic uptake known as cell drinking (135). Additionally, the properties of the 

nanoparticles including the surface charge and structure could influence the uptake of the 

particles through electrostatic, Van der Waals or steric interactions (135). 

Nonetheless, the use of LDL as a natural nanocarriers has several drawbacks. LDLs isolated 

from human blood are usually difficult to handle and microbiologically unstable, where they 

can be easily contaminated with pathogens, thus commercial sources of LDL that provides 

sterile LDLs are available. Another drawback is that it is very difficult process to isolate 

homogenous LDLs with homogenous structure and size and in usable quantities from human 

blood (136). Additionally, native LDL vehicles lack selectivity, as LDL receptors are expressed 

in most healthy tissues, this could be manipulated by surface modification such as PEG or 

adjusting the particle dimensions.  

Hence synthetic preparation of LDL-like nanoparticles has been highly urged, in order to 

combine the advantages of the: LDL, while avoiding the drawbacks through preparation of 

reproducible, large amounts, targeted nanoparticles with homogenous properties and in an easy 

way(137). 
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1.8 Orlistat as promising anticancer 

1.8.1 Fatty acid synthase enzyme (FASN) and breast cancer 

In 1950s, Medes et al., showed that tumours could utilise glucose to produce acetate through a 

de novo lipogenesis similar to that found in liver tissues, since then, many studies were carried 

out on various tumours to have a more understanding of this phenomenon(138). On the mid 

1980s it was found that rapidly growing tumours can generate a portion of their fatty acids 

requirements through a de novo synthesis(139). In 1994, Kuhajda et al. discovered a prognostic 

molecule in patients with worsened breast cancer tumours, it was the rate determining enzyme 

for de novo fatty acid biogenesis, namely fatty acid synthase (FASN)(140). 

Nowadays, FASN upregulation is shown in most of human cancer and precursor lesions, which 

is highly attributed to worsened patient survival rates. FASN catalyses the endogenous 

synthesis of fatty acids in cancerous tissues and thus enhances cancer cells survival and 

growth(141). It was found that FASN signalling regulates the progression and aggressiveness 

of cancerous tissues, through affecting and controlling cell proliferation, cell survival, cell 

adhesion, extracellular matrix (ECM) organization, migration, invasion, and even the 

malignant transformation (142).Since then, FASN was suggested to be a prominent oncogene 

like factor (143). 

FASN has received a great attention as a therapeutic target for cancer treatment. Several 

inhibitors of FASN have been developed and studied over the past decades, which are 

characterised for their molecular properties and cellular activity and even some are in 

preclinical or clinical investigation such as Cerulenin, C75 and orlistat(144). 

Due to the pharmaceutical liabilities of FASN inhibitors, extensive research is targeted towards 

manipulating those drugs in better formulations for the optimum therapeutic output (145).  
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1.8.2 Orlistat as FASN inhibitor 

Orlistat is a potent irreversible inhibitor of FASN, acting through bonding covalently with the 

thioesterase domain of the enzyme(146). Orlistat as an anticancer agent has been studied in 

several tumours including prostate cancer, however its efficacy in breast cancer requires more 

investigation(147). 

Due to various pharmaceutical liabilities of orlistat including hydrophobicity and poor 

solubility, in addition to pharmacological limitations including poor bioavailability and 

selectivity, all of this resulted in many attempts to develop optimised formulations of 

orlistat(148). Nanotechnology was employed to prepare advanced and optimised formulations 

of orlistat. Nano-ORL, an amphiphilic hyaluronic acid conjugate of orlistat, was developed by 

Hill et al.(149) and showed enhanced oral bioavailability of orlistat, with an increase in the 

cytotoxic effect in breast cancer cell lines. Bhargava-Shah et al.(150), prepared a conjugated 

PLGA-PEG nanoparticles as a nanocarrier for orlistat, which improved cytotoxicity in triple 

negative breast cancer cell lines. 

However, formulations that can combine several advantages such as biocompatibility, better 

tumour accumulation and enhanced therapeutic effect, while circumventing the poor 

physicochemical properties of orlistat are still unavailable. 

1.9 Research Design 

LDL nanoparticle preparation using the rapid solvent shift technique requires a highly 

hydrophobic material (2< Log P <9), with an extremely low water solubility, and still soluble 

enough in other water-miscible organic solvents such as ethanol. Zhigaltsev et al.(151) had 

used Triolein as their test material for NPs preparation using the solvent shift method, this may 

provide an expectation that hydrophobic materials would form similar nanoparticles (of size 

range 20-50 nm) and may also provide a literature reference to make initial comparisons.  
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In our research we screened a variety of hydrophobic materials, including lipids (i.e., olive oil, 

trihexanoin, tricaprin, and triolein) and APIs (i.e., orlistat and niclosamide stearate). Olive oil 

was selected as our preliminary hydrophobic test material for several reasons, among which 

that triolein is its main component(152), it has very low water solubility in the nanomolar range 

(6.9 nM), and its solubility in other water-miscible solvents such as ethanol (~35 mM in 

ethanol)(153). Moreover, due to its liquid nature at room temperature (MP = - 6○C), no 

additional complexities associated with crystallization, solidification or supercooling of the 

compound are anticipated. It is also a relatively abundant, inexpensive material, and with great 

safety profile as well as a common foodstuff. These all reasons supported the selection of olive 

oil as an initial model test material for testing the properties of NPs prepared by the proposed 

rapid solvent shift technique. The preliminary studies on olive oil will give an idea about the 

properties of the prepared NPs by the proposed method that could be applied on other drugs of 

choice later on. 

Olive oil consists mainly of triglycerides (Triolein OOO, Glycerol dioleate palmitate POO, 1,2-

dioleoyl-3-linoleoyl-sn-glycerol OLO, with the value of Triolein (OOO), surpasses 70% of 

concentration of Olive oil. Moreover, free fatty acids are considered a part of the natural 

constituents of the olive oil, this includes Oleic acid which is the most abundant among all 

other fatty acids, while margaric, margaroleic and lignoceric acids have the least 

percentage(152). 

Results regarding triolein nanoparticles prepared by Prasad et al (154).using the ethanolic 

injection technique showed a concentration dependent change in particle size, whilst coating 

of triolein nanoparticles with phospholipids resulted in a control over the particle size growth. 

These results are expected to be relevant to nanoparticles prepared from other hydrophobic 

moieties, in terms of particle size, zeta potential, and size growth, where a controlled size range 
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is expected for coated particles compared to their uncoated nanoparticles counterpart, 

especially at higher material loading. 

The whole studied process will be further investigated on the novel anti-cancer drug orlistat 

(ORL) for preparation of size stable nanoparticles, which will be further modified into a novel 

LDL-like NPs formulation for breast cancer targeting. 

1.9.1 Gap in Knowledge 

Controlling the particle size of nanomedicines is highly crucial for many reasons including 

proper drug formulation, tumour targeting and enhancing bioavailability(155). Unfortunately, 

most of the available nanoparticles formulations either marketed or under investigation lie 

within the range of 100 to 200 nm, however, they may not be the best option for optimum drug 

targeting and tissue accumulation which is in favour of smaller particles (<50nm)(156–158). 

Therefore, preparing nanoparticles of small size (<50nm) in an effortless way and with high 

concentrations of the required drug still requires work. 

On the other hand, orlistat is highly hydrophobic; with poor bioavailability and metabolic 

stability(147,159) which hinder the process of formulating the drug into nanomedicine with 

effectively small size and high drug concentration, therefore, there is an urge for an easy and 

remarkably beneficial nano-formulation of orlistat using solvent shift technique that may 

ensure a small, controlled particle size and high drug loading together with stability for 

extended period of time. 

1.9.2 Overriding Questions:  

Do different hydrophobic materials give comparable properties as Triolein when prepared as 

nanoparticles using rapid ethanolic injection, in terms of particle size? 

Does coating of those nanoparticles with single layer of phospholipids cause a control over 

particle size growth? 
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Does adhering a peptide to prepare functionalised LDL-like NPs result in controlled size and 

stable particles? 

Does the LDL-like orlistat NP formulation show targeting and efficacy against breast cancer? 

1.9.3 Overriding hypothesis 

The overriding hypothesis of this work is coating the hydrophobic NPs with phospholipids 

cause a shield surrounding the formed nuclei and hence preventing further particle growth. 

Additionally, the presence of stabilisers (such as surfactants) in the anti-solvent phase could 

help in a better surface stability against aggregation. 

1.9.4 General Goals 

To determine the particle size distribution and zeta potential of wide range of hydrophobic 

material nanoparticles prepared by rapid ethanolic injection both before and after coating, and 

in presence of stabilisers such as surfactants. 

Testing this on preparing functionalised LDL-like NPs of our drug of choice orlistat, and 

testing its efficacy against breast cancer cell line. 
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2 Chapter 2 Materials and methods 

2.1 EQUIPMENT AND TECHNIQUES 

2.1.1 Dynamic light scattering (particle size) 

 

Figure 2 structure of Malvern zeta Sizer DLS, 1) Optical unit 2) Cells used, 3) Cell area, 

4) MPT-2 tritrator which is an adjuvent added when required, 5) computer running the 

Zeta sizer software (160). 

Dynamic light scattering (DLS) is the most widely used technique for measuring the size of 

particles suspended in liquid, in the sub-micron range using the Malvern® Zeta Sizer (ZS) 

(Figure 2). It depends mainly on sensing the Brownian motion of the particles and correlating 

this to their size. Brownian motion is the random movement of the particles in the solvent, 

typically the bigger the particles the slower will be their movement and vice versa. Many 

factors that affect this type of motion should be controlled to get accurate size results, the most 

important are temperature and the viscosity of the solvent. Hence the device is supplied with a 

thermostat, however most of the readings are done at room temperature, additionally the 

solvent viscosity and refractive index are considered. 

To sum up, the Brownian motion and its correlation to the particle size could be elucidated 

from the Stokes-Einstein equation as follows, 
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𝒅(𝑯) =  
𝒌 𝑻

𝟑𝝅ɳ𝑫
   Equation 11 Stokes Einstein equation 

where: - 

d(H) = hydrodynamic diameter 

D = translational diffusion coefficient 

k = Boltzmann's constant 

T = absolute temperature 

ɳ = viscosity 

Since the Brownian motion in our case is related to movement and diffusion of our suspended 

particles in a solvent of choice, thus the obtained diameter is called a hydrodynamic diameter 

and is irrelevant to the shape of the particles, as the device gives the hydrodynamic diameter 

of the sphere that has the same diffusion coefficient as the tested particles. This hydrodynamic 

diameter is affected by several factors that will be discussed in the following section. 

 Factors affecting the hydrodynamic diameter of particles 

2.1.1.1.1 Ionic strength 

The presence of ions in the medium and their concentration highly affects the movement of the 

particles suspended, as the particles are usually surrounded by a double layer of ions called the 

Debye length (KD). At low conductivity of the medium, this double layer is extended around 

the suspended particles and resulting in apparently large hydrodynamic diameter. On the other 

hand, this double layer could be supressed by enhancing the solvent electric conductivity 

through addition of ions and salts to get an approximate measurement of the actual particle 

size. 

Typically, the DLS is usually calibrated using standard polystyrene latex particles, this standard 

is supplied in a range of particle sizes including 30, 60 and 100 nm. The standard polystyrene 
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latex particles should be diluted in 10 mM sodium chloride to supress the electric double layer 

and ensure that the reported measurement is the same as the expected diameter of the standard. 

2.1.1.1.2 Surface Structure 

The structure of the suspended particles highly influences their diffusion speed, for example 

the presence of some polymers projecting out into the medium such as polyethylene glycol 

(PEG) will reduce the diffusion speed (larger particle size measurement) more than in case that 

the polymer is flat. 

2.1.1.1.3 Non-Spherical Particles 

As mentioned before, DLS depends on measuring the diameter of the sphere that has the same 

diffusion speed as the tested particles. Hence, if the particles are not spherical, the changes in 

their size could be hard to detect. 

Thus, it is particularly important to study the morphology of the prepared particles using other 

techniques such as the transmission or scanning electron microscopy. 

 Light Scattering Theories 

As mentioned before, the zeta sizer measures the diffusion speed of the suspended particles 

through using the light scattering. The particles are subjected to a beam of laser of certain 

wavelength, then the intensity of the scattered light is measured. This intensity is expected to 

increase in case of particles moving at low speed (larger particles) than in case of those with 

high speed (of smaller particle size). 

2.1.1.2.1 Rayleigh scattering 

The Rayleigh theory is imposing a direct relationship between the intensity of the scattered 

light and the particle diameter, specifically I ∝ d6, where I = intensity of light scattered, d = 

particle diameter. 
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The d6 term in the above relationship indicates that as particle size increase by a factor of 10, 

the intensity of scattered light will increase by a factor of 106 or one million times. Hence the 

imposed disadvantage will be the overestimation of larger particles compared to smaller ones. 

Thus, the d6 factor also means it is difficult to use the DLS to measure a mixture of particles 

with a great variation in particle size, for instance 1000 and 10 nm, as the light scattered from 

the smaller particles will be of minute contribution to the total light scattered. 

2.1.1.2.2 Mie Theory 

Mie theory is more widely applied for those particles of a size close enough to the wavelength 

of the employed Laser light, which is the most common scenario. Mie theory is used in the zeta 

sizer software for conversion of the intensity distribution into volume.  

In dynamic light scattering, the diffusion speed of particles due to Brownian motion is 

elucidated by measuring the fluctuation rate of the scattered light intensity. Simply, the smaller 

the particle size the greater will be those fluctuations due to the increased speed of the particles. 

The best way to convert those fluctuations due to Brownian motion into particles size is to use 

a device called a digital auto correlator. 

 Size distribution 

As we measure the intensity of scattered light, the size of the particles obtained from the auto 

correlator is relative to the scattered light intensity and hence it will be known as intensity size 

distribution. 

Subsequently, the sample input parameters (either reported in literature or obtained by 

experiment), including refractive index and viscosity, can be used to elucidate the volume size 

distribution through the help of Mie theory. The importance of volume distribution lies in its 

ability to give more understanding for the importance of any tail or secondary peaks present in 

the distribution. Generally, the d(intensity) > d(volume) > d(number) 
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For more understanding of the differences between the intensity, volume, and number 

distributions, consider a sample formed of 2 population of particles that are equal in number, 

one with size of 5 nm and the other is 50 nm. Plotting the number distribution of this sample 

will result in 2 peaks of 1:1 ratio (positioned at 5 and 50nm). Converting the number 

distribution into volume distribution will result in 2 peaks of ratio 1:1000 (because the volume 

of a sphere is equal to 
4

3
 π (d/2)3. Finally, the intensity distribution will show 2 peaks with a 

ratio of 1:1000000 (because the intensity of scattering is proportional to d6 from Rayleigh’s 

approximation). 

2.1.2 Zeta potential 

Zeta potential, known as surface charge, could be estimated using the Zeta sizer as well. This 

is obtained through measuring the electrophoretic mobility of the particles using Laser Doppler 

Velocimetry (LDV), which determines the laser scattering due to particle motion. 

To understand more, surface charge is developed on colloidal particles surface due to the 

electrical double layer effect. The net charge on the particle surface results in distribution of 

ions from the medium around it, with higher concentrations of counter ions (opposite in charge) 

close to its surface. Consequently, a double layer is formed, the first bound firmly to the 

particles is called the Stern layer and the other is called the diffuse layer of counter ions. 

During the motion of particles, ions attached to it will move as well, while ions outside this 

boundary, which is called the slipping plane Figure 3, are not expected to move. The potential 

at this slipping plan is defined as zeta potential. 

Zeta potential give an indication of the stability of the colloidal system, where the higher the 

charge on the particles the greater will be the repulsion between them, hence more stability 

against aggregation. The range of Zeta potential indicating good stability should be either >+30 

mV or < -30 mV(161). 
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Figure 3 Measuring the Zeta potential of colloidal particles, showing the electric double 

layer and the boundary slipping plane (160). 

As mentioned before, the Zeta potential is measured using the electrophoretic mobility of the 

particles, this could be estimated by Henry equation as follows, 

𝑼𝑬 =
𝟐ɛ ȥ 𝒇(𝒌𝒂)

𝟑 ɳ
  Equation 12 Henry's equation 

Where: ȥ: Zeta potential. 

UE: Electrophoretic mobility. 

ɛ: Dielectric constant. 

ɳ: Viscosity. 

ƒ(Ka): Henry’s function (162). 
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The samples are loaded in a micro-electrophoresis cell with electrodes to which a potential is 

applied. The charged particles will start to move to the electrode of the opposite charge(163). 

The velocity of the particles is measured using Laser Doppler Velocimetry.  

  



43 

 

2.1.3 Transmission electron microscopy 

Transmission electron microscopy (TEM) is a widely used technique for characterisation of 

nanomaterials, as high-quality images could be obtained at extremely high magnification 

power. The TEM can provide images at spatial resolution at the order of atomic dimension of 

the sample. 

The TEM device, shown in Figure 4, consists of an electron gun which acts a source of electron 

beam, this beam will pass through a series of lenses into the specimen, which will finally be 

viewed over a fluorescent screen. The device is equipped with a camera to take images and a 

computer to store the captured images. 

The incident electron beam is transmitted through the specimen, will be transformed into 

scattered electrons as they interact with the sample, then those scattered electrons are magnified 

through the objective lens and collected via the imaging lens which is then viewed over 

fluorescent plan to give images for the sample components, which is captured by camera 

generating high-resolution images. The distance between the objective lens and the imaging 

lens will indicate the magnification power employed. 

For colloidal nanomaterials, TEM can provide information on the size, morphology, and 

aggregation of particles within the dispersion. Compared to the scanning electron microscopy 

SEM, TEM is more sensitive in getting high resolution images for small particle sizes with 

high spatial resolution. The reason mainly is because the SEM acts through interaction of the 

electron beam with the surface of the sample only, resulting in releasing of secondary photons 

to be detected, while in case of TEM the electron beam is transmitted through the thin layer of 

the sample and then detected on the other side. 

One can simply compare the TEM to the simple light optical microscopy, but with higher 

magnification power and optical resolution. Where the light beam in the optical microscopy is 
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replaced by electron beam in TEM, the glass lens is replaced with electromagnetic lenses and 

images are viewed on fluorescence plan instead of the eye piece. 

Despite of the various advantages of TEM, which include powerful magnification and the 

provision of information regarding compound and element structures, however TEM requires 

special maintenance, particularly because of its ultra-high vacuum system (164). 

 

Figure 4 Diagram representing a simplified structure of the transmission electron 

microscope TEM(165). 
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2.2 MATERIALS 

Extra virgin olive oil, Triolein (Merck life science, >=99% purity), Tricaprin (Alfa Aesar, 

>98% purity), Trihexanoin (Alfa Aesar, > 99% purity),  Tridecanoate (Merck life science, 99% 

purity), Orlistat (Merck life science, >98% purity), Niclosamide stearate, 1-palmitoyl-2-oleoyl 

phosphatidyl choline (POPC) (Merck life science, TLC >99% purity), DSPC ( Di stearoyl 

phosphatidylcholine) (Stratech scientific ltd., Avanti polar lipids > 99% purity), DSPE PEG 

5000 maleimide (Stratech scientific ltd., Avanti polar lipids > 99% purity), Cholesterol 

(Stratech scientific ltd.,> 99% purity),  Soybean Lecithin (Fisher scientific UK ltd., Purity 

>98%), Tween80 (ThermoFisher scientific, >97% purity), Sodium dodecyl sulfate (SDS) 

(Sigma Aldrich, ACS reagent 99% purity), potassium nitrate KNO3 (Sigma Aldrich, ACS 

reagent 99% purity) , Ellman’s reagent powder 5,5'-dithio-bis-(2-nitrobenzoic acid) (DTNB) 

(Fisher scientific ltd, at least 99% pure), pure ethanol (Sigma Aldrich, anhydrous pure >99.5%), 

dimethyl sulfoxide (DMSO) (VWR international ltd.,>98% purity), Trehalose dihydrate 

(Sigma Aldrich, >99% purity) , D-Mannitol (Sigma Aldrich, >99% purity), Glucose (Sigma 

Aldrich, >99% purity), 1-mercapto undecanol (Sigma Aldrich, 97% purity), Phosphate buffer 

saline tablets (Sigma Aldrich), culture medium Dulbecco's Modified Eagle Medium DMEM 

(VWR scientific ltd. Sterile filtered), phenol red free RPMI medium (ThermoFisher scientific, 

sterile filtered), Human serum albumin HAS (Merck life science, lyophilized powder, 97% 

purity agarose gel electrophoresis), 25-NBD cholesterol ( Scientific laboratory supplies ltd, 

Avanti polar lipids, <99% purity), breast cancer cell lines MCF-7, BT474 and MDA MB 453 

(all supplied by ATCC, and stored in liquid nitrogen until used) and MilliQ® water, all materials 

not specified were of analytical grade, unless otherwise mentioned.  
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2.3 METHODS 

2.3.1 Nanoparticles preparation 

In our work, nanoparticles were prepared by rapid solvent exchange method through direct 

injection of ethanolic solution of hydrophobic materials into deionised water using automated 

syringe eVol™ Figure 5.  

 

Figure 5 Automated syringe eVol™ 

 

First of all, the materials employed (which will be discussed in detail in Chapter 3 and 4) are 

dissolved in ethanol at room temperature. Afterwards, nanoparticles were prepared by directly 

injecting ethanolic solution into MilliQ® water in a volume ratio of 1:9, under stirring using 

magnetic stirrer at 500 rpm. The process is done using the eVol™ automated syringe at a rate 

of 1 ml/s, a detailed diagram for the process is shown in Figure 6.  
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Figure 6 Diagram showing the steps of NPs preparation using rapid solvent shift 

technique. 

Following injection, the nanoparticle dispersion is removed immediately from the magnetic 

stirrer and characterized using Malvern® zeta sizer nanorange (ZS) (Figure 7). 

 

Figure 7 Malvern® zeta sizer nanorange ZS 
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2.3.2 Coating of the NPs 

Coating was done through the same nanoprecipitation technique, briefly the coating together 

with the core material were dissolved in ethanol at specific molar ratio. Then NPs were 

prepared through injecting ethanolic solution into antisolvent water at ratio of 1:9 using eVol™ 

syringe injector as outlined above.  

2.3.3 Measuring the particle size and zeta potential: 

Freshly prepared nanoparticle dispersions are subjected immediately to particle size and zeta 

potential analysis, this can be done through pipetting 1 ml of each dispersion of different 

concentration into either cuvette (for particle size) or zeta cell (for zeta potential), followed by 

running the analysis at 25ºC, auto-attenuator and wavelength 600 nm. 

2.3.4 TEM imaging of NPs 

TEM images of NPs were captured using negative staining. Samples were prepared, stained 

using 2% uranyl acetate (provide by NMRC lab, university of Nottingham), and fixed over 

carbon coated copper mesh grids (TEM Grids C200Cu100, Generon Ltd, Dublin, Ireland). 

Samples are left over the mesh grids for at least 1 minute to allow sedimentation of the particles 

over the mesh, then the samples were dried using a piece of filter paper to suck the liquids. 

TEM imaging was done using FEI® Tecnai Biotwin transmission electron microscope 

(Eindhoven, The Netherlands) at 100 KV, equipped with a camera Eagle 4K CCD (Eindhoven, 

The Netherlands), and TIA software (FEI®) (Eindhoven, The Netherlands). Images were 

processed using ImageJ, Fiji® package for counting the particles. 

2.3.5 Freeze drying of the NPs  

Some of the chosen formulations were freeze dried using Virtis benchtop lyophiliser® (SP 

scientific sentry 2.0) to enhance stability of the prepared formulations over storage (Figure 8).  

First of all, NPs were prepared with specific cryoprotectant at specific ratio (will be discussed 

in detail in Chapter 4). Then, the prepared NPs dispersions were flash frozen using liquid 



49 

 

nitrogen, followed by placing them in the lyophiliser. The pressure was then reduced to 100 

mTorr and the temperature was set to −50   C and held for 24 h to allow drying. The dried 

samples were then stored in freezer at -20 °C in sealed bags with silica beads until further used.  

 

Figure 8 Freeze dryer, Virtis benchtop lyophiliser® (SP scientific sentry 2.0) 
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2.3.6 Drug incorporation assay 

Incorporation studies were done using both DSC and polarised light microscopy techniques. 

 Differential scanning calorimetry (DSC) 

DSC was done using DSC Q2000 (TA® instruments, UK) (Figure 9). Samples (10mg) were 

weighed separately in aluminium DSC pans, which were then compressed to be hermetically 

sealed. The prepared pans were placed in DSC, and a heat cool heat run was done for each 

sample under nitrogen gas, starting at 20ºC to 350ºC at a rate of 5ºC/min. Afterwards, DSC 

thermograms were collected and analysed. 

 

Figure 9 Differential scanning calorimetry DSC Q2000 (TA® instruments, UK) 

 Polarised light microscopy 

Microscopic images were captured using polarised light microscope PX023POL (Prior 

Scientific Inc® USA) (Figure 10). A suitable mass of each sample (~ 20 mg) was added on a 

clean microscopic slide. The samples were viewed under both bright and dark fields to check 

for the birefringence, colour absorption and optical similarities. 
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Figure 10 polarised light microscope PX023POL (Prior Scientific Inc® USA) 

 

2.3.7 UV assay of orlistat 

Orlistat (1 mg/ml) in ethanol solution was scanned over the range of (200 – 700) nm using UV 

spectrophotometer (Agilent® Cary3500 UV-Vis spectrophotometer, USA) (Figure 11), and the 

wavelength of maximum absorbance (λmax) was determined (166). 

Serial dilutions (10 - 150 μg / ml) were prepared and the absorbance of the prepared solutions 

was measured at the predetermined (λmax). The measured absorbance values were plotted 

against the corresponding concentrations to obtain a calibration curve.  

 

Figure 11 UV spectrophotometer (Agilent® Cary3500 UV-Vis spectrophotometer, USA) 
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2.3.8 Encapsulation efficiency and drug loading 

The percent of drug encapsulated into the nanoparticles was measured using two approaches. 

The first one through centrifugation ultrafiltration technique, simply nanoparticle formulations 

were loaded in Vivaspin® centrifugal concentrator(167) (Sartorius Vivaspin® 20, mwco 5000 

d, membrane PES) (Figure 12), and were centrifuged at 6000 rpm for 5 min in 5 cycles using 

a cooling centrifuge (Eppendorf® cooling centrifuge, Eppendorf® AG, Germany). Afterwards, 

the filtrate containing the free drug was separated, freeze dried and reconstituted and assayed. 

The other method is through dialysis(168), using slide-A- lyzer dialysis cassettes (thermos 

scientific™ mwco 3.5 Kd, UK) (Figure 13), where 3 ml of each NP formulation was loaded 

to the cassette and then suspended in 200 ml of phosphate buffer saline PBS (pH 7.8) and kept 

in the fridge for 24 hours, then 40 ml sample were taken, freeze dried, and analysed for content 

of free drug. 

 

Figure 12 Vivaspin® centrifugal concentrator, Sartorius Vivaspin® 20, mwco 5000 d, 

membrane PES. 
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Figure 13 slide-A- lyzer dialysis cassettes (thermos scientific™ mwco 3.5 Kd, UK) 

 

2.3.9 Drug release assay 

Drug release assay was carried out in PBS (pH 7.4) containing 0.2% tween 80 to challenge the 

drug release pattern. 3 ml sample of the nanoparticle formulation was loaded into slide-A- lyzer 

dialysis cassettes (thermos scientific™ mwco 3.5 Kd, UK). Then the cassette was allowed to 

suspend into 400 ml of release medium and kept at 37ºC and 350 rpm for 1 week. At 

predetermined time intervals, 40 ml samples were withdrawn and were compensated by fresh 

release buffer. Samples were freeze dried and assayed spectrophotometrically. 

2.3.10 Preparation of functionalised NPs 

Orlistat NPs were functionalised to resemble the structure of the LDL, using a mixture of 

phospholipids and cholesterol, together with 11-mer peptide that mimics the active site of the 

apoprotein B in structure (Figure 14). NPs were prepared using the straightforward solvent 

shift technique. Simply, ethanolic solution of the drug together with a mixture of the 

phospholipids (POPC or DSPC), Cholesterol and DSPE PEG 5000 maleimide peptide 
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conjugate in a ratio 45:50:5 respectively (with a coat to core molar ratio 1: 1.6) were directly 

injected into water under stirring as mentioned before. 

 

Figure 14 Proposed structure of the LDL-like NPs functionalised with 11-mer peptide. 

Concerning DSPE PEG 500 maleimide peptide conjugate, it was prepared by simple click 

chemistry. This is done through incubation of the peptide with the prepared NPs having the 

DSPE PEG maleimide 5000 already incorporated in the NPs coat for 24 hours. 

 Ellman’s test for free sulfhydryl groups 

The efficiency of the peptide conjugation to the lipid moiety was confirmed using Ellman’s 

test for the free sulfhydryl groups(169). To prepare Ellman’s reagent, 1 mL of reaction buffer 

(0.1 M sodium phosphate with 1 mM EDTA, pH 8.0) was added to 4 mg Ellman’s powder 

followed by vortexing for 1 minute at RT. Afterwards, 2.5 uL of 4 mg/mL Ellman’s reagent 

was added to 100 uL of sample of interest or buffer only as blank, the absorbance of the samples 

was measured using UV/Vis spectrophotometer at λmax 412 nm(169). The concentration of the 

free sulfhydryls was calculated using the extinction coefficient of E = 14150 M-1cm-1. The test 

Lipid core 

(Triolein or 

Orlistat) 
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was carried out for 11-mercapto undecanol as a reference, the 11-mer peptide solution, DSPE 

PEG 5000 maleimide peptide conjugate, and the peptide functionalized orlistat NPs. 

 Investigation of orlistat binding to albumin 

Orlistat binding assay was carried out through a fluorescent quenching technique using 

Fluorescence spectrophotometer, (Agilent® Cary eclipse fluorescence spectrophotometer, 

USA). First of all the fluorescence spectrum of human serum albumin (HSA) was scanned 

(170). Afterwards 20 μL of stock orlistat ethanolic solution were added to the HSA solution. 

The fluorescence emission spectra of HSA in the presence of increasing amounts of the drug 

under study were recorded. The data were analysed afterwards by the Stern–Volmer 

equation(171). 

2.3.11 Cell studies on the prepared formulations 

Three different breast cancer cell lines were used for cell work, BT-474, MDA MB453 and 

MCF-7. For the cell growth MCF-7 cell line was grown in phenol red free RPMI medium, 

while for the other 2 cell lines (BT-474 and MDA MB 453), they were grown in DMEM culture 

media. 

After proliferation, cells of each cell line separately were seeded in separate well plates, at 1000 

cells per well in their cells regular medium. Afterwards, cells were incubated at 37ºC, and 5% 

CO2. 

Cell lines where then used for cytotoxicity study using Presto Blue cytotoxicity assay, and for 

cellular uptake study using Fluorescence microscopy. 

2.3.12 Statistical analysis 

Statistical analysis for the results was done to determine the significance differences between 

samples. Two-way ANOVA test was utilised using GraphPad Prism® software. 
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3 Chapter 3 Particle size control using solvent shift technique 

3.1 INTRODUCTION 

3.1.1 NPs’ properties and its effect on efficacy of formulation 

Achieving high accumulation inside the tumour and thus an enhanced efficacy of the 

formulation is highly attributed to the physico-chemical properties of the prepared 

nanoparticles, this includes particle size, charge, and shape.  

 Particle size 

Concerning the particle size, small particle size (below ~50 nm) has been reported to result in 

both better retention in the tumours, and better cellular uptake into the cancerous tissues 

(through endocytosis) compared to the larger particles. Jiang et al.(156) studied the effect of 

antibody-coated gold and silver nanoparticles within the size range of 2–100 nm on the cellular 

response. They found that all the tested particles could alter the signalling processes of the cell 

functions (including cell death), but the 40 and 50 nm nanoparticles were found to be most 

efficient in inducing receptor-mediated endocytosis (Figure 15). 

Cabral et al.(158) used drug-loaded polymeric micelles of size 30, 50, 70 and 100 nm to 

compare their accumulation and effectiveness in both highly and poorly permeable tumours. 

They found that all the micelles penetrated the highly permeable tumours in mice, but in case 

of poorly permeable tumours, only 30 nm micelles were able to penetrate and achieve the 

desired antitumor effect (Figure 16).  
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Figure 15 Jiang et al. results showing the effect of particle size of gold NPs on the 

endocytosis and uptake of the NPs in breast cancer cell lines. 

 

 

Figure 16 Cabral et al. results showing the effect of particle size of polymeric micelles on 

the tumour volume and dose accumulation in prostate cancer cell lines 
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 Surface charge 

Regarding the surface charge on particle, positively charged particles could decrease blood 

circulation time, due to opsonisation and clearance by reticuloendothelial system (RES), 

compared to the negatively charged and uncharged particles. Interestingly, it has also been 

reported that, the positively charged particles possess better accumulation in tumour tissues 

due to the favourable interaction between the positively charged NPs and the tumour blood 

vessels, hence preventing their redistribution in the systemic circulation (172). 

 Nanoparticle shape 

Meanwhile, the shape of the nanoparticle could have an influence on the behaviour of the 

nanoformulation. Chauhan et al.(173) compared the tumour distribution kinetics of nanorods 

with a length of 44 nm and nanospheres of 35 nm in mammary tumours in mice. Their 

hydrodynamic diameters were found to be same. As compared to the nanospheres, they found 

that the nanorods were transported across vessel walls 4.1-times faster. The penetration inside 

the tumour was also 1.7-times higher for nanorods as compared to the volume to which the 

nanospheres were distributed. 

Accordingly, developing LDL-like nanoparticles with a controlled size in the range of <50 nm 

is still a hurdle. This size range is required not only to mimic the real LDL in their size and 

properties (20-25 nm), but also to ensure the best accumulation and penetration to the tumours 

and consequently reaching the best therapeutic outcome.(174) Therefore, rapid solvent shift 

technique was studied as a simple and straightforward method for NPs preparation with particle 

size control. 

3.1.2 Parameters that Govern Nanoparticle Size Prepared through Rapid Solvent 

Shifting  

Rapid solvent shifting technique is a simple technique that depends on the fact that when a 

solute dissolved in a specific solvent and then swiftly exposed to an excess of anti-solvent(175), 
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it precipitates out of solution due to change in the solubility. However, this entire process of 

precipitation driven by solvent shifting, can be subdivided into discrete events in time, 

characterized by the solute physico-chemical properties. Assessing these parameters from the 

basic principles of solution, fluid-flow, mixing, nucleation, growth, and colloid stabilization 

can thereby provide the necessary understanding of the nanoparticle fabrication by rapid 

solvent shifting process. These parameters include:  

1. Organic Solvent: the used organic solvent influences the nature of the organic solution of 

test materials, drugs and/or lipids, governing the amount of the materials used and hence the 

degree of supersaturation.  

2. Fluid Flow: The nature of the fluid flow and the dependence of turbulence on the Reynaud’s 

number. The nature of the fluid flow is determined by parameters such as the geometry of the 

flow channel, pipe’s cross-sectional area, volumetric flow rate, the viscosity of the flowing 

liquid. These parameters can be normalized through one dimensionless number called 

Reynolds number (Re). Re is the ratio of inertial forces and the viscous forces for organic and 

aqueous streams of flow(176). 

3. Mixing: The extent of mixing of organic and aqueous phase under either diffusion limited 

or turbulent flow greatly affect the growth and condensation of the formed nuclei. 

4. Solubility and Supersaturation in Anti-Solvent: The solubility of the test material in the 

anti-solvent and its degree of supersaturation governs the stability of the formed nuclei and 

controls the rate of particles growth. 

5. Nucleation: Nanoparticle nucleation and its initial critical radius of the employed material 

will determine the final particle size 

6. Post nucleation events: Collection of the nanoparticles and their colloid stability, and any 

further aggregation, coalescence, or ripening, especially against time and ionic strength, will 

affect the properties of the formed NPs. 
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7. Surface Properties: The presence of a surface monolayer and/or coating of the NPs will 

have a direct influence on the initial precipitation and subsequent colloid stability  

8. Phase separation: Any phase separation for solute mixtures. 

With the help of first six parameters, the mechanism of nanoparticle formation through rapid 

solvent shifting was understood. Last two parameters may help in controlling the nanoparticle 

size and designing the nanoparticle Formulation. 

3.1.3 Effect of concentration on the size of nanoparticles  

For the sake of understanding the effect of the concentration of the hydrophobic materials 

added in organic solvent on the size of nanoparticles, it is reported that an increase in the size 

of nanoparticles due to increased supply of solute monomers is expected.  

Moreover, the interparticle distance could be studied by utilizing Wigner-Seitz radius 

(spherical). This ‘Wigner-Seitz radius’ is often used in atomic physics and is defined as the 

radius occupied by one atom, and is also reported as a measure of interparticle distance. For 

instance, in a 10 ml volume, the density of molecules could be calculated for a range of 

concentrations using following equation (177). 

Equation 13 𝑹 = (
𝟑

𝟒𝝅𝒏
)

𝟏/𝟑

 

Where R is Wigner Seitz radius and n is the particle density.  

Though this is considered an approximation, it is expected that with increasing the molar 

concentration of the solute in the solution, the time averaged intermolecular distance decreases, 

thus leading to more encounters of the solute molecules resulting into increase in size. 

Therefore, for a given set of parameters (such as the geometry used for rapid solvent shifting, 

at lab temperature 20 ○C), an increase in the measured size of the nanoparticle with increase in 

concentration of solute is expected, in absence of any coating or stabilisers. 
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3.2 AIMS AND OBJECTIVES 

The main objective of the work is to investigate the rapid solvent shift technique (flash 

nanoprecipitation), as a method for nanoprecipitation and for preparation of NPs of controlled 

particle size (<50 nm). 

The method was investigated on several model hydrophobic materials and drugs to be then 

applied on our drug of choice orlistat (chapter 4). 

SA1: Investigating the effect of changing concentration on the properties of the prepared NPs, 

in terms of particle size and surface charge. 

SA 2: Investigating the effect of applying rapid solvent shift technique using different materials 

and drugs on the properties of the prepared NPs. 

SA 3: Comparison between the preparation of NPs by the proposed rapid solvent shift 

technique and the slow dripping method. 

SA 4: Investigating the effect of coating of the NPs on the particle size growth, and evaluating 

the optimum ratio for coating the NPs. 

3.3 MATERIALS AND METHODS 

3.3.1 Materials 

Extra virgin olive oil, Triolein (Merck life science, >=99% purity), Tricaprin (Alfa Aesar, 

>98% purity), Trihexanoin (Alfa Aesar, > 99% purity),  Tridecanoate (Merck life science, 99% 

purity), Orlistat (Merck life science, >98% purity), Niclosamide stearate, 1-palmitoyl-2-oleoyl 

phosphatidyl choline (POPC) (Merck life science, TLC >99% purity, Figure17 A), Soybean 

Lecithin (Fisher scientific UK ltd., Purity >98%, Figure 17 C), Tween80 (ThermoFisher 

scientific, >97% purity, Figure 17 B), pure ethanol (Sigma Aldrich, anhydrous pure >99.5%), 

dimethyl sulfoxide (DMSO) (VWR international ltd.,>98% purity), and MilliQ® water, all 

materials were of analytical grade and used as supplied, unless otherwise mentioned. 
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Figure 17 chemical structure of employed excipients A) POPC, B) Tween80 and C) 

Lecithin 
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3.3.2 Methods 

 Nanoparticles preparation using rapid solvent shift technique 

Olive oil nanoparticles were prepared by solvent exchange method through direct injection of 

ethanolic solution into water. Briefly, olive oil (aqueous solubility 6.14 e-06mg/ml) was 

dissolved in ethanol to obtain different concentration (35 to 0.01 g/L).  

A solubility study was carried out at room temperature, by dissolving olive oil in ethanol in the 

order of increasing concentration, till reaching the saturated solubility; above which no more 

olive oil could be dissolved, the saturated solubility of olive oil in ethanol at room temperature 

(25ºC) was found to be around 35 g/L 

Glyceryl tridecanoate (also known as tricaprin) Glyceryl trihexanoate (also known as 

Trihexanoin), Orlistat and Niclosamide stearate nanoparticles were prepared through direct 

injection of ethanolic solution into water as well. Briefly, each compound was dissolved in 

ethanol to obtain different concentration (10 to 0.01 mM). As tricaprin is solid at room 

temperature (melting point=32ºC, supplied in amber 20 ml glass vials), it was heated by 

rubbing the glass vial till melting, before it could be mixed with the ethanol. 

Afterwards, nanoparticles were prepared by directly injecting 0.5 ml of each ethanolic solution 

into 4.5 ml of MilliQ® water kept over a magnetic stirrer at 500 rpm, using eVol™ automated 

syringe, at injection rate of 1 ml/s, ensuring the needle to be under the antisolvent surface. 

Following injection, the nanoparticle dispersion is removed immediately from the magnetic 

stirrer and characterized using Malvern zeta sizer nanorange (ZS). 

 Coating of the NPs 

Three coating materials were utilised for this process, distinctively Lecithin, Tween 80 and 

POPC. The coating material was employed for olive oil core material as model material. The 

effect of coating will further be studied later on the drug of choice orlistat.  
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Coating was done through nanoprecipitation technique, briefly the coating together with the 

core material were dissolved in organic solvent (ethanol for POPC and tween 80, DMSO for 

lecithin due to poor solubility in ethanol) at different molar ratio, (1:1), (2:1), (4:1) (core : coat). 

Then NPs were prepared through injecting 0.5 ml of each ethanolic solution into 4.5 ml of 

water using eVol™syringe injector as mentioned before. 

For the model drug orlistat, the effect of coating was done after choosing the optimum coating 

material as well as the optimum core to coat ratio following the experiments on olive oil. The 

preparation of coated orlistat NPs was done using the same previously mentioned technique 

and will be discussed in details later. 

 Measuring the particle size and zeta potential: 

Freshly prepared nanoparticle dispersions were subjected immediately to particle size and zeta 

potential analysis, this can be done through pipetting 1 ml of each dispersion of different 

concentration into either cuvette (for particle size) or zeta cell (for zeta potential), followed by 

running the analysis at 25ºC, auto-attenuator and wavelength 600 nm. All results are expressed 

as mean of  triplicates (n=3) ± SD. 

 TEM imaging of NPs 

TEM images of NPs were captured using negative staining. Samples were prepared, stained 

using 2% uranyl acetate, and fixed over carbon coated copper mesh grids. TEM imaging was 

done using FEI® Tecnai Biotwin transmission electron microscope (Eindhoven, The 

Netherlands) at 100 KV, equipped with a camera Eagle 4K CCD (Eindhoven, The 

Netherlands), and TIA software (FEI®) (Eindhoven, The Netherlands). Images were processed 

using ImageJ, Fiji® package for counting the particle size. 
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 Effect of coat to core ratio on particle size. 

2D inkjet printing was employed to inspect the effect of the amount of coating on protecting 

the precipitated NPs against further growth (178). 2D printing could produce several samples 

via a single printing that enhance overall experimental efficiency with time. 

Simply, Tween 80 coated olive oil NPs of different coat to core ratios were prepared using the 

2D printer (piezoelectric sciflexarayer). Specifically, Tween 80 and olive oil ethanolic mixtures 

were dispensed using the device in different molar ratios (coat :core 1:9, 1:4, 3:7, 2:3, 1:1, 3:2, 

7:3, 4:1) into 96 well plate (Garnier® bio-one 96 well plate) containing MilliQ® water in a ratio 

of (1 ethanolic solution volume 6 µl : 9 water volume 54 µl) with total volume of 60 µl 

formulation. Particle size analysis was done using DLS plate reader (Wyatt Dynapro® Plate 

reader). 

 Effect of injection rate on particle size growth 

To investigate the effect of the rate of ethanolic injection on the size of the formed NPs, Tween 

80 or POPC coated olive oil NPs were prepared either through rapid or slow injection. For the 

rapid injection technique (1 ml/s) 0.5 ml of ethanolic solution of olive oil together with either 

POPC or tween 80 in a ratio (core: coat 2:1) was injected into 4.5 ml of MilliQ® water under 

magnetic stirring (500 rpm) at a rate of 1 ml/s using eVol™ syringe system. On the other hand, 

for slow injection technique (0.1 ml/min) the ethanolic solution was injected into water at a 

rate of 0.1 ml/min (0.00167 ml/s) using a 1 ml syringe. The ethanolic solutions were prepared 

at olive oil concentrations 10 and 1 mM respectively, in order to compare between a high and 

a low concentration of the material and the effect of injection rate on particle size. 

 Preparation and coating of orlistat NPs  

Orlistat nanoparticles were prepared by solvent exchange method as mentioned previously 

through direct injection of ethanolic solution into water. Briefly, orlistat was dissolved in 

ethanol to obtain different concentration (40 to 0.01 mM). 
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Afterwards, nanoparticles where prepared by directly injecting 0.5 ml of each ethanolic 

solution into 4.5 ml of MilliQ® water kept over a magnetic stirrer at 500 rpm. Following 

injection, the nanoparticle dispersion is removed immediately from the magnetic stirrer, and 

characterized using Malvern zeta sizer nano range ZS. 

Coating of orlistat with POPC was done through nanoprecipitation technique, briefly POPC 

together with orlistat was dissolved in ethanol at core to coat molar ratio, of (2:1). Then NPs 

were prepared through injecting 0.5 ml of each ethanolic solution into 4.5 ml of water using 

eVol™ syringe injector.  

Similarly, nanoparticles of niclosamide stearate were prepared for comparison reasons. 
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3.4 RESULTS AND DISCUSSION 

3.4.1 Measuring the mean particle size using DLS 

Figure 18 represents the particle size distribution obtained from DLS measurement of olive oil 

NPs, prepared using fast solvent injection of ethanolic solution into antisolvent water at 

concentration of 1 mM final concentration, measured in triplicates. The data shows that the 

size was distributed around a mean, with no visible variation between the triplicates, with a 

unimodal peak. 

The mean particle size was 140 nm with a standard deviation of the 3 sample of ± 0.6. The size 

distribution has a median of 124 nm representing around 15% of the distribution, the mean of 

the distribution of the particle size on the other hand was 140 nm with standard deviation ± 50 

nm from the mean, and polydispersity index (PDI) of 0.098. (PDI <0.3) indicating uniformity 

of size distribution (179). The three traces appear visually very similar, all forming a single 

clear peak centred around 140 nm. There is no evidence of multiple peaks, therefore the size 

distribution is unimodal, and it is reasonable to characterise the data using a single measured 

mean value(180). 

The nanoprecipitation technique resulted mostly in fine size distribution in particle size, where 

there is no striking difference between the mean and the median of size distribution. The results 

here was representable for all the measurements carried out in the study, with unimodal 

distribution and a low PDI values (Found in Appendix). The DLS data was always compared 

in terms of volume, as the particle size is small (<300 nm), and the data obtained were reliable 

according to the guidelines of Malvern® zetasizer(160).  
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Figure 18 Particle size distribution by volume for olive oil NPs of 1 mM concentration, 

prepared by fast solvent injection technique. 

3.4.2 Olive oil NPs: the effect of concentration over particle size  

 Particle size data 

The effect of concentration of olive oil over particle size distribution is shown in Figure 19, 

where this plot shows the effect of concentration of olive oil in the final dispersion on volume 

particle size diameter measured (PSD), using a Malvern zeta sizer nanorange ZS DLS (600 nm 

wavelength). 

The plot shows the mean particle size diameter in nanometres (y-axis), versus the concentration 

of the olive oil as its final dispersion concentration. The initial concentration of olive oil in 
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ethanolic solution is 10 times higher than the final concentration, as the particles are prepared 

by solvent shifting technique at a ratio of 1:9. 

What the data shows is that at the lowest concentrations, the size of the nanoparticles is 

approximately around 20 nm. This is actually the value calculated by Critical Nucleation 

Theory (154). 

At higher concentrations, the particles diameter starts to increase as concentration increases. 

The significance of this is that concentration-dependent increase in the size of the nanoparticles 

was due to the increase in the nucleation and growth rate as mentioned in the introduction 

before.  

Theoretically, the predicted diameters should be decreasing at higher concentrations due to the 

decrease in the interfacial tension between the organic and the aqueous phase upon 

mixing(181), while the degree of supersaturation was expected to remain constant. However, 

the experimental data emphasized the increase of particle size which indicated the presence of 

Ostwald ripening, where small nuclei formed will redissolve and deposit on the larger ones 

leading to increase in particle size.  
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Figure 19 Volume average PSD vs final olive oil concentration injected as 1:9 (v/v) into 

water for a range of final concentrations of 0.001 g/L to 3.5 g/L, expressed as mean of 

triplicates ± SD. 

 

 Comparison to Triolein data. 

Figure 20 shows a comparison of the particle size of olive oil NPs prepared by rapid solvent 

shift technique to that of triolein NPs measured by Prasad et al.(154). 

The triolein NPs showed particle size similar to our measured data for olive oil, because olive 

oil is mainly composed of triolein (~70%). What these results show, is that at very low 

concentrations the limit size of such nanoparticles (~20 nm) is reached (Figure 20). Both olive 

oil and Triolein nanoparticles shared a size inflection point at a concentration of around 0.2 

mM, below which the particles maintained an average particle size of 20 ±5 nm. However, by 

increasing the concentration the particle size increases tremendously (up to 120 nm). 

The reason for this trend is suggested to be that at higher concentrations, the formed nuclei 

during the nanoprecipitation tend to redissolve and condenses on each other resulting in particle 
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size growth as mentioned before. Moreover, at higher concentration, more nuclei are formed, 

increasing the collision between them, and leading to more particles condensation. 

 

Figure 20 Comparison between olive oil and triolein NPs (Parsad et al.), in terms of 

volume PSD vs final oil concentration injected as 1: 9 ethanolic solution to water (v/v) for 

a range of initial concentrations of 0.01 mM to 10 mM, n=3 ±SD. 
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 Effect of concentration on the number of particles 

Interestingly, the number of the nanoparticles as well as the distance between them were found 

to be strongly dependent on the concentration of material used. The number of NPs and the 

distance between them could be roughly estimated calculated using the following as suggestd 

by David Needham research group Equation 14-Equation 16 

Equation 14 𝐕𝐨𝐥𝐮𝐦𝐞 𝐨𝐟 𝐩𝐚𝐫𝐭𝐜𝐥𝐞𝐬 (𝐕) =  
𝟒

𝟑
𝛑𝐫𝟑, 𝐌𝐚𝐬𝐬 𝐨𝐟 𝐩𝐚𝐫𝐭𝐢𝐜𝐥𝐞 (𝐦) =  𝛒 × 𝐕  

Equation 15  
𝐍𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐩𝐚𝐫𝐭𝐢𝐜𝐥𝐞𝐬

𝐦𝐥
=

𝐂𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧

𝐦𝐚𝐬𝐬 𝐨𝐟 𝐨𝐧𝐞 𝐩𝐚𝐫𝐭𝐢𝐜𝐥𝐞
 

Equation 16  𝐃𝐢𝐬𝐭𝐚𝐧𝐜𝐞 (𝐜𝐦) = (
𝟏

𝐧𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐩𝐚𝐫𝐭𝐢𝐜𝐥𝐞𝐬/𝐦𝐥
)

𝟏

𝟑  

The actual distance between particles could futhere be determined by Nanoparticles tracking 

analysis, unfortunately this was not available in our study. 

Figure 21 and Figure 22 show the effect of final olive oil concentration on the number of 

particles and distance between them respectively, prepared by the rapid solvent shift technique 

at different olive oil concentrations.  

There is an inverse relationship between the number of particles and the distance of separation, 

which is logical, as when the number of particles formed increases the distance between them 

will decrease. But what is interesting is the trend between the concentration and the number of 

particles which was not linear. It was expected that increasing the concentration will definitely 

increase the number of NPs formed. However, it was found that at the higher olive oil 

concentrations there is an observed decrease in the number of particles. This could be a further 

indication for particle condensation mentioned, where at the higher concentration any small 

particles formed will redissolve and deposit on the larger nuclei, which in turns decrease the 

overall number of particles.This trend was observed as well for the distance between particles, 

where at the higher olive oil concentrations, there was an unexpected increase in the distance 

between the particles. 
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The main objective thereby is to control this particle growth and stabilising the number of 

formed nuclei while keeping the particle size small. 

 

 

Figure 21 effect of final olive oil concentration on the estimated total number of the 

formed nanoparticles in dispersion prepared by direct ethanolic injection at a ratio 1:9 

(v/v) in water, in a range of initial concentration of 0.01 mM to 10 mM. 

 

Figure 22 effect of final olive oil concentration on the estimated average distance (nm) 

between nanoparticles in dispersion prepared by direct ethanolic injection at a ratio 1:9 

(v/v) in water, in a range of initial concentration of 0.01 mM to 10 mM. 
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 Effect of concentration on surface charge  

The results of Zeta potential measurement for both freshly prepared and aged olive oil (1 week 

after preparation) nanoparticles as a function of the final concentration of olive oil in dispersion 

are shown in Figure 23. Zeta potential is particularly useful to understand the surface stability 

of the formed NPs, where a highly negative or highly positive zeta potential will increase the 

repulsion between the particles and hence prevent particles aggregation during storage. 

The results show an average zeta potential in the range between -80 to -30 mV with an average 

Zeta potential of -55 ±25 mV for all formulations, either fresh or aged. The negative zeta 

potential is mainly related to the content of free fatty acids found in olive oil, which are 

negatively charged due to the carboxylic acid groups in their structure. 

On the other hand, aged nanoparticles showed a greater fluctuation in zeta potential (between 

-95 to -15 mV average -55 ± 35 mV) compared to the freshly prepared ones. This may be 

attributed to the variation in the levels of the free fatty acids that are leached from the 

triglycerides present in olive oil. 

The zeta potential of the prepared olive oil nanoparticles showed an interestingly higher values 

compared to the triolein nanoparticles (Figure 24). For triolein nanoparticles, the reported zeta 

potential measurements in literature for the highest concentration (1 mM) sample in water was 

around -14 mV (± 2 mV), while for olive oil nanoparticles the zeta potential was -53.3 ± 12. 

Assuming the same value in 10% ethanol-water, the absence of any salts (providing infinite 

Debye length), Olive oil nanoparticles show better electrostatic stability due to higher negative 

charge, which could be explained by the presence of free fatty acids in the oil that act as 

stabilizer. This could increase the repulsion forces between the formed particles and hence 

avoiding the unfavourable aggregation. 
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Figure 23 Comparison of Zeta potential between freshly prepared and aged (1 week after) 

olive oil nanoparticles, prepared by direct ethanolic injection at a ratio 1:9 (v/v) in water, 

in a range of initial concentration of 0.01 mM to 10 mM, n=3 ±SD. 

 

 

Figure 24 Zeta potential of olive oil NPs compared to triolein NPs at 1 mM final 

concentration. The results are shown as average of triplicate ± SD. 
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3.4.3 Effect of using different hydrophobic material on NPs properties. 

The effect of different materials used on the particle size of the prepared NPs by solvent 

exchange technique was depicted in Figure 25. Volume PSD data of three different lipids, 

distinctively olive oil, tricaprin (Glyceryl tridecanoate) and trihexanoin (Glyceryl 

trihexanoate), prepared by solvent exchange method at different molar concentrations was 

compared to each other, at various molar concentrations. The aim was to find the trend of 

particle size growth related to different lipids, which have different fatty acid chain length 

(olive oil C12, Tricaprin C10 and trihexanoin C6).  

All the prepared NPs showed the same trend of particle size growth with increasing 

concentration as previously mentioned for olive oil. The particle size was kept minimal at lower 

concentration till a point after which the particle size increased with increasing concentration, 

this concentration point is defined as the inflection point. To find the inflection point of particle 

growth, the data was studied using hinge function as shown in Figure 26. Tricaprin 

nanoparticles has an inflection point at slightly higher concentration (~0.06 mM) compared to 

that of olive oil counterparts (~0.02 mM) while Trihexanoin showed an inflection point at very 

low concentration limit (~0.008 mM). This could be attributed to the solubility of different 

lipids in the organic solvent, for instance Tricaprin has better solubility in ethanol compared to 

triolein(182), hence showing higher saturated solubility in ethanol. This may lead to the 

formation of more stable smaller nuclei with increasing concentrations during the solvent 

exchange, hence decreasing the chance for particle growth later. On the other hand, 

Trihexanoin have the shortest fatty acid chain length (C6), thus it has better aqueous solubility 

(0.00045 mg/ml) compared to olive oil (6.14 e-6 mg /ml) which may lead to solubilisation of 

the formed nuclei in the bulk phase resulting in particle growth by Ostwald ripening(183,184). 

Figure 27 shows a comparison of average zeta potential of NPs of different lipids (olive oil, 

tricaprin, and trihexanoin) prepared by solvent exchange method at different final lipid 
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concentrations. As shown in the figure, Ticaprin and Trihexanoin nanoparticles have a less 

negative average zeta potential (-30 mV and -39 mV respectively) compared to that of olive 

oil nanoparticles (-53 mV) due to the free fatty acids content of olive oil. This negative zeta 

potential increases the surface stability (electrostatic stability) of the formed nanoparticles 

against aggregation. 

 

Figure 25 Comparison of the effect of final lipid concentration on the particle size growth 

expressed as volume PSD, for olive oil, tricaprin and trihexanoin nanoparticles, prepared 

by ethanolic injection in a ratio of 1:9 (v/v) in water, in an initial concentration range of 

lipids in ethanol of 0.01 mM to 10 mM, n=3 ±SD. 
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Figure 26 Comparison of the particle size growth of olive oil, tricaprin and trihexanoin 

nanoparticles, as normalised volume PSD. 

 

Figure 27 Comparison of zeta potential of olive oil, tricaprin and trihexanoin 

nanoparticles prepared by injection ethanolic solutions into water in a ratio 1:9 (v/v), at 

different final concentrations (0.001 to 1 mM), n=3 ±SD. 
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3.4.4 Effect of coating the NPs over the particle size growth 

 Effect of the coating material: tween 80, POPC, Lecithin. 

Screening of various coating materials in various ratios was done to investigate the effect of 

coating of NPs on preventing the unfavourable particle size growth due to condensation of 

particles (Figure 28 to Figure 30 discussed in this section). Moreover, further investigation 

was done to find out the optimum concentration ratio for the best control over particle size and 

to ensure single coating of all the formed nanoparticles (shown in Figure 36, will be discussed 

later). 

Figure 28 to Figure 30 show the effect of coating of olive oil NPs with two different coating 

materials (namely POPC, Tween80), and Triolein with lecithin (due to the incompatibility 

between olive oil and lecithin), at three different core to coat molar ratios, 1:1, 2:1, and 4:1 

respectively in the three figures. The results were expressed as a mean of three readings ± SD. 

Concerning lecithin, it was utilised with triolein and was prepared in DMSO. The reason behind 

this is attributed to the reported incompatibility of Lecithin with the vegetable oils (185), where 

the solubility of lecithin is highly reduced in presence of other oils. Moreover, it is reported 

that Lecithin has low ethanolic solubility(186) thus was prepared in DMSO, which is 

considered a toxic solvent compared to ethanol(187). Although lecithin was able to help 

prevent particle size growth for the prepared triolein NPs, but it will not be our material of 

choice being problematic in mixing and dissolving. 

On the other hand, tween 80 and POPC showed an enhanced control over the particle size 

growth of the prepared NPs, however this control was highly relatable to the employed molar 

core to coat ratio. As shown in the Figure 28 to Figure 30, it was found that the best molar 

ratio (core: coat) is (2:1), which was able to control the size of olive oil NPs (<~ 50 nm) even 

at the highest employed concentration. The proper amount of the coating material will 

completely coat all the formed nuclei during the nanoprecipitation and subsequently act as a 
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barrier for further growth. This was further emphasized in Figure 31, where a particle size 

around 50 nm was maintained even at high olive oil concentrations when coated with either 

POPC or tween 80 at ratio 2:1. 

On the contrary, the overuse of coating material (1:1) Figure 28 will result in formation of  

micelles, which appears as double peaks in DLS specially in number distribution. While using 

insufficient amounts of the coating material Figure 30 (4:1) will not be enough to adequately 

coat all the particles and hence resulting in the undesirable particle size growth. Hence, a proper 

molar ratio for coating the NPs should be employed for the process; in order to maintain a good 

control over particle size growth.  

As mentioned before (chapter 1), the choice of coating for the nanoparticles depends on its 

properties; essentially, it should be compatible with the materials in the core of the 

nanoparticles. As the materials used in this study are highly lipophilic, hence the proper coating 

materials should possess more lipophilic domains at their surface to interact adequately with 

the lipophilic core material in the NPs and ensure complete coating of the system.(188), 

accordingly POPC (being a phospholipid) is more preferred. 

Concerning electrostatic stability, the average Zeta potential of the various coated olive oil 

nanoparticles (with either POPC, tween 80 or Lecithin) prepared at different molar core to coat 

ratios, was studied at different olive oil final concentration in dispersion, as shown in Figure 

32. It was obvious that coated NPs at any molar ratio showed a negative zeta potential between 

-30 to -50 mV with an average zeta potential of -40 mV. This negative zeta potential can imply 

an electrostatic barrier against aggregation between the formed nanoparticles. 
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Figure 28 Comparison of average volume particle size of olive oil NPs coated with either 

POPC, tween 80 in 10% ethanol and Lecithin coated triolein NPs in 10% DMSO in a 

molar ratio (1 core:1 coat), at different final olive oil concentration (0.0025 to 1 mM), n=3 

±SD. 
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Figure 29 Comparison of average particle size by volume of olive oil NPs coated with 

either POPC, tween 80 in 10% ethanol and Lecithin coated triolein NPs in 10% DMSO 

in a molar ratio (2 core:1 coat), at different final olive oil concentration (0.0025 to 1 mM), 

n=3 ±SD. 

 

Figure 30 Comparison of average particle size by volume of olive oil NPs coated with 

either POPC, tween 80 in 10% ethanol and Lecithin coated triolein NPs in 10% DMSO 

in a molar ratio (4 core:1 coat), at different final olive oil concentration (0.0025 to 1 mM), 

n=3 ±SD. 

0

50

100

150

200

250

300

0.001 0.01 0.1 1

P
ar

ti
cl

e 
si

ze
 (

n
m

)

Final oil concentration (mM)

Volume PSD of POPC coated Olive oil NPs (2 : 1 POPC) in 10% ethanol

Volume PSD of tween 80 coated Olive oil NPs (2 oil : 1 tween) in 10% ethanol

Volume PSD of Lecithin coatedTriolein NPs (2 oil : 1 lecithin) in 10% DMSO

0

50

100

150

200

250

0.001 0.01 0.1 1

P
ar

ti
cl

e 
si

ze
 (

n
m

)

Final oil concentration (mM)

Volume PSD of POPC coated Olive oil NPs (4 : 1 POPC)
Volume PSD of tween 80 coated Olive oil NPs (4 oil : 1 tween)
Volume PSD of Lecithin coated Olive oil NPs (4 oil : 1 lecithin) in 10% DMSO



83 

 

 

Figure 31 Comparison of average volume particle size of coated olive oil NPs with either 

POPC or tween 80 at different molar ratios (1:1, 2:1, and 4:1) to the uncoated olive oil 

nanoparticles, at different final olive oil concentration (0.0025 to 1 mM), n=3 ±SD. 
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Figure 32 Comparison of zeta potential of coated olive oil NPs with either POPC or tween 

80 at different molar ratios (1:1, 2:1, and 4:1) to the uncoated olive oil nanoparticles, at 

different final olive oil concentration (0.0025 to 1 mM), n=3 ±SD. 

 

 Evaluation of NPs using TEM 

Figure 33 and Figure 34 represent the TEM images for the coated olive oil NPs with the three 

coating materials under investigation, namely Lecithin POPC and tween 80, in a core to coat 

ratio of 2:1 and in two different olive oil final dispersion concentrations, 1 and 0.1 mM 

respectively. 

All the prepared NPs showed roughly a spherical structure. Concerning the particle size and its 

distribution, counting of the particles in each image was done using ImageJ® program. The 

particle size count asserts the results found by the DLS, with an average particle size of (~ 50, 
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60, 100 nm) for tween80, POPC and lecithin respectively at core concentration of 1 mM, and 

(~30, 35, 50 nm) at core concentration of 0.1 mM, which are similar to the results obtained by 

DLS as shown in Figure 35. 

A comparison between the results obtained from the DLS to the particle size calculated from 

the TEM, for either POPC coated, Tween 80 coated or Lecithic coated NPs olive oil NPs in the 

two chosen olive oil concentrations (1 & 0.1 mM), is shown in Figure 35. There is no 

significant difference in the average particle size between the two methods for the three 

prepared coated NPs at any concentration. This indicate the consistency and stability of the 

particles, resulting in accurate measurments by the DLS that is comparable to the actual sizes 

seen under the microscope. 

Despite this similarity, the TEM images showed some variation in the diameters of the 

particles, specially in case of Lecithin coated NPs. As shown in the images there are many 

small particles and some large particles, which could emphasise our theory of particle size 

condensation of the smaller particles into larger ones. This happens mainly due to the failure 

of the coating material to completely coat the prepared NPs, resulting in particle size growth 

and inconsistant size range. 
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Figure 33 Comparison of TEM between Lecithin, tween80, POPC coated NPs in a ratio 

(2oil:1coat), and 1 mM final core oil concentration. A) Lecithin coated triolein NPS, B) 

POPC coated olive oil NPs, and C) Tween 80 coated olive oil NPs. 

 

Figure 34 Comparison of TEM between Lecithin, tween80, POPC coated NPS in a ratio 

(2oil:1coat), 0.1 mM final core oil concentration. A) Lecithin coated triolein NPS, B) 

POPC coated olive oil NPs, and C) Tween 80 coated olive oil NPs. 
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Figure 35 Comparison between average particle size (nm) of coated olive oil NPs at two 

different concentrations (0.1 and 1 mM) obtained by either DLS or TEM imaging for A) 

Tween 80 coating B) POPC coating and C) Lecithin coating, n=3 ±SD. 
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 Effect of core to coat ratio on particle size 

Figure 36 demonstrates the effect of coating olive oil NPs at various molar ratios of olive oil 

to tween 80 on the particle size growth (nm) prepared by rapid solvent shift technique using 

the piezo electric 2D printer. The experiment was done in order to precisely determine the best 

core to coat molar ratio to prepare NPs of controlled particle size (< 50 nm). The preparation 

of the NPs through rapid solvent shift technique was employed using 2D printing to save time 

and materials, where all the required ratios could be printed at once in less than an hour and 

using few nanograms of materials. 

Results show the effect of different molar ratios (core: coat) over the size of the formed 

nanoparticles at 4 different concentrations of olive oil (0.01, 0.1, 1 and 10 mM initial 

concentrations, equivalent to 0.001, 0.01, 0.1 and 1 mM final concentrations respectively) after 

ethanolic injection in water at ratio 1:9. All data was shown as a mean of triplicate ± SD. 

The screening showed that the best molar ratio to control particle size growth lies between the 

molar ratios of (2:3) and (3:7) (coat: core), which is equivalent to (1.5:1) and (2.3:1) (core: 

coat) respectively, if we take an average it will be 2:1 as previously mentioned. As shown, 

those ratios ensured controlled size of the formed particles (~<50 nm) at all olive oil 

concentrations. The reason for this is the complete coating of olive oil during the 

nanoprecipitation with no excess micelles formation. 

Additionally, different core to coat ratios for POPC coated olive oil NPS were investigated to 

emphasize the previous results. Figure 37 illustrates the effect of three olive oil to POPC ratios 

(1:1, 2:1 and 4:1) at range of olive oil concentrations (from 0.001 to 1 mM), and the effect on 

particle size of the prepared NPs by rapid solvent shift technique. 

As shown in Figure 37, both 1:1 and 4:1 ratios resulted in poor control over particle size growth 

compared to the 2:1 ratio, especially at higher olive oil concentrations.  
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The excess use of coating material (1:1) will result in formation of micelles of larger particle 

size, while using insufficient amounts of the coating material (4:1) will not be enough to 

adequately coat all the particles as mentioned before. 

 

Figure 36 2D printed tween80 coated olive oil NPs in different molar ratios, printing was 

done through dispensing ethanolic solutions into anti solvent water at ratio 1:9, n=3 ±SD. 
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Figure 37 investigating the core: core ratio for POPC coated olive oil NPs at different 

olive oil concentrations prepared by rapid solvent shift technique from ethanolic solution 

in water (1:9), n=3 ±SD. 

 

3.4.5 Effect of the rate of nanoprecipitation on particle size  

Figure 38 presents the mean NPs diameter from DLS measurements for the “fast” and “slow” 

injections of the ethanolic olive oil solution into water (the anti-solvent) for the two chosen 

final concentrations of olive oil (0.1 and 1 mM). Comparing injection rates, the measured mean 

diameter of the olive oil NPs produced is visibly larger when “slow” injection is employed 

compared to “fast” injection. For the 0.1 mM final concentration the difference is 

approximately three-fold (ca. 150 vs 50 nm) and for the 1 mM final concentration the difference 

is almost two-fold (ca. 240 vs 140 nm, both slow vs fast respectively). The lower concentration 

of 0.1 mM produces smaller NPs than the higher concentration of 1 mM for equal injection 

rates (e.g., 150 vs 240 nm for “slow”; and 50 vs 140 nm for “fast” respectively). 

“Fast” injection producing smaller particles compared to “slow” injection in anti-solvent 

precipitation has been reported before multiple times in the literature, particularly for poorly 
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soluble drug molecules(189). This effect has been ascribed to “fast injection” , and result in 

reducing the time available for solvent/anti-solvent mixing compared to slow injection, thereby 

reducing the time available for particle growth, and consequently smaller particles are produced 

for “fast” injection compared to “slow”(190). While much of the literature focusses on poorly 

soluble drugs whereas the present study investigates olive oil (which is a liquid at room 

temperature and therefore forms nano-droplets rather than solid particles), however the 

underlying processes during anti-solvent injection are expected to be essentially the same. 

The differences in final particle size which arise from the two different final concentrations of 

olive oil (higher concentration producing larger particles) is however contrary to a body of 

relevant literature(190). It has been reported that higher concentrations tend to produce higher 

super-saturations than lower concentrations which leads to a higher nucleation rate, more nuclei 

being formed, and the resulting particles formed immediately upon injection being 

smaller(190). However, with olive oil the higher concentrations clearly lead to larger rather 

than smaller droplets being produced. This phenomenon has been observed before with 

artemisin and was ascribed to condensation of particles (which is also favored by high 

concentrations) dominating over the initial nucleation events. It seems reasonable that this also 

happens with olive oil being injected into water, olive oil droplets are likely to coalesce very 

readily, and the formation of large droplets at high concentrations is therefore suggested to be 

due to a strong coalescence of small droplets into larger subsequent to the initial nucleation of 

the olive oil droplets in the anti-solvent. 

TEM imaging as shown in Figure 39 emphasised the results of DLS (Appendix) showing 

smaller spherical particles for either POPC or tween 80 coated NPs (average size 55 nm and 

.35 nm respectively) prepared by the fast injection compared to the slow injection technique 

(average size 210nm and 150 nm respectively) as counted by ImageJ®. 
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Figure 38 Effect of injection rate on particle size of uncoated olive oil NPs, using ethanolic 

injection into water in a ratio (1:9). 

 

Figure 39 TEM imaging coated olive oil NPs prepared by either slow or rapid ethanolic 

injection (1:9) with core to coat ratio 2:1 and olive oil concentration of 1 mM final 

concentration, A) POPC coated NPs slow injection, B) POPC coated NPs rapid injection, 

C) Tween80 coated NPs slow injection and D) Tween80 coated NPs rapid injection. 
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3.4.6 Orlistat nanoparticles 

 Concentration vs particle size analysis and surface charge 

Orlistat, a highly hydrophobic drug (Log P= 8.11) with an incredibly low water solubility 

(9.19e-05 mg/mL), is expected to be a suitable candidate drug for rapid solvent technique, 

sharing an extremely low water solubility like olive oil (6.14 e-06mg/ml). Hence, we expect 

orlistat to share a similar overall behaviour of particle size growth to that of olive oil NPs during 

the rapid solvent shift with increasing concentration. Furthermore, orlistat is expected to form 

nucleates in the form of size limited nanoparticles, as it was observed in case of olive oil. These 

nucleates can get kinetically trapped to form lipid-coated nanoparticles(104). However, unlike 

olive oil, orlistat being solid at room temperature, there was a possibility of the relatively higher 

tendency of orlistat nanoparticle growth(151). In such scenario, it was interesting first to study 

the uncoated nanoparticles and then fabricate lipid-coated nanoparticles. 

Figure 40 illustrates the effect of orlistat final concentration over the particle size distribution 

following rapid solvent shift technique. This plot shows the effect of concentration of orlistat 

in the final dispersion on volume particle size diameter measured (PSD), using a Malvern zeta 

sizer nanorange ZS DLS (600 nm wavelength). 

As expected, Orlistat shares the same particle size growth behaviour described before for all 

the hydrophobic materials, where the particle size was stable at lower concentrations till an 

inflection point, after which the size increases with increasing concentrations. The inflection 

point for Orlistat NPs was found to be around 0.1 mM. However, results show that orlistat 

forms NPs of average large particle size even with the smaller concentrations employed 

(>50nm). The solid nature of orlistat is considered the main factor here that favours the growth 

of particles during the nanoprecipitation. 

Figure 41 shows the TEM of uncoated orlistat NPs at 4 different concentrations, prepared by 

rapid solvent technique. The prepared NPs were spherical in shape and consistent in size at all 
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employed concentrations. Moreover, particle size measurement from TEM images agrees with 

that obtained from DLS. It was found that larger particles are formed (with average particle 

size of ~70 to 80 nm) for the higher concentrations (4, 3 and 2 mM), compared to relatively 

smaller particles (average particle size ~ 40 to 50 nm) for (1, 0.1 mM) concentrations 

respectively. 

Concerning surface charge, Figure 42 shows the average zeta potential (mV) for uncoated 

orlistat NPs at various orlistat final concentration in dispersion, prepared by rapid solvent shift 

technique. Uncoated orlistat NPs showed an average Zeta potential of (-40 mV) with a Zeta 

Potential range between (-17 to -51 mV). The negative Zeta potential for the formed orlistat 

NPs suggests a high surface stability against aggregation.  

As mentioned before, this particle size growth should be controlled to prepare NPs of optimised 

properties (<50nm). Thus, further investigation of the coating effect on the particle size growth 

of orlistat NPs is required. 

 

Figure 40 Effect of increasing concentration on volume average particle size for orlistat 

NPs injected as 1:9 (v/v) into water for a range of initial concentrations of 0.025 mM to 

40 mM, n=3 ±SD. 
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Figure 41 TEM images of uncoated orlistat NPs at different molar concentrations, A) 

1mM, B) 0.1 mM, C) 2 mM, D) 3 mM, and E) 4 mM) 

 

Figure 42 zeta potential of orlistat NPs injected as 1:9 (v/v) into water for a range of initial 

concentrations of 0.025 mM to 40 mM, shown as average of 3 readings ±SD. 
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ratio 2:1) compared to that of uncoated orlistat NPs, at various orlistat final concentration, 

prepared by rapid solvent shift technique. 

As mentioned before, coating the particles is expected to provide a protective shield that 

prevents ripening of the formed nuclei, and controls the particle size. For POPC coated orlistat 

NPs at a ratio of (2:1) (core: coat), the particle size was kept at a controlled stable range of an 

average (~ 30 nm) even at the highest employed orlistat concentration, unlike the larger 

particles of uncoated orlistat (~70 nm). 

TEM imaging was carried out to have a better insight on the structure of the POPC coated 

orlistat NPs. Figure 44 shows the TEM images of POPC coated orlistat NPs at 5 different 

concentrations (4, 3, 2, 1, and 0.1 mM). Results of TEM imaging showed that even at the 

highest orlistat concentration (4 mM), the average counted particle size was approximately ~ 

30 nm, which is comparable to that of lower orlistat concentration (0.1 mM, ~25nm), indicating 

the efficacy of coating the orlistat NPs in controlling the particle size against undesirable 

growth. 

 

Figure 43 effect of POPC coating of orlistat NPs on the average volume particle size in a 

molar ratio (2 core: 1 coat), injected as 1:9 (v/v) into water for a range of initial orlistat 

concentrations of 0.025 mM to 40 mM, n=3 ±SD. 
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Figure 44 TEM images of POPC coated orlistat NPs (2:1, core: coat) at different final 

orlistat concentrations, A) 0.1 mM, B) 1 mM, C) 2 mM, D) 3 mM, and E) 4 mM) 

 

 Number of particles  

The variation in the number of particle and distance between them (calculated as mentioned 

before for olive oil NPs) for both uncoated and POPC coated orlistat nanoparticles against the 

final orlistat concentration in dispersion is shown in Figure 45 and Figure 46 respectively. As 

mentioned before there is an inverse relation between the number of particles in dispersion and 

the distance between them. Interestingly, POPC coated NPs (2:1, core: coat) showed an 

increase in the number of particles compared to the uncoated particles. This could be attributed 

to the larger number of stable nuclei formed during the nanoprecipitation, which are kept at 

smaller size. The reason behind this is the presence of the protective single layered coat of 

POPC that act as a shield, preventing the particles condensation and size growth. This increase 

in the number of particles would decrease the distance between the formed NPs, this could 

increase the chance of aggregation of particles with time. However, thanks to the negative zeta 

potential, surface repulsion is expected to prevent any further aggregation and size growth. 
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Figure 45 effect of final dispersion concentration on the total number of particles in 

dispersion for the uncoated orlistat NPs vs the POPC coated orlistat NPs (2:1, core: coat), 

prepared by direct ethanolic injection at a ratio 1:9 (v/v) in water, in a range of initial 

orlistat concentration of 0.025 mM to 40 mM. 

. 

 

Figure 46 effect of final dispersion concentration on the average distance (nm) between 

uncoated and POPC coated orlistat NPs in dispersion for the uncoated orlistat NPs vs the 

POPC coated orlistat NPs (2:1, core: coat), prepared by direct ethanolic injection at a 

ratio 1:9 (v/v) in water, in a range of initial orlistat concentration of 0.025 mM to 40 mM. 
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 Comparison of orlistat NPs to other drugs (niclosamide stearate NPs) 

Niclosamide is an anti-parasitic drug that is widely used for treatment of various GIT worm 

infection. Recently, it was found that it has an effective anticancer activity against many types 

of tumours(191). This could be due to its mechanism of action, where it can result in uncoupling 

of oxidative phosphorylation in cancerous cells resulting in cell cycle arrest and cell death. 

Niclosamide stearate prodrug was extensively studied by Needham et.al (192), as a successful 

candidate for LDL-like nanoparticles through nanoprecipitation. Niclosamide stearate is a solid 

hydrophobic prodrug with extremely low aqueous solubility (8.3 nM, 5 e-06 mg/ml) (193), 

similar to that of orlistat. Hence, comparing the properties of the prepared NPs of both drugs 

could help us understand more the process of NPs formation and size growth. 

Orlistat NPs were compared to freshly prepared Niclosamide stearate NPs in terms of particle 

size and surface charge, both were prepared under the same conditions, using rapid solvent 

shift technique of ethanolic injection into water in a ratio of 1:9. Different concentrations of 

both drugs were employed to study the similarities and differences between the two candidates. 

Figure 47 demonstrates the particle size of the prepared orlistat and niclosamide stearate NPs. 

As shown in the figure, particles size growth of orlistat was higher compared to their 

niclosamide stearate counterparts, this may be attributed to the higher solubility of orlistat in 

ethanol (~20 mg/ml) compared to niclosamide stearate (~ 6 mg/ml). The formed larger 

particles, in case of orlistat, makes it more challenging for developing a stable small size NPs 

of orlistat. On the other hand, both drugs shared the same inflection point of 0.1 mM. 

Figure 48 shows the zeta potential of both orlistat and niclosamide stearate NPs prepared by 

solvent shift technique. Both NPs formulations showed a negative zeta potential of ~ -40 and -

50 mV for orlistat and Niclosamide stearate respectively, which may confer a high surface 

stability against aggregation.  
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Figure 47 Comparison of volume particle size growth between orlistat and niclosamide 

stearate NPs prepared by direct ethanolic injection at a ratio 1:9 (v/v) in water, in a range 

of initial concentration of 0.025 mM to 10 mM, n=3 ±SD. 

. 

 

Figure 48 Comparison of average zeta potential between orlistat and niclosamide stearate 

NPs prepared by direct ethanolic injection at a ratio 1:9 (v/v) in water, in a range of initial 

concentration of 0.025 mM to 10 mM, n=3 ±SD. 
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3.5 CONCLUSION  

 Solvent shift technique is a nanoprecipitation technique for hydrophobic materials, in 

which the particle size of the formed particles is dependent on the concentration (SA1). 

 Controlling of particle size growth as a function of concentration could be achieved by 

coating of the NPs with a single layer of phospholipids or surfactants (SA4). 

 Hydrophobic lipids including olive oil, tricaprin, and trihexanoin shared similar trend of 

particle size growth at higher concentrations when prepared by rapid solvent shift 

technique. The inflection point depends on the lipid structure (SA2). 

 Olive oil NPs showed a negative zeta potential, mainly due to the free fatty acids present 

in the composition of the oil. This may help stabilising the formed NPs against any further 

aggregation (SA1) 

 Coating of olive oil NPs with POPC, tween 80 and lecithin was useful in controlling 

particle size growth. However, POPC and tween 80 coated NPs were more stable in terms 

of size, of which POPC will be more interesting in developing LDL-like NPs (SA4). 

 The core to coat molar ratio greatly affects the control of particle size. Utilising insufficient 

coating material may result in incomplete coating of the formed NPs and hence particle 

size growth. On the other hand, higher amount of coating materials is undesirable leading 

to formation of unfavourable micelles and decreasing the drug loading (SA4). 

 Screening various core to coat ratios showed that the optimum ratio should be around 2:1, 

or to be in the range between 1.5: and 2.3 :1 (SA4). 

 Rapid solvent shift technique was better than the slow dripping method for preparing 

smaller NPs in size, especially for hydrophobic materials (SA3). 

 Orlistat NPs, a hydrophobic drug candidate, was successfully prepared by rapid solvent 

shift technique. The prepared NPs showed similar behaviour to other hydrophobic 
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materials, showing a particle size growth with increasing concentrations, despite being 

solid material (SA2). 

 Comparing orlistat to drugs, such as niclosamide stearate, showed similarity in behaviours 

in terms of particle size and surface stability (SA2). 

 Coating of orlistat with POPC in molar ratio 2:1 (core: coat) was effective in preventing 

particle size growth (SA4). 

 Negative surface charge of the prepared orlistat NPs would be a useful tool to protect 

against any further aggregation (SA2). 
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4 Chapter 4 Evaluation of orlistat nanoparticles as a candidate for LDL-

like NPs 

4.1 INTRODUCTION 

4.1.1 Fatty acid synthase enzyme (FASN) and breast cancer 

After 3 decades of intensive research in the field of tumour fat metabolism, particularly in the 

glycolytic carbon flux pathway, it was found that most tumours have the ability of de novo 

synthesis of lipids from acetate or glucose found in the cells, in a pathway similar to that found 

in most lipogenic tissues such as liver (138). Later in 1980s it was found that the rapid growing 

cancerous cells could produce their requirements of fatty acids through a de novo biogenesis. 

Kuhajda et al. found that fatty acid synthase enzyme (FASN) was a key biomarker for patients 

with late-stage breast cancer(140). 

Since then, FASN enzyme upregulation was observed in most of human cancers, including 

breast carcinomas, and was preserved as an important hallmark of most tumours and their 

precursor lesions(141,194,195). Fatty acid synthesis in cancerous cells through the FASN 

pathway should imply great advantages not only for the tumour growth and proliferation, but 

also in cell adhesion, migration and invasion, the case that may cause metastasis and worsen 

the patient survival(196–198). 

Hence, FASN has received a great attention as a therapeutic target, through development of 

several inhibitors and characterisation of several formulations targeting FASN activity in 

tumour cells(144,199,200). However, development of therapeutic targeted formulations of 

FASN inhibitors makes it difficult to translate their effect in clinical field, thus intensive 

research is done in optimising formulations of FASN inhibitors(201). Moreover, the first 

generation of FASN inhibitors with low in vivo bioavailability resulted in emerging of the new 

second generation FASN inhibitors, of which orlistat (ORL) is one of the best candidates(202). 
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4.1.2 Orlistat as FASN inhibitors 

Among the most prominent second generation FASN inhibitors discovered is orlistat, an FDA 

approved inhibitor for pancreatic lipase enzyme that was developed as a treatment for obesity. 

Lately, orlistat was preserved as a potent irreversible inhibitor of FASN. The mechanism of 

inhibition is suggested to be through its ability to form a covalent bond with the serine amino 

acid moiety found in the thioesterase domain of FASN enzyme(146,203).  

Nevertheless, orlistat antitumor action on breast cancer is limited to reduction of proliferation 

of HER-2 overexpressing breast cancer cell lines(204). This is mainly due to the 

pharmacological limitation of orlistat related to its poor bioavailability and lack of selectivity. 

Therefore, recently many attempts have been made to develop successful formulations of 

orlistat with improved potency against breast cancer cell lines and enhancing its bioavailability, 

selectivity, and solubility. Hill et. al, developed a self-assembled NPs formulation of hyaluronic 

acid bio conjugated orlistat to circumvent its hydrophobicity, the formulation showed a 

significant improvement in cytotoxicity against triple negative breast cancer cell lines(149). 

Additionally, Bhargava-Shah et. al, used PEG- conjugated poly(lactic-co-glycolic acid) 

nanoparticles (PLGA-PEG-NPs) NPs of orlistat (size range 130-300 nm) as a module to 

enhance cytotoxicity against breast cancer(150). Furthermore, folate receptor targeted orlistat 

NPs showed enhanced bioavailability and activity in breast cancer tumours xenografts 

compared to the free orlistat (205). Thus, one could say that the vehicle of orlistat delivery to 

tumour cell will greatly affects the behaviour in the tumour, and this will lead to urge of 

developing new orlistat targeted formulation for better therapeutic actions(206). 

4.1.3 Orlistat as a promising anti-cancer 

Orlistat (ORL) is an FDA approved weight reduction medication, which when taken orally, 

restrains gastric and pancreatic lipases. Notwithstanding lipase action, ORL has been 

demonstrated to be a strong inhibitor of fatty acid synthase FASN, where ORL ties to the 
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thioesterase domain of the enzyme, prompting the hydrolysis of the β-lactone group inside 

orlistat (146,207). 

Almost all malignant growths show expanded endogenous unsaturated fats synthesis, 

disregarding the degree of circulating dietary unsaturated fats. The key catalyst culpable for 

this procedure is homodimeric and multifunctional FASN, which consistently utilizes malonyl-

CoA, acetyl-CoA, and NADPH for this process(208). The essential product of FASN is the 16-

carbon unsaturated fatty acid palmitate. Basically, palmitate is created to store excess energy 

as triglycerides in healthy lipogenic tissues (i.e., liver) and is directed by dietary intake. Yet, 

the action of FASN and the destiny of palmitate are very extraordinary in malignant tissues, 

where palmitate is principally incorporated into phospholipid synthesis, the main class of lipids 

found in cell membranes. Additionally, there is much evidence that FASN presents a survival 

advantage to malignancies and their antecedent lesions(209). FASN has been perceived as a 

potential target for cancer treatment due to its extensive expression in nearly most types of 

cancers. Hence, many molecules that target FASN have been examined for cancer therapy, 

including cerulenin, C75, epigallocatechin-3-gallate, and triclosan, yet these showed many 

undesirable side effects(210). In this way, new molecules with less side effects are required.  

Orlistat showed great advantage in cellular assays as it adequately hinders FASN, diminishes 

malignant cell growth, endothelial cell expansion, and angiogenesis. The mechanism behind 

these effects is related with cell cycle blockage, ER stress, and apoptosis. Furthermore, in vivo 

tumour models have demonstrated that orlistat lessens tumour development, metastasis, and 

angiogenesis at high concentrations(211). Nevertheless, orlistat is incredibly hydrophobic; its 

anticipated log P is 8.1 with poor bioavailability and metabolic stability, hence, a method for 

improving conveyance of orlistat to tumours is needed. 

Nanoparticles preparation through solvent shift technique best fits hydrophobic materials with 

incredibly low water solubility in the nanomolar range, meanwhile still soluble enough in other 
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water-miscible solvents such as ethanol. As Zhigaltsev et al.(151) used triolein as their 

successful test material, accordingly it is expected that other hydrophobic material could form 

nanoparticles, comparable to triolein NPs, upon coacervation process. Consequently, 

preparation of size-tailored nanoparticles of orlistat could be achieved, which may be useful 

for further modification to reinforce breast cancer targeting. 

Orlistat (Figure 49) is (S)-2-formylamino-4-methyl-pentanoic acid (S)-1-[[(2S, 3S)-3-hexyl-

4-oxo-2-oxetanyl] methyl]-dodecyl ester with a molecular weight of 495.7 g/mol. Orlistat is a 

white to off-white crystalline powder, which is highly hydrophobic, with extremely low water 

solubility of 9.19e-05 mg/ml. On the other hand, it is highly soluble in wide range of organic 

solvent including chloroform, methanol, and ethanol (solubility in ethanol~ 20mg/mL). Orlistat 

has no pKa within the physiological pH range(159). 

 

Figure 49 chemical structure of orlistat 

4.1.4 Freeze-drying of nanoparticles 

Stability of NPs formulation was a great hurdle for long period of time, especially during 

storage(212). One method of improving long term stability of NPs is through drying processes, 

among which freeze drying is the most favourable. It is well known that the solid dosage form 

has higher stability compared to the liquid suspensions, hence converting the NPs colloidal 

suspension into solid powder might prevent any undesirable aggregation or condensation that 

may occur over time. Additionally, solid powdered formulations help in keeping the structure 

of the NPs and prevent drug leakage or degradation. Abdelwahed et. al, showed that freeze 
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dried nanocapsules of the unstable drug poly(ε-caprolactone) were stable after 6 months of 

storage under harsh conditions of temperature and humidity(213). Another study carried out 

by Roy et. al, showed that the lyophilised NPs of poly (methylidene malonate 2.1.2) (PMM 

212) maintained its properties, in terms of in vitro cytotoxicity and drug content, after 12 

months of storage at room temperature, compared to the NPs suspension kept at -40 °C (214). 

Dehydroemetine NPs for treatment of leishmaniosis developed by Fouarge et. al were freeze 

dried using 5% glucose as cryoprotectants, the size and structure of the NPs were conserved 

after storage for up to 24 months(215). Heiati et. al, freeze dried solid lipid nanoparticles of 

azidothymidine, which kept the size and drug content over long term storage(216). 

Another importance for solid dosage form is the ease of administration and handling, where 

the powdered drug dosage forms are easily administered as such or after reconstitution through 

various routes of administration, i.e., parenteral, pulmonary, oral, or nasal. 

 Freeze drying and cryoprotectants 

Developing of freeze-dried formulation of NPs is a complex process, since the formulation 

should preserve some important characteristics in the final product, among which is preserving 

the initial physico-chemical characteristics of the NPs, this includes acceptable particle size 

distribution, ease of reconstitution, unchanged activity of the encapsulated drug and elegant 

suspension appearance. Furthermore, the formulation must ensure long term stability with 

minimal effect on the previously mentioned characteristics with time. In order to achieve a 

high-quality product, the right excipients in optimal quantities should be used during the 

formulation process, the most important of such excipients is the cryoprotectants.  

The successful formulation should guarantee the resistance of NPs structure to the stresses of 

the freeze-drying process, this is attributed to the components of the formulation, including the 

type and the amount of cryoprotectant used, the nature of used surfactants in formulation and 

the chemical nature of the NPs structure. Accordingly, wide attention should be given to 
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studying the effect of different components and selecting the optimum formulation for the best 

outcome of freeze-drying process(212). 

 Choosing the cryoprotectant 

During the process of freeze drying, colloidal suspension may suffer of great destabilisation 

stress due to freezing and dehydration, for example, phase separation during freezing may 

occur into ice, and a cryo-concentrated solution of NPs is formed, which may enhance the 

irreversible aggregation of NPs(217). Additionally, crystallization of ice is another 

destabilising stress factor resulting into more fusion of the NPs. Consequently, special 

excipients are added to protect the system from freezing and drying stress, those excipients are 

known as cryoprotectants and lyoprotectants respectively(213). 

Cryoprotectants are generally a material that can vitrify at a specific glass transition 

temperature (Tg) (218), this glass transformation results in immobilization of the NPs and 

thereby avoiding their aggregation. Among the most commonly used cryoprotectants are sugars 

including sucrose, trehalose, glucose, and mannitol. It is worth mentioning that the freezing 

process should be carried out below the Tg of the frozen amorphous sample in order to ensure 

complete drying of the sample(219). Particle isolation hypothesis is the main suggested theory 

for how the cryoprotectant stabilise the NPs dispersions. Simply it proposes that the used 

cryoprotectants, especially sugars, isolates the individual nanoparticles in the unfrozen state, 

mainly through formation of hydrogen bonds with the particles, which in return prevent 

aggregation of the NPs during freezing(220). 

The type of cryoprotectant is critical in the overall properties of the freeze-dried formulation. 

The most advantageous cryoprotectant for most biomolecules was found to be trehalose, thanks 

to its low hygroscopicity, low chemical reactivity, high Tg and lack of internal hydrogen 

bonding that increase the chance for better bonding to the NPs during freeze drying(221). 
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Consequently, pilot studies should be done to select the best cryoprotectant that can preserve 

the properties of the NPs formulation used. The properties of the chosen cryoprotectant greatly 

affect the stability of NPs during the freeze-drying process, for example mannitol, a commonly 

used cryoprotectant, usually crystallizes and forms eutectic mixtures resulting in phase 

separation and increasing the chance for NPs aggregation and size growth upon 

reconstitution(217). 

Besides the importance of choosing the type of cryoprotectant used in freeze drying process, 

the amount of this material is crucial in stabilisation of the formulation following the freezing 

process. The low amounts of cryoprotectants will be insufficient for stabilizing the colloidal 

suspension(222), while the excessive amounts will destabilise the NPs during reconstitution 

resulting in aggregation and particle size growth due to the increase affinity towards the 

cryoprotectant that prevent the reconstitution of the NPs(223). 

4.2 AIMS AND OBJECTIVES 

The main objective of the work is to prepare orlistat NPs with controlled size (<50 nm), in 

order to be further studied for surface functionalisation and preparation of LDL-like NPs. 

POPC coated Orlistat NPs prepared by rapid solvent shift technique were further stabilised 

through the use of surfactants, as well as freeze drying, ensuring stable physical properties of 

the prepared formulation. 

SA1: Investigating the effect of adding stabilisers, such as salts and surfactants, on the stability 

of particle size of the prepared formulations, in addition to its effect on surface charge. 

SA 2: Investigating the effect of freeze drying on the size and surface stability of the NPs 

formulation over long storage periods, in terms of particle size and surface charge. 

SA 3: comparison between the effect of different cryoprotectants on the physicochemical 

properties of the freeze-dried orlistat NPs formulation. 
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SA 4: Investigating the structure and incorporation of orlistat within the coating material 

(POPC lipid with other surfactants as stabilisers), and the overall physical properties of the 

prepared POPC coated orlistat NPs. 

SA 5: Evaluation of the POPC coated orlistat NPs in terms of drug loading, encapsulation 

efficiency and drug release. 

4.3 MATERIALS AND METHODS 

4.3.1 Materials 

Orlistat (Sigma Aldrich, 97% purity), 1-palmitoyl-2-oleoyl phosphatidyl choline (POPC) 

(Merck life science, TLC >99% purity), Tween80 (ThermoFisher scientific, >97% purity), 

Sodium dodecyl sulfate (SDS) (Sigma Aldrich, ACS reagent 99% purity), potassium nitrate 

KNO3 (Sigma Aldrich, ACS reagent 99% purity), pure ethanol (Sigma Aldrich, anhydrous pure 

>99.5%), Trehalose dihydrate (Sigma Aldrich, >99% purity) , D-Mannitol (Sigma Aldrich, 

>99% purity), Glucose (Sigma Aldrich, >99% purity) Phosphate buffer saline tablets (Sigma 

Aldrich), and MilliQ® water, all materials were of analytical grade and used as supplied, unless 

otherwise mentioned.  

4.3.2 Methods 

  Orlistat NPs  

Orlistat nanoparticles were prepared by solvent exchange method as mentioned previously 

(Chapter 3 Methodology) through direct injection of ethanolic solutions at various 

concentrations into water using eVol™ syringe injector. Following injection, the nanoparticle 

dispersion is removed immediately from the magnetic stirrer, and characterized using Malvern 

zeta sizer nano range ZS. 

Coating of orlistat with POPC was done through the same nanoprecipitation technique. 
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 Measuring the particle size and zeta potential: 

Freshly prepared nanoparticle dispersions are subjected immediately to particle size and zeta 

potential analysis using Malvern® Zeta sizer as mentioned before. 

 TEM imaging of NPs 

TEM images of NPs were captured using negative staining as previously described. TEM 

imaging was done using FEI® Tecnai Biotwin transmission electron microscope Images were 

processed by using ImageJ, Fiji® package for counting the particle size. 

 Addition of stabilisers to NPs formulations 

The POPC coated orlistat NPs (in a ratio 2 core: 1 coat as molar ratio) were further stabilised 

through addition of surfactants and/or salts to the antisolvent during the nanoprecipitation 

process. Three different stabilisers were investigated, specifically 10mM KNO3, 3mM SDS 

with 10 mM KNO3, and 2% tween 80. The effect of addition of stabilisers to the NPs 

formulation was investigated in terms of particle size and surface charge. 

 Freeze drying of the NPs  

The prepared orlistat NPs (2 mM final concentration of orlistat either uncoated or POPC coated 

in a ratio 1:1.6, coat to core) were freeze dried using Virtis benchtop lyophiliser® (SP scientific 

sentry 2.0) to enhance stability of the prepared particles over storage.  

Initially, NPs were prepared with different cryoprotectants, namely Trehalose, Mannitol and 

Glucose in three different concentrations of each (5, 10 and 15% w/v). The prepared NPs were 

flash frozen using liquid nitrogen, followed by placing them in the lyophiliser. The pressure 

was then reduced to 100 mTorr and the temperature was set to −50 °C and held for 24 h to 

allow drying. The dried samples were then stored in freezer at -20 °C in sealed bags with silica 

beads until further used. The freeze-dried NPs were reconstituted 6 months, and tested for 

stability regarding particle size growth and zeta potential. 
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 Drug incorporation assay 

Incorporation of orlistat into the prepared NPs was assayed to ensure complete coating of the 

prepared NP formulations. The loading efficacy of the prepared NPs were estimated at 60% of 

the total formulation mass. Incorporation studies were done using both DSC and polarised light 

microscopy techniques. 

4.3.2.6.1 Differential scanning calorimetry (DSC) 

DSC was done for pure orlistat drug, orlistat/ POPC physical mixture and the POPC coated 

orlistat NPs Using DSC Q2000 (TA® instruments, UK). Samples (10 mg) were weighed 

separately in aluminium DSC pans, which were then compressed to be hermetically sealed. 

The prepared pans were placed in DSC, and a heat cool heat run was done for each sample in 

the range between 0 ºC to 350 ºC, at a rate of 5ºC/min and under nitrogen gas flow. Afterwards, 

DSC thermograms were collected and analysed. 

4.3.2.6.2 Polarised light microscopy (PLM) 

Microscopic images for pure orlistat, POPC, Uncoated orlistat NPs, and POPC coated NPs 

were captured using polarised light microscope PX023POL (Prior Scientific Inc® USA). A 

suitable mass of each sample (~ 20 mg) was added on a clean microscopic slide. The samples 

were viewed under both bright and cross polarised fields (dark fields) to check for the 

birefringence, colour absorption and optical path similarities. 

 UV assay of orlistat 

Orlistat (1 mg/ml) in ethanol solution was scanned over the range of (200 – 700) nm using 

UV/Vis spectrophotometer (166), and the wavelength of maximum absorbance (λmax) was 

determined. 

Serial dilutions (10 - 150 μg / ml) were prepared and the absorbance of the prepared solutions 

was measured at the predetermined (λmax). The measured absorbance values were plotted 

against the corresponding concentrations to obtain a calibration curve. Validation parameters 
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of the spectrophotometric assay were limited to linearity, limit of detection (LOD), Limit of 

quantification (LOQ), inter-day precision. LOD and LOQ are described in the following 

equations.  

LOD = 
𝟑 𝒔

𝒎
  Equation 17 Limit of detection 

LOQ = 
𝟏𝟎 𝒔

𝒎
   Equation 18 Limit of quantification 

Where (s) is standard deviation and (m) is the slope of the related calibration curve. 

 Encapsulation efficiency and drug loading 

The percent of drug encapsulated into the nanoparticles was measured using two approaches. 

The first one through centrifugation ultrafiltration technique, simply nanoparticle formulation 

(2 mM orlistat final concentration) was loaded in Vivaspin® centrifugal concentrator (Sartorius 

Vivaspin® 20, mwco 5000 d, membrane PES), and were centrifuged at 6000 rpm for 5 min in 

5 cycles using a cooling centrifuge (Eppendorf® cooling centrifuge, Eppendorf® AG, 

Germany). Afterwards, the filtrate containing the free drug was separated, freeze dried and 

reconstituted in ethanol and assayed using UV spectrophotometer (Fischer scientific ™ UK) at 

λmax 205 nm. The other method is through dialysis, using slide-A- lyzer dialysis cassettes 

(thermos scientific™ mwco 3.5 Kd, UK), where 3 mls of NP formulation were loaded to the 

cassette and then suspended in 200 ml of phosphate buffer saline PBS (pH 7.8) and kept in the 

fridge for 24 hours, then 40 ml sample were taken, freeze dried, and analysed for content of 

free orlistat using same spectrophotometric method. 

 Drug release assay 

Drug release assay was carried out in PBS (pH 7.4) containing 0.2% tween 80 to challenge the 

drug release pattern. In brief, 3 ml sample of the nanoparticle formulation was loaded into slide-

A-lyzer dialysis cassettes (thermos scientific™ mwco 3.5 Kd, UK). Then the cassette was 

allowed to suspend into 400 ml of release medium and kept at 37 ºC and 350 rpm for 1 week. 
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At predetermined time intervals (1, 2, 3, 4, 7 days), 40 ml samples were withdrawn and were 

compensated by fresh release buffer. Samples were freeze dried and assayed 

spectrophotometrically as before, release pattern was studied as cumulative percent release 

versus the time. 
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4.4 RESULTS AND DISCUSSION 

4.4.1 Evaluation of stabilisers’ effect on prepared NPs 

 Freshly prepared NPs 

As mentioned before, coating orlistat NPs with a single layer of phospholipids is expected to 

provide a protective shield that prevents ripening and controls the particle size. For POPC 

coated orlistat NPs at a ratio of (2:1) (core: coat), the particle size was kept at controlled range 

of (~ 50 nm) even at higher drug concentrations. However, ensuring the stability of the particles 

over time is still hard to control, thus we investigated the addition of stabilisers including salts 

and surfactants to the formulation. This could help us as well understand the behaviour of NPs 

prepared by rapid solvent shift technique. 

Further stabilisation of the formulation was done using surfactants to control the size of 

particles at the higher drug concentration (1 to 4 mM). Three different stabilisers were 

employed, either 3 mM sodium dodecyl sulfate (SDS) with 10 mM potassium nitrate, 10 mM 

potassium nitrate, or 2% tween 80. The stabilisers were added to the antisolvent aqueous phase 

to stabilise the formed particles following the nanoprecipitation. Following the preparation, the 

particle size and the surface charge were evaluated. 

Figure 50 represents a comparison between the mean particle size (nm) measured by DLS of 

either the uncoated orlistat NPs, POPC coated orlistat NPs in water, or POPC coated orlistat 

NPs in each of the previously mentioned stabilisers. All the formulations were prepared by 

rapid solvent shift technique and at 4 different orlistat concentrations (4, 2, 1 and 0.1 mM). 

As shown in the figure, the addition of surfactants to the counter phase such as 3 mM SDS or 

2% tween 80 resulted in significant decrease of the size of the freshly prepared NPs, at all the 

employed concentrations of orlistat, compared to either the uncoated particles or the POPC 

coated orlistat NPs prepared in water. This size control is attributed to the presence of 



116 

 

surfactants in the aqueous phase that results in prevention of any further condensation between 

the formed nuclei during the nanoprecipitation.  

In our study we utilised two different surfactants, an anionic surfactant SDS and a non-ionic 

surfactant tween 80, each of them has a unique way of stabilising the formed NPS. SDS will 

act mainly through its negative charge that confers an electrostatic repulsion force between the 

precipitated NPs and hence will prevent the condensation of the nuclei at the time of 

nanoprecipitation. On the other hand, Tween 80 is a non-ionic surfactant, it will mainly act 

through addition of steric stability of the prepared NPs, which will prevent further 

condensation. Addition of salts (10 mM potassium nitrate) as shown, did not protect the 

particles from the event of growth, they will act to sequester the ionic double layer around the 

nanoparticles, however, are not expected to affect the particle size. 

 

 

Figure 50 comparison of particle size of freshly prepared orlistat NPs (0.1, 1, 2 4 mM 

orlistat final concentration) after adding various stabilisers to the antisolvent during 

preparation, n=3 ±SD. 
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Concerning the surface charge, Figure 51 illustrates a comparison between the average zeta 

potential (mV) measured by zetasizer, of either the uncoated orlistat NPs, or POPC coated 

orlistat NPs in each of the previously mentioned stabilisers. All the formulations were prepared 

by rapid solvent shift technique and at 4 different orlistat concentrations (4, 2, 1 and 0.1 mM). 

As shown in the figure, the surface charge was significantly reduced in presence of the 10 mM 

potassium nitrate and the 2% tween 80 as stabilisers, with an average zeta potential of -15 mV. 

On the contrary, addition of 3 mM SDS highly increased the negative surface charge up to an 

average of – 70 mV compared to the uncoated orlistat NPs with an average of -50 mV.  

The zeta potential of the prepared orlistat nanoparticles showed a significant negative zeta 

potential in the absence of any salts, this is because of the effect of the electric double layer 

that provides infinite Debye length. Yet, addition of salts, in this case potassium nitrate, 

resulted in sequestering the double layer, hence reducing the surface charge. In presence of 

salts we could see the actual surface charge of the orlistat NPs being around the average of – 

15 mV. 

Addition of surfactant sodium dodecyl sulfate interestingly implied a significant negative zeta 

potential of around -70 mV. This surface charge is expected due to the negative charge of the 

anionic surfactant. Yet, this negative charge was implied even in the presence of salts that 

sequester the double layer (10 mM potassium nitrate). This significant negative surface charge 

could be extremely useful in enhancing NPs stability by increasing the repulsion forces 

between the formed particles and avoiding any further aggregation. Hence, it is noticeably clear 

that the SDS is expected to confer the maximum stability over the particle size growth, 

compared to the non-ionic surfactant. 
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Figure 51 comparison of zeta potential of freshly prepared orlistat NPs (0.1, 1, 2 4 mM 

orlistat final concentration) after adding various stabilisers to the antisolvent during 

preparation, n=3 ±SD. 

 

 After 2 weeks of storage  

The stability of the prepared NPs was investigated after storage in fridge (4ºC) for two weeks, 

in terms of particle size and surface charge. Figure 52 shows a comparison of the average 

particle size of POPC coated orlistat NPs (2:1 core to coat) prepared in different stabilisers 

after 2 weeks of storage in fridge to that of the freshly prepared, all at 4 different final orlistat 

concentrations (4,2 ,1 and 0.1 mM). As shown in the Figure 52, addition of surfactants such 

as SDS and Tween80 stabilised the prepared nanoparticles over the period of storage, with no 

significant change in particle size, at any of the employed concentrations of orlistat. 

Results of particle size stability shown in Figure 52 indicate that the prepared NPs showed 

stability over 2-weeks storage in presence of surfactants, which may be attributed to the 

stabilization of the surface of the prepared NPs, either through surface charge of steric 
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hindrance, which prevents further condensation of the NPs with time and prevent further 

growth as mentioned before. 

Figure 53 shows comparison of the average zeta potential (mV) of POPC coated orlistat NPs 

(2:1 core to coat) prepared in different stabilisers after 2 weeks of storage in fridge to that of 

the freshly prepared, all at 4 different final orlistat concentrations (4,2 ,1 and 0.1 mM). 

Concerning the Zeta potential there was no significant difference (at p<0.05, two-way 

ANOVA) before or after 2 weeks of storage for all the prepared NPs as in Figure 53. 

However, Tween 80 stabilised NPs showed minimal negative zeta potential compared to SDS, 

the high negative zeta potential will confer stability on the formulation upon long term storage. 

Hence SDS was chosen as a model stabiliser for the upcoming studies. 

 

Figure 52 comparison of particle size of orlistat NPs (0.1, 1, 2 4 mM orlistat final 

concentration) after adding various stabilisers to the antisolvent during preparation and 

2 weeks storage in fridge at 4º C, n=3 ±SD. 
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Figure 53 comparison of zeta potential of orlistat NPs (0.1, 1, 2 4 mM orlistat final 

concentration) after adding various stabilisers to the antisolvent during preparation and 

2 weeks storage in fridge at 4º C, n=3 ±SD. 

 TEM of Stabilised orlistat NPs 

Further investigation of the characteristics of the prepared NPs and the effect of addition of 

stabilisers was done using TEM, in order to get real images of the prepared formulations. 

Figure 54 demonstrates the TEM images for POPC coated orlistat NPs at molar concentration 

of 1 mM, images A and B are for formulations prepared in water, while image C and D are for 

formulations prepared in 3 mM SDS and 2% tween 80 respectively, all the NPs formulations 

were assayed after 2 weeks of storage in fridge at 4ºC. 

TEM images of the prepared POPC coated orlistat NPs in Figure 54 showed the process of 

condensation of the particles in the absence of the stabilisers during storage, where smaller 

particles condense together into larger particles (Figure 54 A & B). This could be observed 

clearly by the presence of large particle in the middle surrounded by many small particles 

aggregated on the surface. This aggregation is not preferred as it will increase the overall 

particle size, as well as will give a chance for condensation between the small particles into 
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one bigger particle. The average particle size calculated form TEM images in absence of 

stabilisers was around 60 nm. 

On the contrary addition of surfactants as stabilising agents (Figure 54 C & D) decreases the 

probability of condensation of the particles with time. As shown form the images, the presence 

of surfactants enhanced the formulation stability, through prevention of the condensation or the 

aggregation of the POPC coated orlistat particles. This will in return resulted in a consistent 

spherical NPs of small average diameter (~ 40 nm) as counted by Image J®. It was clear as well 

that SDS resulted in increasing the distance between the particles compared to tween 80, thanks 

to the negative charge that enhances the repulsion between the particles and prevent their 

aggregation. 

However, in order to further stabilise the particles against any aggregation over long-term 

storage, and in order to prepare solid dosage form for the ease of handling and administration, 

freeze drying of the prepared formulation was investigated. 
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Figure 54 TEM images of POPC coated orlistat NPs (1 mM), A & B in MilliQ water, C) 

in 3 mM SDS, D) in 2% tween 80. 

 

4.4.2 Freeze drying and particles stability 

 Pilot experiment using 10% trehalose and different orlistat concentrations 
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concentrations (4, 2, 1, and 0.1 mM), and results are expressed as the average of 3 

measurements ± SD. 

As shown in Figure 55, addition of cryoprotectant to the formulation with SDS as stabiliser, 

has minimal effect on the particles size of the NPs at the various employed concentration, 

compared to the other formulations with no SDS. This may be due to the negative zeta potential 

of the formulation that would prevent condensation of the formed NPs and particle size growth. 

This minimal effect on particle size moved us towards investigating the effect of using various 

cryoprotectants at various concentration on the particle size of the prepared NPs before and 

after freeze drying, in order to choose the optimum type and concentration of the cryoprotectant 

for our designed formulation. 

 

Figure 55 comparison of particle size of freshly prepared orlistat NPs (0.1, 1, 2 4 mM 

orlistat final concentration) before and after addition of cryoprotectant trehalose 10%, 

n=3 ±SD. 
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 Investigating different cryoprotectants in different amounts 

Investigation of using different cryoprotectants, namely Glucose, Mannitol and Trehalose, in 

three different concentrations, 5, 10 and 15%, on the physico-chemical properties of the 

prepared NPs, was carried out. POPC coated orlistat NPs (2:1) formulation at final 

concentration of 2 mM was chosen as a model, in the presence of 3 mM SDS and 10 mM KNO3 

as stabilisers. The study was done to show the effect of using the cryoprotectants on the particle 

size and surface charge of the prepared NPs before freeze drying, to ensure that the choice of 

the best cryoprotectant in an optimum concentration for preserving our NPs formulation. This 

is followed by examining the same parameters after freeze drying, storage over a period of 6 

months, and reconstitution. The results were finally compared to the same samples stored in 

the fridge for the same period of time without freeze drying, to interrogate the influence of 

freeze drying over the stability of the NPs formulation. 

4.4.2.2.1 Before freeze drying 

As mentioned before in the pilot experiment using 10% trehalose, addition of cryoprotectants 

has a minimal effect on the particle size of our POPC coated orlistat NPs. This was further 

inspected through using of three different cryoprotectants, particularly mannitol, trehalose, and 

glucose at 3 different concentrations (5, 10 &15%). Figure 56 illustrates a size map (nm) for 

the POPC coated orlistat NPs (2:1 at a concentration 2 mM) prepared in 3 mM SDS and 10 

mM KNO3, compared to the same formulation after addition of the 3 cryoprotectants, at 3 

different concentrations separately. 

It is obvious that all the prepared formulations with different cryoprotectants lies in the 

preferred zone below 50 nm in size, with minimal effect on the particle size compared to the 

formulation with no cryoprotectants. To have a deep insight on the difference between those 

utilised cryoprotectants, all the prepared formulation were freeze dried to investigate the 

particle size after reconstitution. 



125 

 

 

Figure 56 Particle size (nm) map of different formulations of POPC coated orlistat NPs 

(2:1, with 2 mM orlistat final concentration) with addition of different cryoprotectants 

(Mannitol, Trehalose and Glucose) in different percent (5, 10 & 15 %). 

4.4.2.2.2 After 6 months storage  

For proper storage and use of the prepared NPs while keeping its characteristic size for long 

period of time, lyophilisation was employed for the prepared NPs. Freeze drying could prevent 

any undesirable condensation of the particles, which may occur due to the continuous 

Brownian motion of the particles in dispersions. However, direct freeze drying of NPs 

formulation could result in aggregation and difficulty of reconstitution, hence cryoprotectants 

are added before freeze drying to remove excess moisture from the formulation, and protect 

size stability over long storage time(224).we investigated the effect of freeze drying using 

several cryoprotectants on the size and surface charge stability as shown in Figure 57 to Figure 

60.  

Figure 57 describes a comparison of the average particle size of the prepared POPC coated 
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(stored in fridge for 6 months at 4ºC), and that of the freshly prepared samples before freeze 

drying. The same results were presented in the form of a size map shown in Figure 58. 

It is clearly demonstrated that freeze drying helped the NPs formulation to retain its size 

stability over six months storage period, compared to that stored without freeze drying. The 

average particle size of the formulations stored without freeze drying increase dramatically to 

a range between ~ 150 to 1200 nm, which is due to condensation occurring over lengthy periods 

of storage. On the other hand, freeze dried samples retrained its particle size and elegant 

colloidal appearance over the period of storage, as demonstrated in the size map Figure 58 and 

real images in Figure 60. Images in Figure 60 show a clear disaggregated dispersion after 

reconstitution of the freeze-dried formulation compared to the aggregated formulation stored 

without freeze drying. 

The type and percentage of cryoprotectant play a vital role in the effectiveness of the freeze 

drying on the size and charge protection. From the results shown, Mannitol was not suitable 

for conserving the size after reconstitutions, as explained before, this is mostly due to the 

crystallization of mannitol during freezing steps especially at higher concentrations(217), that 

my result in phase separation into a NPs rich layer, hence increasing the chance of condensation 

of the NPs and increasing the particle size. In that context our compatible cryoprotectant for 

the optimum size control during nanoprecipitation technique was found to be either trehalose 

or glucose (5-15%). 

Regarding the surface charge, the effect freeze drying in presence of various cryoprotectants 

on the surface charge expressed as the average zeta potential (mV), was depicted in Figure 59. 

The addition of cryoprotectants did not affect the negative surface charge of the prepared 

formulations, with all the formulations have an average zeta potential in the range between 

-120 to -20 mV. However, the freeze-dried samples showed a decrease in surface charge 

compared to those stored without freeze drying, this is related to the surface of the NPs being 
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masked by the hydrogen bonds formed with the utilised cryoprotectants during the freeze-

drying process(225). 

 

Figure 57 Effect of Freeze drying on stability of NPs over long-term storage (6 months) 

compared to NPs left in fridge at 4ºC without freeze drying with respect to particle size, 

n=3 ±SD. 

 

Figure 58 Size map showing effect of Freeze drying on stability of NPs over long-term 

storage (6 months) compared to NPs left in fridge at 4ºC without freeze drying. 
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Figure 59 Effect of Freeze drying on stability of NPs over long-term storage (6 months) 

compared to NPs left in fridge at 4ºC without freeze drying with respect to zeta potential, 

n=3 ±SD. 

 

Figure 60 Images of POPC coated orlistat NPs after 6 months storage (2:1 and final 

concentration of orlistat 2 mM) from left to right of 1) freeze dried formulation before 

reconstitution 2) after constitution and 3) formulation stored without freeze drying. 
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4.4.3 Evaluation of drug incorporation 

 Differential scanning calorimetry 

Orlistat incorporation into the POPC coated nanoparticles was investigated using differential 

scanning calorimetry. Figure 61 shows the DSC thermograms of pure orlistat drug, orlistat/ 

POPC physical mixture, and freeze dried POPC coated orlistat NPs. The DSC thermograms of 

orlistat shown in Figure 61 showed an endothermic peak at 45º C indicating that orlistat 

recovered its crystallinity following melting(226). Concerning the physical mixture with 

POPC, the same endothermic peak at 45ºC was observed. However, in case of the POPC coated 

orlistat NPs, the endothermic peak completely disappeared, indicating complete incorporation 

of orlistat into the matrix of the POPC in NPs through melting in an amorphous form, unlike 

the physical mixture(227).  

 Polarised light microscopy (PLM) 

Figure 62 shows polarised light microscope (PLM) images of POPC lipid, orlistat, POPC 

coated orlistat NPs and uncoated orlistat NPs (from A to D), on both bright and dark field (1 

and 2). The experiment was done to indicate the coating of orlistat with POPC through 

comparing the optical path and birefringence of the prepared coated NPs to that of POPC. 

Polarised light imaging confirmed the results of DSC, where images of the prepared POPC 

coated NPs shared remarkable similarity to that of POPC in terms of optical path and colour 

absorbance, indicating the coating of orlistat with an outer layer of POPC. 
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Figure 61 DSC thermograms of a heat cool heat cycle for A) pure orlistat, B) Orlistat and 

POPC physical mixture, C) POPC coated orlistat NPs. 

  

A 

B 

C 



131 

 

 

 

 

 

Figure 62 PLM images to show birefringence for A) POPC lipid, B) Orlistat, C) POPC 

coated orlistat NPs D) uncoated orlistat NPs, 1) Dark field, 2) bright field. 
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4.4.4 UV assay of orlistat 

Scanning of orlistat solution (1 mg / ml) in ethanol showed a maximum wavelength of 

absorbance (λmax) at 205 nm as shown in Figure 63. Calibration curve of orlistat (10- 150 μg 

/ ml) in ethanol at 205 nm was plotted as shown in Figure 64, with a coefficient of correlation 

R2 0.98. The method was further validated to ensure the accuracy of the results, with validation 

parameters for this method of assay were limited to linearity, inter-day precision, limit of 

detection (LOD) and limit of quantification (LOQ) data shown in Table 4. Results showed 

that the used method in this study was simple, and specific, with limit of detection (LOD) and 

limit of quantification (LOQ) 20 and 60 μg/ml respectively. The method will be further be 

used for determination of the drug concentrations in release study, drug loading, and 

entrapment efficiency experiments. 

 

 

Figure 63 Absorption spectrum of 1 mg / ml orlistat solution prepared in ethanol. 
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Figure 64 Calibration curve of orlistat solutions (10-150 μg/ml) in ethanol at λmax 205 

nm. 

Table 4 Validation parameters for UV spectroscopic assay of orlistat in ethanol. 

Standard error of regression (STEYX) 0.028551833 

Slope of regression 0.0047 

Limit of detection (LOD)  20.04703182 

Limit of quantification (LOQ)  60.74858126 

Precision R value 0.9874 

Intraday variation CV% is always < 2% 

 

4.4.5 Drug loading and entrapment efficiency 

Drug loading and entrapment efficiency (EE %) results are depicted in Table 5. To understand 

this, simply the entrapment efficiency (EE %) (Equation 19) is a ratio of the drug incorporated 

into the NPs to the total amount of the drug used; hence it reflects the efficiency of drug 

y = 0.0047x + 0.0866
R² = 0.9874
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incorporation in our system. The prepared POPC coated NPs showed EE% of an average 

between 73 & 79% measured using 2 different methods measured on two different days for 

different samples, the centrifugation ultrafiltration and dialysis respectively, data were 

measured as a mean of 3 samples ± SD, indicating the accuracy and repreducability of the 

results. This means that most of the drug is entrapped within the structure of the NPs and coated 

with the employed lipid, which in turns gives an indication on the efficiency of the rapid solvent 

shift technique as a simple method for coating hydrophobic drug moieties with lipids. On the 

other hand, drug loading percent known as loading efficiency (DL %) (Equation 20) is a ratio 

between the encapsulated drugs to the total weigh of the NPs, thus reflects the content of the 

drug in the total formulation, which is important for determination of the drug dose in the 

formulation. Interestingly, our orlistat NPs showed significantly high loading percent of 69% 

compared to the other NPs formulation in literature(149,228) due to the limited amount of used 

excipients in the formulation of the NPs structure. 

Table 5 Encapsulation efficiency and drug loading percent for the prepared POPC coated 

orlistat NPs, n=3 ±SD. 

Amount of drug in NPs 

(mg/3ml formulation) 

Amount free 

drug (mg) 

%EE 

CUF 

%EE 

Dialysis 

Loading 

efficiency 

~ 6 mg ~ 1.2 – 1.3 73% ± 1.3 79% ± 1.3 69% 

 

Equation 19 Entrapment Efficiency 

 

Equation 20 Drug loading percent 

 

𝑬𝒏𝒕𝒓𝒂𝒑𝒎𝒆𝒏𝒕 𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 % =  
(𝑻𝒐𝒕𝒂𝒍 𝒎𝒂𝒔𝒔 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒊𝒏 𝒇𝒐𝒓𝒎𝒖𝒍𝒂𝒕𝒊𝒐𝒏 − 𝑭𝒓𝒆𝒆 𝒅𝒓𝒖𝒈)

𝑻𝒐𝒕𝒂𝒍 𝒎𝒂𝒔𝒔 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒊𝒏 𝒇𝒐𝒓𝒎𝒖𝒍𝒂𝒕𝒊𝒐𝒏
× 𝟏𝟎𝟎 

𝑫𝒓𝒖𝒈 𝒍𝒐𝒂𝒅𝒊𝒏𝒈% =  
(𝑻𝒐𝒕𝒂𝒍 𝒎𝒂𝒔𝒔 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒊𝒏 𝒇𝒐𝒓𝒎𝒖𝒍𝒂𝒕𝒊𝒐𝒏 − 𝑭𝒓𝒆𝒆 𝒅𝒓𝒖𝒈)

𝑻𝒐𝒕𝒂𝒍 𝒎𝒂𝒔𝒔 𝒐𝒇 𝒏𝒂𝒏𝒐𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆
× 𝟏𝟎𝟎 
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4.4.6 Drug release assay 

The release of orlistat from the prepared POPC coated NPs was studied under physiological 

condition to have an insight of the expected behaviour of our prepared NPs under physiological 

conditions. Figure 65 represents the release profile in terms of cumulative amount release, of 

the POPC coated orlistat NPs (2:1) of final concentration of 2 mM over a period of 7 days at 

37 ºC and 350 rpm, the data was presented as a mean of 3 measurements with standard 

deviation.  

The release profile of POPC coated orlistat NPs was of controlled manner, with initial burst 

effect and with sustained release over the 7 days. Drug release assay results shown in Figure 

65 display an initial burst release pattern after 24 hours, with around ~17 % of drug was freed 

and released in the first 24 hours, the reason behind this is attributed mainly to the presence of 

free unentrapped drug within the formulation, as agreed before the EE% was around 73-79%. 

Afterwards, a slow sustained release pattern was observed over the following 3 days, with no 

more than 32% of the drug released after the full study. The incomplete release of drug from 

the coated NPs is attributed to the highly hydrophobic nature of orlistat which will prefer the 

lipophilicity of its coating structure to the hydrophilicity of the aqueous physiological release 

medium. This controlled release pattern is expected to ensure that the drug would be delivered 

within the intact coated nanoparticle structure to the targeted tumour cells, after which the NPs 

may be indulged and digested to release the drug inside the tumour cells(229). 

The release study was carried out in physiological conditions, 37ºC and pH 7.4, however for 

futher understanding of the formulation behaviour in vivo, release study in serum would be a 

useful tool in future work. 
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Figure 65 drug release assay for POPC coated orlistat NPs, performed in 400 ml PBS (pH 

7.4) at 37ºC and 350 rpm, n=3 ±SD. 
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4.5 CONCLUSION  

  Additional stabilisation of NPs against particle size growth and aggregation could be 

achieved through the use of various stabilisers, including surfactants and salts, which 

are added to the anti-solvent phase (SA1). 

 Negatively charged surfactant, SDS was the best stabilising agent in prevent further 

aggregation and in controlling the size even after 2 weeks of storage. This is because 

of the repulsion forces implied between the particles (SA1). 

 Further stabilisation of orlistat NPs could be done through freeze drying, to produce a 

solid powder for reconstitution, which will not only increase stability over the time, but 

as well help in better handling and ease of administration of the formulation (SA2). 

 Freeze dried orlistat NPs where stable over a period of 6 month with minimal change 

in particle size and surface properties, this mainly depends on both the type and the 

amount of the used cryoprotectants (SA3). 

 Trehalose in a range between 5-15% helped to conserve the size of the NPs after 

reconstitution following 6 months storage, while Mannitol failed in this aspect mainly 

due to the crystallinity of the sugar (SA3). 

 Coating of orlistat with POPC was successful in incorporating the drug inside a layer 

of the lipid in an amorphous mixture, this was shown through the disappearance of the 

orlistat peak in the DSC thermograms of POPC coated NPs (SA4). 

 The coated orlistat NPs with POPC showed similar images with similar light 

birefringence under the polarised microscope to that of the POPC lipid indicating the 

presence of the POPC on the surface of the NPs structure (SA4). 
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 Our NPs formulation prepared through the rapid solvent shift technique showed a high 

entrapment efficiency of 73-76% with a loading efficiency of 60% which is promising 

in dose adjustment compared to other NPs formulations (SA5). 

 The drug release study showed that the orlistat NPs kept its structure for long period of 

time in physiological conditions, with no more than 40% of the drug was released from 

the NPs structure after 1 week. This is required to ensure the delivery of the intact NPs 

structure in the systemic circulation to the tumour cells, where it could release the drug 

(SA5). 
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5 Chapter 5 Surface-functionalised LDL-like orlistat nanoparticles 

5.1 INTRODUCTION 

5.1.1 LDL-like nanoparticles  

In the 1960s, nanotechnology was introduced by Richard P. Feynman, since then it has been 

an interesting subject for investigation and application in numerous medical, industrial, and 

environmental fields(230). Various naturally existing organic and inorganic nanoparticles have 

been present before they were synthesized in labs. Among the naturally occurring nanoparticles 

is the low-density lipoprotein (LDL), a normal blood constituent, serving as a means of 

cholesterol delivery to tissues. Cholesterol is one of the main constituents of the cell 

membranes. Cells get their cholesterol requirement either through making it themselves, taking 

it up from LDL, or both. Distinctly, being of high proliferation rate, tumour cells need 

substantial amounts of cholesterol, obtained chiefly from LDL, to establish new membranes. 

Thus, LDL could be used as a vehicle to carry antitumor drugs, consequently acting as an 

excellent targeting modality, this concept was introduced in 1981 (231) . 

 LDL Structure 

The structure of natural LDL is well studied (Figure 66). It consists of spherical particles 

around 22 nm (220 Angstroms) in diameter containing approximately 1500 molecules of 

cholesterol in the form of nonpolar core, part of them is esterified with long-chain fatty acids 

such as oleate or linoleate. In the vicinity of the core is a micellar oriented phospholipid layer 

with the polar heads outward and the hydrophobic fatty acid chains inwards. 
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Figure 66 Schematic presentation of the LDL- like nanoparticle compared to a cutaway 

schematic of the LDL(232) 

 

The phospholipid layer is mixed with unesterified cholesterol, apparently acting as a stabilizer, 

and also a single molecule of apoprotein B per LDL particle which binds to specific cell surface 

LDL receptors. Following receptor binding, the complex is internalized by endocytosis and 

indulged to the lysosomes, where the cholesteryl esters are hydrolysed, releasing free 

cholesterol to the cell. The LDL receptors are then recycled to the cell surface. The mechanism 

of the LDL system was illustrated by Brown, Goldstein, and co-workers (233–235). 

 LDL- receptors 

Concerning the low-density lipoprotein receptor (LDLR), it consists of a single-chain 

transmembrane glycoprotein (236). The LDLR structure is formed of five major parts: a ligand 

binding centre, epidermal growth factor (EGF) domain, O-linked sugar part, membrane-

spanning domain, and cytoplasmic tail (237). The role of LDL receptor is to transport chiefly 

the cholesterol-rich LDL into cells through receptor-mediated endocytosis, mainly through the 

clathrin-dependent pathway (236). Recently, much evidence was found that the uptake of LDL 

could occur through both receptor and non-receptor-mediated pathways, yet on average, two 

thirds of the LDL is internalised by receptor-mediated pathway (238). The LDL particle binds 

~20 nm ~30 nm 

Drug core 

amorphous 

Mechanical 

barrier monolayer 

Targeting moiety (DSPE - PEG 5000 – 

11-mer peptide) 
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to the LDLR embedded in clathrin on the cell surface through binding site found on the Apo B 

protein moiety in the LDL structure(237). 

 LDL Nanoparticles 

As mentioned before, malignant cells have high LDL requirements. Indeed, there is a great 

tendency for rapid growing cells (as in case of cancer) to acquire cholesterol from LDL, while 

for the differentiated normal cells to synthesize it (239). Early reports describing the relation 

between cancer and LDL were published in 1978, they showed that human acute myeloid 

leukaemia (AML) cells uptake up to 100 times more LDL than normal cells(240,241). More 

studies showed that some human solid tumours are also craving for LDL as in case of 

endometrial adenocarcinoma and four other gynaecologic cancers which have greater LDL 

uptake than normal cervical tissues(242). Moreover, Gastric carcinoma and parotid adenoma 

exceeded normal cell types in LDL uptake(243). Many brain tumours especially 

medulloblastoma, oligodendroglioma, and malignant meningioma can bind 2-3 times more 

LDL than normal brain cells (244). As tumour cells uptake abnormally large amounts of LDL, 

there would be a likelihood of a decrease in plasma cholesterol levels in cancer patients. This 

has been first reported in 1939 when it was observed that leukaemia patients had remarkably 

low blood cholesterol level (245). 

Besides the potential targeting benefits of LDL, their use as a drug carrier may circumvent 

many of the issues encountered with other synthetic carriers(246), there has been much work 

through the past decade concerning the use of LDL nanoparticles as theranostic platform. LDL 

nanocarrier system has important advantages compared to other nano delivery systems(174). 

LDL nanoparticles (LDL NPs) resemble naturally occurring carriers; therefore, they are 

considered biocompatible as they would be able to escape recognition by the 

reticuloendothelial system (RES). Additionally, LDL NPs are biodegradable, small in particle 

size (~18–25 nm) which is within the optimum nanoparticles size range. LDL NPs are suitable 
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for hydrophobic drugs, which can be loaded in the hydrophobic core or even constitute the 

whole core. Moreover, drugs incorporated can escape hydrolytic and enzymatic degradation in 

the plasma, as the LDL is a normal constituent of the blood. Furthermore, LDL NPs may 

prolong the biological half-life of drugs because they are not cleared by the reticuloendothelial 

system RES. They can be easily targeted to tumour cells because the LDLR is highly expressed 

in most tumour cells(137). 

The LDL nanoparticles is suggested to be prepared by using the rapid solvent shifting technique 

(151) which provides control over fundamental parameters of the fabrication process and can 

be easily scaled up for pharmaceutical industrial purposes. 

5.2 AIMS AND OBJECTIVES 

The main objective of the work is to evaluate the functionalised LDL-like orlistat loaded NPs, 

in terms of physicochemical properties and efficacy on cancer cell lines. 

The prepared LDL-like NPs were compared to other orlistat NPs formulation to evaluate the 

effect of peptide moiety on the overall behaviour of the formulation. 

SA1: Investigating the efficacy of the proposed click chemistry technique on the complete 

conjugation of the 11-mer peptide to the lipid moiety of the NPs. 

SA 2: Investigating the effect of the addition of the 11-mer peptide to the NPs surface on the 

particle size and surface charge. 

SA 3: Evaluation of the behaviour of our prepared formulation in culture media, prior to their 

use in cell work. This is evaluated in terms of albumin binding assay and particle size stability. 

SA 4: Evaluation of the efficacy of our proposed orlistat NPs LDL-like formulations as a 

targeted anti-cancer medicine. This is done through evaluation of cytotoxicity and cellular 

uptake on different breast cancer cell line. 



143 

 

5.3 MATERIALS AND METHODS 

5.3.1 Materials 

Orlistat (Merck life science, >98% purity), 1-palmitoyl-2-oleoyl phosphatidyl choline (POPC) 

(Merck life science, TLC >99% purity), DSPC ( Di stearoyl phosphatidylcholine) (Stratech 

scientific ltd., Avanti polar lipids > 99% purity, Figure 67 B), DSPE PEG 5000 

maleimide(Stratech scientific ltd., Avanti polar lipids > 99% purity Figure 67 A), Cholesterol 

(Stratech scientific ltd.,> 99% purity Figure 67 C), (ThermoFisher scientific, >97% purity), 

Sodium dodecyl sulfate (SDS) (Sigma Aldrich, ACS reagent 99% purity), (Sigma Aldrich, 

ACS reagent 99% purity) , Ellman’s reagent powder 5,5'-dithio-bis-(2-nitrobenzoic acid) 

(DTNB) (Fisher scientific ltd, at least 99% pure), pure ethanol (Sigma Aldrich, anhydrous pure 

>99.5%), 1-mercapto undecanol (Sigma Aldrich, 97% purity), culture medium Dulbecco's 

Modified Eagle Medium DMEM (VWR scientific ltd. Sterile filtered), phenol red free RPMI 

medium (ThermoFisher scientific, sterile filtered), Human serum albumin HSA (Merck life 

science, lyophilized powder, 97% purity agarose gel electrophoresis), 25-NBD cholesterol ( 

Scientific laboratory supplies ltd, Avanti polar lipids, <99% purity), Suramin (Sigma Aldrich 

>98% purity), breast cancer cell lines MCF-7, BT474 and MDA MB 453 (all supplied by 

American type culture collection (ATCC) Manassas VA, and stored in liquid nitrogen until 

used) were grown in DMEM (BT-474, MDA MB 453) or RPMI (MCF-7) with 2% bovine 

serum albumin (BSA) and 1% penicillin-streptomycin, and MilliQ® water. All other materials 

were of analytical grade and used as supplied, unless otherwise mentioned. 
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Figure 67 Chemical structure of employed lipids A) DSPE PEG 5000 maleimide, B) DSPC 

and C) cholesterol. 

5.3.2 Methods 

 Preparation of functionalised NPs 

Orlistat NPs were functionalised to resemble the structure of the LDL, using a mixture of 

phospholipids and cholesterol, together with 11-mer peptide that mimics the active site of the 

apoprotein B in structure. The purchased 11-Mer peptide was prepared with an amino acid 

sequence [NH2] CGGSRLTRKRGLKLA [COOH] (Cys-Gly-Gly-Ser-Arg-Leu-Thr-Arg-Lys-

Arg-Gly-Leu-Lys-Leu-Ala) (Biosynthesis® Inc USA).  

A 

B 

C 
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NPs were prepared using the straightforward solvent shift technique. Simply, ethanolic solution 

of the drug together with a mixture of the phospholipids (A-POPC or B-DSPC), Cholesterol 

and DSPE PEG 5000 maleimide peptide conjugate in a molar ratio 45:50:5 respectively (with 

a coat to core molar ratio 1: 1.6) were directly injected into water under stirring as mentioned 

before. 

Concerning DSPE PEG 500 maleimide peptide conjugate, it was prepared by simple click 

chemistry between the sulfhydryl group of the cysteine amino acid and the maleimide group 

of the lipid moiety. This is done through incubation of the 11-mer peptide together with DSPE 

PEG 5000 maleimide in phosphate buffer saline in a molar ratio 1:1 for 24 hours to ensure 

complete conjugation, followed incorporation of the conjugate into the NPs. Another method 

was adopted through incorporation of the peptide added into the anti-solvent aqueous PBS and 

the NPs were prepared as previously mentioned and incubated for 24 hours. The exact 

composition of the NPs formulations is shown in Table 6. 

The prepared conjugated NPs were tested for the particle size using DLS and TEM and for the 

surface charge and zeta potential as well. 

5.3.2.1.1 Ellman’s test for free sulfhydryl groups 

The efficiency of the peptide conjugation to the lipid moiety was confirmed using Ellman’s 

test for the free sulfhydryl groups. To prepare Ellman’s reagent, 1 mL of reaction buffer (0.1M 

sodium phosphate with 1 mM EDTA, pH 8.0) was added to 4 mg Ellman’s powder followed 

by vortexing for 1 minute at RT. Afterwards, 2.5 uL of 4 mg/mL Ellman’s reagent was added 

to 100 uL of sample of interest or buffer only as blank, the absorbance of the samples was 

measured using UV/Vis spectrophotometer at λmax 412 nm(169). The concentration of the free 

sulfhydryls was calculated using the extinction coefficient of E = 14150 M-1cm-1 (247). The 

test was carried out for 11-mercapto undecanol as a reference, the 11-mer peptide solution, 

DSPE PEG 5000 maleimide peptide conjugate, and the peptide functionalized orlistat NPs. 
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Table 6 Composition of various surface functionalised LDL NPs formulations. 

 

5.3.2.1.2 TEM imaging of NPs 

TEM images of NPs were captured using negative staining. Samples were prepared, stained 

using 2% uranyl acetate, fixed over carbon coated copper mesh grids. TEM imaging was done 

using FEI® Tecnai Biotwin transmission electron microscope (Eindhoven, The Netherlands, 

located at the NMRC facility University of Nottingham) at 100 KV, equipped with a camera 

Eagle 4K CCD (Eindhoven, The Netherlands), and TIA software (FEI®) (Eindhoven, The 

Netherlands).  

Formula code Lipid coat constituents Anti-solvent used 

A1 POPC 45% 

Cholesterol 50% 

DSPE PEG (5000) maleimide 5% 

MilliQ water 

A2 POPC 45% 

Cholesterol 50% 

DSPE PEG (5000) maleimide 5 

3 mM sodium dodecyl 

sulfate SDS in MilliQ water 

A3 POPC 45% 

Cholesterol 50% 

DSPE PEG (5000) maleimide 5 

2% Tween 80 

B1 DSPC 45% 

Cholesterol 50% 

DSPE PEG (5000) maleimide 5 

MilliQ water 

B2 DSPC 45% 

Cholesterol 50% 

DSPE PEG (5000) maleimide 5 

3 mM sodium dodecyl 

sulfate SDS in MilliQ water 

B3 DSPC 45% 

Cholesterol 50% 

DSPE PEG (5000) maleimide 5 

2 % Tween 80 
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 Investigation the effect culture medium on POPC coated orlistat NPs 

POPC coated orlistat NPs were prepared either in MilliQ® water and diluted with culture 

medium (DMEM) or prepared directly in the culture medium (DMEM). The purpose of this 

study is to have an idea about the stability of the prepared NPs in culture medium in terms of 

particle size and surface charge (Zeta potential). Preparation of the NPs was done through 

nanoprecipitation technique using the rapid solvent shift technique as mentioned before. 

Briefly, POPC together with orlistat was dissolved in ethanol at core to coat molar ratio, of 

(2:1), and initial concentration of orlistat of 40 mM. Then NPs were prepared through injecting 

0.5 ml of each ethanolic solution into 4.5 ml of MilliQ® water containing 3 mM  SDS or 4.5 of 

DMEM, using eVol™ syringe injector. For the POPC coated orlistat NPs prepared in water, 

they were further diluted into culture medium DMEM to get final concentrations of (1.4, 0.8, 

0.4, 0.2, 0.04 mM) respectively. 

All the prepared nanoparticle dispersions are subjected immediately to particle size and zeta 

potential analysis. This was done through pipetting 1 ml of each dispersion of different 

concentration into either cuvette (for particle size) or zeta cell (for zeta potential), followed by 

running the analysis at 25ºC, auto-attenuator and wavelength 600 nm. 

 Investigation of orlistat binding to albumin 

Binding of orlistat to albumin was studied to investigate the effect of albumin in culture 

medium on binding to orlistat, which may affect the behaviour of cellular uptake, this would 

give us further understanding for the behaviour of orlistat when we carry out cell studies(248–

250). 

Orlistat binding assay was carried out through a fluorescent quenching technique using 

Fluorescence spectrophotometer, (Agilent® Cary eclipse fluorescence spectrophotometer, 

USA). First of all, the fluorescence spectrum of human serum albumin (HSA) was studied 

through scanning a sample of 1.5 μM HSA prepared in PBS (pH 7.4), Fluorescence spectra 
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were recorded in the range of 300 - 600 nm after excitation at 280 nm and the bandwidth for 

measuring emission was 5 nm(170). Afterwards 20 uL of stock orlistat ethanolic solution 

(prepared in stock of 1 mM) were added to the HSA solution, with the final concentration of 

drug kept in range of 20 to 100 μM (20, 40, 60 100 μM). The fluorescence emission spectra of 

HSA in the absence and presence of increasing amounts of orlistat were recorded, all data were 

the average of three scans ±SD. Regarding the quenching effect of ethanol, it is widely studied 

in literature and the result indicated that there is almost no effect of ethanol on the 

interaction(251). 

The data were analysed by the Stern–Volmer equation(171) 

𝑭𝟎

𝑭
= 𝟏 + 𝑲𝒒𝝉𝟎[𝑸] = 𝟏 +  𝑲𝑺𝑽[𝑸]  Equation 21 Stern-Volmer equation 

where F0 and F are the steady-state fluorescence intensities in the absence and presence of 

quencher (orlistat), respectively 

Kq the bimolecular quenching rate constant,  

τ0 the lifetime of fluorescence in absence of quencher, 

KSV the Stern–Volmer quenching constant,  

[Q] the concentration of quencher.  

Hence the above equation could be applied to determine KSV by linear regression of a plot of 

F0/F against [Q]. 

 Cytotoxicity assay of NPs Formulations 

Three different breast cancer cell lines were used for the cytotoxicity assay, BT-474, MDA 

MB453 and MCF-7 respectively, this was in order to have a wide range of data across different 

breast cancer cell lines which will be discussed in the results section. 

For the cell growth MCF-7 cell line was grown in phenol red free RPMI medium, while for the 

other 2 cell lines (BT-474 and MDA MB 453), they were grown in DMEM culture media. 
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After proliferation, cells of each cell line separately were seeded in a 384 well plate, at 1000 

cells per well in their cells regular medium. Afterwards, cells were incubated at 37ºC, and 5% 

CO2. 

For the cytotoxicity assay, formulations (orlistat in ethanol, POPC coated orlistat NPs in PBS, 

peptide coated Triolein NPs in PBS and Peptide coated orlistat NPs in PBS all prepared at 

concentration of 200 µM, and the 2 solvents employed ethanol and PBS) were added separately 

at required concentrations (6 replicates per concentration), using a 1:2 serial dilution in culture 

media (100 µM, 50 µM, 25 µM, 12.5 µM, 6.25 µM, 3.125 µM, 1.6 µM, 0.8 µM, 0.4 µM and 

0.2 µM). Then cells were incubated at 37 ºC, 5% CO2 for 48 hours. 

After the 48 hours, cells were inspected under the microscope, where none of the wells should 

be over confluent. Afterwards, 5 µl of Presto Blue was added to each well separately, followed 

by incubating the plates in the incubator for 1 hour at 37 ºC, and 5% CO2. 

The cytotoxicity was assayed by measuring the fluorescence using Presto Blue settings 

(Emission wavelength of 535 nm, Excitation wavelength: 615 nm) using Fluostar® Omega 

plate reader spectrofluorometry (BMG Labtech, Germany). Data was analysed for the IC50 and 

for the cell viability curves using GraphPad Prism® software, and expressed as mean of the 6 

replicates ± SD. 

 Cellular uptake study 

The cellular uptake was done through fluorescence imaging of the fluorescent labelled NPs 

formulation in the 3 different breast cancer cell line (MCF-7, BT-474, and MDA MB 453). 

 

5.3.2.5.1 Fluorescence labelling of the NPs formulations 

Fluorescent labelling of our NP formulations was done through incorporation of an intrinsic 

fluorescent cholesterol, 25-NBD cholesterol, into the structure of the NPs during their 

preparation. Two distinctive formulations (F1 and F2) were prepared for comparison reasons, 
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the first one (F1) is lipid coated ORL NPs with no peptide incorporated, while the second one 

(F2) is the LDL-like ORL NPs with the 11-mer peptide moiety. Both formulations contain an 

amount of 25-NBD cholesterol equals to 10% of the total cholesterol mass in each formulation 

and prepared by rapid solvent shift technique as described before with final ORL concentration 

of 400 µM. It is worth mentioning that for the lipid coated ORL NPs with no peptide 

incorporated, the structure of the lipid coat included POPC and cholesterol in a molar ratio of 

1:1, with a core (ORL) to coat molar ratio of 2:1. 

5.3.2.5.2 Fluorescent imaging for cellular uptake 

The three cell lines were grown in culture media as descried before, and then were seeded 

separately in 24 well plates, at cell density of 1x105 cells/well, and incubated at 37ºC, and 5% 

CO2. 

Afterwards cells were washed with PBS three times and were treated separately with both 

formulations previously mentioned, after being diluted to desired concentrations using the 

corresponding culture medium. Two different concentrations of both formulations were used 

for each cell type, the first one is 100 µM and the other one the calculated IC50 of the LDL-like 

ORL NPs from the cytotoxicity assay for each cell line (8 µM, 40 µM, and 65 µM for MCF-7, 

BT-474 and MDA MB 453 respectively). Each of the 2 formulations were added to the cells in 

6 replicates for both concentrations. Afterwards cells were incubated at 37 ºC, and 5% CO2 for 

the desired time intervals. Cellular uptake was evaluated at time intervals of 1 hr, 2 hrs, 4 hrs, 

8 hrs and 24 hrs using fluorescent microscope (EVOS M5000 Imaging System, ThermoFisher 

Scientific, USA). 

Afterwards images obtained were evaluated using ImageJ® photo editor package to determine 

the fluorescence peaks and the mean fluorescence intensity of each image as densitogram. 
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5.3.2.5.3 Cellular uptake mechanism 

Investigation of the cellular uptake of our novel LDL-Like NPs through LDLR was done 

through the use of LDLR blocker Suramin(136,252). The cellular uptake mechanism was 

investigated through treating the three breast cancer cell lines with the two previously 

mentioned formulations (F1, F2) at 100 µM ORL concentration in two groups, the treatment 

group and control group. The treatment group involved the treatment of the three cell lines 

separately with 10 mM Suramin PBS solution for 1 hours, followed by washing the cells and 

addition of the formulations (either F1 or F2), while the control group included the use of the 

formulations (either F1 or F2) without treatment with the blocker Suramin. The cellular uptake 

was evaluated as previously mentioned and the Intensity of the fluorescence was evaluated 

using ImageJ®. 

 Statistical analysis 

Statistical analysis for the results was done to determine the significance differences between 

samples. Two-way ANOVA test was utilised using GraphPad Prism® software. 

  



152 

 

5.4 RESULTS AND DISCUSSION 

5.4.1 Functionalised LDL-like Orlistat NPs 

Solvent shift technique(112) was adopted to prepare LDL like NPs, the structure of which will 

resemble the natural LDL. The suggested structure of the LDL-like NPs is shown in Figure 

68. Simply it consists of a core formed of the drug orlistat, coated with a layer of lipids, at a 

core to coat ratio of (1.6:1). The coating layer consists of a mixture of Cholesterol and 

phospholipids (either DSPC or POPC) and PEGylated phospholipid (DSPE PEG 5000 

maleimide) to which the peptide moiety is attached to resemble the apoprotein moiety in LDL, 

the lipid ratio is (50:45:5) respectively. The PEGylation of the NPs using PEG-phospholipids 

will help the formulation to avoid being recognised by the reticuloendothelial system (RES) in 

vivo, and hence enhancing its bioavailability by avoiding clearance of NPs in blood 

stream(253).  

Figure 68 Structure of LDL-like NPs 

Core (Orlistat) 

Phospholipid (POPC or DSPC) 

Cholesterol 

DSPE PEG 5000 maleimide 

11-mer peptide 
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 11-Mer peptide evaluation 

The peptide moiety that was chosen to be added to the NPs formulation is an 11-mer peptide 

that resembles the active moiety of Apoprotein B structure, which is responsible for attachment 

to the LDL receptors(254,255). The 11-mer peptide is significantly small in size compared to 

the apoprotein structure, and hence is expected to help us control the size of the prepared LDL-

like NPs. The 11-mer peptide structure is [NH2] CGGSRLTRKRGLKLA [COOH] (Cys-Gly-

Gly-Ser-Arg-Leu-Thr-Arg-Lys-Arg-Gly-Leu-Lys-Leu-Ala), with a cysteine moiety found on 

the N terminus of the peptide, which will be attached to the maleimide group in the lipid coat 

by click chemistry. The supplied 11-mer peptide was of molecular weight = 1615 as confirmed 

by Mass spectroscopy (Figure 69A) and was of high purity > 97% as confirmed by HPLC 

analysis certificate from the supplier (Figure 69 B).  

 

A 
B 

Figure 69 11-mer peptide analysis certificate, A) Mass spectroscopy showing molecular weight, B) 

HPLC assay showing purity. 
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 Evaluation of efficiency of conjugation (Ellman’s test) 

The efficiency of click chemistry employed for attaching the peptide to the phospholipid 

moiety was assayed using Ellman’s assay(169). The assay was done to show the percentage of 

free sulfhydryl groups in each formulation. The lower the free sulfhydryl groups content, the 

higher is the degree of conjugation. As shown in Table 7, the percentage of free sulfhydryl 

groups in our DSPE PEG 5000 peptide conjugate was found to be at minimal level of 0.6%, 

compared to the free peptide (>60%) and to 11-mercapto undecanol as reference (>80%). This 

was as well confirmed after incorporation of the conjugate into LDL-like NPs with either POPC 

or DSPC, where the free sulfhydryl was no more that 0.7%.This results emphasize the success 

of our click chemistry for the lipid-peptide conjugation, as it resulted in conjugation of most of 

the sulfhydryl groups of the cysteine moiety of the peptide with the DSPE PEG 5000 lipid 

moiety, which will reassure coating of our NPs with a peptide moiety on its surface thereafter. 

Table 7 percentage free sulfhydryl groups determined by Ellman's assay 

Formulation 

Concentration 

(mM) 

Concentration of free SH 

(mM) in 0.1mM sample 

% Free sulfhydryl 

groups 

11 mercapto undecanol 

(reference) 

0.072226148 0.0722 80% 

Peptide solution  0.057809187 0.0578 60% 

DSPE PEG 5000 peptide 

conjugate  

0.001034483 0.00051 0.6% 

POPC coated peptide NPs 0.006289753 0.00063 0.7% 

DSPC coated peptide NPs  0.006784452 0.00068 0.7% 
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5.4.2 Effect of peptide coating on the NPs characteristics 

Preliminary investigation of particle size and surface charge of the prepared LDL-like NPs was 

done to explore the effect of peptide coating on the overall size and surface charge of the NPs. 

Figure 70 illustrates the particle size distribution of the peptide coated orlistat NPs prepared 

with two lipids either POPC or DSPC as mentioned before (Table 6) and prepared in 3 different 

media either water, 2% tween 80 or 3 mM SDS, in comparison to the particle size distribution 

of the uncoated orlistat NPs and the POPC coated orlistat NPs. 

Concerning the particle size (Figure 70), peptide coating did not show any significant increase 

of size compared to that without peptide coating at any of the employed media. However, 

peptide coating of orlistat in presence of POPC resulted in apparent size reduction compared 

to those formulations without peptide coating and to that with DSPC as the incorporated 

phospholipid. This could be attributed to the presence of cholesterol as lipid in the structure of 

the final peptide coating, which may result in proper and intact coating around the precipitated 

orlistat and prevents it from further growth in size. Additionally, presence of the PEG moiety 

which confers a steric hindrance against aggregation and the small size of the 11-mer peptide 

employed will help in further avoidance of condensation or size increase as well. For the POPC, 

being an unsaturated phospholipid compared to DSPC which is saturated phospholipid, it is 

suggested that its structure gives a steric resilience(256), which may help in proper coating of 

the particles and hence preventing the condensation. 

Figure 71 shows the TEM of the peptide coated POPC orlistat NPs at final orlistat 

concentration of 2mM. As shown by TEM images (Figure 71) the morphology of the prepared 

particles was not affected, peptide coated particles were roughly spherical with average particle 

size of 35 nm as counted by Image J®. 
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Figure 70 Particle size analysis of LDL like orlistat NPs (containing either POPC or DSPC 

in the lipid layer) compared to the POPC coated orlistat NPs and the uncoated orlistat 

NPs in 3 different media (water, 3mM SDS and 2% tween 80), measured directly after 

preparation, n=3 ± SD. 

 

Figure 71 TEM images of LDL-Like orlistat NPs with final orlistat concentration 2 mM. 
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Figure 72 demonstrates the surface charge expressed as the zeta potential (mV) of the peptide 

coated orlistat NPs, prepared in 3 different media either water, 2% tween 80 or 3 mM SDS, in 

comparison to the particle size distribution of the uncoated orlistat NPs and the POPC coated 

orlistat NPs. 

Concerning the surface charge, as shown in Figure 72, the addition of the peptide which is rich 

in arginine (positively charged amino acid) greatly affect the overall surface charge, shifting 

the zeta potential form the negative to the positive side, especially for NPs prepared in water 

or in tween 80, this could remarkably affect the surface stability and may result in particles 

aggregations with time. However, in presence of SDS as stabiliser, being an anionic surfactant, 

the NPs formulation showed a negative zeta potential which could be beneficial in stabilising 

the particles against aggregations. 

 

Figure 72 surface charge LDL like orlistat NPs (containing either POPC or DSPC in the 

lipid layer) compared to the POPC coated orlistat NPs and the uncoated orlistat NPs in 3 

different media (water, 3mM SDS and 2% tween 80), n=3 ±SD. 
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5.4.3 Investigation the effect culture medium on POPC coated orlistat NPs 

Preliminary investigation of particle size and surface charge of the prepared POPC coated 

orlistat NPs in basic culture medium DMEM was done, in order to explore the effect of addition 

of the particles in culture medium on the overall size and surface charge of the NPs, which will 

be further included in our cell work. 

 Particle size 

Figure 73 and Figure 74 illustrate the particle size distribution (z-average size and volume 

size respectively) of the POPC coated orlistat NPs (4 mM orlistat and ratio core to coat 2:1) 

prepared either in fresh medium DMEM, or in MilliQ water followed by dilution in culture 

medium, in comparison to the POPC coated orlistat NPs prepared in 3 mM SDS. 

As shown in Figure 73 and Figure 74, preparation of the orlistat NPs in DMEM resulted in 

an increase in the z-average and volume particle size distribution compared to the formulation 

prepared in 3 mM SDS. This may be due to the presence of proteins and other constituents in 

DMEM which enhanced the condensation of the NPs during the preparation process.  

Nonetheless, diluting the NPs formulation in DMEM did not significantly affect the particle 

size of the NPs formulation, where the presence of coating material on the NPs will prevent 

any further condensation that may occur when the formulation is incorporated into the culture 

medium DMEM. Additionally at higher dilution volume size of the NPs was reduced 

significantly, which may be due to the further fractionation and disaggregation of any 

condensed particles by dilution. 

This stability of our NPs formulation upon dilution in culture medium suggests that our method 

of NPs formulation was successful in keeping its physical size and structure in different media 

and can be further used for cell culture studies. 
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Figure 73 Z-average particle size distribution of POPC coated orlistat NPs (4 mM orlistat 

and 2:1 core to coat) prepared in water and DMEM, comparted to the particles size of 

POPC coated orlistat NPs prepared in water and diluted with DMEM at concentrations 

(1.4, 0.8, 0.4, 0.2, and 0.04 mM). A) XY scatter, B) Bar chart, n=3 ±SD. 
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Figure 74 Volume particle size distribution of POPC coated orlistat NPs (4 mM orlistat 

and 2:1 core to coat) prepared in water and DMEM, comparted to the particles size of 

POPC coated orlistat NPs prepared in water and diluted with DMEM at concentrations 

(1.40, 0.8, 0.4, 0.2, and 0.04 mM). A) XY scatter, B) Bar chart, n=3 ±SD. 
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 Zeta Potential 

Figure 75 demonstrates the surface charge expressed as the zeta potential (mV) of the freshly 

prepared POPC coated orlistat NPs (4 mM orlistat and ratio core to coat 2:1) prepared either in 

fresh medium DMEM, or in MilliQ water followed by dilution in culture medium, in 

comparison to the POPC coated orlistat NPs prepared in 3 mM SDS. 

Concerning the surface charge, as shown in Figure 75, preparation of the orlistat NPs in 

DMEM resulted in significant shift of the zeta potential towards the positive side compared to 

the formulation prepared in 3mM SDS with zeta potential shifting to -5 mV instead of -65 mV. 

This may be due to the presence of proteins in DMEM which are rich in positively charged 

amino acids, those proteins could result in this shift in the surface charge, and hence reducing 

the surface stability.  

Yet, diluting the NPs formulation in DMEM did not significantly affect the zeta potential of 

the NPs formulation (Figure 75B) compared to the formulation prepared in 3mM SDS with a 

decrease in average zeta potential to the range between -6 to -18 mV.  

Although Coating of the NPs will prevent any further interactions from the proteins of the 

medium on the surface of the prepared NPs that may occur during the preparation process, 

however it could not prevent the interaction of those proteins to the NPs surface when the 

formulation is incorporated into the culture medium DMEM(257). However, this would have 

a minimal effect on our cell studies. 
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Figure 75 Zeta potential (mV) of POPC coated orlistat NPs (4 mM orlistat and 2:1 core 

to coat) prepared in water and DMEM shown on secondary axis, comparted to the 

particles size of POPC coated orlistat NPs prepared in water and diluted with DMEM at 

concentrations (1.40, 0.8, 0.4, 0.2, and 0.04 mM) showed on primary axis. A) XY scatter, 

B) Bar chart, n=3 ±SD. 
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5.4.4 Investigation of orlistat binding to albumin 

Fluorescence quenching for a particular substance is defined as the decrease in the fluorescence 

intensity of the substance in presence of another molecule. This may be caused by several 

molecular interactions including excited-state reactions, molecular rearrangements energy 

transfer, ground-state complex formation and collisional quenching. The quenching effect of 

orlistat on the fluorescence of human serum albumin (HSA) was studied to understand the 

possible interaction between our drug of investigation and albumin, the latter is a normal 

constituent of human blood and a common additive in most cell culture media. 

Figure 76 shows the fluorescence pattern of HSA at excitation wavelength of 280 nm and an 

emission wavelength of 330 nm. The quenching of fluorescence intensity of HSA by addition 

of orlistat is shown as well (Figure 76), when the concentration of HSA was stabilized at 

1.5×10−6 mol L−1, while the content of orlistat (ORL) varied from 0 to 100×10−6 mol L−1 at an 

interval of 20×10−6 mol L−1.  

The figure shows a minimum quenching effect caused by increasing concentration of orlistat 

on the HSA fluorescence. The emission fluorescence intensity of HSA did not significantly 

decreases with increasing orlistat concentration, while the emission maximum did not move to 

shorter or longer wavelength. The results indicates that orlistat (ORL) has minimal interaction 

with HSA, with no alteration in the local dielectric environment of HSA (Figure 76). 

The quantitative analysis of the effect of orlistat concentration on the fluorescence intensity of 

HSA was further studied using Stern Volmer equation and was represented in Figure 77, which 

shows a linear relation with a slope of KSV, the calculated value of KSV and other parameters 

are shown in Table 8. 

The value of quenching constant (KSV) from Stern–Volmer plots (Figure 77, Table 8) 

emphasised the absence of fluorescence quenching caused by increasing orlistat ORL 

concentration. The data demonstrated that the value of the Stern–Volmer quenching constant 
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KSV was low enough to indicate that the fluorescent quantum yield of HSA did not 

decrease(258), and that there is minimal binding between HSA and ORL in stable state. 

 

 

Figure 76 Fluorescence quenching assay of HSA, A) a diagram showing the concept of 

fluorescence quenching, B) Fluorescence spectra of HSA, measured at zero time, alone 

and in the presence of various concentrations of orlistat (ORL), at temperature T = 298 

K, excitation wavelength = 280 nm, concentration of HSA 1.5×10−6 mol L−1 (1.5 µM), and 

at increasing concentration of orlistat (20, 40, 60 and 100 µM). 
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Figure 77 Stern–Volmer plots for the quenching of HSA by ORL at pH 7.4. 

 

Table 8 Stern–Volmer quenching constants for the interaction of ORL with HSA at pH 

7.4 and room temperature. 

pH T KSV (x 104 M-1) Kb (x 104 M-1) R2 n 

7.4 298 -0.0976 0.0000518 0.8982 -0.063 

 

For more understanding of the binding between orlistat and the sites on HSA, the equilibrium 

between free and bound molecules is given by the following equation (259)  

𝐥𝐨𝐠(
𝑭𝟎−𝑭

𝑭
) =  𝐥𝐨𝐠 𝑲𝒃 + 𝒏 𝐥𝐨𝐠[𝑸] Equation 22 binding constant equation 

where Kb is the observed binding constant to a site, and n is the number of binding sites per 

HSA. The dependence of log (F0/F−1) on the value of concentrations of ORL expressed as 

log [Q] is linear with the slope equal to the value of n and log Kb is fixed on the ordinate. 
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Figure 78 is the plot of log (F0/F−1) versus log [Q] for the ORL–HSA system. The binding 

constants Kb and binding sites n were listed in Table 9. The results showed that the binding 

constants Kb indicates minimal binding between the HSA and orlistat, with no binding sites. 

Table 9 Stern–Volmer binding constants for the interaction of ORL with HSA at pH 7.4 

and room temperature. 

Log Kb -0.285 

n -0.063 

Kb (x 104 M-1) 0.0000518 

 

 

Figure 78 Double-log plots of ORL quenching effect on HSA fluorescence at pH 7.4. 

 

5.4.5 Investigation of the cytotoxicity of orlistat formulations 

Different cell lines were used to study the effect of our formulations as a function of variables, 

including the cell type, the FASN overexpression and LDLR-overexpression. 
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In our study three cell lines were chosen representing a wide range of breast cancerous tissue, 

MCF-7 as an example for hormonal Luminal A cell line, BT-474 as an example for Basal 

Luminal B cell line, and finally MDA MB-453 as an example for HER2 positive cell line (260). 

In terms of FASN expression, it is well reported that the FASN is overexpressed in breast 

cancer tissues compared to the normal human tissues as previously discussed. In the case of 

breast cancer, the mechanism of FASN overexpression in cell lines remains unclear, but still 

there is growing evidence on FASN enhanced overexpression in ER+ cell lines(261). 

Concerning the LDLR, it was clearly found that tumour tissues mainly consume much 

cholesterol through indulging LDL(262). In case of breast cancer cell lines, the LDLR are 

expressed in most of the available cell lines but with a variable extent(263) this depends mainly 

on the type of the cell line and its proliferation rate.  

 In MCF-7 cell lines 

MCF-7, a double positive HER-2 negative cell line which is overly sensitive to orlistat due to 

the over expression of FASN (264,265). It is as well expected to have LDLR responsible for 

cholesterol uptake from circulating LDLs(266). Thus, MCF-7 is expected to show high 

sensitivity toward our LDL-like ORL NPs. 

Figure 79 shows the survival curve of MCF-7 cell line after being treated with the peptide 

coated LDL-like ORL NPs compared to that of POPC coated orlistat NPs. As shown in figure, 

MCF-7 cell line shows high sensitivity towards ORL, with less than 20% cell survival after 48 

hours from treatment with any of the two formulations at concentrations 25 µM and above. The 

effect of peptide coating on the survival rate of MCF-7 was not prominent, due to the over 

expression of FASN enzyme and the high sensitivity to ORL. After 48 hours of treatment, it is 

expected that both used formulation will be concentrated in the cells, resulting in decrease in 

percentage of cellular survival. Hence, the uptake study will give us a deeper understanding to 
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the effect of peptide coating on MCF-7 cell lines and the rate of diffusion of both formulations, 

this will be discussed later. 

The toxicity of the utilised peptide coating on MCF-7 was studied to ensure that the toxicity 

profile discussed was mainly due to the effect of ORL on the cells. This was done using LDL-

like peptide coated Triolein NPs as a control. Triolein is a GRAS material with an expected no 

cytotoxic effect on any cell line. Figure 80 illustrates the comparison of survival rate curves 

of MCF-7 between the peptide coated ORL NPs and the vehicle as a negative control, expressed 

as peptide coated triolein NPs. The results emphasised that the effect on the cells was mainly 

due to the encapsulated orlistat, with our peptide coating barely affecting the survival profile 

of MCF-7 cell line following 48 hours treatment, even at the maximum concentrations used. 
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Figure 79 cell survival curve for cytotoxicity assay (48 hrs) of 2 formulations, Peptide 

coated ORL NPs and POPC coated ORL NPs, in MCF-7 breast cancer cell line, n=6 ±SD. 
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Figure 80 cell survival curve for cytotoxicity assay of 2 formulations, Peptide coated ORL 

NPs and Peptide coated triolein TO NPs as a negative control, in MCF-7 breast cancer 

cell line, n=6 ±SD. 

Orlistat by itself was studied as a positive control, however, being very hydrophobic, orlistat 

was prepared in pure ethanol. Orlistat was dissolved in pure ethanol at concentration of 200 

µM, followed by serial dilution in culture medium as mentioned before. Similarly, ethanol (the 

vehicle) was used as negative control and was diluted in culture media with the same dilution 

factors. Figure 81 shows the cytotoxicity profile of orlistat ethanolic solution on MCF-7 cell 

line compared to that of the vehicle ethanol. After 48 hours incubations, orlistat shows similar 

toxicity profile on MCF-7 comparable to our prepared formulations, regardless of the toxicity 

of the vehicle ethanol. 

In conclusion, due to the over expression of FASN, it is expected that after 48 of incubation of 

any of the formulations with MCF-7, orlistat will be indulged by passive or active cellular 

transport, resulting in massive cell death. 
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Figure 81 cell survival curve for cytotoxicity assay of ORL ethanolic solution as positive 

control compared to the vehicle Ethanol, in MCF-7 breast cancer cell line, n=6 ±SD. 

 

 In BT-474 cell lines 

BT-474 is a triple positive cell line, which is as well sensitive to orlistat duet to over expression 

of FASN(267), as well they are expressing the LDLR (262). 

Figure 82 shows the survival curve of BT-474 cell lines after being treated with the peptide 

coated LDL-like ORL NPs compared to that of POPC coated orlistat NPs. As shown in the 

figure, BT-474 cell line shows high sensitivity towards ORL, with less than 40% cell survival 

after 48 hours from treatment with any of the two formulations at concentrations 25 µM and 

above. There was a significant effect of the peptide coating on the survival rate of BT-474 

shown at the higher concentration of 50 and 100µM, where the percentage survival dropped to 

20% in case of the peptide coated formulation compared to the 40% in those without peptide 

coating. This could be due to the higher uptake of the peptide coated formulation by the cells 

compared to that without the peptide coating. 
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Moreover, the toxicity of the utilised peptide coating on BT-474 was studied to ensure that the 

toxicity profile discussed was mainly due to the effect of ORL on the cells. Figure 83 illustrates 

the comparison of survival rate curves of BT-474, between the peptide coated ORL NPs and 

the vehicle as a negative control, expressed as peptide coated triolein NPs. The results 

emphasised that the effect on the cells was mainly due to the encapsulated orlistat, with our 

peptide coating sparsely affecting the survival profile of BT-474 cell line following 48 hours 

treatment, even at the maximum concentrations used. 
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Figure 82 cell survival curve for cytotoxicity assay of 2 formulations, Peptide coated ORL 

NPs and POPC coated ORL NPs, in BT-474 breast cancer cell line, n=6 ±SD. 



172 

 

0.1 1 10 100 1000
0

20

40

60

80

100

120

Concentration μM

%
 s

u
rv

iv
a
l 

B
T

 4
7

4

Peptide coated orlistat NPs

Peptide coated Trioelin NPs
 

Figure 83 cell survival curve for cytotoxicity assay of 2 formulations, Peptide coated ORL 

NPs and Peptide coated triolein TO NPs as a negative control, in BT-474 breast cancer 

cell line, n=6 ±SD. 

 

Additionally, orlistat by itself was studied as a positive control as mentioned before. Figure 84 

shows the cytotoxicity profile of orlistat ethanolic solution on BT-474 cell lines compared to 

that of the vehicle ethanol. After 48 hours incubations, orlistat shows a toxicity profile on BT-

474 comparable to our prepared formulations, however this effect in this case was mainly due 

to the vehicle ethanol. 

In conclusion, due to the over expression of FASN and the upregulation of LDLR, it is expected 

that after 48 of incubation of any of the formulations with BT-474, orlistat will be indulged 

mainly by the receptor mediated cellular transport especially at higher concentrations of the 

formulations, resulting in a difference in the cytotoxicity profile between the LDL-like NPs 

and the POPC coated NPs. 



173 

 

0.1 1 10 100 1000
0

20

40

60

80

100

120

Concentration μM

%
 s

u
rv

iv
a
l 

B
T

 4
7

4

orlistat ethanolic solution

Ethanol
 

Figure 84 cell survival curve for cytotoxicity assay of ORL ethanolic solution as positive 

control compared to the vehicle Ethanol, in BT-474 breast cancer cell line, n=6 ±SD.  

 

 In MDA MB-453 cell lines 

MDA MB-453 cell lines are a triple negative cell lines, they are with lower orlistat sensitivity 

compared to the previous cell lines, mainly due to the low expression of FASN (263). However, 

they are overexpressing prominent levels of LDLR (268–270), which is interesting to study the 

effect of LDLR mediated uptake on the cytotoxicity profiles of this cell line. 

Figure 85 shows the survival curve of MDA MB 453 cell lines after being treated with the 

peptide coated LDL-like ORL NPs compared to that of POPC coated orlistat NPs. MDA MB 

453 cell lines are considered of low sensitivity towards ORL as mentioned before, hence in 

Figure 85, the POPC coated orlistat NPs showed a low cytotoxic effect on the cell line, with 

no more than 50% cell death after 48 hours, even at the highest concentration. However, there 

was significant effect of peptide coating on the survival rate of MDA MB 453 shown at all 

employed concentrations, where the percentage survival was significantly dropping in case of 
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the peptide coated formulation compared to that without peptide coating. This could be an 

indication of the effect of the LDLR mediated uptake of the LDL-like NPs, which resulted in 

higher uptake of the peptide coated formulation by the cells compared to that without the 

peptide coating, and thus an increase in the intracellular concentration of the drug that could 

enhance the rate of cell death. 

Furthermore, the toxicity of the utilised peptide coating on MDA MB 453 was studied to ensure 

that the toxicity profile discussed was mainly due to the effect of ORL on the cells. Figure 86 

illustrates the comparison of survival rate curves of MDA MB 453, between the peptide coated 

ORL NPs and the vehicle as a negative control, expressed as peptide coated triolein NPs. The 

results emphasised that the effect on the cells was due to the encapsulated orlistat, with our 

peptide coating has a minimum effect on the survival profile of MDA MB 453 cell line 

following 48 hours treatment, especially at the maximum concentrations used. 
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Figure 85 cell survival curve for cytotoxicity assay of 2 formulations, Peptide coated ORL 

NPs and POPC coated ORL NPs, in MDA MB-453 breast cancer cell line, n=6 ±SD. 
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Figure 86 cell survival curve for cytotoxicity assay of 2 formulations, Peptide coated ORL 

NPs and Peptide coated triolein TO NPs as a negative control, in MDA MB-453 breast 

cancer cell line, n=6 ±SD. 

As mentioned before, orlistat by itself was studied as a positive control. Figure 87 shows the 

cytotoxicity profile of orlistat ethanolic solution on MDA MB 453 cell lines compared to that 

of the vehicle ethanol. After 48 hours incubations, orlistat shows a toxicity profile on MDA 

MB 453, however this effect in this case was mainly due to the vehicle ethanol. 

In conclusion, due to the upregulation of LDLR, it is expected that after 48 of incubation of 

any of the formulations with MDA MB 453, orlistat will be indulged by the receptor mediated 

cellular transport, resulting in a difference in an enhanced cytotoxicity profile in case of the 

peptide coated NPs compared to that without the peptide coating. 
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Figure 87 cell survival curve for cytotoxicity assay of ORL ethanolic solution as positive 

control compared to the vehicle Ethanol, in MDA MB-453 breast cancer cell line, n=6 

±SD. 

 

 IC50 between cell lines 

To sum up, in terms of FASN expression it is reported that its overexpression increases between 

the different cell lines in order MCF7> BT-474> MDA MB453. While the LDLR over 

expression is increasing from MDA MB 453>BT-474~MCF. This is further emphasized by the 

comparison of the effect of the peptide coated orlistat NPs on the three cell lines as shown in 

Figure 88. The effect of cell death in ORL sensitive cell line, as in case of MCF-7 and BT-

474, was prominent compared to that of lower sensitivity of ORL. However, the higher uptake 

of LDL-like NPs in MDA MB 453 with higher expression of LDLR, resulted in comparable 

concentration dependant cytotoxicity profiles as shown in the Figure 88. 
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Figure 88 Comparison between the survival rate curves for the cytotoxicity assay of 

Peptide coated orlistat ORL NPs, in 3 different breast cancer cell lines, n=6 ±SD. 

 

The cytotoxicity of the utilised formulations was studied in terms of the inhibitory 

concentration (IC50) on the three cell lines. Figure 89 demonstrates the (IC50) of the peptide 

coated LDL-like ORL NPs compared to that of the POPC coated ORL NPs in the 3 different 

cell lines used. 

As clearly expressed in the figure, the inhibitory concentration (IC50) for the peptide coated 

LDL-like ORL NPs was found to be around 24, 8, and 25 µM for the BT-474, MCF-7 and 

MDA MB 453 cell lines respectively. On the other hand, the IC50 for the formulation without 

peptide coating (POPC coated ORL NPs) was found to be 38, 8, and 66 µM for the BT-474, 

MCF-7 and MDA MB 453 cell lines respectively. There was a statistically significant 

difference between the two formulations at P value <0.0001, and on all the employed cell lines, 

with a significant decrease in (IC50) in case of peptide coating compared to the other 
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formulation. This indicates the higher efficacy of the proposed LDL-like NPs on inhibiting 

cancerous cellular growth, which is explained by the enhanced uptake of the prepared NPs, 

which will be discussed in the following section. The effect of LDL-like NPs was prominent 

and of great interest in MDA MB 453 higly resistant,triple negative cell lines, this could be 

prominsing in controlling resistant breast cancer (206,269). 
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Figure 89 Comparison between the inhibitory concentrations (IC50) of 2 different 

formulations, POPC coated ORL NPs and Peptide coated ORL NPs respectively, on the 

3 utilised breast cancer cell lines, BT-474, MCF-7 and MDA MB-453. **** Statistically 

significant difference at P value < 0.0001, n=6 ±SD. 

 

5.4.6 Investigation of cellular uptake  

Cellular uptake study was carried out on three breast cancer cell lines, to investigate the 

difference in the rate of cellular uptake between the POPC coated NPs (F1) and the novel 

peptide functionalised LDL-like orlistat NPs (F2). Figure 90 to Figure 92 (A) illustrate the 

fluorescent imaging of the three breast cancer cell lines BT-474, MCF-7 and MDA MB 453 
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respectively, taken after specific time intervals (1, 2, 4, 8 and 24 hours) following the treatment 

of the cells with either of the 2 formulations F1 or F2 at 2 different concentrations each. 

Results in the Figure 90 to Figure 92 (A) represent the fluorescent imaging of the marked lipid 

coated formulations, where the green fluorescence represents our formulations F1 and F2 

labelled with the fluorescent 25-NBD cholesterol. The images show an increase in the amount 

of the indulged formulations F1 and F2 with time in all employed cell lines, represented by 

increasing the green fluorescence inside the employed cells. While comparing between F1 and 

F2 at both employed concentrations, F2 LDL-like NPs showed higher cellular uptake, 

represented by increasing fluorescence compared to F1. 

In details, the rate of cellular uptake was markedly increasing in case of F2 LDL-like ORL NPs 

compared to F1 in all cell lines, and more particularly at the higher employed concentration. It 

is shown that the LDL-like NPs were indulged in significant amounts after 1 hour following 

the cell treatment, in all the three employed cell lines.  

In case of the BT-474 cell line (Figure 90), the results show a higher cellular uptake rate for 

the LDL-like NPs compared to the other formulation, hence this could give a better explanation 

for the more cytotoxic effect of the LDL-like formulation compared to the POPC coated orlistat 

NPs. 

It is worth mentioning that in case of MCF-7 cell lines (Figure 91), the rate of cellular uptake 

can give an idea about the effectiveness of our LDL-like formulation, where higher cellular 

uptake rate could result in better efficacy of the formulation against cancerous cell line. As 

mentioned before, although the cytotoxic effect of both formulations was similar following the 

48 hrs cytotoxicity assay, yet the cellular uptake rate of the LDL-like formulation is much 

higher than that of the other formulation. 

Concerning the MDA MB 453 (Figure 92), it showed a higher cellular uptake for the LDL-

like NPs compared to the POPC coated NPs. Interestingly,the triple negative MDA MB 453 
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showed a significant higher rate of cellular uptake for the LDL-like NPs compared to the other 

two cell lines. This is confirmed in (Figure 93), which shows a comparison between the rates 

of cellular uptake of the LDL-like NPs in the three employed cell lines, BT-474, MCF-7 and 

MDA MB 453, this can reflect the effect of the 11-mer peptide added to our LDL like NPs on 

the cellular uptake of the formulation, particularly in the resistant triple negative cell line. 

The rate of cellular uptake for the LDL-like NPs was enhanced in MDA MB 453 and BT-474, 

compared to that of MCF-7 cell lines. This could be due to the over expression of the LDLR in 

the cell lines in various degrees, resulting in a variation in the rate of cellular uptake of the 

formulation, yet addition of the 11-mer peptide definitely enhanced the uptake of the LDL-like 

NPs formulation compared to the other formulation in the three cell line. 

However, the receptor mediated uptake of the formulation is still one among many mechanisms 

of cellular uptake, such as the micropinocytosis, clathrin mediated endocytosis and caveolae 

mediated uptake. The exact mechanism of cellular uptake requires further investigation.  
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Figure 90 Cellular uptake fluorescent imaging carried out on BT-474 breast cancer cell 

lines, captured at specific time intervals (1, 2, 4, 8 and 24 hours) following the treatment 

of the cells with one of the formulations (F1, F2) at two different concentrations each 

(100µM and 40µM). F1 is fluorescently labelled POPC coated orlistat NPs, F2 

fluorescently labelled LDL-like orlistat NPs. A) Fluorescent microscopy images, B) Mean 

fluorescence intensity plot, n=3 ±SD. 
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Figure 91 Cellular uptake fluorescent imaging carried out on MCF-7 breast cancer cell 

lines, captured at specific time intervals (1, 2, 4, 8 and 24 hours) following the treatment 

of the cells with one of the formulations (F1, F2) at two different concentrations each 

(100µM and 40µM). F1 is fluorescently labelled POPC coated orlistat NPs, F2 

fluorescently labelled LDL-like orlistat NPs. A) Fluorescent microscopy images, B) Mean 

fluorescence intensity plot, n=3 ±SD. 
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Figure 92 Cellular uptake fluorescent imaging carried out on MDA MB 453 breast cancer 

cell lines, captured at specific time intervals (1, 2, 4, 8 and 24 hours) following the 

treatment of the cells with one of the formulations (F1, F2) at two different concentrations 

each (100µM and 40µM). F1 is fluorescently labelled POPC coated orlistat NPs, F2 

fluorescently labelled LDL-like orlistat NPs. A) Fluorescent microscopy images, B) Mean 

fluorescence intensity plot, n=3 ±SD. 
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Figure 93 Cellular uptake rate using fluorescence microscopy for LDL-like ORL NPs in 

3 different breast cancer cell lines, BT-474, MCF-7 and MDA MB 453 respectively, 

plotted as mean fluorescence intensity at concentration of 100 µM orlistat. 

**** Statistically significance between the three cell lines at P<0.0001 for each time point, 

n=3 ±SD. 

5.4.7 Cellular uptake mechanism 

The mechanism of cellular uptake was done to investigate the uptake of the prepared NPs 

formulation through binding specifically to the LDLR on breast cancer cell lines. This was 

done through blocking this pathway followed by investigating the rate and amount of cellular 

uptake to the utilised cell lines using fluorescent imaging. Figure 94 to Figure 96 (A) show 

the fluorescent images of the two employed formulations F1 and F2 in presence and absence 

of the LDLR blocker Suramin, followed by quantification of the fluorescence intensity in 

Figure 94 to Figure 96 (B). 

It is clearly illustrated that in presence of the LDLR blocker Suramin, the cellular uptake of the 

LDL-like ORL NPs F2 is highly reduced compared to its control group, while for the other 

formulation F1 the uptake was not highly affected compared to the control group. This effect 

was obvious in the three employed cell lines, indicating that the main mechanism of cellular 
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uptake for the LDL-like NPs was through binding to the LDLR receptors. Other cellular uptake 

mechanisms may be involved as well, this will require further investigation, this is illustrated 

through F1formulation, where the cellular uptake occurs mainly through other uptake 

mechanisms, rather than the LDLR mediated cellular uptake. 

Concerning the BT 474 Figure 94, the fluorescent imaging showed blocking of cellular uptake 

in presence of Suramin at 30 and 60 minutes, compared to the control group without the 

Suramin. On the other hand, there was a minimum effect on the cellular uptake for F1, 

compared to the F2 formulation. The fluorescence intensity was significantly decreasing in the 

presence of Suramin for F2 formulation, indicating that the LDLR mediated transport is the 

main mechanism of cellular uptake. 

For MCF 7 cell line Figure 95, the results were similar to that discussed before, however the 

uptake of F2 formulation in presence of Suramin is more reduced than in case of BT 474. For 

the MDA MB 453 cell lines Figure 96, the results were as well indicative for the LDLR 

mediated uptake being the main mechanism of uptake for the LDL-Like ORL NPs formulation 

F2. 
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Figure 94 Cellular uptake fluorescent imaging carried out on BT 474 breast cancer cell 

lines, captured at specific time intervals (30,60 and 120 minutes) following the treatment 

of the cells with one of the formulations (F1, F2) in presence or absence of Suramin. F1 is 

fluorescently labelled POPC coated orlistat NPs, F2 fluorescently labelled LDL-like 

orlistat NPs. A) Fluorescent microscopy images, B) Mean fluorescence intensity plot. **** 

Statistically significance between the three cell lines at P<0.0001 for each time point, n=3 

±SD. 
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Figure 95 Cellular uptake fluorescent imaging carried out on MCF-7 breast cancer cell 

lines, captured at specific time intervals (30,60 and 120 minutes) following the treatment 

of the cells with one of the formulations (F1, F2) in presence or absence of Suramin. F1 is 

fluorescently labelled POPC coated orlistat NPs, F2 fluorescently labelled LDL-like 

orlistat NPs. A) Fluorescent microscopy images, B) Mean fluorescence intensity plot. **** 

Statistically significance between the three cell lines at P<0.0001 for each time point, n=3 

±SD. 
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Figure 96 Cellular uptake fluorescent imaging carried out on MDA MB 453 breast cancer 

cell lines, captured at specific time intervals (30,60 and 120 minutes) following the 

treatment of the cells with one of the formulations (F1, F2) in presence or absence of 

Suramin. F1 is fluorescently labelled POPC coated orlistat NPs, F2 fluorescently labelled 

LDL-like orlistat NPs. A) Fluorescent microscopy images, B) Mean fluorescence intensity 

plot. **** Statistically significance between the three cell lines at P<0.0001 for each time 

point, n=3 ±SD. 
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5.5 CONCLUSIONS 

 Functionalised LDL-like orlistat NPs were prepared through attachment of an 11-mer 

peptide moiety to the surface of the NPs. This 11-mer peptide resembles the active site 

of the Apoprotein B found in the natural LDL structure (SA1). 

 The proposed click chemistry technique used for attachment of the 11-mer peptide to 

the DSPE PEG (5000) maleimide moiety on the NPs surface was effective. This is 

emphasised through complete conjugation of the free sulfhydryl groups in the peptide 

(SA2).  

 The Functionalised LDL-like orlistat NPs had an average zeta potential (~ -25 mV) and 

a small overall particle size (~40 nm), with no particle size increase compared to that 

of the orlistat NPs with no peptide incorporated (SA3). 

 The Functionalised LDL-like orlistat NPs had an average zeta potential (~ -25 mV), 

despite the positive nature of the added peptide moiety (SA3). 

  The properties of the orlistat NPs prepared by rapid solvent shift technique did not 

change dramatically after dilution in culture medium DMEM. This was investigated in 

terms of particle size and surface charge (SA4). 

 Orlistat has minimal binding to the human serum album, resulting in minimal 

quenching of the intrinsic fluorescence of the HSA (SA4).  

 Cytotoxicity assay of the LDL-like orlistat NPs showed efficacy of our formulation in 

reduction of survival rates of the breast cancer cell lines, resulting in an apparent 

decrease in the IC50 compared to that formulation without peptide coating (SA5). 

 Cellular uptake study showed a rapid internalisation of the functionalised orlistat LDL-

like NPs compared to the other NPs formulation without peptide coating. This effect 

was proportion to the over expression of the LDLR receptors in the breast cancer cell 

lines used (SA5).  
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6 Chapter 6 Conclusions and future work 

6.1 CONCLUSIONS  

Through this study we tried to study the rapid solvent shift technique, known also as flash 

nanoprecipitation, as a method of nanoparticles bottom-up preparation. It is considered one of 

the straightforward easy methods that could help enhancing industrial production and scale-up. 

We studied controlling of particle size for NPs prepared of hydrophobic material using this 

technique, yet other factors for controlling the particle size need to be more extensively studied. 

The study started by investigating the flash nanoprecipitation technique, also known rapid 

solvent shift technique, as an effective method for preparation of nanoparticles NPs of 

hydrophobic materials and drugs. In Chapter 3 we tried to have a better understanding for the 

process of nanoprecipitation, and the effect of increasing the concentration of the employed 

material on the overall physico-chemical properties of the prepared NPs. This was done 

through using of simple lipid materials including olive oil, trihexanoin and tridecanoate, 

followed by comparison to some active pharmaceutical ingredients APIs such as orlistat and 

niclosamide stearate. Through Chapter 3 we concluded that,  

  Particle size of the formed nanoparticles by flash nanoprecipitation was found to be 

dependent on the concentration of the hydrophobic material used. 

 Coating of NPs using phospholipids and/or surfactants could help controlling the particles 

size during nanoprecipitation. 

 Flash nanoprecipitation as method of nanoparticle precipitation was studied for a range of 

hydrophobic materials including olive oil, tricaprin, trihexanoin, niclosamide stearate, and 

orlistat. Interestingly, they all shared similar trend of particle size growth with increasing 

employed concentrations. The inflection points Figure 26 depends on the material used. 
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 Coating of NPs with POPC, tween 80 and lecithin was useful in controlling particle size 

growth. The coating material prevents the process of condensation of nuclei and 

nanoparticle growth. 

 The core to coat molar ratio greatly affects the control of particle size. Utilising insufficient 

coating material may result in incomplete coating of the formed NPs and hence particle 

size growth. On the other hand, higher amount of coating materials is undesirable leading 

to formation of unfavourable micelles and decreasing the drug loading. 

 Screening various core to coat ratios showed that the optimum ratio should be around 2:1, 

or to be in the range between 1.5: and 2.3:1. 

 Rapid solvent shift technique was better than the slow dripping method for preparing NPs 

of hydrophobic material and of controlled size. 

Orlistat, a recently introduced anticancer candidate was studied for preparation of NPs using 

the flash nanoprecipitation technique in Chapter 4. The prepared NPs were evaluated in terms 

of its physico-chemical properties, followed by freeze drying to ensure stability over storage. 

Orlistat NPs will further be processed into a novel LDL-like surface functionalised NPs 

formulation for targeted breast cancer delivery. Through Chapter 4 we found that, 

 Orlistat NPs were successfully prepared by rapid solvent shift technique. The prepared 

NPs showed similar behaviour to other hydrophobic materials, showing a particle size 

growth with increasing concentrations. 

 Coating of orlistat with POPC in molar ratio 2:1 (core: coat) was effective in preventing 

particle size growth. 

 Negative surface charge of the prepared orlistat NPs would be a useful tool to protect 

against any further aggregation. 
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 Additional stabilisation of NPs against particle size growth and aggregation could be 

achieved using various stabilisers, including surfactants and salts, which are added to the 

anti-solvent phase. 

 Negatively charged surfactant, SDS was the best stabilising agent in prevent further 

aggregation and in controlling the size even after 2 weeks of storage. This is because of 

the repulsion forces implied between the particles. 

 Further stabilisation of orlistat NPs could be done through freeze drying, to produce a solid 

powder for reconstitution, which will not only increase stability over the time, but as well 

help in better handling and ease of administration of the formulation. 

 Freeze dried orlistat NPs where stable over a period of 6 month with minimal change in 

particle size and surface properties, this mainly depends on both the type and the amount 

of the used cryoprotectants. 

 Coating of orlistat with POPC was successful in incorporating the drug inside a layer of 

the lipid in an amorphous mixture, this was shown through the disappearance of the orlistat 

peak in the DSC thermograms of POPC coated NPs. 

 The coated orlistat NPs with POPC showed similar images with similar light birefringence 

under the polarised microscope to that of the POPC lipid indicating the presence of the 

POPC on the surface of the NPs structure. 

 Our NPs formulation prepared through the rapid solvent shift technique showed a high 

entrapment efficiency of 73-76% with a loading efficiency of 60% which is promising in 

dose adjustment compared to other NPs formulations. 

 The drug release study showed that the orlistat NPs remained intact for long period of time 

in physiological conditions, with no more than 40% of the drug was released from the NPs 

structure after 1 week. This is required to ensure the delivery of the intact NPs structure in 

the systemic circulation to the tumour cells, where it could release the drug. 
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Novel LDL-like orlistat NPs were prepared and evaluated for their physico-chemical 

properties, as well as their efficacy in breast cancer cell lines through Chapter 6. The method 

of preparation of the targeted therapy was relatively straightforward and easy, yet further 

studies of the formulation efficacy is required. In Chapter 6 we concluded that,  

 Functionalised LDL-like orlistat NPs were prepared through attachment of an 11-mer 

peptide moiety to the surface of the NPs. This 11-mer peptide resemble the active site of 

the Apoprotein B found in the natural LDL structure. 

 The proposed click chemistry technique used for attachment of the 11-mer peptide to the 

DSPE PEG (5000) maleimide moiety on the NPs surface was effective. This is emphasised 

through complete conjugation of the free sulfhydryl groups in the peptide.  

 The functionalised LDL-like orlistat NPs had an average zeta potential (~ -25 mV) and a 

small overall particle size (~40 nm), with no particle size increase compared to that of the 

orlistat NPs with no peptide incorporated. 

 The functionalised LDL-like orlistat NPs had an average zeta potential (~ -25 mV), despite 

the positive nature of the added peptide moiety. 

  The properties of the orlistat NPs prepared by rapid solvent shift technique did not change 

dramatically after dilution in culture medium DMEM. This was investigated in terms of 

particle size and surface charge. 

 Orlistat has minimal binding capacity to the human serum album, resulting in minimal 

quenching of the intrinsic fluorescence of the HSA.  

 Cytotoxicity assay of the LDL-like orlistat NPs showed efficacy of our formulation in 

reduction of survival rates of the breast cancer cell lines, resulting in an apparent decrease 

in the IC50 compared to that formulation without peptide coating. 

 Cellular uptake study showed a rapid internalisation of the functionalised orlistat LDL-

like NPs compared to the other NPs formulation without peptide coating. This effect was 
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proportion to the over expression of the LDLR receptors in the breast cancer cell lines 

used. 
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6.2 FUTURE WORK 

Throughout this work, the main aim was to target breast cancer, and to develop a formulation 

that could be further processed in future for clinical studies. Yet, extensive work in the future 

is required to transfer our formulation into animal and clinical studies. 

 Further understanding of the surface charge of the orlistat NPs prepared by flash 

nanoprecipitation technique. 

 Investigation the preparation of NPs of other hydrophobic APIs of log P <6 to through 

flash nanoprecipitation. 

 Stabilisation of the prepared LDL-like ORL NPs formulation, mainly through studying 

lyophilisation of the formulation, for preparation of fine re-constitutable powder suitable 

for IV injection. 

 Investigation of the efficacy of the prepared LDL-Like ORL NPs in more breast cancer 

cell lines, as well as in other cancerous tissues. 

 More sstudies regarding the effect of the formulation on cell cycle arrest, cellular 

respiration, and other cellular metabolic activities  

 Further investigation of the mechanism of cellular uptake of the prepared LDL-like NPs. 

 Further study of the effect of ORL NPs on FASN inhibition in breast cancer cell lines. 

 Stability study of the formulation in serum, to study the expected behaviour of our 

formulation in physiological conditions. 

 Studies regarding steralisation of the formulation and stability after steralisation , for 

suitability of injection. 

 In vivo studies of the efficacy of the formulations on animal models including rats and 

canines, to investigate the pharmacokinetics and pharmacodynamics of the formulation. 
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8 Appendix 

8.1 Calculations of number of particles, distance and amount of POPC for coating particles 
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8.2 Olive oil NPs 
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8.3 2D printer of tween 80 coated olive oil NPs particle size 
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8.4 Uncoated orlistat NPs 
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8.5 Slow Vs Fast injection 
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8.6 POPC coated orlistat NPs 
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8.7 Size analysis of POPC coated orlistat NPs in different stabilisers 
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8.8 TEM Orlistat NPs (coated vs uncoated) 
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8.9 Orlistat in Dimethyl acetamide DMA 
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8.10 Peptide coated NPs DLS 

 

0

50

100

150

200

250

300

350

0.001 0.01 0.1 1 10

P
ar

ti
cl

e
 s

iz
e

 (
n

m
)

Final orlistat Concentration (mM)

Volume average

uncoated orlistat NPs in 10% EthOH Orlistat NPs in 10% EthOH and 3mM SDS

Orlistat in 10% DMA and 2% Tween 80



248 

 

 

 

 



249 

 

 

 

 


