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ABSTRACT 

SURFACE-ACTIVE SOLID LIPID NANOPARTICLES  

FOR EMULSION STABILIZATION 

©Renuka Gupta 

Master of Science, Department of Chemistry and Biology 

Ryerson University, Toronto, Canada, 2011 

 

Solid lipid nanoparticles (SLNs) consisting of the food grade surfactant lipid glyceryl 

stearate citrate (GSC) were prepared using hot melt emulsification and high-pressure 

homogenization. Flash-cooling of the resultant oil-in-water nanoemulsions led to the 

formation of GSC SLNs. The effective mean particle size of the SLNs was ~180 nm by 

dynamic light scattering and the volume-weighted mean particle size was ~152 nm by laser 

diffraction, with a zeta (ζ) potential of ~-49 mV. Effective mean particle size and ζ potential 

were stable for 24 wk. An equilibrium contact angle of ~108.7° measured through oil phase 

was obtained, suggesting a wettable lipid surface. The melting curve of the SLNs obtained by 

differential scanning calorimetry showed a significantly lower melting point and broader 

peak as compared to the bulk GSC, which was attributed to the nano-scale particle size. 

Unusually, the cooling curve showed an identical crystallization temperature as that for the 

bulk GSC, which suggested surface heterogeneous crystallization of the SLNs. Subsequent 

heating-cooling cycles confirmed the existence of nanosized particles in the sample during 

thermal analysis. Transmission electron (TEM) and atomic force microscopy (AFM) both 

revealed anisometric, flattened SLNs with circular or elliptical shapes.  

SLNs were studied for their effectiveness as colloidal emulsifiers in oil-in-water 

(o/w) emulsions. The generated o/w emulsions had a volume-weighted mean droplet size of 

~459 nm by laser diffraction and ζ potential of ~-43 mV. The emulsions were stable for up 

to 12 wk as observed for macroscopic changes by inverted light microscopy. TEM images 

pointed to the presence of a Pickering-type network stabilizing the emulsions. With time, 

desorption of the SLNs from the oil droplet surface into the continuous aqueous 

environment, coupled with Ostwald ripening, resulted in destabilization of the emulsions. 

Overall, these results demonstrated that stabilization of o/w emulsions was achievable using 

SLNs as the sole emulsifiers.  
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Chapter 1  

INTRODUCTION 

1.0 Introduction 

The novelty of this thesis stems from the use of surface-active solid lipid 

nanoparticles as Pickering-type emulsion stabilizers. Many emulsions (e.g., in foods, 

pharmaceuticals, cosmetics, and crude oil) are stabilized by crystals [paraffins, triacylglycerols 

(TAGs), polymers, etc.]. Though progress has been made in establishing the fundamentals of 

such crystal-stabilized emulsions, important questions regarding the stabilization capacity of 

so-called Pickering crystals in industrially-relevant multi-phasic systems remain1-3.  

1.1 Colloids and interfaces  

Solid lipid nanoparticles (SLNs) are a type of colloidal carrier in which a physiological 

lipid is melted and dispersed in a continuous aqueous phase. Upon cooling, the melted lipid 

solidifies, giving rise to a solid lipid particle distributed in the aqueous system4. During SLN 

formation, the lipids used undergo physico-chemical modifications in particle size, surface 

charge, crystallization and polymorphism that will influence SLN stability5. Macro-scale 

changes such as creaming or sedimentation further promote instability. 

Emulsions are a mixture of two immiscible liquids, with an internal liquid phase 

dispersed into another continuous or external liquid phase, and stabilized by the addition of 

a third component (surfactant) adsorbed at the liquid-liquid interface6. Depending on the 

nature of the dispersed and continuous phases, emulsions can be classified as oil-in-water 

emulsions (o/w) where oil is dispersed into the continuous water phase or water-in-oil 

emulsions (w/o) where water is dispersed into the continuous oil phase. Examples of food 

emulsions include butter, margarine, ice-cream, sauces, mayonnaise and spreads.   

Emulsions are inherently unstable thermodynamically as an input of energy and an 

appropriate amount of surfactant(s) is required to achieve kinetic stability7. The input of 

energy causes breakdown of large drops into smaller droplets, thereby increasing their 

interfacial area. This increase, coupled with the presence of surfactant(s), lowers the 

interfacial tension at the liquid-liquid interface, which retards droplet-droplet flocculation 



 

2 

and coalescence and minimizes phase separation (i.e., sedimentation or creaming) during the 

emulsion‘s shelf-life7, 8. 

Although surfactants are largely used to reduce interfacial tension in emulsions, 

efficient emulsion stabilization can also be achieved with colloidal solid particles that adsorb 

at the oil/water interface, preventing droplet coalescence by steric hindrance8. Particle-

stabilized emulsions have been reported to completely arrest Ostwald ripening in emulsions 

due to high desorption energy of the particles and resulting capillary effects9. Protein and 

nanoparticles10, 11, hydrophobized fumed silica particles12, silica and hydrophobized titania 

particles13 have been effectively used as solid stabilizers for o/w emulsions. Depending on 

whether the adsorbed particles are predominantly hydrophilic or hydrophobic, it is possible 

to generate o/w or w/o emulsions, respectively14.  

Particle microstructure has been shown to influence droplet coverage, contact angles 

and aggregation behaviour in fat-stabilized emulsions, with smaller crystals providing better 

and full droplet coverage than larger crystals15, 16. This can be seen in homogenized milk, 

where the damaged milk fat globule is replaced by casein micelles that stabilize the milk 

emulsion by adsorbing at the oil/water interface14. Recently, the presence of amphiphilic 

ions adsorbed at the droplet surface has been shown as one of the important requirements 

for the spontaneous formation of monodispersed solid particle-stabilized emulsions17. 

Overall, this thesis aimed to show that SLNs generated from lipids possessing 

amphiphilic properties could be used as solid particle emulsifiers to stabilize o/w emulsions. 

1.2 Fundamentals of colloidal systems 

Since our systems were comprised of solid particles dispersed in an aqueous medium 

as well as o/w emulsions, interaction forces acting between colloidal particles in suspensions 

and emulsions are discussed as these forces greatly influence the stability of particulate 

systems.  

1.2.1 DLVO theory 

The forces involved during particle coagulation and flocculation can be described by 

the DLVO theory, named after Derjaguin, Landau, Verwey and Overbeek18. There exists an 
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attractive long range van der Waals force (Va) arising from induced dipole-dipole 

interactions between particles. There also exist electrostatic repulsive forces (Vr) due to the 

interaction of identically-charged double layers surrounding particles.  

The overall potential energy of interaction (Vt) is the sum of these attractive and 

repulsive potential forces19:  

rat
VVV          (Eqn. 1.1) 

Thus, if repulsive forces dominate, the total energy of the system increases and the 

system is stable. Correspondingly, if attractive forces dominate, the total energy decreases, 

destabilizing the system. Figure 1.1 shows the interplay of attractive and repulsive forces as a 

function of distance from the surface of a spherical particle.  

  

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Schematic diagram of the DLVO theory showing overall potential energy of 
interaction as a plot of function of distance between two particles (Adapted from Refs # 19, 
20). 
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When the interparticle distance between two particles is large, there is no interaction 

between them, and both potentials are near zero. As the particles approach each other, a 

repulsive force develops, which increases as the distance decreases due to the overlap of 

their electrostatic double layers. It reaches a maximum (Vmax) when distance between the 

particle surfaces is equal to the distance between the repulsive barrier and surface. Vmax, 

when greater than ~20 kT (thermal energy of the system), prevents agglomeration in the 

system and helps maintain stability over an extended period of time20, 21. If the thermal 

energy of the system is higher than Vmax, the particles are able to overcome the repulsive 

forces and cross the energy barrier to fall into the deep minimum that exists near the particle 

surface due to the van der Waals attractive potential. This is evidenced by a sharp fall in the 

net energy potential addressed as the primary minimum shown in the Figure. The secondary 

minimum exists only when the concentration of counter-ions in the system is high enough 

to develop weakly attractive forces22.  

Although the DLVO theory successfully explains long-range interaction forces 

observed in colloidal systems, it cannot explain the interaction forces between particles a few 

nanometres from one another. Particle size, shape and chemistry will influence the interplay 

between these forces at small separation distances23. Non-DLVO forces such as solvation or 

hydration forces, hydrophobic forces and steric interactions can be much stronger than 

either of the two DLVO forces, when two particles are very close to each other18, 23, 24.  

1.3 Instability of colloidal systems 

Significant modifications in the composition and structure of the lipids used to 

generate nanoparticles occur gradually over time, altering their physico-chemical stability. 

Further instability arises due to processes such as sedimentation, aggregation, crystal 

networking and Ostwald ripening. In the case of emulsions, physical processes such as 

flocculation, creaming, coalescence, phase inversion and Ostwald ripening cause 

destabilization25. In practice, initiation of one event is sufficient to trigger a cascade that 

ultimately causes instability in the colloidal system (Figure 1.2). 
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Figure 1.2: Mechanisms of instability in solid dispersions and emulsions (Adapted from 
Refs # 26, 27).  
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1.3.1 Lipid modification: Crystallinity and polymorphism 

The ability of molecules to crystallize in more than one arrangement in the solid state 

is called polymorphism28. Polymorphs possess unique melting points, X-ray diffraction 

patterns and solubilities and their identification in lipid dispersions is important29. As a result 

of SLN processing conditions (shear, heat, cooling, etc.), the crystallization kinetics and 

polymorphism exhibited by dispersed lipid nanoparticles is often distinctly different from 

that observed in the bulk material30.  

In the case of triacylglycerols (TAGs), three main polymorphic forms, namely the α 

(alpha), β' (beta prime) and β (beta) forms, have been reported31. The α-form is the least 

stable, followed by β' which has an intermediate stability and the β-form which is the most 

stable polymorph. Because of their lower Gibb‘s free energy, unstable forms crystallize 

first32. The transition from α to β via β' tends to provide the optimum packing form of 

molecules. 

1.3.2 Flocculation 

Colloidal particles in Brownian motion will collide with neighbouring particles. 

Depending on the relative magnitudes of the attractive and repulsive forces, such particles 

may adhere or repel one another. At long separation distances, there is no effective 

interaction between the particles. However, as they move closer together, the van der Waals 

attraction dominates initially. These initial weak attractive forces give rise to the secondary 

minimum33 (Figure 1.1) The depth of this minimum determines if the system will flocculate 

or remain non-aggregated. If the depth is larger compared to the thermal energy of the 

system, the particles will flocculate. If it is smaller, they remain in a non-aggregated state21. 

During flocculation, particles cluster together without merging18, 19, 34. It is possible to re-

disperse particles at this stage by gentle agitation. As flocculation increases, creaming and/or 

sedimentation ensues.  

1.3.3 Creaming and sedimentation 

Flocculates may either rise or sink depending on density differences between the 

dispersed and continuous phases. In the case of o/w emulsions, oil droplets typically have a 

lower density than the aqueous phase and will rise to the surface of the emulsion. In the case 
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of solid dispersions and w/o emulsions, due to higher density of the dispersed solid than 

water, the particles will sediment. The Stokes‘ equation provides an estimate of the rate of 

sedimentation or creaming34, 35: 







g)(r

V


        (Eqn. 1.2) 

where V is the sedimentation or creaming rate (m/s), r is the radius of the particle or droplet 

(m), ρ1 and ρ2 are the densities of the suspended particles (or dispersed phase) and the 

continuous phase medium (kg/m3), respectively, g is the acceleration due to gravity (m/s2), 

and η is the viscosity of the continuous phase (kg/m∙s). From Equation 1.2, V increases with 

both an increase in particle size and density difference between the two phases and a 

decrease in the viscosity of the continuous phase. Creaming and sedimentation are 

reversible, only if the settled particles or globules have not formed a compact structure and 

progressed towards irreversible aggregation and/or coalescence. 

1.3.4 Aggregation and coalescence 

As more and more particles flocculate, they tend to overcome the repulsive energy 

barrier and attractive forces start to dominate. Rapid aggregation can occur in the absence of 

a primary maximum, leading to the formation of a strong, irreversible aggregated structure20. 

A three-dimensional aggregated network with interconnections eventually fuses into a 

compact pack of particles, causing an irreversible ―caking‖ of the dispersion36.  

Coalescence occurs when two or more droplets merge to form a single larger 

droplet. This process leads to an irreversible breakdown, referred to as ―cracking‖ of an 

emulsion34. 

1.3.5 Ostwald ripening 

Ostwald ripening, a phenomenon observed in both solid dispersions and 

emulsions37, does not require physical contact of the colloidal particles. Rather, transport of 

dissolved matter through the continuous phase leads to emulsion destabilization. The 

mechanism responsible is due to existence of a pressure difference ∆P across curved 

interfaces (either liquid-liquid or solid-liquid), and is given by27:  
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r
P

2
         (Eqn. 1.3) 

where  is the interfacial tension at the oil-water interface and r is the particle/droplet radius.  

Thus, ∆P is inversely proportional to the particle/droplet radius. The difference in 

the Laplace pressure results in the molecular diffusion of dispersed phase material through 

the continuous phase38, since the droplets try to maintain a state of low pressure and 

consequently larger radii. The net mass flux causes larger particles to grow at the expense of 

smaller particles, which eventually disappear7, 39, thus causing an increase in average 

particle/droplet diameter with a corresponding reduction in their number34. Ostwald 

ripening is primarily observed in systems when solubility differences between the continuous 

and dispersed phase is not very great. 

1.3.6 Partial coalescence 

Partial coalescence is a process when two or more partially crystalline droplets come 

into contact and fuse forming an irregularly-shaped aggregate27. It occurs only if oil droplets 

contain solid particles such as fat crystals that form a solid network within the globules. 

Once they reach a certain size, they will protrude into the continuous aqueous phase. With 

either perikinetic and orthokinetic collisions, such protruding crystals will form an 

aggregate26. This mechanism rarely occurs in w/o emulsions as the lipid phase is continuous.  

1.3.7 Phase inversion 

Emulsions can invert from an o/w to a w/o emulsion or vice versa, a process known 

as phase inversion. This instability can be induced by changes in composition, as a result of 

significant shear or at a set temperature called the phase inversion temperature (PIT). Binks 

and Lumsdon40 reported the phase inversion of w/o emulsions stabilized solely by nanosized 

hydrophobic silica particles at a volume fraction of water close to 0.7, when water drops 

began to deform. A similar dispersed phase volume fraction was required for phase inversion 

of o/w emulsions stabilized with hydrophilic silica particles. 
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1.4 Improving stabilization in colloidal systems 

The previous discussion highlighted factors that determine the stability of two types 

of colloidal systems - solid dispersions and emulsions. The following discussion describes 

various stabilization approaches. 

1.4.1 SLN dispersion stabilization 

Dispersions of SLNs can be stabilized via a number of composition and process-

related approaches. SLN dispersions in water can be stabilized by eliminating the continuous 

aqueous phase via spray-drying or freeze drying. The spray- or freeze-dried powders can be 

reconstituted with water to obtain the original dispersion41-44. The presence of surfactants 

such as polysorbate 8045, phospholipid/bile salts46 and poloxamers47 provides steric 

stabilization, and help to ensure that the SLNs do not clump. For example, sodium 

taurocholate as a charged surfactant and ethanol as a co-surfactant were shown to impart a 

positive surface charge to SLN dispersions of stearic acid and glyceryl behenate48. Along 

these lines, usage of surfactants in SLN formulations can provide considerable stability to 

metastable lipid polymorphs. For example, the metastable α-form in tristearin nanoparticles 

was maintained by the addition of saturated long-chain phospholipids and the bile salt 

sodium glycocholate49. In another study, the α-form of tristearin SLNs was most stable in 

lipid dispersions stabilized with sodium glycocholate50. 

The type of lipid used for SLN production can have a significant effect on 

polymorphic stability. SLNs produced with TAGs will have a higher stability than those 

produced using mono- and diglycerides51. As well, the kinetics of polymorphic transitions are 

usually slower for longer-chained rather than shorter-chained TAGs52. In concert, by 

controlling processing conditions such as cooling rate, it is possible to obtain more stable 

polymorphs, which leads to dispersions with increased stability. Also, storage parameters can 

profoundly influence the stability of lipid dispersions. For example, an increase in 

production or storage temperature can promote the polymorphic transition of an SLN lipid 

towards a more stable polymorph32.  
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1.4.2 Emulsion stabilization 

In the case of emulsions, apart from increasing viscosity or reducing particle size by 

efficient emulsification techniques, stability is achieved mainly by incorporation of 

surfactants. Thermodynamically, the initial and final states and associated energy changes of 

an emulsified system are shown in Figure 1.3.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Free energy and entropy changes in a system during emulsification (Adapted 
from Ref # 53). 

 The free energy change in a system undergoing emulsification is given by53: 

STAG ow          (Eqn. 1.4) 

where ∆G is the free energy of emulsification, ow is the interfacial tension at the oil-water 

interface, ∆A is the increase in interfacial area, T is the temperature and ∆S is the 

configurational entropy of the system (entropy change associated with a change in physical 

arrangement of the particles in a system). 

A system is more stable when ∆G value is smaller or negative. When no surfactants 

are present in the system, AGSTA owow   . This indicates that the total 

change in free energy is positive and a thermodynamically unstable system exists. The 

presence of surfactant(s) lowers the interfacial tension, and consequently results in a smaller 

free energy of emulsification. If an emulsion with smaller droplets is desired, extra energy is 
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required to overcome the higher Laplace pressure that results from the smaller droplet 

radius.  

When emulsions are stabilized solely by solid particles, the formation of emulsion 

droplets is initiated due to the preferential adsorption of particles at the liquid-liquid 

interface, which form a mechanical barrier preventing droplet-droplet coalescence53.  

Though it is well-known that complete droplet coverage best stabilizes Pickering-

type emulsion droplets, complete stabilization has also been reported without full monolayer 

coverage of particles. Vignati et al. reported stabilization of o/w emulsion droplets by 

monodisperse, hydrophobic silica colloids with only 5 % droplet coverage. The authors 

proposed that stabilization was achieved by monolayer bridging between particles that 

helped to maintain a finite distance between droplets, preventing their coalescence8. This 

monolayer particle bridging sterically hindered coalescence, with stability governed by 

particle wettability. Horozov and Binks54 studied octane-water interface stabilization with 

two types of particles: slightly hydrophobic silica particles with contact angle (θ) of 65° and 

very hydrophobic silica particles with θ of 152°, measured through the aqueous phase. 

Slightly hydrophobic particles yielded aggregated, disordered, planar monolayers due to lack 

of strong inter-particle repulsion resulting in the formation of a stabilizing bilayer 

arrangement between droplets that prevented coalescence by steric hindrance. In contrast, 

hydrophobic particles gave well-ordered, dilute planar monolayers that stabilized the 

emulsions by bridging the emulsion droplets. 

Other means of stabilization occur via 2-D and 3-D particle networks14, 53. In 2-D 

stabilization, adsorption of aggregated colloidal particles occurs when θ favours strong 

adsorption at the oil-water interface. In this case, the barrier consists of a rigid disordered 

layer or network of particles adsorbed to the oil-water interface, and the aggregated structure 

is held together by attractive inter-particle forces that dominate particle interactions at the 

droplet surface14.   

By contrast, 3-D particle networks result when an abundance of particles is present 

in the continuous phase of an emulsion system. In addition to the presence of a tightly-

packed particle layer at the droplet surface, a particle network through the continuous phase 
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is formed, resulting in improved emulsion stability15, 53. With an increase in the concentration 

of solid particles, an envelope of solid particles forms around the droplets resulting in a 3-D 

network of particles connecting the droplets. This is called network stabilization and it 

heightens stability by decreasing droplet-droplet contact. Abend and Lagaly55 combined 

bentonite with hydroxide particles at concentrations as low as 0.1% w/w solids to produce 

highly stable o/w emulsions. Addition of increasing amounts of bentonite further stabilized 

the system by providing a 3-D network consisting of both types of particles throughout the 

continuous phase.  

1.5 Thesis objectives 

Use of SLNs has been largely reported for drug delivery and cosmetic applications as 

against their use in functional foods and nutraceuticals where little has been reported. The 

overall objective of this thesis was to develop stable SLNs and explore their applicability as 

emulsion stabilizers for oil-in-water (o/w) emulsions for food applications. The specific 

objectives were as follows: 

i) To formulate SLNs using melt-emulsification homogenization and establish the 

stability of the resultant SLNs; 

ii) To study the effects of the local environment on SLN properties; 

iii) To explore the application of the developed stable SLNs as highly-effective food 

emulsion stabilizers in o/w emulsions, and; 

iv) To understand the mechanism of o/w emulsion stabilization by SLNs. 

1.6 Hypotheses 

The proposed hypotheses were: 

i) Stable SLNs based on food-grade lipids having emulsifying properties can be 

formulated solely without the aid of additional emulsifiers and; 

ii) The formulated SLNs can be used as emulsifiers to stabilize o/w emulsions via 

Pickering and/or solid particle network stabilization. 
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1.7 Methodology and approach 

Stable SLNs were developed from food-grade lipids without the aid of emulsifiers as 

the lipid glyceryl stearyl citrate itself had emulsifying properties. The developed SLNs were 

characterized to determine their stability over a period of time. Well-characterized, stable 

SLNs were then used as the sole emulsion stabilizers for o/w emulsions. The emulsions 

were characterized and studied for stability, and the mechanisms responsible for imparting 

stability were established.  

1.8 Thesis organization 

The thesis is divided into seven chapters organized as follows: 

Chapter 1: Introduction 

The chapter briefly introduces the fundamentals of colloidal systems, interfaces and 

colloidal interactions. Instability encountered in both lipid dispersions and emulsions and 

methods to improve stability in these colloidal systems are discussed. Special mention is 

given to emulsions stabilized by solid particles and the mechanisms that govern the stability 

of such emulsions. The chapter also provides information on the thesis objectives, the 

hypotheses, methodology and approach adopted to achieve the aims of the research work 

and presents an overview of the thesis organization. 

Chapter 2: Literature review 

The chapter presents a review of recent work on SLNs related to their production 

and characterization techniques, with special emphasis on the challenges associated with 

elucidating the crystallinity and structure of lipid nanoparticles. Research work pertaining to 

the use of solid particles to stabilize emulsions, especially o/w emulsions is discussed. 

Chapter 3: Experimental techniques 

The chapter presents the experimental techniques used in this study. It describes the 

homogenization technique used for the production of SLNs and o/w emulsions. It provides 

a brief discussion of the concepts of the experimental techniques used for characterization 

of the SLNs and emulsions.  
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Chapter 4: Solid lipid nanoparticles: Preparation, characterization and application as 

novel particle stabilizers for oil-in-water emulsions 

The chapter covers the formulation and characterization of the developed SLNs and 

o/w emulsions.  It explains the detailed characterization of SLNs, including particle size and 

surface charge determination, contact angle measurements, thermal analysis and particle 

shape studies using TEM and AFM. It presents the formulation and characterization of o/w 

emulsions and discusses the results obtained, and attempts to elucidate the mechanisms 

responsible for emulsion stabilization using SLNs as emulsifiers.  

Chapter 5: Overall conclusions 

The chapter summarizes the results presented in the thesis and discusses their 

potential application in the context of proposed future studies in the area of SLN stabilized 

o/w emulsions. 

Chapter 6: Future studies 

The chapter highlights the potential areas for future research studies and feasible 

strategies to fine-tune this research. 

Chapter 7: References 

The chapter consists of the references used in this thesis.  
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Chapter 2  

LITERATURE REVIEW 

2.0 Introduction 

SLNs were initially developed in the early 1980s and since then extensive research 

has been carried out to study their feasibility as carrier systems in pharmaceuticals, cosmetics 

and to a lesser extent, in foods. This chapter is divided into two parts. The first part is a 

review on SLNs regarding their preparation and characterization with special emphasis on 

understanding lipid crystallinity and polymorphic behaviour. The second part discusses 

concepts related to the stabilization of emulsions using solid particles. 

2.1 Solid lipid nanoparticles 

Solid lipid nanoparticles (SLNs) are submicron colloidal particles having particle size 

in the nanometre range (usually well below 1000 nm)56. They are made from biocompatible 

lipids that melt when heated and solidify at room or body temperature57, 58. The solid lipid 

protects incorporated biomolecules from degradation, a characteristic desirable for drug 

delivery. SLNs are easy to produce and can be well tolerated within the body59. 

In the past 20 years, SLNs have been investigated for their suitability as effective 

drug carrier systems by encapsulating both hydrophilic60-62 and hydrophobic61, 63-65 molecules 

for oral66-68, parenteral58, 69 and topical drug delivery systems70-76.  

As opposed to pharmaceutical applications, the study of SLNs to encapsulate food-

related compounds has gained steam in the last five years77-100. Due to their solid nature, 

SLNs make an ideal carrier vehicle for lipophilic bioactive components such as omega-3 

fatty acids, carotenoids or phytosterols79, 87. However, saturated lipids generally used as the 

SLN building blocks are not always the preferred choices in terms of nutrition and health84, 

as they are known to be an important risk factor in cardiovascular disease80. As well, lipids 

exhibit polymorphic transformations during their preparation and shelf life, which further 

limits their use in food applications84. Recently, structured systems such as nanoemulsions101, 

multilayered emulsions102, and SLNs83 have been explored as carrier systems for functional 

food products. SLN production methods developed for pharmaceutical drug delivery 
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systems have been applied to food-grade (GRAS - generally recognized as safe) ingredients, 

which are substitued for polymers and surfactants used in pharmaceuticals77.  

2.1.1 Production methods 

In early 1980s, Speiser and co-workers developed SLNs by spray-drying and lipid 

nanopellets using high speed mixing or ultrasound57. However, particle size in the micron 

range excluded their use in parenteral administration. In the following years, Müller and co-

workers demonstrated the application of high-pressure homogenization as an effective 

method for the production of colloidal dispersions of solid lipids with particle sizes below 

500 nm59, which attracted attention towards use of high-pressure homogenization to 

produce submicron-sized solid lipid dispersions.  

Melt emulsification homogenization is the most widely reported technique for 

producing SLNs64, 103-113, and has also been used to load hydrophobic bioactive compounds 

(e.g., β-Carotene) into SLNs114 and nanostructured lipid carriers (NLCs)115. However, this 

approach cannot be used for shear and temperature-sensitive molecules such as heat-labile 

proteins, vitamins or aroma/flavour compounds. Cold homogenization is the alternative 

method for such compounds109, 116. Another method is adsorptive SLN loading, where heat-

sensitive biomolecules are adsorbed onto the SLN surface, after their preparation by high 

pressure homogenization117.  

Other techniques reported for SLN production include melt emulsification 

homogenization with ultrasound 118, microemulsions61, 119-122, solvent-emulsification diffusion 

123-125, emulsion phase inversion 126, and via double emulsions 60, 125, 127. 

2.1.2 Characterization of SLNs 

The important characterization parameters to be investigated in SLNs are their 

particle size and size distribution, surface charge, determination of particle morphology and 

ultra-structure, as well as their polymorphic state (crystalline or amorphous) 128.  

2.1.2.1 Particle size and size distribution 

The determination of SLN particle size and size distribution is the foremost 

parameter to be evaluated. Particle size measurements are routinely performed on SLN 
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dispersions immediately after preparation as well as during their shelf life to ascertain 

changes in size. Most of the particle size determinations are performed using light scattering 

methods, primarily dynamic light scattering (DLS)104, 129. For broader distributions, laser 

diffraction (LD) is frequently employed in conjunction with DLS117, 130.  

Jores et al.131 investigated the particle size and size distribution of SLNs using both 

DLS and LD and observed that particle sizes obtained by LD were consistently smaller than 

those via DLS. This was due to the fact that the latter determines the hydrodynamic radii 

which are usually larger than the solid radii determined by LD.  

2.1.2.2 Surface charge 

The surface charge of a dispersed system is best described by measuring the zeta (ζ) 

potential of the system. This parameter is a useful predictor of the storage stability of 

colloidal dispersions. A minimum ζ potential of ± 30 mV is considered the benchmark to 

obtain a physically stable system51. Surface charge measurements of SLN dispersions are 

routinely measured and reported along with particle size determinations. 

2.1.2.3 Particle morphology and ultra-structure 

Particle size results are often validated by TEM, which provides direct information 

on SLN morphology and ultra-structure. In a TEM, an electron beam is focused and 

directed through a sample by several magnetic lenses, with part of the beam adsorbed or 

scattered by the sample while the remaining is transmitted. The transmitted electron beam is 

magnified and then projected onto a screen to generate an image of the specimen. The 

fraction of electrons transmitted depends on sample density and thickness (typically < 100 

nm) 30, 128, 132. Sample preparation techniques greatly influence the resolution of the observed 

images133. Sample treatment by staining with contrast agents containing heavy metal 

compounds such as uranyl acetate, phosphotungstic acid (PTA) or osmium tetroxide helps 

to reveal the presence of smaller particles30, 128. 

Igartua et al.122 conducted TEM studies on magnetite-loaded SLNs by exposing them 

to a 4% aqueous osmium tetroxide solution for 3 hr. Osmium had an affinity for the double 

bonds in the lipid ethyl oleate as well as the unsaturated alkyl chains of the surfactant lecithin 

used in preparation of their SLNs. This allowed the visualization of both the lipid core as 
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well as the particle surface. Their SLNs consisted of fairly spherical particles with a mean 

diameter of 50 nm. 

The high vacuum used in TEM 134 as well as sample preparation techniques128, 133 can 

lead to water loss and subsequent SLN structure alteration or collapse. In order to overcome 

these problems, alternative methods like freeze-fracture TEM and cryo-TEM have been 

employed. In both of these methods, the SLN dispersion is quench-frozen so that structures 

including the dispersion medium freeze instantly into an amorphous state30, 128, 134. In freeze-

fracture TEM, the frozen sample is subsequently fractured at a particular temperature and a 

replica of the fractured plane is created after shadowing with carbon/platinum whereas in 

cryo-TEM, the frozen hydrated samples are observed directly without any further 

preparation30, 128, 135. 

Bunjes et al. studied the ultra-structure of ubiquinone (Q10)-loaded SLN dispersions 

using cryo-TEM and freeze-fracture TEM and found a difference in the SLN structures with 

low and high drug loadings104. A two-phase particle with a cap on one side of the particle 

was observed in dispersions loaded with higher amounts of Q10 while dispersions loaded 

with lower drug amounts did not exhibit such caps. The authors concluded that a fraction of 

the excess drug was expelled from the TAG matrix during crystallization forming a cap-like 

structure on one face of the crystalline platelets. In another study, cryo-TEM images showed 

that while monostearin, tristearin and tribehenin formed solid lipids, use of tricaprin, a liquid 

oil at room temperature, in combination with these solid lipids led to the formation of solid 

carriers with homogeneous liquid nano-compartments136. Jores et al. observed a platelet 

structure for their SLNs characterized by cryo-TEM131.  

TEM has also been used to discern the polymorphic form of SLNs. Bunjes et al. 

(2007) examined the α-form of solid tristearin SLNs using cryo-TEM and freeze fracture-

TEM, and a spheroid shape with concentric rings was seen. In the β-form, plate-like, layered 

structures were observed137. The structural investigation of SLNs containing high amounts of 

lecithin revealed the presence of ellipsoidal or disc-like platelets. No aggregates of lecithin 

and non-ionic emulsifier were observed, suggesting that the lipid nanoparticles consisted of 

two different layers: a crystalline TAG core covered either by monomolecular or 

multimolecular lecithin130. 
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Scanning electron microscopy (SEM) has not been widely used for nanoparticle 

characterization, although it is routinely used for the characterization of microparticles138-140. 

SEM uses a focused electron beam to generate a variety of signals (i.e., backscattered, or 

secondary electrons) at the surface of solid specimens. The signals derived from electron-

sample interactions reveal information about the sample including morphology, chemical 

composition, and potentially crystalline structure. The yield of backscattered and/or 

secondary electrons emitted from the surface of the sample is plotted as a function of the 

position of the primary electron beam, yielding a 3-D image of the sample. Sample 

conductivity is increased by sputtering a thin film of gold on its surface after sample drying30, 

132, 133. SLNs observed via SEM have been shown to be smooth and spherical in shape141-143. 

Atomic force microscopy (AFM) is a newer technique to visualize SLN ultra-

structure that avoids the high vacuum required in TEM, and the need for the sample to be 

conductive as required in SEM144. A simple sample preparation procedure allows rapid 

visualization by providing a 3-D projection of the particles. Particle sizing by AFM has been 

shown to be in agreement with particle size measurements using DLS and LD145-147, although 

some reports point out that lower SLN heights observed with AFM could be due to the 

collapse of nanoparticles during sample preparation148. SLNs loaded with prednisolone were 

characterized with AFM by zur Mühlen et al.144 and the size observed was comparable to the 

results obtained from DLS. Dubes et al. characterized SLNs derived from amphiphilic 

cyclodextrins by SEM and AFM, with both techniques confirming the circular shape of the 

SLNs. Vacuum drying during sample preparation for SEM usage caused SLN shrinkage 

while the deposition method used for AFM led to the formation of small clusters of SLNs. 

The authors concluded that AFM allowed observation of SLNs in a hydrated state similar to 

that of SLN suspensions while SEM led to observation of SLNs in a less aggregated state149.  

2.1.2.4 Polymorphism in SLNs 

Differential scanning calorimetry (DSC), X-ray diffraction (XRD), small-angle x-ray 

scattering/diffraction (SAXS/SAXD), and wide-angle x-ray scattering/diffraction 

(WAXS/WAXD) have been used in concert with particle size and electron microscopy 

techniques to confirm the polymorphic state and properties of SLNs in lipid dispersions. 
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DSC is the preferred technique for monitoring phase transitions in colloidal systems, 

as different lipid forms possess unique melting points and enthalpies43. Bunjes et al. have 

extensively studied the crystallization behaviour and polymorphic transitions in lipids. The 

influence of emulsifiers on the crystallization of tripalmitin SLNs was investigated by DSC 

and synchrotron WAXS50. No major differences were observed on the crystallization 

temperature, but remarkable differences were noticed after crystallization of the particles. 

Fast cooling of glycocholate-stabilized dispersions led to the formation of an uncommon 

type of α-crystals that displayed very weak reflections in the WAXS diffractogram, indicating 

poor order between TAG layers.  

In another study, C12-C18 TAGs were investigated by DSC and XRD for their ability 

to form SLNs after melt homogenization. It was found that although longer-chained lipids 

could form SLNs, the lipids with C12 chain did not form solid particles. C14 nanoparticles 

were obtained in both solid and liquid forms, but showed a higher drug loading capacity in 

the liquid state. The polymorphic transitions were slowest for longer-chained TAGs. 

Combining C18 with C14/C16 raised the crystallization temperature of the shorter-chain TAGs 

facilitating solidification and leading to a more complex structure and melting behaviour as 

observed in DSC and XRD scans52. In an extension to this study, saturated long-chain 

phospholipids and soybean phospholipids were studied for their effects on the crystallization 

of SLNs made from TAG lipids containing C12-C18 chains. Saturated phospholipids 

increased the crystallization temperature of the TAG sharply compared to soybean 

phospholipids and crystallization of phospholipid chains was induced prior to TAG 

crystallization, observed in DSC runs49.  

Schubert et al. conducted similar investigations on SLNs containing high amounts of 

lecithin as emulsifiers using isothermal heat-conduction microcalorimetry and WAXD. 

There was an accelerated polymorphic transition to the stable β-modification with increasing 

lecithin content and a corresponding decrease in the rate of the polymorphic transition. 

Lecithin concentration did not influence the melting and crystallization points, but a 10% 

decrease was observed in the crystallization index, indicating incomplete crystallization150. 

Furthermore, a decrease in particle size resulted when the lecithin concentration was 

increased up to a critical concentration of 30 %, above which there was no further change in 

particle size. Nuclear magnetic resonance measurements were corroborated by SAXS data, 
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which suggested strong attachment of lecithin and emulsifiers to SLN surfaces, and no 

emulsifier aggregation in the aqueous phase130. 

Awad et al. investigated temperature-scanning ultrasonic velocity as an alternative 

technique to study complex thermal transformations in SLNs and compared the results with 

those obtained by DSC. Both techniques were sensitive to the complex melting behaviour of 

solidified tripalmitin SLNs, and excellent correspondence between thermal transitions was 

obtained, indicating that this technique could be a useful alternative to conventional DSC 

methods in studying lipid transitions151. 

2.2 Solid-stabilized emulsions 

As early as 1903, Professor W. Ramsden described the stabilization of emulsion 

drops and bubbles in foams using solid particles. Professor S. U. Pickering carried on these 

investigations and in 1907, reported the first recorded scientific study of particle-stabilized 

emulsions of water and paraffin with basic copper and iron sulfate particles precipitated in 

situ152. Since then, solid-stabilized emulsions have been referred to as ‗Pickering emulsions‘, 

although Pickering credited their initial development to Ramsden152. Examples of so-called 

Pickering emulsions in foods include the stabilization of whipped cream by fat particles and 

of ice cream by ice crystals153. In the case of whipped cream, solid fat globules cover the 

surface of hydrophobic bubbles and stabilize foam formation, while in the case of ice cream, 

conversion of a portion of the water to ice crystals upon freezing forms a solid phase 

together with fat globules. In this and other examples, effective stabilization with solid 

particles at fluid interfaces strongly depends on contact angle and wettability, as well as 

particle size, shape and concentration. 

2.2.1 Contact angle and wettability 

The contact angle θ provides an indication of how well a liquid will spread on a 

surface. The mechanical equilibrium of a sessile water drop resting atop a plane solid 

substrate immersed in oil depends on three surface tensions - ow at the oil-water interface, sw 

at the solid-water interface and so at the solid-oil interface (Figure 2.1) and is described by 

Young‘s equation154, 155: 
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Figure 2.1: Schematic view of contact angle of sessile drop (Adapted from Ref # 154). 

At θ = 0°, the liquid wets the solid completely and spreads freely over the surface at 

a rate depending on liquid viscosity and surface roughness154. The tendency of a liquid to 

spread increases as θ decreases, thus contact angle serves as an important criterion for 

establishing wettability or spreadability of solid by a liquid 53, 152, 154.  

The Gibbs free energy (kJ) of interactions between two liquids and a solid per unit 

area is given by155: 
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where s,vac is the excess free energy of the solid substrate in a vacuum.  

Substituting Eqn. 2.2 into Eqn. 2.1 yields the Gibbs-Young equation155: 
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Thus, the solid substrate interacts with the liquids to either enhance or oppose the 

spreading of a drop of liquid onto the surface. Extending the above concept to the situation 

of solid-stabilized emulsions, the three phase contact angle θ is the key parameter that 

dictates the attachment or detachment of particles from the oil-water interface. Particles with 

θ less than and greater than 90° (measured through the aqueous phase) are referred to as 

hydrophilic and hydrophobic particles, respectively53. Figures 2.2 (A) and (B) depict the 

generally-accepted configuration showing the positioning of particles at planar and curved 
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oil-water interfaces, respectively. For hydrophilic particles, a larger fraction of the particle 

surface is in water than in oil, and accordingly particles will stabilize o/w emulsions. In the 

case of hydrophobic particles, particles reside more in oil than in water, and now will 

stabilize w/o emulsions. In the case where the particles are either too hydrophilic (θ << 90°) 

or too hydrophobic (θ >> 90°), they preferentially remain dispersed in either the aqueous or 

oil phase, respectively, giving rise to very unstable emulsions1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Preferential position of small particles at (A) planar and (B) curved oil-water 
interface (Adapted from Ref # 1). 

The Gibbs free energy of particle detachment into oil phase ∆Gdo is given by the 

equation152: 
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where ow is the interfacial tension at the oil-water interface, Ac is the surface area of the oil-

water interface occupied by the particle when it is attached at the fluid particle, and is 

described as Ac = Aow (2) – Aow (1), where Aow (2) and Aow (1) are the surface areas of the oil-water 

interface before and after particle attachment, respectively, and Apw is the surface area of the 

particle-water interface.  
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Similarly, the free energy of particle detachment into water ∆Gdw is given by the 

expression152: 

)cos( 
pocowdw

AAG        (Eqn. 2.5) 

where Apo is the surface area of the particle-oil interface.  

The total surface area of the particle Ap is given by the equation152: 

popwp
AAA         (Eqn. 2.6) 

Subtracting Eqn. 2.5 from Eqn. 2.4 and combining with Eqn. 2.6 and rearranging, a 

relationship between the two free energies of particle detachment is obtained as follows: 

 cos
powdwdo

AGG        (Eqn. 2.7) 

As can be seen from the equation, the detachment of a hydrophilic particle (cos θ > 

0) into the oil phase needs more energy than into water (∆Gdo > ∆Gdw), while for the 

detachment of a hydrophobic particle (cos θ < 0), the opposite is true (∆Gdo < ∆Gdw). At θ = 

0, both energies are equal to each other. The minimum free energy of particle detachment 

∆Gd is written as152: 
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The respective free energies of particle attachment ∆Ga to the fluid interface are 

given by the same equation as above, with the opposite sign (∆Ga = − ∆Gd), hence particle 

attachment is a thermodynamically-favourable and spontaneous process152. Both the 

attachment and detachment free energies depend on particle shape, as explained below. 

2.2.2 Particle size, shape and concentration 

In the case of a spherical particle, the minimum free energy of particle detachment 

∆Gd from the interface is given by the equation derived by Koretsky and Kruglyakov152: 
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The resistance energy would be highest with a contact angle of 90°. Also, the 

minimum energy needed to detach a spherical particle from the oil-water interface rapidly 

decreases with particle size (r2) and very small particles (<10 nm radius) are easily detachable 

and may not be effective stabilizers1. 

Particle shape is another critical factor that controls the adsorption-desorption of 

particles at the oil-water interface. In the case of non-spherical rod-shaped particles with a 

and b as cross-sectional long and short semi-axes, and keeping particle volume constant, ∆Gd 

is given by the following equations152: 
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Thus, at a fixed particle volume, the free energy of detachment of a rod-shaped 

particle is dependent on the particle aspect ratio and θ, and is higher compared to that of a 

spherical particle of the same volume. Hence, rod-like particles with rounded ends oriented 

parallel to the fluid surface are held more strongly at an oil-water interface than spherical 

particles with same volume. In the case of a rounded disk-like particle with a and b as cross-

sectional long and short semi-axes respectively, the free energy of detachment is given by152: 
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The free energy of detachment in disk-shaped particles is even higher than that for a 

rod shaped particle, thus ∆Gd, disk > ∆Gd, rod > ∆Gd, sphere. Accordingly, the driving force of 

attachment of the particles decreases in the order disk > rod > sphere. Thus, disk- and rod- 

shaped particles with the same volume as spherical particles can have better attachment and 

lower detachment at fluid interfaces, suggesting formation of more stable emulsion systems 

with an appropriate change in particle shape. 

Particle concentration at the oil-water interface influences droplet coverage which in 

turn depends on particle microstructure. Full droplet coverage is best with small particles, 

with better stabilization observed if particle size is substantially smaller than the droplet size, 

i.e., submicron-sized particles have the ability to stabilize micron-sized emulsion droplets15, 16. 

To conclude, it is expected that SLNs can function as solid particles that adsorb 

effectively to oil-water interfaces, thus stabilizing o/w or w/o emulsion systems. Their size, 

shape, structure and contact angle at the oil-water interface will determine effective droplet 

coverage and consequently adsorption-desorption kinetics from oil-water interfaces, thus 

dictating stability. 
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Chapter 3 

EXPERIMENTAL TECHNIQUES 

3.0 Introduction 

The following chapter introduces the experimental methods used to formulate and 

characterize the SLNs and o/w emulsions herein studied. Specific measurements related to 

each experiment are addressed within the experimental sections of the subsequent chapters.  

Unless otherwise indicated, all experiments were performed in triplicate, as were their 

respective measurements. 

3.1 SLN preparation 

SLNs were generated by the melt-emulsification homogenization method. In this 

technique, the lipid is heated above its melting point and added to the aqueous phase 

maintained at the same temperature, under high-speed stirring. This pre-emulsion is passed 

through a valve homogenizer under high pressure. Figure 3.1 is the schematic representation 

of the working principle of high-pressure homogenization.  

 

 

 

 

 

 

Figure 3.1: Schematic representation of the working principle of high-pressure 
homogenization technique used for producing SLNs (Adapted from Ref # 156). 
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intense energy transition occurs within microseconds producing a turbulent 3-D mixing layer 

that disrupts the particles during discharge from gap D. The homogenized product F exits 

the impact ring C at low pressure and high velocity156. The hot nanoemulsion is flash-cooled 

to solidify the dispersed lipid in the aqueous system and obtain SLNs.  

Multiple passes through the homogenizer cause a further reduction in particle size 

and a corresponding increase in the interfacial area. Thus, after homogenization, the same 

amount of surfactant gets distributed over a larger interfacial area38. 

Glyceryl stearyl citrate (GSC) was selected as the lipid for preparation of SLNs. The 

GSC used in all experiments was Imwitor 372P (>98 % w/w purity, Sasol Chemicals, 

Mississauga, ON, Canada). Reverse osmosis water was used for all experiments. GSC was 

melted and added to hot water (85 °C) under high-speed stirring to form a pre-emulsion. 

The hot pre-emulsion was passed through a valve homogenizer (APV 1000, Albertslund, 

Denmark). The homogenization pressure was maintained at 14,500 psi for 5 cycles. The 

nanoemulsion was flash-cooled to obtain the GSC SLNs. All samples were transferred to 

Falcon tubes with screw caps and stored under refrigeration at ~4 °C. 

3.2 Emulsion preparation 

The GSC SLN dispersions maintained at ~4 °C were used as the aqueous phase for 

the preparation and stabilization of o/w emulsions. Canola oil purchased from a local 

grocery store was used as the oil phase (acid value < 0.2) and cooled to ~4 °C. Where 

needed, a drop of 0.1% (w/v) Nile Red in mineral oil solution was added to the oil phase to 

characterize instability such as creaming or coalescence with light microscopy. Based on 

preliminary studies of different ratios of oil: SLN, a ratio of 1:4 of canola oil: GSC SLNs was 

selected as the composition for o/w emulsion characterization. 

Emulsions using GSC SLNs as the continuous phase were prepared using valve 

homogenization (APV 1000, Albertslund, Denmark) at ~4 °C. The homogenization pressure 

was maintained at 7000 psi for 5 cycles. The prepared o/w emulsions were transferred to 

Falcon tubes with screw caps and stored at ~4 °C. 
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3.3 Dynamic light scattering 

Particle size determination is one of the prime characterization parameters for SLN 

dispersions. Measuring particle size confirms the existence of a desired colloidal size range 

after processing and during storage and helps establish dispersion stability30, 42, 43, 57, 134, 157-159. 

Dynamic light scattering (DLS) also referred as Photon Correlation Spectroscopy 

(PCS) or Quasi-Electric Light Scattering (QELS) is the standard method for rapid 

determination of nano-sized particle diameter and size distribution. Dynamic processes such 

as random Brownian motion of the particles in the dispersion medium result from collisions 

with each other and solvent molecules. Upon irradiation with a laser beam, these motions 

cause time-dependent variations in the intensity of scattered coherent light30. Intensity 

fluctuations of the scattered beam are inversely proportional to the particle size. The velocity 

of the Brownian motion is measured as the translational diffusion coefficient and particle 

size is calculated from this coefficient by using the Stokes-Einstein equation159: 

D

kT
Hd

3
)(         (Eqn. 3.1) 

where d(H) is the effective or hydrodynamic diameter or z-average diameter (nm), k is 

Boltzmann‘s constant (1.38054×10-23 J/K), T is absolute temperature (K),  η is viscosity (cP) 

and D (cm2/sec) is the translational diffusion coefficient.  

The light scattering effect due to the Brownian motion exhibited by particles over 

time is used to calculate particle size. Multimodal particle size distributions are calculated by 

applying complex advanced algorithms and the use of a numerical approach called the non-

negatively constrained least squares algorithm integrated within the software160. The main 

assumptions of this approach are that only positive intensity-weighted distributions are 

considered, and the ratio between any two successive diameters is kept constant and the 

method of least squares is followed at each interval. The corresponding conversion of the 

intensity-weighted distribution to a volume-weighted or number-weighted distribution was 

performed by calculating the scattering Mie factors using the integrated software. 

The instrument used was the Brookhaven 90Plus/BI-MAS DLS Particle Size 

Analyzer (Brookhaven Instruments Corporation, Holtsville, NY, USA). The DLS 
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measurements provided the effective hydrodynamic diameter or z-average diameter, as well 

as the polydispersity index (PI), an indicator of the width of the particle size distributions for 

the GSC SLNs. 

3.4 Laser diffraction 

DLS gives reliable results for narrow, unimodal distributions of particles in the 

nanometre range, and is also capable of sensing the presence of very small amounts of 

aggregation30, 43, 57. Laser light diffraction (LD) or scattering is a better method to investigate 

larger particle sizes in polydispersed samples. This technique is based on the determination 

of the angular diffraction of light scattered from the dispersion when irradiated with a laser 

beam. The intensity of scattered light is inversely proportional to the particle radius, i.e., 

smaller particles show more intense scattering at higher angles compared to larger ones. 

Particle size distributions are calculated based on comparisons of the angular information 

with a scattering model (the Mie theory), that applies to absorbing or non-absorbing 

spherical particles, essentially without any size restriction. Calculations using the Mie theory 

require an input of the illumination wavelength and polarization state, the refractive index 

(both real and imaginary) of both the particles and the medium, the diameter of the particles 

and the angle of observation relative to the incident illumination (also called the scattering 

angle)134, 161. 

The instrument used was the Malvern Mastersizer 2000S (Malvern Instruments, 

Worcestershire, UK). The instrument calculates a distribution based around volume terms 

independent of the number of particles in the sample162. It measures the volume or mass 

moment mean diameter D [4,3] also called the De Brouckere mean diameter, and assuming 

that particle density is constant, generates a volume distribution data equal to the weight 

distribution directly from the initial measurements. The D [3,2] is based on the surface area 

moment mean and is also called the Sauter mean diameter. The diameters calculated by LD 

indicate the percentage of particle volume below a certain size. For instance, D (v, 0.5) 

means that 50% of the particle diameters lie below this value. The parameters generated by 

the instrument include the D (v, 0.1), D (v, 0.5) and D (v, 0.9) i.e., particle size values below 

which 10%, 50% and 90% of the sample distributions lie, respectively. The software also 
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calculated the span or width of the distribution, analogous to the polydispersity index in PCS 

measurements, defined as163: 
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       (Eqn. 3.2) 

LD was used to characterize SLN particle and emulsion droplet sizes.  

3.5 Surface charge determination 

Each particle suspended in a liquid medium is surrounded by an electrical double 

layer consisting of an inner region (or Stern layer) where counter-ions are strongly bound to 

the particle and an outer region (or diffuse layer) where they are associated less firmly (Figure 

3.2).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Schematic representation of various potential gradients on the surface of a 
particle (Adapted from Refs # 159, 164, 165). 
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The surface potential of particles in the Stern layer cannot be measured directly164. 

Within the diffuse layer, an imaginary boundary exists where charges are assumed to be 

stable. The electric potential at the surface of this boundary (or surface of hydrodynamic 

shear) is called the zeta (ζ) or electrokinetic potential159, 165 and can be measured by laser 

Doppler electrophoresis. The instrument measures the electrophoretic mobility Ue of the 

sample and converts it into the ζ potential by Henry‘s equation159: 





3

2 )a(f
U e         (Eqn. 3.3) 

where Ue is the electrophoretic mobility, Ε is the dielectric constant of the dispersion 

medium, ζ is the zeta potential (mV), f (κa) is Henry‘s function (most often the Hückel and 

Smoluchowski approximations of 1 and 1.5, respectively, are used)164 and η is the viscosity of 

the solvent medium. 

The ζ potential is an important parameter to determine electrostatic colloidal 

dispersion stability. The instrument used to measure the ζ potential of the GSC SLNs and 

o/w emulsions was the Brookhaven 90Plus PALS Zeta Potential Analyzer (Brookhaven 

Instruments Corporation, Holtsville, NY, USA). 

3.6 Contact angle measurements 

The contact angle is a critical parameter in the design of an emulsion stabilized by 

solid particles and provides information on particle orientation at the oil-water interface. In 

order to measure contact angles, GSC was melted at ~75 °C with stirring and poured into 

aluminium weigh boats at room temperature. It was allowed to crystallize for ~ 24 hr.  The 

crystallized lipid was used to determine the contact angle of water or oil droplets on the lipid 

surface.  

For determination of contact angle of water droplet on the lipid surface, the 

solidified disks were cut into ~1 cm3 cubes and placed in transparent spectrophotometer 

cuvettes, with the smooth side facing upwards. Cuvettes were filled with canola oil and a 

small droplet (~ 1 mm o.d.) of water was injected from a needle onto the surface of the solid 

lipid. Images of the water droplet as it spread over the lipid surface were captured with a Teli 
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CCD camera with macro lens assembly and IDS Falcon/Eagle Framegrabber (DataPhysics 

Instrument GmbH, Filderstadt, Germany) at regular intervals up to 10 hr and a final reading 

at 24 hr. Image analysis was performed to determine the contact angle of the water droplet 

against the lipid surface using SCA 20 software Version 2.1.5 build 16 (DataPhysics 

Instrument GmbH, Filderstadt, Germany).  

The contact angle of an oil droplet on the lipid surface was determined by modifying 

the method of Campbell166. The solidified lipid was cut into 1 cm diameter circular disk and 

placed into a 2 ml capacity Eppendorf tube with the smooth surface of the lipid exposed. A 

tiny aperture was made into the centre of the solid lipid disk with a hypodermic needle. This 

assembly was placed upturned into a transparent spectrophotometer cuvette which was filled 

with water. A small droplet (~ 1 mm o.d.) of canola oil was injected from a microsyringe 

needle onto the surface of the solid lipid through the aperture. Images of the oil droplet were 

captured at regular intervals up to 12 hr as described before for water droplet contact angle 

measurements.  

Additionally, interfacial tension measurements at the canola oil-water interface were 

performed using ASTM method D971167, with the Du Nouy ring method (Fisher surface 

tensiometer Model 21, Fisher Scientific, Nepean, ON, Canada). 

3.7 Thermal analysis 

Thermal analysis broadly covers various techniques that measure chemical or 

physical changes that occur when a known quantity of a material is subjected to a controlled 

temperature program over time. Differential Scanning Calorimetry (DSC) is one such 

technique designed to measure the heat exchange (e.g. heat uptake during melting or heat 

release during crystallization) accompanying structural alterations of a material subjected to a 

controlled temperature program168. An alteration in the enthalpy (∆H) or entropy (∆S) of a 

system causes phase transitions, accompanied by free energy changes. Enthalpy changes 

associated with endothermic (or consumption of energy as during melting of lipid, a solid-

liquid transition) or exothermic (or release of energy as upon recrystallization, a liquid-solid 

transition) events are quantified134.  
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In power-compensation DSC (used in our DSC system), the sample and empty 

reference pans are supplied with individual heaters, and any temperature difference between 

the two is detected and adjusted immediately to maintain almost identical temperatures in 

both168. The increase (or decrease) in heating power is directly correlated with the heat flow 

into or out of the sample. The DSC curve is displayed as a function of time or temperature 

on the abscissa and the rate of energy absorption (heat flow) on the ordinate axis. 

Transitions accompanying changes in specific heat are demonstrated as peaks with areas 

proportional to the total enthalpy changes. 

DSC measurements of the bulk GSC and GSC SLNs were performed using a Pyris-

Diamond DSC (Perkin-Elmer, Markham, ON, Canada). Samples were weighed into DSC 

aluminum pans using a Mettler M3 microbalance (Mettler Toledo Canada, Mississauga, ON, 

Canada) and then sealed with a universal press B013-9005 (Perkin Elmer, Markham, ON, 

Canada). An empty sealed pan was used as reference. From the DSC curves obtained for the 

bulk lipid and GSC SLNs, onset temperature, peak temperature and enthalpy during both 

melting and crystallization transitions were determined by extrapolation. 

3.8 Inverted light microscopy 

In an inverted light microscope, the light source and condenser are located above the 

stage and point down while the objectives and turret are located below, pointing up towards 

the stage169. Emulsion droplets were observed for particle size and shape using inverted light 

microscope. Images of emulsion samples were observed at a magnification of 1008X using a 

Zeiss Axiovert 200M inverted light microscope (Zeiss Canada, Toronto, ON, Canada). 

Images captured on CCD camera were analysed with Northern Eclipse software, Version 

7.0. (Empix Imaging, Inc., Mississauga, ON, Canada). 

3.9 Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) is a powerful tool that provides direct 

visualization of the particle morphology and ultra-structure of colloidal system in terms of 

particle size, shape, and ultra-structure30, 134. Contrast images of fairly good resolution can be 

obtained by staining with contrast agents such as uranyl acetate and PTA 30, 128. Although 
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TEM is expensive and requires expertise to distinguish between true images and artefacts, it 

is the most widely-used technique for the structural elucidation of SLN dispersions.  

SLN samples were studied by TEM using the direct application method30, 128. Diluted 

SLN samples were applied to a copper grid (400 mesh) and negatively-stained with 2 % 

(w/v) aqueous PTA. Excess fluid was drawn off the grid with a filter paper and the sample 

film was dried on the grid. Samples were examined and photographed on Hitachi H-7000 

TEM (Hitachi, Tokyo, Japan) operating at an acceleration voltage of 75-80 kV. Digital 

images were captured using an AMT XR60 CCD camera. 

3.10 Atomic Force Microscopy 

The atomic force microscope, invented in 1986, is part of the family of scanning 

probe microscopes directed towards elucidating the nano-scale surface properties of 

materials24. Currently, Atomic Force Microscopy (AFM) is the only available surface imaging 

technique that directly offers three-dimensional structural, mechanical, functional and 

topographical information of surfaces with dimensions in the nanometre to Angstrom 

range157. 

AFM produces images by sensing sample surface imperfections using an oscillating 

thin metallic cantilever, with a sharp tip on the end24. The tip, usually fabricated from silicon 

or silicon nitride, has an extremely sharp pointed spike with dimensions as small as 1 nm at 

the apex. Its sharpness strongly influences the resolution of an AFM image. The tip is 

mounted on a cantilever that allows free up or down movement of the tip as it scans the 

surface of the sample. The cantilever position is controlled in three dimensions (x, y and z 

axes) by a set of oriented piezo-electric transducer crystals. The cantilever deflection is 

detected by means of an optical lever consisting of a laser in conjunction with a photodiode 

assembly in a closed loop feedback system. Based on the amount of cantilever deflection, 

the deflection angle of the laser beam and subsequently the laser intensity changes, which is 

captured by the position-sensitive photodiode detector. The signal thus obtained is 

processed into an image that is seen on a computer monitor and can be captured and 

digitally analyzed using appropriate software. The most common scanning mechanisms are 

the contact mode, where the tip directly touches the sample to be scanned, and tapping 
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mode where the cantilever vibrates near the surface of a sample at its resonant frequency 

(typically from 100 to 400 kHz) 170, 171. 

SLN samples mounted on mica slides and placed to air dry in a fume hood were 

examined under ambient conditions using a Bioscope atomic force microscope with 

Nanoscope IIIa controller (Digital Instruments, Santa Barbara, CA, USA), operated in 

tapping mode. The AFM tips had a cantilever spring constant of 40 mNm-1 and were 

oscillated at ~350 kHz with an end-point radius of 10 nm and a body angle of 30. 

3.11 Data analysis 

Results are reported in all experiments as arithmetic mean ± standard deviation. 

Statistical analysis was performed using either a two-tailed student‘s t-test (for single pair 

comparisons) or one-way ANOVA with single-step Tukey‘s multiple comparison post-hoc 

test. For data with control groups, one-way ANOVA with Dunnett‘s multiple comparison 

post-hoc test was applied. Differences were considered statistically significant at p ≤ 0.05.  
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Chapter 4  

SOLID LIPID NANOPARTICLES: PREPARATION, 

CHARACTERIZATION AND APPLICATION AS NOVEL 

PARTICLE STABILIZERS FOR OIL-IN-WATER EMULSIONS 

4.0 Summary 

Oil-in-water (o/w) emulsions solely stabilized by surface-active solid lipid 

nanoparticles (SLNs) were developed. The SLNs were generated in hot o/w nanoemulsions 

consisting of glyceryl stearyl citrate (GSC) in water quench-cooled from 80 °C to 4 °C to 

promote the liquid-solid phase transition of the dispersed GSC. The effective mean particle 

size of the resulting oblate spheroidal SLNs was ~180 nm by dynamic light scattering and 

the volume-weighted mean particle size was ~152 nm by laser diffraction, with a ζ potential 

of ~-49 mV. Effective mean particle size and ζ potential were stable for 24 wk. Oil-in-water 

emulsions (oily phase volume fraction: 0.2) containing 7.5% (w/w) GSC SLNs in the 

aqueous phase were kinetically stable for 12 wk, though they did not visually phase-separate 

over 24 wk. The generated o/w emulsions were found to have a volume-weighted mean 

droplet size of ~459 nm by laser diffraction and ζ potential of ~-43 mV. The emulsions 

were stable for up to 12 wk as observed for microscopic changes by inverted light 

microscopy. Emulsion microstructure evaluated with TEM revealed Pickering-type SLNs 

adsorbed as mono- and multilayers to the dispersed oil droplets. Overall, surface-active 

SLNs developed within nanoemulsions effectively kinetically stabilized oil-in-water 

emulsions. 

Key words: Solid lipid nanoparticles, emulsifier, oil-in-water emulsions, Pickering-

type stabilization 
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4.1 Introduction 

Solid lipid nanoparticles (or SLNs) are colloidal particulate systems with a mean 

particle size below 500 nm and a narrow particle size distribution115, 129. They typically consist 

of physiological lipids that are biodegradable, non-toxic, cost effective, possess high 

dispersibility in an aqueous medium and offer ease of preparation and scale-up 

possibilities172. The exclusion of organic solvents and the ability to encapsulate both 

lipophilic and hydrophilic compounds within the lipid makes them an ideal carrier system for 

functional foods87. 

It is well-known that the increase in specific surface area of a material is inversely 

proportional to its particle size. Thus, when a cubic solid particle of 1 cm is micronized to 1 

μm and 10 nm, there is an increase in its specific surface area from 6 cm2/g to 6 x 104 cm2/g 

and 6 x 108 cm2/g, respectively. This increase alters the particle‘s surface properties and 

directly influences its physicochemical, structural, thermal, electromagnetic, optical and 

mechanical properties compared to the bulk material. This effect also greatly influences the 

interactions of nanoparticles with their local environment173.  

An emulsifier is a component that aids in mixing two immiscible phases such as 

water and oil. Due to the presence of both hydrophilic and hydrophobic moieties, an 

emulsifier adsorbs at the oil-water interface and lowers the interfacial tension between them, 

thereby enhancing emulsification and increasing emulsion stability174. If the continuous 

phase is oil with water as dispersed phase, the system is water-in-oil (w/o) emulsion and if 

vice versa, the system is an oil-in-water (o/w) emulsion. Food products such as butter, 

margarine and chocolate are w/o emulsions while mayonnaise, salad dressings and 

hollandaise sauce are o/w emulsions, all stabilized by the addition of emulsifiers.  

Emulsifiers may be of natural origin (e.g., lecithin) or may be chemical in nature such 

as polysorbates and sorbitan esters. Emulsifier concentration is one of the key factors that 

influence size of the emulsion droplets which in turn governs emulsion stability175. At 

optimum emulsifier concentration, there is sufficient coverage of the dispersed droplets and 

coalescence is retarded. Inadequate emulsifier concentrations result in coalescence and an 

increased droplet size whereas an excess emulsifier concentration does not aid in further 

decreasing particle size or providing additional stability. Emulsifiers are added typically alone 
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or in combination in concentrations ranging from 0.5% w/w (in ice creams) to 10% w/w (in 

whipped creams) for stabilization176. 

Mono- and diglycerides are amongst the most widely used synthetic emulsifiers in 

the food industry and possess a significant lipophilic functionality177. In order to impart 

hydrophilicity, their headgroup size and charge can be varied via reaction with polar 

functional groups such as acids177, 178. If the hydroxyl group is esterified with citric acid, the 

hydrophilic, anionic emulsifier CITREM, or citric acid esters of mono- and diglycerides of 

edible fatty acids, is formed174. Glyceryl stearyl citrate (GSC) is a plant-derived CITREM 

emulsifier with carboxylic head groups of citric acid178 that has a melting range of 59-63 °C 

and an HLB value of 10-12179-181. It is an approved food-grade lipid and used mainly as an 

anti-spattering agent in margarine and as emulsifier in meat sausages or beverage emulsions 

in concentrations in the range 0.3 % - 5 % (w/w)174, 182. 

The use of solid particles as stabilizers of o/w emulsions, also known as Pickering 

stabilization, is well-documented1, 14, 152. Depending on the nature of particles and the 

emulsion system, there are at least two mechanisms by which colloidal particles can stabilize 

emulsions. Pickering stabilization results by adsorption of particles to the oil-water interface 

and their ability to form rigid structures that prevent droplet coalescence by steric 

hindrance183. Smaller particles are likely to provide better coverage than larger particles15, 16, 

although very small particles (<10 nm radius) would have a very low energy of interfacial 

attachment, rendering them ineffective as stabilizers1, 184. By contrast, network stabilization 

arises when particle-particle interactions lead to the formation of a 3-D particle network in 

the continuous phase surrounding the droplets1. A modification of the Bancroft rule which 

states that the phase in which the surfactant is dissolved usually becomes the continuous 

phase applies to these systems. Particles that are preferentially wetted by water mostly form 

o/w emulsion while particles that are preferentially wetted by oil form w/o emulsion8, 163. 

The effectiveness of particles in stabilizing emulsions depends therefore, on their particle 

size, wettability, initial location and the level of interparticle interactions183.  

The objective of this research was to fabricate SLNs using melt-emulsification 

homogenization. As the functionality of solid particles is magnified several fold at the 
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nanoscale, it is postulated that SLNs of GSC in their sub-colloidal dimensions should 

effectively stabilize o/w emulsions via Pickering and perhaps crystal networking. 

4.2 Materials and methods 

4.2.1 Materials 

Glyceryl stearyl citrate (GSC) (Imwitor 372P) was a gift from Sasol Germany GmbH 

and was procured through Multichem Inc. (Mississauga, ON, Canada). GSC is a partially 

neutralized ester of monoglycerides and diglycerides of plant-derived, saturated fatty acids 

obtained by esterification of citric acid and edible fatty acids with glycerol178 (Figure 4.1).  

 

Figure 4.1: Chemical constituents of the lipid GSC (Adapted from Ref # 185). 

 GSC contains a saturated fatty acid chain (hydrophobic tail) with even carbon atoms 

(stearic acid, C18). The 1-monoglyceride content in Imwitor 372P is 10-30 % (w/w)179. The 

distribution of the principal components depends on the proportion of citric acid (typically 

12-20 % by weight of the finished product), fatty acids, glycerol and the reaction conditions 

being used174, 178 for its preparation.  

Saturated fatty acid C18 
(Stearic acid) 

Glycerol backbone 

Citric acid (α-hydroxy acid) 
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Canola oil was purchased at a local grocery store and used without further 

purification (acid value < 0.2). Nile Red was purchased from Sigma-Aldrich (Mississauga, 

ON, Canada). Deionized particulate-free water was used throughout the work.  

4.2.2 Methods 

4.2.2.1 Preparation of GSC SLNs 

SLNs were prepared by the melt-emulsification homogenization technique (Figure 

4.2).  

 

Figure 4.2: Schematic representation of melt-emulsification homogenization for 
preparation of solid lipid nanoparticles. 

GSC (7.5% w/w) was heated to 70-80 °C. The aqueous phase was maintained at the 

same temperature and added to the molten lipid phase by vigorous dispersion with a 

Polytron PT-10/35 high speed homogenizer with PCU-2 control (Kinematica GmbH, 

Switzerland) at ~27,000 rpm for ~30 sec to produce the hot primary emulsion. The primary 

emulsion at ~75-80 °C was immediately passed through a heated high pressure homogenizer 

(APV 1000, Albertslund, Denmark) at a pressure of 14,500 psi for 5 cycles to obtain a lipid 

nanoemulsion. To prevent lipid solidification in the homogenizer, both the homogenizer and 

emulsion were heated at 85 °C by means of a copper coil connected to a circulating water 
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phase (~80 °C) 
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(~80 °C) 

Hot nanoemulsion (~80 °C) 

High Pressure  
Homogenization 
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Flash 
cooling 
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on Polytron 

(27,000rpm for  
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bath with thermostatic control (Lauda GmbH Eco100, Lauda-Konigshofen, Germany). 

During homogenization, the emulsion was stirred in the homogenizer hopper at 500 rpm 

with an IKA RW 14 Basic S1 overhead stirrer (IKA Works, Inc., Wilmington, DE, USA). 

The nanoemulsion was collected in a hot container and thereafter flash-cooled in a pre-

conditioned ice bath to obtain the GSC SLNs. The samples were stored at refrigerator 

temperature (4 - 8 °C). SLNs were prepared in triplicate and analyzed immediately after their 

manufacturing.  

4.2.2.2 Preparation of SLN decorated oil-in-water (o/w) emulsions 

The o/w emulsions were made with an 80% (w/w) aqueous phase containing the 

SLNs and 20% (w/w) canola oil (containing 0.1 ml of 0.1% w/v Nile Red in mineral oil) as 

the oil phase (Figure 4.3).  

 

Figure 4.3: Schematic representation of the preparation of SLN decorated oil-in-water 
(o/w) emulsions. 

Emulsions were processed at ~4 °C to avoid melting the SLNs. Canola oil cooled to 

~4 °C was dispersed into the cold SLN suspension with a Polytron PT-10/35 high speed 

homogenizer with PCU-2 control (Kinematica GmbH, Switzerland) at ~27,000 rpm for ~ 
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30 sec to produce the pre-emulsion, with the temperature maintained at ~4 °C by means of 

an ice bath. The pre-emulsion was immediately passed through a high pressure homogenizer 

(APV 1000, Albertslund, Denmark) at a pressure of 7,000 psi for 5 cycles to obtain o/w 

emulsion. During homogenization, the emulsion was stirred at 500 rpm with IKA RW 14 

Basic S1 overhead stirrer (IKA Works, Inc., Wilmington, DE, USA). The o/w emulsion was 

collected in a cold container for re-circulation to avoid melting of SLNs. The resultant o/w 

emulsions were stored at refrigerated temperature (4 - 8 °C). The emulsions were prepared in 

triplicate and analyzed immediately after production. 

4.3 Characterization of developed systems 

4.3.1 Characterization of GSC SLNs 

4.3.1.1 Particle size analysis  

Particle size was determined by DLS at 25 °C using a Multi Angle Brookhaven 90 

Plus Particle Size Analyzer (Brookhaven Instruments Corporation, Holtsville, NY, USA). 

The detection was performed at a scattering angle of 90° at a wavelength of 659.0 nm in a 

transparent 5 ml capacity 1 cm2 polystyrene cell with lid, equilibrated at 25 °C. The viscosity 

of the dispersant water was 0.890 cP with a refractive index of 1.330. For multimodal 

analysis, the particle optical properties were defined as refractive index of 1.450 (real) and 

0.000 (imaginary) and the refractive index of dispersant water was kept at 1.330. Prior to 

measurement, samples were diluted in filtered dust-free deionized water (0.22 μm PVDF 

Millex® GV Filter, Millipore Corporation, Bedford, MA, USA) to an appropriate scattering 

intensity. Measurements were carried out with a sample processing time of 120 sec for 10 

min. The particle size (effective mean diameter or z-average diameter) and particle size 

distribution (polydispersity index or PI) were calculated by the Brookhaven software by 

processing the time-dependent fluctuating scattered light intensity signal with a digital 

autocorrelator yielding the particle diffusion coefficient, from which the equivalent spherical 

particle size was calculated using the Stokes-Einstein equation (Eqn. 3.1). Values reported 

are the average of three successive 10 min runs with independent samples.  

To determine the presence of particles with diameters larger than 1000 nm, if any, 

particle size distributions were also measured using LD. The measurements were performed 

with a Malvern Mastersizer 2000S with the Hydrosizer 2000S module (Malvern Instruments, 
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Worcestershire, UK). The sample was rapidly dispersed in deionized water at 1200 rpm until 

an obscuration rate of 5 - 10 % was obtained. The background and sample integration times 

were 12 sec and 10 sec, respectively. Optical properties were defined as refractive index 

1.450 (particles), 1.330 (dispersant water) and absorption index 0.01, with the normal 

instrument calculation sensitivity and general purpose irregular particle shape selected. Each 

sample was measured in triplicate. Results were calculated with Malvern Version 5.54 

software integrating the Mie theory of diffraction186.  

Particle size distribution and characteristic particle size values such as D [4, 3], D [3, 

2], D (v, 0.1), D (v, 0.5) and D (v, 0.9) as well as span of the distribution were obtained (Eqn. 

3.2). Values reported are the averages of three consecutive runs using different samples. 

Both techniques were used to measure particle size distribution immediately, and at 4, 12, 24 

and 28 wk after SLN preparation. 

4.3.1.2 Surface charge measurement 

The zeta (ζ) potential of a colloidal sample can be used to establish its stability against 

inter-particle flocculation or collisions. It may be defined as the potential within the 

hydrodynamic shear or slipping plane of the electric double layer of a charged particle187 (Fig. 

3.2). The ζ potential of the SLNs was measured using a Brookhaven Zeta PALS Zeta 

Potential Analyzer (Brookhaven Instruments Corporation, Holtsville, NY, USA). The Zeta 

PALS determines zeta potential using the Phase Analysis Light Scattering technique, which is 

up to 1000 times more sensitive than traditional light scattering methods and avoids the 

application of large electrical fields that cause thermal problems seen in laser Doppler 

electrophoresis. Measurements were performed using an electrophoresis chamber with 

Kevlar-supported Pd electrodes in a transparent 1 cm polystyrene cell. SLN samples were 

diluted in filtered dust-free deionized water (0.22 μm PVDF Millex® GV Filter, Millipore 

Corporation, Bedford, MA, USA) and the ζ potential was determined at 25 °C. The 

instrument specified values for the dispersant (pure water) were a viscosity 0.890 cP, 

refractive index 1.330, dielectric constant 78.54 and sample pH of 4.5. The obtained 

electrophoretic mobility (Ue) values were used to estimate ζ potential by applying the Henry 

equation159 (Eqn. 3.3) explained in section 3.5. 
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All measurements were performed in triplicate on three different samples and the 

average ζ potential calculated immediately, and at 4, 12, 24 and 28 wk after SLN preparation. 

4.3.1.3 Contact angle measurements 

In order to measure contact angle, molten GSC (~75 °C) was poured into 2-inch 

diameter aluminium weigh boats at room temperature and allowed to crystallize undisturbed 

for ~ 24 hr.  The crystallized lipid was used to determine the contact angle of water or oil 

droplets on the lipid surface.  

For determination of contact angle of water droplet on the lipid surface, solidified 

cubic disks of ~1 cm3 were cut from the crystallized lipid and placed in transparent square 

polystyrene cuvettes (1 cm2 dimension), with the smooth side facing upwards. Cuvettes were 

then filled with canola oil.  A small droplet (~1 mm o. d.) of water was injected from a 

needle onto the surface of the solid lipid using a 10 ml syringe and a programmable syringe 

pump (KD Scientific, Markham, Canada) operated at 0.1 ml/min. Images of the water 

droplet were captured with a Teli CCD camera with macro lens assembly and IDS 

Falcon/Eagle Framegrabber (DataPhysics Instrument GmbH, Filderstadt, Germany). The 

spreading of the water droplet over the lipid surface was monitored for 24 hr.  Image 

analysis to determine the contact angle of the droplet against the solid surface at every time 

point was performed using SCA 20 version 2.1.5 build 16 (DataPhysics Instrument GmbH, 

Filderstadt, Germany).  

The contact angle of an oil droplet on lipid surface was determined by modifying the 

method described by Campbell166. The solidified lipid was cut into 1 cm diameter circular 

disk of ~ 5 mm thickness and placed into a 2 ml capacity Eppendorf tube with the smooth 

surface of the lipid exposed. A tiny aperture was made into the centre of the solid lipid disk 

with a 23 G1 hypodermic needle. This assembly was placed upturned into a transparent 

spectrophotometer cuvette filled with water. A small droplet (~ 1 mm o.d.) of canola oil was 

injected using a 100 µl syringe needle onto the surface of the solid lipid through the aperture. 

Images of the oil droplet were captured at regular intervals up to 12 hr as described before 

for water droplet contact angle measurements. 
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The right and left contact angles of the water/oil droplet were determined and 

average of the two values taken as the contact angle for that time point. All readings were 

repeated in triplicate and average values were calculated. The spreading rates of water droplet 

over the lipid surface were calculated from the plot of contact angle (θ) vs. time (min), by 

linear regression analysis and r2 values obtained for the various spreading rates. The 

equilibrium contact angle of oil droplets on the lipid surface was determined.  

The water-canola oil interfacial tension was determined using ASTM method 

D971167, with the DuNouy ring method (Fisher surface tensiometer Model 21, Fisher 

Scientific, Nepean, ON, Canada).  

From the equilibrium contact angle θ and water-canola oil interfacial tension γow 

values, water-solid lipid and oil-solid lipid interfacial tensions, viz. γsw and γso, were calculated 

by using the formulae16: 
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phaseoilthroughsoswow ,cos        (Eqn. 4.2) 

4.3.1.4 Differential Scanning Calorimetry (DSC) 

The degree of crystallinity of the SLNs was determined on Pyris Diamond DSC 

(Perkin-Elmer, Markham, Canada). Thermal analysis was performed on both pure GSC and 

GSC SLNs. Approximately 3-6 mg samples were weighed into DSC aluminum pans using a 

Mettler M3 microbalance (Mettler Toledo Canada, Mississauga, ON, Canada) and then 

sealed with a universal press B013-9005 (Perkin Elmer, Markham, ON, Canada). The 

thermal behaviour was determined against an empty pan in the range of 1 °C to 85 °C at a 

heating rate of 5 °C/min. The cooling rate during flash cooling to obtain our SLNs was 

monitored and was ~150 - 200 °C/min. Due to instrumental limitations, a cooling rate of 50 

°C/min was selected to observe the crystallization behaviour of the bulk and GSC SLNs. 

Freshly-prepared hot nanoemulsion samples were cooled against an empty reference pan 

from 85 °C to 1 °C at a cooling rate of 50 °C/min to simulate the flash cooling procedure 
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during SLN preparation. Additionally, GSC SLNs were subjected to 5 heating-cooling cycles 

to establish their stability during thermal analysis. 

All measurements were performed in triplicate for bulk GSC as well as GSC SLN 

samples immediately after preparation.  

4.3.1.5 Transmission Electron Microscopy (TEM) 

Copper grids (400 mesh) (Gilder, Canemco & Marivac Inc., Québec, Canada) coated 

with Formvar/carbon were glow-discharged for 15 sec to impart hydrophilicity to the 

surface and facilitate spreading of the SLNs samples onto the grid. Diluted SLN samples (10 

µl of a 1 % w/w dispersion) were placed on the grid. After 2 min, excess sample was blotted 

off with filter paper and 6 µl of aqueous 2 % (w/w) PTA were added. After 30 sec, excess 

solution was removed and the grid was dried at room temperature. Samples were viewed in a 

Hitachi H-7000 TEM (Hitachi, Tokyo, Japan) operating at an acceleration voltage of 75 - 80 

kV. Digital images were captured using an AMT XR-60 CCD camera system and analyzed 

with AMT 5.34.2 Imaging Studio (Advanced Microscopy Techniques Corporation, Danvers, 

MA, USA). Samples were observed initially and at 4, 12 and 24 wk after SLN preparation. 

4.3.1.6 Atomic Force Microscopy (AFM) 

A Bioscope Atomic Force Microscope with Nanoscope IIIa controller (Digital 

Instruments, Santa Barbara, CA, USA) was used under ambient conditions. Tapping mode 

AFM was performed with silicon nitride tips attached to cantilevers with a spring constant of 

40 mNm-1; the tip had an end-point radius of 10 nm and body angle of 30. For sample 

preparation, the SLN dispersion was diluted (1 μl ml-1) in filtered dust-free deionized water 

(0.22 μm PVDF Millex® GV Filter, Millipore Corporation, Bedford, MA, USA). Pelco® Mica 

discs of 0.21 mm thickness and 9.9 mm diameter (Ted Pella, Inc., Redding, CA, USA) were 

used as substrates for SLN mounting. The discs were mounted onto glass slides with double-

sided tape and the glass slide was immersed into the diluted SLN solution for 30 sec, after 

which the slides were removed and air dried. This gentle treatment was assumed to cause no 

or little alteration in the specimens resulting in a much easier interpretation of images. 

Samples were analyzed initially and at 24 wk after SLN preparation. 
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4.3.2 Characterization of SLN decorated oil-in-water emulsions 

4.3.2.1 Particle size analysis  

The droplet size distributions of o/w emulsions were analyzed by laser diffraction 

technique using a Malvern Mastersizer 2000S (Malvern Instruments, Worcestershire, UK) 

equipped with a Hydro S dispersion cell. A small sample of each emulsion was dispersed into 

a bath of deionized water within the dispersion cell. The diluted emulsion was circulated 

through the measuring cell at a speed of 1200 rpm until obscuration in the range of 5 - 10 % 

was obtained. The scattering recorded was deconvoluted to produce a particle size 

distribution using a conversion algorithm based on the Mie theory. Samples were analyzed 

immediately and at 4, 12 and 24 wk following emulsion preparation. Volume-weighted 

particle sizes and distributions were obtained from the analysis. 

4.3.2.2 Surface charge measurement 

As per the SLN analyses, the emulsion droplets‘ ζ potential was also measured using 

a Brookhaven ZetaPALS unit (Brookhaven Instruments Corporation, Holtsville, NY, USA). 

Emulsion samples were diluted in filtered dust-free deionized water (0.22 μm PVDF Millex® 

GV Filter, Millipore Corporation, Bedford, MA, USA) and the ζ potential determined at 25 

°C. The instrument specified values for the dispersant (pure water) were a viscosity 0.890 cP, 

refractive index 1.330, dielectric constant 78.54 and sample pH of 4.6 with the 

Smoluchowski approximation applied. All measurements were done in triplicate on three 

different samples and the average ζ potential measured immediately and after 4, 12 and 24 

wk following emulsion preparation. 

4.3.2.3 Inverted light microscopy 

The o/w emulsion droplets were examined using inverted light microscope. Images 

were observed with a 63X objective and a 10X lens using a 1.6 magnifier (giving a total 

magnification of 1008X) using a Zeiss Axiovert 200M inverted light microscope (Zeiss 

Canada, Toronto, ON, Canada). Images were captured with a CCD camera and analysed 

with Northern Eclipse software, Version 7.0 (Empix Imaging, Inc., Mississauga, ON, 

Canada). Microscopy was performed initially and at 24 wk after emulsion preparation. 
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4.3.2.4 Transmission Electron Microscopy (TEM) 

As per the SLN characterization, the ultra-structure of smaller-sized SLN-stabilized 

emulsion droplets were also investigated by TEM using negative staining. Copper grids (400 

mesh) (Gilder, Canemco & Marivac Inc., Québec, Canada) coated with Formvar/carbon 

were glow-discharged for 15 sec as per the SLN samples. A 10 µl of the diluted sample of 

the emulsion (1 in 25) was placed on the grid. The procedure outlined earlier for GSC SLNs 

was followed for the o/w emulsions. Samples were characterized initially and at 4, 12, 15 and 

24 wk after emulsion preparation.  

4.4 Results  

4.4.1 Characterization of GSC SLNs  

4.4.1.1 Particle size analysis 

Particle sizing is an indicator of SLN (in)stability as in most cases, an increase in 

particle size takes place before macroscopic (visual) changes occur5. A well-formulated 

submicron colloidal system will typically display a narrow particle size distribution. Tables 

4.1 and 4.2 show the mean diameter values and reproducibility of the SLN production 

process by DLS and LD, respectively. Figures 4.4 and 4.5 show the particle size distributions 

via DLS and LD measurements, respectively. As seen from the results, excellent 

reproducibility is demonstrated. 

Table 4.1: DLS measurements showing unimodal and bimodal particle size distributions of 

3 batches of GSC SLNs. All data are means ± standard deviations )( sX   for n = 3 

replicates per batch. No significant differences were observed between batches (p > 0.05). 

Parameters Batch 1 Batch 2 Batch 3 

Unimodal distribution 

Effective diameter(nm) 175.5 ± 4.1 171.7 ± 8.1 179.6 ± 5.7 

Polydispersity index 0.19 ± 0.02 0.20 ± 0.01 0.14 ± 0.00 

Bimodal distribution 

Mean diameter (nm) 201.2 ± 7.0 193.6 ± 6.8 205.3 ± 1.7 
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Figure 4.4: DLS particle size distributions (unimodal) of 3 batches of GSC SLNs.  

Table 4.2: LD measurements showing particle size distribution data of 3 batches of GSC 

SLNs. All data are means ± standard deviations )( sX   for n = 3 replicates per batch. No 

significant differences were observed between batches (p > 0.05).  

Parameters Batch 1 Batch 2 Batch 3 

D [4, 3] (nm) 157.7 ± 0.6 160.3 ± 0.6 157.2 ± 1.5 

D [3, 2] (nm) 143.0 ± 1.0 143.3 ± 0.6 145.0 ± 2.5 

D (v, 0.1) (nm)  100.0 ± 1.7 97.7 ± 0.6 95.4 ± 3.2 

D (v, 0.5) (nm)  152.0 ± 0.0 153.7 ± 1.2 151.3 ± 1.7 

D (v, 0.9) (nm) 221.7 ± 3.2 227.7 ± 2.3 226.3 ± 2.1 

Span 798.0 ± 32.9 868.0 ± 13.0 849.0 ± 45.5 
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Figure 4.5: LD particle size distributions of 3 batches of GSC SLNs. 

There were no within-replicate differences in average particle size observed (p>0.05). 

The LD mass median diameter D (v, 0.5) was always smaller than with DLS, as the latter 

determines hydrodynamic radii, which are usually larger than the solid sphere radii 

determined via LD131, 188, 189. The intensity-based polydispersity occurred as a result of a small 

population of larger-sized SLNs that skewed the distribution towards higher values. LD 

measurements indicated that > 90% of particles were < 230 nm in all batches.  

Investigations were made as to whether the process of flash cooling was required to 

generate the SLNs. A trial batch was cooled to room temperature without flash cooling and 

particle size analysis by DLS and LD performed. DLS measurements revealed an effective 

diameter of 173.6 ± 0.5 nm, with a polydispersity index of 0.30 ± 0.1 and bimodal mean 

particle size of 250.4 ± 7.7 nm. Thus, although no significant difference (p>0.05) was 

observed in effective diameter, a significantly higher (p<0.05) polydispersity index and 

bimodal mean particle size values than those for flash-cooled SLNs were observed for room 

temperature-cooled SLNs. Micron-sized particles were detected with LD measurements. The 

D [3, 2], D (v, 0.1), and D (v, 0.5) values were 149.6 ± 4.4 nm, 81.7 ± 0.6 nm and 156.3 ± 

3.2 nm, respectively. These values were not significantly different (p>0.05) from the values 
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for flash-cooled SLNs. However, D [4, 3] and D (v, 0.9) values were 14.7 ± 6.9 µm and 54.0 

± 48.6 µm, respectively, (p<0.05), suggesting that flash cooling was an important step in the 

generation of the SLNs. 

The SLN colloidal suspensions appeared milky white and homogeneous with no 

sedimentation over 28 wk. While the DLS unimodal results (Table 4.3 and Figure 4.6) 

suggested no significant changes in effective diameter up to 28 wk, multimodal analysis 

revealed a truer picture of the particle size distribution.  

Table 4.3: DLS measurements showing unimodal and bimodal particle size distributions of 
refrigerated samples of GSC SLNs at various time points. All data are means ± standard 

deviations )( sX   for n = 3 replicates per time point. 

Parameters Initial 4 wk 12 wk 24 wk 28 wk 

Unimodal distribution      

Effective diameter(nm) 175.5 ± 4.1 182.5 ± 0.9 180.1 ± 7.1 173.8 ± 2.2 178.3 ± 2.7 

Polydispersity index 0.19 ± 0.02 0.14 ± 0.01 0.18 ± 0.04 0.22 ± 0.01* 0.22 ± 0.01* 

Bimodal distribution      

Mean diameter (nm) 201.2 ± 7.0 200.7 ± 3.5 207.2 ± 0.9 208.4 ± 2.6 213.8 ± 3.7* 

* Statistically significant at p<0.05  
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Figure 4.6: DLS measurements showing particle size distributions (unimodal and bimodal) 
of refrigerated samples of GSC SLNs at various time points. 

Significant differences were observed in both the lower and upper ranges (data not 

shown) of the bimodal distribution curves from 12 wk onwards (p<0.05). Two factors likely 

explained these results. In a polydisperse sample, Ostwald ripening dictates that smaller 

particles will have a higher solubility than larger particles and will tend to dissolve whereas 

larger droplets will tend to grow35. It was observed that smaller particles disappeared with 

time, resulting in an increase in the lower and upper particle range values in the multimodal 

data. The end result was the formation of larger particles, based on a significant increase in 

the polydispersity index of the distribution, observed at 24 wk. Secondly, there may have 

been SLN-SLN accretion, resulting in larger particles. The bimodal distribution pointed 

towards changes in mean diameter only at 28 wk. Thus, a critical evaluation of both 

unimodal and multimodal data, including lower and upper particle range limits, obtained by 

DLS measurement was necessary to correctly assess the stability of the SLNs.  

By contrast, the LD results (Table 4.4 and Figure 4.7) showed a statistically 

significant increase (p<0.05) in the span of the distribution from 12 wk onwards, suggesting 

SLN aggregation and/or particle growth. 
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Table 4.4: LD measurements showing particle size distribution data of refrigerated samples 

of GSC SLNs at various time points. All data are means ± standard deviations )( sX   for n 

= 3 replicates per time point.  

Parameters Initial 4 wk 12 wk 24 wk 28 wk 

D [4, 3] (nm) 157.7 ± 0.6 163.7 ± 1.2 158.7 ± 2.5 164.3 ± 1.5 3958.0 ± 178.9 

D [3, 2] (nm) 143.0 ± 1.0 145.7 ± 2.1 137.3 ± 4.5 140.7 ± 3.1 149.0 ± 1.0 

D (v, 0.1) (nm)  100.0 ± 1.7 98.7 ± 3.1 88.3 ± 5.5 90.3 ± 3.5 97.0 ± 1.1 

D (v, 0.5) (nm) 152.0 ± 0.9 157.3 ± 1.5 150.7 ± 3.5 155.0 ± 2.0 151.0 ± 0.9 

D (v, 0.9) (nm) 221.7 ± 3.2 228.3 ± 2.0 241.7 ± 3.2* 251.7 ± 1.5* 254.0 ± 1.7* 

Span 798.0 ± 32.9 884.3 ± 36.7 1019.0 ± 82.7* 1043.0 ± 46.1* 1039.0 ± 12.3 

* Statistically significant at p<0.05  
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Figure 4.7: LD measurements showing particle size distribution of refrigerated samples of 
GSC SLNs at various time points 

The D [4, 3] and D [3, 2] values were significantly higher (p<0.05) at 28 wk than at 0, 

4, 12 and 24 wk, which was due to the presence of particles in the 2-200 μm range that 

appeared with time. The D (v, 0.9) diameter is sensitive to the presence of even a few large 

particles, with higher values indicating the presence of micron-sized particles190. The D (v, 
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0.9) of the SLN suspensions up to 4 wk was below 230 nm, indicating the absence of 

micrometre-sized particles. However, D (v, 0.9) values significantly increased (p<0.05) from 

12 wk onwards, suggesting an increase in particle size. LD does not differentiate between 

agglomerated and larger individual particles173. Unimodal data, obtained by DLS 

measurements, though useful, does not accurately reflect the true particle size distribution. 

Rather, multimodal data provides a truer idea of the distribution, leading to a more 

conclusive view of the stability of SLN dispersions.  

4.4.1.2 Surface charge measurement 

The ζ potential is a measure of the global surface charge on a colloid. As a result, it 

can help predict the physical stability of colloidal dispersions. Large negative or positive 

values indicate a higher stability as the particles are more highly-charged, and repel one 

another more intensely preventing aggregation187.  ζ potential values of ± 30 mV are 

generally considered the dividing line between stable and unstable emulsions14, 51, 187, with 

optimal electrostatic repulsion at > ± 60 mV. Values between 5-15 mV suggest systems that 

are undergoing limited flocculation whereas values of 3-5 mV indicate unstable systems that 

rapidly flocculate5. For systems that contain a steric stabilizer, the cumulative electrostatic 

and steric stabilization effects provide accrued stability at lower values51. 

An initial net negative ζ potential value of ca. -49  mV was observed at pH 4.5 at 25 

°C, and stayed constant for 28 wk (p>0.05) (Table 4.5). As GSC is esterified with citric 

acid179,  GSC-based SLNs have surface –OH and –COOH groups that dissociate in an 

aqueous environment191, leading to a net negative charge. 

Table 4.5: Zeta potential of refrigerated samples of GSC SLNs at various time points. All 

data are means ± standard deviations )( sX   for n = 3 replicates per time point. No 

significant differences were observed between batches (p > 0.05).  

Parameter Initial 4 wk 12 wk 24 wk 28 wk 

ζ (mV) -48.8 ± 1.9 -47.7 ± 2.0 -46.3 ± 4.1 -49.0 ± 1.3 -46.7 ± 3.7 

 

Although the particle size data indicated the presence of aggregates and an increase 

in particle size suggesting particle growth, ζ potential values did not reflect this change. Fine 
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particles repeatedly collide with each other due to their thermal motion and van der Waals 

interactions. As per the DLVO theory, highly-charged or polar surfaces will in theory 

demonstrate strong long-range repulsion, as the energy barrier is too high for the particles to 

overcome192. Nevertheless, perikinetic collisions between SLNs and/or Ostwald ripening led 

to an increase in particle size. As noted, the ζ potential for the SLN dispersions was smaller 

than the -60  mV threshold required for full electrostatic stabilization5, 193  

4.4.1.3 Contact angle measurements  

In order to understand how the water, GSC and oil interacted, the θ evolution of a 

water droplet in canola oil on solid GSC was monitored for 24 hr (Figure 4.8). Following 

deposition, there was a significant change in θ.   

      

 

      

 

      

 

     

 

 

Figure 4.8: Contact angle measurements of water droplet in canola oil spreading on a solid 

GSC surface at various time points. All data are means ± standard deviations )( sX   for n 

= 3 replicates per time point.   
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Figure 4.9: Average contact angle (θ) of a water drop spreading over the GSC surface vs 
time (min).  

Initially, θ decreased rapidly, only to slow with time. The spreading rate was 

calculated from the curve (Figure 4.9) and distinct regions were identified: 

 An initial region of instantaneous spreading: Within 1 min of placing the drop on the 

lipid surface, the spreading rate was 47.6°/min (r2 = 0.99).  

 An intermediate region of gradual spreading stratified into: A rapid spreading phase 

within the first 15 min - the spreading rate was 1.37°/min (r2 = 0.99), followed by a 

gradual spreading phase up to 3 hr - the spreading rate was 0.21°/min (r2 = 0.99).  

 A final region of slow spreading (up to 10 hr), with a spreading rate of 0.07°/min (r2 = 

1). After 10 hr, the spreading rate further decreased to 0.01°/min (r2 = 1) up to 24 hr. 

Thus, an equilibrium θ could not be obtained from the water droplet θ 

measurements. In order to understand how the oil drop would spread on the surface of 

GSC, the θ evolution of an oil droplet in water on solid GSC was monitored for 12 hr 

(Figure 4.10). 
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Figure 4.10: Contact angle measurements of oil droplet in water on a solid GSC surface at 

various time points. All data are means ± standard deviations )( sX   for n = 3 replicates 

per time point.   
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Figure 4.11: Average contact angle (θ) of an oil drop spreading over the GSC surface vs 
time (min).  

Following deposition, the initial spreading rate (Figure 4.11) was 3.14°/min within 5 

min of placing the drop on the solid lipid (r2=1). The spreading rate dropped to 0.42°/min at 
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30 min (r2=0.99), and further to 0.06°/min at 240 min (r2=0.99), after which equilibrium was 

observed up to 720 min. The equilibrium θ was 108.7 ± 1.7° measured through oil phase. 

During the equilibrium phase, the spreading rate fluctuated between 0.02-0.01°/min (r2=1). 

With γow = 28.8 mN.m-1, from Equations 4.1 and 4.2, γsw and γso were 99.8 and 109.0 mN∙m-1, 

respectively. It is known that if γow> γsw+ γso, the particles will be wetted by both phases and 

position themselves at the interface16. From Equations 4.1 and 4.2 and our calculated 

interfacial tension values, 28.8 > 109.0 - 99.8 (= 9.2), thus suggesting that the GSC SLNs 

would effectively position themselves at the oil-water interface. 

4.4.1.4 Differential Scanning Calorimetry (DSC) 

DSC was used to investigate the melting and crystallization behaviour of the SLNs. 

Thermograms presented in Figures 4.12A and B show the melting and crystallization curves 

of the GSC in the bulk and as SLNs, respectively. Table 4.6 presents the values of the onset 

and peak temperatures and enthalpy for the bulk GSC and GSC SLNs during their melting 

and crystallization transitions.  
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(A) Melting thermograms    (B) Crystallization thermograms 

Figure 4.12: DSC (A) melting and (B) crystallization thermograms of the bulk GSC (——) 
and GSC SLNs (------). Samples were heated from 1 °C to 85 °C at a rate of 5 °C/min for 
the melting curves and cooled from 85 °C to 1 °C at a rate of 50 °C/min for the 
crystallization curves. Note differences in the y-axis scales.  
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Table 4.6: Melting and crystallization transitions for bulk GSC and GSC SLNs. All data are 

means ± standard deviations )( sX   for n = 3 replicates per run. 

Parameters 
Bulk GSC GSC SLNs 

Melting Crystallization Melting Crystallization 

Onset temperature (°C) 59.8 ± 0.4 52.1 ± 0.1 53.7 ± 0.1* 53.1 ± 0.4* 

Peak temperature (°C) 63.1 ± 0.4 48.0 ± 0.5 56.6 ± 0.1* 49.0 ± 0.4 

Enthalpy ∆H (J/g) 91.2 ± 0.4 -77.8 ± 1.6 87.9 ± 2.4 -135.3 ± 10.2* 

* Statistically significant at p<0.05 

For the melting curves, bulk GSC showed a single broad endothermic peak with an 

onset temperature of ~60 °C and an enthalpy of ~91 J/g. By comparison, the SLNs melted 

at significantly lower temperatures (~54 °C) (p<0.05) with an enthalpy similar to the bulk 

GSC. Dispersions usually exhibit broader transitions and lower melting points than an 

equivalent material in the bulk, which is strongly dependent on particle size195. The broad 

peak of GSC SLNs is thought to result from multiple melting events that take place due to 

different-sized particles present 196, 197. For the crystallization curves, bulk GSC showed a 

single broad exothermic peak with an onset temperature of ~52 °C and an enthalpy of ~78 

J/g. The SLNs crystallized at essentially the same temperature as the bulk GSC, with a 

significantly higher enthalpy of ~-135 J/g. The similar crystallization temperatures were 

unexpected, and contrary to widely-reported results that commonly indicate a delay of ~20 

°C in lipid dispersions compared to bulk lipids52, 151, 196.  

The crystallization curves thus provided useful information on the nucleation 

mechanism in SLNs, i.e., whether homogeneous, surface-heterogeneous or volume-

heterogeneous nucleation was dominant114. During lipid crystallization, heterogeneous 

nucleation normally occurs much more readily than homogeneous nucleation since it is 

kinetically more favourable198. The presence of catalytic impurities such as phase boundaries, 

dust or foreign particles reduces free energy and promotes heterogeneous nucleation.  

At the nano-scale, the small size of nanodroplets results in a low probability of 

finding now-compartmentalized catalytic impurities within individual droplets, thereby 

suppressing heterogeneous nucleation32, 199. Homogeneous nucleation thus predominates, 
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resulting in decreased crystallization temperatures , as has been reported in many SLN 

studies, e.g., with palm stearin 200 and trilaurin197. 

Unexpectedly, this was not the case in the present work, suggesting that 

heterogeneous nucleation was the dominant process. In seminal work by Krog and Larsson, 

they hypothesized that monoglycerides (as per the present research) accumulate at the 

interface in such a way that their orientation resembles that in the crystalline state201. In the 

crystalline form, the hydrocarbon chains are arranged in monolayers and polar head groups 

of adjacent layers interact via hydrogen bonding, reflecting their amphiphilic characteristics28. 

Upon emulsification and cooling, the emulsifier crystals expose their methyl end group 

towards oil and polar heads towards water, thus behaving as surface-active crystals and 

initiating monoglyceride crystallization at the oil-water interface201. Thus, interaction at the 

interface between the solidifying particle and supersaturated fluid acts as a template for 

heterogeneous nucleation202.  

In our SLN systems, such interfacial heterogeneous nucleation likely occurred, as has 

been reported by Bunjes et al. in phospholipid-stabilized dispersions49, Helgason et al. for 

high-melting surfactants114, Ueno et al. in n-alkane crystal-stabilized emulsion droplets203 and 

Arima et al. in o/w emulsions stabilized by hydrophobic sucrose palmitic acid oligoesters204.  

To further evaluate the influence of thermal treatment on crystallization behaviour 

and assess the crystallization stability of the nano-dispersions, GSC SLNs were melted and 

crystallized repeatedly for 5 cycles via DSC. Figure 4.13 (A) and (B) represent the melting 

and crystallization transitions of the 5 cycles, respectively, and Table 4.7 displays the melting 

and crystallization peaks obtained along with the particle size distributions before and after 

the completion of the cycle.  
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      (A) Melting thermograms        (B) Crystallization thermograms 

Figure 4.13: DSC (A) melting and (B) crystallization thermograms of GSC SLNs for 5 
heating – cooling cycles. Samples were heated from 1 °C to 85 °C at a rate of 5 °C/min and 
cooled from 85 °C to 1 °C at a rate of 50 °C/min for 5 consecutive cycles.  

Table 4.7: Melting and crystallization transitions for GSC SLNs for 5 heating-cooling 
cycles, along with the DLS particle size distribution data before and after the run. All data 

are means ± standard deviations )( sX   for n = 3 replicates per run.  

Peak temperature (°C) 
GSC SLNs 

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 

Melting  57.9 ± 0.1 56.6 ± 0.1* 57.7 ± 0.1 57.8 ± 0.0 57.8 ± 0.1 

Crystallization 49.2 ± 0.8 49.5 ± 0.5 49.7 ± 0.5 49.7 ± 0.5 49.7 ± 0.5 

Effective diameter (nm) 191.9 ± 4.2 - - - 193.2 ± 1.2 

Polydispersity index 0.20 ± 0.02 - - - 0.23 ± 0.01 

* Statistically significant at p<0.05 

The thermal treatment of the dispersions did not cause a significant increase 

(p>0.05) in the effective mean particle diameter at the end of 5 cycles, thus indicating and 

confirming the stability of the sample. The crystallization temperatures showed excellent 

overlap strongly supporting the hypothesis of interfacial heterogeneous nucleation occurring 

during crystallization of the surface-active GSC SLNs. 
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4.4.1.5 Transmission Electron Microscopy (TEM) 

Figures 4.14A, B, C and D shows TEM micrographs recorded initially, and at 4 wk, 

12 wk and 24 wk after SLN preparation.  

  
 

(A) Initial      (B) At 4 wk 

  

(C) At 12 wk      (D) At 24 wk 

Figure 4.14: TEM micrographs of GSC SLNs at initial (A), 4 wk (B), 12 wk (C) and 24 wk 

(D) after preparation. 
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TEM examination of freshly-prepared SLNs revealed well-defined anisometric, 

ellipsoidal particles. Edge-on, the particles appeared as rods or needles with a thickness of 

~10-20 nm. The mean particle size obtained was in the range of 20-140 nm, which was 

closer to the lower range of mean particle size distributions observed in DLS and much 

closer to the D [4, 3] data obtained by LD measurements. Little change was observed after 4 

and 12 wk. After 24 wk, the particle size and shape remained essentially unaltered. However, 

some aggregates were observed. 

4.4.1.6 Atomic Force Microscopy (AFM) 

AFM imaging of SLNs were conducted to further obtain information on SLN 

morphology and size. Figures 4.15A and B show the 2-D AFM height scans of the SLNs 

dispersions initially and at 24 wk.  

  

(A) Initial      (B) At 24 wk 

Figure 4.15: AFM height images of GSC SLNs at initial (A) and 24 wk (B) after SLN 

preparation. 

As observed with TEM, AFM confirmed that the SLNs were circular to ellipsoidal in 

shape with a smooth surface. The SLNs tended to cluster, which may have been due to the 

sample preparation method where the colloidal suspension was dried onto the mica surface, 

causing some aggregation.  

Two indices that provide information on the overall shape of a particle are the 

degree of elongation and the degree of flatness. The degree of elongation or aspect ratio is 
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an index that provides information on whether the particle is long and slender or short and 

rounded and is given by205: 

axisMinor

axisMajor
ratioAspect        (Eqn. 4.3) 

whereas the degree of flatness is a ratio given by the formula205: 

Thickness

axisMinor
flatnessofDegree       (Eqn. 4.4) 

The SLN aspect ratio, degree of flatness, thickness, length and width in nm initially 

and after 24 wk are shown in Table 4.8. 

Table 4.8: SLN particle shape from AFM analysis initially and after 24 wk. All data are 

means ± standard deviations )( sX   for n = 3 replicates per run. No significant differences 

were observed after 24 wk (p > 0.05). 

Parameter  Initial 24 wk 

Aspect ratio 1.4 ±  0.1 1.4 ± 0.1 

Degree of flatness  4.6 ± 0.8 5.1 ± 0.6 

Thickness (nm) 24.9 ± 7.3 23.4 ± 6.8 

Length (nm) 155.5 ± 25.2 162.8 ± 28.9 

Width (nm) 110.7 ± 19.9 117.3 ± 25.7 

As per the TEM micrographs, over 24 wk, the particle dimensions, aspect ratio and 

degree of flatness remained essentially unchanged. 

4.4.2 Characterization of SLN decorated oil-in-water emulsions  

4.4.2.1 Particle size analysis 

The o/w emulsions were prepared by high pressure homogenization using GSC 

SLNs as the sole emulsifying agent. The resultant o/w emulsions had a pH of ~4.6 and a 

pale pink appearance due to addition of Nile Red to the oily phase. The emulsion-making 
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protocol was highly-reproducible, based on the particle size distribution measured by LD 

(Table 4.9 and Figure 4.16). 

Table 4.9: LD measurements showing the particle size distribution data of 3 batches of 

SLN decorated o/w emulsions. All data are means ± standard deviations )( sX   for n = 3 

replicates per batch. No significant differences were observed between batches (p > 0.05). 

Parameters Batch 1 Batch 2 Batch 3 

D [4, 3] (nm) 460.0 ± 3.0 459.0 ±1.0 459.4 ± 2.0 

D [3, 2] (nm) 324.3 ± 2.1 323.0 ± 4.4 321.0 ± 1.4 

D (v, 0.1) (nm) 169.0 ± 1.0 168.0 ± 3.5 166.0 ± 2.6 

D (v, 0.5) (nm) 399.7 ± 2.5 401.3 ± 2.3 400.4 ± 1.5 

D (v, 0.9) (nm) 842.3 ± 4.5 838.3 ± 4.6 841.9 ± 2.4 

Span 1683.3 ± 3.1 1670.3 ± 29.7 1686.0 ± 10.1 

 

Particle size (nm )

1 10 100 1000 10000

%
 V

o
lu

m
e

0

2

4

6

8

10

B atch 1 

B atch 2 

B atch 3 

 

Figure 4.16: LD-measured droplet size distributions showing the reproducibility of 3 
batches of SLN decorated o/w emulsions. 

The initial average volume-weighted diameter of the dispersed oil droplets was 459.5 

± 0.5 nm and D (v, 0.9) was 840.8 ± 2.2 nm. The span of the distribution was 1679.9 ± 8.4 

nm, which indicated a broad particle size distribution. The volume distribution curve 

displayed a shoulder at ~200 nm that resulted from the presence of the GSC SLNs (Figure 
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4.16). The breadth of the emulsion distributions was relatively high as it consisted of SLN-

covered dispersed droplets and perhaps free SLNs not associated with oil droplets. 

The emulsions were aged 24 wk and the evolution in their particle size distribution 

noted (Table 4.10). No significant differences in the LD measurements were observed in 

emulsions up to 12 wk (p>0.05). At 24 wk, however, the emulsions had a significant 

(p<0.05) secondary population of droplets of a much larger size (Figure 4.17). 

Table 4.10: LD measurements showing the particle size distribution data of refrigerated 
samples of SLN decorated o/w emulsions at various time points. All data are means ± 

standard deviations )( sX   for n = 3 replicates per time point.  

Parameter  Initial 4 wk 12 wk 24 wk 

D [4, 3] (nm) 460.0 ± 3.0 460.3 ± 2.3 452.7 ± 4.5 1992.7 ± 1139.4* 

D [3, 2] (nm) 324.3 ± 2.1 320.0 ± 2.6 321.7 ± 2.3 372.3 ± 6.0* 

D (v, 0.1) (nm) 169.0 ± 1.0 165.3 ± 1.5 166.4 ± 1.4 179.3 ± 2.5* 

D (v, 0.5) (nm)  399.7 ± 2.5 398.0 ± 2.6 392.3 ± 4.0 477.3 ± 9.1* 

D (v, 0.9) (nm) 842.3 ± 4.5 851.3 ± 3.2 835.0 ± 11.1 1226.0 ± 144.7* 

Span  1683.3 ± 3.1 1724.7 ± 8.5 1715.3 ± 13.1 2190.0 ± 270.2* 

* Statistically significant at p<0.05  
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Figure 4.17: LD measurements showing the particle size distributions of refrigerated 
samples of SLN decorated o/w emulsions at various time points. 
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The distribution data revealed a decrease in the amount of particles sized 100-700 

nm, while the portion of particles with diameters of 800-1700 nm increased, due to SLN 

Ostwald ripening or particle aggregation. This was coupled with an increase in particle size 

(up to ~200 μm), resulting from flocculation and/or coalescence of oil droplets (Figure 

4.17).Visually, a thin, creamy pink-coloured oily layer was present on the emulsions after 12 

wk. Over 24 wk, the breadth of the distribution widened ~1.3 x whereas the D [4, 3] 

increased 5 x. Overall, the emulsions remained stable for 12 wk. By 24 wk, there was an 

increase in droplet and/or SLN particle diameter as the emulsions started to destabilize. 

4.4.2.2 Surface charge measurement 

GSC SLNs present in our o/w emulsions had a negative ζ potential as discussed 

earlier (Section 4.4.1.2). Thus, the emulsions showed a net negative charge of ca. -42 mV, 

which was constant up to 12 wk. By 24 wk, ζ potential had dropped significantly to -33 mV 

(p<0.05) (Table 4.11).  

Table 4.11: Zeta potential measurements of refrigerated samples of SLN decorated o/w 

emulsions at various time points. All data are means ± standard deviations )( sX   for n = 

3 replicates per time point. 

Parameter  Initial 4 wk 12 wk 24 wk 

ζ (mV) -42.5 ± 1.5 -43.1 ± 2.1 -43.8 ± 2.8 -32.9± 1.8* 

* Statistically significant at p<0.05 

The drop in ζ potential was due to droplet-droplet aggregation and/or coalescence as 

no ζ potential reduction was observed for the SLNs, in spite of their aggregation. Hence, in 

the emulsions, ζ potential reflected demulsification, likely as a result of SLN desorption or 

probable dissolution, which resulted in droplet-droplet interactions leading to aggregation 

and/or coalescence events, and subsequent emulsion instability. 

4.4.2.3 Inverted light microscopy 

Particle size analysis by LD showed that the dispersed oil droplets were micron-

sized. Hence, inverted microscopy was used to observe any macroscopic changes such as 

droplet flocculation or coalescence during storage. The images of the emulsions are 

displayed in Figure 4.18 A and B for the initial and 24 wk samples respectively. 
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(A) Initial      (B) At 24 wk 

Figure 4.18: Inverted light microscopy of SLN decorated o/w emulsions at initial (A) and 
24 wk (B) after emulsion preparation. 

As can be seen from Figure 4.18(A), the freshly-prepared emulsions showed a 

uniform distribution of individual oil droplets. At 24 wk (B), aggregated and larger droplets 

were present, the result of flocculation-induced coalescence. 

4.4.2.4 Transmission Electron Microscopy (TEM) 

TEM scans of the SLN decorated o/w emulsions were visualized initially, and at 4, 

12, 15 and 24 wk after preparation (Figures 4.19 A - E).  

The images showed GSC SLNs adsorbed onto the oil droplets as mono- and/or 

multi-layers (white solid arrows). Surface coverage by the SLNs appeared to depend on 

droplet size, with smaller droplets much more densely covered than larger ones. The particle 

size of the GSC SLNs was in the range of 20-120 nm, in agreement with the particle size 

distribution of the GSC SLNs. Oil droplets were about 250-400 nm in diameter, in 

agreement with the LD measurements. Free SLNs could be seen in the images around the 

dispersed droplets. 
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(A) Initial  

  

(B) At 4 wk      (C) At 12 wk  
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(D) At 15 wk      (E) At 24 wk 

Figure 4.19:  TEM micrographs of SLN decorated o/w emulsions at various time points 
(Arrows explained in text). 

TEM images confirmed the adsorption of GSC SLNs onto oil droplets for up to 12 

wk. At 15 wk, it was observed that although smaller oil droplets were still covered with SLNs 

(white arrows), the surface of the larger oil droplets were devoid of SLNs (white dotted 

arrows), an indication that the emulsions were starting to destabilize, though the oil droplets 

were still intact and hadn‘t coalesced. At 24 wk, there was a clear and almost complete 

dissociation of the SLNs (white solid arrows) from the droplet surface, with the oil droplets 

now coalescencing (black solid arrows).  

It is well known that better Pickering-type stabilization is achieved with complete 

droplet coverage by particles. However, our oil droplets did not show complete coverage by 

solid SLN particles. Vignati et al. have reported stable o/w emulsions with only 5 % droplet 

coverage of monodisperse, hydrophobic silica colloidal particles8 and they proposed 

monolayer bridging between particles as the mechanism responsible for preventing 

coalescence between droplets. There was no evidence of such monolayer bridging between 

lipid particles from TEM images in our emulsion samples.  
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However, as pointed earlier, if γow> γsw+ γso, the particles will be wetted by both 

phases and position themselves at the interface. From Equations 4.1 and 4.2 and our 

calculated interfacial tension values as mentioned in section 4.4.1.3, the SLNs would be 

positioned at the interface due to favourable θ as represented below (Figure 4.20). The 

equilibrium distance of a single spherical SLN particle of radius ~100 nm, immersed within 

the oil-water interface is given by 1-cos θ and the free energy of displacement (∆Gd) for this 

particle will be given by Eqn. 2.916, 152. Thus, the equilibrium distance calculated with 

equilibrium θ of 108.7° through oil phase will be 1.32° and the ∆Gd will be 3.94 x 105 kT, at 

room temperature. Thus, the particle embedded at the oil-water interface is trapped in a 

deep energy well, indicating that the repulsion potential is much larger than the attraction 

potential. 

 

Figure 4.20:  Probable positioning of GSC SLN at the oil-water interface in SLN 

decorated o/w emulsions. 

In regards to o/w emulsion destabilization and apparent removal of the SLNs from 

the interface, there are two possible mechanisms. As previously discussed and confirmed by 

the TEM images, there appeared to be SLN desorption from the interface into the 

continuous aqueous phase. This was somewhat unusual as their interfacial attachment energy 

was many orders above kT. LD measurements, however, did not support this possibility. If 

the SLNs indeed desorbed from the interface, there should have been a concomitant 

increase in the LD peak intensity associated with free SLNs, which was not the case.  

Another possible destabilization mechanism was based on Ostwald ripening. As 

explained in section 1.3.5, the Laplace pressure differential ∆P is directly proportional to 

 

ow 

sw so 

Oil 

Solid lipid 

Water  

sw 

ow 

so Oil phase 

Aqueous phase  

 

SLN  
Equilibrium distance 



 

73 

interfacial tension between the solid substrate and liquid droplet surface and inversely 

proportional to the radius of the droplet. Thus, the internal pressure of a water droplet 

increases from 1.4 x 10-3 atm with a 1 mm water droplet radius to 1.4 x 102 atm with a 10 nm 

radius. Thus, ∆P becomes enormous when droplet size approaches molecular dimensions. 

As the SLNs had a very high Laplace pressure on account of their nano-size, they were likely 

subjected to Ostwald ripening leading to an increase in SLN size and/or dissolution into the 

dispersed oil phase. This ultimately led to their disappearance from the interface. This 

hypothesis is supported by the lack of change in the LD peak component associated with 

free, desorbed SLNs and the gradual appearance of larger-sized particles up to 100 µm. 

As the high SLN attachment energy would have made it unlikely for the SLNs to 

desorb from the interface, larger SLN particles were formed at the expense of smaller SLNs, 

which eventually disappeared, thus causing an increase in average particle/droplet diameter. 

Comparison of the SLN and emulsion size distributions by LD also indicated the presence 

of similar-sized particles after 24/28 weeks.  

4.5 Conclusion 

Obtaining a stable emulsion system is strongly dependent on the selection of an 

appropriate emulsifier. The concept of using SLNs as emulsion stabilizers in food products 

is relatively new and in its developmental stage. SLNs of the lipid GSC were prepared 

successfully and were found to retain their particle size, shape and surface charge for a 

period of up to 24 wk. These nanoparticles were able to emulsify and stabilize oil-in-water 

emulsions for at least 12 wk. GSC SLNs were adsorbed at the oil/water interface and 

prevented coalescence of oil droplets by steric hindrance. Overall, the GSC SLNs were 

effectively used as emulsifiers to generate oil-in-water emulsions. Efforts now need to be 

directed towards maintaining the stability over a longer period of time. 
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Chapter 5 

OVERALL CONCLUSIONS 

5.0 Overall conclusions 

Solid lipid nanoparticles (SLNs) were fabricated from the GRAS food-grade lipid 

glyceryl stearate citrate (GSC), which possesses emulsifying properties. SLNs were prepared 

by hot-melt emulsification and high-pressure homogenization. The resultant oil-in-water 

nanoemulsion was flash-cooled to obtain GSC SLNs, which were characterized for particle 

size and size distribution, surface charge measurement, thermal analysis and ultra-structure 

by TEM and AFM studies.  

The SLNs were negatively-charged with an effective mean diameter of ~180 nm 

(DLS analysis) and a volume-weighted mean diameter ~152 nm (LD measurement). They 

remained stable for 24 wk, although evidence of particle aggregation was visible from 12 wk 

onwards. Ultra-structure studies by TEM and AFM revealed anisometric SLNs with circular 

to elliptical shapes. The particle size of SLNs obtained from these studies corroborated the 

DLS and LD results.  

The GSC SLNs were studied for their effectiveness as oil-in-water (o/w) emulsifiers. 

Stable o/w emulsions with a negative surface charge and volume-weighted mean droplet size 

of ~459 nm were obtained. Macroscopically, these emulsions were stable for 12 wk. TEM 

analysis revealed the adsorption of SLNs onto the oil globules, resulting in Pickering-type 

steric stabilization of emulsions. With time, the SLNs desorbed from the interface into the 

continuous water phase which, coupled with Ostwald ripening, resulted in emulsion 

destabilization.  

Overall, this research demonstrated the feasibility of stabilizing o/w emulsions using 

SLNs as the sole emulsifiers, a new concept not reported to date in the literature.  
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Chapter 6 

FUTURE STUDIES 

6.0 Future studies  

Amongst its many findings, this research work has highlighted the importance of 

SLN particle shape and size for the effective stabilization of o/w emulsions. However, there 

are several areas for future studies: 

1. Reduction of SLN aggregation and particle growth.  In this study, melt-emulsification and 

homogenization were used to generate the SLNs. The generated SLNs, albeit consisting of 

strongly polar groups, showed particle aggregation within 12 wk. The high concentration 

(7.5% w/w) of SLNs was partly responsible for this aggregation. In this light, lower lipid 

concentrations or similarly-concentrated dispersions stabilized with steric stabilizers should 

be attempted. This would nullify the novelty of emulsion stabilization solely by SLNs, but 

would lead to improvement in the stability of the starting SLN dispersions. 

2. As mentioned, the concentration of lipid used in this study was 7.5% (w/w). Since the 

specific surface area of a particle increases tremendously at the nanoscale, ideally SLNs 

should be able to emulsify effectively at even lower concentrations. By increasing the 

hydrophobicity of the lipid surface, it will be possible to manipulate the contact angle of the 

particles at the oil-water interface, thereby effectively reducing the concentration of lipid 

required for emulsification.  

3. The fundamental mechanism of stabilization provided by particle-stabilized emulsions is 

elusive and concrete evidence of the adsorption and desorption kinetics needs to be 

investigated. An improved determination of the contact angle at the oil-water interface could 

aid in unravelling the fundamental mechanisms of particle-stabilized emulsions and provide a 

basis to better understand interfacial phenomena. 
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