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Highlights 

 

 Lipid materials were chosen based on theoretical and experimental lipid screening. 

 SLNs and NLCs with high curcumin loading were produced using the selected lipids. 

 Nano-sized lipid particles fabricated by tuning the processing parameters. 

 Lipid matrix component compatibility affects thermal properties as shown by DSC. 

 Formation of distinct lipid structures in liquid lipid concentration-dependent manner. 

 

Abstract  

Lipid nanoparticles have been widely investigated for their use as either carriers for poorly water 

soluble actives or as (Pickering) emulsion stabilisers. Recent studies have suggested that the 

fabrication of lipid nanostructures that can display both these performances concurrently, can 

enable the development of liquid formulations for multi-active encapsulation and release. 

Understanding the effects of different formulation variables on the microstructural attributes that 

underline both these functionalities is crucial in developing such lipid nanostructures. In this study, 

two types of lipid-based nanoparticles, solid lipid nanoparticles and nanostructured lipid carriers, 

were fabricated using varying formulation parameters, namely type of solid lipid, concentration of 

liquid lipid and type/concentration of surface active species. The impact of these formulation 

parameters on the size, thermal properties, encapsulation efficiency, loading capacity and long-term 

storage stability of the developed lipid systems, was studied. Preliminary lipid screening and 

processing conditions studies, focused on creating a suitable lipid host matrix of appropriate 

dimensions that could enable the high loading of a model hydrophobic active (curcumin). Informed 
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by this, selected lipid nanostructures were then produced. These were characterised by 

encapsulation efficiency and loading capacity values as high as 99% and 5%, respectively, and 

particle dimensions within the desirable size range (100-200 nm) required to enable Pickering 

functionality. Compatibility between the lipid matrix components, and liquid lipid/active addition 

were shown to greatly influence the polymorphism/crystallinity of the fabricated particles, with the 

latter demonstrating a liquid lipid concentration-dependent behaviour. Successful long-term storage 

stability of up to 28 weeks was confirmed for certain formulations.  

Graphical Abstract Graphical Abstract 
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1. Introduction 

Lipid nanoparticles comprise a widely used platform of lipid-based colloidal vehicles, as they 

have emerged into versatile nanocarriers due to their auspicious attributes in addressing issues 

commonly encountered with active encapsulation and delivery. These include solubility and 

bioavailability enhancement of poorly water soluble actives (Bunjes, 2010; Hu, Tang, & Cui, 2010; 

Pouton, 2006), as well as improved stability and shielding of actives prone to degradation (Sapino et 

al., 2005; Souto & Müller, 2005). Solid lipid nanoparticles (SLNs) and nanostructured lipid carriers 

(NLCs) are two types of nanoparticulate systems, that consist of a lipid core formed either of solid 

lipids (solid at room and body temperature), or mixtures with liquid lipids (liquid at room 

temperature), respectively, with the diversity in the fatty acid composition introduced by the latter 

allowing for quite large distances inside the matrix (Müller, Radtke, & Wissing, 2002). Both types of 

lipid nanostructures have been extensively investigated for their potential to function as delivery 

systems for a wide range of active ingredients, though current literature primarily focuses on the 

delivery of poorly water-soluble drugs and bioactive molecules (Borges et al., 2020; Jaiswal, Gidwani, 

& Vyas, 2016; Khan et al., 2015; Severino et al., 2012; Weiss et al., 2008). In the last decade, their 

range of applications has expanded to include their usage in Pickering emulsion stabilisation, 

principally due to their ability to provide sufficient emulsion stability (Gupta & Rousseau, 2012), and 
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their inherent tuneable microstructure compared to conventional emulsifiers (Pawlik et al., 2016; 

Zafeiri et al., 2017a). Within the research area of combining the two functionalities, i.e. 

acting/serving as active carriers and providing emulsion stabilisation, SLNs have been successfully 

utilised for the two-fold purpose of encapsulating/controlling the release of a hydrophobic active 

and stabilising o/w or w/o emulsion droplets, both achieved by tuning their surface properties 

(Sakellari et al., 2021). 

Despite the sheer number of studies investigating the structural properties of lipid particle 

dispersions regarding their use as active delivery systems, there is limited understanding on the 

correlation between such characteristics and the structures’ capacity to afford effective Pickering 

stabilisation (Schröder et al., 2020). Among the attributes that have been reported to impact upon 

the Pickering stabilisation mechanism are the particle size and shape, surface properties, 

polymorphism and long-term (lipid particle) stability. The type of solid lipid and surfactant used 

during SLN fabrication has been shown to play a pivotal role in the long-term stabilisation of 

emulsion droplets (Zafeiri et al., 2017b). Nanoemulsion droplets with a volume-weighted mean 

particle diameter of 459 nm were stabilised by negatively charged glyceryl stearate citrate SLNs with 

a mean diameter of 152 nm for a period of 12 weeks (Gupta & Rousseau, 2012). Recently, Lim et al. 

(2020) studied the interfacial characteristics of tristearin SLNs in respect to the interfacial and 

colloidal stability of the SLN-stabilised emulsions, demonstrating that increasing the concentration of 

surfactant used in the SLN preparation, can prolong the stability of the attained emulsions (up to 1 

month under the studied conditions). In another study, tailoring of submicron-sized particles, in 

terms of their crystalline structure and morphology, was achieved by alternating the lipid phase 

composition between tripalmitin, palm stearin or combination of tripalmitin and the liquid lipid 

tricaprylin (4:1 w/w), that resulted in varying emulsion stabilisation efficiency due to wettability and 

inter-particle interaction changes (Schröder et al., 2017). 

The significance of the above properties and how they can be modulated to achieve 

desirable characteristics is not only limited to the development of lipid nanoparticle dispersions 

suitable for Pickering stabilisation. Crystalline structure properties have been investigated for their 

influence in addressing high active loading and resistance to drug leakage demands. The tendency of 

SLNs to transform into highly ordered structures and lead to active expulsion during storage has 

been addressed by partial substitution with incompatible liquid lipids (NLCs), to create imperfections 

in the lipid crystal lattice, that will in turn also accommodate higher active incorporation (Hu et al., 

2005; Jia et al., 2010). The choice of the type and ratio between the solid and liquid lipids 

participating in such combinations can greatly affect the resulting lipid core organisation, while this 

can be further modified by the encapsulated molecule (Araujo et al., 2020; Bunjes et al., 2001; Jores, 
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Mehnert, & Mäder, 2003). Compatibility between the lipid matrix components, affinity of the active 

for these, and contribution from the surfactant have been highlighted for their invariable association 

with high loading capacity, better controlled release performance, improved active bioavailability 

but also for their role in the final matrix arrangement (Anantachaisilp et al., 2010; Das & Chaudhury, 

2011a; Kasongo et al., 2011a; Kovacevic et al., 2011; Müller, Mäder, & Gohla, 2000; Müller, Radtke, 

& Wissing, 2002 Müller; Obinu et al., 2020; Shah et al., 2012). The structural organisation of SLN and 

NLC lipid matrices has been a subject of debate, with numerous reports in literature utilising a range 

of structural and imaging techniques to determine the positioning of the solid lipid, liquid lipid and 

active components (Bunjes et al., 2001; Jenning, Thünemann, & Gohla, 2000b; Jores, Mehnert, & 

Mäder, 2003; Jores et al., 2004; Müller, Mäder, & Gohla, 2000; Müller, Radtke, & Wissing, 2002; 

Wolska et al., 2020). Oehlke et al. (2017) proposed the presence of the lipophilic tocopherol in the 

lipid matrix near the tail of the surfactant, as opposed to the location of the hydrophilic ferulic acid 

in the headgroup region, with the location of the former explaining the greater impact on halting 

prolonged melting behaviour changes. The effect of the relative affinity between the encapsulated 

active and the lipid used was demonstrated by the higher loading and slower release of the drug 

diclofenac from lipid particles containing high ratio of the solid lipid Gelucire® 50/13 compared to the 

drug dexamethasone, while faster release for both drugs was recorded when a partially miscible 

solid lipid (Witepsol® S55) and a liquid lipid (Capryol® 90) were added in the lipid matrix that was 

attributed to the creation of a less ordered crystalline state (Zoubari et al., 2017). Thus, 

understanding how and to what extent certain composition factors, including the gradual addition of 

liquid lipid and/or active, influence the structure of the solid lipid matrix can potentially provide 

further insight on how to form lipid particles with customised properties tailored to their intended 

functionalities and applications.  

The present work aims to investigate the impact of formulation variables, including the 

incorporation of curcumin used as a model hydrophobic active, on specific physical characteristics of 

SLNs and NLCs. Curcumin is a lipophilic polyphenolic compound, widely studied by the 

pharmaceutical, cosmetic and food sectors due to its numerous attributes, including but not limited 

to anti-inflammatory, antimicrobial, anticancer and antioxidant properties (Sharifi-Rad et al., 2020). 

Similarly to other hydrophobic actives, curcumin requires the use of a suitable carrier, among which 

are lipid-based systems, to enhance its bioavailability and harness its health benefits (Anand et al., 

2007), and thus it has been previously employed as a model hydrophobic active during the 

development of delivery systems (Khan et al., 2017; Scomoroscenco et al., 2021). The selection of 

lipid components (solid and liquid lipids) with high compatibility towards one another, that also 

show affinity for curcumin, was one of the primary focuses of the early development stages, towards 
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the creation of a lipid core that can achieve high active entrapment and long-term physical integrity. 

For this purpose, theoretical predictions using the Hansen solubility parameter and experimental 

lipid screening studies were performed for both solid and liquid lipids, along with miscibility studies. 

Thereafter, lipid dispersions of both SLNs and NLCs were fabricated via a melt-emulsification-

ultrasonication method in the presence of surface active species. Two types of solid lipids (singly or 

as blends), varying concentration of the liquid lipid and type/concentration of the surface active 

species were evaluated. The effect of these parameters on physical markers linked to Pickering 

functionality, that herein was confined in terms of appropriate size, together with the thermal 

properties, loading capacity and long-term storage stability of the lipid nanoparticles were assessed. 

Lipid screening as a formulation development aspect, and alterations in the formulation variables of 

the lipid nanoparticles have been previously studied individually towards the creation of systems 

with optimised properties. However, there has been a lack of cumulative investigation of the impact 

of these formulation aspects on the physical characteristics of particles fabricated under consistent 

processing parameters, where the novelty of the current study lies. Thus, it is envisaged that 

through this comprehensive study, gaining a better insight on the reliance between formulation 

composition and crystalline structure properties of the SLNs and NLCs will eventually allow for 

tuning of the release profiles of the encapsulated actives, without compromising the microstructural 

attributes that enable their Pickering functionality.  

2. Materials and Methods 

 

2.1 Materials 

Glyceryl behenate (Compritol® 888 ATO), glyceryl palmitostearate (Precirol® ATO 5), linoleoyl 

polyoxyl-6-glycerides (Labrafil® M 2125 CS), propylene glycol dicaprolate/dicaprate (Labrafac™ PG), 

cetyl palmitate and lauroyl polyoxyl-32 glycerides (Gelucire® 44/14) were kindly provided from 

Gattefossé (Saint-Priest, France). Glyceryl monostearate (Imwitor® 960K), glyceryl 

citrate/lactate/linoleate/oleate (Imwitor® 375) and medium chain triglycerides (MCTs) (Miglyol® 812), 

microcrystalline glyceryl tristearate (Dynasan® 118) were a kind gift from IOI Oleo (IOI Oleochemicals 

GmbH, Germany). Polyoxyethylene sorbitan monooleate (Tween® 80), Poloxamer 188 (Pluronic® F-68), 

poly(vinyl alcohol) (PVA, MW 89,000-98,000), castor oil and curcumin (65%, HPLC) were purchased 

from Sigma-Aldrich (Sigma-Aldrich, UK). All chemicals were used without further purification. Double 

distilled water from Milli-Q systems (Millipore, Watford, UK) was used for all experiments. 
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2.2 Lipid screening  

Lipid screening was performed to evaluate the solubility of curcumin, the chosen model 

hydrophobic active, in a variety of solid and liquid lipids, a parameter of critical importance in the 

formulation development process. In this study, the solubilisation capacity of various lipids towards 

curcumin was assessed through both theoretical and experimental lipid screening.  

 

2.2.1 Theoretical lipid screening 

Theoretical predictions regarding the compatibility between the selected active and 

different solid and liquid lipids were based on calculations of the Hansen solubility parameter (HSP). 

For this purpose, the lipids were treated as the organic “solvents” and curcumin was the organic 

active under investigation. According to the theory proposed by Hansen (2007), the total cohesion 

energy in an organic molecule is the sum of three individual energy sources arising from nonpolar, 

polar and hydrogen bonding interactions. Thus, the solubility parameter (δ) of a substance can be 

decomposed into three distinct components. The partial HSP parameters account for the 

aforementioned dispersion interactions (δD), permanent dipole-permanent dipole forces (δP) and 

hydrogen bonding (δH), measured in MPa1/2.  

HSPs for curcumin and a variety of solid and liquid lipids were calculated as follows: 
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where Fd, Fp, Eh denote the group contribution parameters associated with the dispersion and polar 

forces, and hydrogen bonding energy that characterise each functional group of the molecular 

structure, respectively, and Vm represents the molar volume. The group contribution values used for 
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the calculations were in accordance with the work published by van Krevelen et al. (2009). Curcumin 

can exist in two tautomeric forms; a diketo and an enol conformation, which have relative ratios that 

vary depending on the temperature, solvent polarity, pH and aromatic ring substitution (Lee et al., 

2013). Therefore, the solubility screening was performed for both tautomeric forms. Depending on 

the chemical composition of each lipid (Table S1), the total and individual HSP for each constituent 

were estimated. An example of the calculations performed can be found in the Supplementary 

Information. For lipids with clearly defined chemical composition and consistency, HSPs were 

calculated for each of their components and an overall parameter was then obtained based on 

molar weighted averages (Table 1). For the solid lipid Imwitor® 960K and the liquid lipids Labrafil® M 

2125 CS and Imwitor® 375, where an exact composition was not provided by the manufacturer 

(Table S2), calculations were carried out using available information about the lipid component 

composition and making assumptions for the potential consistency combinations; in this case HSPs 

are displayed as averages (Table 1 & Figure 1), rather than absolute values. 

 The miscibility between two substances can be visualised using the three partial solubility 

parameters, acting as coordinates in a three-dimensional space developed by Hansen (HSP 3D 

space). The close proximity of two points, each corresponding to a different material, can be used as 

a measure of high interactions and miscibility occurrence. The modified difference between the HSP 

of the active (A) and a given lipid (B) (Ra), representing the distance between the two substances A 

and B in the HSP 3D space, was determined as follows: 

     2 2 2

a 4                  DA DB PA PB HA HBR             (5) 

For a combination of miscible substances, the distance Ra should not exceed the radius of 

interaction (R0), which gives the maximum difference allowed to define affinity between the active 

and a chosen solvent. The R0 for the studied active can be found empirically using Equation 5 for a 

series of solvents with experimentally known HSPs (Hansen, 2007). More specifically, the solvents 

known to have good solubilisation capacity for curcumin and thus used in this study were 

propanone, ethyl ethanoate, n-butanol, methanol, ethanol and isopropanol (Table S2). 

 

2.2.2 Experimental lipid screening 

 

a. Selection of solid lipids 
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The maximum amount of curcumin that can be dissolved in 1 g of each solid lipid (Compritol® 

888 ATO, Precirol® ATO 5, Dynasan® 118, cetyl palmitate, Imwitor® 960K) was determined by adding 

stepwise increasing amount of the active (1-2 mg) into the solid lipids. In order to mimic the 

experimental conditions followed for the lipid dispersions production (Section 2.3), each mixture was 

thermostatically maintained at 5-10°C above the melting point of each solid lipid, and let to stir for 1 

h. The solubilisation of curcumin was evaluated by visual observation of formation of transparent 

homogeneous solutions with no visible traces of active crystals (Doktorovova, Souto, & Silva, 2017). 

The mixtures were left to cool down and stored in the dark at room temperature until further 

analysis.  

 

b. Selection of liquid lipids 

The choice of the liquid lipid used for the NLC dispersions was based on their ability to 

solubilise curcumin. A series of liquid lipids (Labrafil® M 2125 CS, Labrafac™ PG, Imwitor® 375, 

Miglyol® 812, castor oil) were tested, by adding increasing amount of the active (1-2 mg) in 1 g of 

each liquid lipid thermostated at 85°C and let to stir for 1 h, to simulate the process followed for the 

preparation of the lipid particle dispersions (Section 2.3). Similarly to the method described above 

for the selection of solid lipids, the solubilising power of each liquid lipid towards curcumin was 

assessed on their capacity to form transparent mixtures (Nnamani et al., 2014). 

 

c. Miscibility of solid and liquid lipid systems 

Blends of the solid and liquid lipids displaying the highest solubilising power towards 

curcumin were prepared in fractions, chosen based on the minimum and maximum amount of liquid 

lipid that was going to be used for the lipid dispersion fabrication, to examine their miscibility. The 

two solid lipids were mixed at a 50:50 w/w ratio, while 30% w/w of the solid lipid or solid lipid 

mixture was substituted by the liquid lipid for the blends containing both types of lipids. Curcumin 

was dissolved at 0.5% w/w of the total sample mass. The samples were agitated for 1 h at a 

temperature 5-10°C higher than the melting point of the solid lipids, to prepare the tempered solid 

lipids and blends of lipids, and then allowed to cool down at room temperature. The compatibility 

between the components was evaluated by both visual inspection for signs of turbidity or phase 

separation, coupled with differential scanning calorimetry (DSC, Setaram μDSC7 evo 

microcalorimeter, Setaram Instrumentation, France) analysis (Kasongo et al., 2011a). Specifically, the 

                  



 9 

thermograms of the physical mixtures between the solid and liquid lipids with or without curcumin 

were compared to the thermograms of the respective tempered solid lipid. 

 

2.3 Preparation of SLN and NLC aqueous dispersions 

Blank and curcumin-loaded solid lipid nanoparticles and nanostructured lipid carriers 

(denoted as B-SLN or B-NLC and SLN or NLC, respectively) were prepared by a melt-emulsification-

ultrasonication method, that has been previously described elsewhere (Zafeiri et al., 2017a). In brief, 

2.5% of the lipid phase relating to the total mass (% w/w) was heated 5-10°C above the melting 

point of the lipid to ensure complete melting, and the heating state was maintained for 

approximately 1 h to avoid lipid thermal memory effects (Van Malssen et al., 1996). More 

specifically, Compritol® 888 ATO and Precirol® ATO 5 were heated up to 85 and 70°C, respectively, 

and their 1:1 mixture was melted to around 85°C. When curcumin-loaded lipid particles were 

prepared, curcumin (0.5% w/w of the lipid mass) was added to the lipid phase and kept under 

magnetic stirring, until the active was completely dissolved (~1 h). The concentration of curcumin 

used was based on preliminary lipid screening studies. The temperature was monitored using a 

digital thermometer throughout all processes. For the NLCs, the liquid lipid concentrations used 

were 10, 20, or 30% of the total lipid content. The surfactant, Tween® 80 or Pluronic® F-68 (1.2 or 

0.5% w/w of the total mass), was dissolved in the aqueous phase, which was heated to the same 

temperature as the molten lipid phase. The two phases were mixed by adding the aqueous to the 

lipid phase, and the mixture was stirred with a magnetic stirring bar for 15 minutes. The pre-

emulsion was then homogenised using a high intensity ultrasonic Vibra-cell™ VC 505 processor 

(Sonics & Materials, Inc., CT, USA), operating continuously at 750 Watt and 20 kHz, at a sonication 

amplitude of 95% of the total power over a period of 5 minutes. To obtain the solid lipid particles, 

the o/w emulsion was subsequently cooled using an ice bath to a temperature below the 

crystallisation point of the lipid or mixture of lipids (1-4°C), with a cooling rate ranging between 0.5 

and 2 °C/min. Samples were stored at 4°C protected from light (since curcumin is photodegradable) 

until further analysis. 

 

2.4 Physicochemical characterisation 

 

2.4.1 Particle size, polydispersity and zeta potential analyses 
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Particle size and size distribution profiles were assessed either by dynamic light scattering 

(DLS) using a Zetasizer Nano ZS (Malvern Instruments, UK), or laser diffraction (LD) using a 

Mastersizer 2000 (Malvern Instruments, UK). For DLS measurements, the mean particle size (Z-

average) was determined at a backscattering angle of 173° at 25°C. Polydispersity index (PDI) and 

zeta potential (ζ-potential) were additionally measured. All samples were appropriately diluted to 

avoid multiple scattering phenomena. In the case of LD, the samples were diluted with distilled 

water and stirred at 1200 rpm until an obscuration rate of approximately 5% was obtained. The 

mean diameters D3,2 and span values were acquired to confirm signs of particle aggregation 

suggested by DLS measurements. The refractive indices of the materials used throughout the 

experiments were 1.55 for Compritol® 888 ATO and Precirol® ATO 5, 1.52 for their mixtures with 

Miglyol® 812, 1.52 for their 1:1 w/w mixture, 1.50 for their ternary mixture with Miglyol® 812 and 

1.33 for distilled water. The absorption index was set at 0.01. Results are presented as the average 

value of 6 measurements with standard deviation (±S.D.). 

 

2.4.2 Thermal analysis 

Thermal analysis of the bulk materials and dispersions of lipid particles was carried out using 

a Setaram μDSC7 evo microcalorimeter (Setaram Instrumentation, France). Samples were accurately 

weighted (approximately 6.5 mg of bulk lipids or lipid mixtures and 600 mg of the lipid dispersions) 

and scanned between 20 and 90°C at a heating rate of 1.2 °C/min, followed by a cooling cycle from 

90 to 5°C. DSC data were used to investigate the compatibility of the lipid mixtures, the solid state of 

the cooled samples and the melting and crystallisation behaviour of the lipid dispersions. For bulk 

lipids, thermograms were obtained before and after tempering the lipids for 1 h at a temperature 5-

10°C above their melting point. Information about the enthalpy, onset and peak temperatures was 

acquired through the Calisto Processing software. The DSC thermogram of pure curcumin was 

obtained using a DSC 25 (TA Instruments®, FR), where the sample was heated inside a Tzero® 

Hermetic Aluminum pan. The physical mixtures containing curcumin were additionally studied using 

the same equipment to investigate the presence or absence of crystalline curcumin by achieving 

higher temperature range. The temperature ramp used was 25 to 200°C at 5 °C/min, with an empty 

pan used as reference. All enthalpy values and thermograms reported, are normalised for the 

amount of crystallising material present in the samples.  

The degree of crystallinity was determined using the enthalpy derived from DSC data for the 

lipid nanoparticle dispersions and the lipid physical mixtures, and expressed by means of the 

recrystallisation indices (RI) which were calculated following the equation (Freitas & Müller, 1999): 
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where ΔHSLN,NLC and ΔHb.l. represent the molar melting enthalpy (J/g) of the SLN and NLC aqueous 

dispersions and the bulk lipid phase respectively, and Cl.p. is the % w/w concentration of the lipid 

phase.  

 

2.4.3 Encapsulation efficiency and loading capacity 

The entrapment efficiency (EE) and loading capacity (LC) were determined by ultrafiltration 

using centrifugal ultrafiltration tubes (Amicon® Ultra-4 filter 10 kDa cut-off, Millipore, Billerica, MA, 

USA). 1 mL of the curcumin-loaded lipid dispersions was added to the upper chamber of the 

centrifugal tube and centrifuged at 2,400 rcf for 1 h at room temperature using a SIGMA 3K-30 

centrifuge (SciQuip®, UK). The concentration of unentrapped curcumin in the filtrate was 

subsequently determined by measuring the UV absorbance (Orion AquaMate 8000, Thermo-

Scientific®, UK) at 425 nm, using a calibration curve that has been previously generated with linearity 

studied for 0-6 μg/mL and linear regression value of R2 = 0.9995. The EE and LC were calculated using 

the following equations: 
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where Wi. CRM is the amount of curcumin that was initially used during the preparation of the 

aqueous lipid dispersions, Wu. CRM is the amount of curcumin measured in the filtrate and Wl.p. is the 

total amount of the lipid components used in the dispersions. 

 

2.4.4 Assessment of storage stability  

Stability studies of the aqueous SLN and NLC dispersions were performed over a period of 28 

weeks with interval measurements performed at 1, 4 and 16 weeks, for samples stored at 4°C by 

measuring Z-average, PDI and ζ-potential. Changes in the physical state of the samples indicating 
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destabilisation were assessed by visual inspection. Thermal behaviour and encapsulation efficiency 

were also evaluated over the same period.  

 

2.5 Statistical analysis 

Samples were prepared in at least duplicates and measurements were performed in at least 

triplicate and averages are reported with standard deviation. Figures depict the calculated average 

with error bars showing the standard deviation above and below the average. Comparison of means 

was conducted by ANOVA analysis followed by an all pairwise multiple comparison test using the 

Student-Newman-Keuls Method (SigmaPlot 14.5). The differences were considered statistically 

significant when p < 0.05.  

 

3. Results and Discussion 

 

3.1 Theoretical and experimental lipid screening 

Using the Hansen solubility approach, theoretical predictions regarding the solubility of 

curcumin in different solid and liquid lipids, as well as their mixtures were performed. Based on that, 

materials with similar solubility parameters will be miscible and in extend, actives will have a high 

affinity for lipids that are characterised by closely matching HSPs, leading to improved dispersion. 

This approach has been previously employed for the prediction of the miscibility between actives 

and different types of solid and liquid lipids (Shah & Agrawal, 2012), in combination with 

experimental screening in some instances (Doktorovova, Souto, & Silva, 2017; Kovačević, Müller, & 

Keck, 2020; Makoni et al., 2020; Shah & Agrawal, 2013), in order to identify the most suitable lipid-

based solvent. 

Comparing the intermolecular interactions between curcumin and the lipids under 

examination, shows that these mainly differ in their polar (δP) and hydrogen bonding (δH) forces, 

while the variance between the dispersion (δD) interactions was of smaller magnitude (Table 1). The 

smaller difference in the Hansen solubility parameter (Δδ) between the active and the individual 

components of the lipids was observed for glyceryl mono-substituted esters (Table 1 & Figure S1). 

The presence of hydroxyl groups in the backbone of the glyceryl and polyethylenglycols (PEG) 

moieties could account for polar and hydrogen bonding interactions of higher strength with the 

hydroxyl groups of curcumin, explaining the aforementioned affinity. Exceptions to this observation 

were glyceryl monocitrate and glyceryl monolactate, components of Imwitor® 375, that were 
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characterised by vastly different partial HSPs to those of curcumin, owing to the carboxylic acid and 

hydroxyl groups, respectively, present in their structure giving rise to significantly higher δP and δH 

values. The affinity of curcumin for di- and tri-substituted esters of glyceryl and polyethylenglycols 

was considerably lower. Similar results for curcumin have been reported previously by Doktorovova 

et al. (2017), but also for other actives showing increased affinity for monoglycerides compared to 

di- and triglycerides (Kovačević, Müller, & Keck, 2020; Makoni et al., 2020). Employing the calculated 

distance (Ra) in the Hansen 3D space, between curcumin and the various lipids, further confirmation 

about the greater solubilisation capacity of lipids containing higher percentage of monoglycerides 

(Compritol® 888 ATO, Precirol® ATO 5, Imwitor® 960K) was provided, on the basis that as the distance 

between them gets smaller, the miscibility increases (Figure 1). Regarding the liquid lipids, Labrafac™ 

PG and castor oil displayed the smallest Ra values for either tautomeric forms. In their majority, 

liquid lipids were found to possess smaller Ra values than those of the solid lipids.  

 Experimental lipid screening data revealed that among all lipids, only Dynasan® 118, cetyl 

palmitate and Imwitor® 960K were not able to solubilise 0.5% w/w of the active (Table 1). Compritol® 

888 ATO and Precirol® ATO 5 were the solid lipids that exhibited the highest curcumin solubility, 

approximately 0.6 and 0.7% w/w, respectively, which was in accordance with the theoretical 

predictions. For the liquid lipids Miglyol® 812 and Labrafil® M 2125 CS, this was close to 1% w/w. 

Overall, good agreement between theoretical and experimental results was observed, with a certain 

inconsistency for Imwitor® 960K. The percentage of monoglycerides in the specific lipid was the 

highest between the solid lipids, and thus it would be expected to show high affinity for curcumin. 

However, since the precise consistency of the lipids was unspecified and the theoretical predictions 

were based on average values resulting from different consistency combinations, the HSPs reported 

here could only be seen as approximations of the true values. Accordingly, data for Imwitor® 375 and 

Labrafil® M 2125 CS should be viewed in the same way. Another observation made regarding the 

HSP predictions was that correlation between the calculated Ra and R0 (8.01 for the diketo and 7.41 

for the enol form), suggests that most lipids (except cetyl palmitate) are expected to solubilise 

curcumin, since their Ra values were smaller than the radius of interaction, as suggested previously 

in literature (Doktorovova, Souto & Silva, 2017). A possible explanation could be given by the fact 

that the R0 used here was deducted employing substances that are known to display relatively high 

curcumin affinity. Including solvents with a wider range of HSPs could have impacted the 

predictions, and therefore, while HSPs calculated here offer an adequate approach for comparisons 

between the lipids, they should not be regarded as an actual measure of solvent solubility. 
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Finally, the theoretical solubility predictions, that were earlier performed to predict the 

compatibility of CRM with different lipids, were subsequently also applied to gain further insight into 

the miscibility between Compritol® 888 ATO and Precirol® ATO 5, and MCTs. The lipid used in the 

smaller proportion (Miglyol® 812) in the lipid matrix was treated as an “active”, and glyceryl 

behenate and glyceryl palmitostearate as the “solvents” under investigation. Based on their Hansen 

solubility parameter difference, it was shown that MCTs have theoretically a higher compatibility 

with glyceryl behenate (Δδ = 0.42) compared to glyceryl palmitostearate (Δδ = 0.71). Kovacevic et al. 

(2011) and Araujo et al. (2020) briefly raised the importance of the lipid chemical nature, and solid-

to-liquid lipid compatibility regarding their performance in relation to the location of the liquid 

fraction within the lipid matrix. The location of the liquid lipid in the crystalline matrix could also 

dictate the positioning of the hydrophobic active, as a result of the relatively higher affinity of 

hydrophobic actives for liquid lipids compared to solid lipids, and thus information about the former 

could provide performance prediction capabilities for the latter. 

 In view of both theoretical and experimental lipid screening, the solid lipids chosen to 

progress to the next steps of the investigation were Compritol® 888 ATO and Precirol® ATO 5, while 

Miglyol® 812 was used as the liquid lipid in further experiments. Among the liquid lipids that were 

evaluated, Miglyol® 812 showed the highest capacity to solubilise curcumin based on both 

theoretical and experimental screening data. Mixtures of these lipids, that contain fatty acids of 

vastly different alkyl chain lengths, could potentially accommodate higher active loading capacities, 

due to the presence of imperfections in the formed matrices (Müller, Radtke, & Wissing, 2002). The 

curcumin concentration, for both the physical mixtures and the lipid nanoparticle dispersions 

preparation, was fixed at 0.5% w/w (mass of active over mass of lipid content), which was within the 

solubilisation capacity limits for all selected lipids.   
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Table 1. Theoretical and experimental solubility screening of curcumin (CRM) in different solid and liquid lipids. 

*
S represents the solubility of 0.5% w/w curcumin. (+) indicates successful, while (-) indicates unsuccessful solubilisation 

after 1 h. 

**For lipids that the exact composition was unknown the average values are reported after accounting for all possible 

combinations, and each calculated value is presented with its respective standard deviation.  

 

 
Figure 1. Modified difference (Ra) between the two tautomeric forms of curcumin and various solid and liquid lipids. For 
lipids that the exact composition was unknown, the average Ra value is reported after accounting for all possible 
combinations, and the error bars represent the standard deviation. 

 

3.2 Thermal analysis of bulk lipids and their mixtures 

Initial assessment was performed by visual observation, that indicated good compatibility for both 

binary and ternary lipid mixtures, as there were no signs of separation or turbidity inspected. For the 

samples containing curcumin, the mixtures appeared homogeneous and transparent while melting, 

forming limpid blends after solidification without any evidence of sedimented curcumin crystals. The 

heating thermogram of pure curcumin revealed a single endothermic peak at 180.1°C (Figure S2). 

Absence of crystalline curcumin in the physical lipid mixtures was confirmed by their thermograms, 

with all identified thermal events being ascribed to the lipid components (Figure S3). DSC analysis 

provided further information about the thermal behaviour of the mixtures, in regard to changes in 

 Compoun

d name 

δD δP δH Δ Ra (diketo 

form) 

Ra (enol 

form) 

Δδ (diketo 

form) 

Δδ (enol 

form) 

S
* 

 CRM 

Diketo 

form 

17.17 5.47 12.33 21.83      

 CRM Enol 

form 

16.80 5.54 14.16 22.66      

So
lid

 li
p

id
s 

Compritol® 

888 ATO 

16.87 1.75 7.31 18.47 6.27 7.83 3.36 4.19 + 

Precirol® 

ATO 5 

16.89 2.18 7.87 18.76 5.57 7.14 3.07 3.90 + 

Dynasan® 

118 

16.70 1.53 5.96 17.80 7.54 9.13 7.50 9.13 - 

Cetyl 

palmitate 

16.42 0.89 3.56 16.82 10.00 11.60 5.01 5.84 - 

Imwitor® 

960K** 

16.96±0.0

4 

2.39±0.1

6 

8.64±1.08 19.20±0.54 4.85±0.92 6.37±1.00 2.63±0.54 3.47±0.54 - 

Li
q

u
id

 li
p

id
s 

Labrafac™ 

PG 

17.04 4.10 7.30 18.99 2.94 3.77 5.15 6.68 + 

Labrafil® M 

2125 CS** 

16.75±0.1

3 

2.74±0.6

1 

8.13±1.72 18.89±0.90 5.15±1.64 6.68±1.73 2.94±0.90 3.77±0.90 + 

Imwitor® 

375** 

16.11±6.6

8 

6.42±4.7

3 

13.80±8.2

4 

22.42±11.1

1 

14.34±8.4

3 

14.11±8.5

2 

-

0.59±11.1

1 

0.24±11.1

1 

+ 

Miglyol® 

812 

16.65 2.86 6.38 18.06 6.57 8.23 3.77 4.61 + 

Castor oil 16.94 2.23 9.03 19.32 4.65 6.11 2.51 3.34 + 
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their lipid composition or addition of curcumin, and the melting and crystallisation thermograms are 

presented in Figure 2. 

Figure 2. DSC curves of binary and ternary solid and liquid lipid mixtures with or without curcumin (CRM, 0.5% w/w), 
consisting of Miglyol

®
 812 (M812) as the liquid lipid in combination with different solid lipids or blends of them. The 

melting and crystallisation thermograms presented in pairs are (A) and (B) for Compritol
®
 888 ATO (C888), (C) and (D) for 

Precirol
®
 ATO 5 (P5), and (E) and (F) for 50:50 w/w ratio blend of the two. Mixtures containing liquid lipid were prepared 

by substituting 30% w/w of the solid lipid content with Miglyol
®
 812. The normalised curves were shifted along the 

ordinate and presented in sets for better visualisation. Arrows are used to pinpoint certain thermal events.  

The heating thermogram of bulk Compritol® 888 ATO shows a single endothermic peak at 

71.9°C (Figure 2A), which has been previously assigned to a mixture of metastable polymorphic 

forms (Souto, Mehnert, & Müller, 2006). Glyceryl behenate is a mixture of variable triacylglycerols 

(TAG), containing glyceryl mono-, di- and tribehenates, for which the transition rate from α to β via 

β΄ is known to be dependent on the degree of homogeneity (Bayés‐García, Sato, & Ueno, 2020). 

Pivette et al. (2014) demonstrated, after studying the polymorphism of the main components, 

separately and in proportions that correspond to the composition of glyceryl behenate, that this 

endothermic event can be attributed to α and sub-α or β΄ forms of mono-, di- and tribehenin. 

Regarding glyceryl behenate’s re-crystallisation behaviour, the bulk and tempered lipids showed a 

single major exothermic peak at 70.2°C with shoulder appearing at 71.1°C, both attributed to 

crystallisation of α forms, and a more pronounced at 66.1°C, relating to either a sub-α sub-cell or a 

β΄ transition (Figure 2B) (Brubach et al., 2007). A level of reversibility of the thermal events occurring 

during melting can be detected during re-crystallisation. Overall, tempering or addition of curcumin 

did not cause any changes to the melting or re-crystallisation characteristics of glyceryl behenate. 

Addition of Miglyol® 812 resulted in broadening and shifting of the main peak for both thermograms, 

with a second very broad peak at 55°C appearing in the latter, attributed to a sub-α modification of 

the monoglyceride fraction of behenic acid (Freitas & Müller, 1999). The difference between the 

melting and onset temperature (ΔT) represents the range over which the melting event occurs, and 

therefore a greater difference can be taken as a measure of disorder of the lipid crystals and 

generation of more amorphous structures (Severino et al., 2011; Souto, Mehnert, & Müller, 2006), 

which was a feature recorded for the melting thermogram (Table S3). However, this observation is 

contradicted by the melting enthalpy increase. Both thermal events suggest increased crystallinity 

after the introduction of curcumin in the binary lipid mixture, denoted by the higher enthalpy values 

and shifting of the exothermic peak to higher temperature. Similar data of increased enthalpy after 

active addition to the lipid melt have been reported for binary and ternary mixtures of Precirol® ATO 

5 and Transcutol® HP with didanosine (DDI) (Kasongo et al., 2011a), and for mixtures of the solid lipid 

Imwitor® 900 with the poorly water soluble drug RMZE98 (Zimmermann, Souto, & Müller, 2005). 

Nnamani et al. (2014) demonstrated that at a relatively low addition of the water-soluble drug 
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artemether, same to the percentage used in the current study (0.5% w/w), the melting enthalpy was 

higher than the respective blank binary mixture of Gelucire® 43/01 and Transcutol® P, at a 70:30 w/w 

ratio.  

The DSC thermograms of bulk glyceryl palmitostearate revealed that melting occurs between 56 and 

63°C, with a main endothermic peak at 58.2°C bearing a shoulder at 63°C (Figure 2C), while re-

crystallisation showed a broad exothermic peak ranging between 42 and 59°C, with one main signal 

at 58.2°C and two lower intensity signals at 52.4 and 47.4°C (Figure 2D). Tempering caused distinct 

changes in both profiles, with peak shifting and melting enthalpy reduction. The melting profile 

recorded in this study shows similarities with the curves obtained for temperatures in the higher 

spectrum, as reported by Reitz et al. (2007), who showed that for glyceryl palmitostearate the 

obtained profile is tempering temperature-dependent. The main melting peak in the bulk lipid has 

been attributed to a stable β modification that transforms to a less stable α modification after 

tempering (peak at 54.8°C), based on wide-angle X-ray scattering (WAXS) measurements (Kasongo 

et al., 2011b). The decrease in the intensity of the peak at 63°C, could imply that this event occurs 

due to the presence of components in lower percentages (i.e. triesters). Tempering is a process 

known to induce changes in the proportion between polymorphs, promoting the formation of the 

more stable one(s), which could explain the observed temperature and intensity shifting of the 

peaks (Sato, 2001). As reported earlier, the presence of MCTs can promote the appearance of signals 

belonging to α polymorphs, in this case at 52.8°C in the melting and at 48.6°C in the cooling 

thermograms, the intensity of which can vary depending on the type and percentage of liquid lipid 

used (Cirri et al., 2018; Kasongo et al., 2011a). In contrast to glyceryl behenate, CRM addition led to 

changes in the melting profile and enthalpy only for the single lipid mixture with glyceryl 

palmitostearate, while the melting and crystallisation characteristics of binary lipid mixture 

remained unaffected.  

In the melting profile of the glyceryl palmitostearate and glyceryl behenate mixture (Figure 2E), the 

discrete characteristic glyceride endothermic events can be clearly recognised at 55.5 and 64.0°C, 

respectively. A small suppression in the glyceryl behenate melting temperature was observed, 

compared to the thermogram of the singly tempered lipid, possibly caused by the presence of 

glyceryl palmitostearate. The profile obtained here is somewhat intermediate to the profiles 

reported by Hamdani et al. (2003) that investigated 40:60 and 60:40 w/w ratios of the same solid 

lipids. Addition of MCTs caused a shift of the melting and crystallisation events to lower 

temperatures and a ΔT increase (Table S5). Even though a level of compatibility between the two 

solid lipids, due to inter-solubility of their monoacid triglyceride components (Bunjes, Westesen, & 
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Koch, 1996), could be responsible for the identified melting temperature decrease, complete 

separation of the melting peaks when MCTs was added, indicates that potentially the lipids also co-

exist as somewhat separate entities within the blend.  

The curcumin-loaded binary and ternary lipid mixtures were almost identical to the blank samples, 

with the exception of the emergence of a small shoulder at 48.8°C at the binary mixture; also 

identified in the curcumin-loaded glyceryl palmitostearate mixture (Figure 2E). Reversibility of the 

endothermic events was detected in the re-crystallisation curves for all combinations (Figure 2F). In 

all cases, the occurrence of distinct re-crystallisation of the two solid lipids is in support of the 

observations (based on the melting curves) that they co-exist in the blend, while the presence of a 

miscible blend could only be supported by lowering of the re-crystallisation temperature compared 

to their individual exothermic events (Kovačević, Müller, & Keck., 2020). 

Based on the data acquired from the DSC analysis, the thermal properties of both solid lipids seem 

to be influenced by the presence of additional components, as reflected by the altered thermal 

profiles and melting enthalpies. A certain discrepancy to the melting enthalpy trend after the 

addition of liquid lipid or active between the two solid lipids is recorded. In literature, melting 

enthalpy reduction has been widely presented in support of incorporation of either the liquid lipid or 

active within the lipid matrix, and creation of defects in the crystalline structure (Kasongo, & Walker, 

2019; Müller Kovačević, Müller, & Keck, 2020; Souto & Müller, 2005; Souto, Mehnert, & Müller, 

2006), although it is not always clear whether the reported enthalpy reflects changes to the 

behaviour of the lipid phase in its entirety, or the crystallising material specifically. For the lipids 

examined in this study, a common occurrence in all combinations was the increased melting 

enthalpy values when the liquid lipid was added, as opposed to the active addition, that 

demonstrated a behaviour reliant on the relative solid-to-liquid lipid combination. The presence of 

liquid lipid can prompt acceleration of polymorphic transitions to more stable transformations in a 

concentration-dependent manner (Yoshino, Kobayashi, & Samejima, 1982), that has also been 

described for dispersed active in the liquid state (Bunjes et al., 2001). Therefore, it could be 

proposed that the observed thermal profile and enthalpy changes were the result of solubility 

between the solid and liquid lipids, rather than mixed crystal formation, as has been previously 

reported for tripalmitin or tristearin binary mixtures with triolein (Norton et al., 1985).  

 

3.3 Characterisation of blank and curcumin-loaded SLNs and NLCs 
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3.3.1 Particle size, polydispersity and zeta potential  

Part of the preliminary lipid dispersion preparation studies was focused on the reduction of the 

particle size to ensure that the developed systems would be within the desirable size range (sub-

micron particles) to act as Pickering emulsion stabilisers (Rousseau, 2000; Zafeiri et al., 2017a). 

Parameters associated with the processing stage were initially evaluated. More specifically, the 

duration of the homogenisation step, in this case sonication, was assessed for Precirol® ATO 5 and 

Compritol® 888 ATO SLNs (5% w/w total lipid content) and using 1.2% PVA as the surfactant. For 

both lipids, it is quite evident that as the sonication time increases from 1 to 5 minutes (95% 

amplitude), the average particle size decreases (Figure 3A), which could be explained by the fact that 

at longer sonication duration greater energy input can be conveyed to the pre-emulsion leading to 

more efficient droplet breakage, as it has been previously reported (Das et al., 2011b; Kumar et al., 

2018). In a next step, formulation parameters were investigated; using both types of solid lipids and 

at the same lipid concentration, SLNs were fabricated with four types of surfactants at 1.2% w/w 

(Figure 3B), with Tween® 80 and Pluronic® F-68 generating the smallest particle sizes for both lipids. 

Subsequently, the lipid concentration was decreased to 2.5% w/w that resulted in a significant 

particle size reduction (Figure 3C), potentially due to a decrease in the droplet/particle collision 

events taking place at this lower lipid content (Freitas & Müller, 1999). Lastly, evaluating the effect 

of the concentration of Tween® 80 using 0.6, 1.2, 1.8 and 2.5% w/w, revealed that increasing the 

concentration from 0.6 to 1.2% w/w caused a significant decrease in the obtained particle size 

(Figure 3D). However, further increase in surfactant content had a much smaller effect on the final 

average particle size, a phenomenon which has been previously described elsewhere (Helgason et 

al., 2009). The surface active agents have a dual role in the fabrication of lipid particles; provide 

sufficient interfacial coverage/stabilisation to the droplets during the melt-emulsification stage, 

while hindering inter-droplet association during the cooling step (crystallisation). The presence of a 

higher number of surface active molecules in the system can lead to acceleration of interfacial 

coverage and smaller droplet sizes during the emulsification/droplet breakage step. Although, this 

event can be counterbalanced by the increased frequency of collisions occurring between droplets 

of smaller sizes, thus reaching a size reduction plateau at certain surfactant concentration. Hence, 

the sonication time used was fixed at 5 minutes, the lipid concentration was set at 2.5% w/w, and 

Tween® 80 and Pluronic® F-68 at 1.2% w/w were the chosen surfactants and concentration for 

subsequent experiments. Using these optimised formulation/processing parameters, aqueous 

dispersions of both SLNs and NLCs were prepared according to the compositions presented in Table 

2. Concerning the formulation characteristics, the type of solid lipid, the concentration of the liquid 
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lipid and the type and concentration of the employed surface active species were all explored, in 

terms of their effect on the size of the formed SLN and NLC particles.  

Figure 3. Particle size of SLNs (Z-average) prepared with either Precirol
®
 ATO 5 or Compritol

®
 888 ATO, when different 

processing and formulation parameters were used; (A) sonication time, (B) type of surfactant, (C) lipid concentration (% 
w/w) and (D) concentration of Tween

®
 80 (% w/w).   
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Table 2. Composition of SLN and NLC formulations prepared with Precirol
®
 ATO5, Compritol

®
 888 ATO or 1:1 w/w ratio of 

the two as solid lipid matrix, Miglyol
®
 812 as the liquid lipid at various concentrations (10, 20 and 30% w/w of the lipid 

phase), and Tween
® 

80 or Pluronic
®
 F-68 as surfactants, either blank or loaded with curcumin. 

Formulation Compound concentration (% w/w) 

 Compritol® 

888 ATO 

Precirol® 

ATO 5 

Miglyol® 

812 

Tween® 

80 

Pluronic® 

F-68 

Curcumin Water 

B-SLN1 2.5 - - 1.2 - - 96.3 

B-NLC1 2.25 - 0.25 1.2 - - 96.3 

B-NLC2 2.0 - 0.5 1.2 - - 96.3 

B-NLC3 1.75 - 0.75 1.2 - - 96.3 

SLN1 2.4875 - - 1.2 - 0.0125 96.3 

NLC1 2.2388 - 0.2487 1.2 - 0.0125 96.3 

NLC2 1.99 - 0.4975 1.2 - 0.0125 96.3 

NLC3 1.7413 - 0.7462 1.2 - 0.0125 96.3 

SLN2 - 2.4875 - 1.2 - 0.0125 96.3 

NLC4 - 1.7413 0.7462 1.2 - 0.0125 96.3 

SLN3 1.2438 1.2437 - 1.2 - 0.0125 96.3 

NLC5 0.8707 0.8707 0.7461 1.2 - 0.0125 96.3 

SLN4 2.4875 - - 0.5 - 0.0125 97 

SLN5 2.4875 - - - 1.2 0.0125 96.3 

 

Initially, lipid particle dispersions were prepared with Compritol® 888 ATO in the absence of 

curcumin by progressively replacing 10, 20 and 30% w/w of the solid lipid mass with Miglyol® 812 

(formulations B-SLN1 and B-NLC1–B-NLC3). All formulations displayed monomodal size distributions, 

with sizes ranging between 140 and 160 nm. It was observed that addition of the liquid lipid did not 

result in particle size or distribution profile changes for 10% w/w, and it was only at 20% w/w that a 

statistically significant (p<0.05) decrease was recorded (Figure 4A & Table 3). At 30% w/w liquid 

lipid, a plateau in terms of size was reached, with no further particle size variations. 

Correspondingly, the PDI showed a distinctive trend of decreasing values for NLCs of increasing 

liquid lipid content. Incremental incorporation of MCTs (up to 20% w/w) causing changes in the 
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viscosity of the glyceryl behenate melt droplets could be responsible for the gradual decrease in the 

particle size and PDI of the lipid particles obtained after crystallisation. Gokce et al. (2012) reported 

that the incorporation of different percentages of MCTs in the solid matrix of glyceryl behenate 

overall resulted in reduced particle sizes of the NLCs compared to the respective SLNs, which was 

attributed to more effective homogenisation and improved energy transfer due to the liquid lipid 

presence. Similarly, in another study, Hu et al. (2005) reported that incorporation of 30% w/w liquid 

lipid oleic acid in stearic acid reduced both the viscosity and surface tension in the lipid melt 

droplets, thus ultimately resulting in the formation of smaller NLC particles (164.6 nm compared to 

the 379.7 nm in the formulation without any oleic acid). Incorporation of curcumin to the blank lipid 

dispersions led to a slight increase in the particle sizes for all systems (SLN1 and NLC1–NLC3), which 

amongst them however displayed almost identical sizes, irrespective of the solid-to-liquid lipid mass 

ratio. Comparison between the blank and curcumin-loaded dispersions, showed a significant size 

increase only for the 20 and 30% w/w NLC formulation (NLC2, NLC3). This behaviour has been 

reported previously, when the average sizes of blank and active-loaded SLNs and NLCs were 

compared, and was attributed to a combination of swelling of the lipid core due to active 

encapsulation and increase of the interfacial tension and/or viscosity of the dispersed phase causing 

inefficient particle size reduction (Akhoond Zardini et al., 2018; Hu et al., 2005; Tamjidi et al., 2014). 

Both the size distribution profiles (Figure 4B) and PDI values for the CRM-loaded SLNs/NLCs systems 

remained unaffected.  

The size characteristics of the particles produced using Precirol® ATO 5 as the solid lipid were also 

evaluated. Glyceryl palmitostearate SLNs (SLN2) displayed a slightly broader size distribution (higher 

PDI value) and larger particle sizes in comparison to SLNs composed of glyceryl behenate (SLN1). 

These findings, possibly outline the impact of the processing parameters, and more specifically the 

duration of the sonication step. The statistically significant increase to the Z-average due to the 

presence of an additional small peak identified at 5.5 μm in SLN2 could have been caused by excess 

energy transfer to the system inducing extreme acoustic cavitation and temperature rise (starting at 

70°C prior to sonication to 94°C after sonication), resulting in enhanced pre-emulsion droplet 

breakage and coalescence (Figure 4C) (Canselier et al., 2001; Kentish et al., 2008). Inversely, 

comparing formulations NLC3 and NLC4 (NLCs fabricated with glyceryl behenate and glyceryl 

palmitostearate, respectively), reveals that the latter were characterised by smaller Z-average 

values. The overall lower viscosity of the Precirol® ATO 5/Miglyol® 812 blend to the equivalent 

Compritol® 888 ATO NLCs could explain the lower particle sizes. The combination of the 

characteristics of the two solid lipids can be accounted for the somewhat intermediate behaviour 
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that was observed for both the SLN and NLC formulations fabricated with 1:1 mass ratio mixture of 

the two (SLN3–NLC5).  

In regard to the particles formed with different surfactant parameters, Compritol® 888 ATO 

SLNs were produced using 1.2% and 0.5% w/w Tween® 80 (SLN1 and SLN4, respectively), and 1.2% 

w/w Pluronic® F-68 (SLN5) (Figure 4D). Particles prepared with reduced surface active species 

concentration (SLN4) (to study the relation between surfactant concentration/particle size with 

curcumin loading in a step), showed bimodal size distribution profile, with higher Z-average and PDI 

compared to the respective formulation of higher surfactant concentration (SLN1). The lack of 

sufficient number of surface active species to fully cover and stabilise the pre-emulsion droplets 

creates a system that is more prone to coalescence, particularly under relatively high sonication 

durations (5 min), when the chances of droplet collisions are increased due to the combination of 

high energy input and long period of interaction. In contrast, Pluronic® F-68 (Poloxamer 188) 

appeared to drive the SLN size reduction a bit further than Tween® 80 (SLN1), implying better 

coalescence hindrance, leading to smaller lipid particles after crystallisation. The effect of the 

characteristics and concentration of surfactant on the resultant particle size has been previously 

highlighted in a study by Zafeiri et al. (2017a). 

 

Figure 4. Dynamic light scattering measurements showing the particle size distribution of SLN and NLC formulations after 

preparation. (A) Formulations B-SLN1 and B-NLC1–B-NLC3, (B) SLN1 and NLC1–NLC3, (C) SLN2–SLN3 and NLC4–NLC5, and (D) 

SLN1 and SLN4–SLN5.  

 

In terms of the zeta potential values acquired, all glyceryl behenate-containing lipid 

dispersions were characterised by values ranging between 19 and 25 mV (Table 3), without any 

major changes identified after the addition of curcumin. A slight decrease with increasing liquid lipid 

concentration for both blank and curcumin-loaded lipid dispersions, but also for all types of solid 

lipid compositions can be seen, suggesting a reduction to the particles’ surface potential and further 

indicating changes at the surface of the NLCs; such as potential shifts in the shear plane (Fang et al., 

2008; Kovacevic et al., 2011; Makoni, Kasongo, & Walker, 2019; Müller, Mäder, & Gohla, 2000). SLNs 

prepared with Tween® 80 did not differ significantly from lipid dispersions fabricated with Poloxamer 

188 in their zeta potential values (formulations SLN1 and SLN5, respectively), while the formulation 

with lower concentration of the former (Tween® 80) yielded particles with higher ζ-potential (SLN4). 

The negative charge in all formulations is attributed to the presence of free fatty acids at the surface 

of the particles, as both types of surfactants are non-ionic (Kovacevic et al., 2011). 
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Table 3. Z-average, polydispersity index (PDI) and zeta potential (ζ-potential) of different SLN and NLC formulations 
measured after preparation. 

Formulation Z-average (nm) PDI ζ-potential (mV) 

B-SLN1 158.9±10.6 0.20±0.02 -23.0±1.3 

B-NLC1 160.5±3.8 0.16±0.02 -22.3±1.9 

B-NLC2 140.4±20.1 0.15±0.02 -19.5±2.6 

B-NLC3 145.8±3.4 0.12±0.02 -20.1±0.7 

SLN1 165.1±2.7 0.20±0.02 -25.2±2.6 

NLC1 165.4±5.3 0.16±0.02 -25.0±3.0 

NLC2 162.5±6.5 0.13±0.01 -21.7±1.3 

NLC3 163.2±3.8 0.12±0.01 -20.5±0.7 

SLN2 176.0±9.6 0.28±0.04 -32.7±0.9 

NLC4 114.4±7.1 0.14±0.04 -26.0±2.7 

SLN3 170.9±15.2 0.23±0.01 -27.6±1.4 

NLC5 136.2±2.5 0.19±0.01 -24.4±1.9 

SLN4 343.9±26.5 0.24±0.03 -29.0±2.8 

SLN5 139.7±1.9 0.20±0.01 -24.4±0.7 

 

3.3.2 Thermal analysis of aqueous lipid dispersions 

DSC analysis was used to gain a better insight on the effect of the specific particle characteristics and 

varying formulation parameters on the thermal properties and crystallinity of the produced SLNs 

and NLCs (shown in Table 2). These are important factors when it comes to predicting the long-term 

physical stability of the lipid nanoparticles, but also their ability to maintain physical integrity both in 

terms of active expulsion phenomena and liquid lipid expulsion/separation (in the case of NLCs) 

(Freitas & Müller, 1999; Kovacevic et al., 2011; Westesen, Bunjes, & Koch, 1997). The melting and 

crystallisation thermograms are presented in Figures 5 and 6, respectively. 

Comparison between the lipid nanoparticles prepared with glyceryl behenate and 

combination with MCTs at 70:30 w/w ratio (systems B-SLN1 and B-NLC3), and their respective 
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physical mixtures reveals peak broadening and shifting towards lower temperatures (Figures 5A & 

B). According to the Gibbs-Thompson effect, sub-micron sized solid lipid particles can reach 

thermodynamic equilibrium at lower temperatures compared to the larger crystals in their (pure 

lipid) physical mixtures (Jenning, Thünemann, & Gohla, 2000b; Kovacevic et al., 2011; Perez, 2005). 

In addition, polymorphic transitions and crystallisation process modulation can be further prompted 

by the adsorption of surfactant molecules on the lipid particle surface, explaining changes in the 

melting and crystallisation profiles (Bunjes, Koch, & Westesen, 2002). A level of polymorphism can 

be identified in the SLN formulation, due to the presence of a split (at 68.9°C) on the main peak 

(70.7°C), that has also been shown in the data reported by Jenning et al. (2000) and Freitas et al. 

(1999), albeit the split appeared at higher temperatures (approximately at 75 and 73°C, 

respectively). This discrepancy could be attributed to the varying surfactant to lipid ratio, with the 

proportion used in this study being higher (approximately 1:2) than the almost 1:8 used in the 

aforementioned studies, or differences in the fabrication/analysis conditions. As discussed earlier, 

Compritol® ATO 888 is a composite mixture of behenic acid esters, which could account for the 

complex polymorphic behaviour of the resulting lipid particle dispersions, particularly so in the 

presence of MCTs. In the work by Jenning et al. (2000), both SLNs and NLCs with various solid-to-

liquid lipid mass ratios exhibited the metastable β΄, while increasing amount of intermediate βi 

polymorphs were also identified in the NLCs with increasing MCTs concentration, as suggested by 

wide-angle X-ray scattering (WAXS) measurements. Pronounced polymorphic transitions in the 

presence of MCTs were additionally suggested by the recrystallisation thermograms of the SLNs 

displaying a main thermal event bearing a shoulder peak at a lower temperature, that became 

progressively more intense with increasing liquid lipid concentration, ultimately being the main peak 

for the B-NLC3 and NLC3 formulations (Figures 6A & B). Addition of the active in formulations B-SLN1 

and B-NLC1–B-NLC3 appears to have somewhat altered the polymorph ratios, as implied by the 

differences in the relative peak intensities in both the melting and re-crystallisation thermograms 

(Figures 5B & 6B). 

Variations in the thermal event characteristics could provide further information regarding the 

impact imposed by the oil (liquid lipid) and/or active incorporation to glyceryl behenate, which is the 

only component undergoing phase transition within the particle structure. As the liquid lipid 

concentration increases in both blank and curcumin-loaded lipid particles, the melting and onset 

temperatures display a negative slope, with the width of melting significantly increasing from the 

SLNs to the NLCs with 20% w/w liquid lipid (Table 4 & Figure 7A). Accordingly, looking at the melting 

enthalpy trend, gradual increase of MCTs in formulations B-NLC1-B-NLC3 shows that at 20% w/w 

mass and beyond, there was a pronounced reduction in the melting enthalpy of the crystalline 
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matter compared to formulation B-SLN1 (Table 4 & Figure 7B). Lipid phase crystallinity loss was 

suggested by the recrystallisation indices (RI), which showed a linear decreasing trend with 

increasing MCTs concentration. RI values of over 100% could be attributed to the presence of a 

more stable polymorph in the lipid particles compared to the bulk lipid, in this case the βi form 

distinguishable in all formulations (peaks indicated by arrows in Figures 5A & B); a transformation 

that has been previously described for glyceryl behenate particles kept in storage (Jenning, Schäfer-

Korting, & Gohla, 2000a). A distinction between the information extracted from these two 

parameters needs to be made at this point; RI value comparison reflects changes to the lipid phase, 

as the total mass of the lipid phase used for calculations is not accounting for solid lipid mass 

reductions in NLCs, while enthalpy data signify variations in the crystallising matter behaviour. 

Bunjes et al. (2007) attributed the melting point depression of glyceryl behenate/medium chain 

triglycerides nanoparticles on eutectic behaviour, although a slight solubility between the 

components was not excluded. Combining the ΔH and RI trends with the findings from the physical 

mixtures indicating partial solubility between the two lipids, a liquid lipid incorporation in the lattice 

created by the solid lipid, leading to a less ordered internal crystalline structure could be proposed. 

However, the pattern of non-linear relationship between the interval increase of MCTs and the 

thermal properties does not allow excluding the occurrence of oil phase separation within the lipid 

particles at higher liquid lipid concentrations. This is in accordance with previously reported data in 

literature indicating a liquid lipid concentration-dependent formation of distinct lipid structures 

(Jenning, Thünemann & Gohla, 2000b; Jores, Mehnert, & Mäder, 2003). An equivalent behaviour of 

the melting enthalpy was not however inherited to the formulations containing curcumin (SLN1 and 

NLC1–NLC3), for which no statistically significant deviations were recorded. Comparison of the ΔH 

and RI values between blank and CRM-loaded formulations demonstrated, that systems NLC2 and 

NLC3 were characterised by a statistically significant crystallinity increase. These observations for 

both blank and CRM-loaded formulations are consistent with the particle size trends reported earlier 

(Section 3.3.1). Incorporation of curcumin in the particles conveys an effect on their thermal 

behaviour that appears to be reliant on the relative solid-to-liquid lipid ratio, and possibly on the 

extent to which the liquid lipid addition affects the physical properties of the crystalline lipid matrix, 

as demonstrated by both melting and crystallisation temperature, and enthalpy characteristics. 

Following the investigations using glyceryl behenate, curcumin-loaded SLNs and NLCs with 

30% w/w liquid lipid content were fabricated with glyceryl palmitostearate. As expected, Precirol® 

ATO 5 SLNs (SLN2) and NLCs (NLC4) demonstrated lower melting and crystallisation maxima as 

opposed to the respective CRM-containing physical mixtures (Figures 5C & 6C). Incorporation of 

MCTs in the pre-emulsion blend (NLC4) enhanced the polymorphism, and led to reduction of the ΔH 
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and melting temperature, and increase in the RI and ΔT values. Possible explanations could lie on the 

creation of a less crystalline lipid matrix after incorporation of the liquid lipid, statistically significant 

particle size reduction compared to the SLNs, or combination of the two. The relative behaviour 

between formulations SLN2 and NLC4 is similar to the corresponding glyceryl behenate formulations 

(SLN1 and NLC3), albeit the decrease of the melting width of the former was lower comparatively. 

This is likely underlining the impact of the surfactant on the overall thermal behaviour of the 

particles, which appears to have been greater in the case of the glyceryl behenate formulations 

compared to glyceryl palmitostearate. Indeed, Fang et al. (2008) did not detect any melting point 

shifts caused by the addition of Tween® 80 in the physical mixtures of glyceryl palmitostearate and 

squalene. The effect of the type and chemistry of the surfactant not only on the resulting particles 

size, but also on the interactions developed with the crystalline matrix depending on its composition 

has been previously shown to be important parameters governing the particles’ crystalline 

properties (Zafeiri et al., 2017a). 

The co-existence of the individual solid lipids within a partially miscible blend of them, which 

was hypothesised based on the DSC data of their physical mixtures, cannot be ruled out also for 

their SLNs (SLN3) and NLCs (NLC5), based on the somewhat intermediate melting behaviour to their 

singly SLN dispersions, and the peak separation observed in the melting and re-crystallisation profile, 

respectively (Figures 5C & 6C). The high RI of formulation SLN3 (104.0%), which is comparable to that 

of SLN1, suggests the presence of high ratio of βi forms attributed to glyceryl behenate, whereas the 

intermediate RI of NLC5 to both NLCs composed of the individual components (NLC3 and NLC4) could 

be the result of the combined accelerated polymorphic transitions of both solid lipids due to the 

liquid lipid addition. Regarding the thermal profiles of the SLNs with lower surfactant concentration 

(SLN4), melting and crystallisation events of reduced ‘complexity’ can be observed, that could be due 

to the different packing of the surfactant at the particles’ interface as a function of its concentration, 

compared to formulation SLN1 (Helgason et al., 2009). On the contrary, the crystallisation profile for 

the Poloxamer 188 particles appears to be more complex, but in line with data reported in literature 

(Zur Mühlen, Schwarz, & Mehnert, 1998) for the same combination of solid lipid and surfactant 

(Figure 6D). In the melting profile of SLN5 (Figure 5D), the single endothermic peak at 71.0°C that 

could be attributed to a stable βi polymorphic form and the higher RI value compared to formulation 

SLN1 indicate the existence of a more highly ordered internal lattice. Thus, higher compatibility 

between glyceryl behenate and Tween® 80 can be postulated, as that would allow part of the 

surfactant’s structure to participate in the crystalline network close to the surface region of the 

particles, and in a higher degree than Poloxamer 188 molecules, leading to decreased packing of the 

crystalline structure and transition to less stable polymorphs (β΄), observed for Tween® 80 particles.  
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Figure 5. DSC melting curves of SLN and NLC aqueous dispersions consisting of Miglyol
®
 812 as the liquid lipid in 

combination with different solid lipids or blends of them. Graphs (A), (B) and (D) show the melting behaviour of 
formulations prepared with Compritol

®
 888 ATO without curcumin, with 0.0125% w/w curcumin and with varying type 

or concentration of surfactants, respectively. Graph (C) displays the melting curves of formulations fabricated with 
either Precirol

®
 ATO 5 or blend of the two solid lipids at 50:50 w/w ratio. The exact composition of the formulations can 

be found in Table 2. The normalised curves were shifted along the ordinate and presented in sets for better 
visualisation. Arrows are used to pinpoint certain thermal events.  

Figure 6. DSC crystallisation curves of SLN and NLC aqueous dispersions consisting of Miglyol
®
 812 as the liquid lipid in 

combination with different solid lipids or blends of them. Graphs (A), (B) and (D) show the melting behaviour of 
formulations prepared with Compritol

®
 888 ATO without curcumin, with 0.0125% w/w curcumin and with varying type 

or concentration of surfactants, respectively. Graph (C) displays the crystallisation curves of formulations fabricated 
with either Precirol

®
 ATO 5 or blend of the two solid lipids at 50:50 w/w ratio. The exact composition of the formulations 

can be found in Table 2. The normalised curves were shifted along the ordinate and presented in sets for better 
visualisation.  
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Table 4. DSC melting and crystallisation parameters of SLN and NLC aqueous dispersions. Enthalpy values (ΔH) reflect 
the total enthalpy measured after integration of all thermal events present. The maximum melting and crystallisation 
(Tmax) and onset (Tonset) temperatures are given for the individual occurring thermal events, as well as the width between 
the two (ΔT) and the recrystallisation index (RI) for each formulation. 

  ΔH (J/g) Tmax (°C) Tonset (°C) ΔT (°C) RI (%) 

B-SLN1 Melting 140.1±3.2 70.7±0.2 65.6±0.2 5.1±0.4 106.8±3.2 

Crystallisation -149.4±2.2 58.2±0.3 60.6±0.3 -2.4±0.2 

B-NLC1 Melting 141.3±14.4 68.9±2.7 62.4±1.5 6.5±1.3 97.0±9.9 

Crystallisation -120.6±25.7 55.9±1.0 59.1±0.8 -3.2±0.2 

B-NLC2 Melting 115.1±2.9 64.0±0.3 50.9±1.8 13.1±1.1 79.0±2.0 

Crystallisation -114.8±2.6 51.5±0.1 56.9±1.8 -5.4±1.7 

B-NLC3 Melting 98.6±3.4 60.7±0.1 44.7±0.3 16.0±0.3 67.7±2.3 

Crystallisation -97.0±3.3 50.8±0.1 53.2±0.6 -2.4±0.7 

SLN1 Melting 146.8±2.2 70.8±0.1 65.4±0.8 5.4±0.8 101.9±1.8 

Crystallisation -148.8±1.6 58.3±0.1 60.7±0.2 -2.4±0.1 

NLC1 Melting 147.7±3.5 70.8±0.1 62.4±0.3 8.3±0.3 101.4±2.4 

Crystallisation -146.7±4.2 57.0±0.2 59.4±0.1 -2.5±0.2 

NLC2 Melting 148.7±11.3 69.3±0.1 47.4±0.5 21.9±0.5 90.6±6.7 

Crystallisation -138.3±4.8 51.1±0.1 58.2±0.1 -7.1±0.1 

NLC3 Melting 139.1±7.1 61.9±0.1 46.5±0.2 15.5±0.2 74.2±3.8 

Crystallisation -130.6±5.5 50.3±0.2 53.4±0.2 -3.1±0.3 

SLN2 Melting 157.4±5.2 52.3±0.1 47.7±0.1 4.5±0.1 89.1±2.9 

Crystallisation -138.6±3.5 36.0±0.3 41.8±1.1 -5.9±1.2 

NLC4 Melting 144.6±8.8 46.3±3.4 35.2±0.3 11.1±3.2 57.3±3.5 

Crystallisation -121.0±3.6 31.4±0.3 36.4±0.1 -5.0±0.4 

SLN3 Melting 162.3±21.0 61.5±0.6 49.5±1.3 11.9±1.0 104.0±9.7 

Crystallisation -140.1±22.3 48.9±0.5 53.2±0.2 -3.4±0.2 

NLC5 Melting 142.2±6.6 53.7±0.7 36.0±0.6 17.7±0.2 64.7±3.0 
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Crystallisation -114.5±2.4 43.1±0.2 46.0±0.3 -2.8±0.5 

SLN4 Melting 152.2±3.9 71.3±0.1 69.0±0.3 2.3±0.3 115.3±3.0 

Crystallisation -154.2±6.2 61.9±0.1 63.9±0.1 -2.0±0.1 

SLN5 Melting 156.0±7.2 71.0±0.0 68.6±0.1 2.4±0.1 116.9±5.5 

Crystallisation -156.6±7.9 65.4±0.1 66.9±0.1 -1.5±0.0 

 

Figure 7. (A) Melting and onset temperature, and width between these two temperatures trends, and (B) melting enthalpy 

trends at increasing liquid lipid concentration from 0% to 30% w/w for blank (B-SLN1 and B-NLC1–B-NLC3) and CRM-loaded 

formulations (SLN1 and NLC1–NLC3).  

 

3.3.3 Encapsulation efficiency and loading capacity  

To establish the amount of curcumin incorporated within the lipid particles and evaluate 

whether the chosen materials were able to achieve high active loadings, the encapsulation efficiency 

(EE) and loading capacity (LC) were determined. All formulations were characterised by EE and LC 

values of 99.9±0.0% and 5.0±0.0%, respectively. It appears that changes in the chemical and physical 

characteristics of the SLN/NLC particles, did not convey any changes to their ability to enclose 

curcumin. Even when the value of the Z-average almost doubled (SLN4), or the RI was high (SLN1, 

NLC1, SLN2, SLN3, SLN4 and SLN5), characteristics that are generally considered to have a negative 

impact on active entrapment (Jia et al., 2010; Souto et al., 2004a), the EE and LC values remained 

equally high. This is in agreement with other studies using the same materials and similar 

concentration of the active in relation to the lipid phase. Araujo et al. (2020) have recently 

demonstrated how the composition of NLCs influences curcumin loading, reporting that NLCs 

prepared with Compritol® 888 ATO and MCT at 0.75% w/w curcumin in the lipid phase had an EE of 

88.34±2.84% and LC of 2.22±0.01%. In another study, NLCs prepared with either Compritol® 888 ATO 

or Precirol® ATO 5 as the solid lipids and Labrasol® as the liquid lipid showed EE ranging between 

79.70 and 96.89% and LC between 2.63 and 3.26% for the 0.5% w/w curcumin to lipids 

concentration used; both EE and LC were found to depend on the type of surfactant used (Tween® 

80 or Poloxamer 407) and with higher values attributed to Precirol® ATO 5 (Espinosa-Olivares et al., 

2020). In both studies, the method followed for the preparation of curcumin-loaded lipid dispersions 

involved the simple solubilisation of curcumin in the lipid melts under stirring. The use of solvents, 

such as ethanol or chloroform, to increase the amount of solubilised curcumin in the lipid phase 

have been reported to give LC up to 23.38% and EE up to 54% w/w of curcumin in lipid content 

(Bondì et al., 2017; Wang et al., 2018). In an aforementioned work (Doktorovova, Souto, & Silva, 
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2017), that explored the selection of a suitable solid lipid for curcumin encapsulation, the authors 

attempted to increase the percentage of curcumin to 2 and 3% w/w, from the initial 1% w/w that 

was defined as the maximum soluble quantity, which led to precipitation. Therefore, it is not clear at 

this stage and following the described processing and formulation parameters, whether increasing 

the percentage of curcumin in regard to the lipid phase concentration would result in equally high EE 

and LC values. Since the solubility of the active in the lipid phase changes during crystallisation, 

maintaining the concentration of the active close to the solubility threshold defined during 

preliminary solubility studies could explain the high EE and LC achieved in this study.  

 

3.3.4 Storage stability 

Formulations fabricated with glyceryl behenate, both blank (B-SLN1 and B-NLC1–B-NLC3) and 

curcumin-loaded (SLN1 and NLC1–NLC3), showed good storage stability over the examined time, with 

no deviation in the particle size (Table S6), well-maintained thermal profiles (Table S7), and 

unchanged EE and LC values. On the contrary, formulations comprising of glyceryl palmitostearate 

(SLN2–SLN3 and NLC4–NLC5) did not preserve their size characteristics above the 4 weeks mark. 

Physical modifications taking place during ageing of Precirol® ATO 5 have been reported to cause 

destabilisation of their physical properties to a greater extent than in longer fatty acid chain lipids, 

such as Compritol® 888 ATO (Hamdani, Moës & Amighi, 2003; Sutananta, Craig, & Newton, 1994). 

Additionally, the greater temperature difference between the melting and crystallisation 

temperatures of glyceryl palmitostearate (compared to glyceryl behenate), would mean that 

droplets maintain their molten state over a longer period (prior to crystallisation) and thus are 

potentially exposed to a high risk of emulsion instabilities (e.g. coalescence), which in turn ultimately 

result in the formation of larger particles post-crystallisation (peak at 5.5 μm). The ageing 

modifications and/or destabilisation caused by liquid lipid expulsion could be assigned to the oily 

film formation observed for formulation NLC4 at four weeks of storage. Since no such observation 

was made for glyceryl behenate and MCTs formulation, the lower affinity of MCTs for glyceryl 

palmitostearate that was suggested by the theoretical lipid screening studies could be responsible 

for this outcome. For samples containing both solid lipids, it was proposed by Bose et al. (2013) that 

the varying rates of crystallisation of the two lipids (period of several months of glyceryl behenate 

and rapid for glyceryl palmitostearate) resulted in overall faster lipid transformation, leaving limited 

number of surfactant molecules to cover new surfaces formed during storage-induced lipid 

transformations, consequently causing aggregation. Changes in the ζ-potential values recorded for 

most formulations over time can be used as indicators of electrostatic properties variations (Riddick, 
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1968; Souto et al., 2004b), which in turn is a sign of destabilisation. However, Tween® 80 and 

Poloxamer 188 are known to provide stabilisation through superposition of electrostatic and steric 

factors acting synergistically, which explains the stability preservation despite the values lower than 

|30| mV and their variations (Freitas & Müller, 1998; Tan et al., 2016). Long-term aggregation of 

Poloxamer 188-stabilised SLNs (SLN5) confirmed by LD measurements (data not shown) could be the 

result of electrostatic repulsion losses induced by the bridging effects or gelling properties of block 

co-polymers like Poloxamer 188, as discussed by Freitas et al. (1998). In addition, the pre-existence 

of larger particles, in this case, as shown in Figure 4D could have further promoted this effect. In 

instances where insufficient number of surfactant molecules are present in the system (SLN4), the 

lipid particle surfaces remain uncovered, allowing for lipid particles to approach each other and 

result in aggregation, due to the absence of either steric or electrostatic repulsion forces, which was 

supported by LD data.  

 

4. Conclusions 

The present work explores the impact of different formulation parameters on the physical 

properties of SLNs and NLCs used as carriers of a model hydrophobic active. Theoretical active-to-

lipid miscibility predictions, employing the Hansen solubility parameter, aligned well with 

experimental data, and this lipid screening approach is demonstrated to be an effective tool for 

selecting lipid components that can achieve high solubilisation of a chosen active; in this case 

curcumin. Lipid nanoparticles, of dimensions compatible to those required for Pickering 

functionality, were fabricated with varying combinations of the selected lipid materials and 

exhibited equally high encapsulation efficiency and loading capacity values, irrespective of their 

exact composition. Incremental addition of liquid lipid was shown to have a concentration-

dependent effect on both the obtained size and thermal behaviour of the formed particles with 

glyceryl behenate as the solid lipid, while the impact of active incorporation in the same particles 

was reliant on to the relative solid-to-liquid lipid mass ratio. The influence of the compatibility 

between the lipid matrix components on the size and polymorphism was highlighted. Specifically, 

this was denoted by investigating the compatibility between solid lipid(s) and liquid lipid, when solid 

lipids with varying melting and crystallisation temperatures were used, and the affinity of the 

surfactant to the lipid blend, when different type of surface active species were employed. The 

formulation approach adopted in this study, whereby pre-formulation compatibility evaluation is 

performed between the active under investigation and the lipid components, could lead to the 

generation of a range of diverse lipid structures in terms of their crystalline properties, that are 
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ensured to retain high active loadings over prolonged periods. Future work using the developed 

systems will aim to investigate/confirm the ability of the lipid particles to act as Pickering emulsion 

stabilisers, while maintaining their stability and active-carrier functionalities. Additionally, the 

improved understanding on their crystalline structure properties could be utilised to design/achieve 

controlled and tailor-made release patterns. 
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