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ABSTRACT 

Dacarbazine (Dac) is a chemotherapeutic for melanoma. Its poor solubility, short half-

life, and side effects limit its therapeutic use. Nanoparticles used as drug delivery 

systems (DDS) improve drug pharmacological properties, target site concentration, and 

stability. This study aimed to improve the therapeutic efficiency and decrease the 

systemic toxicity of Dacarbazine using nanostructured lipid carriers (NLC) for topical 

administration.  

Different NLC compositions were synthesised using a laboratory-based high sheer 

dispersion (HSD) method, and applying varying processes parameters. The preparations 

were optimized to achieve the desired NLC characteristics (average size 155±2 nm, 

polydispersity index (PDI) 0.1±0.05 and zeta potential -43.7±0.6) assessed using 

hydrodynamic light scattering (DLS), zetasizer and transmission electron microscopy 

(TEM). The optimized NLC (NLC/PI) were then used to encapsulate Dacarbazine. The 

resultant NLC/PI-Dac was characterized (average size 190±10 nm, PDI 0.2±0.03 and 

zeta potential -43.5 ± 1.2) and crystallinity determined using X-Ray Diffraction (XRD). 

The pharmacological properties of NLC/PI-Dac were then investigated and the 

percentage of encapsulation efficiency and drug loading capacity were determined to be 

98.5±0.2% and 23.4±0.2%, respectively.   

The in vitro toxicity of NLC/PI-Dac was assessed using a melanoma cell line (A375).  

The in vitro drug release profile of NLC-Dac showed a biphasic pattern; 50% released 

over 2 hours and remainder within 30 hours.  No toxicity was measured for the different 

NLC/PI concentrations after 24, 48 and 72 hours treatment, but there was an increase in 

toxicity of Dacarbazine after NLC/PI encapsulation (NLC/PI-Dac) at all concentrations 

and all-time points.    

NLC/PI and NLC/PI-Dac were stable in size, PDI and zeta potential when stored at 4oC 

for 3 months and the developed process was transferable to industrial-scale synthesis 

using the Micro Jet Reactor technique. NLCs were shown to be a suitable drug delivery 

system for Dacarbazine, achieving a desirable drug loading, encapsulation efficiency 

and drug release profile. 

   

Keywords: Precirol ATO-5, nanostructured lipid carriers, Dacarbazine, Micro Jet 
Reactor, Melanoma.  
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1. BACKGROUND AND LITERATURE REVIEW 

1.1. INTRODUCTION 

The application of nanotechnology has been explored into diverse fields, particularly 

into industrial applications, in energy and medicine. It is a new concern where the 

unique phenomena over nanomaterial (materials in nanoscale <1000 nanometres) 

custom perform stand exploited within novel applications. However, the phenomena 

also mean that there remain a deficiency concerning the knowledge about these novel 

materials. Nanomedicine refers to the science, which apply nanotechnology into the 

medical field. In nanomedicine studies, nanoscale materials are used to enhance drugs 

properties. The research in this field aims at developing nanomaterials in imitation of 

obtaining the required efficacy or reduce the undesirable effects of current medicines. 

Different strategies are used such as drug delivery, this method is recognized namely as 

"drug delivery nanosystem". In drug delivery nanosystems, nanocarriers (synthesised 

using nanomaterials) were introduced as an effective parameter among the therapeutics 

properties of the drug such as pharmacokinetics and bioavailability. The main 

advantages of drug delivery nanosystems includes (Paolino et al., 2006): 

1. The possibility to control plasma drug levels in a therapeutic window range, 

2. The opportunity to eliminate or reduce harmful side effects from systemic 

route, 

3. The feasibility of variable routes of administration for example oral   

administration, inhalation and dermal application.   

Skin tumour melanoma is considered as the most common type of skin cancer which 

has high mortality incident. It can be surgically removed in early stage of the disease, 

while metastasized melanoma causes the death of more than 86% of patients within five 

years (Tas et al., 2012). Metastasized melanoma, the disease can spread to lymph nodes 

and other sites. Dacarbazine (Dac) is the drug of choice for melanoma patients. 

However, Dac has unacceptable side effects with sever patient complains. There is an 

opportunity to improve the chemical treatment for skin tumour melanoma by Dac using 

drug delivery nanosystem. The utilization of drug delivery nanosystem has some 

advantages over the traditional technique in that delivery of the drug can be specific to 



 

3 
 

the diseased site and also fewer drugs administrations and improved patient compliance. 

Nanocarriers may provide an effective drug delivery system for Dac in that, it can 

enhance the solubility of poorly water-soluble drug, increase the drug half-life, progress 

pharmacokinetics and bioavailability, as well as improve the drug metabolism. 

Nanocarriers can carry the melanoma drug Dac to the disease site specifically for 

example, using topical drug nanosystem and, consequently, significantly improve 

treatment efficacy.  

This thesis illustrates the forms of nanocarriers as the nanostructured lipid carrier 

(NLC), which can be used for topical drug delivery nanosystem. NLC have many 

advantages in topical drug delivery nanosystem, moreover, recent research shows the 

importance of nanostructured lipid particles NLC as a carrier for cancer chemotherapy 

among drug delivery system for topical application (Sanad, 2010; Selvamuthukumar 

and Velmurugan, 2012 and Jaiswal et al., 2016). Like others nanocarriers, NLC must be 

adjusted regarding its physiochemical characteristic and unpredictable toxicity effect, 

and it is very important to be evaluated before using them in drug delivery. However, 

despite these potential advantages from nanocarriers, the complexity of their 

functionalization and the outcome, they require attentive engineering, reproducible 

method of synthesis, characteristics analysis and toxicity assessment. This is needed in 

order to achieve a reliable nanocarrier with the intended physicochemical properties, 

biological and pharmacological performance. The safety and efficacy of nanocarriers 

can be influenced by slight variations in different parameters during their synthesis and 

hence, the need to conduct in vitro and in vivo study to analyse their performance. The 

research conducted in this thesis investigated first silica particles and their properties in 

relation to their application in treatment for topical application (Appendix A 

Collaboration Work). Then, these procedures established the methods for 

nanostructured lipid carrier NLC characterization and cell toxicity assessment.  

In this chapter, the background to the research project conducted in this thesis to 

develop novel nanocarriers for melanoma disease treatment will be given. This will 

include the challenges of working in this new and novel field of nanomedicine.  
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1.2. SKIN TUMOURS  

The skin is a very important organ for human being as it has the largest surface 

interacting with the outside environment and is a barrier, protecting the inside parts of 

the human body. The human skin is composed of three layers and each of them 

performing specific functions (Figure 1.1). The deepest layer of the skin is the subcutis 

(Hypodermis) that consists of a network of collagen and fat cells. The subcutis layer 

helps preserve the body's heat and protects the body from injury. The middle layer of 

the skin, the dermis, gives the skin flexibility and strength. The dermis contains blood 

vessels, lymph vessels, hair follicles, sweat glands, collagen bundles, fibroblasts and 

nerves. The outer layer of the skin is the epidermis which consists of stratum corneum, 

keratinocytes, and basal layer as major components (Cichorek et al., 2013). Stratum 

corneum consists of fully mature keratinocytes which contain fibrous proteins 

(keratins).   

 

Figure 1.1: Schematic skin structure shows the melanocyte at the bottom of epidermis. 

 

Stratum corneum is the major barrier for the penetration of substances into the skin 

because of its heterogeneous composition and packed organization of corneocytes and 

the intracellular lipid matrix. Keratinocytes (squamous cells) contain living 
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keratinocytes which mature and form the stratum corneum. The basal layer contains 

basal cells which continually divide to form new keratinocytes to replace the old ones 

that are shed from the skin's surface. The epidermis also contains merkel cells, 

langerhans cells and melanocytes which produce melanin skin pigmentation. The 

symptoms such as redness, swelling, burning and itching are common signs shared 

within many skin disorders such as eczema, psoriasis, vitiligo and skin cancer. There are 

three common skin tumours classified by the type of cells that become malignant 

(Horner et al., 2009).  Basal cell carcinomas are the most common form of skin cancer 

(Woodward et al., 2003). This cancer occurs in the epidermis, in places that have often 

been exposed to the sun such as the face (Neale et al., 2007). Squamous skin cancer 

initiates in squamous cells and it is typically found in places that are not often exposed 

to the sun but are suitable for bacteria growth, for example the feet and the armpit 

(Leiter and Garbe, 2008). Squamous cell carcinoma is not as dangerous as much but 

may spread to other parts of the body if not treated. It grows over around months and 

appears on the skin a thickened, red, scaly spot and ulcerate bleeding. The third type of 

skin cancer is melanoma. Despite being less common than the other two forms; 

melanoma is much more lethal if it is not diagnosed at early stage (Eikenberry et al., 

2009). 

1.2.1 Melanoma 

Melanoma is a cancer of the cells that produce the pigment melanin that colours the skin 

in hair and eyes (Scherer and Kumar, 2010). The occurrence of melanoma has risen at 

an alarming rate over recent years. Melanoma incidence rates have been increasing for 

at least 30 years and it is the most common of all cancers (Linos et al., 2009). 

Melanoma is the most serious type of skin cancers and it is associated with one of the 

highest mortality rates (Dai et al., 2005). The world health organization (WHO) 

reported that "the global incidence of melanoma continues to increase, and 132,000 

melanoma skin cancers occur globally each year" (source WHO 

http://www.who.int/uv/faq/skincancer/en/index1.html accessed on 23.04.2017).  

In the United State of America, there is an estimation from skin cancer that there will be 

87,110 new cases of melanoma in 2017 (source Skin cancer foundation 

http://www.who.int/uv/faq/skincancer/en/index1.html%20accessed%20on%2023.04.2017
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http://www.skincancer.org/skin-cancer-information/skin-cancer-facts accessed on 

03.07.2017). The incidence of melanoma has increased dramatically in numbers of 

cases over the past few decades "15 times in the last 40 years in USA".  

In addition, a similar increase in the incidence rate of melanoma has been seen in United 

Kingdom and this is a more rapid increase than for any other cancer (source AIM at 

Melanoma https://www.aimatmelanoma.org/about-melanoma/melanoma-stats-facts-

and-figures/ accessed on 12.10.2017). In 2012, the European cancer research has 

estimated the incidence, mortality and prevalence for malignant melanoma of skin. 

Switzerland has the highest incidence rate and the Norway has the highest mortality rate 

of melanoma (Figure 1.2).  

 

Figure 1.2: Estimated incidence, mortality & prevalence for both sexes (source: EUCAN 

http://eco.iarc.fr/EUCAN/Cancer.aspx?Cancer=20 accessed on 07.10.2017). 

https://www.aimatmelanoma.org/about-melanoma/melanoma-stats-facts-and-figures/
https://www.aimatmelanoma.org/about-melanoma/melanoma-stats-facts-and-figures/
http://eco.iarc.fr/EUCAN/Cancer.aspx?Cancer=20
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Although reasons for this increase is not clear, a variety of factors including inheritance 

of gene mutation, ageing and environmental risk such as increase exposure to ultra-

violet light, have all been considered to have influence on the progression of the 

diseases (D'Orazio et al., 2013). There are a few symptoms that can be used to identify 

melanomas, for example changes in skin colour, non-healing sores, painful spots and 

red lumps bleeding (Figure 1.3). The cancerous growth develops when unrepaired DNA 

damages the skin cells triggers mutations (genetic defects) that lead the skin cells to 

multiply rapidly and form malignant tumours. These tumours originate in the pigment-

producing melanocytes in the basal layer of the epidermis. The primary cause of 

melanoma is ultraviolet light (UV) exposure in those with low levels of skin pigment 

(Kanavy and Gerstenblith, 2011 and Stewart et al., 2014). The UV light may be from 

either the sun or from tanning devices. About 25% incidence of the disease develop 

from moles (Kanavy and Gerstenblith, 2011). Those with many moles, a history of 

affected family members, and who have poor immune function is at greater risk 

(Stewart and Wild, 2014). 

 

Figure 1.3: Image of skin melanoma with approximately 2.5 cm by 1.5 cm  (source: National 

Cancer Institute http://visualsonline.cancer.gov/details.cfm?imageid=2184 accessed on 

27.09.2016). 

 

http://visualsonline.cancer.gov/details.cfm?imageid=2184
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A number of rare genetic defects such as xeroderma pigmentosum also has increased 

risk and incidence of the disease (Azoury and Lange, 2014). Melanoma begins in 

melanocytes which are responsible for producing the skin pigmentation. Most 

melanocytes occur in the skin and other parts of the body that contain melanocytes. For 

example, in the eye tissue the melanocytes may proliferate, causing uveal tumours 

(Jovanovic et al., 2013). In the skin, melanocytes reside at the basal layer of the 

epidermis and are present also in hair follicles (Cichorek et al., 2013). It has been stated 

that about 12% of melanoma tumours reside in families with hereditary predisposition, 

and most familial melanomas bear mutations in the CDKN2A gene encoding the 

p16INK4 protein and CDK inhibitor (Hansson, 2010). In 2002 Davies et al., reported 

that approximately 65% of melanomas have mutation of V600E in B-RAF gene, and 

25% have mutations of N-RAS. MITF-M (microphthalmia-associated transcription 

factor) is an essential transcription factor of the melanocyte lineage. It can regulate 

many other genes during melanoma progression such as genes involved in the 

regulation of anti-apoptosis, invasion, migration, and metastasis of melanoma. A 

smaller percentage of hereditary patients have mutations in p14ARF or CDK4 genes.  

The voltage-gated ion channels are a different group of ion channels that are selectively 

permeable to sodium ion, potassium ion, chloride ion and calcium ion. They are respond 

to changes in the membrane potential. The voltage-gated ion channels have roles in 

controlling rapid bioelectrical signalling (Bezanilla, 2005). These channels can also 

contribute significantly to cell mitotic biochemical signalling and cell cycle progression. 

All these functions are critically important for cancer cell proliferation (Kale et al., 

2015). In cancer researches, the increasing evidences demonstrating that voltage-gated 

ion channels play a major role in cancer cell biology (Rao et al., 2015). The ion channel 

blockers depolarized the melanoma cell membrane and this mechanism in turn reduce 

the intracellular driving force. Consequently, the admittance process of chemical drugs 

such as Dacarbazine (Dac) to melanocyte might be inadequate.  
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1.2.1. 1 Types of melanoma 

In 2008, Mocellin et al., histologically classify melanoma into many types depending on 

its occurrence. Superficial spreading melanoma (SSM) which makes up about 70% of 

all melanomas most often occurs in young people. Histologically, SSM is characterized 

by the presence of a radial growth phase (Figure 1.4).  

 

Figure 1.4: A radial growth phase in the most common type of melanoma superficial 

spreading melanoma (source: Melanoma Molecular Map project 

http://www.mmmp.org/MMMP/import.mmmp?page=pathology.mmmp accessed on 

20.09.2016). 

 

Nodular melanoma (NM) which has a vertical growth phase with no radial growth 

phase and it is the second most frequent histological type of melanoma (10 to 15% of all 

melanomas in Caucasians). Acral lentiginous melanoma (ALM) which has radial 

growth phase characterized by a lentiginous proliferation and the vertical growth phase 

often presents a spindle cell component. ALM is a relatively rare type of melanoma, 

approximately 5% of all cases, (Park and Cho, 2010). Lentigo maligna melanoma 

(LMM) it is histologically characterized by a confluent growth of atypical melanocytes 

along the dermal-epidermal junction frequently extending downwards the cutaneous 

appendages and it is naturally occurring in older people on sun-exposed areas.  

 

http://www.mmmp.org/MMMP/import.mmmp?page=pathology.mmmp
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Desmoplastic melanoma (DM) is a rare variant of malignant melanoma (2% to 4% of all 

melanomas) that occurs mainly on the neck and head of elderly patients. In 2007 Gray-

Schopfer et al. demonstrated that LMM and SSM are most frequently associated with 

intermittent UV exposure. 

1.2.1. 2 Treatment of melanoma by chemical drug (dacarbazine) 

Usually at early-stage, melanoma is treated by the surgical removal of a very thin 

melanoma using the biopsy technique. For melanoma at metastasis stage, the treatment 

options may include radiation therapy, chemotherapy, immunotherapy and targeted 

therapy (Maverakis et al., 2015). Chemotherapy drug can be given intravenously or in 

pill form so that it travels throughout body to destroy tumour cells. In melanoma, the 

most common chemotherapy drug used for metastatic stage is Dacarbazine (Bedikian et 

al., 2006). Dacarbazine, or 5-(3, 3-dimethyl-1-triazenyl) imidazole-4-carboxamide, is an 

antineoplastic chemotherapy agent which is light sensitive and is partially soluble in 

water with pH 3-4 (Figure 1.5). Dacarbazine has a molecular formula C6H10N6O with 

molecular weight 182.187 g/mol and it has chemical names under DTIC; Biocarbazine, 

Deticene, and DTIC-Dome. It is white to ivory crystalline solid has a melting point 482 

to 255° C.   

 

Figure 1.5: Dacarbazine chemical structure, Systematic (IUPAC) name 5-(3,3-Dimethyl-1-

triazenyl) imidazole-4-carboxamide. (source: PubCem  

https://pubchem.ncbi.nlm.nih.gov/compound/dacarbazine accessed on 13.07.2016). 

 

https://pubchem.ncbi.nlm.nih.gov/compound/dacarbazine
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Dac has been used to treat various cancers (Jiang et al., 2014), but it is the US Food and 

Drug Administration (FDA)-approved chemotherapeutic agent for treating wild-type 

melanomas, which account for most of skin cancer deaths and dacarbazine continues to 

be the standard of care for most patients with this disease (Bhatia et al., 2009). Dac is 

the most active single agent currently used for treating metastatic melanoma (Quirin et 

al., 2007). Its absorption through oral administration is very low (Gustafson and Page, 

2013). It is metabolized in the liver to an alkylating agent (diazomethane) that 

methylates nucleic acids and inhibits DNA, RNA, and protein synthesis, consequently 

destroys cancer cells (Al-Badr and Alodhaib, 2016). After injection at 2.6-6.8 mg/body 

weight, the plasma concentration of the drug is 6 µg/ml, and the half-life of Dac is only 

41 minutes in plasma, it is excreted in urine via renal tubular secretion and in about 40% 

in 6 hours unchanged (source: Parma Knowledge Base https://www.pharmak 

b.com/dacarbazine/accessed on 19.07.2016). A single-dose of 850–1000 mg/m2 

administered once every three weeks is standard therapy with a positive response rate 

seen in 13-20% of patients (Eggermont and Kirkwood, 2004; Davar and Kirkwood, 

2012). Studies demonstrated that Dac enhances languid apoptotic response (Legha et al., 

1989; Legha et al., 1996; Phan et al., 2001; Tsao et al., 2004; Anvekar et al., 2012). In 

2011, Engesæter et al., showed the promotion of apoptosis after Dac treatment. The 

effect of Dac may only last for 3- 6 months as the melanoma cells develop resistance to 

drug induced-apoptosis by increased activity of DNA repair enzymes such as O6-

alkylguanine-DNA alkyltransferase (AGAT) and aberrant survival pathways during 

progression (Soengas and Lowe, 2003).  

The only available formulation for clinical use is delivered through intravenous 

injection (I.V.). The trade names available of dacarbazine are DTIC-Dome, DTIC, DIC 

and imidazole carboxamide. There are some common side effects for patient taking Dac 

such as irritation at the needle site during the infusion, local pain, burning sensation, 

numbness or tingling in the hands or feet, flu symptoms with fever. Moreover, the 

patient may temporarily have decreasing in white and red blood cells and platelets 

(source: Cemo Care http://chemocare.com/chemotherapy/drug-info/dacarbazine.aspx 

accessed on 14.07.2016). Like other chemotherapeutical agents, Dac also exhibits side 

effects by killing normally dividing cells. The strong damage for the healthy cells was 

diagnosed after Dac treatment, therefore, there is an imperative need for a new Dac 

http://chemocare.com/chemotherapy/drug-info/dacarbazine.aspx
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topical formulation for melanoma treatment (for example drug delivery nanosystem), 

which could reduce systemic side effects as well as protecting the drug from light and 

from fast degradation, and therefore extending the drug half-life in vivo while also 

achieving higher tolerable dose. The new drug delivery system that used nanomaterials 

as nanomedicine technology for Dac, may enhance these drug activities at tumour site.  

This study will investigate the preparation of drug delivery system using nanostructured 

lipid materials as nanocarrier. This system is intending to improve the therapeutic effect 

of Dac through topical drug delivery system as well as reducing Dac side effect and 

melanoma`s patient complains.  

 

1.3. NANOMATERIALS  

With the emerging of nanotechnology, many nanotechnology research centres have 

been established worldwide. These centres focused their research activities manly on 

novel discoveries in this new and innovative technology. In many countries, 

nanotechnology like other new science is strongly supported. For example, National 

Nanotechnology Initiative in the United States, The National Centre in China, The 

London Centre of Nanotechnology in the United Kingdom and The King Abdullah 

Institute for Nanotechnology in Saudi Arabia. These nanotechnology centres, and others 

in the world, research and investigate the unique utilization of nanomaterials according 

to the global community needs. Presently, there are many applications of nanomaterials 

that are used to assist humans, for instance as nano-electronics, nano-engineering and 

nanomedicine. 

1.3.1 Definition and classification of nanomaterials  

The research in the field of nanomaterials discoveries, properties characterisation and 

application, has risen significantly at the end of last century.  The major expectation has 

been in improving human life in transport, telecommunication, food and medicine. 

There are a range of different definitions for the term “nanomaterials”, but these are 

generally primarily based on size. The International Standardization Organization (ISO) 
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has defined nanomaterials as that “a nano-object which has one or more external 

dimensions in the nanoscale 1-100 nano meter (nm)” (Oberdorster, 2004). This 

definition can also include nanostructured substances as hold interior constructions or 

surface structures of the nanoscale (ISO/TS 27687:2008, ISO/TS 80004-1:2010). In 

case of one particle that has <100 nm in size with a surrounding interfacial layer the 

term called nanoparticle.  

Materials in nanoscale have started to emerge as products that have supportive uses in 

human life. Unusual properties of particles can be revealed at the nanoscale and these 

include physical, chemical, biological and toxicological properties (Yakobson et al., 

1997; Wang et al., 2005; Chauhan et al., 2011; Fang et al., 2011). Nowadays, 

nanomaterials have applications in the field of nanotechnology, and display different 

physicochemical characteristics from normal chemicals for example silica 

nanoparticles, nanolipids, gold nanoparticles and carbon nanotubes. The selection of 

any nanomaterials in products is based on their properties and applications suitability. 

For instance, in electronic devices, nanoparticles have extra dynamic expectations over 

electronics which are currents applied. While in the clinical application, much less toxic 

and effective nanoparticles are used. 

The structure of the materials at the nanoscale often have unique optical, electronic, or 

mechanical properties. Nanomaterials have different structure and shapes, it executes 

appear in single, fused, agglomerated or aggregated forms with spherical, tubular and 

irregular shapes (Figure 1.6).  

 

Figure 1.6: Nanomaterials with a variety of morphologies (source: Prof Sheama Farheen 

Savanur: http://www.slideshare.net accessed on 30.04.2015). 

http://www.slideshare.net/
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These nanomaterials structures are generally observed directly using imaging 

techniques such as scanning electron microscope (SEM), transmission electron 

microscopy (TEM), scanning tunnelling microscope (STM), or atomic force microscope 

(AFM), which are principal characterization tools. Nanostructured materials have 

distinctive structures such as nanocrystalline forms and they might be understood as the 

interfacial state. The crystal structure is an important property of nanomaterials, which 

can influence the behaviour of the materials, and thus also modulate potential toxic 

effects. In 2000, Gleiter published, "one of the very basic results of the physics and 

chemistry of solids is the insight that most properties of solids depend on the chemical 

composition, the arrangement of the atoms and the size of a solid in one, two or three 

dimensions".  

Nanomaterials can be differentiated according to their chemical configuration and 

crystallite shapes. For example, silica nanomaterials have pores with diameters less than 

100 nm and they are known as mesoporous silica nanoparticles. Nanostructured lipid 

carriers have lipid materials in their structure at the nanoscale level. Nanomaterials may 

be labelled differently depending on the cause of the study and or the area of 

application. For example, nanomaterials can be categorized by means of their physical, 

chemical or mechanical properties (Aitken et al., 2006). In 2011, Sajanlal et al. 

demonstrated that nanomaterials can also be characterized depending on the shape of 

their structure (i.e. plates, networks and nanocubes) or the number of surfaces zero, one, 

two or three dimensions and each dimension represented with the non-nanoscale size. 

For example, the nanostructured lipid carriers (NLC) has spherical structure and silica 

(SiNP) has particle form and both have zero dimension (Figure 1.7).  

These nanomaterials have been implemented into medical research and the use of 

nanomaterials are included within the “nanomedicine” field. One of the greatest active 

research areas of the nanomaterials is nanomedicine. Nanomedicine involves the 

engineering of functional systems at the nanoscale to be applied for developing targeted 

nanomaterials for medicine use. 
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Figure 1.7: Classification of nanomaterials (Sjanlal et al., 2001). 

1.3.2 Nanomaterials in medicine  

Nanomedicine is the science that use nanotechnology for biomedical purposes to 

improve the prevention, diagnosis and treatment of diseases (Prego et al., 2005; Wagner 

et al., 2006). Nanomedicine is the rising beyond medicinal science where nanomaterials 

derived out of nanotechnology are employed to deliver promising and novel approaches 

for patient services. They are used globally in conformity concerning enhancing 

healthcare services and lives of patients. Recently, in the nanomedicine field diverse 

innovations are taking place due to the nanomaterials application and their 

unprecedented accomplishment and performance. New and promising drugs candidates 

have been formulated for medicinal research. This is because nanomedicine works 

where disease processes find their origin at the organellar, cellular, and molecular level. 

The research is concentrated on nanoscale materials that can fill full the expectation and 

be able to stand to challenging conditions such as for diagnostic, pharmaceutical and 

medicine applications. Previous articles have demonstrated the definitions of 

nanomedicine based on their applications within healthcare. These applications were 

classified into:  

1) Biomaterials, self-assembling nanoscale materials that improve the mechanical 

properties and the biocompatibility concerning biomaterials for therapeutic implants. 

Thus, molecular materials composed partially or completely of biological molecules 

(such as DNA, RNA, proteins, antibodies, viruses, and cells) known as 
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bionanomaterials. The bionanomaterials products may have potential applications for 

example of fibres, sensors and energy generating.   

2) Drugs and therapy, nanoscale materials used in the treatment of diseases that 

according to their shape have special clinical outcomes, for example drugs based on 

dendrimers or fullerenes.  

3) In vivo diagnosis, nanoscale materials contrast agents that present enhanced contrast 

and good bio distribution, mainly for magnetic resonance imaging (MIR) and ultrasound 

for instance super paramagnetic iron oxide nanoparticles (Figure 1.8). 

 

Figure 1.8: Effect of contrast agent (super paramagnetic iron oxide nanoparticles) on 

images: Defect of the blood–brain barrier after stroke shown in MRI. left image without, 

right image with contrast agent (Source Hellerhoff:  

https://www.pinterest.com/pin/516999232206177736/ accessed on 13.03.2010). 

4) Drug delivery, nanoscale materials were established to improve the bioavailability 

and pharmacokinetics of medicine for example metal nanoparticles, silica nanoparticles 

and lipid-based nanoparticles. Consequently, they are combined with drugs to enhance 

their efficiency and efficacy, and known as nanocarriers, while the system used for 

carrying out the drug will be classified as drug delivery nanosystem. Although the 

definition recognizes nanoparticles as having dimensions less than 100 nm, particularly, 

in the uses of drug delivery relatively large nanoparticles, more than 100 nm, may be 

needed for loading an enough drug onto the particles. 

In the field of nanomedicine in the drug delivery research, there are already a few 

number of products have come to be recognised as first generation nanomedicines. For 

https://www.pinterest.com/pin/516999232206177736/
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example, Abraxane anticancer drug encapsulated, Doxil in liposomes nanoscale, and 

Cimzia an antibody (Malam et al., 2009 and Ma and Mumper, 2013). 

1.3.3 Nanomaterials in drug delivery "Nanocarriers" 

In the past, conventional drug delivery system was used in different routes such as oral 

ingestion or intravascular injection. It was known to provide an immediate release of 

drug without perfect controlling and cannot maintain effective concentration at the 

target site for longer time. The major limitations of the conventional drug delivery 

systems include the poor drug loading capacity, possible toxicity of the materials used, 

dose dumping and higher manufacturing costs (Martinho et al., 2011). In addition, it 

cannot perform ideal controlled-drug release in some cases. Nowadays with the 

emerging of nanotechnology, drug delivery system has been improved by using 

nanoscale materials which are known as “nanocarriers”. These molecules are principally 

based on unique assemblies of synthetic or natural nanoparticles media to form drug 

delivery systems. Engineered nanoparticles are an important tool to realize a drug 

delivery system. Nanoparticles are attractive for medical purposes due to their important 

and unique features, such as their surface to mass ratio which is much larger than that of 

other particles, their quantum properties and their ability to adsorb and carry other 

compounds.   

The drug delivery system by using nanoparticles have been developed to introduce a 

therapeutic substance into the target site in the body and improve its efficacy by 

controlling the rate, time and place of release. Among the researchers, the interests in 

drug delivery nanosystems to provide multiple drug delivery solutions were increased in 

recent years. This kind of systems must be intending to enhance drug bioavailability, 

site targeting, minimal immune response, controlled release kinetic and ease of 

administration. Consequently, enhanced convenience, reduced dosage frequency, 

shorter hospitalizations, improved patient compliance and lesser healthcare costs.     

An ideal drug delivery nanosystem should be able to carry an enough drug to pass 

through physiological barriers and reach targeted diseased site at a right time and to 

release the drug at a desired rate (Freitas, 2006). For chemical drug delivery such as 

dacarbazine, the drug delivery nanosystem may significantly reduce drug resistance and 



 

18 
 

accomplished a therapeutic effect at target site. It may enhance the intracellular 

concentrations of drugs by easily bypass via receptor-mediated endocytosis (Cho et al. 

2008). These essential achievements from drug delivery nanosystem are depending on 

the nanocarrier properties. The design of a drug delivery nanosystem needs to consider 

nanocarriers, which have high stability, good vehicle capacity, higher encapsulation 

efficiency, degradation of drug carriers in the body and practicability of incorporation of 

both hydrophilic and hydrophobic substances (Gelperina et al., 2005). The potential 

success of these nanocarriers in drug delivery nanosystem depend on their properties 

through the preparation, route of administration and metabolism.  

The nanodrug delivery systems are designed to carry drugs including, but not limited to, 

drug carrier conjugates, dendrimers, quantum dots and nanoparticles (Figure 1.9). 

 

Figure 1.9: Illustration of different types of nanodrug delivery system (Sharma et al., 

2015). 

 

Recently, there has been an increase in the number of nanoparticles that have been 

identified as fit for use in nanodrug delivery systems as they allow for access into the 

cell and various cellular compartments including the nucleus. In 2003, Chourasia and 

Jain demonstrated that nanoparticles in a drug delivery system can be adjusted to 

produce the drug concentrations required at the target organ to preserve a therapeutic 
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effect for as long as necessary. The main advantages of using nanoparticles in drug 

delivery systems include the possibility to control plasma drug levels in a therapeutic 

window range, the opportunity to eliminate or reduce harmful side effects from 

systemic route and feasibility of variable routes of administration, for example oral 

administration, dermal application and inhalation (Paolino et al., 2006).   

The preparation of nanodrug delivery particles is based on the assembly of synthetic 

and/or natural components such as metal ions, polymers and lipids. Physiochemical 

properties, drug loading capacity, targeting, drug release and, the safety of the 

nanoparticles itself are important parameters to be considered for use in nanodrug 

delivery (Sonam et al., 2013; Mirza and Siddiqui, 2014). In 2007, Han et al., highlighted 

that the shape and size of gold nanoparticles play an essential role in formation of DNA 

delivery vectors. In 2010, Kumari et al., demonstrated the impact of nano-encapsulation 

of different disease related drugs on properties nanoparticles. The issues related to the 

adverse health impacts and toxicity of these nanoparticles as nanocarriers in nanodrug 

delivery system is one of the main concerns in development of nanomedicines (Nerlich 

et al., 2007). Preparation, classification, characterization and functionalization of 

nanoparticles remain a challenge and the understanding of the biological effects 

including toxicity is far from complete (Shaw et al., 2008). Several models have been 

established to demonstrate and model the characteristics and functionality of 

nanoparticles (Craig et al., 2010). Several approaches can be used to measure the 

response of cells and to characterise nanoparticles (Figure 1.10). Previously, research 

and development of multifunctional nanoparticles have led to these being used as drug 

delivery systems, exploiting the unique behaviour of nanoparticles to enable efficient 

drug delivery. 
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Figure 1.10: Relationship of the functionality and characteristics of nanoparticles. The 

reactivity and toxicity of nanoparticles with biological systems are determined by their 

physiochemical features including size, shape, zeta potential and surface chemistry. 

1.3.4 Toxicity of nanocarriers  

In medical applications of nanomaterials such as imaging diagnosis and systemic drug 

delivery, understanding the relationship between the physiochemical properties of 

nanomaterials and their pharmacological, physiological and toxicological effects is very 

important to accomplish the desired therapeutic result. One of the greatest challenges 

facing the toxicology community is to recognize the toxic effects of nanomaterials on 

living organisms and the environment. Therefore, nanotoxicology science emerged as a 

new branch of toxicology to study the adverse health effects may cause from 

nanomaterials. Nanotoxicology term refers to the science, which identifies the 

hazardous and undesirable effects of nanomaterials (Donaldson et al., 2004). It is the 

response to a rising unregulated use of nanomaterials in many health and industrial 

applications. The existing information about nanomaterials and their possible toxic 

effect in human is still insufficient and under researched (Zhu et al., 2012). For 

example, nanocarriers for drug delivery, the manipulation and application of engineered 

nanoparticles uses has become the subject of argument, regarding its toxicological 

effects. Nanoparticles can potentially disrupt cellular processes and cause disease. They 

can directly, or by their metabolites, cause toxic effects to various types of cells 

including, but not limited to, gastrointestinal epithelium (Ingrid and Frank, 2013), 

endothelial cells (Garcia-Garcia et al., 2005), pulmonary epithelium (Gurr et al., 2005), 

platelets (Nemmar. et al., 2002), red blood cells (Rothen-Rutishauser et al., 2006) and 

nerve cells (Yang et al., 2013).  

The size of nanoparticles, surface area, composition and structure which have the most 

important role in the new formulations, may alter the toxic level of these materials 

(Gatoo et al., 2014). These parameters can influence the cellular uptake and subcellular 

localization as well as may catalyse the production of reactive oxygen species (ROS). 

The major mechanisms for cell toxicity of the nanoparticles is through the generation of 

oxidative responses by formation of free radicals. These free radicals have been known 

as hazards to biological systems, the process mainly through DNA damage. 
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Particle size and surface area play a greatest role in interaction of nanoparticles with 

biological system. Due to their small size, nanoparticles can penetrate physiological 

barriers. Furthermore, they can enter the circulatory and lymphatic systems of the body 

reaching most tissues and organs. The internalization location of a nanoparticle depends 

on its size, for instance, particles with sizes ranging between 2 - 10 μm may stay in 

large cytoplasmic vacuoles whereas smaller nanoparticles (<100 nm) may be found in 

organelles such as mitochondria. Very small nanoparticles with a diameter of <1 nm 

such as C60 molecules (a spherical fullerene molecule with the formula C60) can 

penetrate cells through different mechanisms other than phagocytosis, such as via ion 

channels or via pores in the cell membrane (Porter et al., 2006). Although, both genes 

and protein macromolecules are the most frequently affected by nanoparticles with 

significant roles in cellular toxic such as oxidative stress, other cellular injuries may 

occur due to unuseful nanoparticles (Table 1.1). 

The nanoparticles can disrupt mitochondrial architecture (Bagchi et al., 2012). Thus, the 

large particle size of nanoparticles can improve the cell toxicity. Gurr et al, in 2005 

demonstrated the toxicity post the aggregation, increasing the particles size of 

nanoparticles will reduce its toxicity.  Reducing the particle size leads to an increasing 

in surface area relative to volume, which causes a dose dependent to induce in oxidation 

abilities of these nanoparticles much higher than larger particles with the same mass 

dose. Nanoparticles with higher surface area also has an inducing oxidation effect, sever 

cellular inflammation and DNA injury, leads to cells damage (Janrao et al., 2005). To 

decide on which nanoparticles or nanocarriers to use for drug delivery, it is crucial to 

investigate their properties and link to nanotoxicity. In addition, it is a mandatory to 

study the cellular toxic assessments of any nanocarriers before their use in drug 

delivery. De and Borm in 2008, concluded that "A conceptual understanding of 

biological responses to nanomaterials is needed to develop and apply safe nanomaterials 

in drug delivery in the future". Furthermore, a close collaboration between those 

working in drug delivery and particle toxicology is necessary for the exchange of 

concepts, methods and know-how to move this issue ahead". 
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Table 1.1: Unpredictable of cellular injuries may occur post nanoparticles treatment. 

Nanoparticles effects Cellular injuries outcomes References  

Oxidative                     

stress 

Protein, DNA,        

Membrane Damage 

Manke et al., 2013 

Mitochondrial          

disorder 

Energy Failure,        

Apoptosis 

Pathak et al., 2015 

Nuclear Uptake and     

DNA attack 

Mutagenesis and 

Carcinogenesis 

Duan et al., 2013 

Altered Cell Cycle 

Regulation 

Proliferation, Cell Cycle 

Arrest 

Falagan-Lotsch et al., 

2016 

Generation of          

antigens 

Autoimmunity            

disorder 

Maldonado et al., 2015 

 

In this study, some important measurements were used in order to understand the role of 

nanoparticles, nanocarriers for drug delivery nanosystems in organism. They measured 

size, surface charge, nanoparticles shape and structure/crystallinity of molecules by 

different methods to assess at which concentration a substance is useful or harmful 

(Table 1.2).  

These measurements allow for a better understanding of how to control toxic 

substances. Nanocarriers for drug delivery system included but not limited to silica 

nanoparticles (SiNP) and nanostructured lipid carrier (NLC). They are the most suitable 

drug delivery nanosystems for administration via topical and systemic route 

(Asadujjaman and Mishuk, 2013; Purohit 2016). SiNP, has been described as easily 

functionalized drug carriers, while NLC, has been employed in encapsulation of 

chemical drug to provide sustained release and successfully for targeted use of drug. 
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Table 1. 2: Common techniques used to measure nanoparticles properties as a carrier for 

drug delivery system. 

Type Properties Common techniques 

Morphology Size DLS, NTA and TEM 

Size distribution DLS 

Structure SEM, TEM 

Stability DLS 

Zeta potential Zetasizer 

Crystallinity DSC 

Others 

 

Drug loading UV-Vis 

In vitro release HPLC, UV-Vis 

In vitro toxicity MTT 

 

1.4. LIPID-BASED NANOSTRUCTURED LIPID CARRIERS  

The design of bioactive molecules into inert and non-toxic carriers conjected with site-

specific ligands for in vivo delivery establishes a promising approach to improving their 

therapeutic index and decreasing their side effects. In the last years, extraordinary 

efforts have been made toward developing bioavailability and efficacy of drugs and 

pharmaceuticals by improving drug delivery system in nanomedicine researches. 

Among the different types of nanoparticles for drug delivery, lipid-based nanoparticles 

have been favoured as they have more biocompatibility compared with polymers based 

particles. The physical structure of lipid-based nanoparticles mainly defined by its 

phospholipids composition, which determines the chemo-physical features such as size, 

shape, crystallinity and charge (Ahmad and Gadgeel, 2016). The application of lipid-

based drug delivery still has many research challenges to overcome some of the 

limitations like the solubility and stability of poor water-soluble drugs. The delivery 

system uses the lipid as a carrier in order to protect the drug from degradation (Jain et 

al., 2014).  
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There are several different lipid-based formulations that can be used for drug delivery, 

for example liposomes, nanoemulsion solid lipid nanoparticles and nanostructured lipid 

particles (Figure 1.11).  

 

Figure 1.11: Schematic showing the different type lipid-based carriers that can be used in 

nanodrug delivery. 

 

In comparison with other nanodrug delivery systems, lipid-based nanodrug delivery 

systems are distinctive (Allen and Cullis, 2004) in their:  

(a) Flexibility and good characterization of lipid excipients;  

(b) Formulation versatility;  

(c) Reduced plasma level variability;  

(d) Improved oral bioavailability and 

(e) Higher penetration for topical treatment.  

Lipid-based systems can overcome the limitations of polymer nanoparticles in drug 

delivery system, for instance in safety and cost issues (Mukherjee et al., 2009).              
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A number of recent studies demonstrated that lipid-based nanodrug delivery systems are 

biocompatible and are more biodegradable than other carriers (Patidar et al., 2010; 

Mahapatro and Singh, 2011). Lipid-based nanodrug delivery systems have 

demonstrated sustained drug release and protection of loaded drugs from chemical 

degradation (Attama et al., 2012). In addition, the lipid-based nanodrug delivery 

systems have pharmacological properties which allow for site specific and controlled 

drug delivery, leading to reduced side effects (Shrestha et al., 2014). Among the types 

of lipid-based formulations, lipid-based nanoparticles are new colloidal drug carrier 

systems that have received recognition for stability, good vehicle capacity and 

practicability of incorporation of both hydrophilic and hydrophobic substances 

(Gelperina et al., 2005).  

Lipid-based nanoparticles used for nanodrug delivery systems are formulations 

consisting of different lipid excipients (inactive substance formulated with active 

ingredient) and other additives. As these are made from physiological lipids, they are 

likely to exhibit reduced acute and chronic toxicity, for example, when compared with 

polymeric nanoparticles (Ghorab et al., 2004). In 2009, Puri et al., demonstrated that 

“lipid-based nanoparticles bear the advantage of being the least toxic for in vivo 

applications”. In pharmaceutical factories, lipid-based nanoparticles can be sterilized 

easily and there are simple methods that can be used to prepare them (Ekambaram et al., 

2012). Such processes are also simple to scale up to large scale production (Saroj et al., 

2012). Solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) are 

two main types of lipid-based nanoparticles. SLN is the first generation of lipid-based 

nanoparticles introduced in the 1990s as an alternative to traditional lipid-based 

nanodrug delivery such as liposomes. It can be produced from a broad selection of solid 

lipid materials such as glycerides and fatty acids. These materials are lipid particle 

matrix being solid at room and body temperatures and dispersed at 0.1% - 30% (w/w) in 

an aqueous medium. For instance, in dermal application, SLN formulas have 70-99% 

water content which can lead to a variety of stability states within the final topical 

product. They are stabilized in colloid systems by physiologically-compatible 

surfactants at levels between 0.5% - 5% (w/w).  
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These lipid-based nanoparticles drug delivery systems have been used for cosmetic and 

pharmaceutical activities (Bonifacio et al., 2014). Table 1.3, shows some of drugs used 

SLN as lipid-based nanodrug delivery. 

Table 1.3: Examples of solid lipid nanoparticles (SLN) nanodrug delivery for oral and 

topical administrations. 

Drug 
Route of 

Administration 
Advantages References 

5-Fluorouracil Oral 

Prolonged release in 

simulated colonic 

medium 

Yassin et al., 

2010 

Baclofen Oral 
Significantly higher 

drug concentrations 

Priano et al., 

2011 

Cyclosporin A Topical 
Controlled release 

 

Sawant et al., 

2008 

Doxorubicin Oral 
Enhanced apoptotic 

death 

Kang et al., 

2010 

Benzyl 

nicotinate 
Topical 

Increased oxygenation 

in the skin 

Krzic et al., 

2001 

 

The mean particle size of SLNs have been reported between 40 nm to 1000 nm and they 

have several potential applications in drug delivery due to their distinctive size 

dependent properties (Mukherjee et al., 2009). Even though they have numerous 

advantages such as controlled and targeted drug delivery and improved stability of 

incorporated drug, there are some limitations to their use such as the drug being 

expelled from the particles during storage. This expulsion of drug was thought to occur 

due to the extremely ordered crystalline lipid matrix that leaves very little space for drug 

molecules (Kumar et al., 2012). This is more likely to occur as the lipid structure of the 

particles can be changed partially to crystallized in a higher energy modification e.g. 

with heating/cooling. The crystallized structure can then transform to the low energy 
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form during storage that can lead to the decrease in the number of imperfections in the 

crystal lattice. To overcome these limitations and the drawbacks associated with SLN, 

nanostructure lipid carriers (NLC) were introduced.  

When using NLC as a drug delivery system, it is important to evaluate the toxic effects 

of the nanosize particles. The toxicity of NLC is a scientific subject of concern due to 

the improved reactivity of it as nanoparticles. The small size of NLC provides easy 

penetration into the body and high risk may occur. The impact of NLC as a dermal drug 

delivery system is still under investigation. The interaction of NLC with the skin cells is 

dependent on the particles size, chemical composition, surface structure, solubility and 

shape (Tofani et al., 2010). Furthermore, the effect of NLC on drug release, cellular 

uptake, cytotoxicity and effects on tumour growth should be studied and defined. 

In vitro NLC characteristics may be affected by the surroundings and the presence of 

biological molecules. Recent studies have demonstrated that different toxicological 

studies show varying conclusions about the same nanoparticles because of undefined 

characterization both during synthesis and during operational use (Izak-Nau et al., 

2013). Therefore, the NLC properties and toxicity parameters need to be evaluated both 

in the culture medium as well as in the delivery solution. Topically, cell culture medium 

contains amino acids, salts, glucose and vitamins plus antibiotics, L-glutamine and 

foetal bovine serum (FBS). FBS is essential for the maintenance and growth of cells and 

it is the liquid fraction of clotted blood from foetal calves that is depleted of cells, fibrin 

and clotting factors. FBS contains a large number of nutritional and protein factors 

essential for cell growth. Once NLC are in contact with biological fluids, for instance 

FBS, changes may occur to their surface or their structure which alter their function. 

This study will assess the impact of the presence of NLC in cell culture media. In 2013, 

How et al., demonstrated the effect of NLC aggregation on cell toxicity using different 

oil in formulation and the study concluded, the correlation between NLC physical 

properties and its safety as carrier.     
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1.5. NLC for topical drug delivery system 

In 2012, Andalib et al., stated "Nanostructured lipid carriers (NLC) are the second 

generation of SLN and have a solid matrix at room temperature. They are demonstrated 

that NLC are "a mixture of solid and liquid lipids or oils form the colloidal carrier 

system that leads to an imperfect matrix structure with high ability for loading water 

soluble drugs". NLC are produced using blends of solid lipids mixed with liquid lipids 

preferably in a ratio of 70:30 up to a ratio of 99.9:0.1. In comparison with SLN, NLC 

have highly unordered lipid structures that can provide surface to host drug 

(Selvamuthukumar and Velmurugan, 2012). NLC include a greater amount of lipids 

compared to SLN which significantly reduces the water content in the final formulation. 

For that reason, NLC have been used for drug delivery through different routes 

including oral, intravenous injection and topical. Among them, topical applications of 

NLC are preferred because they exhibit distinct features, such as the small size of NLC 

that ensures a close contact to the stratum corneum and can increase drug penetration 

into the skin. Many drugs have been successfully incorporated into NLC for topical 

administration (Table 1.4). 

Table 1.4: Examples of drugs applied nanostructured lipid carriers (NLC) nanodrug 

delivery for topical administrations. 

Drugs Advantages References 

Ascorbylpalmitate high performance topical delivery 
Teeranachaideekul et 

al., 2007 

Tripterine enhance drug penetration Chen et al., 2012 

Terbinafine  reduction of fungal burden in the 

infected area 

Gaba et al., 2015 

Aceclofenac superior the anti-inflammatory activity 

compared to the marketed product 

Patel et al., 2012 

Miconazole 

Nitrate 

faster relief from fungal infection Sanap et al., 2013 
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1.5.1 NLC structures   

The NLC has solid lipid and liquid lipid in its construction while SLN has only solid 

lipid (Figure 1.12). SLN has highly organized crystalline lipid matrices that lead to drug 

expulsion (Jawahar et al., 2013). To address this disadvantage, NLC have been designed 

with a controlled nanostructure to have enough space to accommodate drugs. NLC 

mixtures have a lower melting point as compared to the pure solid lipid yet they are still 

solid at room and body temperatures (Müller et al., 2000). By optimization of the 

process of synthesis, the overall solid content of NLC could reach to 95%. Structurally, 

NLC has different types and each of them has specific properties.  

There are three different structure of NLC, and each structure represent the correlation 

between the solid lipid and the liquid lipid in the NLC formulation. In the first structure 

of NLC (Figure 1.12: I), there is an imperfect solid lipid matrix structure with low liquid 

lipid that offers space for molecules and amorphous clusters of drug. In the second NLC 

structure (Figure 1.12: II), the liquid lipid particles during the production process are 

cooled from the molten state to room temperature to crystallize and form solid particles 

that precipitate out as high liquid lipids. In third structure of NLC (Figure 1.12: III), 

lipids are mixed in a way that prevents them from crystallizing and ensure solid lipid in 

liquid lipid matrix in an amorphous state. 

 

Figure 1.12: Scheme for NLC structures (Kumar et al., 2012). 
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During the preparation of NLC containing a drug (NLC-Drug), the drug is conjugated 

with a solid lipid and forms a water insoluble lipid conjugate. This conjugation occurs 

using covalent bonds (Müller et al., 2000).   

1.5.2 NLC formulation and preparation  

The NLC consist from solid lipid, liquid lipid, surfactant and other additives depends on 

the preparation method. It has been reported that the attributes of NLC are related to the 

composition of the solid and liquid lipid (Wiechers and Souto, 2010; Beloqui et al., 

2013 and Shete et al., 2013). The excipients of nanostructured lipid carriers such as 

liquid lipid, solid lipid, surfactants and emulsifiers are selected considering their 

regulatory status. The solid lipid used in the NLC formula is a long chain lipid such as 

beeswax, apifil, dynasan, sterylamine, glyceryl behenate and precirol ATO-5 and the 

liquid lipid used in the NLC formula is normally a medium or short chain lipid for 

instance olive oil, palm oil, castor oil, isopropyl myristate and medium-chain 

triglycerides. Both solid lipid and liquid lipid are well tolerated and generally 

recognized as safe (Rizwanullah et al., 2016). The coefficient of oil/oil in NLC is 

important as this form its structure in the colloidal system and may affect their 

properties. 

The NLC delivery system also needs a hydrophilic emulsifier agent such as Tween 80, 

Plaronic F68, Phospolipon 90G or Kolliphor® P 188. In some NLC formulas the 

hydrophobic emulsifier is added to a lipid mixture such as soybean lecithin (SI) or d-α-

tocopherol polyethylene glycol succinate (TPGS). These agents can enhance the 

homogeneity of lipid phase as well as improve the NLC properties. The combination of 

emulsifiers might stop particle agglomeration more efficiently. Some NLC formulas 

also add organic solvents to the lipid phase while distilled water is used as the aqueous 

phase in all NLC formulas. The selection of the matrix materials is dependent on many 

factors, for instance: (1) size of nanoparticles; (2) inherent properties of the drug such as 

aqueous solubility and stability; (3) degree of biodegradability, biocompatibility and 

toxicity; (4) surface characteristics such as charge and permeability; (5) drug release 

profile; and (6) antigenicity of the final product.         
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In 2012, Chen et al., concluded that NLC are promising for use as a nanodrug delivery 

system for the topical anti-melanoma drug tripterine. This research studied the skin 

permeation for three different solid lipids. This study used those components in the 

formulation of NLC preparation and the solid lipids used are: 

Precirol ATO-5 

Precirol ATO-5 is a solid lipid (also known as glyceryl palmitostearate) which has a 

melting point of 56 °C with a molecular weight of 632.99514 g/mol and formula 

C37H76O7. It has binding properties with three functional groups able to undergo 

covalent bonding with other molecules (Figure 1.13). 

 

Figure 1.13: Chemical structure of Precirol ATO-5, (hexadecanoic acid;octadecanoic 

acid;propane-1,2,3-triol; source: 

https://pubchem.ncbi.nlm.nih.gov/compound/114690#section=Top). 

 

Glyceryl behenate 

Glyceryl behenate is a solid lipid also known as behenin.  It has a high melting point (61 

°C) and has been exploited for use in modified release dosage forms. It has a 414.6621 

g/mol molecular weight and it is molecular formula is C25H50O4 with one functional 

group able to be undergoing covalent bonding with other molecules (Figure 1.14).  

 

Figure 1.14: Chemical structure of Glyceryl behenate (2,3-dihydroxypropyl docosanoate; 

source: https://pubchem.ncbi.nlm.nih.gov/compound/Glyceryl_behenate#section=Top). 

https://pubchem.ncbi.nlm.nih.gov/compound/114690#section=Top
https://pubchem.ncbi.nlm.nih.gov/compound/Glyceryl_behenate#section=Top
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Stearylamine 

Stearylamine is a solid lipid also known as octadecylamine.  It has white flakes with 

characteristic odour and melting point of 52.9 °C. It has a 269.50896 g/mol molecular 

weight and it is molecular formula is C18H39N with one functional group able to 

undergo covalent bonding with other molecules (Figure 1.15). 

 

Figure 1.15: Chemical structure of Stearylamine (Octadecan-1-amine; source: 

https://pubchem.ncbi.nlm.nih.gov/compound/octadecylamine#section=Top). 

 

NLC have been prepared using different methods and biodegradable solid and liquid 

lipid materials. There are many systems for the synthesis of NLC, the commonly 

methods used were: 

• High pressure homogenization technique (HPH), it has emerged as the most 

reliable and powerful technique for preparation of lipid nanoparticles since the 

nineties. This technique has several advantages such as appropriate for large-scale 

production, no organic solvent, good product stability, high loading of drugs, 

however specific high pressure and temperature conditions were considered 

challenges about its application. The HPH technique has two general processes, hot 

homogenization and cold homogenization. In first step of HPH technique, the 

pharmaceutical compound is dissolved in the melted lipid, in both processes. High 

pressure (100–2000 bar) moves the fluid in the narrow gap in homogenizer 

(Ekambaram et al., 2012). 

In hot homogenization, homogenization occurs at temperatures higher than melting 

point of lipid. Drug loaded lipid melt is dissolved in hot aqueous surfactants phase by 

using mixing device leads to the formation of pre-emulsion. The high temperatures 

of homogenization reduced viscosity and particle size becomes smaller (Poonia et al., 

https://pubchem.ncbi.nlm.nih.gov/compound/octadecylamine#section=Top
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2012). In most cases, 3–5 homogenization cycles are sufficient to have appropriate 

particle size 50-100 nm and increasing the homogenization pressure or number of 

homogenization cycles often leads to an increase in particle size (Müller et al., 2000). 

The disadvantages of hot homogenization technique including temperature-

dependent degradation of the drug, the drug penetrates the aqueous phase during 

homogenization and several modifications during the crystallization step of the 

nanoemulsion (Silva et al., 2011). 

In cold homogenization, the primary step is like the hot homogenization technique 

and it includes dispersion of the drug into the lipid melt, then the drug-loaded lipid 

melt is solidified quickly cooled by liquid nitrogen or dry ice. This process leads to 

formation of nanoparticles which are dispersible in a cold surfactant phase that form 

a pre-emulsion. The intra forces are playing their role to break lipid microparticles 

directly into the nanoparticles. This process of cold homogenization reduces thermal 

exposure of the product but does not stop it completely because of the melting of the 

lipid-drug mixture in the primary step (Müller et al., 2000). Although, cold 

homogenization technique has emerged to overcome the disadvantages of hot 

homogenization technique, it has a complex equipment required and high pressure 

homogenization possible leads to degradation of the components. 

• Emulsification-solvent diffusion technique, the method based on the 

emulsification of an organic solution of a solid lipid in an aqueous emulsifier 

solution. In the method procedure, the lipid dissolve in a water saturated by organic 

solvent and this organic solution initially emulsified with a solvent saturated by 

aqueous solution containing emulsifier to form a pre-emulsion. Then, lipid 

nanoparticles precipitate by rapidly adding water into the initial pre-emulsion to 

extract the solvent into continuous phase and to produce lipid nanoparticles 

nanodispersion. This nanodispersion washed by ultrafiltration to remove residual 

solvent and lyophilized (Trotta et al., 2003). This method cannot be used to prepare 

the nanosuspensions of drugs with poor solubility in both organic and aqueous 

media.  

• Emulsification-solvent evaporation technique (ESE), in the procedure of this 

technique, firstly lipophilic material dissolved in an appropriate volume of organic 
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solvent by magnetic stirring. Then lipid containing organic phase is dispersed in an 

appropriate volume of aqueous solution using a high-speed homogenizer to form a 

coarse pre-emulsion. Finally, the resulting coarse pre-emulsion is immediately 

passed through a high-pressure homogenizer at an operating pressure to obtain 

nanodispersion, which kept on the magnetic stirrer overnight in a fume hood to 

evaporate the organic solvent. This step formed nanodispersion by precipitation of 

lipid material in aqueous medium. The lipid and drug agglomerates can be filtered 

through a sintered glass filter to obtain nanoparticles with small size, monodisperse 

and have high encapsulation efficiency (Jaiswal et al., 2004). 

• Microemulsion based technique, microemulsion must be formed at a temperature 

above the melting point of the lipid to produce a microemulsion with the lipid solid 

at room temperature (Heydenreich et al., 2003). it consists of a lipophilic phase, 

surfactant, in most cases a co-surfactant, and water. In method procedure, lipid is 

melted first, then a mixture of surfactant, co-surfactant and water is heated to the 

same temperature as the lipid phase then added to the lipid melt under mild stirring. 

Once compounds are mixed in an accurate ratio, microemulsion system is produced. 

Later, this microemulsion dispersed in a cold aqueous medium (4 °C) under mild 

mechanical mixing to precipitate the lipid phase and forming fine particles (Anurak 

et al., 2011). 

• Double emulsion based technique, the double emulsions are complex system, it is 

also termed “emulsions of emulsions”, in which the droplets of the dispersed phase 

contain one or more types of smaller dispersed droplets themselves. It is commonly 

used for the encapsulation of hydrophilic molecules. In this method there are two 

step of emulsification procedure. In the first step, a primary water in oil emulsion is 

obtained by dispersing the aqueous solution of the hydrophilic drug molecule into 

organic phase then use vortex machine for mixing, and simultaneous homogenized 

by using a high speed stirrer. Then the second step, syringed the primary w/o 

emulsion into an aqueous solution to obtain w/o/w multiple emulsions by high 

pressure homogenization. Additional stirring under decrease pressure, leads to 

extract and evaporate of organic solvent with subsequent solidifying of the 

nanospheres.  
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• Rapid expansion of supercritical solution (RESS), it is one of the two common 

routes for particle formation in supercritical fluids (any substance at a temperature 

and pressure above its critical point). RESS technique has a suitable alternative to 

produce nanoparticles of heat sensitive materials. The process of RESS technique 

consists of two steps. Firstly, an extraction, in which the supercritical fluid is 

saturated with the substrates of interest. This extraction is followed by a sudden 

depressurization in a nozzle, which forms a large decrease in the temperature and 

the solvent power of the fluid, consequently causing the precipitation of the solute 

(Satvati et al., 2011). Lipid nanoparticles can be prepared by RESS carbon dioxide 

solutions and carbon dioxide (99.99 %) was good choice of solvent for this method 

(Gosselin et al., 2003). The primary limitation of RESS technique is that the 

extraction must be operated at the high pressure (1,000 - 5,000 psia) and the result is 

higher capital and operating costs. 

• High speed homogenization technique (HSH), This technique is most widely used 

since the required equipment exists in many laboratories. There are two commonly 

methods of sonication. A bath or probe tip ultrasonic are employed in laboratories, a 

bath sonicator for large volumes of diluted lipid dispersions, while the probe tip 

sonicator is more suitable for high energy in a small volume dispersion. The 

particles size and size distribution are affected by the composition and concentration 

of lipids, time and power of sonication and the temperature during the 

homogenization (Xie et al., 2011). The most formidable problem associated with 

this technique is broader particle size distribution of several micrometers. This, upon 

storage, may give signs of physical instability, like particle growth and particle 

aggregation. 

• High shear dispersion technique (HSD), This homogenisation technique used a 

high speed rotational instrument (3000 – 25,000 rpm) in laboratory dispersion tasks 

under sample preparation methods as used in medical research. This system is ideal 

for batch homogenizing of cell tissues and emulsifying suspended solids using rotor-

stator generator. Due to the simplicity and less demand in expensive facilities, high 

sheer dispersion has been increasingly employed in the recent years. Typically, HSD 

transports one phase gas, liquid or solid into a main continuous liquid phase which 

would usually be immiscible. It is rotor-stator systems composed of coaxial 
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intermeshing rings with radial openings. When the fluid goes into the centre of 

HSD, it is accelerated and decelerated multiple times, leading to high tangential 

forces (Figure 1.16). The pre-emulsion is transported through the radial openings of 

the rotor systems.  

Then it mixes with the liquid in the gap between the rotor and the stator. The forces 

of HSD and turbulent flow situations generate which result in a disruption of 

droplets. This mechanism wills continuous until the emulsion reaches the saturation 

state. 

 

Figure 1.16: Schematic showing HSD mechanism, it can create elongation and disruption 

flow that separate one particle into two new particles with continuous mechanism until the 

emulsion reach the saturation state. 

 

All the above methods of NLC synthesis and others are still under investigation. 

Although, each of NLC synthesis method has advantages, there are some limitations 

which may be tackled to obtain NLC with good properties (Table 1.5).  

The selection from the preparation methods of NLC depends on the purpose of the NLC 

used, NLC formulation and the method properties. As such there is no one standard 

method set for the preparation of nanostructured lipid carriers (NLC). Moreover, some 

studies used more than one method to prepare NLC in order to improve the particles 

properties and avid methods limitation. 
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Table 1.5: Different methods were used to prepare nanostructured lipid carrier (NLC). 

Method Advantages Disadvantages References 

Hot and Cold 
homogenization 

• Suitable technology on 
large scale 

• Good reproducibility  
• Organic solvent free 

method 

• Complex equipment 
required  

• High temperature 
process in hot 
homogenization 

• High energy input and 
possible degradation of 
the components caused 
by high pressure 
homogenization 

Al Haj       
et al., 2008 
Ekambaram 
et al., 2012 

Emulsion 
formation 
solvent-

diffusion or 
evaporation 

• Allows incorporation of 
thermosensitive drugs 

• Reduces mean particle 
size and narrow size 
distribution 

• Concentration of final 
formulation is required 

• Possible organic 
solvent residues in the 
final formulation 

Gasco 1999 

Microemulsion 
based  

• Decreases mean particle 
size and narrow size 
distribution  

• No energy consuming 
method  

• Easy to scale up 

• High concentration of 
surfactants and co-
surfactants  

• Concentration of final 
formulation is required 

Sinha et al., 
2009 

Double 
emulsion 

• Allows incorporation of 
hydrophilic drugs 

• Concentration of final 
formulation is required 

• Large particle size 
obtained 

Singhal et 
al., 2011 

Rapid 
expansion of 
supercritical 

solution  

• Good for heat sensitive 
components 

• Good reproducibility 

• High energy input 
• operating costs Gosselin et 

al., 2003 

High speed 
homogenization 
"Ultrasonication

" 

• No complex equipment 
is required  

• Easy to handle  
• High concentration of 

surfactants and are not 
required  

• Organic solvent free 
method 

• High energy input 
• Polydisperse 

distributions 
• Possible metal 

contamination 
• Concentration of final 

formulation is required 

Ekambaram 
et al., 2012 

High sheer 
dispersion 

 
• Good reproducibility 
• Particle size controlling 

 

• High energy input 
• Possible organic 

solvent residues in the 
final formulation  

• Concentration of final 
formulation is required 

Patel et al., 
2012 
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1.5.3 NLC Physical properties  

The physiochemical characterization of NLC including particle size, size distribution 

and stability are very important criteria to achieve the quality control of NLC. The 

particle size is essential parameter for NLC in delivery system because as it decreases, 

the surface area properties increase as a function of total volume. The particle size index 

of NLC will affect its drug delivery efficiency (Bahari and Hamishehkar al., 2016). 

Recently, a study has demonstrated that NLC with particle sizes less than 200 nm could 

be promising transdermal delivery carriers (Guo et al., 2015). In 2013, Rahman al., 

demonstrated that the particle size and polydispersity index (PDI) are critical properties 

of NLC that influence the distribution of nanoparticles. Zeta potential is an important 

parameter indicating the stability of NLC (Thakkar et al., 2014). It represents the level 

of repulsion between adjacent particles in solution. The stability of NLC can be 

improved by modifying the preparation of NLC and controlling the zeta potential.  The 

NLC properties such as size, PDI, drug loading capacity, encapsulation efficiency and 

stability may vary between each manufacturing formula. This variation in properties 

may depend on critical factors such as formula components and manufacturing methods. 

For example, the percentage of oil in lipid should be adjusted to form NLC (Müller et 

al., 2000).   

The surfactant type also has a potential effect on NLC properties such as size and PDI 

(Mitrea and Meghea et al., 2014). Different concentrations of surfactant in the NLC 

formula need to be optimised to achieve the desired properties (Agrawal et al., 2010). 

The impact of these characteristics needs to be evaluated for their effect on risk issues 

such as cytotoxicity. The different forms of NLC may be obtained by modifying various 

process parameters such as system contents (for instance solid/liquid lipid type) and 

formulation parameters (such as ratio of drug to lipid, emulsifier to lipid and emulsifier 

to co-emulsifier). Consequently, these characteristics can be evaluated by analysing the 

physical properties of NLC such as size, zeta potential, polydispersity index and 

entrapment efficiency. Moreover, other factors should also be investigated including 

morphology and lamellarity, melting behaviour and the crystallinity of NLC.  
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1.6. NLC for anti-tumour drug delivery (dacarbazine)  

Topical treatment is safe and is the preferred method of drug delivery for treating skin 

diseases since the therapeutic agents goes directly to target side avoiding the first pass 

and systemic metabolism, therefore ensuring optimal local drug level. The metabolism 

of drug can occur at different sites of the body dependent on the route of drug 

administration. For example, in the case of drug delivery through an oral route, the 

gastro intestinal tract and first pass metabolism of the liver may affect the degradation 

and toxicity of therapeutic agents. The risk of systemic side effects of drug 

administration through conventional routes for treating skin diseases have been 

addressed previously (Schäfer-Korting et al., 2007).  

Nevertheless, conventional dermal drug application has enabled therapeutic drugs to 

reach different levels of the skin such as epidermis and dermis. Several problems have 

been reported with traditional topical preparations including poor biodistribution, lack 

of selectivity and low uptake due to the barrier function of the stratum corneum. Many 

research groups are interested in applying lipid nanocarriers to dermal applications. 

Typical advantages for topical drug delivery using lipid nanocarriers are controlled 

release, drug targeting, negligible skin irritation and protection of active compounds. A 

topical application of a drug delivery system appears more attractive as specific carrier 

systems have the ability to penetrate skin layers to a desired stratum. The epidermal 

layer of the skin is rich in lipids that allow lipid carriers such as NLC to attach for lipid 

exchange and penetration. Moreover, the epidermis can tolerate lipid nanoparticles 

which enhance the targeting properties of drug delivery systems (Üner and Yener, 

2007). Consequently, they have the potential to improve treatment efficiency and reduce 

the systemic toxicity of drugs. 

Dermal delivery systems have received general acceptance in cosmetic and 

pharmaceutical skin products (Pardeike et al., 2009). Both the benefits and risks of a 

drug delivery system depends essentially on the capability of such carriers to pass 

through the skin barrier and the types of the tissue and organ it can reach. Therefore, the 

interaction of lipid nanocarriers with both in vivo and in vitro skin models is an 

attractive area of researchers (Schneider et al., 2009). Müller et al., in 2002, observed an 
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increased skin hydration due to the occlusive properties of lipid nanocarriers. 

Furthermore, lipid nanocarriers are able to enhance the chemical stability of compounds 

that are sensitive to light, oxidation and hydrolysis. NLC represent the latest generation 

of drug delivery system for topical application and they are composed of physiological 

and biodegradable lipids that show enhancement in treatment efficiency.  

NLC are known as 'nano-safe carriers' because they are made of complete 

biodegradable lipid components and naturally biocompatible materials. Moreover, NLC 

has properties that are beneficial for dermal delivery of therapeutic and cosmetic active 

agents; for example: (1) decreases the occlusive factor (Teeranachaideekul et al., 2007); 

(2) enhances ultra violet blocking activity (Song et al., 2005); (3) increases skin 

penetration (Zhai et, Al., 2001); (4) enhances chemical stability (Jenning et al., 2001); 

and (5) protects the skin from dehydration (Puglia and Bonina, 2012). NLC for dermal 

drug delivery has previously been evaluated in a number of studies with respect to the 

skin interaction and the impact on drug penetration. For example, some non-steroidal 

anti-inflammatory drugs have improved bioavailability (four times greater) in dermal 

drug delivery than in oral administration (Bhaskar et al., 2009). Regarding the duration 

of drug effectiveness, dermal drug delivery systems were demonstrated to have an 

increased duration of anaesthesia (Pathak and Nagarsenker, 2009). In 2002, Müller et 

al., demonstrated that lipid nanocarriers were more stable on gel formulation and they 

can protect drugs against degradation. The development and the implementation for 

NLC as dermal drugs delivery for treating tumour are on-going activities and the final 

products of engineered dermal drugs delivery system require a thorough safety 

evaluation.   

For topical anticancer therapy, drugs should penetrate the stratum corneum to reach the 

tumour cells. Usually, there are three different routes of skin penetration: 
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(1) through the stratum corneum between the corneocytes (intercellular route); (2) 

through these cells and the intervening lipids (intracellular route); and (3) through the 

skin appendages, such as hair follicles and sweat glands (Moser et al., 2001). Molecules 

with an oil/water partition have adequate solubility in water and oil. In addition, 

molecules with a molecular weight lower than 0.6 kDa may penetrate the skin (lipid 

membranes) easier than larger molecules (Barry 2001; Hadgraft and Lane, 2005 and 

Schafer-Korting et al., 2007). Therefore, topical drug administration is restricted to 

hydrophobic and high-molecular weight drugs. However, anticancer drugs generally 

cannot easily penetrate the stratum corneum since they are hydrophilic; have low 

oil/water partition coefficients, high molecular weights and ionic characters (Souza et 

al., 2011). 

Current topical treatments for skin cancer including 5-fluorouracil, diclofenac and 

imiquimod are approved by the FDA only to treat non-melanoma skin cancers, because 

they are inefficient in reaching the deep layers of skin (such as melanocyte) and have a 

relatively long treatment regime. These drawbacks give emphasis to the requirement for 

alternative methods or techniques to improve the skin penetration of anti-neoplastic 

drugs.  

 

Drug penetration through the stratum corneum can be described with Ficks second law: 

  

(J= Dm .Cv. P/L)  

where (J) is the flux of a drug through the skin and it can be controlled by (1) the 

diffusion coefficient of the drug in the stratum corneum (Dm); (2) the concentration of 

the drug in the vehicle (Cv); (3) the partition coefficient between the formulation and 

the stratum corneum (P); permeability and (L); (4) the membrane thickness (Williams 

and Barry, 2004). Therefore, the anticancer drug flux can be enhanced by increasing its 

concentrations using specific materials for instance nanolipid carriers.  

 

NLC appear to be promising systems because they often increase anticancer drug 

penetration through the skin in addition to other advantages such as improving stability 

of compounds that are sensitive to light, oxidation and hydrolysis. For example, 

Topotecan is an anticancer drug that can be hydrolysed in vivo but when it incorporated 
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with nanolipid carriers the chemical constancy of drug molecules changes (Souza et al., 

2011). In 2014, Fan et al., used nanostructured lipid carrier (NLC) to load the 

Phenylethyl Resorcinol (PR), the study demonstrated that " the incorporation of PR into 

NLC could give greater chemical stability, particularly photo-stability, during storage 

under natural light exposure as compared to that of free PR".   

Generally, the effectiveness of chemotherapeutic agents for treating skin cancer can be 

improved if certain NLC-drug delivery systems are applied topically. The factors that 

have to be considered in development of strategies for topical application of NLC-drugs 

are illustrated in Figure 1.17. 

 

Figure 1.17: Strategy for assessing the safety and therapeutic effect of dermal drugs 

delivery system. 
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Many biocompatible and biodegradable lipids such as triglycerides, solid fats and lipid 

acids are easy to obtain and are used to prepare NLC (Mehnert and Mäder, 2001). 

Moreover, NLC formulations use emulsifiers approved by pharmaceutical regulatory 

bureaus, such as lecithin, Kolliphor® P 188 and polysorbate 80 (Smith, 1986). NLC can 

increase the solubility of most of the hydrophobic tumour drugs in aqueous solution 

(Kumbhar and Pokharkar, 2013). The encapsulation of anti-tumour drugs is one of 

strategies to overcome drug resistance, NLC could be address this need 

(Selvamuthukumar and Velmurugan, 2012). In 2016, Rizwanullah et al., demonstrated 

that surface modification of NLC can be used to overcome drug resistance in cancer 

chemotherapy, increasing site specific targeting for better efficacy and reduced dose 

related toxicity. Recently, researchers have identified that NLC has advantages as an 

anti-tumour drug delivery system (Table 1.6).  

The use of NLC as a carrier for anti-tumour drug Dacarbazine (Dac) will be studied in 

this thesis. 

Table 1.6: Advantages for anti-tumour drugs post NLC loading as nanodrug delivery 

system. 

Drugs Advantageous after NLC encapsulated References 

Zerumbone 

sustained-release characteristics and high 

cytotoxicity in a human T-cell acute 

lymphocytic leukaemia cell line 

Rahman et al., 

2013 

Tributyrin 
promising alternative to intravenous 

administration 
Silva et al., 2015 

Transferrin 
enhanced the active targeting ability of the 

carriers to NCl-H460 cells 
Shao et al., 2015 

Docetaxel 
in vivo pharmacokinetic study indicated 

markedly increased 
Fang et al., 2015 

Berberine 
In vivo studies also showed higher 

antitumor efficacy 
Wang et al., 2015 
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1.7. Gap analysis  

The work elucidated in this thesis is focussed on the use of lipid-based nanoparticles as 

carriers for chemotherapy drug delivery in nanomedicine. In nanomedicine technology, 

therapeutic experiments primarily based on lipid nanoparticles such as nanostructured 

lipid carrier (NLC) particularly in colloidal state have been shown to be promising in 

providing better drug delivery solutions (Üner and Yener, 2007). The drug delivery 

system of NLC nanoparticles has become an area of special interest for researchers, 

however, Lipid-based of NLC nanoparticles for drug delivery systems consist of an 

abundance, amorphous foundations of different lipid excipients (i.e., an inactive 

substance formulated with active ingredient) and other substances. Each formulation of 

nanostructured lipid carrier (NLC) has had different structural and functional 

characteristics which can be manipulated by the controlling contents of the system. 

During the last years, the number of studies describing NLC nanoparticles formulations 

has dramatically increased (Beloqui et al., 2016). An increasing in NLC utilization is 

due to its diverse formulation process and improved knowledge of the underlying 

mechanisms of NLC transportation via different routes of administration. 

Researchers have previously tried to create a novel delivery system for Dacarbazine 

(Dac) to overcome its limitations and side effects. In 2009, Bei et al., examined the 

combined influence of three-level, three-factor variables on the preparation of Dac (a 

water-soluble drug) loaded cubosomes, the TEM structure of cubosomes is shown in 

Figure 1.18.  
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Figure 1.18: TEM images for Dacarbazine loaded cubosomes nanocarriers: (a) population 

of cubosomes. (b) Single cubosomes to better view the cubic structure (Bei et al., 2009). 

 

Cubosomes were made from 100 mg of monoolein, 107 mg of polymer, and 2 mg of 

drug and had an average diameter of 104.7 nm and an encapsulation efficiency of 6.9%. 

The physicochemical properties of dacarbazine-loaded cubosomes were studied (Bei et 

al., 2009). Differential scanning calorimetry (DSC) and X-ray Powder Diffraction 

(XRD) analysis suggested that the 0.06 or 0.28% w/w of drug loaded inside the 

cubosomes was in the amorphous state. These physicochemical characteristics would 

affect the nano-formulation shelf-life, efficacy, and safety. The study investigated the 

combined influence of process parameters (independent variables) such as 

homogenization speed, duration, and temperature during the preparation of dacarbazine-

loaded cubosomes. The optimal process parameters (homogenization speed ~24,000 

rpm, duration = 5.5 min, and temperature = 76°C) led to the production of cubosomes 

with 85.6 nm in size and 16.7% in encapsulation efficiency.  
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In 2011 Ma et al., prepared Dac loaded or blank methoxy poly (ethylene glycol)-poly 

(lactide) (MPEG-PLA) nanoparticles (NPs), by modified water/oil/water (w/o/w) 

double emulsion-solvent evaporation method through an ultrasonic processor without 

any additional additives (Figure 1.19).  

 
 

Figure 1.19: TEM image of Dac-MPEG- PLA NPs. (Ma et al., 2011). 

 

The results showed that the haemolytic test and cytotoxicity test of blank MPEG-PLA 

NPs demonstrated that the obtained drug delivery system is safe and intact to handle and 

Dac could induce more apoptosis of melanoma cells after Dac-delivery system. The 

particle size distribution, morphology, drug loading, drug release profile and anticancer 

activity in vitro about methoxy poly (ethylene glycol)-poly (lactide) (MPEG-PLA) 

nanoparticles, were studied in detail. The small sized nanoparticles with a particle size 

of 144.2±7.8 nm in diameter and drug encapsulation efficiency of 70.1±2.3% were easy 

to disperse in water and suitable for vascular administration. 
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In 2011, Kakumanu et al., prepared nano-emulsion as a carrier for Dac as nanodrug 

delivery system (Figure 1.20).  

 
 

Figure 1.20: Morphology of nanoemulsion-Dac determined by TEM (Kakumanu et al., 

2011). 

 

The study tested whether there was an increased efficacy of Dac as a nanoemulsion on 

reducing tumour size in an epidermoid carcinoma xenograft mouse model. "The mice 

were untreated or treated with a suspension of Dac (0.1 mg/kg), a nanoemulsion of Dac 

(0.1 mg/kg), or Nano-Control (same composition as the suspension and nanoemulsion 

but no Dac), every 2 days by either intramuscular injection (IM) or topical application. 

After 40 days, the final tumour size of mice receiving the nanoemulsion of Dac IM 

(0.83 ± 0.55 mm3) was significantly reduced compared to the suspension of Dac IM 

(4.75 ± 0.49 mm3), Nano-Control IM (7.63 ± 0.91 mm3), and untreated (10.46 ± 0.06 

mm3). The final tumour size of mice receiving the nanoemulsion of Dac topically (3.33 

± 0.63 mm3) was also significantly reduced compared to the suspension of Dac topically 

(7.64 ± 0.68 mm3)". 

These formulations have shown unsatisfactory drug encapsulation efficiency and drug 

loading. In addition, the methods for their preparation may not be suitable for scaling up 
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to industrial manufacture production requirements. In this regard, NLC has emerged as 

an auspicious alternative for Dac as nanodrug delivery system to treat the skin disease 

“melanoma”. The core of this research is the use of nanostructures in medicine as drug 

delivery for melanoma chemotherapeutic drug (Dacarbazine). The research and 

experiments of this study systemically reviews the project on the application of NLC 

nanoparticles as a carrier, and the previous studies used nanoparticles as a carrier for 

Dacarbazine (Dac). 

The development of novel therapeutic drugs alone is not adequate to ensure progress in 

drug therapy. Poor water solubility and stability of drug molecules, such as tumour 

drugs, is a common problem. Consequently, there is an appeal to provide a drug carrier 

system to diminish impediments associated with tumour drugs such as, Dacarbazine (5-

(3,3-Dimethyl-1-triazenyl). The carrier in a drug delivery system (DDS) should have 

appropriate properties such as: a sufficient drug loading capacity, specificity of drug 

"tumor" targeting, controlled release, and reduced drug toxicity. The carrier in DDS 

should also provide homeostasis among the incorporated drug. Moreover, feasibility of 

DDS production, including scaling up with reasonable overall costs, should be possible. 

 

1.8. Aim and objectives 

The literature review presented above show that some research problems around NLC 

as a drug delivery system have been identified. These include different methods of 

preparations (i.e. no standard method used) and different lipid materials applied (i.e. no 

standard formula). In the pharmaceutical industry, the effect of NLC as drug excipients 

in different applications, including the topical route, are still under debate amongst 

researchers. Thus, it has not been possible to identify published reports on the use of 

NLC as a carrier for therapeutic agents. NLC can be considered as a good candidate 

vehicle that could encapsulate a therapeutic agent for topical tumour treatment. 

Therefore, the principal aim of this research is to establish modelling the functionality 

of NLC as a drug delivery system for a therapeutic agent such as Dacarbazine (Dac)  

that can be used for the treatment of Melanoma. The objectives of this project can be 

summarized in the following: 
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1- Development of a standardised laboratory-based preparation of NLC particles 

that have optimal properties for use as a carrier for drug delivery system, 

modifying the NLC formula and the NLC preparation method.  

2- Development and characterisation of the encapsulation of a chemotherapeutic 

drug (Dacarbazine) within NLC particles. Investigate the effect of formula 

modification on physical properties (size, disparity and stability) and delivery 

system (drug loading capacity and encapsulation efficiency) using different 

therapeutic agent concentrations.  

3- Assessment of the particle structure and cellular toxicity of NLC particles and 

therapeutic drug pre and post encapsulation in relevant environments (e.g. in 

vitro using tumour skin cells) 

4- Provide recommendations for an industry-based preparation method (large scale) 

and development of NLC particles that have optimal properties for use as a 

carrier for drug delivery system by defining the effect of modifying the NLC 

formula and preparation method on its properties. 

 

The research approach is shown in Figure 1.21.  
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Figure 1.21:  Schematic outlining the experimental approach of the project. 
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2. MATERIALS AND METHODS  

2.1 Introduction 

This chapter lists the purity and sources of the materials used within the experiments 

presented in this thesis and summarize the methods applied to prepare nanoparticles, 

encapsulate the active agents, and characterize the resultant particles and to assess the 

toxicity of the different end points. 

2.2 Materials 

The materials used within the experiments (both cell assessments and nanoparticle 

preparations) were purchased from different suppliers; these are listed here under the 

different experimental headings for ease. 

For nanostructured lipid preparations, glyceryl behenate (product No: 1295709) was 

purchased from Sigma Aldrich Ltd (Dorset, UK). Stearylamine, D-a-tocopheryl 

polyethylene glycol succinate (TPGS), isopropyl myristate (IPM; 98% purity), acetone 

99.9%, ethanol 99.98% and Kolliphor® P 188 were obtained from Sigma Aldrich Ltd 

(Dorset, UK). Precirol ATO-5® (glycerol distearate) and medium-chain triglycerides 

(Labrafac™ Lipophile WL1349) were purchased from Gattefossé (Cédex, France).  D-

a- Soybean lecithin (SL) was obtained from Cuisine Innovation (Dijon, France). See 

appendix B2 for all material specification sheets. 

For nanostructured lipid measurements, glass cuvettes, phosphotungstic acid (PTA 0.02; 

g/ml) were purchased from Sigma Aldrich Ltd catalogue number 79690. In the 

establishment of nanoparticles measurements, the experiments used silica nanoparticles 

SiNP 20 from Sigma Aldrich Ltd (Dorset, UK), catalogue number 420875 and SiNP 

200 from Postnova Analytics Ltd (Malvern Hills Science Park, UK) catalogue number 

Z-PS-SIL-GFP-0,2. 

The therapeutic drug selected for encapsulated by NLC is dacarbazine (Dac) and it was 

purchased from Sigma Aldrich (Gillingham, Dorset, UK). 

For in vitro cell bio viability assessments, a human malignant melanoma A375 cell line 

was obtained from Sigma Aldrich Ltd (Dorset, UK). Nunclon® flasks (75 and 25 cm2) 
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and Nunclon® TC Microwell 96-flat bottom well plates and 6-well plates were 

purchased from Fisher Scientific Ltd (Loughborough, UK). For cell counts, cell 

counting chamber slides were purchased from Gibco® (Paisley, UK). 

The information regarding the materials used for the cell-based experiments, including the 

media and the supplements used for cell growth are listed in Table 2.1. 

Table 2.1: Cell lines, media and supplements. 

Materials Supplier Catalogue Number 

DMEM/F-12  

Medium 

Gibco® 31330-038 

Fetal Bovine  

Serum 

Sigma Aldrich Ltd F2442-500ML 

Penicillin/Streptomycin  

100UI/ml 

Gibco® 15070-063 

Phosphate Buffered  

Saline 

Sigma Aldrich Ltd P4417-100TAB 

Trypsin-EDTA 

 0.05% 

Gibco® 25300-054 

Trypsin Neutralizer  

Solution 

Gibco® R-002-100 

 

The materials used for the cell-based assays, such as cell viability, apoptotic cell death 

and fluorescent staining, as well as those used for molecular biology experiments, are 

presented in Table 2.2. 
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Table 2.2: Cell-based and molecular biology assay reagents. 

Materials Supplier Catalogue Number 

MTT reagent (3-

(4,5dimethylthiazol-2-yl)-

2,5diphenyltetrazolium bromide) 

Sigma Aldrich Ltd M2128-500MG  

 

Trypan Blue stain                  

solution 0.4% 

Gibco® 21051-024 

Dimethyl Sulfoxide 

(DMSO; 99.9% purity)  

Sigma Aldrich Ltd  D5879-500ML 

Hydrogen peroxide                   

30 % (w/w) in H2O 

Sigma Aldrich Ltd H1009-100ML 

Annexin V/FITC               

conjugate 

Gibco® APOAF-50TST 

Propidium Iodide            

fluorescent stain 

Sigma Aldrich Ltd P4170-10MG 

 

 

2.3 Methods for preparation  

2.3.1 Laboratory-based synthesis of NLCs and NLC-DAC   

Several methods were applied to prepare NLC and each of them has its characteristics 

(see Section 1.6.2). Generally, in the laboratory-based method, a simple evaporation 

technique was used to eliminate the organic solvent in the NLC solution (Naseri et al., 

2015). This method involves dissolving the lipophilic material in aqueous phase by 

using an organic solvent. Upon evaporation of the solvent, NLC dispersion is formed in 

emulsion. In the next step, the organic solvent can be removed from the emulsion by 

evaporation under stirrer – heating technique. For further particles homogenizations and 

size adapting, high shear dispersion (HSD) is useful.  This mixing technique used a high 

speed rotational instrument (3000 – 25,000 rpm) for emulsifying suspended solids lipid. 

The technique passages one phase such as solid lipid into a main mobile liquid phase. 

The pre-emulsion mixed at high speed to produce a disruption of droplets. This 
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technique has advantages of low cost, particles size controlling and simple to use in 

laboratory. 

In this study, NLC was prepared using the laboratory-based method by using HSD after 

solidification of emulsion-evaporation methods in oil/oil/water matrix. Generally, NLC 

prepared by mixing the oil phase with liquid phase in the present of organic solvent. 

Evaporation method used in this study to dissolve the lipophilic material in aqueous 

phase by using an organic solvent. Upon evaporation of the solvent, NLC dispersion is 

formed in emulsion and the organic solvent removed from the emulsion by evaporation 

under stirring technique. The fridge (2°C) was used to stabilize the NLC and keep the 

solution temperature for 2 hours. Up to the solidification step, the study followed the 

previous method published by (Chen et al., 2012), using the same formula as stated 

within the paper and the initial results were reported. Then, HSD was used to optimize 

the NLC properties, which involves decrease the particle size of NLC and improve the 

particles dispersity in solution. Practically, three solid lipids with suitable liquid lipid 

matrices were chosen to prepare NLCs (as shown in Table 2.3).  

Table 2.3: The formula components of NLC preparations. 

NLC 

Formulation 

Solid lipid Liquid lipid Emulsifier surfactant 

SA 
(mg) 

Gb 
(mg) 

Precirol 
ATO-5 (mg) 

IM 
(mg) 

MCT 
(mg) 

SLT 
(mg) 

TPGS 
(mg) 

Kolliphor
® P 188 
w/v % 

NLC/PI   180 60  30 30 1-3 

NLC/GM  180   60 30 30 1-3 

NLC/SI 180   60  30 30 1-3 

* SA, stearylamine; Gb, glyceryl behenate lipid; IM, isopropyl myristate; MCT, medium-

chain triglycerides; SLT soybean lecithin; TPGS tocopheryl polyethylene glycol 

succinate. 

 

The preparation involved oil-in-water emulsion, evaporation and solidification followed 

by high sheer dispersion. The solid lipid, liquid lipid and emulsifiers were mixed with 

12.5 mL of organic solvents (equal volume of acetone and ethanol) at temperature 5 °C 

above their melting point. The emulsion was made by adding the oil phase drop-wise to 
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an equal volume of aqueous phase, which contained nonionic surfactant kolliphor® P 

188 (1–3 % w/v) and was heated at the same temperature. The mixture was stirred for 4 

hours at 400 rpm using a magnetic stirrer, and then solidified at 0 °C for 2 hours. 

Finally, the solution was subjected to high sheer dispersion by a mixing step at 10,000–

15,000 rpm for up to 40 min using the instrument shown in Figure 2.1. 

 

Figure 2.1: High shear disperser machine which used to prepare NLC (T25 digital Ultra-

Turrax, IKA, UK). 

 

The same procedure was used to achieve NLC/PI-Dac, where the amount of 0, 35, 50, 

70 mg of Dac was added to the oil phase to prepare three different formula of NLC/PI-

Dac. NLC/SI NLC is made of stearylamine (SA) and isopropyl myristate lipids, 

NLC/GM NLC is made of glyceryl behenate lipid (GB) and medium-chain triglycerides 

(MCT), NLC/PI NLC is made of precirol ATO-5 and isopropyl myristate (IM) lipids, 

SL soybean lecithin and TPGS D-α-tocopheryl polyethylene glycol succinate was used 

in all preparations as emulsifier. 
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2.3.2 Industry-based synthesis of NLC/PI  

As the post laboratory-based technique, the study used the Microjet reactor (MJR) 

method to prepare NLC at a large scale. MJR is a technique for producing 

microparticles or nanoparticles of water-soluble and water-insoluble substances. The 

lipid phase, including solvent, and a liquid phase are mixed as jets that collide with each 

other in a microjet reactor. The flow rates and temperature thereby cause very rapid 

microparticles or nanoparticles to be formed (Türeli, 2015). The high energy dissipation 

from the jets promotes nanoparticle formation in large scale (Figure 2.2). Micro jet 

reactors (MJR) can be used to form nanoparticles where two streams of chemicals 

(solvent and a nonsolvent) impinge. Schwertfirm et al, 2008 have previously 

demonstrated that the flow rate and temperature of the reactor has an effect on the 

properties of the particles. To prepare NLC by the microjet reactor, the formula of 

NLC/PI 1% was selected as the best carrier properties obtained from the laboratory-

based synthesis. 

 

Figure 2.2 : Schematic showing MJR processes of two impinging jets (Türeli, 2015).  

 

The effect of MJR flow rate (50, 75, 100 ml/sec) at different reactor temperatures (at 60, 

65, 70 °C) on the properties of the formula of NLC/PI 1% was also measured.  Initially, 

Precirol ATO-5 as solid lipid, isopropyl myristate as liquid lipid, soybean lecithin and 

D-a-tocopheryl polyethylene glycol succinate as emulsifiers were mixed with 125 mL 

of organic solvents (equal volumes of acetone and ethanol) at a temperature which was 

set at 5 °C above their melting point (65 °C). Then, the NLC was made by pumping the 
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oil phase to an equal volume of aqueous phase, which contained 1 % of nonionic 

surfactant Kolliphor® P 188. 

  

2.4 Measurement of physiochemical properties 

2.4.1 Introduction 

Nanodrug carriers use biodegradable and biocompatible lipid materials encapsulated by 

surfactants and dispersed within colloidal system. The properties of nanostructured 

lipids that may affect its function as a carrier have to be measured and improved. So, it 

is important to evaluate NLC properties after each preparation step. This study used 

different technique to assess the NLCs and NLC-Dac attributes such as average size, 

dispersity index, particle morphology and zeta potential. 

2.4.2 Dynamic Light Scattering (DLS) 

In nanoparticles research, it is importance to study the particles size and the particle size 

distribution (polydispersity index, PDI). Dynamic Light Scattering (DLS) can analyze 

the particle size by monitoring the Brownian motion (Figure 2.3).  

It is the random movement of particles due to the bombardment by the solvent 

molecules that surround them. Usually DLS is concerned with measurement of particles 

suspended within a liquid and by using the Stokes-Einstein relationship the intensity 

fluctuations can be inferred. A typical dynamic light scattering system comprises of six 

main constituents; (1) a laser provides a light source to illuminate the sample contained 

in a cell,  

(2) most of the laser beam passes through the sample, but some is scattered by the 

particles within the sample at all angles,  

(3) a detector is used to measure the scattered light and the intensity of scattered light 

must be within a specific range for the detector to successfully measure it,  
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(4) an attenuator is used to reduce the intensity of the laser source and hence reduce the 

intensity of scattering,  

(5) the correlator compares the scattering intensity at successive time intervals to derive 

the rate at which the intensity is varying,  

(6) this correlator information is then passed to a computer to analyse the data by 

specific software. 

 

Figure 2.3 : Optical configurations of the Zetasizer Nano series for dynamic light (source: 

Malvern technical note “Achieving high sensitivity at different scattering angles with 

different optical configurations"). 

This study used DLS to measure the particles size and polydispersity index (PDI) of 

NLC under certain conditions included temperature (25 ºC), fixed angle (90°), refractive 

index set at 1.590 and samples were suitably diluted with deionized water (Fang et al., 

2012; Gomes et al., 2014; Yue et al., 2016). DLS is concerned with the measurement of 

particles size and dispersity in a suspension. NLCs and NLC-Dac preparations were 

measured with a Malvern Zetasizer (Zetasizer Nanosizer S; Malvern Instruments Ltd, 

Worcestershire, UK) as described previously (Irfan et al., 2014). The measurements 

were obtained at 633 nm with a 4-m He–Ne laser. To give an average value and 

standard deviation for the particle size and polydispersity index (PDI), three different 
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batches for each formula from NLC/PI, NLC/GM and NLC/SI were analyzed five 

times. Prior to the measurement, all the samples were diluted with double-distilled water 

to a suitable scattering intensity. 

2.4.3 Nanoparticles tracking analysis (NTA) 

Nanoparticles tracking analysis (NTA) is a newly developed method which combines 

laser light scattering microscopy and a video imaging system for measuring the particles 

size between approximately 10-2000 nm. A laser beam is passed through the particles in 

solution in the path of the beam scatter light that they can be simply visualized via 

magnification microscope onto which is mounted a video camera (Figure 2.4).  

 

Figure 2.4: Schematic presentation of the Nanoparticle Tracking Analysis (source: 

Malvern articles "Studying Nanoparticle-Based Drug Delivery and Targeting with 

Nanoparticle Tracking Analysis"). 

 

The NTA technique can accesses a unique size range and is reflected a more 

quantitative than DLS. When recording a video, the rate of movements of each 

individual particle captured on film is related to its size according to a modified Stokes–

Einstein relationship. The NTA can identify and track the individual particle in the field 
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of view which is moving by Brownian motion in liquid. The particle size measurements 

of NLC/PI were confirmed using NTA.  

A stock solution of the sample was diluted with double-distilled water to 200 µg/mL. 

Three ml of the dilute solution was loaded into a 5 ml glass syringe and this was 

injected to the sample chamber of the laser illumination module of a Malvern Nanosight 

LM20 (Malvern Instruments Ltd, Worcestershire, UK). The laser was turned on and the 

focus of the instrument set on a location where nanoparticles were existent. When 

particle showed, and tracking were optimized, a sequence of automated batch clip 

experiments was performed to increase the sample size and improve statistical analysis. 

The temperature during the experiment was held constant at 20 °C and 30 frames/sec.  

2.4.4 Zeta potential 

Zeta potential is a scientific term for electro-kinetic potential for particles in colloidal 

system. The potential difference between the dispersion medium fluid and the surface of 

the dispersed particle is a reflection of the stability of colloidal dispersions. (Table 2.4). 

The higher zeta potential values on either side reflects the stabilization of the particles in 

suspension (Gonzalez-Mira et al., 2010) 

Table 2.4: Zeta potential value guidelines and stability evaluation. 

Zeta potential 

(mVolt) 

Stability behavior 

of the colloid 

From 0 to ±5 Rapid flocculation 

From ±5 to ±25 Incipient instability 

From ±25 to ±45 Moderate stability 

From ±45 to ±65 Good stability 

From ±65 to ±100 Excellent stability 
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Typically, the stability of nanoparticles is reliant on the value of zeta potential, i.e. high 

value zeta potential suggests a high degree of repulsion between adjacent particles and 

the dispersion will not flocculate, while low value of zeta potential suggest that there is 

a high degree of attraction between particles and the dispersion will aggregate and 

reduce the stability of the suspension (Hanaor 2012). In NLC drug delivery, the stability 

of NLC particles is a good influence of the quality of delivery system (Wa et al., 2011; 

Thatipamula et al., 2011; Shinde et al., 2013; Sütő et al., 2016). 

The electro-kinetic potential for particles in colloidal system is referred to its zeta 

potential, indicating the level of repulsion between adjacent particles in solution. 

The potential difference between the dispersion medium fluid and the surface of the 

dispersed particle reflects the stability of colloidal dispersions. The zeta potential of 

each of the three NLC/PI formulas and NLC/PI-Dac were prepared as previously 

stated for NTA (200 µg/ml dilution in double-distilled water) and then the solutions 

were injected into Malvern Instrument 3000 HSa Zetasizer (Malvern Instruments 

Ltd, Worcestershire, UK). They were analyzed with 5 cycles of measurements to 

measure the average zeta potential taken for each sample and the results were 

recorded. 

2.4.5 Transmission Electron Microscopy (TEM) 

The transmission electron microscope (TEM) functions on the same basic principles as 

the light microscope but uses electrons instead of light (Figure 2.5). What can be 

observed with a light microscope is limited by the wavelength of light so TEMs use 

electrons as light source. In that case their much lower wavelength creates it potential to 

get a resolution a thousand times better than with a light microscope. Objects to the 

order of a few angstroms (10-10 m) can then be seen. For structural investigation and 

particles morphology of NLC, TEM presented a useful image (Saupe et al., 2006; Lin et 

al., 2007; Silva et al., 2009).  

The structure and morphology of the NLCs were studied by TEM. NLC preparations 

were diluted with double-distilled water (50 µg/ml dilution in double-distilled water). A 

droplet of each sample was applied to a copper grid coated with carbon film and air-

dried. The grid was then stained with 0.02 g/mL phosphotungstic acid (PTA) solution 
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and dried under room temperature (25 °C). The particles were examined using TEM 

(CM20, Philips) at an operating voltage of 200 kV. Later, TEM technique was also used 

with same conditions to analyze the structure of NLC/PI-Dac comparing with NLC/PI 

(NLC with and without drug). 

 

Figure 2.5: Layout of optical components in a basic TEM (Williams and Carter al., 1996). 

 

2.4.6 Stability at storage conditions  

The stabilities of each NLC formation (NLC/PI, NLC/GM and NLC/SI) were 

determined over a period of storage at 2-4 °C for 6 months of each formation. The 

changes in particle size, polydispersity and zeta potential were investigated using the 

same conditions as described above. 

2.4.7  Lyophilisation 

The samples were applied to lyophilization process by using the freeze-dried method. 

NLC/PI and NLC/PI-DAC were freeze-dried to obtain dried product and then 

subjected to XRD analysis. Initially, 3% (w/v) concentration of Silica fumed was 

added to both samples (NLC/PI and NLC/PI-Dac) as cryoprotectants. Then, they 

were fast frozen under −45°C in a deep-freezer for overnight. Next day, they were 

moved into the Edwards Modulyo K4 Freeze Dryer (Thermo Electron Corporation, 

UK). The operating conditions were, temperature of −25 °C and pressure of 0.001 
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bar. After 24 h, the NLC/PI and NLC/PI-Dac powders were collected and analyzed 

using an X-Ray Diffractometer. 

2.4.8 Powder X-Ray diffraction (PXRD)  

The technique of X-ray diffraction (XRD) use a scattering of X-rays produces an 

interference effect to the atoms of a crystal and gives information of the identity of a 

crystalline substance. The crystalline fields in the powder are dissimilar and the three-

dimensional structure of crystalline materials is defined by steady displacement, 

repeating of planes for atoms. The X-ray beam interacts with these planes of atoms and 

produced different atom diffracted. This diffraction is depending on atom crystal lattice 

and arranged. The X-ray diffraction can measure the distances between the planes of the 

atoms by applying Bragg's Law. The measurement produced from a typical X-ray scan 

delivers a unique "fingerprint" of the molecule (Warren al., 1969). 

The XRD of NLC have been shown to have different patterns due to the NLC 

components such as the solid lipid and surfactant. The XRD analyses can also 

demonstrated the variance between NLC pre and post drug encapsulated. In 2014 Lim et 

al., found that the XRD showed that the drug itraconazole was encapsulated in the lipid 

matrix and present in the amorphous form see Figure 2.6.   

 

Figure 2.6: X-ray diffractogram for (A) Itraconazole-loaded nanostructured lipid carriers; 

(B) blank nanostructured lipid carriers; (C) itraconazole. 
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In this research, the XRD analysis will use to study the crystalline lattice of NLC pre 

and post Dacarbazine (Dac). In 1979, Freeman and Hutchinson, published the three-

dimensional X-ray data and the crystal structure of Dac. It has been reported as 

monoclinic crystal system (crystal of unequal lengths) with space group P21/m. 

Monoclinic crystal exist with a = 14.042, b = 10.661 and c = 11.914 axis. The crystal 

lattice of Dac exist with Å, β = 91.49 and 2 molecules per asymmetric unit (Figure 2.7).  

PXRD is used to study structural characteristics and to identify powders. In this study, 

X-ray diffractometer (Bruker-AXS D5005, Siemens, UK) was used to determine the 

crystalline structure of Dac (white powder), NLC/PI (white powder) and NLC/PI-Dac 

(yellowish powder). The samples were pressed into a slit (dimensions 2x2x1mm) and 

PXRD pattern was measured with a voltage of 40 kV and a current of 30 mA. The 

radiation source is 64Cu and the range of scan used was 10–90° of the diffraction angle 

2θ for 1 h 6 min. 

 

Figure 2.7: X-ray diffraction pattern of native Dac (Bei et al., 2010). 
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2.5 Measurement of pharmacological effect  

2.5.1 Introduction  

More methods were used to assess NLC/PI-Dac as drug delivery system to describe 

its properties. The parameters such as drug loading capacity, encapsulation efficiency 

and drug release profile were used to improve the NLC/PI-Dac formulations. The 

next sections discuss the principles of each of these methods.  

2.5.2 Drug loading capacity (DL) and encapsulation efficiency (EE)  

Ultra violet spectrophotometry (UVs) is a quantitative analysis of the material reflection 

and deals with light beam's intensity as a function of wavelength and of its colour. The 

absorbance of a species in the solution is directly proportional to its concentration. UV 

spectrophotometry has been used in previous studies to measure Dac concentration at 

330 nm wavelength (Bei et al., 2010 and Kumar et al., 2016). Initially, a standard curve 

is created based upon different concentrations of Dac and the regression equation is 

obtained (y = dx + b), where d is the slope of the line and b is the y is intercept (Figure 

2.8).  

 

Figure 2.8: Spectrum diagram and calibration curve of Dacarbazine (Kumar et al., 2016). 
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Many studies demonstrated that UV spectrophotometry can be used to measure the 

concentration of the drug encapsulated in NLC that is used for drug delivery, by 

centrifuging the suspension of NLC with specific conditions such as speed and 

temperature. The centrifugation process causes the NLC to precipitate and the drug is 

released from NLC (Sanad et al., 2010; Xia and Wu, 2011 and Gaba et al., 2015).  

Dac fluoresces can be measured under UV at 330 nm wavelength (Bei, et al. 2010).  

Dac was therefore dissolved in acetone at concentrations of 0-80 µg/mL and analyzed 

using a UV spectrometer (Double Beam UV-VIS, UV-2100 Shimadzu, Japan) to 

provide a fluorescence reading versus concentration in order to plot the standard 

curve. The concentration of Dac within NLC/PI-Dac was determined by centrifuging 

NLC/PI-Dac at 12,500 rpm, 4°C for 45 min (Fresco17 Micro-centrifuges, Thermo 

scientific, UK) to obtain a supernatant. The free drug in the supernatant was then 

measured using UV spectrometer and the concentration was calculated according to 

the regression equation for the Dac standard curve.  

The encapsulation efficiency (EE) and drug loading (DLC) percentage were derived 

from the following equations: 

 

 

Where W1 is the amount of drug added in the NLC/PI, W2 amount of un-entrapped 

drug and W3 amount of the lipids added. 

2.5.3 Drug release profile  

The release of Dac from NLC/PI-Dac over a period of time was studied by diluting 

NLC/PI-Dac stock solution. NLC/PI-Dac was diluted to 10 % with PBS (pH = 7.4) 

and incubated at 37 °C in a capped centrifugation tube. At intervals of 0-30 h, the 

solutions (6 samples) were centrifuged at 12500 rpm, 4°C for 45 min (Fresco17 

Microcentrifuges, Thermo scientific, UK). The concentration of Dac in the 

supernatant was calculated according to the regression equation of the Dac standard 
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curve (following the method described in Section 2.3.1). The drug released from 

NLC/PI was expressed as the percentage of total amount of drug in the solution. 

 

2.6 Methods for NLCs and NLC/PI-Dac toxicity assessment in A375 cells  

2.6.1 Introduction  

The cell line A375 derived from a 54-year-old female with malignant melanoma was 

used for toxicity analysis using MTT assay. The viability of cells was counted to 

assess the effect of NLCs on cell line A375 at different concentrations for up to three 

days. A blank control was formed of NLC/PI without Dac encapsulation. A positive 

control was used and comprised of hydrogen peroxide (0.3 g/ml in deionized water). 

Initially, the toxic effects of NLC/PI, NLC/GM, and NLC/SI (formula shown in 

Table 3.1) were assessed in A375 cells. Later, the effect of Dac on cell line A375 was 

analyzed before and after encapsulation in NLC/PI. 

Cells are the vital environment to evaluate the bioactivity for the drug delivery 

system. Studies have shown in vitro effect of different drug delivery systems using 

several cells. For skin tumor research, A375 cells have been used previously to assess 

NLC particles as a carrier in nanodrug delivery system (Brown et al., 2014; Rigon et 

al., 2015), but these are different than those developed in this work.       

2.6.2 Cell culture  

A375 cells are a human amelanotic melanoma cell line which have been applied to a 

variety of research in cell biology. Melanoma cells are categorized according to the 

differentiation phases evaluated by morphology, expression of cell-surface marker 

antigens and pigmentation (Koziel, 1995). A375 cells belong to undifferentiated class 

due to lack of gp100 antigen and expression of HLA-DR antigen. The cells themselves 

have clearly epithelioid and slippery shapes with lack of pigmentation. The human 

melanoma cell line A375 endogenously expresses mutation in B-RAF at V600E that 

leads to the establishment activation of the cellular proliferation. 
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In this work, A375 melanoma cells were suspended in the medium of the cells 

containing Foetal Bovine Serum (FBS; 0.15 g/ml) and penicillin-streptomycin (0.01 

g/ml) in 500 ml of Dulbecco’s Modified Eagle’s (DMEM/F-12). The cells were 

seeded at a density of 5 X 104 cells/cm2 in flasks (Nunclon® 25 cm2) and incubated 

at 37°C under a humidified atmosphere with 5% CO2 and 95% air. The cells were 

passaged every 3 days at sub-confluent cultures (80-90% confluency) using 0.25 

g/mL trypsin-EDTA to detach them from the surface of flasks.  

The media-cell solution was centrifuged at 1200 rpm using a bench top centrifuge 

(Thermo-Scientific centrifuges-UK) and the cell pellets were collected and re-

suspended in DMEM/F-12 media at 104cells/cm2 using flasks (Nunclon® 75 cm2). 

2.6.3 Phase contrast microscopy for cell imaging  

Phase contrast is a type of light microscopy using an optical contrast technique for 

making unstained phase samples visible and enhances contrasts of transparent and 

colorless samples by influencing the optical path of light. A large spectrum of living 

biological specimens are practically transparent when observed in the optical 

microscope, while phase contrast microscopy can examine the living cells in their 

natural state without being killed, fixed and stained. This is useful because cellular 

processes can be viewed in real time. The technique of phase contrast microscopy, 

which converts phase shifts in light passing through a transparent specimen to 

brightness changes in the image, phase changes themselves are invisible, but become 

visible when shown as brightness variations (Figure 2.9). The first application of 

phase contrast microscopy technique was by the Dutch physicist Frits Zernike 

(1888-1966). The phase contrast microscope uses the concept, which the light 

passing through a transparent part of the specimens travels slower and therefore is 

shifted compared to the uninfluenced light. The difference in phase can be amplified 

to half a wavelength by a transparent phase-plate in the microscope, consequently 

causing a difference in brightness making the transparent sample shine out in 

contrast to its surroundings. The annulus aperture is placed in the front focal plane of 

the condenser and confines the angle of the any penetrating light waves. The phase 

plate lies in the back focal plane of the objective and has a phase ring made from 
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specific material that dims the light passing through it. Then, changes its phase by 

λ/4, when λ represents the light’s wavelength. The ring-shaped light that passes the 

condenser annulus is focused on the specimen by the condenser. Portions of the ring-

shaped light are diffracted by optically dense structures of the specimen such as 

plasma membranes and organelles.  

Cell morphology was examined before and after treatment with silica nanoparticles 

(SiNP) and nanostructured lipid carrier (NLC) 25-100 µg/ml in medium with 10% 

FBS (CM-10%) and 0% FBS (CM) at 24 hours. Phase contrast cell images were 

taken at 20X magnification using Leica DFC 295. 

 

Figure 2.9: The configuration of a phase contrast microscope, a phase contrast microscope 

amplifies the slight difference in the refractive index which causes the edges of cells to be 

highlighted  (source https://cellularphysiology.wikispaces.com/Phase+Contrast+Microscopy 

accessed on 21/06/2016).  

 

 

https://cellularphysiology.wikispaces.com/Phase+Contrast+Microscopy
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2.6.4 Cell counting 

A375 cells were detached from the growth surface area of the flask (Nunclon® 75 

cm2) by using 0.25 g/mL of trypsin. Firstly, 5 mL of trypsin added to the flask then 

the cells were incubated at 37°C under a humidified atmosphere with 5% CO2 and 

95% air for three minutes. Once detached, the cells were centrifuged and re-

suspended in the medium of the cells containing Fetal Bovine Serum (FBS; 0.15 

g/ml) and penicillin -streptomycin (0.01 g/ml) in 500 mL of Dulbecco’s Modified 

Eagle’s (DMEM/F-12). Trypan Blue was used to differentiate between live and dead 

cells. An aliquot of 25 µg Trypan Blue was mixed with an equal amount of cell 

solution in an Eppendorf tube and then added on to a Chamber slide®, which was 

analyzed using an automated cell counter (Invitrogen Countess®). The number of 

cells per mL and the number of live cells were recorded. 

2.6.5 Morphology of A375  

Typically, light microscopy can provide information on cell morphology changes in 

response to treatment. The effect of NLCs in A375 cells was qualitatively assessed by 

imaging using light microscopy (Leica DM IL LED system). A375 cells from the flask 

(Nunclon® 75 cm2) were harvested and seeded in 6-well plates at a density of 104 

cells/cm2. The cells were incubated at 37°C under humidified atmosphere with 5% 

CO2 and 95% air. The media was removed after 24hours and replaced with media 

containing different type of NLC (NLC/PI, NLC/GM and NLC/SI) at 100 µg/ml 

concentration. Post 24hr incubation, the cells morphology was examined under light 

microscopy and the images were recorded. 
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2.6.6 Growth rate  

After initially seeding A375 cells, growth starts with a lag phase and proceed to a log 

phase, where the cells proliferate exponentially (Figure 2.10).  

 

Figure 2.10: Phases curve of cells growth shows the period of treatment. 

 

Then the stationary phase starts where growth rate and death rate are equal. The log 

phase is also called the exponential growth phase that cells grow rapidly, and the 

doubling time is often short (period of time required cells for a quantity to double in 

size). Rapidly growing cells are made competent more easily than cells in other growth 

phases and the cells in log phase are live, healthy, and actively metabolizing so, it is 

necessary to brought cells into log phase for treatment. In this study, A375 melanoma 

cells will be used in log phase and cell viability will assessed after treatment with the 

drug encapsulated particles. 

A375 melanoma cells were suspended in the medium of the cells and seeded in 

triplicate at 104, 2X104, 3X104 and 4X104 cells/ cm2 in 96-well plates. Cell growth 

was determined by MTT assay (described in Section 3.6.8.) at three time points, 

namely 24, 48 and 72 hours. 
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2.6.7 A375 doubling time 

Cell population doubling time refers to the period of time required for a quantity of 

cells to double. The A375 cells were seeded in 96/well plates and incubated at 37°C 

under humidified atmosphere with 5% CO2 and 95% air. At different time points the 

supernatant was removed and the cells washed using PBS. Then the cells were 

detached by adding trypsin (0.25 g/ml) and incubated for 3 minutes. The cells were 

put in Eppendorf tubes and suspended using DMEM/F-12. The media-cell solution 

was centrifuged at 1200 rpm for 5 min using a bench top centrifuge (Thermo-

Scientific centrifuges-UK). Trypan Blue was prepared in Eppendorf for cells 

counting (50 µl in each). The cell pellets were collected and re-suspended in 

DMEM/F-12 and equal volumes were add to Trypan Blue and gently mixed. From 

each mixing sample, 50µl was injected to the chambers of counting slides and 

analyzed using an automated cell counter (Invitrogen Countess®). The numbers of 

cells were recorded and calculated using use web site calculator (Roth V. 2006 

Doubling Time Computing, Available from: http://www.doubling-

time.com/compute.php).  

2.6.8 MTT assay  

MTT assay is a colorimetric test for assessing cell viability when NAD (P) H-dependent 

cellular oxidoreductase enzymes under defined conditions crystalize 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to formazan salt (Figure 

2. 11). 

  

Figure 2.11: Schematic diagram of Formazan salt formation from MTT by Mitochondrial 

reductase. 

http://www.doubling-time.com/compute.php
http://www.doubling-time.com/compute.php
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In this study, the cell toxicity was assessed by MTT assay, the cell pellets were 

incubated at 37°C under a humidified atmosphere with 5% CO2 and 95% air in 

flasks (Nunclon® 75 cm2) at 104cells/cm2. At which point they were detached from 

the growth surface area by using of trypsin (0.25 g/ml). Once detached, the cells 

were centrifuged and re-suspended in Dulbecco’s Modified Eagle’s (DMEM/F-12) 

containing Foetal Bovine Serum (FBS; 0.15 g/ml) and penicillin -streptomycin (0.01 

g/ml) and seeded in three plates of 96-well plates. The cells left for incubation for 24 

hours. The media was then removed and replaced with media containing different type 

of NLC at different concentration (Table 2.5). A positive control of H2O2 was used and 

a blank of media was included. Each plate was marked for a time point and incubated 

for 24, 48 and 72 hours. The cells were incubated at 37°C under humidified atmosphere 

with 5% CO2 and 95% air. 

Table 2.5: MTT plan for A375 cells treated by different type and concentrations of NLCs. 

Blank 
(µg/ml) 

NLC/PI 
(µg/ml) 

NLC/GM 
(µg/ml) 

NLC/SI 
(µg/ml) 

Control 
H2O2 

(µg/ml) 

0 50 100 200 50 100 200 50 100 200 50 

0 50 100 200 50 100 200 50 100 200 100 

0 50 100 200 50 100 200 50 100 200 200 

 

 

At the time appointed (24, 48 and 72hr), the medium was removed from each 96-well 

plates and the cells were washed twice with PBS to remove all NLCs for possible 

interference with absorbance measurements. Then, 100 µl of tetrazolium dye MTT or 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide solution (1mg/ml) was 

added to the cells in 96-well plates and incubated for two hours at room temperature 

25°C. The plate was covered with aluminum foil to prevent light interaction. After two 

hours incubation at room temperature an equal volume (100 µl) of dimethyl sulfoxide 

(DMSO) reagent was added to stop the MTT reaction. The plate was then incubated for 

a further 20 minutes at room temp (25°C) before the plate was analyzed using a 
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Thermo Scientific Varioskan platereader (including a spectrometer at a wavelength of 

570 nm). Cell viability was expressed as % of control (e.g. cells without particle 

treatment). 

The same procedure of MTT assay was used to analyze the A375 cells toxicity after 

NLC/PI and NLC/PI-Dac treatment (Table 2.6). 

Table 2.6: MTT plan for A375 cells treated by different concentrations of NLC/PI carrier 

before and after encapsulated Dac and Dac. 

Blank 
(µg/ml) 

NLC/PI 
(µg/ml) 

NLC/PI-Dac 
(µg/ml) 

Dac 
(µg/ml) 

Control 
H2O2 

(µg/ml) 

0 50 100 200 8/50 16/100 32/200 8 16 32 50 

0 50 100 200 8/50 16/100 32/200 8 16 32 100 

0 50 100 200 8/50 16/100 32/200 9 16 32 200 

 

 

2.7 Statistical analysis   

All experiments were performed at least three times and representative experimental 

data is presented in each figure. The mean values of three replicates were expressed 

with standard deviation (shown as mean ± SD). One-way ANOVA, T-test and Fishers 

Least Significant Difference (LSD) were performed using Minitab 16 software to 

determine significance of comparisons. Statistically significant differences (e.g. where p 

≤ 0.001, 0.05 and 0.01) are indicated by asterisks on the figures (p<0.01 shown as ***, 

p<0.05 shown as ** and p<0.1 shown as *). 
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3. NANOSTRUCTURED LIPID CARRIERS SYNTHESIS, 
CHARACTERISATION AND OPTIMIZATION 

3.1 Introduction 

Several methods were applied to prepare NLC for use as a nanoparticle carrier for drug 

delivery (see Section 1.6.2). In this Chapter, the studies focused on the optimization of 

the NLC synthesis methods. The NLCs were first prepared using a laboratory process 

with different formulae. Initially the three different types of NLC formulae (NLC/SI, 

NLC/GM and NLC/PI) were prepared using evaporation-solidification methods (see 

section 2.3.1). The measurements of NLC properties (particles size and poly dispersity 

index) were reported for each formulation. Initial results show the necessity to use high 

shear dispersion (HSD) to improve the NLC properties. Later, HSD and their 

parameters (speed and time of dispersion) on NLC properties were investigated. The 

deposition parameters were varied to achieve the optimum properties of NLC for drug 

delivery (defined in Section 2.3.1). The NLC properties including particle size, 

polydispersity index (PDI) and the morphology were measured for each sample after 

preparation and the resultant properties were analyzed to select the most appropriate 

NLC for use as a carrier. The appropriate formula of NLC was then re-synthesized 

using an industrial technique, MicroJet Reactor (MJR; discussed in Section 2.3.2) and 

the effect of flow rate and temperature on particle size and polydispersity of the 

particles was analyzed. The results and discussions of this work are shown below.  

 

3.2 Preliminary preparation of NLC using evaporation-solidification methods 

Three different samples from NLC were prepared, each preparation formulated from 

lipid phase and aqueous phase. In each formula, each lipid phase has different solid lipid 

used (Table 3.1). In each formula the solid lipid, liquid lipid and emulsifiers were mixed 

for evaporation-solidification methods (see section 2.3.1). Then, each sample was 

measured for particle size and particles homogeneity through the polydispersity index 

(PDI) by using Dynamic light scattering (DLS). 
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Table 3.1: Formula components of NLCs preparations by evaporation-solidification 

methods. 

NLC 
Formulation 

Solid lipid Liquid lipid Emulsifier Surfactant 

SA 
(mg) 

 

Gb 
(mg) 

 

Precirol   
ATO-5 
(mg) 

 

IM 
(mg) 

MCT 
(mg) 

SLT 
(mg) 

TPGS 
(mg) 

Kolliphor® 
P 188 
w/v % 

1 NLC/PI   180 60  30 30 1 

2 NLC/GM  180   60 30 30 1 

3 NLC/SI 180   60  30 30 1 

* SA, stearylamine; Gb, glyceryl behenate lipid; IM, isopropyl myristate; MCT, medium-
chain triglycerides; SLT soybean lecithin; TPGS tocopheryl polyethylene glycol 
succinate. 

 

After the preparation of the NLC as shown in Table 3.1, the NLC particles were 

characterised using DLS. The NLC results showed that the particles size were larger 

than 900 nm (Table 3.2), the preparations were repeated using different stirring time (4, 

2 and 1 hours) at stirring speed of 400 rpm.  

Table 3.2: The particle size and polydispersity index (PDI) data obtained from DLS for 

different NLC preparation, different stirring time at 400 rpm, mean ± SD (n = 5). 

Formula  NLC 
Type 

Stirring time 
(hours) 

Particle size  
(nm) PDI 

F 1a NLC/PI 4 924±26* 0.75±0.03 

F 1b NLC/PI 2 1306±27 0.91±0.07 

F 1c NLC/PI 1 1562±49 0.80±0.05 

F 2a NLC/GM 4 994±17 0.63±0.02 

F 2b NLC/GM 2 880±81*  0.73±0.06 

F 2c NLC/GM 1 1131±19 0.69±0.03 

F 3a NLC/SI 4 1275±65* 0.87±0.01 

F 3b NLC/SI 2 1506±12 0.65±0.02 

F 3c NLC/SI 1 1722±13 0.87±0.07 
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Note: (F1) NLC/PI formula is made of precirol ATO-5 and isopropyl myristate (IPM) lipids, 

(F2) NLC/GM NLC is made of glyceryl behenate lipid (GB) and medium-chain triglycerides 

(MCT) and (F3) NLC/SI is made of stearylamine (SA) and isopropyl myristate lipids. 

*indicated the smallest particles size distribution obtained and Figures 3.1, 3.2 and 3.3, showed 

its DLS results. 

For the formulation of NLC/PI (F1a) 

 

Figure 3.1: The smallest particles size distribution obtained for NLC/PI (F1a) as measured 

by DLS, the average size was 924 nm ±26 and PDI was 0.75±0.03. Each colour represent 

sample, mean ± SD (n=5). 

For the formulation of NLC/GM (F2b) 

 

Figure 3.2: The smallest particles size distribution obtained for NLC/GM (F2b) as 

measured by DLS, the average size was 880 nm ±81 and PDI was 0.73±0.06. Each colour 

represent sample, mean ± SD (n=5). 
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For the formulation of NLC/GM (F3a) 

 

Figure 3.3: The smallest particles size distribution obtained for NLC/GM (F3a) as 

measured by DLS, the average size was 1275 nm ±65 and PDI was 0.87±0.01. Each colour 

represent sample, mean ± SD (n=5). 

 

The results also showed that 2-4 hours stirring time gave the smallest particle size.  The 

NLC preparations were repeated using different stirring time (4, 2 and 1 hours) at 200 

rpm in order to improve the NLC properties and reduce their particle size. The results 

show that the smallest NLC particles size obtained was 951 nm (Table 3.3).   

Table 3.3: The particle size and polydispersity index (PDI) data obtained from DLS for 

different NLC preparation, different stirring time at 200 rpm, mean ± SD (n = 5). 

Formula  NLC  
Type 

Stirring time 
(hours) 

Particle size  
(nm) PDI 

F 4a NLC/PI 4 951±139*  0.83±0.02 

F 4b NLC/PI 2 1642±27 0.99±0.04 

F 4c NLC/PI 1 1858±91 1±0.07 

F 5a NLC/GM 4 - - 

F 5b NLC/GM 2 - - 

F 5c NLC/GM 1 - - 

F 6a NLC/SI 4 3465±87*  0.85±0.02 

F 6b NLC/SI 2 4366±61 0.6±0.05 

F 6c NLC/SI 1 4608±11 0.7±0.02 
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Note: at this stage (F5) NLC/GM did not prepare due to the cost of solid lipid glyceryl behenate 

lipid (GB) and the study want to assess the effect of stirring time and speed on NLC/PI and 

NLC/SI first. 

*indicated the smallest particles size distribution obtained and Figures 3.4 and, 3.5 shows its 

DLS results. 

For the formulation of NLC/PI (F4a) 

 

Figure 3.4: The smallest particles size distribution obtained for NLC/PI (F4a) as measured 

by DLS, the average size was 951 nm ±139 and PDI was 0.83±0.02. Each colour represent 

sample, mean ± SD (n=5). 

For the formulation of NLC/SI (F6a) 

 

Figure 3.5: The smallest particles size distribution obtained for NLC/SI (F6a) as measured 

by DLS, the average size was 3465 nm ±87 and PDI was 0.85±0.02. Each colour represent 

sample, mean ± SD (n=5). 

These results show that using longer stirring time (4 hours) gives the smallest particle 

size but the speed of the stirring (200 rpm and 400 rpm) in these experiments did not 

have major effect on reducing the particle size.  
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The previous preparations did not obtain the target particles size (≤ 200nm) and the PDI 

indicated high values and all resultants were in polydispersity. Therefore, the NLC 

preparations were repeated to study the effect of surfactant concentrations on the 

particles size by using kolliphor® P 188 at 3 % w/v (Table 3.4).  

Table 3.4: The formula components of NLC. 

NLC 
Formulation 

Solid lipid Liquid lipid Emulsifier Surfactant 

SA 
(mg) 

 

Gb 
(mg) 

 

Precirol  
ATO-5 
(mg) 

 

IM 
(mg) 

MCT 
(mg) 

SLT 
(mg) 

TPGS 
(mg) 

Kolliphor® 
P 188 
w/v % 

1  NLC/PI   180 60  30 30 3 

2 NLC/GM  180   60 30 30 3 

3 NLC/SI 180   60  30 30 3 

* SA, stearylamine; Gb, glyceryl behenate lipid; IM, isopropyl myristate; MCT, medium-chain 
triglycerides; SLT soybean lecithin; TPGS tocopheryl polyethylene glycol succinate. (the 
formulations listed above will be use in Table 3.5 and Table 3.6)   

The effect of different stirring time (4, 2 and 1 hours) at 400 rpm on size distribution 

with surfactant (3% w/v) is shown in Table 3.5.   
 

Table 3.5: The particle size and polydispersity index (PDI) data obtained from DLS for 

different NLC preparation, different stirring time at 400 rpm, mean ± SD (n = 5). 

Formula  NLC 
Type 

Stirring time 
(hours) 

Particle size  
(nm) PDI 

F 7a NLC/PI 4 920±18* 0.53±0.08 

F 7b NLC/PI 2 1334±31 0.72±0.03 

F 7c NLC/PI 1 1608±37 0.82±0.05 

F 8a NLC/GM 4 988±57* 0.49±0.04 

F 8b NLC/GM 2 957±12  0.65±0.02 

F 8c NLC/GM 1 1131±19 0.69±0.07 

F 9a NLC/SI 4 1014±26* 0.33±0.09 

F 9b NLC/SI 2 1506±12 0.65±0.02 

F 9c NLC/SI 1 1722±53 0.87±0.07 
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Note: (F7) NLC/PI formula is made of precirol ATO-5 and isopropyl myristate (IPM) lipids, 

(F8) NLC/GM NLC is made of glyceryl behenate lipid (GB) and medium-chain triglycerides 

(MCT) and (F9) NLC/SI is made of stearylamine (SA) and isopropyl myristate lipids. 

*indicated the smallest particles size distribution obtained and Figures 3.6, 3.7 and 3.8 shows its 

DLS results. 

For the formulation of NLC/SI (F7a) 

 

Figure 3.6: The smallest particles size distribution obtained for NLC/PI (F7a) as measured 

by DLS, the average size was 920 nm ±18 and PDI was 0.53±0.08. Each colour represent 

sample, mean ± SD (n=5). 

For the formulation of NLC/SI (F8a) 

 

Figure 3.7: The smallest particles size distribution obtained for NLC/GM (F8a) as 

measured by DLS, the average size was 988 nm ±57 and PDI was 0.49±0.04. Each colour 

represent sample, mean ± SD (n=5). 
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For the formulation of NLC/SI (F9a) 

 

Figure 3.8: The smallest particles size distribution obtained for NLC/SI (F9a) as measured 

by DLS, the average size was 1014 m ±26 and PDI was 0.33±0.09. Each colour represent 

sample, mean ± SD (n=5). 

 

The NLC preparations were repeated using different stirring time (4, 2 and 1 hours) at 

200 rpm in order to examine the effect on the NLC properties. The results show an 

increasing in NLC particles size due to low stirring speed (Table 3.6). 

Table 3.6: The particle size and polydispersity index (PDI) data obtained from DLS for 

different NLC preparation, different stirring time at 200 rpm, mean ± SD (n = 5). 

Formula  NLC 
Type 

Stirring time 
(hours) 

Particle size  
(nm) PDI 

F 10a NLC/PI 4 1581±155* 0.94±0.05 

F 10b NLC/PI 2 1718±94 0.72±0.03 

F 10c NLC/PI 1 1794±116 0.82±0.09 

F 11a NLC/GM - - - 

F 11b NLC/GM - - - 

F 11c NLC/GM - - - 

F 12a NLC/SI 4 6680±623* 0.35±0.09 

F 12b NLC/SI 2 8104±159 0.65±0.09 

F 12c NLC/SI 1 8956±113 0.87±0.07 
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Note: at this stage (F11) NLC/GM did not prepare due to the high cost of solid lipid 

glyceryl behenate lipid (GB), see (Appendix B2), and the study want to assess the effect 

of stirring time and speed on NLC/PI and NLC/SI first.  

*indicated the smallest particles size distribution obtained and Figures 3.9 and 3.10 shows its 

DLS results. 

For the formulation of NLC/SI (F10a) 

 

Figure 3.9: The smallest particles size distribution obtained for NLC/PI (F10a) as 

measured by DLS, the average size was 1581 nm ±155 and PDI was 0.94±0.05. Each colour 

represent sample, mean ± SD (n=5). 

For the formulation of NLC/SI (F12a) 

 

Figure 3.10: The smallest particles size distribution obtained for NLC/SI (F12a) as 

measured by DLS, the average size was 6680 nm ±623 and PDI was 0.35±0.09. Each colour 

represent sample, mean ± SD (n=5). 

 
From the above experiments, the use of higher stirring speed (400 rpm) and longer 
stirring time (2-4 hours) showed the smallest particle size. However, the surfactant 
effect was not clear here.  
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3.3 Optimization of NLC laboratory-based synthesis by using high sheer 

dispersion (HSD)  

In order to obtain a nanolipid carrier with the desired characteristics identified as 

nanoparticle size (< 200 nm), polydispersity index (≤ 2), the components and synthesis 

parameters were optimized in laboratory based synthesis. A total of 27 samples were 

prepared in order to enable the optimization of the lipid matrix, surfactant concentration 

and the HSD parameters of time and speed. The formula components and procedures for 

NLC/SI, NLC/GM and NLC/PI preparations are described in Section 2.3.1. The final 

volume for each solution after evaporation of organic solvent was 12.5 ml and the 

synthesis required eight hours for completion of the whole procedure.  

Once the sample was prepared, the measurements of particle size and the heterogeneity 

of the particle size in a mixture (dispersity) were studied using DLS.  

3.3.1 NLC/SI 

NLC/SI were formed using the preparations listed below with differing concentrations 

of Kolliphor P 188 surfactant (Table 3.7). For each preparation, HSD was used to 

produce the NLC/SI particles. The homogenization procedure was applied in two 

different speed (10000 and 15000 rpm). For each speed, HSD was used for different 

times (10, 20, 30 and 40 minutes).  

Table 3.7: The formula components of NLC/SI preparations by high sheer dispersion. 

NLC 
Formulation 

Solid lipid Liquid 
lipid Emulsifier Surfactant 

Stearylamine 
(mg) 

isopropyl 
myristate 

(mg) 

Soybean 
lecithin 

(mg) 

D-α-tocopheryl 
polyethylene glycol 

succinate 
(mg) 

Kolliphor® P 
188 

(g/ml) 

NLC/SI 180 60 30 30 1% 

NLC/SI 180 60 30 30 2% 

NLC/SI 180 60 30 30 3% 
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For each preparation, the resultant particles were analysed for particle size and PDI for 

the different parameters (speed and time) of HSD (see Table 3.8). 

Table 3.8: The particle size and polydispersity index (PDI) data obtained from NLC/SI 

prepared with different surfactant concentration by high sheer dispersion (HSD) with 

varying speed and time, mean ± SD (n = 5). 

Surfactant  
Concentration 

Speed 
(X^3) 
Rpm 

Time 
(minute) 

Particle size  
(nm) PDI 

NLC/SI 1% 0 0 1295±9 0.9±0.02 
NLC/SI 1% 10 10 1204±27 0.9±0.1 
NLC/SI 1% 10 20 583±9 0.6±0.05 
NLC/SI 1% 10 30 565±11 0.6±0.02 
NLC/SI 1% 10 40 512±9 0.6±0.09 
NLC/SI 1% 15 10 1200±13 0.9±0.01 
NLC/SI 1% 15 20 581±7 0.7±0.1 
NLC/SI 1% 15 30 510±10* 0.5±0.05 
NLC/SI 1% 15 40 608±11 0.6±0.02 
NLC/SI 2% 0 0 1310±4 0.9±0.01 
NLC/SI 2% 10 10 1309±9 0.8±0.09 
NLC/SI 2% 10 20 570±10 0.7±0.09 
NLC/SI 2% 10 30 530±6 0.5±0.08 
NLC/SI 2% 10 40 592±11 0.6±0.04 
NLC/SI 2% 15 10 1050±10 0.8±0.09 
NLC/SI 2% 15 20 594±11 0.6±0.07 
NLC/SI 2% 15 30 545±5 0.5±0.03 
NLC/SI 2% 15 40 612±9 0.5±0.07 
NLC/SI 3% 0 0 1310±9 0.9±0.07 
NLC/SI 3% 10 10 1300±14 0.8±0.08 
NLC/SI 3% 10 20 523±10 0.7±0.05 
NLC/SI 3% 10 30 530±7 0.5±0.04 
NLC/SI 3% 10 40 585±10 0.5±0.04 
NLC/SI 3% 15 10 1300±10 0.8±0.09 
NLC/SI 3% 15 20 617±6 0.5±0.01 
NLC/SI 3% 15 30 560±9 0.5±0.03 
NLC/SI 3% 15 40 674±9 0.6±0.05 

*indicated the smallest particles size distribution obtained and Figure 3.11, showed its DLS 

results. 

  



 

88 
 

For the formulation of NLC/SI (HSD: speed 15000 and time 30 minute) 

 

Figure 3.11: Data obtained from DLS for NLC/SI at 1% surfactant showed a typical size 

510±10 nanoparticles with PDI 0.5±0.05, Each colour represent sample, mean ± SD (n=5). 

 

The above results show, the amount of surfactant was increased in the NLC/SI 

manufacture for each time and speed. One-way ANOVA statistical analysis (Table 3.9) 

was used to answer the study hypothesis:  

"There is no statistically significant mean different in nanoparticles size according to 

different surfactant concentrations (1%, 2% and 3%) in the NLC/SI at an alpha level 

0.01, 0.05 and 0.1" 

Table 3.9: One-way ANOVA results to investigate the above hypothesis.   

F TEST 
Mean±SD Concentration 

 P- VALUE F 

0.97 0.02 

722±281 1% 
Nanoparticles 

size 
725±274 2% 

736±279 3% 

From Table 3.9, the data indicate that there were no statistically significant differences 

in nanoparticles size mean for surfactant concentrations (1%, 2% and 3%) in the 

NLC/SI at an alpha level 0.01, 0.05 and 0.1. 
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For the polydispersity index (PDI), One-way ANOVA statistical analysis (Table 3.10) 

was used to answer the study hypothesis: 

"There is no statistically significant mean different PDI according to different surfactant 

concentrations (1%, 2% and 3%) in the NLC/SI at an alpha level 0.01, 0.05 and 0.1" 

Table 3.10: One-way ANOVA results to investigate the above hypothesis.   

F TEST 

Mean±SD Concentration 
 

P- 

VALUE 
F 

0.18 2.56 

0.67±14 1% 

PDI 0.62±12 2% 

0.61±12 3% 

 

From Table 3.10, the results show that there were no statistically significant differences 

in PDI mean for surfactant concentrations (1%, 2% and 3%) in the NLC/SI at 0.01, 0.05 

and 0.1. In addition, the above results show the effect of time and speed of HSD in all 

three different surfactant concentrations (1%, 2% and 3%). As the duration of HSD 

increased (up to 30 minutes), the nanoparticle size decreased, later, the statistical 

analysis will use to study the effect of speed and time on particles size and PDI in all 

samples (see section 3.4.3).  

The particles size obtained from these preparations were larger than desired (more than 

200 nm in all samples), and polydispersity index indicated low homogeneity (PDI ≥ 3), 

the results showed that as the HSD time increased (for 10,000 and 15,000 rpm) the 

particle size decreased and there was improvement in PDI after 20 minutes. The particle 

size decreased from over approximately 1000 nm to 500 nm as the HSD time increased 

between 10 and 20 minutes. However, when the HSD time was prolonged up to 30 

minutes. The solution reached saturation and the particle size decreased slightly. The 

NLC/SI particle size increased when HSD duration increased to 40 minutes. For this 

type of nanolipid particles (i.e. NLC/SI), the improvement of the HSD method by 

increasing speed and time did not achieve the optimal properties for the carrier (size and 
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homogeneity). Moreover, the solutions of all samples of NLC/SI prepared were unstable 

and the particles re-aggregated after 24 hours. Therefore, NLC/SI was excluded as a 

potential carrier and the study was repeated with another type of NLC that contains a 

different solid lipid. 

3.3.2 NLC/GM 

NLC/GM was prepared using the preparations listed below with differing 

concentrations of Kolliphor P 188 surfactant (Table 3.11). For each preparation, HSD 

was used to produce the NLC/GM particles. The homogenization procedure was applied 

in two different speed (10000 and 15000 rpm). For each speed, HSD were used at 

different time (10, 20, 30 and 40 minutes) (Table 3.11). 

Table 3.11: The formula components of NLC/GM preparations by high sheer dispersion. 

NLC 
Formulation 

Solid 
lipid Liquid lipid Emulsifier Surfactant 

Glyceryl 
behenate 

(mg) 

Medium-
chain 

triglycerides 
(mg) 

Soybean 
lecithin 

(mg) 

D-α-tocopheryl 
polyethylene glycol 

succinate 
(mg) 

Kolliphor® P 
188 

(g/ml) 

NLC/GM 180 60 30 30 1% 

NLC/GM 180 60 30 30 2% 

NLC/GM 180 60 30 30 3% 

* SA, stearylamine; Gb, glyceryl behenate lipid; IM, isopropyl myristate; MCT, medium-chain 

triglycerides; SLT soybean lecithin; TPGS tocopheryl polyethylene glycol succinate. 

 

For each surfactant concentration formula (1%, 2% and 3%), the study used DLS to 

measure particle size and the PDI at different speeds and times of HSD (see Table 3.12). 

 

  



 

91 
 

Table 3.12: The particle size and polydispersity index (PDI) data obtained from NLC/GM 

prepared with different surfactant concentration by high sheer dispersion (HSD) with 

varying speed and time, mean ± SD (n = 5). 

Surfactant 
Concentration 

Speed 
(X^3) 
Rpm 

Time 
(minute) 

Particle size 
(nm) PDI 

NLC/GM 1% 0 0 934±11 0.9±0.3 
NLC/GM 1% 10 10 904±17 0.8±0.1 
NLC/GM 1% 10 20 400±4 0.5±0.08 
NLC/GM 1% 10 30 265±9 0.5±0.05 
NLC/GM 1% 10 40 311±12 0.5±0.05 
NLC/GM 1% 15 10 900±10 0.7±0.1 
NLC/GM 1% 15 20 304±11 0.5±0.05 
NLC/GM 1% 15 30 245±2 0.5±0.05 
NLC/GM 1% 15 40 337±8 0.5±0.06 
NLC/GM 2% 0 0 938±8 0.9±0.2 
NLC/GM 2% 10 10 901±10 0.7±0.1 
NLC/GM 2% 10 20 377±7 0.5±0.04 
NLC/GM 2% 10 30 310±5 0.5±0.02 
NLC/GM 2% 10 40 376±11 0.5±0.04 
NLC/GM 2% 15 10 872±15 0.7±0.1 
NLC/GM 2% 15 20 322±6 0.6±0.07 
NLC/GM 2% 15 30 300±5 0.5±0.02 
NLC/GM 2% 15 40 396±2 0.6±0.02 
NLC/GM 3% 0 0 943±9 0.9±0.04 
NLC/GM 3% 10 10 907±13 0.7±0.08 
NLC/GM 3% 10 20 424±9 0.6±0.04 
NLC/GM 3% 10 30 335±4 0.6±0.04 
NLC/GM 3% 10 40 380±12 0.6±0.02 
NLC/GM 3% 15 10 929±19 0.7±0.06 
NLC/GM 3% 15 20 461±10 0.5±0.03 
NLC/GM 3% 15 30 590±3 0.3±0.02* 
NLC/GM 3% 15 40 447±5 0.5±0.04 

        *indicated the proper dispersity index obtained and Figure 3.12 showed its DLS result. 
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For the formulation of NLC/GM (HSD: speed 15000 and time 30 minute) 

 

Figure 3.12: Data obtained from DLS for NLC/GM at 3% surfactant showed a typical size 
590±3 nanoparticles with PDI 0.3±0.02, Each colour represent sample, mean ± SD 

(n=4). 

 

It can be observed from Table 3.12, that the amount of surfactant was increased in the 

NLC/GM manufacture for each time and speed. One-way ANOVA statistical analysis 

(Table 3.13) was used to answer the study hypothesis:  

"There is no statistically significant mean different nanoparticles size according to 

different surfactant concentrations (1%, 2% and 3%) in the NLC/GM at an alpha level 

0.01, 0.05 and 0.1" 

Table 3.13: One-way ANOVA results to investigate the above hypothesis.   

F TEST 
Mean±SD Concentration 

 P- VALUE F 

1.409 

 

0.248 

 

458±263 1% 
Nanoparticles 

size 
481±239 2% 

549±254 3% 
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From Table 3.13, the results show that there were no statistically significant differences 

in nanoparticles size mean for surfactant concentrations (1%, 2% and 3%) in the 

NLC/GMI at 0.01, 0.05 and 0.1 

For the polydispersity index (PDI), One-way ANOVA statistical analysis (Table 3.14) 

was used to answer the study hypothesis: 

"There is no statistically significant mean different PDI according to different surfactant 

concentrations (1%, 2% and 3%) in the NLC/GM at an alpha level 0.01, 0.05 and 0.1" 

Table 3.14: One-way ANOVA results to investigate the above hypothesis.   

F TEST 
Mean±SD Concentration 

 P- VALUE F 

.213 0.808 

0.56±.11 1% 

PDI 0.57±.08 2% 

0.57±.09 3% 

 

 

From Table 3.14, the results showed that there were no statistically significant 

differences in PDI mean for surfactant concentrations (1%, 2% and 3%) in the NLC/GM 

at 0.01, 0.05 and 0.1. In addition, the above results showed the effect of time and speed 

(10000 and 15000 rpm) of HSD for all three different surfactant concentrations (1%, 2% 

and 3%). As the HSD time increases up to 30 minutes, the nanoparticle size decreased, 

(later, the statistical analysis will use to study the effect of speed and time on particles 

size and PDI in all samples (see section 3.4.3).  

Moreover, the particle size was larger than desired (more than 200 nm in all samples) 

and the polydispersity index indicated low homogeneity (PDI ≥ 3), the results showed 

the effect of time of HSD (at 10,000 and 15000 rpm) was to decrease the particle size 

and improve PDI after 10, 20 and 30 minutes (but not significantly). The particle size 

decreased from over 900 nm to 300 nm approximately with increased time. The smallest 

mean particle size of NLC/GM was obtained after 30 minutes homogenization of 1 % 

concentration of surfactant at either 10,000 or 15,000 rpm HSD (265 and 245 nm, 

respectively). When compared to the desired NLC characteristics (Section 1.6.3), this 
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was not adequate as the size was required to be below 200 nm, and the particle 

homogeneity was low (PDI were 0.5±0.05 for both of them). Unfortunately, the particle 

size of NLC/GM increased as the HSD time increased up to 40 minutes. As, for this 

type of nanolipid particles (NLC/GM), the increased HSD speed and time were not 

sufficient to achieve the desired carrier properties (i.e. size and homogeneity) it was 

decided that this formulation should be excluded. Moreover, the NLC/GM suspensions 

were unstable and the particles re-aggregated after 72 hours.  

3.3.3 NLC/PI 

For NLC/PI, the result showed the effect of speed and time of HSD process on 

nanoparticle size and PDI for different concentrations of surfactant (Table 3.15). For 

each preparation, HSD was used to produce the NLC/PI particles. The homogenization 

procedure was applied in two different speed (10000 and 15000 rpm). For each speed, 

HSD were used at different time (10, 20, 30 and 40 minutes). 

Table 3.15: The formula components of NLC/PI preparations by high sheer dispersion. 

NLC 
Formulation 

Solid lipid Liquid 
lipid Emulsifier Surfactant 

Precirol 
ATO-5  
(mg) 

isopropyl 
myristate 

(mg) 

Soybean 
lecithin 

(mg) 

D-α-tocopheryl 
polyethylene glycol 

succinate 
(mg) 

Kolliphor® 
P 188 
(g/ml) 

NLC/PI 180 60 30 30 1% 

NLC/PI 180 60 30 30 2% 

NLC/PI 180 60 30 30 3% 

 

For each surfactant concentration formula (1%, 2% and 3%), the study used DLS to 

measure particle size and the PDI at different speeds and times of HSD (see Table 3.16). 
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Table 3.16: The particle size and polydispersity index (PDI) data obtained from NLC/PI 

prepared with different surfactant concentration by high sheer dispersion (HSD) with 

varying speed and time, mean ± SD (n = 5). The highlighted rows show the NLC particles 

with small size. 

Surfactant  
Concentration 

Speed 
(X^3) 
rpm 

Time 
(minute) 

Particle size  
(nm) PDI 

NLC/PI 1% 0 0 914±10 0.9±0.04 
NLC/PI 1% 10 10 909±13 0.8±0.01 
NLC/PI 1% 10 20 472±9 0.5±0.01 
NLC/PI 1% 10 30 205±10 0.3±0.02 
NLC/PI 1% 10 40 245±9 0.3±0.01 
NLC/PI 1% 15 10 756±11 0.6±0.04 
NLC/PI 1% 15 20 221±12 0.2±0.01 
NLC/PI 1% 15 30 155±2** 0.1±0.05 
NLC/PI 1% 15 40 245±5 0.3±0.06 
NLC/PI 2% 0 0 963±9 0.9±0.05 
NLC/PI 2% 10 10 952±17 0.8±0.03 
NLC/PI 2% 10 20 322±9 0.3±0.02 
NLC/PI 2% 10 30 240±9 0.2±0.01 
NLC/PI 2% 10 40 331±4 0.3±0.01 
NLC/PI 2% 15 10 767±13 0.7±0.01 
NLC/PI 2% 15 20 308±6 0.3±0.02 
NLC/PI 2% 15 30 175±3** 0.2±0.01 
NLC/PI 2% 15 40 285±3 0.3±0.04 
NLC/PI 3% 0 0 1009±4 0.9±0.03 
NLC/PI 3% 10 10 1007±21 0.7±0.05 
NLC/PI 3% 10 20 461±10 0.3±0.03 
NLC/PI 3% 10 30 273±10 0.2±0.01 
NLC/PI 3% 10 40 310±8 0.3±0.03 
NLC/PI 3% 15 10 1001±15 0.6±0.08 
NLC/PI 3% 15 20 323±9 0.3±0.02 
NLC/PI 3% 15 30 195±7** 0.2±0.04 
NLC/PI 3% 15 40 260±10 0.3±0.04 

  ** Indicated the proper particles size and dispersity index value from NLC/PI between 

different surfactant concentrations and different HSD speed/time. 
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The above table showed that, the amount of surfactant was increased in the NLC/PI 

manufacture for each time and speed. One-way ANOVA statistical analysis (Table 

3.17) was used to answer the study hypothesis:  

"There is no statistically significant mean different nanoparticles size according to 

different surfactant concentrations (1%, 2% and 3%) in the NLC/PI at an alpha level 

0.01, 0.05 and 0.1" 

Table 3.17: One-way ANOVA results to investigate the above hypothesis. 

F TEST 
Mean±SD Concentration  P- 

VALUE F 

0.45 0.79 

401±270 1% 
Nanoparticles 

size 
422±264 2% 

478±315 3% 

 

From Table 3.17, the results showed that there were no statistically significant 

differences in nanoparticles size mean for surfactant concentrations (1%,2%,3%) in the 

NLC/PI at an alpha level 0.01, 0.05 and 0.1. 

For the polydispersity index (PDI), one-way ANOVA statistical analysis (Table 3.18) 

was used to answer the study hypothesis: 

"There is no statistically significant mean different PDI according to different surfactant 

concentrations (1%, 2% and 3%) in the NLC/PI at an alpha level 0.01, 0.05 and 0.1" 

Table 3.18: One-way ANOVA results to investigate the above hypothesis. 

F TEST 
Mean±SD Concentration 

 P- VALUE F 

.810 0.200 

0.38±0.21 1% 

PDI 0.38±0.21 2% 

0.37±0.17 3% 
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From Table 3.18 the results showed that there were no statistically significant 

differences in PDI mean for surfactant concentrations (1%, 2% and 3%) in the NLC/PI 

at 0.01, 0.05 and 0.1. Furthermore, the above results show that there was an effect of 

time and speed of HSD in all three different surfactant concentrations (1%, 2% and 3%). 

As the HSD time increased up to 30 minutes, the nanoparticle size decreased and PDI 

improved. Later, the statistical analysis will use to study the effect of speed and time on 

particles size and PDI in all samples (see section 3.4.3).  

The results showed that the increased HSD time from 10,000 to 15,000 rpm decreased 

the nanoparticle size and improved PDI after 10, 20 and 30 minutes. The particle size 

decreased from over 900 nm to less than 200 nm. The smallest NLC/PI particle size 

(mean 155 nm ±2) was obtained after 30 minutes homogenization of the 1 % 

concentration of surfactant at 15,000 rpm. When compared to the desired NLC 

characterizations (in Section 1.6.3), the size achieved was adequate, and the suspension 

was homogeneous (PDI 0.1±0.05). As the HSD time increased to 40 minutes, the mean 

particle size of NLC/PI also increased suggesting that 30 minutes was the maximum 

HSD time for the manufacturing process.  

It was possible using this type of NLC nanolipid particles to achieve the desirable 

carrier properties (size and homogeneity).  The stability of NLC/PI in solution was 

measured and the results are shown in Section 4.5.  

 

3.4 Factors influencing NLC properties during their preparation  

The previous results achieved in Section 3.3 were further analysed to evaluate the effect 

of each different parameter used during the NLC synthesis. The results demonstrated 

the influence of the type of solid lipid, the surfactant concentration, HSD time and speed 

on the particle size and PDI of the resultant NLC. 
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3.4.1 Solid lipid type 

From the previous results obtained for NLC/SI, NLC/GM and NLC/PI (Tables; 3.8, 

3.12 and 3.16), the nanoparticle size and PDI for all samples were analysed (Figure 

3.13).  

 

Figure 3.13: Particle size of NLC with different solid lipid and surfactant concentration 

(1%, 2%, 3%) after HSD (15,000 rpm, 30 min), Bars represent mean ± SD (n = 5). 

 

One-way ANOVA statistical analysis (Table 3.19) was used to investigate the effect of 

solid lipid type on nanoparticles size for all NLCs samples and to answer the study 

hypothesis: 

"There were statistically significant differences in nanoparticle size between different 

lipid type using HSD method at 0.01, 0.05 and 0.1" 

Table 3.19: One-way ANOVA results to investigate the above hypothesis. 

F TEST 
Mean±SD NCL  P- 

VALUE F 

0 39.086*** 

728±276 NLC/SI 
Nanoparticles 

size 
496±253 NLC/GM 

434±283 NLC/PI 

*** The F test is significant at an alpha level 0.01 
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From Table 3.19, it was noted that there were statistically significant differences in 

nanoparticles size mean for lipid type using HSD method, p ≤ 0.01 between NLC/PI and 

NLC/SI and p ≤ 0.1 between NLC/PI and NLC/GM. To investigate which type of lipids 

there were differences, it was used Least Significant Difference (LSD) test and Table 

3.20 show the results achieved. 

Table 3.20: The results of LSD analysis for particle size according of different solid lipid of 

different NLC prepared by HSD , where * and *** shows P ≤ 0.1 and P ≤ 0.01 respectively.  

PI GM SI NCL 
 

294*** 231*** 0 SI Difference in 

the mean 

nanoparticle 

size (nm) 

62* 0 
 

GM 

0 
  

PI 

* The mean difference is significant at an alpha level 0.1 
*** The mean difference is significant at an alpha level 0.01 

 

From Table 3.20, the results show that the mean difference was statistically significant 

difference for nanoparticles size and for all types of lipid favouring NLC/PI. 

For study of the effect of solid lipid type on the polydispersity index (PDI) for all NLCs 

samples a One-way ANOVA test (Table 3.21) was used to analysis the hypostasis: 

"There were statistically significant differences in PDI between different lipid type 

using HSD method at 0.01, 0.05 and 0.1" 

Table 3.21: One-way ANOVA results to investigate the above hypothesis. 

F TEST 
Mean±SD NCL  P- 

VALUE F 

0 94.800*** 

0.6±0.13 SI 

PDI 0.5±0.09 GM 

0.3±0.20 PI 

*** The F test is significant at an alpha level 0.01 
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Table 3.21, show that there were statistically significant differences in PDI for the 

different types of lipid using HSD method at p≤ 0.01. 

Fishers Least Significant Difference (LSD) test was used to investigate which type of 

lipids were most favourable (Table 3.22). 

Table 3.22: The results of LSD analysis for PDI according of different solid lipid of 

different NLC prepared by HSD, where *** shows P ≤  0.01.  

PI GM SI NCL 
 

0.25*** 0.6*** 0 SI 
Difference in the 

mean PDI 
0.19*** 0 

 
GM 

0 
  

PI 

The data in the above table show that the mean difference was statistically significant 

difference for PDI and for all types of lipid favouring NLC/PI. 

 

3.4.2 The concentration of the surfactant 

For each NLC solution, the smallest particle size was obtained using the lowest 

surfactant concentration (Figure 3.13). For each NLCs (NLC/SI, NLC/GM and 

NLC/PI), the statistical analysis shows no statistically significant differences in 

nanoparticle size and PDI when surfactant concentration increased from 1% to 2% and 

3% (see Tables 3.9, 3.10, 3.13, 3.14, 3.17 and 3.18). In addition, out of the three 

formulations, the NLC/PI with 1% surfactant produced the smallest mean nanoparticle 

size with HSD conditions of 15,000 rpm at 30 minutes.  

3.4.3 Time and speed optimization of HSD 

For study of the effect of high sheer dispersion time (10, 20, 30 and 40 minutes) on the 

particles size of NLC for all samples preparations, a One-way ANOVA test (Table 3.23) 

was used to analysis the hypothesis: 
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"There were statistically significant differences in particles size between different time 

(10, 20, 30 and 40 minutes) of HSD at an alpha level 0.01, 0.05 and 0.1" 

Table 3.23: One-way ANOVA results to investigate the above hypothesis. 

F TEST 
Mean±SD Time  P- 

VALUE F 

0 550*** 

898±104 10 

Nanoparticles 

size 

351±90 20 

207±40 30 

279±33 40 

*** The F test is significant at an alpha level 0.01  

 

The results on the above table showed that there were statistically significant differences 

within the mean nanoparticle size distribution for HSD time (10, 20, 30, 40 mint) and   

p ≤ 0.01.  

A Fishers LSD test was used to investigate which times were favourable (Table 3.24).  

Table 3.24: The results of LSD analysis for nanoparticle size according of different time of 

different NLC prepared by HSD, where *** showed P ≤  0.01.  

40 30 20 10 Time 
 

619*** 691*** 547*** 0 10 Difference in the 

mean 

nanoparticle 

Size (nm) 

71*** 144*** 0 
 

20 

72*** 0 
  

30 

0 
   

40 

 

The results from Table 3.24, showed there were statistically significant differences in 

nanoparticle size with the optimal conditions identified as being 30 minutes. 



 

102 
 

For study of the effect of HSD time (10, 20, 30 and 40 minutes) on the PDI of NLC for 

all samples preparations, a One-way ANOVA test (Table 3.25) was used to analysis the 

hypostasis: 

"There were statistically significant differences in PDI between different time (10, 20, 

30 and 40 minutes) of HSD at an alpha level 0.01, 0.05 and 0.1" 

Table 3.25: One-way ANOVA results to investigate the above hypothesis. 

F TEST 
Mean±SD Time  P- 

VALUE F 

0 310*** 

0.7+0.08 10 

PDI 
0.3±0.09 20 

0.2±0.05 30 

0.3±0.00 40 

                *** The F test is significant at an alpha level 0.01  

 

The results on the above table showed that there were statistically significant differences 

within the mean PDI for HSD time (10, 20, 30 and 40 mint) and p ≤ 0.01. 

A Fishers LSD test showed that there were statistically significant differences in PDI 

(Table 3.26).  

Table 3.26: The results of LSD analysis for PDI according of different time of different 

NLC prepared by HSD, where *** showed P ≤   0.01.  

40 30 20 10 Time 
 

0.4*** 0.5*** 0.4*** 0 10 Difference in the 

mean PDI 

 

0.01 0.1*** 0 
 

20 

0.1*** 0 
  

30 

0 
   

40 
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The results show, there were statistically significant differences in PDI with the optimal 

conditions identified as being 30 minutes. 

After the study of the effect of HSD time (10, 20, 30 and 40 minute) on mean particles 

size distribution of NLCs and mean polydispersity index, the above statistical analysis 

results showed, there is statistically significant differences suggested 30 mint duration 

for HSD.    

For study of the effect of HSD speed on nanoparticles size of NLCs, an independent 

Samples T-test was used to investigate the differences in nanoparticle size for all NLC 

types, different concentration of surfactant and time of HSD at 10,000 and 15,000 rpm 

(Table 3.27). 

Table 3.27: Means and standard deviations for nanoparticles size according to speed 

variable and T-test results for independent samples test to investigate for any differences 

between means. 

 
Speed 
(rpm) 

Mean±SD T p-value 

Nanoparticles 

size 

10,000 477±289 1.68* 0.096 

15,000 390±272 
  

* The t test is significant at an alpha level 0. 1  

 

From Table 3.27, the results showed that there were statistically significant differences 

in nanoparticles size mean for speed of HSD (10,000 or 15,000 rpm) preferring speed 

15,000 rpm (P ≤  0.1). 

For study of the effect of HSD speed on PDI of NLCs, an independent Samples T-test 

was used (Table 3.28) to investigate the differences in PDI for all NLC types, different 

concentration of surfactant and time of HSD at 10,000 and 15,000 rpm. 
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Table 3.28: Means and standard deviations for PDI according to speed variable and T-test 

results for independent samples test to investigate for any differences between means. 

 
Speed Mean±SD T p-value 

Different PDI 
10000 0.4±0.21 2.052** 0.042 

15000 0.3±0.1 
  

* The t test is significant at an alpha level 0. 05  
 

Table 2.28, showed that there were statistically significant differences in PDI mean for 

speed of HSD (10,000, 15,000 rpm) preferring speed 15,000 rpm (P ≤ 0.05). 

 

3.5 Stability of NLC/SI, NLC/GM and NLC/PI 

Testing the zeta potential of a particle measures the effective electric charge on the 

nanoparticle surface, which is related to nanoparticle stability or aggregation in 

suspension (see Section 2.4.4). The re-aggregation and precipitation of nano lipid 

particles were observed in solutions of NLC/SI and NLC/GM for all surfactant 

concentrations over one week (15,000 rpm, 30 min). This instability was not observed 

in the NLC/PI formulations for all surfactant concentrations (15,000 rpm, 30 min). The 

stability of the three NLC/PI formulations (1%, 2% and 3%) were assessed by zeta 

potential measurement one week after preparation. NLC/PI 1% solution was found to be 

more stable than other concentrations and was recorded as -43.4mV (Table 3.29). 

Table 3.29: Particle size, PDI and zeta potential after one-week preparation of NLC/PI 

formula synthesized by HSD at 15,000 rpm and 30 min, mean ± SD (n = 5). 

Surfactant 

concentration 

Particle size 

(nm) 

PDI Zeta potential 

(mV) 

NLC/PI 1% 156±8 0.1±0.06 -43.4±0.2 

NLC/PI 2% 173±3 0.2±0.07 -35.1±0.4 

NLC/PI 3% 191±2 0.2±0.01 -31.8±0.2 
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3.6 NLC/PI 1% preparation assessment 

The particle size and PDI of NLC/PI 1% using HSD speeds of 10,000 and 15,000 rpm 

were studied at different HSD times. As the HSD speed increased (from 10,000 to 

15,000 rpm) the particle size decreased, therefore it can be expected that when the time 

increases the particle size will decrease linearly above 30 minutes.  

Unfortunately, as next plot demonstrates, the particle size started to increase at 40 

minutes for both speeds (Figure 3.14). 

 

Figure 3.14: The effect of HSD speed through the time (up to 40 min) on particle size of 

NLC/PI 1%, showing mean ± SD (n = 5), P≤0.01 when compared to time = 10 minutes. 

 

When the PDI results were considered, the PDI was shown to decrease with increased 

HSD speed (from 10,000 to 15,000 rpm), up to 30 minutes duration. The particles were 

monodispersed in suspension. PDI also starts to increase at 40 minutes for both speeds 

(Figure 3.15)         
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Figure 3.15: The effect of HSD speed through the time (up to 40 min) on PDI of NLC/PI 

1%, showing mean ± SD (n = 5), P≤0.01 when compared to time = 10 minutes.   

 

The NLC/PI with 1% surfactant concentration formula prepared by HSD (15,000 rpm, 

30 min) has the smallest mean particle size (155 nm) and PDI (0.1), therefore it was 

chosen as the optimal nanostructured lipid carrier to be used in this work. The NLC/PI 

particles with 1% concentration will therefore be further characterised in the next 

section.   

 

3.7 Characterization of chemophysical properties of NLC/PI 1%  

3.7.1 Particles size measurements by DLS 

The optimal NLC/PI particles with 1% surfactant concentration prepared by HSD 

(15,000 rpm, 30 min) were characterised for particle size and PDI using DLS. The result 

showed that the mean particle size was 155±2 nm and the polydispersity index was 0.1 

(Figure 3.16).  
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Figure 3.16: Size distribution of NLC/PI 1% as measured by DLS, the average size was 

155 nm ±2 and PDI was 0.1±0.05. Each colour represent sample, mean ± SD (n=5). 

 
3.7.2 Nanoparticles tracking analysis (NTA) 

Nanoparticle tracking analysis was performed to complement the result obtained from 

DLS for NLC/PI particles with 3% surfactant concentration prepared by HSD (15,000 

rpm, 40 min) for comparison. The NTA trace shows that the size distribution of 

particles was 215 nm and this result is compatible with DLS measurement (Figure 

3.17). 

 

Figure 3.17: The relative intensity of NLC/PI 3% particle by nanoparticles tracking 

analysis, red light represent intensity for particles, highest value at 215 ±150 nm, (mean ± 

SD n=1312). 
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3.7.3 The morphology study of NLC by TEM 

The sample of NLC/PI particles with 1% concentration prepared by HSD (15,000 rpm, 

30 min) was examined using TEM. The micrograph shows the structure of the particle 

of NLC/PI, and it indicated that the particle is spherical with a uniform structure for all 

of the particles observed in the samples (Figure 3.18).  

 

Figure 3.18: TEM micrograph showing the morphology of a NLC/PI particle with 1% 

concentration prepared by HSD (15,000 rpm, 30 min), (CM20, Philips).   

 

The solid lipid is seen as a white cloud in the centre of particle and the liquid lipid 

matrix surrounding the core (solid lipid) is shown as grey on the micrograph. The 

surfactant forms an outer layer (seen as a dark shell) preventing dissolution in aqueous 

media. 

3.7.4 NLC stability   

The long-term stability of NLC/PI particles with 1% concentration prepared by HSD 

(15,000 rpm, 30 min) was tested after storage at 4°C in a sealed glass vial as described 

in Section 3.4.6. The particle size, PDI and zeta potential were measured using DLS and 

a Zetaseizer at different time points over a period of 180 days, with tests repeated 5 

times (Table 3.30). 
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One-way ANOVA analysis used to investigate the differences of mean nanoparticle 

size, PDI and zeta potential mean at different times (1, 7, 30, 90 and 180 days) for 

NLC/PI 1%. The results show there were no statistically significant differences in mean 

nanoparticle size, PDI and zeta potential at the different times. The particles stay 

monodispersed in suspension with the mean particles size < 160 nm and the NLC/PI 1% 

sample stays stable over the time period (zeta potential above 40 mV). 

Table 3.30: The effect of storage of NLC/PI with 1% surfactant at 4°C on average particle 

size, PDI and zeta potential over a period of 6 months, formula synthesized by HSD at 

15,000 rpm and 30 min, mean ± SD (n = 5). 

Time 

(day) 

Particle size 

(nm) 

PDI Zeta potential 

(mV) 
1 155±2 0.1±0.05 -43.7±0.6 

7 156±8 0.1±0.03 -40.4±0.9 

30 155±3 0.1±0.02 -42.8±0.2 

90 158±7 0.1±0.06 -41.9±0.9 

180 156±7 0.1±0.05 -42.1±0.5 

 

The work in these experiments showed that NLC nanoparticles with the appropriate 

properties were successfully achieved and therefore these will be used in future work.  

 

3.8 NLC/PI 1% synthesis and optimization using MicroJet Reactor (MJR) 

For industry-scale preparation of pharmaceuticals a method able to produce large 

quantities of formulations will be needed. Therefore, MicroJet reactor was investigated 

here for this purpose. MJR is a quick production technique capable of a high output. 

MJR was used to prepare NLC/PI with 1% surfactant formula (Table 3.31). Both lipid 

phase and hydrous phase (surfactant in distilled water) were pumped simultaneously 

into MJR reactor (see Section 2.3.2). 
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 Table 3.31: The formula components of NLC/PI preparations by MicroJet Reactor. 

NLC 
Formulation 

Solid lipid Liquid 
lipid Emulsifier Surfactant 

Precirol 
ATO-5  
(mg) 

isopropyl 
myristate 

(mg) 

Soybean 
lecithin 

(mg) 

D-α-tocopheryl 
polyethylene glycol 

succinate 
(mg) 

Kolliphor® P 
188 

(g/ml) 

NLC/PI 1800 600 300 300 1% 

 

The flow rate and the temperature of the reactor were adjusted to improve the particle 

size and particle dispersity. Different batches were prepared and tested. After each 

preparation, the samples were measured by DLS and the particle size and PDI were 

recorded (Table 3.32).  

Table 3.32: Particle size and PDI of NLC/PI 1% obtained after MJR preparation with 

varying flow rate and temperature, mean ± SD (n = 5). 

Flow rate 

(ml/sec) 

Temp. 

°C 

Particle size 

(nm) 

PDI 

50 65 291±4 0.1±0.9 

50 70 174±2 0.1±0.3 

50 75 219±11 0.1±0.9 

75 65 192±3 0.2±0.7 

75 70 150±3 0.2±0.1 

75 75 208±7 0.2±0.6 

100 65 284±1 0.4±0.2 

100 70 238±10 0.2±0.1 

100 75 309±5 0.3±0.2 

 

The result showed that the smallest particle size of NLC/PI with 1% surfactant made 

using MJR was achieved at temperature of 70 °C and flow rate of 75 ml/sec (150 nm). 

While, the lowest PDI (0.1) was obtained using 50 ml/sec flow rates, at this flow rate 

the smallest particle size was 174 nm and obtained at 70 °C. 
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 The effect of increasing the reactor temperature on particle size was plotted to show the 

temperature effect profile (Figure 3.19). 

 

Figure 3.19: Particle size against flow rate and temperature as measured by DLS after 

MJR preparation, showing the ideal particle size at 75 ml/sec and 70 °C, Error bars mean 

± SD (n=5). Please note that the studies were replicated three times at the different 

temperature points. 

 

The result showed that increasing the reactor temperature from 65 °C to 70 °C resulted 

in a decrease in particle size. Conversely, the particle size started to increase when the 

reactor was heated above 75 °C.  

When PDI was measured for the same samples, the result showed that increasing reactor 

temperature from 65 °C to 70 °C resulted in a decrease in PDI. Conversely, PDI was 

increased when the reactor heated above 75 °C (Figure 3.20).               
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Figure 3.20: Polydispersity index against flow rate and temperature as measured by DLS 

after MJR preparation, showing the ideal PDI at 50 and 75 ml/sec flow rate with 

temperature at 70 °C, Error bars mean ± SD (n=5), Please note that the studies were 

replicated three times at the different temperature points. 

 

3.9 Discussion 

For drug delivery systems, the smallest particle sizes are attractive for their potential to 

improve performance of pharmaceuticals (Cavalli et al., 1993). In addition, a uniform 

particle suspension (monodisperse) is required to avoid aggregation of particles and 

therefore the PDI should be as small as possible (Lyklema, 2005). In this study, there 

were different factors that affected NLC properties and could impact the function as a 

carrier in drug delivery system. These factors rely on formulae components, method of 

the preparation and the procedure.  

3.9.1 NLC formulae 

There are a large variety of NLC compositions and potential delivery system designs. 

This study considered the NLC preparations and components from previously published 

reports (Chen et al., 2012). Three different types of solid lipids (stearylamine, glyceryl 

behenate and precirol ATO-5) were used to prepare different nanostructured lipid 

carriers, namely NLC/SI, NLC/GM and NLC/PI, respectively. For each formula, the 
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different types of solid lipid were used and combined with suitable liquid lipids and 

surfactants (see Tables 4.2, 4.4 and 4.6 for details) and were investigated for particle 

size and PDI. The results showed that NLC/SI and NLC/GM have high re-aggregation 

rate during the homogenization which led to an increased particle size and 

polydispersity index. This is likely to be due to NLC/SI and NLC/GM not having 

enough long solid lipid chains in their structure. NLC/SI uses stearylamine as the solid 

lipid which is an eighteen-carbon long chain (see Section 1.6.2 and Figure 1.17), while 

NLC/GM has glyceryl behenate which is a twenty-five-carbon long chain (see Section 

1.6.2 and Figure 1.16). Recently, a study has demonstrated that a long chain solid lipid 

tends to decrease the aggregation of particles (Nimtrakul et al., 2016). The current study 

found that the solid lipid precirol ATO-5, which has thirty-seven-carbon long chain (see 

Section 1.6.2 and Figure 1.15), was more suitable to form the required NLC with the 

properties required for nanomedicines formulation. These results, confirmed the 

conclusion of Yang et al., (2014), that the oil type can affect the aggregation stability of 

nanostructured lipid carriers.             

The surfactant acts to promote the formation of the NLC uniform structure and to 

increase their stability in a colloidal suspension (Taratula et al., 2013). Previous studies 

have demonstrated the effect of surfactant concentrations on NLC preparation and 

stability (Teeranachaideekul et al., 2007; Han et al., 2008). The results achieved in this 

work have confirmed those previous reports which suggested that lower concentrations 

of surfactant can produce stable NLCs (Table 3.29). Lower concentrations of surfactants 

are also desirable when considering the potential toxicity of the NLC preparation, and 

therefore the optimum NLC/PI preparation (1% surfactant, HSD conditions) has been 

selected for further study. 

3.9.2 Critical steps of NLC synthesis at laboratory-based 

In this study, NLC was prepared using a laboratory-based process using high sheer 

dispersion (HSD) after solidification of emulsion-evaporation method in oil/oil/water 

matrix. The most commonly used method for NLC synthesis involves oil-in-water 

emulsion, homogenization and solidification, which allow NLC to disperse in an 

aqueous phase and the inner oil phase to solidify (Puglia et al., 2008; Gonzalez-Mira et 
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al., 2010 and Lim et al., 2014). Generally, NLC are prepared by mixing the oil phase 

with liquid phase in the presence of organic solvent. This organic solvent may 

contribute to enhance the toxic effect of the final solution of NLC. The evaporation 

method used in this study has previously been identified as the appropriate technique to 

eliminate organic solvents in NLC suspensions (Naseri et al., 2015). This method can 

dissolve the lipophilic material in aqueous phase by using an organic solvent. Upon 

evaporation of the solvent, NLC dispersion is formed in an emulsion. In the next step, 

the organic solvent can be removed from the emulsion by evaporation using a stirrer – 

heating technique. 

Cold temperature at 2°C was used to stabilize the NLC and to store the suspension for 

over 2 hours. Up to the solidification step, the study followed the previous method 

published by Chen et al., (2012), using the same formula as stated. When the resultant 

solution was examined using DLS, it was not possible to detect particles in the nano-

size (i.e. all of the particle sizes recorded were over 1 µm). As a result, the method was 

adapted by adding the HSD method to encourage nanosize particles to form. This 

solution was also tested using DLS and showed the presence of smaller particles (less 

than 1 µm) within the optimal nano size range which validated the HSD method.       

For this particular study, a modification was made compared to previously published 

methods as HSD was used after lipid solidification to achieve the required particle sizes 

for NLC drug delivery. The deposition parameters were then varied to achieve the 

optimum properties of NLC for drug delivery (defined in Section 4.3). It is known that 

the particle size of the NLC can be controlled by the speed and time of HSD (Hou et al., 

2003). The large particle size obtained by HSD without prior solidification suggests that 

particles are formed during the solidification step (Müller et al., 2002). The revised 

method used in this study uses a process of solidification at low temperatures prior to 

HSD.  Initial studies indicated that particles of a size of 400 nm were obtained using this 

method. It is suggested that HSD can disrupt the agglomerates of the particles, formed 

possibly due to hydrophobic interaction, and stabilizes the particles by thoroughly 

remixing them with surfactant thereby encouraging the formation of smaller particle 

sizes.  
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Increasing the speed and time of HSD up to 15000 rpm and 30 minutes, respectively, 

resulted in a lower mean particle size and PDI (up to 155±2 particle size and 0.1±0.05 

PDI for NLC/PI) indicating that sufficient dispersion energy was achieved to disrupt the 

particle aggregates and distribute them throughout the suspension. Whilst it could be 

suggested that further increases of the HSD speed and time would result in a further 

reduction of particle size, the results (Figure 4.2) showed that if the HSD time was 

increased over 30 minutes, there was a resultant increase in the measured particle size. 

This may be due to an increase in re-aggregation of particles due to high inter-particle 

interaction force between small particles (Paunov et al., 1993). The particles made using 

NLC/PI with 1% surfactant were imaged using TEM and the micrographs showed 

spherical particles with a corona of surfactant (Figure 4.6).  

3.9.3 Critical steps of NLC synthesis at industry-based 

The NLC properties including particle size, PDI and the morphology were measured for 

each sample after laboratory-based preparation. The resultant properties were analysed 

to select the most appropriate NLC for use as a carrier. The appropriate formula of NLC 

(NLC/PI 1%) selected to re-synthesize using an industry-relevant technique, MJR 

(discussed in Section 2.3.2). In the MJR method, the effect of flow rate and temperature 

on particle size and polydispersity of NLC/PI was analysed. Previously it has been 

reported that NLC preparation should occur at temperatures above the melting point of 

the solid lipid (Kullavadee et al., 2012). The melting point for the lipid used in the 

NLC/PI formula (Precirol) is 60°C. The results reported in this chapter showed that an 

increase in the preparation temperature from 65°C to 70°C led to decrease in mean 

particle size (from 192±3 to150±3 nm) at flow rate 75 (ml/sec). The particle size 

increased when the preparation temperature increased to 75°C. The smallest particle 

size for NLC/PI 1% MJR preparation was obtained at 70°C and using a flow rate of 75 

ml/sec (Figure 4.8). Recent studies have demonstrated the effect of flow rate on particle 

preparation. In 2015, Türeli et al. showed that the high-energy dissipation from the flow 

rate promotes the formation of nanoparticles. Moreover, it was evident that PDI can be 

affected by the flow rate and this result confirmed those previously reported (Türeli et 

al., 2015).  
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3.9.4 Comparison between HSD and MJR 

The laboratory-based NLC manufacture, whilst labour intensive, allows for method 

development without significant waste of materials. Industry-based manufacturing 

techniques such as MJR allows for commercial quantities of NLC to be produced at a 

much quicker rate and are such less labour intensive, however there is a greater loss of 

materials if the manufacturing process fails. The HSD method and associated 

experiments shown above allowed for the optimisation of the lipid formulae prior to the 

MJR manufacture to reduce materials wastage.     

There are some differences between HDS and MJR methods in preparation and the 

resultant NLC/PI with 1% surfactant particle properties (Table 3.33). 

 Table 3.33: The differences between HSD (15,000 rpm and 30 min) and MJR 

method (70 °C and flow rate 75 ml/sec) during the preparation of in NLC/PI 1%. 

Method Materials Time Reproducibility Particle 
size 

PDI 

HSD Small 
(in Milligram) 

Long 
(in Hours) 

reproducible 155±2 0.1±0.05 

MJR Large 
(in Gram) 

Short 
(in 

Minutes) 

reproducible 
150±3 

0.2±0.1 

 

For laboratory-based preparations, a small amount of material (mgs) was used but the 

process needed a relatively long time (up to 8 hours) to produce a small amount of 

NLC/PI suspension (12.5 ml). Whilst the MJR process has much shorter (5 minutes), it 

needed a large amount of material (grams) to synthesize a large amount of NLC/PI 

suspension (1000 ml). However, the NLC/PI 1% formula was successfully treated to 

produce the desired particle sizes and PDIs using both HSD and MJR. 
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3.10 Summary 

The above results have identified that the smallest particle size and greatest 

homogeneity are achieved using NLC/PI with 1% surfactant using HSD parameters of 

15,000 rpm for 30 minutes. This result has been published in article journal 

("Development of nanostructured lipid carrier for dacarbazine delivery", see Appendix 

B). The laboratory-based technique was used to identify the formula that had the 

optimal particle size and homogeneity, which was selected for a large-scale preparation 

using an industry-based technique. This large-scale preparation used MJR method 

which was the first preparation of NLC by this technique. 

In addition, this NLC/PI 1% formulation was selected to be used as a drug delivery 

system for Dacarbazine (Dac), a drug used to treat melanoma.   
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4. SYNTHESIS AND CHARACTERISTION OF 
NANOSTRUCTURED LIPID CARRIERS-DACARBAZINE 

4.1 Introduction 

Dacarbazine (Dac) is a cytotoxic drug used in the treatment of various cancers, 

including melanoma. This chapter considers the encapsulation of Dac in a 

nanostructured lipid carrier (NLC) to test whether there is an increased efficacy of 

NLC-Dac in abnormal cells. The previous chapter (Chapter 3) showed the achievement 

of the study to synthesize NLC and optimize the properties in laboratory-based 

preparation. The optimal formula obtained NLC/PI with 1% surfactant was selected and 

prepared as a delivery system for Dac. This chapter shows, the method of NLC-DAC 

preparation then the characteristics of NLC with and without DAC. The physiochemical 

studies involve the use of NLC/PI 1% as an encapsulation media for Dac, describes the 

properties of NLC/PI 1%-Dac for three different Dac concentrations and investigates 

the encapsulation efficiency and drug loading capacity.  

Later, this chapter shows the pharmacological studies of NLC with and without DAC 

that involves, the toxic effects of the varying concentrations of the different types of 

NLC (e.g. NLC/PI, NLC/SI and NLC/GM) on A375 cells at three-time points (24, 48 

and 72 hours). The cytotoxicity of Dac on A375 cells, pre and post encapsulation, is 

also presented. The cell viability was assessed using both light microscopy and MTT 

assay after treating A375 cells with Dac, NLC/PI 1% and NLC/PI 1%-Dac at different 

concentrations and at different time intervals (24, 48 and 72 hours). 

 

4.2 Preparation and physiochemical characteristic of NLC/PI 1%-Dac  

The synthesis of NLC/PI 1% by HSD method was followed, and the particles were used 

to encapsulate Dac, NLC/PI 1%-Dac (see Section 2.3.1). This method was validated 

and published under the title: Development of nanostructured lipid carrier for 

dacarbazine delivery (Almousallam et al., 2015). Three samples with different 

formulations of NLC/PI 1%-Dac were prepared containing different concentrations of 

Dac to study the encapsulation efficiency and the drug loading capacity in order to 

evaluate NLC drug delivery system (Table 4.1). 
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Table 4.1: The formula components of NLC/PI 1%-Dac preparations formed using high 

sheer dispersion at 15,000 rpm for 30 min. 

NLC/PI 1%-Dac 
Formulation 

Solid 
lipid 

Liquid 
lipid Emulsifier Surfactant Drug 

Precirol 
ATO-5  
(mg) 

isopropyl 
myristate 

(mg) 

Soybean 
lecithin 

(mg) 

D-α-tocopheryl 
polyethylene glycol 

succinate 
(mg) 

Kolliphor® 
P 188 
(g/ml) 

Dac 
(mg) 

NLC/PI 1%-Dac 

35 
180 60 30 30 1% 35 

NLC/PI 1%-Dac 

50 
180 60 30 30 1% 50 

NLC/PI 1%-Dac 

70 
180 60 30 30 1% 70 

 

Each NLC/PI 1%-Dac preparation was assessed for particle size, dispersity and stability 

after 24 hours of preparation (Table 4.2). 

 Table 4.2: Particle size, PDI and zeta potential for NLC/PI 1%-Dac formula 

synthesized by high sheer dispersion at 15,000 rpm and 30 min, mean ± SD (n = 5). 

Formulation of 
NLC/PI 1%-Dac (mg) 

Particle size  
(nm) 

PDI Zeta potential 
(mV) 

NLC/PI 1%-Dac              

35 
181±9 0.2±0.07 

-38.9±0.8 

NLC/PI 1%-Dac              

50 

190±10 0.2±0.03 -43.5 ± 1.2 

NLC/PI 1%-Dac              

70 

185±3 0.2±0.09 -35.8±0.4 

 

The results show that the carriers were maintained after Dac encapsulation and the 

relative particle size was between 181 nm to 190 nm measured using dynamic light 

scattering DLS at 100 µg/ml particles concentration. The increasing of NLC particles 

size after Dac encapsulations from 155 nm (see section 4.5) to larger than 180 nm, 
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indicated the drug of Dac resize the NLC carriers. The poly dispersity index indicated 

the aggregation in the particles, as the value is more it shows a polydisperse system and 

if it is closer to zero it denotes the monodisperse system. The polydisperse system have 

greater tendency to aggregation than monodisperse system. In this study, the 

measurements of the polydispersity index showed that the particles distribution in 

solutions were monodisperse in all three resultants of NLC/PI 1%-DAC using DLS. 

The information about the particle stability in solution was obtained by Zeta Potential 

(ZP) analysis of particles at 100 µg/ml. The result showed that all particles exhibited a 

negative charge zeta potential (Table 4.2), and the particles in solution were moderately 

stable (Zeta potential > -35 mV). 

The encapsulation efficiency and drug loading capacity of the three resultants NLC/PI 

1%-Dac was measured. Initially, a calibration curve was produced by absorbance of 

known concentrations of Dac at 330 nm wavelength using UV spectrophotometry 

(Double Beam UV–VIS, UV-2100 Shimadzu, Japan; Figure 4.1). This standard 

curve was used to determine the amount of free Dac within a solution.  

  

Figure 4.1: A standard curve for mean absorbance of Dac concentrations in acetone 

solution measured by UV spectrometry at wavelengths 330 nm, Bars represent mean ± 

SD (n = 3).   
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The encapsulated samples were tested after 24 hours incubation at 4 °C. Briefly, 1 

ml samples were withdrawn from each NLC/PI-Dac preparation, centrifuged at 

12,500 rpm at 4°C for 45 minutes to obtain a supernatant (un-entrapped Dac). After 

the centrifugation, 500 µl of supernatant was added to 1 ml acetone and measured 

using UV spectrometry. The result showed a different level of absorbance for Dac for 

each of the NLC/PI-Dac formula at 330 nm measured using UV spectrometry. The UV 

absorbance of the drug was then compared to the standard curve (Figure 4.1) and the 

equation from the standard curve was used to determine the amount of un-entrapped 

Dac (Table 4.3). 

Table 4.3: The absorbance and equivalent amount of un-entrapped Dac in NLC/PI 1%-

Dac formula with different concentration of Dac prepared by high sheer dispersion at 

15,000 rpm and 30 min, mean ± SD (n = 3). 

Formulation of 
NLC/PI 1%-Dac (mg) 

UV absorbance 
at 330 (nm) 

Equivalent 
amount of  
Dac (mg) 

Total amount of  
un-entrapped Dac 

(mg) 
NLC/PI 1%-Dac         

35 

0.27±0.2 0.03±0.2 1.5±0.2 

NLC/PI 1%-Dac         

50 

0.12±0.5 0.15±0.5 0.75±0.5 

NLC/PI 1%-Dac         

70 

0.36±0.7 0.04±0.7 2.0±0.7 

 

The percentage of encapsulation efficiency (EE) and drug loading capacity (DLC) were 

calculated. The encapsulation efficiency is the ratio of encapsulated drug to the total 

amount (see Equation 1), while the drug loading capacity is the ratio of encapsulated 

drug to the total amount of carrier system (see Equation 2). 
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Where W1 is the amount of drug added in the NLC/PI 1% formula, W2 amount of un-

entrapped drug and W3 amount of the lipids added in NLC/PI formula. 

 

The results obtained from un-entrapped Dac (Table 4.3) were used to calculate the 

percentage of encapsulation efficiency and the percentage of drug loading capacity (W2 

in equations = un-entrapped Dac). The result showed that the percentage of 

encapsulation efficiency and the percentage of drug loading capacity were increased 

when the amount of Dac in the NLC/PI 1%-Dac formula was increased from 35 mg to 

50 mg (Table 4.4).  

Table 4.4: The results obtained from the calculation for the percentage of encapsulation 

efficiency and the percentage of drug loading capacity obtained from the equation 1 and 

2 for NLC/PI 1%-Dac formula with different concentration of Dac, mean ± SD (n = 3). 

Formulation of 
NLC/PI 1%-Dac (mg) 

Encapsulation efficiency 
(%) 

Drug loading capacity 
(%) 

NLC/PI 1%-Dac                 

35 

95.7±0.4 15.9±0.4 

NLC/PI 1%-Dac                 

50 

98.5±0.2 23.4±0.2 

NLC/PI 1%-Dac                 

70 

97.1±0.8 32.3±0.8 

 

When the amount of Dac in NLC/PI 1%-Dac was increased from 50 mg to 70 mg, the 

drug loading increased but the encapsulation efficiency decreased.  This decrease in 

encapsulation efficiency suggests that the carrier NLC/PI 1% has achieved saturation 

level. The highest percentage of encapsulation efficiency (98.5%) was obtained from 

NLC/PI 1%-Dac 50 with 23.4% drug loading capacity and this formula was selected for 

further study (see next sections). 
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4.3 NLC/PI 1% carrier pre and post Dac (50 mg) encapsulated  

Changes to the structure of the NLC/PI 1 % carrier post drug encapsulation were 

investigated and the variation between NLC/PI 1% and NLC/PI 1%-Dac 50 mg was 

determined. The next sections will show these comparisons. 

  

4.3.1 Particle size, dispersity and zeta potential 

The NLC/PI 1% carrier (without drug) and NLC/PI 1%-Dac (carrier with drug) were 

characterized for particle size and PDI using DLS at 100 µg/ml. The results showed that 

the NLC/PI 1% carrier increases in diameter after Dac is encapsulated (measured 

increase from 155 nm to 190 nm). Also, DLS showed good homogeneity of NLC/PI 

1% and NLC/PI 1% -Dac with PDI ≤ 0.2 (Figure 4.2). 

 

Figure 4.2: DLS recorded size distribution and the polydispersity index (PDI), 155 nm 

±10 with PDI 0.1±0.05 and 190 nm ±10 with PDI 0.2±0.03 for NLC/PI 1% (left) and 

NLC/PI 1%-Dac 50 (right) respectively, each color represent sample, mean ± SD (n=5). 

 

The stability of particles in of NLC/PI 1% and NLC/PI 1% -Dac 50 solutions after 24 

hours were also assessed by determining the zeta potential at 100 µg/ml using a 

Zetasizer (Figure 4.3). 
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Figure 4.3: The analysis obtained from Zetasizer (Malvern Instrument 3000 Has 

Zetasizer), the results for zeta potential of NLC/PI 1% (left) and NLC/PI 1%-Dac 50 mg 

were (right) -43.4±2.0 and -43.5±1.2 respectively. 

 

The results showed the particles in NLC/PI 1% and NLC/PI 1% -Dac (50 mg) were 

stable in solutions and they have a zeta potential > -40 mV and Table 4.5, shows the 

summary of the properties of the evaluation for both preparation. 

Table 4.5: Physical properties of particle size, PDI and zeta potential for NLC/PI and 

NLC/PI-Dac 24 hours post preparation by high sheer dispersion at 15,000 rpm and 30 

minutes, each value represents the mean ± SD (n = 5). 

Samples Particle size 
(nm) 

PDI Zeta potential 
(mV) 

NLC/PI 1% 155±10 0.1±0.05 -43.4 ± 2.0 

NLC/PI 1%-Dac 

50mg 

190±10 0.2±0.01 -43.5 ± 1.2 

 

4.3.2 Morphology  

The structure of NLC/PI 1% particles was investigated before and after the drug (Dac) 

encapsulation using TEM (Figure 4.4).  
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Figure 4.4: TEM micrographs of NLC/PI 1% (a) and NLC/PI 1% -Dac 50 (b), The 

arrows indicate the encompass materials of carrier; surfactant Kolliphor® P 188, solid 

lipid Precirol ATO-5®, liquid lipid isopropyl myristate and the drug encapsulated 

Dacarbazine (Dac). 

 

Both NLC/PI 1% and NLC/PI 1% -Dac particles were spherical in shape and slightly 

different in size as observed. The particle diameters measured using TEM (NLC/PI 

139 nm and NLC/PI-Dac 167 nm) were consistent with the results obtained by DLS 

measurement. The NLC/PI 1% particles appeared to have a distinct boundary between 

each particle and NLC/PI-Dac was larger than the carrier on its own. Both the NLC/PI 

1% and the NLC/PI 1% -Dac (50 mg) particle appeared to be covered by a dark layer, 

indicative of the presence of some surfactant and remains of media (Figure 4.4). 

Under the dark surfactant layer inside the particles, the liquid lipid matrix is shown as 

a grey area containing several solid lipid core structures seen as white masses. Inside 

the core structures within the NLC/PI 1% -Dac particles a dark area can be seen 

which suggests that this is where the drug is encapsulated (Figure 4.4 B). Dark areas 

were also seen outside of the core structures within the particles, suggesting that there 

is a wide distribution of the drug inside the lipid matrix. 

4.3.3 Crystallinity  

X-ray diffraction (XRD) analysis was performed to characterize the crystallinity of 

Dac, NLC/PI 1% and NLC/PI 1% -Dac (50 mg). The crystal structure and quality 

of a sample can be determined by comparing its XRD pattern with that of reference 

crystalline substances in a database (see Section 2.4.8). The traces show the XRD 

patterns for (a) Dac, (b) NLC/PI 1% and (c) NLC/PI 1% -Dac (Figure 4.5). 
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From Figure 4.5, the diffraction peaks at 2 theta values of 17.1, 19.3 and 23.2° in 

NLC/PI-Dac are found in patterns of NLC/PI (see Figure 2.6 for NLC 

diffractogram). The Dac sample (a) shows two broad peaks (38.4 and 44.7°) which 

can be correlated with NLC/PI-Dac (38.5 and 44.7°). The patterns of the samples 

(a, c) show the alteration in pure Dac post NLC encapsulation suggesting that there 

is a change in the structure. The relative intensity of the diffraction peaks at 2 theta 

value of 38.5° appear to decrease in the NLC/PI 1%-Dac (50 mg) sample compared 

with pure Dac, suggesting that Dac loading prevents the formation of solid lipid 

crystals to certain extent and this will lead to reduce of the crystallinity. 

 

Figure 4.5: XRD trace of (a) Dac (Freeman and Hutchinson, 1979), (b) NLC/PI 1% and 

(c) NLC/PI 1%-Dac. (a) Dac exhibits a characteristic peaks at 2 Theta values of 11.3, 

22.2, 26.1, 38.4 and 44.7° while NLC/PI 1% exhibits characteristic peaks at 2 Theta 

values of 17.1, 19.3, 23.2, 38.5, 44.7 and 78.29°.  
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The Dac peaks are not visible in the NLC/PI 1%-Dac trace and this is likely to be due 

to the low amount of Dac compared to the NLC/PI 1% (15 %). The long-range 

structure (at the lower degree levels) shows a shift between the NLC/PI 1% and 

NLC/PI 1%-Dac traces.  This is likely to be due to inter-chain changes (e.g. the spaces 

between the lipid chains). The short-range structure (at the higher degree levels – 

where d <2Å) are completely removed when Dac is added to the system. This suggests 

that there is significant intra-chain (e.g. within the lipid crystal) changes as a result of 

Dac being added to the system.  These peaks are high intensity and therefore, there 

would have been significant changes in the structure to result in their removal. 

 

4.4 Drug release profile of NLC/PI 1%-Dac 50  

In the formula NLC/PI 1%-Dac 50, the release of the drug Dac in vitro was tested 

by measuring the amount of un-entrapped Dac that was discharged from the particles 

NLC/PI. The NLC/PI 1%-Dac 50 preparation was diluted to 10% v/v in PBS (pH = 

7.4) and incubated at 37 °C in multiple vials. At predetermined intervals, individual 

samples were centrifuged at 12,500 rpm, 4°C for 45 minutes (see Section 2.5.3.). 

The un-entrapped Dac concentration calculated from the measured absorption at 330 

nm wavelength measured by UV spectrometry and calculated from the equivalent 

known concentration values (see Section 4.3). The release of Dac was determined and 

expressed as percentage of total loaded amount of the drug. The results showed that 

approximately 50 % of the drug was released from the particles in the first 2 hours, 

followed by a sustainable release of the remaining drug for up to 30 hours (Figure 
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4.6).  The release of the drug Dac from the particles NLC/PI 1% appeared to follow 

a biphasic pattern. 

 

 

Figure 4.6: In vitro drug release profile for the drug Dac from particles NLC/PI 1% for 

formula NLC/PI 1%-Dac. Bars represent mean ± SD (n = 3). 

 

4.5 Stability of NLC/PI 1%-Dac 50  

The NLC/PI-Dac 50 preparation achieved an encapsulation efficiency of 98.5 % of 

the drug as determined using the UV detection and encapsulation efficiency 

measurements (see Section 4.3). Samples were prepared and stored in sealed amber 

coloured glass vials in the dark at 4 °C for up to three months for stability 

assessment. The particles were then characterised for particle size, aggregation and 

zeta potential (Table 4.6). 
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Table 4.6: Physical properties of particle size, polydispersity index (PI) and zeta 

potential for NLC/PI-Dac 50 post preparation by high sheer dispersion at 15,000 rpm 

and 30 min, each value represents the mean ± SD (n = 5). 

Time 
(day) 

Particle size 
(nm) 

PDI Zeta potential 
(mV) 

1 190±4 0.1±0.07 -40.7±0.3 

7 189±9 0.2±0.05 -43.7±0.5 

30 197±5 0.2±0.02 -39.7±0.8 

90 204±3 0.2±0.09 -36.1±0.2 

 

The results show that the physical properties of the NLC/PI-Dac, namely the 

particle size, PDI and the zeta potential, were stable for up to 3 months (not 

statistically significantly different at p ≤0.05 using T-test). The results in Table 4.6, 

show little change in the physical properties of the particles over the time of 

storage. 

 

4.6 In vitro cytotoxicity assessment of NLCs and NLC/PI-Dac 

An effective nanostructured lipid carrier (NLC) loaded with a chemotherapeutic agent 

should be able to demonstrate a cytotoxic effect in vitro that is more cytopathic than the 

unloaded drug (see Section 1.9). After having determined the optimal conditions for 

preparation of the lipid carrier with the desired characteristics (shown in Chapter 3), 

experiments were carried out using A375 cell lines in culture media in order to assess: 

i)  The cytotoxicity of NLC: Demonstrating the effect of NLC (NLC/PI 1%, NLC/GM 

1%, and NLC/SI 1%) on A375 cells; and   

ii) The cytotoxic effect of Dacarbazine (Dac) both pre- and post-encapsulation. 

4.6.1 Growth rate and doubling time of A375 cells  

A cytotoxic effect is best demonstrated in rapidly dividing cells. The concentration of 

the cell population is essential to interpret the growth kinetics. Initially it was required 

for the purposes of the experiment to determine a A375 cell concentration with the 
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shortest doubling time so that this concentration could then be selected to evaluate the 

effect of the various NLC concentrations and of Dac, both encapsulated and un-

encapsulated.  

A population of A375 was propagated to the optical density of 0.8 at 570 nm 

determined using Thermo Scientific Varioskan plate reader (see Section 2.6.6), to 

observe the growth of cells during the log phase when the cells are dividing rapidly. 

This is the point when it is expected that the cells are more vulnerable to the treatment. 

The cell population was measured by means of an automated cell counter. Four 

different concentrations of A375 cells (1,000, 2,000, 3,000 and 4,000 cells/ml) were 

seeded and growth was measured using the MTT assay (described in Section 2.6.8). 

The growth rate was measured by recording the optical density at 570 nm and the 

growth of A375 cells was used to calculate the doubling time at 24, 48 and 72 hours. 

The experimental procedure is further described in Section 2.6.6.  

It was possible to identify the log phase of A375 cell growth within the experiment’s 

time intervals of 24, 48 and 72 hours (Figure 4.7). The growth of A375 cells was used 

to calculate the doubling time at 24, 48 and 72 hours. 

 

Figure 4.7: The optical density of A375 cells seeded with different concentrations at 

different time point. The individual points indicate mean ± SD (n = 3).    

0

0.2

0.4

0.6

0.8

0 24 42 72 96

A
bs

or
ba

nc
e 

(5
70

 n
m

)

Time (Hours)

1x10^3 cells/ml

2x10^3 cells/ml

3x10^3 cells/ml

4x10^3 cells/ml

Log phase



 

132 
 

 

The doubling time is further confirmed in Table 4.7, and shows that the shortest 

doubling time occurred with a cell density of 3x103 cells/ml. This density was therefore 

selected for subsequent experiments of A375 cells. 

 

Table 4.7: The doubling time of different concentrations of A375 cells in culture, mean ± 

SD (n = 3). 

 Doubling time  

Cell density 

(cells/ml) 
24 (Hours) 48 (Hours) 72 (Hours) 

1x103 10.94 27.50 46.47 

2x103 6.11 20.82 43.31 

3x103 5.03 15.38 32.67 

4x103 14.20 31.75 49.11 

 

From the above results, the cell density for the A375 cells for the remaining 

experiments was determined to be 3x103 cells/ml. The assessment of the three potential 

NLC carriers (NLC/SI 1%, NLC/GM 1% and NLC/PI 1%) and the drug of Dac with 

and without NLC/PI 1% carrier were done at 24, 48 and 72 hours (see next sections). 

In order to establish the best methods for the cytotoxicity assessment for the NLC 

particles developed in this work, commercially available silica nanoparticles (SiNP20 

and SiNP200) from Sigma Aldrich, were first used and studied for their effect on A375 

melanoma cells. This work has been listed in Appendix A.  By conducting this work we 

were able to study the effect of these commercial particles on the A375 cell line and 

device the appropriate procedures to test the NLC particles developed in this thesis 

(please see Appendix A).     

 

 



 

133 
 

4.6.2 Morphology of A375 cells 

The morphological features of A375 cells after 24 hours treated with the different types 

of NLC (NLC/PI 1%, NLC/SI 1% and NLC/GM 1%) were studied using light 

microscopy (Leica DM IL LED system; Figure 4.8). 

 

Figure 4.8: Morphology study for A375 cells (3X103 cells/ml) observed by light 

microscopy (×20) after 24 hours' incubation, A: cells without treatment; B: cells treated 

by 100 µg/ml NLC/PI 1%; C: cells treated by 100 µg/ml NLC/SI1%; and D: cells treated 

by 100 µg/ml NLC/GM 1%.  

 

A375 cells after seeding without treatment (Figure 4.8A) were seen to be nearly 

confluent with each other and had sharp ends in contact at 24 hours. The cells after 

treatment with NLC/PI 1% (100 µg/ml), at the same time showed preservation of their 

contact to each other without morphological change (Figure 4.8B). At 24 hours, the 

effect on the cells treated with 100 µg/ml NLC/SI 1% shows that the A375 cells appear 

to be shrinking and demonstrate what appear to be cytopathic changes (Figure 4.8C). 

The A375 cells exposed to NLC/GM 1% demonstrated changes to their morphology 

post treatment with 100 µg/ml at 24 hours, with alteration in terminals and cell 

shrinkage (Figure 4.8D). 

The effect of NLC can be seen in Figures 4.8C and D, as compared to Figures 4.8A and 

B where the cells do not show a clear cytopathic effect. In Figures 4.8C and D (cells 

treated with NLC/SI 1% and NLC/GM 1%, respectively), the results show the cell 
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distortion and a cytopathic effect demonstrating a high level of cellular toxicity from 

these types of NLC. In Figure 4.8B (cells treated by NLC/PI 1%), the results show that 

the cells have some changes but they are still relatively intact in structure without 

significant cytopathic changes suggesting that there is cytotoxicity, but it is at an 

acceptable level of cellular effect from this type of NLC.  

4.6.3 Viability assessment for A375 cells post NLCs treatment 

A toxicity assessment is necessary to evaluate the product for a health risk assessment. 

This involves two steps, hazard identification and dose response. The quantitative 

relationship between exposure (or dose) and extent of toxic response can be established. 

The MTT assay was used to evaluate the cell viability after treatment with the carriers 

(NLC/PI 1%, NLC/GM 1% and NLC/SI 1%). The cells were treated with NLC/PI 1% 

(50, 100 and 200 µg/ml) for 24, 48 and 72 hours. A positive control was included in the 

experiment where cells were exposed to H2O2 at a concentration of 100 µg/ml (Figure 

4.9).  

The results show that when A375 cells were exposed to NLC/PI 1% there was no 

statistically significant toxic response at 50, 100 and 200 µg/ml for 24, 48 and 72 hours 

when compared to untreated cells and the positive control (H2O2, 100 µg/ml).  These 

results indicate that NLC/PI 1% as carrier can be used safely for encapsulation.  

 

 

Figure 4.9: Mean cell line viability (as measured using MTT assay, n=3) when exposed 

to NLC/PI 1%. The error bar indicates the SD, where *** shows P  ≤  0.01. 
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The A375 cells were then treated with NLC/SI 1% (50, 100 and 200 µg/ml) for 24, 48 

and 72 hours. A positive control was included in the experiment where cells were 

exposed to H2O2 at a concentration of 100 µg/ml (Figure 4.10).  

 

Figure 4.10: Mean cell line viability (as measured using MTT assay, n=3) when exposed 

to NLC/SI 1%. The error bar indicates the SD, where *** shows P  ≤  0.01. 

 

Figure 4.10, shows that the A375 cell line, when treated with NLC/SI 1%, demonstrated 

toxic effects on the cells at 50, 100 and 200 µg/ml for 24, 48 and 72 hours. The results 

obtained from the above figure suggest that NLC/SI 1% cannot be used safely for 

encapsulation as a carrier. At 100 µg/ml of NLC/SI 1% after 24 hours the cell viability 

was 58% which indicates a cytopathic effect and this result supports the light 

microscopy images (Figure 4.8C) which were performed at the same time and 

concentration.      

Cells were treated by NLC/GM 1% (50, 100 and 200 µg/ml) for 24, 48 and 72 hours. A 

positive control was included in the experiment where cells were exposed to H2O2 at a 

concentration of 100 µg (Figure 4.11).  
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Figure 4.11: Mean cell line viability (as measured using MTT assay, n=3) when exposed 

to  NLC/GM 1%.  The error bar indicates the SD, where ** and *** shows P  ≤    0.05 and  

P  ≤  0.01. 

 

Figure 4.11, shows that NLC/GM 1% treatment has a toxic effect on A375 cells 

when exposed at concentrations of 50, 100 and 200 µg/ml for 24, 48 and 72 hours. 

These results suggest that NLC/GM 1% cannot be used for encapsulation. At 100 

µg/ml of NLC/GM 1% after 24 hours the cell bioavailability shows 83% which 

indicates some cytopathic effect and this result correlates with light microscope 

image (Figure 4.8D) which was performed at the same time and concentration. 

From these observations, the results confirm that, separate to the non-optimal size of the 

carriers demonstrated in Section 4.2, the NLC/SI 1% and NLC/GM 1% carriers 

prepared by the HSD method cannot be used for Dac encapsulation. However, NLC/PI 

has been identified as a potential carrier for Dac as a drug delivery system.  

    

4.7 Treatment of A375 cells with Dac with and without NLC/PI encapsulation 

The MTT cell viability assay showed normal growth of the A375 cells when treated 

with the carrier NLC/PI 1% (50, 100 and 200 µg/ml; Figure 4.8). This section 

shows the effect of Dac pre and post NLC/PI 1% encapsulation on A375 cells by 

using MTT assay at 24, 48 and 72 hours.  
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4.7.1 24 hours treatment 

A375 Cells were treated by different concentrations of Dac and NLC/PI 1%-Dac 

(Figure 4.12). The results show that cell viability decreases with increased drug 

concentration, from 49% to 41% and then 36% for 8, 16 and 32 µg/ml, respectively 

and there was no statistical significant difference between them.      

 

Figure 4.12: The effect of Dac pre and post NLC/PI 1% encapsulated on the viability of 

A375 cells after 24hours treatment as measured using MTT assay. The bars show mean 

(n=3) and the error bar indicates the SD, were** and *** shows P ≤   0.05 and P  ≤   0.01. 

 

The encapsulated carrier showed a greater toxic effect compared to the un-

encapsulated drug itself; cell viability decreased to 20% with 32 µg/ml drug 

concentration encapsulated in NLC/PI 1% at 200 µg/ml. The results show there was 

no statistical significant difference in cell viability between all three concentrations 

of NLC/PI 1%-Dac but there was a statistically significant difference between the 

encapsulated and un-encapsulated drug. 

 

 

 

** ** *** 
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4.7.2 48 hours treatment 

The experiment was repeated after 48 hours exposure to Dac (with and without 

encapsulation). The cell viability decreased as the drug concentration increased 

from 40% to 38% and 34% for 8, 16 and 32 µg/ml respectively and there was no 

significant difference between them (Figure 4.13). After encapsulation, the 

decrease was more markedly reduced than with un-encapsulated drug itself and the 

cell viability decreased from 35% (un-encapsulated DAC) to 5% at 32 µg/ml Dac 

encapsulated in 200 µg/ml NLC/PI 1% and there was no statistical significant 

difference in cell viability between all three concentrations of NLC/PI 1%-Dac.    

  

Figure 4.13: The effect of Dac pre and post NLC/PI 1% encapsulated on the viability of 

A375 cells after 48hours treatment as measured by MTT assay. The bars show mean 

(n=3) and the error bar indicates the SD, were ** and *** shows P ≤  0.05 and P ≤  

0.01. 

 

When the results measured at 48 hours are compared to those measured at 24 hours, 

the cell viability was 25% less after encapsulation. 

 

  

** ** *** 
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4.7.3 72 hours treatment 

The experiment was repeated after 72 hours exposure to Dac (with and without 

encapsulation). With the cells exposed to Dac, the cell viability decreased with the 

increasing drug concentration from 49% to 37% and 34% for 8, 16 and 32 µg/ml 

respectively and there was no significant difference between them (Figure 4.14). 

After encapsulation, the decrease in viability was more marked than with the drug 

itself and the cell viability decreased to 5% with 32 µg/ml Dac encapsulated in 200 

µg/ml NLC/PI 1%. The results show there was no statistical significant difference 

in cell viability between all three concentrations of NLC/PI 1%-Dac 

 

Figure 4.14: The effect of Dac pre and post NLC/PI 1% encapsulated on the viability of 

A375 cells after 72hours treatment as measured using MTT assay. The bars show the 

mean (n=3) and the error bar indicate the SD, where *** shows P ≤  0.01. 

 

There was no significant difference in cell viability and drug action after 

encapsulation between measurements taken at 48 and 72 hours. This is most likely 

due to the cell growth kinetics having reached asymptotic stage, where the 

increasing drug concentration may not have any further cytotoxic effect. Again, a 

statistically significant decrease in cell viability was seen with the encapsulation of 

the drug. 

The results shown in this work indicate a very successful outcome in selecting the 

appropriate NLC formulation and the correct encapsulation method used for Dac 

*** **
 

*** 
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loading as well as the optimal testing procedures chosen to test the viability of the 

synthesised particles.  

 

4.8 Discussion  

4.8.1 Nanostructured lipid carriers encapsulated dacarbazine 

The NLC that has the optimal properties such particle size and polydispersity index 

was selected to encapsulate the melanoma therapeutic drug Dac. The formula was 

NLC/PI 1%, and it was re-synthesized with Dac to prepare a system for nanodrug 

delivery in order to enhance its efficacy. The encapsulation efficiency of the carrier in 

nanodrug delivery can be calculated by the ratio of the concentration of the entrapped 

drug to its initial concentration. In order to determine the successful encapsulation of 

the drug within the nanoparticle, the encapsulation efficiency is an important property 

for the drug carrier and an efficient encapsulation process avoids direct biological 

interactions occurring with the drug. In addition, it can prevent the drug’s potential 

unwanted toxicity at other sites, for example the effect of Dac on normal tissue. In 

2012, Delmas et al. stated that engineering nanostructured particles that can efficiently 

encapsulate drugs at high concentrations is a major challenge in nanomedicine. Other 

nanodrug delivery systems have been previously used to encapsulate Dac (see Section 

1.7 for examples).  

The highest encapsulation efficiency percentage in the literature was obtained with 

MPEG-PLA (methoxy poly (ethylene glycol)-poly (lactide)) nanoparticles and was 

70.1±2.3% (Ma et al., 2011). In this study, NLC/PI 1%-Dac was used to encapsulate 

three different concentrations of Dac (see Table 4.4). The results showed that the 

highest encapsulation efficiency was measured for NLC/PI 1%-Dac 50 (98.5±0.2%; 

see Table 4.3). This result is similar to the results of previous studies which have 

stated that an advantage of using NLC in nanodrug delivery as a carrier was due to 

their high encapsulation efficiency (Tamjidi et al., 2013; Patel et al., 2015; Purohit al., 

2016), however it is the first time that this type of NLC/PI 1% has been demonstrated 

for Dac.  
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The drug loading capacity can be calculated by the ratio of encapsulated drug to the 

total amount of the lipid in formula. This is known as one of the advantages of using 

NLC for encapsulation (Iqbal et al., 2012). The highest reported drug loading capacity 

obtained from nanoparticles encapsulating Dac in the literature was with Dacarbazine-

loaded cubosomes 28% (Bei et al., 2010). In this current study, the highest recorded 

drug loading capacity was seen with NLC/PI 1%-Dac 70 and was 32.3±0.8% (see 

Table 4.4), which is higher than that previously reported, suggesting that the NLC/PI 

carrier is able to encapsulate more Dac than the cubosomes. This increased 

encapsulation may be due to the spherical particle shape of NLC. The spherical shape 

has been considered to be the basis of features such as a high loading capacity and 

controlled drug release due to smaller lipid–water interfaces and longer diffusion 

pathways (Saupe et al., 2006). 

The different NLC/PI 1% particles were characterized, and comparisons drawn 

between NLC/PI 1% and NLC/PI 1%-Dac 50. The results showed that there was a 

predictable increase in particle size for NLC/PI 1% post Dac encapsulation and this 

was expected due to the increased material within the lipid core (see Figure 4.4). The 

drug (Dac) did not affect the homogeneity or the stability of NLC/PI 1% in solution 

after encapsulation measured by PDI and zeta potential (see Table 4.5). The results 

shown in this study suggest that Dac, when encapsulated in NLC/PI 1%-Dac, is 

located within the particle in a drug-enriched core and Dac largely stays associated 

with the solid lipid. Due to the liquid lipid in the outer layers of NLC, the carrier will 

absorb lipophilic drugs easily (Zur Mühlen et al., 1996). Consequently, if the drug is 

loaded in a high enough concentration, release of the drug from the lipid matrix will 

either occur by diffusion or matrix erosion (Hu et al., 2005). Previous studies have 

suggested that NLCs containing drugs display a biphasic drug release pattern (i.e. an 

initial burst release of drug followed by a sustained release of the drug at a constant 

rate) due to their different lipid structures (Khan et al., 2015). The NLC lipid structure 

contain solid lipids in their core and liquid lipid in the outer shell (see NLC structure 

in Figure 4.4). The drug release profile of NLC/PI 1%-Dac measured in this study 

also showed this pattern of release (see Figure 4.6). In the first phase, Dac could be 

released from the outer layer of the NLC/PI 1% through a short diffusion path, whilst 

in the second phase Dac could be released in a sustained manner from the deeper 

liquid lipid phase and solid lipid cores through diffusion and erosion mechanisms. A 
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similar in vitro profile for drug release from NLC/PI containing Precirol ATO 5 has 

been reported previously (Lim et al., 2014; Song et al., 2014). 

In the case of NLC/PI 1%-Dac, although the drug in the outer layer of the NLC (see 

Figure 4.3) could diffuse into the blood circulation, the drug incorporated inside NLC 

is likely to remain encapsulated in the carrier long enough to reach the site of action, 

thereby improving the Dac therapeutic profile and prolonging the therapeutic use of 

the drug (see Figure 4.6). In addition, previous studies have suggested that lipid 

nanoparticles (<200 nm in diameter) could form a monolayer on the skin and prevent 

the evaporation of water from the skin. By forming a transcutaneous hydration 

gradient, lipid nanoparticles could facilitate drug penetration into the deeper layers of 

the skin allowing more of the drug to reach the target tissue (Müller et al., 2002). 

Lipid-based vehicles have been proposed for treating cutaneous melanoma and 

epidermoid carcinoma through topical drug delivery (Kakumanu et al., 2011 and Lei 

et al., 2015), indicating that the NLC/PI 1%-Dac developed in this study could also be 

beneficial for use via a topical route for which early drug release would not 

potentially lead to severe systemic toxicity. However, the results presented in this 

chapter suggest that NLCs could have the potential for use in drug delivery via 

multiple administration routes. 

4.8.2 Cytotoxicity assessment  

The results in this chapter were collected following on extended period of 

experimentation used to develop and understanding of the specific cell line behaviors 

and handling requirements. The presented results are taken from an optimized process 

whereby a low passage number is used. The optimization process is documented in 

conference paper under the title "Cell type-and size-dependent in vitro toxicity of 

silica particles in human skin cells" (Claudia Moia, Huijun Zhu and Mousallam 

Almousallam, 2014; see the article in Appendix B).      

The preparation and assessment of different NLC properties relevant for use as a 

carrier for drug delivery have been demonstrated (see Chapter 3). In this chapter, the 

cytotoxicity was measured of the three NLCs to confirm the selection of NLC/PI as 

the optimal carrier. The toxicity evaluation used the A375 cell line which is a 

melanoma cell line. The time interval of the experiments determined by the log phase 
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of the A375 cells (described in Section 2.6.6). In the log phase, A375 cells grow more 

rapidly and are representative of the real-life conditions such as increased cellular 

intake and metabolism (Hu et al., 2013; Zhang and Wang al., 2015). The results 

showed that the log phase of A375 was within the interval period of the experiments, 

from 24 hours to 72 hours (see Section 4.6.1).  

The development of a nanostructured lipid particle system is driven by a desire for: (i) 

targeted drug delivery; (ii) greater drug efficiency; (iii) increasing the availability of 

the drug at the disease site; and (iv) prevention of harmful side effects (Naseri et al., 

2015; Velmurugan and Selvamuthukumar, 2016). The study of the effect of each 

type of NLC on cells was strongly suggested (Pizzol et al., 2014) and it was 

determined that these experiments should be performed on the A375 cell line to 

mimic the potential target within the body. The safety and efficiency of the 

nanostructured lipid particle system (NLC) was also evaluated. The results presented 

here demonstrate the viability of A375 cells treated with different NLCs (NLC/SI 

1%, NLC/GM 1% and NLC/PI 1%) whose physical properties have been previously 

determined (see Chapter 3).  

The undesirable properties of NLC/SI 1% and NLC/GM 1% such as particle size 

(over 400 nm) and particle aggregating (PDI > 0.3) were reflected their effect on 

cells as a carrier. Particle size above 300 nm is undesirable for their transport and is 

not suitable (Das et al., 2011).  In 2015, Ng et al. demonstrated that particle 

aggregation impedes the targeting efficiency of NLC to cells and tissues. The 

results of two of these NLCs (NLC/SI 1% and NLC/GM 1%) showed that cell 

viability significantly decreased (P ≤ 0.05) when exposed to the NLCs. This result 

suggests that these carriers have cytotoxic effects and should not be candidates for a 

nanodrug delivery system. This is an increasing in cytotoxicity maybe due to the 

increasing tendency of these NLCs (NLC/SI and NLC/GM) to aggregating either 

coating the lipid membrane of the ell or one absorbed coating cell organelle preventing 

normal function (see Chapter 3; results of NLC/SI and NLC/GM aggregating and 

reasons). On other hand, NLC/PI 1% showed good carrier properties (see Section 

3.2.3) and no toxic effects on cells viability in the results of this chapter. This 

indicates that NLC/PI 1% formulation that prepared by HSD method in this study 

can be used as carrier for encapsulation. 
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NLCs with and without drug encapsulation (using NLC/PI 1%) were exposed to 

A375 cells for 24, 48 and 72 hours at NLC/PI 1% concentrations varying from 50 

µg to 200 µg/ml and Dac concentrations at 8 to 32 µg/ml with appropriate negative 

controls. The most promising results were seen with NLC/PI 1%-DAC after 48 and 

72 hours where cell viability was statistically significant reduced compared with 

Dac itself after 48 and 72 hours (Figures 4.12 and 4.13), indicating that the drug 

release from the encapsulated particles to the cells inhibited further growth of cells 

and led to degeneration. Additionally, NLC/PI 1% without drug encapsulation 

showed no cytotoxic activity in comparison to the drug-loaded NLC/PI 1% which 

had the drug in the core, with the shell releasing the drug into the cells over 30 

hours (see Section 4.5, Figure 4.6). 

 

4.8.3 Summary  

The results in this chapter show that the optimal particle characteristics identified for 

NLC/PI 1% were not affected when used for Dac encapsulation, suggesting that 

NLC/PI 1% is an appropriate carrier for Dac. The encapsulation efficiency and drug 

loading capacity of NLC/PI 1% were higher than those previously reported in the 

literature for other carriers, suggesting that this drug delivery system is likely to be 

more effective. After that, the cellular toxicity associated with the different types of 

NLCs (NLC/SI 1%, NLC/GM 1% and NLC/PI 1%) and Dac with and without 

encapsulation will demonstrated. This will support validate the selection of NLC/PI as 

the best nanocarriers for Dac. 
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5. GENERAL DISCUSSION, CONCLUSIONS AND FURTHER 
WORK 

5.1 Summary   

In this study, the properties of NLC were optimized by modifying the formula and the 

method of the preparation (e.g. laboratory-based method: high sheer dispersity). Then 

the study used the identified optimised formula obtained from NLC preparation to 

encapsulate Dacarbazine (the chemotherapy drug used in this study). After the synthesis 

of the drug delivery system of Dacarbazine (Dac) using NLC, the cellular toxicity was 

assessed using in vitro assessments and a melanoma cell line (A375). Finally, the 

MicroJet Reactor (MJR) was used as industry-based method to prepare large scale 

NLC.  

 

5.2 Final discussion  

The use of NLC as a drug carrier for chemotherapeutic drugs has been increasingly 

studied over the last five years. The use of drug carrier systems has the ability to 

overcome the limitations of the anticancer drugs such as poor solubility, toxicity of 

normal tissue, poor targeting and control, in addition to drug degradation and resistance. 

Despite the advantages of NLCs, it is essential to understand the implications of the 

method of preparation and formulae components. This study developed the strategy to 

improve NLC properties and to optimise the use of NLCs as a drug carrier system for a 

particular chemotherapeutic drug, Dac. The NLCs properties were developed through 

modifying the formulation and the preparation methods of NLCs. The study 

investigated the influence of the solid lipid on NLC properties such as particle size. The 

high negative charge of the solid lipid (Precirol ATO-5®) tends to form polar covalent 

bonds with isopropyl myristate (IPM) in the NLC/PI formulae. This helps to explain the 

stability of the solid lipid in the liquid lipid matrix during the NLC preparation using 

HSD. 

The studies in this thesis have demonstrated that it is possible to control the particle size 

and improve the PDI of the NLCs using the HSD method. Previous studies have 

presented the advantages of using NLC for skin applications (see Section 1.5). In 
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NLC/PI, the formulae use IPM which has been shown to significantly improve the 

bioavailability of drug in topical preparations (Suh and Jun., 1996).      

Several previous attempts have been made to develop drug delivery vehicles for Dac to 

improve the therapeutic profile of the drug (Bei et al., 2009; Ma et al., 2011 and 

Kakumanu et al., 2011). However, the developed delivery systems were not stable 

enough over the study period (Table 7.1). While in this study, the NLC stability was 

shown to be more stable than previously reported carrier systems (shown in Table 5.1), 

as Almousallam et al 2015, which is suggested to be due to the ratio between the solid 

lipid and liquid lipid of the NLC formulae resulting in a low level of repulsion between 

adjacent particles in solution. 

Table 5.1: The comparison of NCL physical properties post Dac encapsulation in this 

study with previous attempts. 

Formula Particles 
size nm 

PDI Zeta 
potential 

Stability References 

Dacarbazine-

Loaded 

Cubosomes 

10 mg in 65ml 

88.4±1.3 0.191 - - 
Bei 

et al., 2009 

MPEG/PLA-

Dac 

3 mg/ 35ml 

144. 2±7.8 <0.3 −32.1±5.4 - 
Ma 

et al., 2011 

Nanoemulsion-

Dac 

100mg 

111.7 ± 

0.33 

0.218 ± 

0.002 

−8.20 ± 

0.07 

>75%of Dac 

release after 6 

months storage 

Kakumanu 

et al., 2011 

NLC-Dac 

50mg 
190 ± 10 

0.2 ± 

0.01 
-43.5 ± 1.2 

Stable up to 3 

months 

Almousallam 

et al., 2015 
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In addition, previous studies have reported drug loading efficiencies and encapsulation 

efficiencies for other carriers which were lower than those reported for NLC (Table 5.2, 

data reported in this thesis identified as “PhD Thesis”). This increased of encapsulation 

efficiency in NLC due to a spherical shape of particle (see Section 4.7). 

Table 5.2: The comparison of NLC biophysical properites of Dac post encapsulated in 

this study with previous attempts . 

Formula Drug loading 
capacity 

encapsulation 
efficiency 

Brief of 
efficiency 
improved 

References 

Dacarbazine-

Loaded 

Cubosomes 

28 16.7% - 
Bei 

et al., 2010 

MPEG/PLA-

Dac 
15.0±0.3 70.1±2.3% 

enhanced 

antitumor activity 

Ma 

et al., 2011 

Nanoemulsion - - 

significantly 

reduced in tumor 

size 

Kakumanu 

et al., 2011 

NLC-Dac 

 
23.4±0.2 98.5 % 

Decrease cell 

viability in 

melanoma cell 

line 

PhD thesis 

 

In the in vitro cell assessement, studies showed that NLC encapsulation enhanced the 

toxicity of Dac and decreased the cell viability in formulae NLC/PI-Dac (see Section 

4.6.3) Other studies on other formula have demonstrated that membrane ion channels 

play an important role in cell proliferation and cell apoptosis (Wonderlin and Strobl al., 

1996; Wang al., 2004; Pardo al., 2004) which may be affected by the presence of Dac 

and prolonged by its encapsulation by NLCs.  
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Dac is a known alkylating agent and can damage DNA at N7 guanine which will 

promote cell apoptosis (Figure 5.1). 

 

Figure 5.1: Schematic for Dac mechanism of action post NLC encapsulated. 

 

The presence of Dac may enhance a comparatively weak apoptotic response (Legha et 

al., 1989; Legha et al., 1996; Phan et al., 2001; Tsao et al., 2004). Previous studies have 

demonstrated that highly negatively charged anionic lipids can regulate the activity of 

ion channels (Fan and Makielski al., 1997). In this study, NLC/PI-Dac has a negative 

charge (see the result of zeta potential for NLC/PI and NLC/PI-Dac in Section 4.3.1) 

which may act to enhance the apoptotic effect by increasing the level of Dac after ion 

channel regulation. 

 

5.3 Conclusion  

In this study, NLC carrier was developed for Dac as nanodrug delivery system. The 

commonly used method for NLC synthesis has been modified in this work to include an 
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oil-in-water emulsion, evaporation and solidification followed by HSD to achieve NLC 

with the identified desirable size. Compared with other approaches for Dac 

encapsulation with different materials, using NLC/PI proved beneficial in improving 

the drug encapsulation and loading efficiency, prolonging drug release, storage stability, 

and simplified synthesis. NLC/PI showed an enhancement in Dac activity (shown as a 

decrease in cell viability) post NLC/PI encapsulation.  

In conclusion, this research suggests that NLC/PI is a new potential candidate for Dac 

delivery to overcome the limitations of short half-life, and low tolerant dose of the drug. 

The originality of the research work in this study are the following findings:  

• This study is the first to report the use of encapsulation of a chemotherapeutic 

drug Dac within NLC particles by defining the effect of modification of the 

NLC-Dac formula on its physical properties (size, disparity and stability) and 

its delivery system (drug loading capacity and encapsulation efficiency) using 

different Dac concentrations.  

• The experiments succeeded in showing a high loading capacity of NLC as a 

carrier for Dac. 

• The study enhanced Dac efficiency in vitro as a chemotherapeutic agent by 

using NLC as a carrier.   

• This study is the first to report the use MicroJet Reactor (MJR) in industry-

based   to prepare NLC particles as a carrier for drug delivery system. 

• The study has shown that it is possible to manufacture NLC particles with 

optimised properties using industry-based preparation and development by 

defining the effect of modification of the NLC formula and preparation 

method on its properties (size, dispersity and stability) using different solid 

lipid matrix, different surfactant concentrations. 

 

5.4 Uncertainties and limitations 

In this study there are some uncertainties have to consider as:   

• Cell line not representative of all body: 

- Skin model such as pig skin/artificial skin 
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- Medical exposure in vivo  

• Duration of exposure: 

- Clinically representatives 

- Media of exposure   

• Variability: 

- Inter/interspecies 

- Human and use 

- Genetic variability 

- Skin atrophy    

  

The study has some limitations: 

• One type of cell line, is it applicable to others 

• NLC's techniques 

• Limited facilities due to the move of the laboratory to a different building. 

 

5.5 Further work  

This study demonstrated the effect of NLCs on melanoma, further measurements need 

to evaluate NLCs bioactivity, on other cell line such as normal skin cells. Further 

study will be required to assess the effect of NLC/PI on cell channels and if any 

alteration on gene expression in melanoma cells. It is important to understand the 

mechanism of action of NLC/PI-Dac in A375 using molecular biology techniques 

such as Western blot. Such techniques can measure the level of protein associated 

with melanoma with and without NLC/PI-Dac treatment. This formula (NLC/PI-Dac) 

has to prepare in final product for skin for example, gel formulation, and the physical 

properties of particles need to be re-assess. The drug release profile and the toxicity of 

NLC/PI-Dac in vivo will be required to confirm the in vitro results. Skin models is a 

good way forward to reduce the animal testing that may be required. 

Also, there are opportunities to use this method (HSD) to prepare NLC/PI for another 

cancer agent encapsulated. 
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i. Appendix A  

Characterization of silica nanoparticles  

Introduction 

In order to establish the methods of the characterization and cytotoxicity assessment, 

given size of silica nanoparticles SiNP20 and SiNP200, from Sigma Aldrich, were 

studied in chemophysical properties and their effects on A375 melanoma cells. The 

methods were involved particles size by Nanoparticles Tracking Analysis (NTA); 

particles size and polydispersity index (PDI) by Dynamic Light Scattering (DLS); 

zeta potential by Zetasizer; particles morphology by Transmission Electron 

Microscopy (TEM), and in vitro cytotoxicity study of SiNP20/SiNP200 by using 

MTT assay for cell viability and flowcytometry for cell apoptosis assessment. These 

methods were used later for NLC characterization and cell toxicity.  

Characteristic of silica nanoparticles size, dispersity, stability and morphology 

The Dynamic Light Scattering (DLS) was used to measure the silica particle size and 

the particles dispersity in colloidal system. The resultant hydrodynamic size of the 

silica particles (SiNP20 and SiNP200) in the colloidal system were compared with 

their given size (Table 1). 

Table 1: Characteristics of colloidal silica (see Appendices C, for full Sigma Aldrich and 

Postnova Analytics specification sheets).   

 SiNP20 SMP200 

Manufacturer Sigma-Aldrich Postnova Analytics 

Given size (nm) 20 nm 200 nm 

Surface area (m2/g) 198-258 15 

 

The measurements for SiNP20 and SiNP200 were applied by DLS (Malvern 

Nanosizer S) using distilled water and culture medium at three different 

concentrations (50, 100 and 200 µg/ml) after 24 hours incubation at 4 °C (Table 2). 
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Table 2: The particle size and polydispersity index (PDI) obtained from DLS 

measurements for colloidal silica in distilled water and culture medium at 50, 100 and 

200 µg/ml after 24 hours incubation at 4 °C, mean ± SD (n = 5).  

 

Suspension 

Distilled water Culture medium Concentrations 
µg/ml 

Particle size  
(nm) 

PDI Particle size 
(nm) 

PDI 

 

SiNP20nm 

21±5 0.21±0.04 119±2 0.35±0.07 50 

20±1 0.10±0.02 123±4 0.41±0.02 100 

21±8 0.10±0.03 127±5 0.38±0.01 200 

 

SiNP200nm 

237±5 0.08±0.02 184±5 0.10±0.04 50 

202±9 0.10±0.02 207±2 0.10±0.02 100 

198±2 0.10±0.04 213±8 0.10±0.06 200 

 

The above results show the particles size have almost the given size except the 

SiNP20 in culture medium. In distilled water, they were no clear alteration in particles 

size for SiNP20 and the particles were in monodisparite (Figure 1).  

 

Figure 1: Data obtained from DLS for SiNP20 showed a typical size 21nm±5 nanoparticles 

with PDI 0.21±0.04 in distilled water at 50 µg/ml after 24 hours incubation at 4 °C, each 

colour represents sample mean ± SD (n=5). 
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Also, the results obtained from DLS for SiNP200 post distilled water incubation at 4 

°C show, no different from given size at all concentrations. In addition, the particles 

were in monodisparite (Figure 2). 

 

Figure 2: Data obtained from DLS for SiNP200 showed a typical size 237 nm±5 

nanoparticles with PDI 0.08±0.02 in distilled water at 50µg/ml after 24 hours incubation at 4 

°C, each colour represents sample mean ± SD (n=5). 

 

For SiNP20, the results indicated an increasing in the particles size post 24 hours 

incubated at 4 °C in culture medium at all concentrations (50, 100 and 200 µg/ml) and 

the polydispersity index (PDI) indicated the particles have polydispersite in the 

medium (PDI ≥3). The increase in size suggested that SiNP20 might either form 

aggregates or adsorb proteins from the culture medium. For SiNP200, their size was 

smaller than their given one when measured at 50 µg/ml, whereas when measured at 

higher concentrations 200 µg/ml, it became slightly larger as compared with their 

given size. However, the PDI results show that the particles have polydispersite in 

culture medium at all concentrations (PDI=0.1).  

Nanoparticle tracking analysis (NTA) was performed to complement the results 

obtained from DLS for SiNP20 particles in distilled water at 50 µg/ml after 24 hours 
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incubation at 4 °C. The NTA trace shows that the size distribution of particles was 21 

nm and this result is compatible with DLS measurement (Figure 3). 

 

Figure 3: The relative intensity of SiNP20 by nanoparticles tracking analysis, red light 

represent intensity for particles, highest value at 21 ±46 nm, (mean ± SD n=2909). 

 

The transmission electron microscope (TEM) were employed to obtain SiNP20 and 

SiNP200 information, on the shape of particles, and to confirm their size as measured 

by DLS. The particles were analysed post incubated in culture medium at 50µg/ml 

(Figure 4).  
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Figure 4, show images of silica particles in culture medium show difficult in 

determination of particle size, due to intrinsic problems during sample preparation 

linked to the sugars inside the media (data not shown). 

 

Figure 4: TEM images of SiNP20 and SiNP200 in culture medium at 50µg/ml, (a) culture 

medium (b) SiNP20nm (c) SiNP200nm, bar scale: 300 nm. Magnification: x 27000 using 

Philips CM20 TEM (Philips, Netherlands). 

 

The final measurement applied for SiNP20 and SiNP200 was the zeta potential. The 

Zetasizer was used to measure the stability of particles in distilled water and cultural 

medium at 50, 100 and 200 µg/ml (Table 3).  

Table 3: The zeta potential obtained from Malvern 3000 HSa Zetasizer for colloidal 

silica in distilled water and culture medium at 50, 100 and 200µg/ml after 24 hours 

incubation at 4 °C, mean ± SD (n = 5).  

Suspension      
 

                  Conc.    

Zeta potential 
(mV) 

Distilled 
water 

Culture 
medium 

50µg/ml SiNP20 -48.2±0.3 -22.3±0.9 

SiNP200 -42.7±0.1 -10.4±0.2 

100µg/ml SiNP20 -43.2±0.7 -22.4±0.1 

SiNP200 -31.2±0.8 -13.0±0.6 

200µg/ml SiNP20 -38.6±0.2 -24.7±0.6 

SiNP200 -34.4±0.1 -19.2±0.5 
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The above results show that all particles exhibited negative zeta potential, which 

present the negative charge of the surface of the silica nanoparticles. The surface 

charge of SiNP20 and SiNP200 in culture medium given a weak negative zeta 

potential rather than in distilled water solution. These results suggested that due to the 

weak zeta potential, these particles could be unstable in culture medium, which could 

have implications in the mechanism of their cytotoxicity. The zeta potential of 

SiNP200 indicated a weak negative charge on their surface comparing to SiNP20 in 

distilled water and culture medium.    

 

In vitro cytotoxicity and apoptosis assessment on A375 melanoma cell line 

The morphological features for A375 cells in culture medium (CM) and in culture 

medium with fetal bovine serum (CMFBS) after 24 hours treated with SiNP 20 nm 

were studied. The results obtained from light microscopy (Leica DM IL LED system) 

are shown in Figure 5.  

 

A375 cells after seeding in CM without treatment (Figure 5A) were seen to be nearly 

confluent with each other and showed an adherent growth pattern and morphology with 

rounded at 24 hours. This feature of cell morphology was associated with active cell 

growth in present of fetal bovine serum culture medium (CMFBS), the cells had sharp 

ends in contact and at the same time showed preservation of their contact to each other 

without morphological change (Figure 5C). After 24 hours treatment with 50 µg/ml 

with SiNP 20 nm, the A375 cells in CM appear to be shrinking and demonstrate what 

appear to be cytopathic changes (Figure 5B). while, the A375 cells in CMFBS showed 

change in medium suggesting forms of protein layer (corona). This change in A375 

cells was due to forms on their surface once nanoparticles are in contact with biological 

fluids (Figure 5D). 
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Figure 5: Morphology study for A375 cells (3X103 cells/ml) observed by light 

microscopy (×20) after 24 hours' incubation, A: cells without treatment in CM; B: cells 

in CM treated by 50 µg/ml of SiNP 20nm; C: cells without treatment in in CMFBS; and 

D: cells in CMFBS treated by 50 µg/ml of SiNP 20nm.  

      

MTT assay was used to evaluate the toxicity of SiNP (20 nm and 200 nm) on A375 

cells. In A375 cells, SiNP 20 nm reduced cell viability at 50 µg/ml and above in the 

presence fetal bovine serum (FBS) in culture medium (CMFBS). SNPs 200 nm 

showed no effect on cell viability at 50, 100 and 200 µg/ml in the presence of FBS 

(Figure 6).    
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Figure 6: Viability of A375 Cells following treatment with SiNPs 20 nm and 200 nm (50, 

100 and 200 µg/ml) at 24, 48 and 72 hours each value represents the mean S.D. (n=3). 

The SiNP20 were also assessed by flow cytometry for induction of necrotic and 

apoptotic cell death. In A375 cells, SiNP20 at 50, 100 and 200 µg/ml also induced a 

dose-dependent increase in apoptotic and necrotic cells with the effect more 

pronounced in the absence of FBS (Figure 7).  

 

Figure 7: Flow cytometry graphs showing the effect of SNP20 at 50, 100 and 200 µg/ml in 

A375 cells, dose-dependent increase in apoptotic and necrotic cells b, c and d W/FBS (culture 

medium with FBS) & d, e and f WO/FBS (culture medium without FBS) with the effect more 

pronounced in the absence of FBS each value represents the mean (n=3). 

 

In this study, the silica 20 nm and 200 nm materials were characterized in different 

cell culture media CM and CMFBS to gain information on average size, 

aggregation/agglomeration state, colloidal stability, shape, as well as the effect that 

serum and media composition had on particle stability. The selection of manufactured 

silica particles of different size allowed the differentiation of silica particles form- and 

size-dependent effects. When analysed by DLS, SiNP20 and SiNP200 showed 

aggregation in CM and their size and PDI increased compared to their given size. 

Such effect could be the result of protein corona formation, thus suggesting the role of 

FBS in improving colloidal stability for these particles. The morphology tested by 
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TEM and ZP for both silica, found that SiNP20 and SiNP200 dispersed well in culture 

medium, and they had the tendency to form aggregates very quickly. Zeta potential 

for larger particles (SiNP200) was reduced in CM, suggesting the occurrence of 

electrostatic interaction between the particles and biomolecules.  

In the last few years, protein corona formation has gained so much importance that in 

the future it may be used for nanoparticles classification. Despite the increasing 

interest, only very recent contributions have addressed the question of how 

nanoparticles-protein coronas form, evolve with time and affect colloidal stability. 

Until recently, the main reason for colloidal instability of nanoparticles has been 

assumed to be cell culture medium, its high ionic strength, capable of reducing 

particles’ surface potentials. On the other hand, proteins had been generally assumed 

to enhance the dispersion of nanoparticles in culture medium.  

It is important to study the effects of nanomaterial exposure to the human body. 

Studies using in vitro models to define size-dependent effects of silica particles have 

been documented. This study assessed the potential toxicity of SiNP20 and SiNP200 

using MTT assay. A375 cells were used as a model to assess the effect of these silica 

particles previously characterized in culture medium to analyze the correlation of 

cytotoxicity to their size and concentrations at the presence of fetal bovine serum 

(FBS). The study clearly demonstrated size-dependent and dose-dependent toxicity of 

silica nanoparticles in the order SiNP20 > SMP200 respectively. In this study, cell 

viability found that cytotoxicity generated by silica particles strongly depended on 

particle size and administered dose, with smaller silica particle producing higher toxic 

effect. Moreover, they found that silica nanoparticles were also cytotoxic in a dose- 

and time-dependent manner. Both SiNP20 and SMP200 tested in this study also 

appeared to cause cytotoxicity through induction of apoptosis. 

The cytotoxicity of silica nanoparticles could ultimately lead to the loss of cell 

viability. It is the outcome of cell death via necrosis and apoptosis mechanisms. 

Necrosis is a form of shocking cell death that results from acute cellular injury. 

Apoptosis, also known as ‘programmed cell death’, on the other hand, consists of a 

series of biochemical events that lead to characteristic morphology and intracellular 

changes, followed by cell death. Such changes include cell shrinkage, nuclear and 

DNA fragmentation, chromatin condensation and global mRNA decay. While 
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apoptosis is highly regulated and controlled process during an organism's lifecycle., 

necrosis is caused by factors external to the cell or tissue, such as infection, toxins, or 

trauma, which result in the unregulated digestion of cell components. Both pathways 

can be triggered by the interaction between cells and nanomaterials. In this study, the 

mechanism silica nanoparticles cytotoxicity was measured by detection of necrosis 

and apoptosis. Using the optical microscopy technique of phase contrast imaging to 

assess morphology changes of cells following silica treatment proved useful in 

obtaining real time information on cellular response to the treatment. The size- and 

dose-dependent cellular effect of silica in CM detected by phase contrast imaging was 

very much comparable with the cytotoxicity detected by the MTT. The effects 

observed on cells treated with SiNP20, such as cell shrinkage and becoming rounded, 

were associated with apoptosis. To validate the induction of apoptosis as detected by 

phase contrast imaging, double staining with Annexin V and Propidium Iodide for 

flow cytometry was performed by using A375 cells. Annexin V has high affinity to 

phosphatidylserine, which translocate from the inner layer to the outer layer of cell 

membrane during apoptosis, while Propidium iodide (PI) is a DNA intercalating agent 

that penetrates cells only with a damaged cell membrane, normally associated with 

necrosis. In late apoptosis, cells become positive for both Annexin and PI staining due 

to the plasma membrane becoming permeabilized as a direct consequence of 

phosphatidylserine on the cell surface. In this study, a dose-dependent toxicity was 

demonstrated for SiNP20 in present and absence of fetal bovine serum (FBS) in 

culture medium. The results showed dose-dependent increase in apoptotic and 

necrotic cells with the effect more pronounced in the absence of FBS. Also, the 

occurrence of late apoptosis, as indicated by double positive Annexin V/PI-stained, 

was more emphasized in CM without FBS and thus providing further evidence of the 

role of serum in attenuating toxicity.  

This study used manufactured SiNPs measurements to design methods to study 

properties and toxicity of nanoparticles and from the trials here the study prepared the 

work experiments for the NLC evaluation as well as collaboration with SiNPs project 

team* 
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*See the publication in appendix iii A 

ii. Appendix B1 HSD specification sheet 
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Appendix B2 materials specification sheet 

For nanostructured lipid preparations: 
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For the study drug Dacarbazine 
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