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Abstract

In recent years, major healthcare and social challenges have made it even more apparent that
there is a growing need for the design and development of pharmaceutical modalities with
patient centricity as their mainstay. Amongst these approaches, combination drug therapy has
been endorsed for the aptitude to achieve improved clinical outcomes and consolidate the
patient adherence to treatment regimes. Although technological strategies that enable the co-
encapsulation and co-delivery of actives from within a sole microstructure have been realised
for solid dosage forms, the liquid-based co-delivery formulations portfolio remains hitherto

limited.

This thesis proposes the utilisation of lipid particle-stabilised (Pickering) emulsions as a
promising liquid-based structuring strategy for the segregated co-encapsulation and subsequent
independent co-delivery of two active ingredients. The impact of varying lipid particle
formulation characteristics and encapsulation of a hydrophobic active (curcumin) on key
indicators of Pickering behaviour were initially scrutinised. Compatibility between the lipid
matrix constituents was suggested as a factor greatly affecting the particles’ characteristics,
particularly their crystallinity. The capacity of the particles to serve as colloidal dual functional
species was demonstrated, by acting as effective active carriers and release regulators of
curcumin, and simultaneously stabilising o/w emulsion droplets through a Pickering
mechanism. The particles maintained their dual role, irrespectively of changes in their structural
properties. Alterations to the particles’ formulation parameters were shown as a useful means
of tuning the release performance both within dispersion and emulsion settings. Part of their
functionality as Pickering stabilisers was manifested through their capacity to serve as an

interfacial barrier regulating the release of an additional hydrophobic active (cinnamaldehyde)
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encapsulated within the emulsion droplets. Co-encapsulation of the two hydrophobic actives
did not compromise the co-delivery performance of the system, thus corroborating the

appealing potential of the developed novel co-delivery formulation approach.
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General Introduction

1.1 Thesis background and motivation

Whether it is relevant to the collaboration between two people to accomplish a task or the
combination of two technological strategies to achieve an improved outcome, the philosophy
“two is better than one” has broad relevance. In this regard, within the pharmaceutical industry,
specifically in the context of devising new strategies to overcome the challenges associated
with diseases that are classed as difficult to treat, the benefits of combining two drugs have
attracted increased interest in the last couple of decades. This treatment modality, widely known
as combination drug therapy, has in many instances substituted the use of conventional single
drug approaches, thereby improving treatment response, minimising drug resistance,
diminishing adverse effects and enhancing patient treatment compliance. As of 2019, the Food
and Drug Administration (FDA) was anticipating an ever-increasing number of combination
products to be submitted for review, owing to the rapid scientific and technological advances,
thus providing an impetus to overcome challenges concomitant with their regulatory and policy

requirements [1].

Within the combination therapy arena, fixed dose combination (FDC) drugs, where two active
ingredients are combined within the same formulation vehicle, have emerged as attractive
alternatives to traditional treatment methods. Particularly in the case of infectious diseases such
as human immunodeficiency virus [2], tuberculosis [3] and malaria [4], they even constitute
the primary treatment route. As with any other drug development pathway, the overarching
rationale is to target and address all patients’ needs, entailing the minimisation of the demands’
diversity and added complexity of formulating two or more active ingredients into a single dose.
In the interest of pharmaceutical companies and FDC product developers to be able to develop

effective and efficient business models to tackle these impediments, but also of shortening the
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prolonged approval times (12-15 years [5]) of new active pharmaceutical ingredients (APISs)
and providing patients promptly with efficacious treatment options, the focus has shifted
towards the development of new technologies and methodologies to combine already existing

and pre-approved APIs [6].

Amongst these tactics are processing methods and formulation strategies, that have hitherto
been predominantly realised for solid dosage forms (i.e. tablets, pills, capsules) and
significantly less so for liquid-based formulations (i.e. solutions, suspensions, emulsions),
omitting to meet a considerable market need. Paediatric and geriatric patient populations, along
with people that struggle to adhere to solid dosage forms (e.g. patients with dysphagia)
represent a big portion of said market. The lack of suitable dosage forms in tandem with the
risks bestowed by using existing formulations, the latter arising from the practice of crushing
tablets and splitting pills to prepare suspensions of appropriate dose [7], have made it apparent
that there is a momentous drive towards the adoption of a patient-centric and patient-tailored

formulation development viewpoint.

Regardless of whether it is relevant to single or multiple encasement of actives, current
approaches employed in liquid formulations that contain a lipid phase play a principal role, as
they can be used to address hurdles commonly encountered with the encapsulation and
subsequent delivery of poorly water-soluble actives. Considering that the vast majority of APIs
are small hydrophobic molecules, and aiming to devise strategies that can enable their enhanced
adsorption and improved bioavailability, emulsions are microstructures that have over the years
manifested their appropriateness as active carriers and delivery systems in a plethora of already
marketed products. Although their attributes extend even further than the ease of preparation

and multiphase features, there are still issues related to destabilisation phenomena and short
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shelf-life of the formed systems. Additionally, pertaining to their utilisation within FDC drugs,
it is envisaged that the developed emulsion-based formulation can facilitate the
compartmentalised encapsulation of the two (or more) actives, to diminish any detrimental
interactions between them, and potentially and more crucially to accommodate their

independently controlled delivery.

To this end, emulsion stabilisation by colloidal solid particles (Pickering emulsions), rather than
conventional emulsifiers, can not only convey superior protection against destabilisation
mechanisms, but also it can introduce into the system the co-presence of two physically
different phases (i.e. the liquid phase as a result of the emulsion droplet presence and a
crystalline phase on account of the solid particle existence). The utilisation of such a platform,
whereby the two segregated actives are contained within two phases with varying structural
characteristics could potentially enable the independently tuned performance of each segment,
and consequently of each active encapsulated within them. Such novel structuring strategies
employing biorelevant Pickering particles, have already demonstrated their aptitude in
expanding current liquid-based formulation portfolios [8,9], although still at an exploratory

level.

Designing, fabricating and understanding the behaviour of these complex emulsion
architectures at all stages of the formulation process, to contrive the tools to ultimately
appropriately manipulate and control their performance as a co-encapsulation and co-delivery

platform was the pivotal driver of this project.
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1.2 Aims and objectives

The overall aim of this project was to design and instigate a structuring strategy that could be
utilised to enable the segregated co-encapsulation and subsequent independent co-delivery of
two active ingredients from a liquid-based formulation system. The approach adopted was lipid
particle-stabilised o/w emulsions, with a large portion of the work focusing on the capacity of
the developed lipid particulates to manifest the dual functionality of concurrently stabilising
o/w emulsion droplets through a Pickering mechanism and acting as effect active carriers and
release regulators of an active.

This project was realised through the delivery of the following objectives:

e Fabricating and characterising lipid particles with varying formulation parameters and
studying how these parameters affect characteristics associated with their active
carrying and Pickering functionalities;

¢ Confirming the Pickering stabilisation capacity of the lipid particles and understanding
how changes in their formulation aspects influence said performance;

e Exploring the capability of the previously developed particles to regulate the release of
a model hydrophobic active encapsulated within them, while attempting to propose a
mechanism for their behaviour;

e Investigating the ability of the particles to control the co-encapsulation and co-release
behaviour of two model hydrophobic actives encapsulated within the two physical
different compartments offered by the developed approach (i.e. lipid particles and

emulsion droplets), and devising approaches to tune the attained release profiles.
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1.3 Thesis layout

This thesis is organised into seven chapters. The four experimental chapters (Chapters 3, 4, 5
and 6) are written in the style of peer-reviewed publications, and are composed of an
introduction, materials and methods, results and discussion and conclusions section. An
appendix including supportive data is also provided where necessary, at the end of the chapter.

A synopsis of each chapter is presented below:
Chapter 1: General Introduction

The chapter introduces the background and motivation, along with the aims and objectives of
the work presented in this thesis. An outline of the chapters to follow is also presented, and

information regarding the dissemination of this work is provided.
Chapter 2: Literature Review

This chapter provides an overview of the scientific knowledge and current understanding of the
design and development of formulations utilised for co-encapsulation and co-delivery purposes.
This review specifically focuses on Pickering emulsions and lipid particle dispersions and the
characteristics that can render them effective carrier and delivery systems, as this was the

premise for the work that follows.

Chapter 3: Formulation design and development of lipid particles loaded with a
hydrophobic active

The work in this chapter explores the design and fabrication of solid lipid nanoparticles and

nanostructured lipid carriers used as carriers of a model hydrophobic active. The effect of
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different formulation variables on lipid particle characteristics that are associated with both

their Pickering functionality and active carrying capacity is considered.

Chapter 4: Lipid particles of dual functionality at emulsion interfaces. Part I: Pickering

functionality

This chapter is the first segment of a two-part study that investigates the aptitude of solid lipid
nanoparticles and nanostructured lipid carriers to exhibit the dual functionality of
simultaneously acting as Pickering stabilisers and as active carriers/release regulators of a
model hydrophobic active. Part | focuses on the Pickering stabilisation capability of the lipid
particles and how certain formulation parameters can impact upon the particle properties that

endow this functionality.

Chapter 5: Lipid particles of dual functionality at emulsion interfaces. Part Il: active

carrying/delivery functionality

In this chapter, the second part of the aforementioned study is presented. The focus shifts on
confirming the second concurrent active carrying and delivery functionality of both solid lipid
nanoparticles and nanostructured lipid carriers. The influence of lipid particle formulation
parameters on said capacity is investigated, and a mechanism relevant to the release regulation

capability of the particles once introduced within the emulsion setting is proposed.

Chapter 6: The impact of the interfacial architecture on the release and co-release from

lipid particle-stabilised emulsions

The final experimental chapter assesses how certain lipid particle compositional changes can
influence the release behaviour of both particle types within dispersion and emulsion settings.

It then proceeds to study the co-release performance of two model hydrophobic actives
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separately encapsulated within the particle-stabilised o/w emulsions, and scrutinise approaches

to regulate the active release rate.

Chapter 7: Concluding remarks and future recommendations

This chapter summarises the conclusions drawn from the results presented throughout the

thesis, and deliberates future work on the basis of potential applications.

1.4 Dissemination of research work

The research presented in this thesis has been disseminated through a variety of mechanisms,
including conference oral and poster presentations, and publications. Details for each of these

dissemination activities are given below:

Presentations:

e G.l. Sakellari, I. Zafeiri, H. Batchelor, F. Spyropoulos. “A study of lipid-based systems
with potential application in multiple delivery in pharmaceutical formulations”. Oral
presentation for the Young Lipid Scientist Award, SCI, virtual participation, June 2020

e G.l. Sakellari, I. Zafeiri, H. Batchelor, F. Spyropoulos. “Formulation development of
lipid nanoparticles with potential application in multiple delivery in pharmaceutical
formulations”. Oral presentation at the International Conference on Formulations in
Food and Healthcare, virtual participation, March 2021

e G.l. Sakellari, I. Zafeiri, H. Batchelor, F. Spyropoulos. “Lipid nanoparticles for the

development of liquid pharmaceutical formulations able to carry/deliver multiple
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actives”. Oral presentation at the 35" Conference of the European Colloid & Interface
Society, virtual participation, September 2021

G.l. Sakellari, 1. Zafeiri, H. Batchelor, F. Spyropoulos. “Lipid nanoparticles of dual
functionality for the development of emulsion formulations able to carry/deliver
multiple actives”. Poster presentation at the Formulating colloids — innovation and
disruption (Graham Award Symposium 2021), SCI, London, April 2022

G.l. Sakellari, 1. Zafeiri, H. Batchelor, F. Spyropoulos. “Lipid nanoparticles of dual
functionality for the development of multiple delivery formulations”. Oral presentation
for the Young Lipid Scientist Award, SCI, London, June 2022

G.l. Sakellari, 1. Zafeiri, H. Batchelor, F. Spyropoulos. “Lipid nanoparticles of dual
functionality for the development of multiple delivery formulations”. Oral presentation
at the 2" Edible Soft Matter Workshop & Conference, Wageningen, July 2022

G.I. Sakellari, I. Zafeiri, H. Batchelor, F. Spyropoulos. “The role of lipid nanoparticles
in the development of liquid formulations able to carry/deliver multiple actives”. Oral
presentation at the 8" International Conference on Food Chemistry and Technology,

Rome, October 2022

Publications:

G.l. Sakellari, I. Zafeiri, H. Batchelor, F. Spyropoulos, Formulation design, production
and characterisation of solid lipid nanoparticles (SLN) and nanostructured lipid carriers
(NLC) for the encapsulation of a model hydrophobic active, Food Hydrocolloids for

Health. (2021) 100024
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o G.I. Sakellari, I. Zafeiri, H. Batchelor, F. Spyropoulos, Solid lipid nanoparticles and
nanostructured lipid carriers of dual functionality at emulsion interfaces. Part I:
Pickering stabilisation functionality, Colloids and Surfaces A: Physicochemical
Engineering Aspects. (2022) 130135

e G.l. Sakellari, I. Zafeiri, H. Batchelor, F. Spyropoulos, Solid lipid nanoparticles and
nanostructured lipid carriers of dual functionality at emulsion interfaces. Part 1l: active
carrying/delivery functionality, Colloids and Surfaces A: Physicochemical Engineering
Aspects. (2023) 130787

e G.l. Sakellari, 1. Zafeiri, H. Batchelor, F. Spyropoulos, The impact of interfacial
architecture on the release and co-release from lipid-particle stabilised emulsions,

Journal of Controlled Release, in preparation
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Synopsis

This chapter outlines the main considerations implicated in the design and formulation of
vehicles used for co-encapsulation and co-delivery purposes. Solid and liquid state
approaches currently utilised are presented, and the underlying mechanisms involved in their
employment as encapsulants and controlled delivery systems are discussed. Special focus is
paid to liquid formulations and particularly to Pickering emulsion systems. Therein, the
requirements concerned in providing effective Pickering stabilisation with respect to the
particles are examined, along with the current trends in their utilisation as delivery and co-
delivery systems. Part of this literature review is dedicated to solid lipid nanoparticles and
nanostructured lipid carriers, two lipid particle counterparts. The formulation parameters,
defining characteristics and performance as carrying and delivery systems are delineated, in

an endeavour to set the scene for the experimental Chapters 3, 4, 5 and 6.
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2.1 Co-encapsulation and co-delivery

The terms co-encapsulation and co-delivery are predominantly used to describe the inclusion
and subsequent release, respectively, of more than one active ingredients from within the same
microstructure. The design and development of vehicles that can enable the co-encapsulation
and co-delivery of multiple actives have gained increased research interest in the last few
decades, with the developed formulations finding a wide range of applications in various
sectors. Although the mechanisms and approaches to successfully encapsulate and control the
release of a single active have been extensively studied within the formulation research field,
inclusion of a secondary species can introduce further hurdles to such endeavour. Said
challenges could relate to either of the two aspects involved in this approach. Referring to
encapsulation as the first facet, the development of the carrier structure should ensure that the
enclosed species are incorporated in such way, either co-localised or segregated, that the
optimal interactions between the actives are permitted. Correspondingly, the second element of
the succeeding active delivery has to also be considered, as each of the encapsulated species

needs to be individually released in a controllable and independent manner.

With the recent emergence in the range of applications requiring the employment of
formulations that can accommodate these co-encapsulation and co-delivery demands, the
different types of formulation platforms have also expanded to include both solid and liquid
dosage forms. The applications portfolio, the types of co-encapsulation, along with currently
available multiple encapsulation and delivery platforms are delineated in the following sections,
where special attention is given on the use of liquid formulations as carrier and delivery

systems.
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2.2 Applications of co-encapsulation and co-delivery systems

Although deep-rooted in pharmaceutical applications [1,2], the benefits proffered by multiple
encapsulation and delivery systems have been discerned and harnessed by other adjacent
industries that utilise formulation design to deliver active ingredients, such as agrochemicals
[3-5], cosmetics [6] and food products [7,8]. The advantages of the utilisation of a single multi-
active delivery formulation extend further to the apparent ease conferred by the concurrent
delivery of more than one active ingredients (Als). The co-existence of multiple actives within
a sole vehicle has been shown to give rise to synergistic or additive effects between the
encapsulated species, thereby enhancing their bioactivity and overall efficacy of the
formulation [9,10]. Therefore, considering the overarching aspiration of designing and
developing products of high value that can bestow the highest efficiency on the encapsulated
actives, the fundamental understanding and formulation knowhow of an effective multiple

encapsulation and delivery system development has been a cross-sectoral venture.

In pharmaceuticals, the use of fixed dose combination (FDC) drugs, where multiple therapeutic
cargos are combined within the same carrier, as a treatment modality in combination therapy,
has proven to be an effective substitute of single therapeutics that fail to demonstrate the desired
clinical outcomes and treatment compliance, by minimising adverse reactions and drug
resistance [11]. Estimating the timescales over which a newly designed drug is expected to
enter the pharmaceutical market (approximately 15 years) [12], along with the cost of new Al
development [13] has led an increasing number of treatment regimen to turn into FDC therapy
usage. More specifically, FDCs are currently used in the treatment of a wide range of diseases
to achieve better therapeutic effects and surmount treatment resistance, along with providing

better tolerability, elongated product life-cycle management and cost savings, including but not
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limited to cancer [14], cardiovascular diseases [15], viral infections [16] and type 2 diabetes
[17]. In agrochemicals, the simultaneous delivery of Als, such as multiple fungicides [18] or
pesticides [4] to mitigate long term single active resistance or to diminish the excessive use of
Als that can cause harm to human health or the natural ecosystems [19] has already been utilised
as a successful approach. Similarly in cosmetics and personal care products, the combination
of two or more Als of the same or different classes that can however demonstrate synergistic
effects has been employed for the development of a safer and more efficient sunscreen [20],
skin protecting [21], anti-aging [6] and hair regrowth [22] products. Lastly, within foods the
employment of co-delivery systems is gaining a growing interest, particularly due to the rise of
nutraceuticals and functional foods that have been proposed as nature-derived alternatives to
traditional medicinal methods of treating diseases [23,24], while also serving personalised

nutrition needs [25].

The range and effectiveness of multiple delivery applications has extensively expanded with
the utilisation of a greater range of active types, as the level of synergy and overall functionality
of the formulation greatly depends on the selection of the right combination of compounds (e.g.
inclusion of a second active that minimises the adverse effects or enhances the benefits of the
first), that also have the optimal concentration to show positive associations [7]. As mentioned
above, a single co-delivery vehicle can contain two or more Als of the same or even different
classes. Within the former category, multiple active pharmaceutical ingredients (APIs), such as
isoniazid and rifampicin have been used in dual combination formulations for the treatment of
tuberculosis [26], and doxorubicin and verapamil acting as chemosensitizers [27], among a
myriad of examples. Analogously, two microbial agents, nisin and garlic extract were co-
encapsulated and assessed for their potential application as biopreservatives in the food industry

[28], as were two phenolic antioxidant compounds, curcumin and resveratrol with capacity to

PAGE | 16



Literature Review

prevent and treat diseases associated with oxidative stress within functional foods [29]. As for
the latter class, the combination of different classes of Als, such as doxorubicin, an effective
anti-cancer agent used in chemotherapy and an antioxidant such as curcumin [30,31], or
plasmid DNA and bovine serum albumin (BSA) protein for co-delivery to plant cells [32] has
also been widely explored. The diversity in Als can stretch between lower (e.g. terpenes)
commonly used as flavourings and odour masking agents [33] to considerably higher molecular
weight (e.g. SIRNA, plasmid DNA [34]) molecules, from hydrophobic [35] to hydrophilic [36]
compounds or even combinations of them [9]. However, apart from the specific Al selection,
it is also the interplay between the formulation components/type and the encapsulated cargos

that can dictate the overall performance of the final system.

2.3 Types of single and multiple active encapsulation

Regardless of whether it is relevant to single or multi-active incorporation, encapsulation is
generally used to describe the encasement of an active ingredient within a carrier structure [37].
The purpose of encapsulation is not only to preserve the entrapped Als’ properties and protect
them from physical or chemical degradation processes that may occur during the
manufacturing, storage or end-use stage, but also to deliver them in a controlled and potentially
triggered and targeted manner. Additionally in many industrial applications, encapsulation is
used as a means of hiding/masking undesirable Al characteristics [38], or even changing the
physical attributes of the resulting formulation [39]. In terms of the techniques utilised,
chemical and physical encapsulation are the two main categories, with the key differentiation
lying on the design at a chemistry basis versus the mechanical processing involved,
respectively. Briefly, the chemical encapsulation includes methods such as coacervation [40],

molecular inclusion [41], solvent evaporation [42] and co-crystallisation [43], while the

PAGE |17



Literature Review

physical or otherwise known as mechanical encapsulation encompasses processes like spray-
drying [44], extrusion [45], freeze-drying [46] and fluidised bed coating [47], among others
[48]. In some instances, these techniques have been used in pairs, usually employing the
secondary technique as a method to eliminate the disadvantages of the first, while still
exploiting its benefits. For example, emulsification and spray drying have been explored for
their potential to overcome known instability issues of double emulsions for the encapsulation
of naturally derived polyphenols from rosemary leaves [49]. In another study [50],
emulsification/internal gelation followed by spray/freeze-drying exhibited capacity to enhance

the stability of anthocyanins and their post-treatment retention.

A general description of the location of the active agent(s) in relation to the matrix components
is provided in Fig. 2.1, where three types of encapsulation are illustrated [51]. In the reservoir
type, also known as core-shell type, a shell of the carrier material is created around the Al, that
functions as a barrier against the release and/or exposure of the active to the surroundings.
Multiple reservoir chambers can co-exist within the same particle. In contrast, the Al is more
homogeneously dispersed in the carrier material or even at the surface, in the matrix type. The
amalgamation of these two forms of encapsulation results in the coated matrix type, where the
Al is dispersed in the carrier material, while an additional external coating is also present. The
resultant morphology in respect of the encapsulation type, but also the particle size and
encapsulation load expressing the percentage of Al entrapped within the microstructure, are

greatly reliant on the encapsulation technology and the specific materials used.
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Reservoir type Matrix type Coated matrix type

Active Ingredient (Al) Al also present at the surface

Shell surrounding
the Al core

Fig. 2.1. Types of encapsulation in colloidal systems (adapted from Zuidman et al. [51]).

The terms co-encapsulation, multiple encapsulation or multi-active encapsulation are merely
used to describe the entrapment of multiple actives within the same formulation. The
encapsulation techniques mentioned above can also be applied for co-encapsulation, though,
different ones might be employed for each active, which will depend on the specific
physicochemical characteristics of the components, among other reasons. Regarding the
relative arrangement of the Als within the microstructure, the various species can either be co-
localised within the same area of the structure or contained separately, which is commonly
referred to as segregated or compartmentalised co-encapsulation. The chemical compatibility
between the carrier materials and the Als, but also the Als themselves is a crucial parameter
that can dictate their relative placement, and in turn control aspects ranging from how efficiently
the encapsulated species will be retained to what is the mechanism that these enclosed agents
will be released under defined conditions. Therefore, segregation of the functional molecules
is usually the preferred method, as it eradicates detrimental interactions between the entrapped
species. Although fine tuning of the processes involved in the development of a carrier system
appear as a relatively straightforward task when it comes to single encapsulation/delivery,

introduction of a second (or even more) active(s) can present further challenges. Amongst these
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is the divergence in the physicochemical properties of the Als (e.g. hydrophobicity, polarity,
solubility, molecular weight), which as mentioned earlier is quite a frequent phenomenon
(Section 2.2). Lopes et al. [52] co-encapsulated lysozyme and nisin in liposomes coated with
polysaccharides, and reported that interactions such as H-bonding, hydrophobic and
electrostatic interactions are occurring for both actives, implying that the two Als were co-
localised in the hydrophobic portion of the microstructure. In contrast, Liu et al. [53] harnessed
the co-existence of the lipid bilayer (hydrophobic part) and the aqueous cavity (hydrophilic
part) in liposomes to co-encapsulate S-carotene (hydrophobic Al) and vitamin C (hydrophilic
Al) in the respective environments. In another study [54], a relatively large molecule (SIRNA)
and a smaller anticancer drug (paclitaxel) were co-entrapped in cationic liposomes, with the
former being stabilised via electrostatic interactions in the hydrophilic cores and the latter
located in the hydrophobic fraction of the liposomes. Chen et al. [55] developed a triple
emulsion (water-in-oil-in-(oil-in-water)) with a highly compartmentalised structure for the
segregated co-encapsulation of three photosensitive compounds with varying degrees
of hydrophobicity. These are typical examples of co-localised or segregated encasing of Als,
and although all could potentially lead to triggered and controlled release, given suitable
formulation design, the Als are limited to either simultaneous or sequential delivery rather than
independently modulated and/or triggered [56]. Thus, it is apparent that the dominating factor
that will control the location and underlying mechanism of the actives’ partitioning within the
microstructure, and ultimately their delivery under defined conditions, is the finetuning
between formulation design and processing. The choice of formulation type and method used
will have to serve constraints set by the scale and cost of production, accommodate the
physicochemical requirements of the specific Als, as well as fulfil the delivery performance

and final product application needs.
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2.4 Mechanisms to control delivery

The delivery of the encapsulated active species to the target site (e.g. specific organ, tissue, cell)
in a controlled and, if desirable, in a triggered and targeted manner is a crucial aspect in the
formulation development process. Depending on the type and intended function of the active
agent, the objectives of the delivery system relevant to the Al, can include controlling the
temporal exposure, facilitating physiological barrier crossing, protecting from untimely
elimination, minimising undesired exposure and guiding the Al to the target location.
Fulfilment of these objectives can enhance the performance of the system and lead to improved
efficacy and treatment results. The strategies devised to attain triggered and controlled release
of the single or multiple encapsulated species, in a temporal and/or spatial manner, can be of

biological, physicochemical and/or mathematical basis [57].

Before delving into the mechanisms that can control the active release, either solely or jointly,
a clear distinction between the terms commonly deployed to describe release needs to be made.
The terms controlled or modified are used, most of the times interchangeably, to characterise
release systems, where the active discharge is occurring in an altered rate (faster or more
sustained) compared to the control formulation. In regard to the course of co-delivery, Als can
either be delivered simultaneously or sequentially, in an independent or interlinked mode.
Concerning the latter, the occurrence of co-dependence in the co-release profiles of multiple
actives is usually a facet attributed to the delivery vehicle, that could subsequently result in
issues with distinct controlled/triggered release of the individual Als [58]. Lastly, targeted and
triggered active discharge, although broadly fall into the controlled release category, they in
fact refer to more specific concepts. Targeted release is related to the transport and deposition

of the Als to a specific target site, while triggered delivery delineates the release of the Als as
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a response to changes in the environmental conditions (e.g. pH, temperature, solvent). The
above-outlined terms could be illustrated in a co-encapsulation/co-delivery concept of two Als
from a formulation intended for oral drug delivery would be a microstructure, that can release
a taste masking agent (first active) as a response to temperature in the oral cavity immediately
after administration, and an anti-inflammatory drug (second active) in a sustained manner in
the upper small intestine. This practical example showcases the range of functionalities of a co-
delivery system, whereby both actives are delivered at different targeted sites in a temporally

controlled way, having independent and separately triggered release profiles.

The main mechanisms that can be implemented to control the Al release from a delivery or

multi-delivery system are outlined below [59,60].

2.4.1 Dissolution

The dissolution process entails the transfer of molecules from the core of the delivery vehicle
(i.e. dispersed phase) to the surrounding phase (i.e. continuous phase), due to solubilisation of
the wall material in the dissolution medium, resulting in the release of the Al contained within
the core structure. As more core material is solubilised in the dissolution medium solvent, the
concentration of Al in the medium also increases, thus creating a boundary layer around the
solid core. This boundary layer is characterised by an increased dissolution rate and solubility
concentration close to saturation. Elimination of the boundary layer causes solvent renewal,

ultimately increasing the dissolution rate, which is calculated as follows:

dC DA
_ 2.1
dt Vi & Cs) 21)
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where D is the diffusion coefficient of the Al, A is the surface area of the core, | is the thickness
of the boundary layer, V is the volume of solution, C; is the inner portion of the boundary layer
concentration, and Cs is the concentration at the outer portion of the boundary layer (Fig. 2.2).
Consequently, the dissolution rate is dependent on the size of the delivery vehicle, the
characteristics of the dissolution medium (e.g. viscosity and temperature) and kinetic properties
occurring during dissolution, such as agitation conditions. Additionally, the affinity and
solubilisation capacity of the dissolution medium for the Al can also affect the dissolution rate
[59]. Particles coated with low solubility polymeric membranes or effervescent tables are

characteristic dissolution-controlled delivery systems [61].

Boundary layer

N

Vi 4N

‘/’/ A \ A
/ A Al

P At
. A A N /c, A
\A\\A A//

Dissolution medium

Fig. 2.2. Dissolution process from a solid core to the outer dissolution phase, depicting the formation of a
boundary layer around the core of the matrix and the presence of two Al concentration areas; Ci: inner

portion of the boundary layer and Cs: outer portion of the boundary layer (adapted from Siepmann et al.

[62]).
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2.4.2 Diffusion

The concentration gradient between two areas of a system can give rise to mass transfer
phenomena of Al molecules from one area to the other, through spontaneous mass flux (Fig.
2.3). This kinetic process, where molecules move in random directions is known as diffusion,
and it can take place in systems that are not in equilibrium. According to Fick’s laws, the

molecular flux is proportional to the gradient concentration:

dcC

Fick’s 1% law = _pD— 2.2
J 12 (2.2)
2
Fick’s 2" law a@a_ _pec 2.3)
dt dx?

where J is the rate of transfer per unit area of the section, C is the concentration of the Al
diffusing, x is the distance between two points and D is the diffusion coefficient. When the
diffusion from a system follows Fick’s laws is called Fickian diffusion, while in the opposite
case, it is classified as non-Fickian or anomalous diffusion. D is the measure of the Al
molecule’s mobility within the system, and is affected by external conditions, such as
temperature, pressure, solvent characteristics, Al concentration and chemical interactions, as it
is driven by Brownian motion. In very diluted solutions, D can be considered as constant,
otherwise it depends on concentration [63]. The diffusion coefficient can be calculated using
the Stokes-Einstein equation with appropriate adjustments to account for changes in the shape

of the particle/molecule. For spherical particles/molecules:

RT

D=——¢— 24
6mnrCN, (2:4)
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where R is the gas constant, T is temperature, # is viscosity, r is the particle radius and Na is
Avogadro’s number. According to the above, the diffusion coefficient of a molecule within a
system is highly dependent on the properties of the vehicle, with Crank [63] describing a wide

range of initially and boundary conditions.

Time

A

Dissolution medium

A

Dissolution medium

Fig. 2.3. Overtime diffusion of active molecules from within the core of a spherical vehicle to the external

dissolution medium, driven by the concentration gradient.

2.4.3 Partitioning

Interfaces between two different wall materials or system phases can instigate partitioning of
the active agent between the two. The distribution of a solute between the two phases is
expressed as partition coefficient (P), which is essentially used as a measure of the relative

affinity of the Al between the two phases and can be calculated as follows:

p=2 (2.5)
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where C1 and C; are the active concentrations in the hydrophilic and hydrophobic phases,
respectively (Fig. 2.4). The partition coefficient is usually reported as logP. Control over the
release performance can be attained by manipulating the partitioning rate of the Al within the

core structure [64].

/ Hydrophilic phase Hydrophobic phase \

¢, — o
\ _4

Fig. 2.4. Partitioning of active between two phases, with C representing the concentration in the hydrophilic

phase and C: the concentration in the hydrophobic phase (adapted from Bruschi et al. [59]).

2.4.4 Osmosis

The presence of two phases separated by a semipermeable membrane can allow the flow of
solvent molecules from the more Al-concentrated side to the less concentrated one, until a
concentration equilibrium is reached (Fig. 2.5). The osmotic pressure difference, which is the
driver to this process is influenced by both the Al concentration and the Al/solvent
compatibility. The volume flow of solvent describing the rate of transport through the

membrane is given by [65]:

av A
i ﬁlp (cdm —],) (2.6)
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where A is the cross-sectional area of transport, h is the membrane thickness, I, is the hydraulic
membrane permeability, o is the reflection coefficient, Az is the osmotic pressure difference
across the membrane and Jp is the hydrostatic pressure difference across the membrane. Typical
examples of osmotic-controlled release are polymer coated systems, where the coating can act
as a semipermeable membrane allowing the flow of solvent and subsequent dissolution of the

Al, which can then be release through the pores into the dissolution medium [66].
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Fig. 2.5. Schematic diagram showing the osmosis induced transfer of solvent through a semipermeable

membrane.

2.4.5 Swelling

Certain hydrophilic-nature wall materials, such as hydrogels, when exposed to an aqueous
phase can exhibit swelling, due to the association, dissociation, and binding of various ions to
polymer chains. There are two reverse forces that determine the equilibrium status of a hydrogel
swollen in a fluid; the thermodynamic force of mixing governed by the compatibility between
the polymer and the solvent, and the stored force, one favouring and the other hindering
swelling, respectively. The degree of expansion of the polymeric network due to swelling can
be utilised as a control over active release (Fig. 2.6). In some instances, swelling can be

followed by dissolution depending on the relative compatibility between the used polymer and
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water. In other cases, the integrity of the structure can remain intact after swelling, and the
release mechanism can be a combination with diffusion of the active through the swelled

network [67].

Fig. 2.6. Changes in the structure of a hydrogel due to swelling, that overtime can lead to less obstructed

diffusion of the active in the dissolution medium (adapted from Sheth et al. [67]).

2.4.6 Erosion and degradation

Certain systems can respond to external stimuli (e.g. hydrolytic or enzymatic response) and
release the encapsulated species due to erosion or degradation of the wall materials comprising
the core, through a chemically induced process. For example, bioerodible systems contain
hydrolytically or enzymatically labile bonds that can be cleaved by certain enzymes or chemical
groups into smaller molecules that are readily water soluble. The release rate of the
encapsulated species is then controlled by the hydrophilicity and porosity of the vehicle. For
polymeric-based systems, erosion can be categorised into surface erosion, describing a
phenomenon that begins at the surface and overtime moves towards the centre of the core, or
bulk erosion that although begins at the surface, it tends to spread rapidly throughout the entire

core [60]. However, due to the temporal nature of erosion/degradation, other mechanisms can
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simultaneously drive release (e.g. diffusion). Apart from polymers [68], lipid-based systems
can also demonstrate degradation-induced release, an example of this being the phospholipase
lipid hydrolysis of ester bonds of a lipid-containing polymerosome vehicle, that could be also
potentially used as a mechanism to achieve sustained release

(Fig. 2.7) [69].

X 1‘{..‘ $
N ..¢
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Fig. 2.7. Schematic representation of the phospholipase lipid hydrolysis of a lipid-containing polymerosome

vehicle resulting in release of the encapsulated species [69].

2.4.7 Changes to environmental conditions

Manipulation of environmental conditions, including pH and temperature among others, can
also be employed for the control of the obtained release profiles. Utilisation of wall materials
with appropriate response to temperature increase (e.g. lipids with specific melting point [70])
or alteration in the environmental pH (e.g. protein/polysaccharide complexes [56]) can result

in delivery vehicles with controlled and triggered release performance at specific target sites.
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2.5 Types of formulations used for co-encapsulation and co-

delivery systems

Among the formulation design and development considerations of a delivery or co-delivery
system is the physical form of the final product. The majority of the formulations range from
solid and semi-solid to liquid and semi-liquid forms, depending on the choice of materials and
formulation techniques, but most importantly considering the end application, stability,
transportation and storage conditions. Research efforts have primarily focused on solid
formulations due to the advantages of longer shelf life, accurate dosage and ease of
manipulation [71,72]. Thus, there is growing evidence supporting the realisation of co-
encapsulation and co-delivery in these systems, using various approaches, like 3D printing [73].
Conversely, liquid formulations tend to be less favoured, although they can offer benefits such
as dosage flexibility, rapid absorption and better patient compliance when used in
pharmaceuticals and nutraceuticals [74-76] and easier scale-up and applicability for
agrochemicals [77]. The challenges that liquid formulations are associated with are usually
relevant to compromised stability, manufacturing complexity and cost [78,79]. However, given
the appropriate formulation development, said hurdles could be overcome and outbalanced by
the aforementioned merits. In the following sections, co-encapsulation and co-delivery
approaches from both types of forms will be presented and discussed, with special attention

given on the liquid counterparts.

2.5.1 Solid formulations

Herein, typical examples of solid co-delivery formulations, encompassing forms in a solid

physical state (e.g. tablets, dried particulates), will be presented. These formulations are usually
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found in pharmaceuticals, although not just limited to them. Despite being among the most
established dosage forms when it comes to pharmaceutical applications, they still face issues

with Al stability, optimising release kinetics and bioavailability limitations [80,81].

2.5.1.1 Multi-layered tablets

Multi-layer or more frequently bi-layer tablets are commonly used to combine incompatible
Als within separated layers that are pressed together to form a single tablet [82], either through
simple compression or 3D printing technologies [83,84]. The layers can be sequentially applied
one on top of the other as shown in Fig. 2.8, or an intermediate layer could be included to
separate actives that show incompatibility issues, allowing for separated delivery of each active
in a controlled manner [82]. Additionally, the use of different matrices (e.g. polymers) on each
layer can potentially allow for different release patterns (immediate or sustained) for the Al

contained in each layer [84].

Fig. 2.8. Images of a bilayer tablet containing two active pharmaceutical ingredients fesoterodine fumarate
(bottom white layer) and mirabegron (top red layer) before (A), and after 60 (B) and 240 min (C) of

dissolution testing [85].
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2.5.1.2 Polymeric-based systems

Polymeric-based systems, in the form of dried microspheres, nanospheres and microcapsules
have also been utilised [86,87]. Microspheres and nanospheres (differing in their size range, 1—
1000 um and 100-1000 nm, respectively) can entrap Als in their continuous matrix or have the
actives adsorbed on their surface [88,89], while dried microcapsules consist of a solid or liquid
phase encased within a thin polymeric membrane or coating, with the overall microstructure
ranging between 0.2 and 5 um [90]. The microcapsules can be freeze-dried to obtain an overall
solid formulation [91,92], or the dried microcapsules can contain an aqueous core [93], with
coating providing a means of attaining more sustained release. Examples of their utilisation in
multi-active delivery formulations include nanospheres for the combination of an anti-cancer
drug (tamoxifen) and an antioxidant (quercetin) in the work by Jain et al. [94]. Shi et al. [95]
co-encapsulated antioxidants, p-carotene and anthocyanins, in pH-responsive polymeric
microspheres demonstrating great potential for specific delivery and enhanced stability

(Fig. 2.9).

A" Anthocyanins B*B-Carotene C* Combination

LR

Fig. 2.9. CLSM images showing the distribution of hydrophobic (Nile Red) and hydrophilic (SUPER Green

1) dyes representing antioxidants of similar properties in microspheres [95].
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2.5.1.4 Protein-based particulates

Another type of solid co-encapsulation vehicle that have gained increased interest for their
stability and biodegradability, is protein-based particles [96]. Protein molecules have the ability
to self-assemble, cross-link and rearrange to form carrier structure, due to the presence of
specific functional groups (e.g. disulphide, carbonyl and amide groups) [97,98]. Xiao et al. [99]
co-loaded two antimicrobial agents (thymol and nisin) in zein-based particulates (Fig. 2.10),
while an anticancer API (doxorubicin) and antioxidant (curcumin) were co-encapsulated in
albumin nanoparticle blocks [31]. Both animal [31,100] and plant [99] derived proteins have
been employed as co-delivery systems, with the methods used to acquire the solid particulate

formulations including spray- or freeze-drying [100].

Fig. 2.10. SEM images showing surface morphology (left) and fractured structure (right) of nisin and thymol

co-loaded zein capsules [99].

2.5.1.5 Polysaccharide-based nanocomplexes

Similarly to protein-based carriers, polysaccharide-based complexes that are obtained through
spray- or freeze-drying have been explored for their usage in solid formulations [101]. In these

structures, encapsulation is achieved via chemical linking of the Als between the spacings
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creating within the complexes [101]. Di Martino et al. [102] studied the co-encapsulation and
potential of controlled co-release of two antineoplastic drugs (5-fluorouracil and

temozolomide) through swelling of the chitosan-based structure.

2.5.1.6 Emulsion-gel hybrid systems

An emulsion gel, or otherwise known as “emulgel” is a hybrid emulsion and gel system, where
gelling agents are added within the continuous phase of the initially produced emulsion to
enhance the overall stability of the system. As carrier and delivery systems, emulsion gels have
been investigated for their ability to carry multiple actives within the emulsion phase, that can
potentially be a multiple emulsion [103], but also within both the emulsion and gel phases
[104,105]. This type of carriers, as well as potentially their oleogel (oil-continuous phase)
counterpart seem to be emerging as promising delivery and co-delivery systems, due to the co-

existence of the two phases providing the ability to independently control the Al release.

2.5.2 Liquid formulations

The liquid formulations category encompasses systems that could be classed among the most
widely explored and researched when it comes to delivery and co-delivery vehicles, such as
emulsions, dispersions and suspensions. The development of a liquid formulation that could
substitute the solid co-delivery system usage and overcome their slow absorption and dosage
flexibility shortcomings [71,106,107], is still an area of ongoing research. Previously presented
solid state vehicles can also be exploited while still in their liquid state before further processing

is performed (e.g. drying), that is usually applied to enhance the long-term stability of the
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formulation. In the following sections, the most extensively studied co-delivery liquid

platforms will be outlined.

2.5.2.1 Emulsion-based systems

Emulsions are multiphase systems that contain two immiscible phases that have been combined
via the contribution of energy [108]. The dispersed phase in the form of liquid droplets can be
stabilised by surface active species (e.g. emulsifiers, surfactants), colloidal particles, or
combination of the two (i.e. mixed particle-surfactant systems [109]). As carrier and delivery
systems, emulsions offer the flexibility and versatility of being compatible with different types
of actives, including both hydrophobic and hydrophilic molecules depending on the dispersed
phase, oil-in-water (o/w) or water-in-oil (w/0) types, respectively. Notably, their co-
encapsulation and co-delivery attributes are further enhanced, owing to their ability to provide
segregated encasing of Als within different compartments, i.e. the dispersed and continuous
phases, adsorbed at the interface, or even within the colloidal particles used as emulsion

stabilisers.

Among the emulsion structuring approaches that have been utilised for multi-encapsulation,
particle-stabilised and multiple emulsions are among the most attractive systems (Fig. 2.11).
Regarding particle-stabilised emulsions, also known as Pickering emulsions, a variety of
diverse particles have been utilised as Pickering stabilisers, ranging from inorganic to organic
entities. Although when it comes to the development of delivery systems the choice of materials
is largely focused on biological or biocompatible sources, such as starch [110], chitosan [111]
and lipids [112], among others. Compartmental encapsulation is realised by encasing one of the

Als within the Pickering particles and the other within the emulsion droplets, with both
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hydrophobic/hydrophilic [113,114] and hydrophobic/hydrophobic [114,115] combinations of
actives having been explored. What is particularly attractive about these platforms, is that the
diverse properties of the two compartments (i.e. the colloidal particles and the emulsion
droplets) offer the tools to achieve controlled and triggered release for each Al, through

manipulation of the features of each separate compartment [56].

Within multiple emulsions, and predominantly double emulsions, where a dispersed phase is
contained within another dispersed phase [116], active molecules can either be co-localised or
separately incorporated. Comparably to the Pickering emulsions, the type of emulsion can be
tailored to the properties of the Als, so that they can be both efficiently encased and protected
from external conditions that might compromise their integrity. Certain studies have reported
that incorporation of the secondary active within the same phase can significantly change the
co-release performance compared to the individual profiles [117,118], whereas segregated co-
encapsulation in different phases has led to reverse results [119]. A hierarchical triple emulsion
(water-in-oil-in-(oil-in-water)) was also utilised for the compartmentalised co-encapsulation of
actives with varying degrees of hydrophobicity [55], thereby improving the physicochemical
stability of the incorporated molecules. In some instances, Pickering particles are used in
conjunction with double emulsions, with the former serving the role of improving the storage
life and bio-accessibility of the developed structure [120,121]. Lastly, segregated co-
encapsulation of Als within simple emulsions (e.g. o/w or w/o) is accomplished by
binding/associating one of the active agents with the surface active species (e.g. through
hydrophobic interactions [122] or electrostatic adsorption [123]) and the secondary being

carried within the emulsion droplets [122-125] (Fig. 2.11).
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Fig. 2.11. Schematic representation of the segregated co-encapsulation of Als within Pickering, double and

simple emulsions.

2.5.2.2 Lipid-based systems

Another prominent category within the liquid formulations span is lipid-based systems, which
due to their primarily hydrophobic character constitute a promising route for the encapsulation
and delivery of poorly water-soluble active ingredients (Fig. 2.12). The aptitude of these
carriers to enhance the solubility and bioavailability of said actives, due to active molecules
being able to pass readily through the cell membrane, while simultaneously offering improved
long-term storage stability has marked them out as attractive platforms, particularly for
bioactive carrier systems within pharmaceuticals, cosmeceuticals and nutraceuticals [126-129].
Within this class of vehicles, lipid colloidal particles including solid lipid nanoparticles (SLNs)
and nanostructured lipid carriers (NLCs) have emerged into versatile nanocarriers due to their
complementary attribute of shielding actives prone to degradation (e.g. chemical,
photochemical, oxidative, thermal) [130,131]. The main difference between the two lies in their
lipid core composition, with the latter being composed of both solid and liquid lipids at room

temperature, compared to the solely solid lipid-composed matrix of SLNs. Their lipophilic
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nature has been predominantly harnessed for hydrophobic active encapsulation [132,133],
though through the versatility offered by the active species and liquid lipid variations,
hydrophilic molecules have also been explored [134,135]. Due to their relatively simple
microstructure (lipid matrix stabilised by surface active species), the possibilities of Al co-
loading are either co-localised within the lipid matrix [136,137] or segregated with one active
associated with the surface and the other entrapped within the matrix [138] (Fig. 2.12). As co-
delivery systems, they can provide fast (within a couple of hours) or sustained (over the course
of a few days) release, depending on the choice of materials used; something that will be further

considered in a later section.

Lipid-based vesicular dispersions, such as liposomes and niosomes, have also been explored
for the co-encapsulation of hydrophobic/hydrophilic combinations of Als. Liposomes
consisting of a phospholipid bilayer membrane enclosing an aqueous core can entrap in a
compartmentalised approach hydrophobic actives in the former and hydrophilic agents in the
latter [53]. Niosomes on the other hand, are similarly structured, but with the bilayer membrane
being composed of non-ionic surfactants [9]. Co-encapsulation of the secondary hydrophobic
active has been shown to affect the co-release performance of the structure due to changes in
the fluidity and permeability of the bilayer [9], hence posing issues with the level of control

over the release performance.
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Fig. 2.12. Schematic representation of the segregated co-encapsulation of hydrophobic/hydrophilic Als

within the SLN, NLC, liposome and noisome microstructures

2.5.2.3 Polymer-based dispersions

Polymer-based platforms, principally in the form of particle/nanoparticle dispersions,
polymerosomes or polymeric nanocapsules have been explored for both hydrophobic and
hydrophilic types of actives, among others. Their pH responsiveness, due to the presence of
acidic or basic groups in their structure, renders them attractive systems for the triggered and
controlled Al delivery, by manipulating the charges along the polymer backbone or electrolyte
concentration that could result in changes in the hydrodynamic volume of the polymer.
(transition between coiled and expanded state) [74,139,140]. The relative active positioning
within the polymeric particle structure, the matching of active/core material properties and any
additional functionalisation of the particle surface can be used as tools for controlling the
release rate [1,141,142]. In polymeric nanocapsules, where a liquid core is surrounded by a
polymeric exterior layer [29], an additional barrier over the release performance of the
internally encapsulated active is provided by the external layer, while allowing for a more burst

release for the secondary layer-associated species [143].
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2.5.2.4 Protein-based systems

The utilisation of protein-based systems has been widely investigated as a delivery approach
for food and nutraceutical applications, in the form of protein particles/nanoparticles or
protein/polysaccharide complexes, allowing for more naturally derived core materials to be
exploited. Particles comprised of just the protein isolate [144], or covered in polysaccharides to
provide further protection to the structure [145] have been quite recently studied. In the form
of coacervates with phenols [146], polysaccharides [147] or mixtures of protein and
polysaccharides [148], protein-based vehicles have shown promising stability results. However,
research is still focusing on the co-encapsulation and synergism potential rather than exploring

and developing approaches to trigger or control the release from these structures [147].

2.6 Pickering emulsions as co-encapsulation and co-delivery

microstructures

In recent years, particle-stabilised emulsions have transpired to be promising delivery systems,
owing to their evidenced capacity to manifest segregated co-encapsulation and independently
controlled delivery potential, in combination with their ability to confer improved emulsion
stabilisation. Originally described in the works by Ramsden [149] and Pickering [150] in the
beginning of the 20" century, solid particles were shown to provide effective emulsion
stabilisation through a Pickering mechanism (inheriting the term from the latter), thereby posing
an alternative to conventional emulsifiers. In classical emulsions, referring to emulsions where
stability is provided by the adsorption of amphiphilic molecules (either low molecular weight
surfactants or larger biopolymers) at the oil/water interface, emulsifiers serve a dual purpose.

During and/or post the emulsion formation process, the surface active species which can be
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ionic or non-ionic, synthetically or naturally derived, are expected to move to the newly formed
interfaces and lower the interfacial tension by adsorbing onto them, while also forming a
protective layer surrounding the droplets that prevents destabilisation phenomena. On the
contrary, Pickering particles not having any interfacial tension reduction capabilities, bestow
stabilisation by creating a steric and/or electrostatic barrier around the liquid/liquid interfaces.
The improved stabilisation compared to emulsifier-stabilised emulsions is attributed to the high
detachment energy (AE) of small particles (less than a few microns in diameter) from the

interface, which is given by:

AE = nr?y,,, (1 — |cos 8])? 2.7)

where r is the particle radius (if spherical), yow is the oil/water interfacial tension and @ is the
contact angle of the three phases defined by oil, water and the solid particles. The commonly
occurring emulsion destabilisation phenomena, along with how the particle characteristics in
relation to their physicochemical properties can affect the emulsion formation and stability are

further explored in the following paragraphs.

2.6.1 Destabilisation mechanisms

Even though emulsion destabilisation is more common in simple emulsions, Pickering
stabilised emulsions can also be affected by physical breakdown mechanisms. These
phenomena, as presented in Fig. 2.13, tend to occur during storage and can be influenced by

both the emulsion processing method and the type of stabilising particles.

Flocculation occurs when the repulsive long-distance interactions between droplets are

overcome by attractive van der Waals forces, that results in droplets/particles to come in close
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proximity forming weaker or stronger flocs, although still maintaining their physical integrity.
Overtime and with enhanced flocculation, gravitational separation can take over, with either
creaming or sedimentation, depending on the dispersed/continuous phase density difference.
Although creaming/sedimentation are reversible phenomena and do not bestow physical
destabilisation, they can potentially impair certain functionalities of the system (i.e. delivery
capacity) [151]. The phenomenon by which two or more droplets will come together, rupture
and merge to form a single droplet of larger dimensions is known as coalescence, and the
reduction of interfacial area is the driving force behind it. Coalescence is an irreversible process,
and it can lead to phase separation overtime, where the system will separate into two distinct
oil and water phases [152]. Finally, Ostwald ripening driven by the Laplace pressure difference
between droplets of different sizes, is the process by which mass is transferred from smaller

droplets, diffuses through the continuous phase and deposits onto larger droplets [153].
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Fig. 2.13. The main emulsion destabilisation mechanisms.

In Pickering emulsions, the presence of solid particles at the droplet interface can in most
instances act as an effective barrier against coalescence by preventing droplet merging
[154,155]. However, during emulsion formation the specific particle type/characteristics can in
some cases induce coalescence, such as when particles with different stabilisation capacity are
used within the same formulation [156]. Partially coated droplets are also prone to coalescence,
particularly when the covering particles are poorly wetted by the continuous phase [157], or
when the processing method used does not allow sufficient time for the interfacial particle
adsorption [158,159]. Flocculation is a common destabilisation mechanism in particle-
stabilised emulsions, with inter-particle network formation (bridging) due to lack of sufficient
particle concentration to cover the droplet interfacial area [160], and strong particle flocculation

eventually leading to coalescence [161]. In cases where flocculated droplets are in close
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proximity, mainly in o/w emulsions, oil transfer phenomena can occur from smaller to larger
droplets, with the destabilisation being triggered by a combination of flocculation and ripening
[162]. The characteristics of the emulsion in regard to the stabilising entities can either induce

or halt the occurrence of specific destabilisation mechanisms as will be discussed later on.

2.6.2 Effect of particle characteristics on emulsion formation

2.6.2.1 Particle wettability

One of the most important particle characteristics that dictates not only the adsorption at the
liquid/liquid interface, but also the stability of the resulting emulsion is the particle wettability
[163]. The relative hydrophobicity/hydrophilicity of the particles, which is expressed through
their multiphase contact angle @, will affect how strongly they adsorb at the interface and
subsequently their detachment energy (AE) (Equation 2.7). Particles with a contact angle < 90°
are hydrophilic and are therefore preferentially wetted by the aqueous phase, which will be the
continuous phase of the resulting o/w emulsion (Fig. 2.14). Conversely, a contact angle > 90°
indicates a stronger hydrophobic character, and these particles will end up stabilising w/o
emulsions. At 6 = 90° the particles are most strongly held at the interface, while at extreme
contact angle values (i.e. < 20° or > 160 °) the AE gets quite small and the particles remain
dispersed in the phase they are most akin to, thus leading to emulsion instability issues [164].
The particle wettability can be traditionally controlled through surface modification using
surfactants, or as more recently described by Xiao et al. [165] through alteration of the surface
chemistry and surface roughness. Several examples exist in literature, where different types of
particles ranging from organic (e.g. carbon nanotubes [166]) to inorganic (e.g. silica [167])

species were modified in regard to their wettability via surfactant utilisation. The synergy

PAGE | 44



Literature Review

between solid particles and surfactants in emulsion stabilisation is further discussed later on

(Section 2.6.2.7).
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Fig. 2.14. Positioning of small spherical particles depending on the contact angle (#) at a planar (A) and

curved (B) oil-water interface, and the resulting emulsion type (adapted from Binks [163]).

2.6.2.2 Particle size

Since one of the parameters defining the detachment energy is the particle radius, the particle
size is another characteristic affecting the Pickering performance. According to Equation 2.7,
small particles (in the nm range) will have a very large binding energy, and thus will be
irreversible adsorbed, due to that being considerably higher than the thermal energy (kT) [163].
Additionally, the particle diameter will determine the droplet surface coverage [168], while
softer than more rigid/hard particles will show better emulsifying performance owing to their

ability to deform/stretch at the interface providing better coverage [169]. Regarding the droplet
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characteristics, the particle size needs to be at least an order of magnitude smaller than the
droplet to achieve effective Pickering stabilisation [170]. Binks et al. [171] underlined the effect
of particle size on the emulsion physical stability, by demonstrating that increasing silica

particle diameter led to increasing droplet size, that eventually resulted in sedimentation.

2.6.2.3 Particle shape

Besides size, another Pickering particle morphology aspect that plays a crucial role on their
interfacial behaviour and as such also on their overall emulsion stabilisation performance, is
their shape. The use of spherical particles that offer the possibility of achieving the highest
packing density (i.e. hexagonal packing) at the interface and hence the lower possibility of
destabilisation phenomena, has been widely explored for Pickering stabilisation of emulsions
and foams [172]. Apart from spherical particles, other non-spherical structures have been
investigated for their stabilisation capability, their contribution in regulating the emulsion type
(i.e. o/w or w/o) and effect on the Pickering emulsion behaviour. The primary difference
between spherical and non-spherical particles is the driving forces dominating their formation
at the interface, with the former being governed mainly by particle interactions and the latter
by capillary forces [173,174]. Despite hurdles associated with the production of specific
anisotropic particles [173] and the obtained packing density once at the interface [175],
anisotropic particles can potentially provide stronger materials and be used to tune the rheology
and performance of the final microstructure [176]. Therefore, various shapes including rods
[177], ellipsoids [178], disc- [179] and fibrous-like [180], cubes [181], peanuts [181] and
cylinders [182] have been explored for their Pickering stabilisation capacity. Although shape

appears to influence the aforementioned parameters, there is strong evidence to support the use
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of diverse particle morphologies to acquire physically stable emulsions with tuneable

properties, provided that certain packing and self-assemble requirements can be met [173].

2.6.2.4 Particle type

There is a mountain of research regarding the utilisation of different types of colloidal particles
as Pickering stabilisers, including both inorganic- and organic-based materials; though when it
comes to the use of Pickering emulsions in pharmaceutical or food applications, the focus shifts
to biodegradable and biocompatible particles that primarily tend to be organic-based. Among
the advantages that inorganic particles can offer, with representative examples being silica
[183,184] and clay particles [185], are the increased stability, easily controllable size, structure
and surface modification. More recently, magnetic/paramagnetic particles have also been
investigated for their de-emulsification capacity that overall can lead to recyclable and reusable
systems [186,187], as well as microbial cells (from bacteria and yeast) to serve clean label
purposes in food applications [188]. Carbon nanotubes that offer high number of exposed active
sites and large surface area [189,190], and cyclodextrins with the ability to enclose lipophilic
moieties in their central cavity [191] have been also utilised for emulsion stabilisation. Among
naturally derived materials that possess biocompatibility and biodegradability properties with
attractive prospects in both the delivery field (e.g. pharmaceuticals) and as Pickering stabilisers
are chitosan [111], starch [110], chitin [192], zein [193], cellulose [194], lignin [195] and lipid

particles [112].

The lipid-based particle platform constitutes a relatively underexplored area when it comes to
their Pickering stabilisation capacity. Ranging from fats and waxes to glycerides and fat-soluble

vitamins among others, lipids are a large and diverse group of organic compounds. In Pickering
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stabilisation, fat crystals are the most widely used type, with the hydrophobic character of the
crystals resulting in the stabilisation of w/o emulsion systems [196-198]. Stabilisation can
occur by adsorption at the oil/water interface, surface templated crystallisation or shearing-
induced agglomeration [196]. Although effective stabilisation can be achieved, the in-situ
formation of the crystals during the emulsification step limits the control over attaining specific
crystal characteristics (e.g. size). On the contrary, both the wettability and desired properties of
lipid-based particles can be easily manipulated when using lipid particulates. Specifically, solid
lipid nanoparticles (SLNs) have shown potential to stabilise both o/w and w/o emulsions by
manipulating the particle wettability through the use of hydrophilic compounds (e.g. surface
active species) or exclusively lipophilic molecules that contain polar groups [199,200]. With
the majority of the research primarily dated in the last decade [70,112,200-206] SLNs are
emerging as promising Pickering stabilisers, not only due to their strong interfacial adsorption
and proven stabilisation capability, but also for their diverse functionalities allowing them to
serve more than one role while at the droplet interface. From acting as antioxidant reservoirs
for o/w emulsion droplets [207] to controlling the release of actives encapsulated within o/w
droplets in response to temperature stimuli [70], lipid colloidal particles offer a range of

functionalities, some of which are yet to be explored.

2.6.2.5 Particle concentration

Considering that one aspect governing the physical integrity of the resulting Pickering emulsion
is the surface coverage provided by the particles [208], the concentration of solid particles
greatly influences the emulsion stability. It has been demonstrated that with increasing particle
concentration [209] and the formation of a tightly packed particle layer around the interface

[210], improved stability against droplet coalescence phenomena can be attained. Similar
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behaviour was described for emulsions stabilised by fat crystals, where the stabilisation at
higher fat concentration was explained by fat bridging formation between droplets, acting as
protective layers thereby hindering coalescence [211]. On that basis, Binks et al. [212] revealed
that this can be equally achieved using solid particles. The usage of particle excess in relation
to the dispersed phase surface would ensure enough particles are present to form at least a
monolayer around the droplets, thus providing enough surface coverage; although the latter is

also controlled by the dispersed phase volume fraction and processing conditions used.

2.6.2.6 Particle-particle interactions

Although the formation of at least a tightly packed particle monolayer could potentially appear
as the most straightforward way to impart increased emulsion stabilisation potential, it has been
experimentally shown that sufficient stabilisation can be provided without full coverage
[213,214]. What is more, for solid particles of small dimensions (nm range), the attainment of
a truly monodisperse system is quite challenging, even when high intensity techniques are used
(e.g. ultrasonication), constituting the formation of a uniform particle monolayer even more
improbable [215]. Creation of bridging layers between droplets as a result of interactions
between the particles can prevent droplet coalescence due to steric hindrance effects [215].
Additionally, in instances where there is strong particle adsorption at the droplet interface
leading to aggregated particles stabilising the droplets, rigid disordered particle/droplet
networks can be generated, again favouring steric coalescence barriers through attractive
interparticle forces [215,216]. Even more interestingly, it was recently revealed [217] that
interactions between particles can lead to their interfacial displacement and positional exchange

between droplets, when particles are shared between droplets through bridging.
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Depending on the type of particle employed, different types of interactions ranging between
repulsive or attractive, hydrophobic, steric or electrostatic have been reported. The interplay
between van der Waals and capillary forces and particle aggregation/concentration has been
explored using theoretical approximations [218] and surface modification [219] or salt
concentration [220] of silica particle-stabilised o/w emulsions. Several studies have attempted
to tune the repulsive/attractive forces between silica particles at droplet interfaces [221-223],
with some more recent ones modifying their surface using silane agents and sodium alginate to
not only improve their stabilisation, but also to enhance their functionality employing attractive
interactions [224]. Zembyla et al. [225] reported that the presence of attractive electrostatic
interactions and/or hydrogen bonding between polyphenol crystals present in the oil continuous
phase and whey protein microgels stabilising the water droplets of an w/o emulsion, improved
the stability of the system via a “double Pickering” mechanism. Addition of surface active
species that can modify the hydrophobicity of the interface through altering the wettability of
the particles themselves [226], or through directly adsorbing at the droplet interface can induce

further interactions, aiding the persistence of physical droplet stability.

2.6.2.7 Particle-surfactant co-presence and interactions

Emulsion systems where the stabilisation is due to the combined effect of both colloidal
particles and surfactant molecules, also commonly described as mixed-emulsifier stabilised
emulsions [167], have been utilised to overcome the short comings (e.g. stability) of the sole
use of either one of them. The co-presence of particles and surfactants at the droplet interface
has been investigated in terms of the adsorption mechanism involved and any
synergistic/antagonistic effects between the two species [167], and in relation to the influence

of particle/surfactant characteristics on the combined stabilisation [227-229]. In a mixed
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emulsifier system, surfactant molecules (or vice versa) can either be introduced by addition of
a mixed aqueous surfactant/particle solution, or they can come into the system as remnants from

the particulates preparation process.

In most cases, co-presence of the two leads to improved emulsion stability [227,230,231], albeit
the opposite has also been reported and appears to be dependent on the type/characteristics of
the species (e.g. charge state [212], concentration) used and experimental conditions. When
synergistic emulsification arises, surfactant molecules promptly move to the interface thereby
minimising coalescence phenomena, while particles that diffuse more slowly are responsible
for the long-term stability [167]. Conversely, antagonistic effects relevant to their interfacial
adsorption can result in interfacial displacement, and eventually to de-stabilisation. A major
role in that is played by the surfactant concentration, as it has been reported that at high
surfactant concentration [109] or more specifically at concentration above the critical micelle
concentration (CMC) [232] particle displacement is pronounced, occasionally even leaving the
interface solely stabilised by surfactant molecules. Another prospect is the preferential
adsorption of surfactant molecules on the particles’ surfaces rather than the emulsion interface
[233], thus affecting not only the particles’ wettability but also the overall interfacial tension
reduction ability of the particle/surfactant mixture [234]. Occurrence of the aforementioned
behaviour can compromise the stabilisation performance, although the mechanism of

adsorption in mixed emulsifier systems is not well established.

The behaviour of composite particle and surfactant system has been shown to differ from that
of a sole surfactant, both in terms of the equilibrium interfacial tension values and the interfacial
tension reduction profile. Zafeiri et al. [230] demonstrated that the interfacial tension of the

composite particle/surfactant systems (comprised of hydroxypropyl methylcellulose (HPMC)
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particles and either Tween® 80 or polyglycerol polyricinoleate (PGPR) as surfactants) was
lower than that of particle dispersions alone, with the concentration and hydrophilic-lipophilic
balance (HLB) value of the surfactant employed playing an important role in the system’s
stability. The latter was attributed to changes in the particles’ hydrophobicity, particularly when
the lower HLB value surfactant (PGPR) was used at low concentration. Pichot et al. [109]
utilised scanning electron microscopy (SEM) coupled with droplet size measurements to
demonstrate that even though at low concentrations the surfactant molecules aid the droplet
break-up by interfacial tension reduction, at higher concentrations they tend towards particle
displacement. Understanding the underlying mechanisms involved can become even more
convoluted, when the presence of surface active species is due to excess concentration remnant
from the colloidal particle formation step, or even when the surface active species adsorbed at
the particles’ surfaces interact with the droplet interface. When studying the interfacial
behaviour of dialysed SLNs (processed to remove excess surfactant from the aqueous
dispersion phase before emulsification), Dieng et al. [70] ascribed the recorded interfacial
tension reduction to release of surface active species from the SLNs’ surface to the droplet
interface, followed by succeeding interfacial tension increase owing to diffusion to the bulk

continuous phase.

2.6.3 Pickering emulsions as active encapsulation and delivery systems

As discussed previously, particle-stabilised emulsions represent an incipient research area for
their application as carrier and delivery systems. The prolonged physical stability bestowed by
the presence of particles at the droplet interface [235], in combination with the versatility
proffered by the potential utilisation of copious types of colloidal particles [236] signify them

as promising systems for the controlled and/or triggered delivery of active ingredients.
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Compared to conventional emulsions, particle-stabilised emulsions provide a dynamic interface
that can correspond and/or adapt to environmental changes. Thus, the employment of a diverse
portfolio of particles and actives, along with mechanisms to control/trigger the release of the

encapsulated species have attracted increased research interest.

By virtue of their multi-compartmental structure, it is feasible for the active entrapment to occur
within or in close association with either of the discrete sections, namely the emulsion droplets
and the colloidal particles, or in the case of co-encapsulation systems within both. With respect
to the former, o/w emulsions allow the encapsulation of hydrophobic moieties, which constitute
the most commonly encountered type of Als, while w/o emulsion are attractive systems for the
encasing of hydrophilic molecules. When compared to simple emulsions, Pickering particles
have been shown to impart better control over the release performance of the species
encapsulated within the emulsion droplets, by delaying the release rate. Moreover, the use of
the appropriate emulsion type can potentially provide greater loading efficiency and protection
against varying environmental conditions, as shown by Yi et al. [237]. Xiao et al. [238]
demonstrated that kafirin nanoparticle-stabilised o/w emulsions offer improved stability to
curcumin against processing conditions and UV radiation, while compared to Tween® 80 or no
surfactant emulsions the release rate was reduced. Hydrophilic caffeine and hydrophobic retinol
encapsulated in w/o and o/w silica-stabilised emulsions, respectively, showed enhanced skin
penetration and more sustained release compared to surfactant-stabilised or emulsions

fabricated without any surfactant, in the studies by Frelichowska et al. [239,240].

The effect of the compatibility between the used active and the carrier oil was highlighted in
the work of Shah et al. [241], where the release of vitamin D3 from o/w emulsions stabilised

by zein/chitosan complexes in both acidic and basic conditions and at elevated temperature
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(37°C) was reported to be diffusion controlled. Analogously the impact of the stabilising
particles’ characteristics on the release performance was underlined in the work by Li et al.
[242], who used both hydrophobic and hydrophilic silica particles to study the effect on the
release of essential oils. The specific response of the particles to environmental conditions is
another parameter that can dictate the Pickering particle selection, as shown by the different
release rates from phosphatidylcholine-kaolinite-stabilised emulsions in simulated gastric and
intestinal conditions, in the work by Tang et al. [243]. Last but not least, the deployment of
temperature as a mechanism to trigger release constitutes a widely investigated tool. Thermo-
responsive particles, such as fat crystals [198,244,245] and lipid colloidal particles [70] have
been utilised to show that temperature increase can induce partial or complete melting of the
interfacial layer thus provoking faster release of the encapsulated active. Conversely, Dai et al.
[246] reported that temperature increase can also result in release inhibition, that was attributed

to coalescence, deformation or changes in the coverage density of lignin-stabilised emulsions.

When the Pickering particles act as the active carriers/delivery control component, the Al can
either be included/associated with the particles’ structure or bioactive ingredients can comprise
the building materials of the particles. Representative examples of the latter are flavonoid [247],
protein [248] and polyphenol [225] particles, among others. The use of particles with
antioxidant properties has been reported to have a beneficial effect against the emulsions’
oxidative instability [247,249,250]. As a pharmaceutically relevant delivery system, Yi et al.
[251] developed silybin nanocrystal self-stabilised Pickering o/w emulsions for the enhanced
bioavailability of silybin. In the same study [251], it was suggested that the desirable faster
release of silybin from the Pickering emulsion system compared to silybin coarse powder or
silybin nanocrystalline suspension, was due to partial dissolution of silybin to the oil phase. For

Pickering particles used as active carriers, Zhang et al. [252] employed zein nanoparticles
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loaded with epigallocatechin gallate and Li et al. [253] utilised zein/gum arabic nanoparticles
encasing thymol to demonstrate that the developed formulations had a more sustained release
compared to pure active solutions or solely loaded particle dispersion systems, respectively. In
the work by Schroder et al. [207], SLNs acting as antioxidant reservoirs for lipophilic
substances (a-tocopherol and carnosic acid) at the o/w interface were shown to increase the
antioxidant activity, and also that dynamic transfer of the lipophilic compounds to the droplets
occurs over short timescales. Loading of Pickering particles with Als renders the particles with
the dual functional role of stabilising the droplets and enhancing the active functionality,
whether that is focused on the antioxidant activity or even the controlled/triggered delivery of
the active. The contribution of the particles to delaying or accelerating the release rate is an area
with scarce investigation that only very recently has attracted research attention [254],
particularly concerning the effect of the oil phase presence on the particles’ carrying/releasing
performance. Based on the above, the control/trigger over the Pickering emulsions’ release
behaviour is largely provided by structure rupturing strategies (e.g. melting, deformation),
which albeit offering the desired release kinetic results can impede other functionalities of the
system (e.g. stability) that may be required when the Pickering emulsion is serving more than
one purpose. Therefore, part of the research efforts should focus on developing alternative
approaches to control release, while maintaining the integrity of the structure, such as interfacial

particle aggregation as was recently suggested by Ming et al. [255].

2.6.3.1 Pickering emulsions as co-encapsulation and co-delivery systems

In the context of the dual functionality of Pickering emulsions, one of their roles as dual
functional systems is their ability to facilitate the co-encapsulation and co-delivery of multiple

actives in a controlled and according to the intended application, potentially an independent

PAGE | 55



Literature Review

manner. However, this concept is still at its infancy with the vast majority of the available
research focusing on characterising the microstructure and establishing the co-encapsulation
potential of the systems. Limited focus is put on scrutinising the release and co-release
performance under different formulation, processing or environmental conditions, and devising

approaches to control/trigger it.

Among the existing literature, Pickering emulsions have exhibited aptitude for the segregated
co-encapsulation of actives with varying degrees of hydrophobicity [115,256], thereby
demonstrating that the choice of Pickering stabilisers can serve different active delivery needs.
In the study by Sun et al. [257] the co-encapsulation of three Als with different solubilities,
namely vitamin B>, vitamin E and p-carotene was achieved by developing a liposome-stabilised
emulsion. Within this work, the effect of the microstructural components’ composition was
underlined, as in the presence of phospholipids in the oil phase the encapsulation efficiency of
[-carotene was higher. More complex systems, utilising double emulsions stabilised by
Pickering particles have also been employed to accommodate specific requirements of the
active, or of the overall delivery system (e.g. synergistic hypolipidemic effect [120] or enhanced
bioavailability [243]). Improved physicochemical stability against environmental stresses (e.g.
pH, radiation, ionic strength, heat) [258] due to structural protection, and enhanced stability of

the actives due to synergistic effects [258] have also been reported.

In terms of the effect of co-encapsulation on the properties of blank emulsions, Chen et al. [113]
showed very subtle changes on the size distribution and better stability after co-encapsulation
of chlorogenic acid and f-carotene in shrimp ferritin nanocage-stabilised emulsions. The impact
of the particles’ characteristics on the release performance of the co-encapsulated Als was

highlighted in the study by Spyropoulos et al. [58], where two independent release profiles
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were achieved for a hydrophobic/hydrophilic active combination. More specifically, the model
hydrophilic active associated with the sodium caseinate/chitosan co-precipitated complexes
was released faster through a pH-responsive triggered mechanism, compared to the sustained
release of the model hydrophobic active encased within the (unaffected by pH changes) o/w
emulsion droplets. Similarly, the release of quercetin-loaded black bean protein-based
nanocomplexes was more sustained compared to that of perilla oil of the emulsion droplets,
accentuating the protection over environmental conditions offered by the Pickering particles
[122]. In the same work, the influence of the secondary active addition (referring to that
enclosed within the particles) on the release performance of perilla oil was underlined, as its
co-presence hindered the release further, due to the creation of a thicker interfacial coating
compared to blank particles. Relevant to the contribution of the surface properties to the co-
release performance either from the droplets or the particles, when a bulkier surface active
species (whey protein isolate) was used in the preparation of SLNs, the release from particles
was insignificant, while sintering of SLNs at the emulsion interface also led to minimal
percentage of active release from the oil droplets [114]. Consequently, understanding the
impact of Als addition on the physicochemical properties and stability of these multi-
compartmental systems, but also the effect of the formulation aspects on the co-delivery
behaviour is imperative in maintaining a balance between the practicality and complexity

involved in developing co-delivery systems for targeted applications.
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2.7 Solid lipid nanoparticles (SLNs) and nanostructured lipid
carriers (NLCs) as co-encapsulation and co-delivery

microstructures

Since their introduction in 1991 [259], solid lipid nanoparticles (SLNs) have surfaced as
promising carrying and delivery systems, owing to their auspicious attributes of long-term
physicochemical stability and affinity for hydrophobic molecules, that can be hosted within
their lipophilic core. After the first description of their preparation by Eldem et al. [260],
numerous reports have experimented with their production methods, building materials and

ability to carry both lipophilic and hydrophilic compounds.

The basic components of an aqueous SLNSs dispersion are the lipid core composed of lipids that
are solid at room and body temperature, a surface active species that is used to stabilise the
particles and water. The compositional percentage of either can vary, provided that the
percentage of surfactant used relative to the lipid phase is sufficient to produce a stable system.
They can be made up by materials with varying characteristics, which if appropriately selected
can facilitate improved loading capacities for actives with diverse properties and allow a level
of control over the attained release profiles [132,261-263]. They are characterised by small
sizes (50-1000 nm) and have large surface areas, both of which are important factors in serving
as delivery systems and being able to achieve cell membrane permeation and site-specific drug
targeting. Collectively, SLNs have shown the ability to address issues commonly encountered
with drug encapsulation and delivery, such as solubility and bioavailability of poorly water-

soluble actives [264,265], improved stability and shielding of actives prone to degradation (e.g.
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chemical, photochemical, oxidative, thermal) [130,131], and ease of preparation and scale-up

processes [266].

Regardless of the promising potential embodied by SLNs and the plethora of studies utilising
them as delivery systems, overtime their highly ordered crystalline structure revealed its
demerits that entailed limited space for drug encapsulation, and drug expulsion due to
polymorphic transitions arising during storage [267-269]. To overcome said issues, the
nanostructure lipid carriers (NLCs) were developed shortly afterwards [270]. In these colloidal
dispersions, the lipid phase is composed of both solid and liquid lipids at room temperature,
albeit the final lipid core remains solid. The creation of more imperfect crystals and overall
amorphous structures, leaves more available space for drug loading, and simultaneously
polymorphic transitions of the pure solid lipid caused by re-crystallisation phenomena are
prevented [271,272]. Substitution of the solid lipid by the oil (i.e. liquid lipid) results in
suppression of the melting point and alters the crystallisation process, thus rendering the NLCs

more physically stable than the SLNs.

Although relatively simple in composition, both SLNs and NLCs bear characteristics that are
crucial for their capacity to carry and deliver actives, which will be discussed in the following

section.

2.7.1 Formulation parameters

The interplay between formulation parameters and lipid particle characteristics is critical in
designing SLNs or NLCs with desirable and at the same time predictable performance in regard

to their stability and carrying/delivery capacity. Amongst the formulation aspects that have been
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investigated in literature and in this work are the lipid type, the surfactant type and

concentration, and for NLCs specifically the solid-to-liquid lipid mass ratio.

With respect to the type of lipid materials used, whether that refers to the solid or liquid lipids,
copious different lipids have been utilised, including triglycerides, fatty acids, waxes,
phospholipids, steroids and mixtures of partial glycerides (mono-, di- and tri-substituted esters
of glyceryl) [273], as the solid components. On the other hand, oleic acid, caprylic/capric
triglycerides (also known as medium chain triglycerides, MCTs) and squalene are among the
most commonly employed liquid lipids [274]. The chemical composition and structure of the
lipids greatly influences their physicochemical properties, including their thermal behaviour
and capacity to entrap and carry actives, with lipid mixtures containing fatty acids with different
alkyl chain lengths being able to accommodate higher active loading capacities [275]. The
impact of the lipid composition relative to the number of carbon atoms and polarity on the
particle size was underlined in the work by Boonme et al. [276]. Further to that, the use of
triglycerides compared to a hard fat resulted in significantly smaller SLN particle sizes, which
was ascribed to the surface active properties of mono- and diglycerides contained in the former
[277]. Schroder et al. [205] demonstrated that tailored particles in terms of their crystalline
structure and morphology can be attained by altering the type of solid lipid (tripalmitin, palm
stearin) used or substituting part of it with a liquid lipid (tripalmitin with the liquid lipid
tricaprylin, 4:1 w/w). Specifically with respect to the solid-to-liquid lipid mass ratio selected in
the NLCs’ composition, it has been widely reported that the use of higher liquid lipid
percentages, sometimes reaching up to 20 or 30% of the total lipid phase has led to improved
active loadings and smaller particle sizes [278,279]. A number of studies have also highlighted
the importance of choosing lipid combinations with good miscibility/compatibility, as this can

play a role in the matrix arrangement, loading capacity, release performance and ultimately in
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the active bioavailability if used for delivery [262,280-283]. Therefore, miscibility studies
through visual observations and thermal behaviour of the bulk lipids have been also employed

as part of the formulation design [281,284,285].

Apart from the lipid materials, a key compositional component of the lipid structure is the
surface active species. Their main function is to reduce the interfacial tension between the lipid
and aqueous phase during preparation, subsequently causing particle size reduction, while also
forming a layer around the particles that contributes to their long-term storage stability.
Commonly used emulsifiers are phospholipids like lecithin, polymers (e.g. poloxamers) and
polysorbates, with some studies reporting the use of combinations of them to attain improved
stability and smaller particle sizes [266,286]. Given that an enormous surface area is generated
by the nm size ranged lipid particles, a sufficient concentration of surfactant is required, that
can move promptly and cover the newly formed surfaces. High concentration of surfactant
(Tween® 80) resulted in more stable SLN dispersions, while the molecular weight also
contributed, with bulkier poloxamers stabilising larger particles than polysorbates [287]. Zafeiri
et al. [202] demonstrated that compared to sodium caseinate (a high molecular weight protein),
Tween® 80 was able to lower the interfacial tension much more efficiently leading to smaller
particle formation, though better long-term stability was granted by sodium caseinate due to the
thicker interfacial film around the particles. Furthermore, in the same work, the significance of
the selection of surface active species relative to the lipid materials (and vice versa) was
emphasised, as cetyl palmitate particles required a higher concentration of Tween® 80 to
achieve the same particle size as tristearin. Moreover, the surface active species have been
found to influence the polymorphic transitions and crystalline behaviour of the lipids [282,286—
290]. The compatibility between the surfactant and the lipids used can determine the degree of

participation of the former in the lipid crystalline lattice [202] and the promotion of
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polymorphic transition [289], jointly influencing the particles’ internal structure, that

consequently impacts upon their functionalities.

2.7.2 Lipid particle characteristics

According to the discussion presented above, evaluation of the lipid particles’ structure is
imperative to characterise and understand their performance as active carriers and as Pickering
emulsion stabilisers. Certain challenges are associated with their characterisation, arising from
the small particle size and physical state of the system [291]. Commonly assessed properties
are the particle size, electrokinetic potential, thermal behaviour, encapsulation efficiency and

loading capacity.

2.7.2.1 Size, morphology and electrokinetic potential

The particle size is one of the main parameters controlling the suitability of a colloidal particle
as Pickering stabiliser and its efficacy as a delivery system. It is usually measured immediately
after preparation and over storage time to determine stability. Commonly used techniques to
characterise the particle size include laser diffraction (LD), and the most frequently used
dynamic light scattering (DLS). In these methods, a laser beam illuminates the sample, and the
fluctuations of the scattered light are interpreted using different theories to determine the
particle size; in the former size is determined from variation in the intensity of scattered light
as a function of a scattering angle, while in the latter particle motion causes intensity
fluctuations of the scattered light which are used to convert to particle size. Complementary to
the size information, the polydispersity index (PDI) is also provided by these techniques as a

means of interpreting the size distribution. DLS is deemed more suitable for smaller particle
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sizes, and it was therefore the method of choice in this work for the characterisation of the SLNs
and NLCs prepared using ultrasonication. Emulsification by ultrasound is a high energy
method, where the droplet breakage is driven by acoustic cavitation. The underlying principle
is related to the formation, growth and collapse of bubbles in the liquid medium, that
consequently produces a shock wave that creates local pressure gradient and fluid shear leading
in droplet size reduction [292]. Parameters that can be adjusted include the frequency, residence
time, energy density and acoustic intensity and power. Following the emulsification step, the
sample is rapidly cooled down below the crystallisation point of the lipid phase to obtain the
crystalline particles. The rate of crystallisation can be tuned, though extremely rapid cooling
can cause the particles to experience delayed polymorphic transitions and eventual

destabilisation [293].

In cases where the particle size is large enough (um range), optical microscopy can be used to
determine the particle size and morphology [294]. With respect to the morphology, scanning
electron microscopy (SEM), transmission electron microscopy (TEM) and atomic force
microscopy (AFM) can provide information regarding the shape, and in some studies the

distribution of materials within the lipid matrix [205,295,296], as will be discussed later.

The electrokinetic potential, also known as zeta potential ({-potential), is used as a measure of
particle surface charge in the aqueous dispersion systems and comprises a useful tool for
predicting long-term stability. Depending on size, DLS and LD can enable the determination
of {-potential by means of the electrophoretic mobility of the particles. Zeta potential values
more than 30 mV in absolute value have been considered as required to ensure stability, albeit
particles with smaller values have exhibited good long-term stability owing to combination of

steric and electrostatic effects [282]. Thus, environmental conditions including the pH, ionic
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strength, type of solvent and nature and concentration of electrolytes need to be considered, as

these will greatly affect the surface charge of the particles [297].

2.7.2.2 Crystallinity and polymorphism

A simplified description of the lipid particle structure could be given by the lipid core
constituting the internal fragment and the surfactant layer comprising the external portion of
the particle. The specific organisation and interaction between these two parts together with the
active ingredient define the active carrying/release capabilities, and are greatly affected by the
crystalline behaviour of the lipids. The crystallisation of the lipids is a process that largely
occurs after emulsification during the cooling step, though part of it continues during storage.
The lipid matrix composition (encompassing the solid and liquid lipid, Al and surfactant), size
of the melted droplets and cooling rate play a major role in the crystallisation of the solid lipid
[298]. Throughout the main portion of crystallisation, the shape, organisation and relative
location of each component is established, and therefore it is crucial for the subsequent particle

behaviour.

It has been extensively reported that re-crystallisation taking place during storage can give rise
to detrimental phenomena, including active expulsion and agglomeration due to shape changes
[282,299,300]. These alterations are induced by polymorphic transitions, which are reversible
transitions of a solid crystalline phase to different arrangements [301]. Control over this, can
allow for higher Al loadings by selecting metastable polymorphic forms [272], or improved
stability by opting for a stable state [293]. A typical example used to describe variations in the
packing and inclination angle between different polymorphic states is that of triglycerides

(TAGS). TAGs can exist in three main polymorphic forms, namely o (hexagonal subcell), g
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(orthorhombic-perpendicular subcell) and g (triclinic-parallel subcell), as shown in Fig. 2.15.
The a form is metastable and has the tendency to rapidly transform into forms with improved
packing density, f~ is a form with intermediate stability, while g is the form with the highest
stability. The transition from the least stable to the most stable form follows the sequence
depicted in Fig. 2.15, although the transformation from one form to another is not always
complete, leading to mixtures of different polymorphic forms. For instance, crystals that during
crystallisation remained in the g~ form have been shown to transition to more stable states
during storage, resulting in changes in the shape and stability of the particles [302,303]. With
respect to the polymorphic forms influence on the SLNs/NLCs shape, particles of spherical or
almost spherical shapes have been ascribed to the a polymorph, while platelet, needle- or lath-

like shapes have been described for crystalline states that contain £~ and 4 forms [205,288,304].

The length and characteristics of the alkyl chain, saturation/unsaturation and cis/trans
configurations of the lipids participating can affect the specific behaviour, as well as the rate of
nucleation which is dictated by the rate of cooling or shear applied during crystallisation [305].
The co-presence of lower molecular weight, amphiphilic (e.g. monoacylglycerols,
diacylglycerols), liquid or lipids of higher polarity can induce further polymorphic transitions
and post-crystallisation phenomena, usually towards less stable forms, together with a
suppression of the melting temperature [281,306]. Relative to the active loading capacity, the
use of mixtures of lipids with vastly different alkyl chain lengths or addition of liquid lipids,
could potentially create imperfections in the crystalline lattices or provoke crystallisation in less
stable polymorphs with lower packing densities that can in turn increase the loading efficiency
[307]. Additionally, the use of stabilising agents with some affinity/compatibility for the lipid
core can contribute to polymorphic transitions to some extent [202], albeit they can also have

an effect without participation in the crystalline lattice [308].
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Therefore, it is crucial to characterise the crystalline structure of the bulk lipid blends and lipid
particles. The techniques frequently utilised for that purpose are differential scanning

calorimetry (DSC) and X-ray diffraction (XRD), solely or in combination.
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Fig. 2.15. Polymorphic forms of fat crystals, polymorphic transitions, subcell packing structures, stability

characteristics and TAG stacking conformations (adapted from Rogers et al. [309]).

2.7.2.3 Encapsulation efficiency and loading capacity

Thus far the terms encapsulation efficiency and loading capacity have been used almost
interchangeably, and although they are calculated differently, they indeed describe the same
attribute, which is the aptitude of the particles’ structure to encase an active. The encapsulation
efficiency (EE), also referred to as entrapment efficiency, describes the amount of active present
in the particles in comparison to the amount of active that came in the dispersion during
preparation. The loading capacity (LC) conveys the amount of active present in relation to the

amount of lipid phase in the particles.
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In most cases, the method used for their determination is the same (despite alteration in the
calculation step), and could be ranging from ultrafiltration and centrifugation to dialysis. The
values usually reported for EE are above 70%, while LC can range between 0.1 and 80% [310].
The variance in the latter could be attributed to differences in the active solubilisation method
used. Compared to simple solubilisation of the active in the lipid melt, which was the process
used in this work, the employment of organic solvents (e.g. ethanol, chloroform) has been
shown to lead to higher LC values [311,312]. Considering the drug expulsion phenomena
during crystallisation and storage that were described above, it is paramount to quantify the
percentage of active remaining associated with the particles’ structure, as this will then
influence interpretation of the dispersions’ release performance. It is expected that the solubility
of the active in the lipids will decrease after crystallisation, and thus maintaining the
concentration of the active close to the solubility threshold defined during preliminary solubility
and screening studies could potentially grant that the highest proportion of the active quantity
will remain associated with the particles. A few studies have utilised lipid screening as a tool
to predict the active loading, and additionally to eliminate the need of experimental screening
which can be tedious [284,313,314]. Undoubtedly, the compatibility and affinity of the active
for the lipid matrix components, encompassing both lipids and surface active species, can
greatly impact upon the loading capacities and lipid matrix arrangements ultimately achieved

[262,280-283].

2.7.2.4 Proposed lipid structure and active location

Differences in the morphology of SLNs can be relatively simply assigned to changes in the type
of lipid and surfactant used, and in most cases they are relevant to the shape of the structure,

which is defined by the parameters described above. However, once the liquid lipid is
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introduced things get a bit more complicated. As illustrated in Fig. 2.16A, the classical approach
to the NLCs type identification entails three classes; namely, the imperfect, amorphous and
multiple types. Miller et al. [275] has paralleled the SLNs internal structure to that of a ‘brick
wall’, whereas this is overcome with the creation of imperfections caused by the liquid lipid
incorporation in NLCs. According to the authors [275], the generation of the imperfect type has
been attributed to mixing of two very different types of fatty acid glycerides in terms of their
spatial differences. Attainment of the amorphous type can be accomplished by mixing solid
lipids and special liquid lipids, such as medium chain triglycerides. The multiple type is
essentially an oil-in fat-in water system, formed when the concentration of the liquid lipid
exceeds the solubility limit of the solid fat, thereby forming oil nano-compartments in the fat

core.

Since that classification, several other studies have attempted to provide a description for the
NLCs’ internal arrangement, by corroborating information from the use of several different
techniques, including cryo-TEM [315,316], NMR [317-319], DSC [315,318] and X-Ray
diffraction [317,319]. Galeano et al. [273] has created a schematic synopsis of the reported
structures based on literature data, that is depicted in Fig. 2.16B. Predominantly dictated by the
solid-to-liquid lipid ratio used and the formed polymorphic states, 5 types of NLCs are
presented, with differences between them lying on the particle shape and location of the liquid
lipid. First described by the group of Jores et al. [316,318,320] in a series of studies regarding
the structure of NLCs, was the creation of liquid lipid spots at the surface of NLCs that get
increasingly bigger with increasing liquid lipid concentration. Only when the liquid lipid is used
in very low concentrations (<10%) there is a possibility of acquiring the uniformly dispersed
model [321], while at intermediate concentration and depending on the compatibility between

the two lipid, the oil nano-compartment model can exist [270]. Keck et al. [322], emphasised
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the influence of the solid-to-liquid lipid relative arrangement on the active delivery

performance, by exhibiting that as the matrix organisation changes

performance and dermal penetration efficacy of the SLNs and NLCs.

A

“old SLN" - perfect crystal

imperfect crystal

solid lipid (fat)

oil nano-
compartments

NLC —

so does the release

Liquid lipid uniformly dispersed
in a spherical solid lipid matrix
a or B’ polymorph

Liquid lipid nanocompartments
whitin a spherical solid lipid matrix
a polymorph

Liquid lipid uniformly dispersed
in a platelet solid lipid matrix
Bj or B’ polymorph

Lipid platelets with liquid lipid
spots sticking on the surface
B or B’ polymorph

Oil drops
on surface

Lipid platelets with hybrid structure
like nanospoon with sticking liquid
lipid droplet on the surface
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Fig. 2.16. (A) Proposed structure of SLNs and three types of NLCs for comparison purposes. The NLCs

types as described by Muller et al. [275] are the imperfect type (upper right), amorphous type (lower left),

multiple type (lower right). (B) Schematic representation of the NLCs models according to their shape and

liquid lipid distribution as summarised by Galeano et al. [273].

As deliberated throughout this section, the characterisation of the lipid particles’ structure is a

challenging endeavour not only due to their small size, but also due to the liquid physical state

of the particle dispersions. Besides the determination of the solid and liquid lipid arrangement,

this engenders complexities with devising tools to predict the localisation of the encapsulated

active molecule, as the majority of the techniques utilised cannot provide definitive

PAGE | 69



Literature Review

conclusions. Therefore, in most studies the release behaviour is corroborated with

physicochemical characterisation to postulate about the relative location of the active molecule.

Based on the positioning of the active, three models have been described for SLNSs; the
homogeneous matrix, the active-enriched shell and the active-enriched core models (Fig. 2.17).
In the homogeneous matrix model, uniform particle crystallisation owing to the process used,
or entrapment of a highly lipophilic active can lead to a homogeneously dispersed active
throughout the core, with this model having been linked to prolonged release profiles [135]. On
the contrary, in the active-enriched shell model, the active is mainly located in the outer shell
of the particles with little or no presence in the core. Rapid cooling of an active-loaded lipid
melt, or higher affinity of the active for the surface agent than the lipids can generate this model,
that has been associated with burst release profiles [42,323]. Finally, the active-enriched core
model can be attained when the active has a higher crystallisation point than the lipids, causing
supersaturation in the lipid melt mixture as it cools down, resulting in crystallisation of the
active in the core of the particle. Suitably controlled and prolonged release rates have been

ascribed to this model [135,324].

In addition to the aforementioned explanations, significant contribution to the drug location
also has the polymorphic state at which the lipids exist as was discussed above, the distribution
coefficient [310], the affinity/solubility [325] and any interactions [326,327] of the active with
the lipid matrix components. In cases where the o polymorphic state is predominant in the lipid
matrix, allowing for more space for active encasement, the homogeneous active model
described the developed systems [286,328]. Although in SLNs the active tends to be found near
the surface, associated with the surfactant [329-332], in NLCs a big contributing factor is the

liquid lipid, particularly with lipophilic actives [280,320,333]. Specifically for hydrophilic
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species [334,335] or when the amount of active used exceeds the limit that the particles’ surface
area [336] can incorporate, the actives would be preferentially located at the surface. Using
state of the art techniques, like coherent anti-Stokes Raman scattering (CARS), Christophersen
et al. [337] was able to visualise the internal structure of lipid microparticles and concluded that

the active location is dictated by the preparation method and lipid excipients used.

As deduced based on the range of factors that can potentially contribute to the ultimate active
location, this is a topic that has not been fully elucidated yet, and its intricacy requires further

investigations.

Active-enriched core model Active-enriched shell model Homogeneous matrix model
A A

A A < A A p A S

A A A A A A " A A
A 5 A

A A A A A A AAA A A A

A

Apa, A A A DA LA, A

Ad A a :A AA A a :A

Fig. 2.17. Schematic representation of the active incorporation models in SLNs (adapted from Mdller et al.

[275]).

2.7.3 SLNs and NLCs as active encapsulation and delivery systems

Numerous works have utilised SLNs and NLCs for the encapsulation and delivery of active
ingredients of diverse properties, relevant to a plethora of applications [135,338,339].
Investigation of their in vitro release performance is a useful tool for predicting their in vivo

performance, and therefore an abundance of release data is available in literature. However,
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some of the studies are only reporting the optimised performance without disclosing the
parameters that were altered to achieve said release profiles, or there is a lack of comparison to
either control formulations or systems that examine the effect of modifying formulation
parameters. What is more, understanding the level of control over the active release
performance that the formulation itself can provide is impeded, when vastly different
experimental conditions and formulation aspects are used throughout the studies, that may be

interfering with the physical stability of the structure.

A big portion of the literature at hand is comparing the SLNSs release behaviour to that of NLCs,
with contradictory conclusions drawn on their performance, which is centred around the effect
of the liquid lipid addition in NLCs on either accelerating [269,278,340-343] or decelerating
[344-346] the release rate. Some reports are reinforcing even further the conflicting results, by
showing that there are no differences between the release control capability of the two
counterparts [347], or variations are only observed at the rate of release and not at the overall
percentage released at the same timescales [348]. The release pattern, whether that is
monophasic or biphasic, burst or prolonged, the overall percentage released and the
perpetuation of that performance over time are among the characteristics examined when

comparing the release profiles [349].

Regardless of the deduction, there are certain factors that need to be deliberated when trying to
find explanations for these observations. Amongst these are the release conditions (e.g. type of
solvent in the dissolution medium, pH, temperature), active concentration, encapsulation
efficiency and whether that is accounted when reporting release results, particle morphology
(e.g. shape, size), lipid phase concentration, particle composition (e.g. type and concentration

of lipids and surface agents), interactions/affinity between the active and the lipid matrix
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components and particle preparation method. Gongalves et al. [350] presented the significance
of the dissolution medium’s nature relative to the active employed, with lipophilic curcumin
showing faster release in the lipophilic than the hydrophilic media. Das et al. [349] attributed
the hindered release rate when a higher active concentration was used (8% compared to 4%
active to lipid ratio), to the absence of true sink conditions, an effect that was eliminated when
the particle dispersion was diluted before release measurement. The influence of the active
concentration has been also discussed in relation to the formed active distribution model, with

lower concentration leading to active-enriched shell and consequently slow diffusion [269].

In fact, a correlation between some of the aforementioned factors, their impact on the internal
lipid matrix arrangement and consequent release performance has been attempted in several
studies. In a recent work by Galeano et al. [310], the degree of the active solubility in the lipid
phase and overall distribution coefficient in the lipid matrix components was shown to lead to
burst release of parabens from SLNs, NLCs and nano-emulsions, that was explained by the
active preferential partition to the surfactant layer of the structures. Mura et al. [351] ascribed
the hindered release rate from SLNs compared to NLCs to the denser packing of the internal
lipid structure, which results in reduced active mobility; an argument also made in the study by
Andrade et al. [346] and Keck et al. [322]. Zoubari et al. [352] further accentuated the feature
of burst release from a highly disordered internal lattice, by employing two solid lipids in the
NLCs core. More specifically on the effect of the liquid lipid concentration in NLCs, in two
studies by the same authors [278,343] it was demonstrated that increasing liquid lipid
concentration led to increased release percentage. The authors discerned that the liquid lipid
presence influenced only the initial burst release phase due to the heterogeneous liquid lipid
distribution resulting in an active-rich layer towards the edge of the core, while also in one of

the studies the particles had significantly smaller particle sizes [278]. It was also discussed that
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the reason behind attaining such internal core arrangement was the processing method used,
which once altered (from solvent evaporation performed at 70°C to high pressure
homogenisation performed at 0°C) an almost linear release rate was acquired, due to
homogeneous liquid lipid distribution [343]. The impact of the processing method utilised on
the particle formulation characteristics, and particularly on the percentage of active
encapsulated and thus released rate has also been documented [323]. In another work
comparing between emulsions, SLNs and NLCs, the importance over the ability to control the
release behaviour was assigned to the location and distribution of the liquid lipid in NLCs rather
than its concentration [353]. In the same study [353], it was suggested that this can be achieved

by deliberate selection of the formulation and processing parameters.

Galeano et al. [273] endeavoured to provide a comprehensive review of the different
processing, formulation and experimental aspects influence on the release behaviour of
paclitaxel, a hydrophobic chemotherapy drug, for which SLNs and NLCs are widely employed
as carrier and delivery vehicles. In this summary, tens of research papers are discussed, and the
release data are presented in the same graph to enable comparison purposes. The attempt to
unravel the underlying mechanisms of the release performance is also reflected by the
utilisation of release model fitting in copious studies [322,349,351]. However, in the same
review it is also highlighted [273], that no definite conclusions can be made regarding the
contribution of each factor, due to the variations in the composition and experimental conditions
employed throughout the studies, that would in turn result in different underlying mechanisms
driving the dissolution kinetics (e.g. active partition coefficients and internal particle

arrangement).
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2.7.3.1 SLNs and NLCs as co-encapsulation and co-delivery systems

The exploitation of SLNs and NLCs as encapsulants and delivery vehicles is not just limited to
asingle Al, on the contrary it extends to two or even more active molecules [137]. A wide range
of compounds spanning from lipophilic APIs and antioxidants [354] to SiIRNA [355] and DNA

[356] have been combined in SLNs [357] and NLCs [136,358-361], but primarily in the latter.

In terms of the co-encapsulation behaviour, studies reporting the EE and LC values show that
there are no significant differences between the two Als [136,356,361-363], as well as that any
active expulsion phenomena over time are not induced by their co-entrapment [359]. Although,
no information is provided regarding the EE or LC values before encapsulation of the secondary
active. With respect to the release behaviour, the co-release profiles of the Als can be
completely different (one active showing biphasic and the other linear release rate [360]) or the
two actives can share the same profile [354], depending on the specific formulation, processing
and experimental conditions, as was discussed in the previous sections. Andrade et al. [363]
discussed the effect of the relative affinity between the used actives (tacrolimus and clobetasol)
and the lipids comprising the NLCs. They attributed the more sustained release of tacrolimus
to its higher affinity for the solid lipid, and the faster release of clobetasol to its association with
the liquid lipid localised towards the outer layer of the particles. Vitorino et al. [362] examined
the influence of ethanol and limonene utilised as chemical enhancers for transdermal
formulations on the EE and release profile of simvastatin and olanzapine from NLCs. It was
shown that the chemical enhancers slightly increased the release rate of the two actives, that
already had different release profiles, while the EE values decreased with ethanol and increased

with limonene.
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Overall, due to the relatively limited number of studies in this area, or the fact that the available
literature focuses on the application testing rather than on formulation design aspects and
detailed characterisation of the co-encapsulated microstructures, there is a lack of investigation
regarding the effect of the co-presences of the Als on the performance of the formulation. In
the future, approaches to allow the independent control of the release profiles need to be
explored, along with methods to enable the segregated co-encapsulation in SLN/NLC
dispersions. That could be potentially achieved by mixing two aqueous lipid particle
dispersions, one containing lipid particles loaded with ‘active A’ and the other particles loaded
with ‘active B’ into the same formulation, and studying its performance as a co-encapsulation

and co-delivery system.

2.8 Conclusions

The quest for a structuring strategy that can enable the segregated co-encapsulation and
independent, and potentially triggered co-delivery of multiple active ingredients from Pickering
emulsions is an area still in its infancy, as evidenced by the only recently published and at
exploratory-level studies presented in this review. Lipid particles with varying microstructural
characteristics, namely SLNs and NLCs, show great potential for acting as dual functional
species, thereby acting as active carriers and delivery systems for an active, while in tandem
stabilising emulsion droplets encasing a secondary active. Such a liquid-based formulation
approach requires diligent design to subdue the inherent complexity of combining two
distinctive phases (i.e. crystalline particles and liquid oil droplet) and ratify that microstructural
characteristics governing their carrying and delivery functionalities remaining intact. In the
subsequent experimental chapters, formulation parameters that impact upon the performance

of the envisaged structuring approach will be scrutinised.
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Synopsis

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 underlie 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 by this, selected
lipid nanostructures were then produced. These were characterised by encapsulation
efficiency and loading capacity values as high as 99% and 0.5%, 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.
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3.1 Introduction

Lipid nanoparticles, namely solid lipid nanoparticles (SLNs) and nanostructured lipid carriers
(NLCs) comprise a widely used platform of lipid-based colloidal vehicles, as they can
accommodate solubility and bioavailability enhancement of poorly water-soluble actives [1-
3], as well as improved stability and shielding of actives prone to degradation [4-11]. In the
last decade, due to their auspicious usage in Pickering emulsion stabilisation [12—14], their
applications portfolio has expanded to include the two-fold functionality 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 [15]. However, there is still
limited understanding on the correlation between the structural properties of lipid particles and
the structures’ capacity to afford effective Pickering stabilisation [16—17]. 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 [12]. Recently, Lim et al. [18] 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 4 weeks 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 [19].
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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. The tendency of SLNs to transform into highly ordered crystalline
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 [20,21]. 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 and active carrying/delivery performance, while this can
be further modified by the encapsulated molecule and the surfactant contribution [22—32]. The
structural organisation of SLNs and NLCs 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 [23,24,29,30,33-35]. Oehlke et al. [36]
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 [37]. 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
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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 [38]. 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 [39], and thus it has been previously employed as a model hydrophobic active
during the development of delivery systems [9,40]. 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 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
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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.

3.2 Materials and methods

3.2.1 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 101 Oleo (101 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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3.2.2 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.

3.2.2.1 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 [41], 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 (o) of a
substance can be decomposed into three distinct components. The partial HSP parameters
account for the aforementioned dispersion interactions (Jp), permanent dipole-permanent

dipole forces (dp) and hydrogen bonding (1), measured in MPal/2,

HSPs for curcumin and a variety of solid and liquid lipids were calculated as follows:

_ YiFai

3.1
) T (3.1)

L Fyi (3.2)
5P=

Vin
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| 2%iEn
5, = f - (3.3)

5= \/(55 + 82+ 82) (3.4)

where Fq, Fp, En 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 Vi, represents the molar volume. The group contribution
values used for the calculations were in accordance with the work published by van Krevelen
et al. [42]. 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 [43]. Therefore, the solubility screening was performed for both
tautomeric forms. Depending on the chemical composition of each lipid (see Appendix Al,
Table Al.1), the total and individual HSP for each constituent were estimated. An example of
the calculations performed can be found in Appendix A. 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 3.1). 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 (see Appendix Al, Table Al.2),
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 3.1 & Fig. 3.1), 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
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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:

R, = \/4(5DA - 6DB) Z+ (6PA - 6PB) Z+ (SHA - 5HB) z (3'5)

For a combination of miscible substances, the distance Ra should not exceed the radius of
interaction (Ro), which gives the maximum difference allowed to define affinity between the
active and a chosen solvent. The Ro for the studied active can be found empirically using
Equation 3.5 for a series of solvents with experimentally known HSPs [41]. 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 (see

Appendix Al, Table A1.2).

3.2.2.2 Experimental lipid screening
a. Selection of solid lipids

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 3.2.3),
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
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of formation of transparent homogeneous solutions with no visible traces of active crystals [44].
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 3.2.3). 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 [45].

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% wi/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
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of turbidity or phase separation, coupled with differential scanning calorimetry (DSC, Setaram
uDSC3 evo microcalorimeter, Setaram Instrumentation, France) analysis [27]. Specifically, the
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.

3.2.3 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 [14]. 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 [46]. 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
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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.

3.2.4 Physicochemical characterisation

3.2.4.1 Particle size, polydispersity and zeta potential analyses

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 ({-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> 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.).
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3.2.4.2 Thermal analysis

Thermal analysis of the bulk materials and dispersions of lipid particles was carried out using
a Setaram uDSC3 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. Bulk materials were assessed
against an empty reference cell, while for the lipid particle dispersions, the reference cell was
filled with equal amount of distilled water. 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 (R1) which were calculated following the equation [47]:

Rl = AHSLN,NLC % 100 (%) (36)

" AHpy X Crp.
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where AHsin, nic and AHp,. represent the molar melting enthalpy (J/g) of the SLN and NLC
aqueous dispersions and the bulk lipid phase respectively, and C,p. is the % w/w concentration

of the lipid phase.

3.2.4.3 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 pg/mL and linear regression value of R?= 0.9995. The

EE and LC were calculated using the following equations:

Wi crm = Wu. crRM
EE = X1 %
Wi crRM 00 (%) (3.7)
_ Wi cRmM —Wu. crM 0
LC = . %X 100 (%) (3.8)

where Wi crm IS the amount of curcumin that was initially used during the preparation of the
aqueous lipid dispersions, Wy. crwm is the amount of curcumin measured in the filtrate and Wi.p.

is the total amount of the lipid components used in the dispersions.
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3.2.4.4 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 {-potential. Changes in the physical state of the samples
indicating destabilisation were assessed by visual inspection. Thermal behaviour and

encapsulation efficiency were also evaluated over the same period.

3.2.5 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.

3.3 Results and discussion

3.3.1 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 by extension, 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
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miscibility between actives and different types of solid and liquid lipids [48], in combination
with experimental screening in some instances [44,49-51], 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 (dp) and hydrogen bonding (Jn) forces, while the
variation between the dispersion (dp) interactions was of smaller magnitude (Table 3.1). The
smaller difference in the Hansen solubility parameter (AJ) between the active and the individual
components of the lipids was observed for glyceryl mono-substituted esters (Table 3.1 &
Appendix Al, Fig. Al.1). 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 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 op and Jn 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. [44], but also for
other actives showing increased affinity for monoglycerides compared to di- and triglycerides
[49,50]. 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 (Fig. 3.1). Regarding the liquid lipids, Labrafac™ PG and castor oil
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displayed the smallest Ra values for either tautomeric form. In their majority, liquid lipids were

found to possess smaller R, values than those of the solid lipids.

Due to the theoretical basis of the Hansen solubility parameter being restricted to liquid phase
systems, and thus only providing indication about the solubilisation capacity of the melted state
of the lipids, experimental lipid screening was also performed. This 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 3.1). Compritol® 888 ATO and Precirol® ATO 5 were the solid lipids
that exhibited the highest curcumin solubility, approximately 0.6 and 0.7% wi/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 Ro (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 [44]. A possible explanation could be given by the fact that
the Ro used here was deduced 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
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comparisons between the lipids, they should not be regarded as an actual measure of solvent

solubility.

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 (Ad = 0.42) compared to
glyceryl palmitostearate (As = 0.71). Kovacevic et al. [28] and Araujo et al. [22] 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 [52]. The curcumin
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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.

Table 3.1. Theoretical and experimental solubility screening of curcumin (CRM) in different solid and

liquid lipids.
Compound Ra (diketo Ra (enol AJ (diketo Ad (enol
) op oH 0 s
name form) form) form) form)
CRM Diketo
17.17 5.47 12.33 21.83
form
CRM
16.80 5.54 14.16 22.66
Enol form
Compritol® 888
16.87 1.75 7.31 18.47 6.27 7.83 3.36 419 +
ATO
Precirol®
16.89 2.18 7.87 18.76 557 7.14 3.07 3.90 +
B ATOS
2
= Dynasan® 118 16.70 1.53 5.96 17.80 7.54 9.13 7.50 9.13 -
o
wn
Cetyl palmitate 16.42 0.89 3.56 16.82 10.00 11.60 5.01 5.84 -
Imwitor®
16.96+0.04  2.39+0.16 8.64+1.08 19.20+0.54 4.85+0.92 6.37+1.00 2.63+0.54 3.47+0.54 -
960K™
Labrafac™ PG 17.04 4.10 7.30 18.99 2.94 3.77 5.15 6.68 +
Labrafil® M
. 16.75+0.13  2.74+0.61 8.13+1.72 18.89+0.90 5.15+1.64 6.68+1.73 2.94+0.90 3.77+0.90 +
2 2125CS™
=
% Imwitor® 375™ 16.11+6.68 6.42+4.73 13.80+8.24 22.42+11.11 14.34+8.43 14.1148.52 —0.59+11.11 0.24+11.11 +
(=
- Miglyol® 812 16.65 2.86 6.38 18.06 6.57 8.23 3.77 461 +
Castor oil 16.94 2.23 9.03 19.32 4.65 6.11 251 3.34 +

* 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.
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Fig. 3.1. 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.

3.3.2 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
observed. 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 (see Appendix Al, Fig. Al1.2). Absence of crystalline curcumin

in the physical lipid mixtures was confirmed by their thermograms, with all identified thermal
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events being ascribed to the lipid components (see Appendix Al, Fig. A1.3). DSC analysis
provided further information about the thermal behaviour of the mixtures, in regard to changes
in their lipid composition or addition of curcumin, and the melting and crystallisation

thermograms are presented in Fig. 3.2.

PAGE | 124



Formulation design and development of lipid nanoparticles loaded with a hydrophobic active

,8,1 A 2| |CRM - C888:M812 (70:30) B
CRM - C888:M812 (70:30)!//K ﬁ/_
C888:M812 (70:30) )/\_‘ C888:M812 (70:30)

~ ~~
oD b \/—
E E CRM - C888 /
Z g
B SRMoCees & | C888 (post tempering)
- -
g 5
= ==
C888 (post tempering) C888 )

[ — ]

35 50 65 80 35 50 65 80
Temperature (°C) Temperature (°C)
C 2 D

s | [CRM - P5:M812 (70:30)

7| |crRM - Ps:M812 (70:30)

P5:M812 (70:30)
@ P5:M812 (70:73(?)77:/;_ @
E — o E CRM - P5
z z
s 2
= = ;
- - PS5 (post tempering)
D D
= P5 (post tempering) =
2 2
i f————— 8
35 50 65 35 50 65
Temperature (°C) Temperature (°C)
g E 2 F
S| |CRM - C888-P5:M812 (70:30) || CRM - C888-P5:M812 (70:30)
C888-P5:M812 (70:30)

T |C888-PS:IMBI2 (70:30) -~ @ 2 =

g , 2 - & |crm-csssps

5 £

= =

= w

S |CRM - C888-P5 b 2

& 2 | csss-ps
C888-P5

2 2

8 L

35 50 65 80 35 50 65 80
Temperature (°C) Temperature (°C)

Fig. 3.2. DSC curves of binary and ternary solid and liquid lipid mixtures with or without curcumin (CRM,

0.5% wi/w), consisting of Miglyol® 812 (M812) as the liquid lipid in combination with different solid lipids
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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 (Fig. 3.2A), which has been previously assigned to a mixture of metastable polymorphic
forms [53]. Glyceryl behenate is a mixture of variable triacylglycerols (TAG), containing
glyceryl mono-, di- and tribehenates, for which the transition rate from o to f via " is known
to be dependent on the degree of homogeneity [54]. Pivette et al. [55] 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 a and sub-o or p° 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 a shoulder appearing at 71.1°C, both attributed to crystallisation
of o forms, and a more pronounced at 66.1°C, relating to either a sub-a sub-cell or a 8’ transition
(Fig. 3.2B) [56]. 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-a modification of
the monoglyceride fraction of behenic acid [47]. The difference between the melting and onset
temperature (AT) 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
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more amorphous structures [53,57], which was a feature recorded for the melting thermogram
(see Appendix Al, Table Al1.3). 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, possibly suggesting structural re-arrangement after the
addition of curcumin. 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 [27], and for mixtures of the solid lipid Imwitor® 900 with the poorly water-
soluble drug RMZE98 [58]. Nnamani et al. [45] demonstrated that at a relatively low addition
of the water-soluble drug 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 (Fig. 3.2C),
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 (Fig. 3.2D).
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. [59], 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 £ modification that transforms to
a less stable a modification after tempering (peak at 54.8°C), based on wide-angle X-ray
scattering (WAXS) measurements [60]. 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.
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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 [61]. As reported earlier, the presence
of MCTs can promote the appearance of signals belonging to a 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 [27,62]. 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 (Fig. 3.2E),
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. [63] 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 AT increase (see Appendix Al, Table A1.5). Even though a level of
compatibility between the two solid lipids, due to inter-solubility of their monoacid triglyceride
components [64], 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
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mixture; also identified in the curcumin-loaded glyceryl palmitostearate mixture (Fig. 3.2E).
Reversibility of the endothermic events was detected in the re-crystallisation curves for all
combinations (Fig. 3.2F). 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 [49].

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 the
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 [5,49], 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 [65], that has also been described for
dispersed active in the liquid state [23]. 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 [66].

PAGE | 129



Formulation design and development of lipid nanoparticles loaded with a hydrophobic active

3.3.3 Characterisation of blank and curcumin-loaded SLNs and NLCs

3.3.3.1 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 [14,67]. 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% wi/w total lipid content) and using 1.2% w/w 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 (Fig. 3.3A), 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 [68,69]. 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 (Fig.
3.3B), 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 (Fig. 3.3C), potentially due to a decrease in the droplet/particle collision
events taking place at this lower lipid content and higher surfactant-to-lipid ratio [47]. Lastly,
evaluating the effect of the concentration of Tween® 80 using 0.6, 1.2, 1.8 and 2.5% wi/w,
revealed that increasing the concentration from 0.6 to 1.2% w/w caused a significant decrease
in the obtained particle size (Fig. 3.3D). 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 [70]. The surface active agents have a dual role in the fabrication of lipid
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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 3.2. Concerning the
formulation characteristics, the type of solid lipid, the concentration of the liquid 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.
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Fig. 3.3. 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 3.2. Composition of SLN and NLC formulations prepared with Precirol® ATO5, Compritol® 888 ATO
or 1:1 wiw 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  Precirol® Miglyol® Tween® Pluronic® ]
Curcumin Water

®888 ATO ATO5 812 80 F-68
B-SLN; 2.5 - - 1.2 - - 96.3
B-NLC; 2.25 - 0.25 1.2 - - 96.3
B-NLC: 2.0 - 0.5 1.2 - - 96.3
B-NLCs 1.75 - 0.75 1.2 - - 96.3
SLN; 2.4875 - - 1.2 - 0.0125 96.3
NLC: 2.2388 - 0.2487 1.2 - 0.0125 96.3
NLC: 1.99 - 0.4975 1.2 - 0.0125 96.3
NLCs 1.7413 - 0.7462 1.2 - 0.0125 96.3
SLN: - 2.4875 - 1.2 - 0.0125 96.3
NLC,4 - 1.7413 0.7462 1.2 - 0.0125 96.3
SLNs 1.2438 1.2437 - 1.2 - 0.0125 96.3
NLCs 0.8707 0.8707 0.7461 1.2 - 0.0125 96.3
SLN4 2.4875 - - 0.5 - 0.0125 97
SLNs 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-SLN; 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% wi/w that a statistically significant (p<0.05) decrease was recorded (Fig. 3.4A &

Table 3.3). At 30% w/w liquid lipid, a plateau in terms of size was reached, with no further
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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% wi/w) causing changes in the 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. [71] 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. [20] reported that incorporation of 30% w/w of the 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 (SLNy 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 formulations (NLCo,
NLCs). 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 [20,72,73]. Both the
size distribution profiles (Fig. 3.4B) 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
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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 um 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 (Fig.
4.4C) [74,75]. By contrast, comparing formulations NLC3z 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 that was observed for both the SLN and NLC

formulations fabricated with 1:1 mass ratio mixture of the two (SLN3—NLCs).

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 (SLN; and SLNGs, respectively),
and 1.2% w/w Pluronic® F-68 (SLNs) (Fig. 4.4D). Particles prepared with reduced surface
active species concentration (SLNs) (to study the relation between surfactant
concentration/particle size with curcumin loading in a next 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
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of interaction. In contrast, Pluronic® F-68 (Poloxamer 188) appeared to drive the SLN size
reduction a bit further than Tween® 80 (SLN3), 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. [14].
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Fig. 3.4. Dynamic light scattering measurements showing the particle size distribution of SLN and NLC
formulations after preparation. (A) Formulations B-SLN: and B-NLC:-B-NLCs, (B) SLN:1 and NLCi—

NLCs, (C) SLN2-SLN3 and NLCsNLCs, and (D) SLN1 and SLN4—SLNs.
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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 3.3), 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 [76-79]. SLNs prepared with Tween® 80 did not differ significantly from lipid
dispersions fabricated with Poloxamer 188 in their zeta potential values (formulations SLN{
and SLNs, respectively), while the formulation with lower concentration of the former (Tween®
80) yielded particles with higher -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, and hence their interfacial presence does not contribute to the surface

charge [76].

Table 3.3. Z-average, polydispersity index (PDI) and zeta potential ({-potential) of different SLN and NLC
formulations measured after preparation. Identical lowercase letters indicate no significant differences

between samples (for p>0.05 and sample size equal to 3).

Formulation Z-average (nm) PDI ¢-potential (mV)
B-SLN; 158.9+10.6% 0.20+0.02% —23.0£1.32
B-NLC: 160.5+3.8% 0.16+0.022 —22.3+1.9%
B-NLC, 140.4+20.1° 0.15+0.022 —19.5+2.62
B-NLCs 145.8+3.4° 0.12+0.022 —20.1£0.72

SLN; 165.1+2.72 0.20+0.022 —25.2+2.62
NLC: 165.4+5.32 0.16+0.02* —25.0£3.0%
NLC, 162.5+6.5% 0.13+0.01* —21.7£1.32
NLCs 163.2+3.8% 0.12+0.01* —20.5+0.72
SLN> 176.0+9.6° 0.28+0.04° —32.7+0.9°

PAGE | 137



Formulation design and development of lipid nanoparticles loaded with a hydrophobic active

NLC, 114.4+7.1¢ 0.14+0.042 —26.0+2.7¢
SLN3 170.9+15.2° 0.23+0.01° —27.6x1.42
NLCs 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°
SLNs 139.7+1.9° 0.20+0.01° —24.4+0.7¢

3.3.3.2 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 3.2). 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) [47,76]. The melting and crystallisation

thermograms are presented in Fig. 3.5 and 3.6, respectively.

Comparison between the lipid nanoparticles prepared with glyceryl behenate and combination
with MCTs at 70:30 w/w ratio (systems B-SLN: and B-NLC3), and their respective physical
mixtures reveals peak broadening and shifting towards lower temperatures (Fig. 3.5A & 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 lipid
physical mixtures [33,76,80]. 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 [81]. 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. [33] and Freitas et al. [47], albeit the split appeared at higher temperatures (approximately
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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. [33],
both SLNs and NLCs with various solid-to-liquid lipid mass ratios exhibited the metastable 5",
while increasing amount of intermediate i 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-NLC3z and NLC3
formulations (Fig. 3.6A & B). Addition of the active in formulations B-SLN; and B-NLC1-B-
NLCs 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 (Fig. 3.5B

& 3.6B).

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% wi/w liquid lipid (Table 3.4 & Fig. 3.7A). Accordingly,

looking at the melting enthalpy trend, gradual increase of MCTs in formulations B-NLC:—B-
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NLCz shows that at 20% w/w mass and beyond, there was a pronounced reduction in the
melting enthalpy of the crystalline matter compared to formulation B-SLN; (Table 3.4 & Fig.
3.7B). Lipid phase crystallinity loss was suggested by the recrystallisation indices (RI), which
showed a linear decreasing trend with increasing MCTs concentration. R1 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 gi form distinguishable in all formulations (peaks indicated by
arrows in Fig. 3.5A & B); a transformation that has been previously described for glyceryl
behenate particles kept in storage [82]. 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. [83] 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 AH 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 increases 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 [24,33]. An
equivalent behaviour of the melting enthalpy was not however observed with the formulations
containing curcumin (SLNz and NLC31—NLGCs3), for which no statistically significant deviations

were recorded. Comparison of the AH and RI values between blank and CRM-loaded
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formulations demonstrated, that systems NLC, and NLCz 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 3.3.3.1).
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% wi/w liquid lipid content were fabricated with glyceryl palmitostearate. As expected,
Precirol® ATO 5 SLNs (SLNz) and NLCs (NLCs) demonstrated lower melting and
crystallisation maxima as opposed to the respective CRM-containing physical mixtures (Fig.
3.5C & 3.6C). Incorporation of MCTs in the pre-emulsion blend (NLCs) enhanced the
polymorphism and led to reduction of the AH and melting temperature, and increase in the RI
and AT values. Possible explanations could lie on the creation of a less crystalline with
structural defects 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 NLCs 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. [78] 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
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crystalline matrix depending on its composition has been previously shown to be important

parameters governing the particles’ crystalline properties [14].

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 (NLCs), based on the somewhat intermediate melting
behaviour of their single SLN dispersions, and the peak separation observed in the melting and
re-crystallisation profile, respectively (Fig. 3.5C & 3.6C). The high RI of formulation SLN3
(104.0%), which is comparable to that of SLN1, suggests the presence of high ratio of £i forms
attributed to glyceryl behenate, whereas the intermediate Rl of NLCs to both NLCs composed
of the individual components (NLCz and NLCj4) 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 (SLNs), 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 SLN; [70]. On the contrary, the crystallisation profile for the Poloxamer 188
particles appears to be more complex, but in line with data reported in literature [84] for the
same combination of solid lipid and surfactant (Fig. 6D). In the melting profile of SLNs (Fig.
5D), the single endothermic peak at 71.0°C that could be attributed to a stable i polymorphic
form and the higher RI value compared to formulation SLN; 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 (8"), observed for Tween® 80 particles.
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Fig. 3.5. 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 3.2. The normalised curves

were shifted along the ordinate and presented in sets for better visualisation. Arrows are used to pinpoint

certain thermal events.
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Fig. 3.6. 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 3.2. The normalised

curves were shifted along the ordinate and presented in sets for better visualisation.
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Table 3.4. DSC melting and crystallisation parameters of SLN and NLC aqueous dispersions. Enthalpy
values (AH) 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 (AT) and the recrystallisation index (RI) for

each formulation.

AH (J/9) Tmax (°C)  Tonset (°C) AT (°C) RI (%)
Melting 140.1+3.2 70.7£0.2 65.6+0.2 5.1+04
B-SLN; o 106.8+3.2
Crystallisation ~ —149.4+2.2  58.2+0.3 60.6+0.3 —2.4+0.2
Melting 141.3+14.4  68.9+2.7 62.4+15 6.5+1.3
B-NLC; o 97.04£9.9
Crystallisation —120.6+25.7 55.9+1.0 59.1+0.8 —3.2+0.2
Melting 115.1+2.9 64.0+0.3 50.9+1.8 13.1+1.1
B-NLC; o 79.0+2.0
Crystallisation  —114.842.6  51.5+0.1 56.9+1.8 —5.4+1.7
Melting 98.6+3.4 60.7+0.1 44.7+0.3 16.0+0.3
B-NLC; L 67.7+2.3
Crystallisation —97.0£3.3 50.840.1 53.2£t0.6 —-2.4+0.7
Melting 146.8+2.2 70.8+0.1 65.4+0.8  5.4+0.8
SLN; o 101.9+1.8
Crystallisation  —148.8+1.6  58.3+t0.1 60.7+0.2 —2.4+0.1
Melting 147.7+£3.5 70.8+0.1 62.4+0.3  8.3+0.3
NLC; o 101.442.4
Crystallisation  —146.7+4.2  57.0+0.2 59.4+0.1 —2.5+0.2
Melting 148.7+11.3  69.3+0.1 47.4+05 21.9+0.5
NLC; o 90.6+6.7
Crystallisation  —138.3x4.8  51.1+0.1 58.2+0.1 —7.1+0.1
Melting 139.1+7.1 61.9+0.1 46.5£0.2 15.5%0.2
NLCs o 74.2+3.8
Crystallisation  —130.6+5.5  50.3+0.2 53.4+0.2 —3.1+0.3
Melting 157.445.2 52.3£0.1 47.7£0.1 4.5+0.1
SLN> o 89.1+2.9
Crystallisation  —138.6+3.5  36.0+0.3 41.8+1.1 —5.9+1.2
Melting 144.6+8.8 46.3t3.4  35.2+0.3 11.1+3.2
NLC, o 57.3+3.5
Crystallisation  —121.0+3.6  31.4+0.3 36.4+0.1 -5.0+0.4
Melting 162.3+21.0  61.5+0.6 49.5+1.3 11.9+1.0
SLN3 o 104.0+9.7
Crystallisation —140.1+22.3  48.9+0.5 53.2+0.2 —3.4+0.2
Melting 142.2+6.6 53.7+0.7 36.0+0.6 17.7+0.2
NLCs o 64.7+3.0
Crystallisation  —114.5+2.4  43.1+0.2  46.0+0.3 —2.8+0.5
Melting 152.2+3.9 71.3+0.1 69.0+0.3  2.3+0.3
SLNg o 115.3+3.0
Crystallisation  —154.246.2  61.9+0.1 63.9+0.1 -2.0+0.1
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Melting 156.0+7.2 71.040.0 68.6£0.1  2.4+0.1
SLNs o 116.9+5.5
Crystallisation  —156.6+7.9  65.4+0.1 66.9+0.1 —1.5+0.0
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Fig. 3.7. (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-NLCs) and CRM-loaded formulations (SLN1 and NLC:—NLCs3).

3.3.3.3 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 0.5+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 (SLNi1, NLCi, SLN2, SLNs, SLNs and SLNs),
characteristics that are generally considered to have a negative impact on active entrapment
[21,85], 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.
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Araujo et al. [22] 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 [86]. 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% wi/w of curcumin in lipid content [87,88]. In an aforementioned
work [44], 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% wi/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.
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3.3.3.4 Storage stability

Formulations fabricated with glyceryl behenate, both blank (B-SLN: and B-NLC1—B-NLC3)
and curcumin-loaded (SLN: and NLC3;—NLC3), showed good storage stability over the
examined time, with no deviation in the particle size (see Appendix Al, Table Al.6), well-
maintained thermal profiles (see Appendix Al, Table A1.7), and unchanged EE and LC values.
On the contrary, formulations comprising of glyceryl palmitostearate (SLN>—SLNz and NLCs—
NLCs) 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 [63,89]. 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 um). The ageing modifications and/or destabilisation caused by
liquid lipid expulsion could be assigned to the oily film formation observed for formulation
NLC; 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. [90] 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 {-potential values recorded
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for most formulations over time can be used as indicators of electrostatic properties variations
[91,92], 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 [93,94]. Long-term aggregation of Poloxamer 188-stabilised SLNs (SLNs)
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. [94]. In addition, the pre-existence of larger particles, in this
case, as shown in Fig. 3.4D 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.

3.4 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
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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 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 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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Appendix Al

Theoretical lipid screening — Calculations example

An example of the calculations performed to determine the solubility parameter for Compritol®
888 ATO (glyceryl behenate) is given below. According to the composition provided by the
manufacturer, glyceryl behenate comprises of glyceryl tribehenate, dibehenate and
monobehenate at 30.1, 50.1 and 17.8% (w/w) concentrations, respectively. For each
constituent, the individual Hansen solubility parameters were calculated based on their

chemical structure and using the group contribution tables by van Krevelen et al. [1].

The individual parameters (molar volume, dispersion and polar forces, and hydrogen bonding

energy contributions) used in the HSPs were calculated as follows:

Fai Foi Eni Vi
(J¥2em¥ mol™) (Y2 ecm®* mol™)  (I/mol)  (cm3/mol)

3x(-CH3-) 1260 0 0 100.5

Glyceryl 62x(-CHa-) 17010 0 0 998.2
tribehenate 3%x(-COO0-) 1170 1470 21000 54
1x(-CH-) 80 0 0 -1
2x(-CH3-) 840 0 0 67

42x(-CHy-) 11340 0 0 676.2

Glyceryl
) 2x(-CO0-) 780 980 14000 36
dibehenate

1x(-CH-) 80 0 0 -1
1x(-OH-) 210 500 20000 10

1x(-CHs-) 420 0 0 335

22x(-CHy-) 5940 0 0 354.2

Glyceryl
1x(-COO0-) 390 490 7000 18
monobehenate

1x(-CH-) 80 0 0 -1
2x(-OH-) 420 1000 40000 20
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The individual Hansen parameters for each component are given below:

R /Zini .
Glyceryl tribehenate: 6, = % =16.71 MPal/Z, bp = ” ” =128 MPal/Z, oy = /% =

m

427 MPa'/2

R /Zini .
Glyceryl dibehenate: 6, = % =16.81 MPal/Z, bp = ” Z = 1.40 MPal/Z, oy = /% =

m

6.57 MPa'/2

B /ZiFZ- o
Glyceryl monobehenate: 6, = % =17.07 MPal/Z, bp = ” 2 =262 MPal/Z, oy = /% =

m

10.52 MPa'/2

For lipids, like the example presented here, that consist of more than one component, the molar
ratio contribution of each was calculated using the molecular weight and % (w/w)
concentration, and the final Hansen parameters are given as the normalised value. For

Compritol® 888 ATO the normalised Hansen solubility parameters were the following:

o [Le, —
5p =254 — 1687 MPa'le,  §p =Y =175MPa'2, &, = [PEt =731 MPa'
|74 Vi Vi

m m

The same method was followed to calculate the parameters for the remaining lipids and the results are

presented in Table Al.1.
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Table Al.1. Trade name, chemical composition and consistency of the solid and liquid lipids used for the

lipid screening.

Lipid (Trade name)

Chemical composition

Consistency

Compritol® 888 ATO

Glyceryl tribehenate
Glyceryl dibehenate
Glyceryl monobehenate

30.1% (wiw)
50.1% (w/w)
17.8% (w/w)

Precirol® ATO 5

Glyceryl tristearate
Glyceryl distearate
Glyceryl monostearate
Glyceryl tripalmitate
Glyceryl dipalmitate

Glyceryl monopalmitate

51.2% (w/w) Diesters
29.9% (w/w) Triesters

18% (w/w) Monoesters

Dynasan® 118

Glyceryl tristearate

100% (w/w)

Cetyl palmitate

Cetyl palmitate

100% (w/w)

Imwitor® 960K

Glyceryl distearate
Glyceryl monostearate
Glyceryl dipalmitate
Glyceryl monopalmitate

30.7% (w/w) Monoesters

Labrafac™ PG

Propylene glycol dicaprylate

Propylene glycol dicaprate

55.4% (w/w)
43.4% (wiw)

Labrafil® M 2125 CS

Glyceyl trilinoleate
Glyceryl dilinoleate
Glyceryl monolinoleate
Glyceryl tripalmitate
Glyceryl dipalmitate
Glyceryl palmitate
Glyceryl trioleate
Glyceryl dioleate
Glyceryl oleate
Propylene dilinoleate
Propylene linoleate
Propylene dipalmitate

Propylene palmitate

51.8% (w/w) Linoleic acid
32.2% (w/w) Oleic acid
11.5% (w/w) Palmitic acid
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Propylene dioleate

Propylene oleate

Glyceryl dicitrate

Glyceryl monocitrate
Glyceryl dilactate

) Glyceryl monolactate )
Imwitor® 375 N 21% (w/w) Monoglycerides
Glyceryl dilinoleate
Glyceryl monolinoleate

Glyceryl dioleate

Glyceryl monooleate

Miglyol® 812 Glyceryl trit-:aprylate 57.1% (w/w)
Glyceryl tricaprate 42.6% (wiw)

Glyceryl triricinoleate 90% (w/w)

Castor oil Glyceryl trioleate 3% (w/w)
Glyceryl trilinoleate 4.2% (w/w)
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Table Al1.2. Solubility screening of curcumin in the solid and liquid lipid components and organic solvents.

Ra Ra Ao Ao
Compound name Composition Jdp op OH 0 (diketo (enol (diketo (enol
form) form) form) form)
Curcumin Diketo form 17.17 547 | 12.33 21.83
Enol form 16.80 554 | 14.16 22.66
Glyceryl tribehenate 16.71 1.28 4.27 17.30 9.13 10.77 4.53 5.36
Compritol® 888 ATO Glyceryl dibehenate 16.81 1.40 6.57 18.10 7.09 8.65 3.73 4.56
Glyceryl monobehenate 17.07 2.62 | 10.52 20.22 3.37 4.69 1.61 244
Glyceryl tristearate 16.70 153 5.96 17.80 7.54 9.13 4.03 4.86
Glyceryl distearate 16.82 1.67 7.18 18.36 6.43 7.98 347 4.30
Precirol® ATO 5 Glyceryl mqnoste.arate 17.12 3.09 | 11.42 20.81 2.54 3.69 1.02 1.85
Glyceryl tripalmitate 16.70 171 4,94 17.49 8.35 9.99 4.34 5.17
Glyceryl dipalmitate 16.82 1.85 5.94 17.94 7.37 9.01 3.89 4.72
Glyceryl monopalmitate 17.16 3.39 | 11.97 21.19 2.10 3.15 0.64 1.47
Dynasan® 118 Glyceryl tristearate 16.70 1.53 5.96 17.80 7.54 9.13 7.50 9.13
Cetyl palmitate Cetyl palmitate 16.42 0.89 3.56 16.82 10.00 11.60 5.01 5.84
Glyceryl distearate 16.82 1.67 7.18 18.36 6.43 7.98 347 4.30
Imwitor® 960K Glyceryl mt.Jnoste.arate 17.12 3.09 | 1142 20.81 254 3.73 1.02 1.85
Glyceryl dipalmitate 16.82 1.85 5.94 17.94 7.37 9.01 3.89 4.72
Glyceryl monopalmitate 17.16 339 | 11.97 21.19 2.10 3.15 0.64 1.47
Labrafac™ PG Propylene glycol dic.aprylate 18.46 4.25 7.44 20.35 5.66 7.60 1.48 2.32
Propylene glycol dicaprate 15.01 3.89 7.12 17.06 6.94 8.07 4.77 5.60
Glyceyl trilinoleate 16.36 1.59 4.76 1711 8.66 10.24 4.72 5.55
Glyceryl dilinoleate 16.49 1.72 7.30 18.11 6.41 7.88 3.72 4.55
Glyceryl monolinoleate 16.83 3.18 | 11.59 20.68 2.49 3.49 1.15 1.98
Glyceryl tripalmitate 16.82 1.85 5.94 17.94 8.35 9.99 3.89 4.72
Glyceryl dipalmitate 16.70 171 4.94 17.49 7.37 9.01 4.34 5.17
Glyceryl palmitate 17.16 339 | 11.97 21.19 2.10 3.15 0.64 1.47
Glyceryl trioleate 16.53 1.56 4.72 17.26 8.65 10.26 4.57 5.40
Labrafil® M 2125 CS Glyceryl dioleate 16.66 1.70 7.24 18.24 6.42 7.92 3.59 4.42
Glyceryl monooleate 16.98 3.14 | 11.50 20.75 2.50 3.60 1.08 1.91
Propylene dilinoleate 16.60 2.75 5.98 17.86 6.99 8.65 3.97 4.80
Propylene monolinoleate 16.89 4.07 8.98 19.56 3.67 5.39 2.27 3.10
Propylene dipalmitate 16.87 291 6.15 18.19 6.71 8.43 3.64 4.47
Propylene monopalmitate 17.11 4.25 9.17 19.87 3.38 5.19 1.96 2.79
Propylene dioleate 16.74 2.35 5.53 17.78 7.53 9.20 4.05 4.88
Propylene monooleate 16.69 4.03 8.93 19.62 3.70 5.45 2.21 3.04
Glyceryl tricitrate 21.56 3.38 | 10.23 24.10 9.26 10.51 -2.27 -1.44
Glyceryl trilactate 23.67 6.78 | 14.48 28.57 13.26 13.80 —6.74 -5.91
Glyceryl trilinoleate 16.36 159 | 4.76 1711 8.66 10.24 4.72 5.55
Glyceryl trioleate 16.53 1.56 4.72 17.26 8.65 10.26 4.57 5.40
Glyceryl dicitrate 21.46 10.35 | 21.24 31.92 13.30 12.65 -10.09 -9.26
Imwitor® 375 Glyceryl monocitrate 21.25 11.98 | 24.15 34.32 15.77 14.84 —12.49 -11.66
Glyceryl dilactate 18.68 11.05 | 21.36 30.45 11.04 9.81 —8.62 -7.79
Glyceryl monolactate 19.16 1413 | 24.49 34.15 15.45 14.24 -12.32 -11.49
Glyceryl dilinoleate 16.49 172 7.30 18.11 6.41 7.88 3.72 4.55
Glyceryl monolinoleate 16.83 3.18 | 11.59 20.68 2.49 3.49 1.15 1.98
Glyceryl dioleate 16.66 1.70 7.24 18.24 6.42 7.92 3.59 4.42
Glyceryl monooleate 16.98 3.14 | 1150 20.75 2.50 3.60 1.08 1.91
Miglyol® 812 Glyceryl tricaprylate 16.64 2.99 6.54 18.13 6.39 8.04 3.70 454
Glyceryl tricaprate 16.65 2.64 6.15 17.95 6.87 8.53 3.88 4.71
Glyceryl triricinoleate 16.98 2.28 9.38 19.53 4.36 5.80 2.30 3.13
Castor oil Glyceryl trioleate 16.53 1.56 4.72 17.26 8.65 10.26 4.57 5.40
Glyceryl trilinoleate 16.36 1.59 4.76 17.11 8.66 10.24 4.72 5.55
Propanone 14.52 9.90 5.07 18.29 10.01 11.06 8.90 10.33
Ethyl ethanoate 14.84 4.85 8.32 17.69 6.18 7.07 4.68 6.20
n-Butanol 15.69 545 | 14.76 2222 3.84 2.32 2.85 1.27
Methanol 14.48 1149 | 21.44 28.31 12.18 10.49 11.25 9.69
Ethanol 15.10 839 | 18.32 25.18 7.85 6.09 6.98 5.32
Isopopanol 14.18 537 | 14.66 21.09 6.42 5.28 3.79 2.68
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Fig. Al.1. Difference of the Hansen solubility parameter (Ad) between the two tautomeric forms of curcumin

and lipid components.

Heat Flow (W/g)

endo

45 95 145 195
Temperature (°C)

Fig. A1.2. DSC melting curve of pure curcumin.
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Fig. A1.3. DSC melting curves of binary and ternary solid and liquid lipid mixtures with curcumin (CRM,

0.5% wi/w) showing the absence of any thermal events caused by curcumin. The mixtures contain Miglyol®
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812 (M812) as the liquid lipid in combination with different solid lipids or blends of them, (A) Compritol®

888 ATO (C888), (B) Precirol® ATO 5 (P5) or (C) blend of the two solid lipids at 50:50 w/w ratio.

Table A1.3. DSC melting and crystallisation parameters of bulk Compritol® 888 ATO (C888) and its

physical mixtures with Miglyol®812 (M812) and curcumin (CRM).

AH (J/9) Tmax (°C)  Tonset (°C) AT (°C)
Cags Melting 131.240.0 71.940.1 70.240.1 1.8+0.1
Crystallisation  —142.3+0.2 70.2+0.1 719400 -1.8+0.0
C888 (after Melting 125.9+5.6 72.1+0.0 70.2+0.0  1.8+0.0
tempering) Crystallisation  —140.0+2.9 70.0+0.1 71.5+0.1 -1.5+0.0
Melting 133.0+1.5 72.6+0.1 71.4+0.2 1.2+0.1

CRM-C888 o
Crystallisation ~ —139.3+2.9 69.9+0.3 71.5£05 -1.6%0.2
Melting 169.2+4.7 70.0+2.1 61.6+1.9  8.4+0.2

70:30 C888:M812 o
Crystallisation ~ —135.8+3.8 63.92£0.0 65.5+0.3 -1.6%0.2
CRM-70:30 Melting 197.9+4.9 70.7£1.9 64.840.5 5.9+1.4
C888:M812 Crystallisation —143.3+14.3  65.6+0.5 66.7+0.2 —-1.1+0.7

mixtures with Miglyol®812 (M812) and curcumin (CRM).

Table Al.4. DSC melting and crystallisation parameters of bulk Precirol® ATO 5 (P5) and its physical

AH (J/9) Tmax (°C)  Tonset (°C) AT (°C)
- Melting 176.6+2.2 58.2+0.2 51.5+0.7 6.7+0.9
Crystallisation  —137.6+6.3 55.6+1.1 58.0+0.5 —2.4+0.6
) Melting 155.2+1.4 54.8+0.3 50.8+0.2  4.0+0.6

P5 (after tempering) o
Crystallisation  —134.0+2.2 53.7+0.9 56.0+0.7 —2.3+0.2
Melting 142.2+2.4 57.6+0.5 50.2+2.4  7.5+29

CRM-P5 o
Crystallisation  —134.0+1.1 53.4+0.5 55.5+0.8 —2.1+0.3
Melting 188.8+0.1 59.0+0.7 48.2+0.9 10.8+14

70:30 P5:M812 o
Crystallisation  —131.9+1.8 48.61£2.4 52.4+22 —-2.3+0.2
Melting 183.1+15.6 59.6+0.8 49.2+1.6 10.4+2.4

CRM-70:30 P5:M812 o
Crystallisation  —128.2+7.0 49.7+0.1 52.6£0.2 -2.9+0.3
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Table A1.5. DSC melting and crystallisation parameters of Compritol® 888 ATO (C888) and Precirol® ATO
5 (P5) (50:50 w/w) and its physical mixtures with Miglyol®812 (M812) and curcumin (CRM). Melting and

crystallisation enthalpies in some cases correspond to more than one polymorphic forms present in the

samples.

AH (J/9) Tmax (°C)  Tonset (°C) AT (°C)
Melting 132.9+7.0 64.0+0.1 61.5+1.6  25+15

C888-P5 o
Crystallisation  —131.3+6.7 61.6+0.1 62.4+0.1 -0.840.2
Melting 130.7+£3.0 64.2+0.3 60.5+0.1 3.7+0.2

CRM-C888-P5 o
Crystallisation  —129.0+2.0 61.6+0.1 62.840.2 -1.240.1
70:30 C888- Melting 157.6+4.3 55.6+2.0 42.7£3.6  12.9+16
P5:M812 Crystallisation  —130.2+4.2 57.7+5.6 58.6+5.9 —-1.1+0.3
CRM-70:30 C888- Melting 145.0+12.6 59.4+1.6 49.0¢5.3  10.5+3.7
P5:M812 Crystallisation  —126.9+8.9 57.5+0.3 59.2+0.3 -1.7+0.1

Table Al.6. Z-average, polydispersity index (PDI) and ¢-potential of different SLN and NLC formulations
measured at various time intervals over a storage period of 28 weeks for blank (B-SLN: and B-NLC1-B-
NLCs) and CRM-loaded (SLN1 and NLC:—NLCs3) formulations, and 4 weeks for formulations SLN2—SLNs

and NLCs—NLCs at 4°C.

Storage period

Formulation Z-average (nm) PDI ¢-potential (mV)
(weeks)
0 158.9+10.6 0.2040.02 -23.0£1.3
1 162.0+12.4 0.18+0.03 -23.0+1.4
B-SLN:
4 161.7+£10.7 0.20+0.04 -21.942.0
28 165.7+£13.5 0.20+0.03 -19.2+1.6
0 160.5+3.8 0.16+0.02 —22.3+1.9
1 164.8+4.4 0.17+£0.03 —23.1+2.5
B-NLC: 4 167.9+2.8 0.15+0.03 ~21.0+0.3
28 177.0£11.7 0.1940.07 —20.6+0.6
0 140.4+20.1 0.15+0.02 -19.5+2.6
B-NLG, 1 142.0+20.5 0.15+0.02 —21.8+0.6
4 144.2+419.1 0.15+0.02 -21.3+2.3
28 149.3+21.5 0.16+0.03 -18.7+1.7
0 145.8+3.4 0.12+0.02 —-20.1+0.7
B-NLC: 1 148.1+3.5 0.1240.02 -19.3+0.9
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4 148.7+3.6 0.12+0.02 —19.5+1.2
28 153.5+4.0 0.12+0.01 —17.6+0.7
0 165.1+2.7 0.20+0.02 —25.2+2.6
SLN, 1 167.4+4.1 0.20+0.02 —22.5+1.4
4 168.8+3.3 0.20+0.02 —24.5+0.7
28 173.9+3.6 0.21+0.01 —20.7+1.2
0 165.4+5.3 0.16+0.02 —25.0+£3.0
NLC, 1 168.3+5.6 0.17+0.02 —21.6+1.2
4 172.9+6.5 0.16+0.03 —23.6+1.6
28 179.9+4.4 0.19+0.01 —20.0+0.7
0 162.5+6.5 0.13+0.01 —21.7%¥1.3
NLC, 1 167.6+£9.4 0.14+0.01 —21.5+0.5
4 170.2+7.0 0.14+0.00 —21.9+1.0
28 176.3+8.2 0.15+0.01 —18.3+0.7
0 163.2+3.8 0.12+0.01 —20.5+0.7
NLCs 1 167.1+1.7 0.12+0.01 —20.7+0.1
4 176.4+8.5 0.16+0.05 —20.5+0.8
28 173.9+4.3 0.13+0.01 —21.0+0.7
0 176.0+9.6 0.28+0.04 —32.7+0.9
SLN: 1 162.6+3.4 0.23+0.01 —29.8+1.5
4 160.0+2.8 0.22+0.01 —30.3+0.4
0 114.4+7.1 0.14+0.04 —26.0+2.7
NLC,4 1 114.6+7.6 0.17+0.01 —25.3+1.9
4 115.3+7.0 0.16+0.01 —26.2+0.9
0 170.9+15.2 0.23+0.01 —27.6x1.4
SLN3 1 174.5+14.1 0.22+0.02 —26.8+2.3
4 180.7+15.7 0.24+0.01 —27.1+0.5
0 136.2+2.5 0.19+0.01 —24.4+1.9
NLCs 1 137.5+2.7 0.18+0.01 —24.9+1.5
4 141.0+2.1 0.18+0.01 —22.4+1.4
0 343.9+26.5 0.24+0.03 —29.0+2.8
SLN4 1 353.5%12.6 0.28+0.03 —26.9+0.7
4 256.0+19.3 0.26+0.01 —23.2+3.9
0 139.7+1.9 0.20+0.01 —24.4+0.7
SLNs 1 139.9+2.2 0.20+0.01 —26.2+1.7
4 142.9+2.8 0.21+0.01 —25.1+2.6
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Table Al.7. DSC melting and crystallisation parameters of SLN an NLC aqueous dispersions after

prolonged storage at 4°C. The measurements were performed 28 weeks for blank (B-SLN: and B-NLC1-B-

NLCs3) and CRM-loaded (SLN: and NLC:—NLC3) formulations, and 4 weeks for formulations SLN2—SLNs

and NLCsNLCs after production. Enthalpy values (AH) reflect the total enthalpy measured after

integration of all thermal events present.

AH (‘]/g) Tnax (OC) Tonset (OC) AT (OC) RI

i A+6. 60. 5+0. 1+0.

BSLN Cralistion 1455264 $6403 607403 a0y 10952
[ 1£10. 8+0. 543 343,

BNLC ¢ vlismtion 1354189 54531 587508 -assma 20408
[ .00. 614, 11, 5+1.

BNLC: o oiation 1140236 S10:01 S76:05 se 199108
i .00, .3%0. .3%0. .00.

BNLC Coiation g0e26 S1307 Saa0s 20m07 ©9H0S
i 615, .8+0. 70. 10.

SN Coyalisation 1427206 $6.3501 60503 p2z0s 159038
i 146. 7+0. 7+0. 1+0.

MO Coyalismion 0151 58601 Sosi00 oramn YRS
[ 018, 4+0. 911, 5+0.

NLC: o valismion 1380s54 52500 o301 7asme %0751
[ 143, 142, 2+0. 9+2.

NG Coalioation 1207262 05101 Sarins aisps COOHS
i 944, 3%0. 5+0. .80.

S S e
i .70. 44, .00. 5+3.

NG Cvalismin 1714574 S16508 i3 soss 0002

SN o oo 1237415 490406 506408 _3se0 1048117
i A£11. .00. 0+1. 01,

NG o alismion 1005206 434500 41203 _27s0aOO7ES0
i 614, .3%0. 2+0. 10.

SN Cryalisation 148013662001 64201 _2z00 109428
Melting 1530464 71.1+0.0 68.7+0.2 2.4%0.2

SLNs  Crystallisation —156.1#8.1 65.4:0.1 67.0:00 -17+00 110-9%4.6
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Synopsis

Solid lipid nanoparticles and nanostructured lipid carriers are two types of lipid
nanoparticulate systems, that have been primarily studied for their capability to function as
active carriers, and only more recently utilised in Pickering emulsion stabilisation. Unveiling
the factors that impact upon the lipid particle characteristics related to their Pickering
functionality could enable the development of a liquid formulation with tailored
microstructure and potentially the capacity to display a two-fold performance. In part I, this
work investigates how certain formulation characteristics, namely solid-to-liquid lipid mass
ratio and presence of unadsorbed surfactant in the aqueous carrier phase, affect the structural
properties of the lipid particles, and in turn how these influence their Pickering stabilisation
capacity. The effect of the formulation parameters was assessed in terms of the wettability
and physicochemical properties of the lipid particles, including particle size, crystallinity and
interfacial behaviour. Lipid particles fabricated with higher liquid lipid content (70% w/w)
were shown to be more hydrophilic and have lower surfactant decoration at their surface
compared to particles containing lower or no liquid lipid in their crystalline matrix. The
emulsion stabilisation ability through a Pickering mechanism was confirmed for all types of
lipid particles using polarised microscopy. Increasing liquid lipid content and removal of
excess surfactant did not compromise the particle stabilisation capacity, though emulsion
droplets of larger sizes were initially acquired in the latter case. The particle-stabilised
emulsions maintained their physical integrity, with particles retaining close association with

the emulsion interface over a storage period of 12 weeks.
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4.1 Introduction

Emulsions stabilised by colloidal particles offer the versatility required by multi-delivery
formulations, not only due to the superior Pickering stabilisation [1,2], but also for their
potential to enable the segregated co-encapsulation of actives within discrete ‘compartments’
of their microstructure [3-5]. Within this scope, the aptitude of solid lipid nanoparticles (SLNS)
and nanostructured lipid carriers (NLCs) to function as active carriers [6-9] and Pickering
emulsion stabilisers [10-13] in tandem within a single formulation has only been recently
explored [3,14]. Therefore, there is a dearth of research on the effect of the particles’
formulation characteristics and structural properties influence on this dual functionality, and
how these both can be controlled/manipulated (without compromising one another). Within the
limited number of particle characteristics already identified, the composition of the lipid matrix
and the type and concentration of surfactant used have been shown to greatly impact the long-
term stability of the SLNs within the emulsion systems, with the occurrence of solid matter loss
phenomena and weakening of their structural integrity, that could in turn impinge upon their
Pickering functionality. For SLNs fabricated with either cetyl palmitate or tristearin, it was
shown that over time particle desorption from the interface of the emulsions stabilised with the
latter was recorded [11]. Schrdder et al. [15] showed that lath-like SLNs, formed jammed
interfacial layers and three-dimensional networks in the continuous phase of the emulsions,
whereas thin interfacial layers were observed when NLCs with platelet-like morphology were
employed. Other studies have discussed the importance of particle wettability [10,13,16,17],
and more specifically how changes in the surfactant type and concentration can cause variations
in the resulting interfacial layer morphology and SLN hydrophilicity/hydrophobicity [12,18],
with improved emulsion stability induced by increased surfactant usage [18]. The presence of

excess surfactant in a continuous phase that also contains lipid particles can impact the affinity
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that the latter have for the emulsion interface. This has been shown for different particulate
systems [19-20], suggesting that the use of surfactants with higher HLB value and
concentration can lead to further interfacial tension reduction and improved stability. In lipid
particle-stabilised emulsions, regardless of whether the SLNs are added in a pre-formulated
emulsion [21] or if the emulsion is fabricated with the continuous phase comprising of the lipid
particles prior or post-removal of excess unadsorbed surfactant [18,22], a fraction of the surface
active species used to form the SLNs has been proposed [22] to migrate to the droplets’
interfaces, ultimately creating a mixed emulsifier system (stabilised by both colloidal solid

structures and surface active molecules).

The aim of part | of this study is to enhance understanding regarding the formulation
characteristics of lipid (both SLN and NLC) particles that affect their interfacial properties and
consequently their functionality as Pickering emulsion stabilisers. Hence, part of the work
presented here focuses on the investigation of the extent to which the removal of excess
unbound surfactant from the aqueous phase carrying the lipid particles affects their
physicochemical characteristics, that have been known to impact on their Pickering
functionality. The effect of the lipid composition and remnant surfactant removal on the particle
wettability were also assessed. Thereafter, SLNs and NLCs with varying solid-to-liquid lipid
mass ratios used as produced and after removal of unbound surfactant, were studied for their
ability to stabilise o/w emulsions. Lipid particle-stabilised emulsions were characterised for
their size distribution, zeta potential and long-term storage stability. Consequently, the insight
gained from the findings of this study could contribute to extending the approaches that can be
devised to intervene at a lipid particle level and manipulate the properties that enable the

successful realisation of a Pickering functionality. As a lot of these characteristics have also
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been shown to impact on the capacity of lipid particles to carry and deliver actives, this work

would also pave the way to successfully realise the dual functionality envisaged.

4.2 Materials and methods

4.2.1 Materials

Glyceryl behenate (Compritol® 888 ATO) was kindly provided from Gattefossé (Saint-Priest,
France). Medium chain triglycerides (MCTs) (Miglyol® 812) was a kind gift from 101 Oleo
(101 Oleochemicals GmbH, Germany). Polyoxyethylene sorbitan monooleate (Tween® 80),
perylene and Nile Red were purchased from Sigma-Aldrich (Sigma-Aldrich, UK). Sunflower
oil was purchased from a local supermarket and stored in a closed container at ambient
temperature in the dark. The consistency of the oil used in this work was monitored through
interfacial tension measurements between distilled water and the used commercial oil (at least
on a weekly basis). No significant deviation in the equilibrium value of the interfacial tension
was observed (21.8 + 0.3 mN/m). All chemicals were used without further purification. Double
distilled water from Milli-Q systems (Millipore, Watford, UK) was used during all sample

preparation processes and characterisation measurements.

4.2.2 Preparation of lipid particles

The lipid nanoparticle dispersions were fabricated following a protocol that is fully described
elsewhere [6]. Briefly, solid and different solid-to-liquid lipid mass ratio (9:1, 8:2 and 7:3) lipid
melts were processed with a melt-emulsification-ultrasonication method followed by quench

cooling to obtain the crystalline lipid particles. All systems were composed of 2.5% w/w total
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lipid phase, and 1.2% wi/w surfactant concentration in distilled water. Removal of excess
unbound surfactant from the lipid dispersions was achieved through dialysis. A known amount
of each dispersion was added in a cellulose dialysis membrane (43 mm width, 14 kDa M.W.
cut-off, Sigma-Aldrich Company Ltd., Dorset, UK,), that was pre-hydrated overnight, and
immersed in distilled water under constant stirring at room temperature. The dialysis medium
was changed every 24 hours, and the process was continued until an equilibrium surface tension
value similar to that of distilled water was obtained (~ 21 days). Surface tension measurements
were performed with a profile analysis tensiometer (PAT-1M, Sinterface Technologies, Berlin,
Germany). Further information about the instrument setup is given in a later section (Section
4.2.5). Following that, the lipid dispersions were retrieved from the tubing and diluted to their
initial mass with distilled water, to maintain the initial lipid phase concentration. All samples

were stored at 4°C until further analysis.

4.2.3 Particle size and {-potential measurements

Dynamic light scattering (DLS) was employed to determine the lipid particle size
characteristics of dialysed and undialysed dispersions, and zeta potential ({-potential) of both
lipid particles and their respective o/w emulsion systems using a Zetasizer Nano ZS (Malvern
Instruments, UK). Z-average, polydispersity index (PDI) and {-potential values were acquired
to assess the stability of the lipid particles dispersions after dialysis. All measurements were
performed at a backscattering angle of 173° at 25°C, and samples were appropriately diluted
with distilled water to avoid multiple scattering phenomena. The refractive indices for the
materials used were determined by a refractometer (J357 series, Rudolph Research Analytical,
USA) at 20°C, and used accordingly [6]. For distilled water, the refractive index used was 1.33

and the absorption index was set at 0.01. Measurements were performed immediately after
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preparation and over time in triplicate, and the average values with standard deviation (xS.D.)
are presented. Representative size distributions of lipid particles used as produced and after
dialysis were also acquired with laser diffraction (LD) using a Mastersizer 2000 (Malvern
Instruments, UK) for comparison purposes. A more detailed description of the technique is

provided below (Section 4.2.8).

4.2.4 Thermal analysis

The thermal behaviour of the lipid particle dispersions used as produced and after dialysis was
determined by Differential Scanning Calorimetry (DSC) using a Setaram uDSC3 evo
microcalorimeter (Setaram Instrumentation, France). The temperature was cycled between 20
and 80°C at a heating rate of 1.2 °C/min. Information about peak temperatures and melting
enthalpies was obtained using the Calisto Processing software. All enthalpy values and
thermograms reported, are normalised for the amount of crystallising material present in the
samples. The thermograms of the lipid particle dispersions were obtained with the reference
cell being filled with equal amount of distilled water. All measurements were performed in at

least triplicate on three individually prepared samples.

4.2.5 Surface and interfacial tension measurements

Interfacial properties at the oil/water interface were obtained with the pendant drop method
utilising a profile analysis tensiometer (PAT-1M, Sinterface Technologies, Berlin, German), at
20°C. A drop of the lipid particle dispersions (prior and after dialysis) was suspended via a
straight stainless-steel capillary (3 mm outer diameter) in the sunflower oil phase contained in

a quartz cuvette, with the cross-sectioned surface area remaining constant at 27 mm?2. When
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surface tension measurements were performed, the quartz cuvette was used empty. Data were
collected until equilibrium was reached (standard deviation of the last twenty measurements
was smaller than 0.05 mN/m). Density values of the samples were determined using a
densitometer (Densito, Mettler Toledo, US), at 20°C. All measurements were conducted in at

least triplicate on three individually prepared samples.

4.2.6 Contact angle measurements

The effect of the lipid composition on wettability was assessed by melting (approximately at
80°C) glyceryl behenate singly or in blends with medium chain triglycerides at different solid-
to-liquid lipid mass ratios (9:1, 8:2, 7:3) and let to cool down at room temperature on a
hydrophobic surface provided by a polydimethylosiloxane (PDMS) film to obtain a smoothly
solidified lipid layer. The crystallised lipid was used to determine the contact angle (#) of an
oil droplet on the lipid surface following a previously proposed method with slight
modifications [10]. Briefly, flat discs of solidified lipid or lipid blends were placed on top of a
water-containing quartz cuvette, and a small volume (~ 10 ul) of sunflower oil was injected
through a very small slit created during the crystallisation of the lipids using a micropipette, to
create a pendant oil droplet. Images were acquired once equilibrium was reached, using a
profile analysis tensiometer (PAT-1M, Sinterface Technologies, Berlin, German) and the
contact angles were determined with the angle-measuring tool of ImageJ. Similarly, to
investigate the effect of the presence of excess surfactant on the hydrophilicity of the lipid
particles, lipid particle dispersions used as produced and after dialysis were freeze dried and
the powders obtained were compressed to obtain flat pellets of ~2 mm thickness using a
universal material testing machine (Z030, Zwick Roell, Germany). A sessile drop (~ 10 pl) of

distilled water was deposited on the surface of the pellet and the contact angle was measured
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according to the method described above. All measurements were performed in at least
triplicate, the contact angle on both the left and right side were measured and the average 6
values were calculated.

The free energy of displacement (AGg) for a particle at the oil-water interface was calculated

using the following equation [10]:

AGq = mr?y,,, (1 — |cos8|)? 4.1)

where r is the particle radius calculated from the Z-average values, and @ is the contact angle as
determined above. The sunflower oil/water interfacial tension yow Was determined using the
method described in the previous section (15.2 mN/m). In addition, the solid lipid-water ysw and

solid lipid-oil ys, interfacial tensions were calculated as follows [10,23]:

1
cosf = (0-015y0w - 2)(Vowysw) /2 + Yow (4.2)

1
VOW[O-O]-S(VOWVSW) /2 - 1]

YowC0SO = Yo — Y¥so0 (43)

4.2.7 Preparation of oil-in-water emulsions

Oil-in-water (o/w) emulsions were prepared with 90% (w/w) aqueous phase containing any of
the different lipid nanoparticle systems and 10% (w/w) sunflower oil phase. Emulsification was
realised 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 30 seconds. When different emulsification methods

were assessed for their effect on the obtained droplet size, the parameters are summarised in
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Fig. 4.6. Samples were immersed in an ice bath during processing, to avoid shear-induced

heating. The produced systems were stored at 4°C until further analysis.

4.2.8 Droplet size measurements

The droplet size of the o/w emulsion droplets and their stability over time was assessed by laser
diffraction (LD) using a Mastersizer 2000 (Malvern Instruments, UK) equipped with a Hydro
SM manual small volume sample dispersion unit. Measurement parameters including RI values
and absorption index were kept the same as for the particle size measurements described above.
The stirrer speed was set at 1300 rpm during all measurements, and all samples were mixed by
hand before analysis. The refractive index of sunflower oil was set at 1.47. Samples were
analysed immediately after production and after 1, 4, 8 and 12 weeks. All measurements were

performed in triplicate on three individually prepared samples.

4.2.9 Imaging

The microstructure of the prepared o/w emulsions was visualised through polarised light
microscopy and confocal laser scanning microscopy (CLSM), to confirm the Pickering
performance of the lipid particles. The confocal microscopy images were obtained using a
confocal laser light microscope (Leica TCS SPE, Heidelberg, Germany), equipped with a laser
operating at a wavelength of 532 nm. For the visualisation of the different components of the
emulsion systems, dyes with different excitation wavelengths were employed. Perylene
(0.005% w/w) was used to stain the lipid particle dispersions, by addition to the lipid melt phase
prior to ultrasonication, and Nile Red (0.005% w/w) was added to the sunflower oil phase, prior
to emulsification. The excitation wavelength for Nile Red was set at 488 nm and 405 nm for

perylene. The polarised light microscopy images were acquired with an optical microscope
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(DM 2500 LED, Leica®, CH). When larger emulsion droplets were visualised using both
analyses, the emulsions were prepared using a low level of shear provided by a high-shear mixer
(Silverson L5 M, Silverson Machines Ltd, UK), operating at 9000 rpm for 2 min, and the

images were acquired with a 100x oil immersion lens using a coverslip to cover the sample.

4.2.10 Statistical analysis

Samples were analysed in at least triplicate and averages are reported with standard deviation.
Figures depict the calculated average value 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.

4.3 Results and discussion

4.3.1 The effect of excess surfactant on the physicochemical characteristics

of lipid particles

Among the parameters that can affect the physicochemical properties of the lipid particles while
in an aqueous dispersion environment, and subsequently their effectiveness to act as Pickering
emulsion stabilisers, is the presence of excess unadsorbed surfactant in their continuous phase.
A sufficient excess concentration of surfactant in the aqueous phase carrying the lipid particles
is required during their fabrication, to ensure rapid adsorption of the surfactant molecules on
the particle surfaces, which is a crucial parameter in preventing particle-particle collisions and
particle destabilisation phenomena [24]. Therefore, previously studied and characterised SLNs

and NLCs of different solid-to-liquid lipid mass ratios (9:1, 8:2 and 7:3) were dialysed to
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remove any excess surface active species. The process of the unadsorbed surfactant removal
was monitored with surface tension measurements of the dissolution medium (Fig. 4.1), and
the effect that this had on the size, {-potential, thermal behaviour and interfacial tension

reduction ability of the particles was investigated (Fig. 4.2—4.4).

The amount of surface active species associated with the surface of the lipid particles is an
important parameter that can dictate not only their functionalities, but also their long-term
physical stability. In this study, investigation of the surface load (/) can provide information
regarding the relative association of the surfactant with the lipid matrix composition, as well as
the effect that this has on the interfacial properties of the aqueous lipid particles. As presented
in Fig. 4.1A-D, there is progressive flattening of the surface tension curvature for all
formulations, with the curves being similar to that of distilled water at 21 days. More
specifically, the rate of surfactant loss appeared to be similar for the SLN and 9:1 NLC
formulations, and also for the 8:2 and 7:3 NLC systems (inset graphs, Fig. 4.1). The first pair
shows an initial fast diffusion rate that only decelerates at day 10, whereas the removal of
surfactant for the latter group (8:2 and 7:3 NLCs) seems to occur at a steadier rate. Although
based on the available data it is not possible to determine the degree of contribution of each
possible mechanism to the observed difference, two factors could be pointed out, according to
variations identified in the used systems. The first stems from disparities in the total surface
area available, with smaller particle sizes (Fig. 4.2) in the latter pair (particles with the highest
liquid lipid content), allowing for a larger surface area to entrap the available surfactant, and
hence a lower concentration of Tween® 80 discharging to the acceptor phase. The second could
be attributed to differences in the lipid mixtures composition affecting the dynamics of
surfactant exchange between the particle surface and the continuous phase, that further impacts

the diffusion rate.
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In order to compare with literature data, the surface load was calculated using the equation
described by Dickinson [25] (see Appendix A2, Equation A2.1). This was done by presuming
that the particles are spherical in shape, and following the assumption that the entirety of the
available surfactant molecules (Camax) IS adsorbed and/or associated with the surface of the
particles, based on which the calculated values would correspond to the maximum achievable
I's (see Appendix A2). In a study investigating the impact of sonication during crystallisation
and liquid lipid content, Ban et al. [26] reported that the surface load varied from 6.34 mg/m?
for the SLN, to 7.50 mg/m? belonging to the 7:3 NLC formulation, while there was a
proportional relationship between liquid lipid content and surface load. In another work by the
same authors [27], increased I's was observed with increasing surfactant concentration until
saturation was reached at lower values for surfactants with saturated chains (34 mM) compared
to unsaturated (65 mM) on the tristearin (5% w/w) SLN surface. Analogous results of 75
increase with increasing surfactant concentration were obtained for tristearin particles (2.5%
wi/w lipid phase), with values starting at 9 mg/m? for 10 mmol/kg concentration of Tween® 60
and Brij® S20, reaching 15 and 19 mg/m? for 24 mmol/kg, respectively, and 25 mg/m? for 8
mmol/kg Brij® S100 concentration [18]. The I values calculated here were 9.6 mg/m? for the
SLN and 9:1 NLC formulations, 8.4 mg/m? for the 8:2 NLC and 8.7 mg/m? for the 7:3 NLC
systems. These values, that correspond to 1.2% w/w (or 10.1 mmol/kg) concentration of
Tween® 80 and 2.5% wi/w lipid phase, are within the value range reported in literature for
similar particle size and lipid phase-to-surfactant mass ratio [24,28]. The fact that they are
slightly closer to the higher end of the value spectrum could be attributed to the longer
unsaturated hydrophobic tail of Tween® 80, and also the different lipid/surfactant combination
used in this study, allowing for greater participation of surfactant molecules in the crystalline

lattice of the lipid particles, thus resulting in higher 75 [6,27]. Additionally, the presence of lipid
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particles that are non-spherical, as suggested by the presence of different polymorphs in the
DSC thermograms of the lipid dispersions, could explain the requirement for a higher surfactant
concentration to saturate the lipid particle surfaces compared to only spherical structures
[24,28-30]. Variations in the surfactant molecule orientation and packing at the particle surface
could be the cause of the surface load deviations between the different types of lipid particles
[18]. However, it should be highlighted here, that for the 7' calculations, several assumptions
were made, including sphericity of the particles and considering that the entirety of the available
surfactant was associated with the particles. This is not necessarily a realistic representation of
the particle state, but rather an attempt to set the scene for the surface coverage of the examined
particles using a marginal scenario, as a small but detectable proportion of the initially added
surfactant was removed, according to the surface tension measurements. Therefore, to improve
the theoretical picture drawn for the quantity of surfactant associated with the particles, the
minimum concentration of Tween® 80 (Camin) required to form a monolayer at the interface of
the particles was also calculated (see Appendix A2). According to the theoretical calculations,
the minimum concentration required to fully cover the particle surface would be 0.5% w/w for
the SLN and 9:1 NLC formulations, and 0.6% w/w for the 8:2 and 7:3 NLCs, suggesting that
there was an excess of approximately 50% of Tween® 80 concentration used to prepare the
particle dispersions (1.2% w/w used during fabrication). Based on both the assumptions for the
maximum surface load and the theoretical calculations for the minimum concentration of
adsorbed surfactant, it could be hypothesised that the true value of surfactant concentration
associated with the particles lies between these two predictions. Due to the hypotheses adopted
and the overall theoretical nature of these calculations, the results presented above should only
be perceived as a qualitative characterisation, rather than an attempt to quantitively describe the

systems.
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Fig. 4.1. Surface tension of aqueous lipid particle dispersions of SLN (A), 9:1 NLC (B), 8:2 NLC (C) and 7:3
NLC (D) at various time points during dialysis. The inset graphs for each type of lipid particle dispersion
depict the time evolution of the equilibrium surface tension values over the dialysis period. The surface
tension of distilled water is also presented as a comparison. When not visible, error bars are smaller than

symbols.
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4.3.1.1 Particle size and zeta potential

Regarding the effect of excess surfactant removal on the size of the lipid particles, it is evident
from Fig. 4.2A, that the Z-average slightly increased immediately after dialysis for all types of
NLCs, while the increase was not statistically significant for the SLNs. Changes in the steric
hindrance-induced stability due to the removal of free surfactant molecules, and the osmotic
stress applied to the dispersions during the diffusion of the molecules through the dialysis
membrane could have promoted flocculation and/or aggregation, as further supported by
increase in the PDI values (see Appendix A2, Fig. A2.1). On the other hand, the {-potential
decreased for all formulations (Fig. 4.2B), with the exception of 8:2 NLC. This could be due to
small but considerable for their effect on the {-potential, variations in the viscosity of the
formulations after removal of excess surfactant, and more prominently, aggregation of the
particles after dialysis, as Tween® 80 is a non-ionic surfactant, and thus does not contribute to
the charge of the electric double layer. Both the possibility of decrease in the dynamic viscosity
values from 1.1 to 1 mPa-s (according to literature data for similar concentrations of surfactant)
[31], causing changes in the mobility of the particles [32,33], and the presence of particle
aggregation [34,35] could have ultimately resulted in the observed statistically significant
decrease of the absolute (-potential values. Small but statistically significant differences in both
the Z-average and (-potential values recorded between the different types of particles could
have been caused by discrepancies in the arrangement of the hydrophilic heads of the surfactant
at the surface of the particles and/or the depth of association with the surface [18,27,36]. The
surface of the lipid particles is not fully covered by the surfactant molecules [6], and this is
further supported by the negative {-potential arising from the free fatty acids at the surface of

the particles [37].
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Fig. 4.2. Particle size (Z-average) (A) and zeta potential ({-potential) (B) of lipid particle dispersions (LP)
before and after dialysis measured immediately after production and after 4 months of storage. Identical
lowercase letters indicate no significant differences between samples (for p>0.05 and sample size equal to

3).

4.3.1.2 Crystallinity

The crystallinity of the lipid particles was assessed after dialysis to determine changes in the
properties of the crystalline matter after surfactant removal (Fig. 4.3). Previous work regarding
the SLN and NLC formulations revealed that increase in the liquid lipid concentration leads to
increasing loss of lipid phase crystallinity and more pronounced polymorphic transitions, as
suggested by the melting enthalpy (AH), recrystallisation indices (R1) and both the melting and
crystallisation thermograms (Fig. 4.3A & B) [6]. Comparing the thermograms of the lipid
particle dispersions after preparation and after 4 months of storage following dialysis, no major
differences can be identified in their melting and crystallisation profiles, with only very slight
shifts of the peaks in some instances. Their ability to maintain their crystallinity is further

confirmed by their melting enthalpies for which no statistically significant deviations were
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recorded (see Appendix A2, Fig. A2.2). Overall, it appears that removal of excess surfactant

from their aqueous phase did not affect their crystalline structure.
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Fig. 4.3. Melting (A) and crystallisation (B) curves of SLN and NLC aqueous dispersions before dialysis

(black curve) and after 4 months of storage following removal of excess surfactant (blue curve).

4.3.1.3 Interfacial tension

As part of gaining further insight regarding the capability of the SLN and NLC formulations to
exhibit a Pickering functionality, the sunflower oil/water dynamic interfacial tension was
assessed using the different lipid particle dispersions as the aqueous phase. In addition, the
presence of unadsorbed surfactant in the aqueous continuous phase of the lipid particle
dispersions, and its effect on the dynamic interfacial tension reduction was further investigated

by comparing the behaviour of the lipid particle systems before and after dialysis (Fig. 4.4).

For particles used as prepared, the interfacial tension reduction ability appears to be not as

effective as that of equal concentration of surface active species in aqueous phase (1.2% w/w)
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(Fig. 4.4A). Similar data have been previously reported for solid lipid nanoparticles with
varying particle sizes, fabricated with different types of lipid materials and with surface active
species having a range of distinct characteristics (i.e. molecular weight and/or HLB value)
[17,22,38]. The comparison between lipid particles with different solid-to-liquid lipid mass
ratio reveals that as the liquid lipid increases, the ability of the system to lower the interfacial
tension decreases, with particles containing 20 and 30% w/w liquid lipid having almost
identical dynamic interfacial tension curves. More specifically, the SLN formulation reached
an equilibrium value of 5 mN/m, 6.6 mN/m was the value for the 9:1 NLC, and 7.2 and 7.3
mN/m were the equilibrium interfacial tension values for the 8:2 and 7:3 NLCs, respectively.
The efficiency of the surfactant to alter the interfacial curvature is highly influenced both by
the distribution of the surfactant molecules in the dispersion, and also by their packing
characteristics [19]. The latter is not only relevant to the molecular packing density at the
oil/water interface, but it also relates to potential lipid crystalline network participation [17,38].
In this instance, the interfacial affinity of the lipid particles for the oil/water interface, possibly
conferred by their surfactant-decorated surfaces, could be influenced by the level of surfactant
decoration. Considering that the only variation between the aqueous lipid particle dispersions
is the composition of the lipid matrix, it could be proposed that the higher interfacial tension
values for the systems containing higher liquid lipid percentages (9:1, 8:2 and 7:3 NLCs) is the
result of the preferential trapping of surfactant molecules in the solid crystal/liquid oil crystal
network interfaces. This is in accordance with what was previously hypothesised for the
formulations presented here, regarding the relatively high compatibility between the lipid core
components, particularly in the presence of increased MCT content and Tween® 80, and the
involvement of the latter in the crystalline network, based on DSC data [6]. In terms of the

effect of particle size, the results reported are somewhat contradictory to what would be
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expected for the larger particle sizes of the SLN and 9:1 NLC formulations. However, the
seemingly unsubstantial impact of particle size on the interfacial tension reduction ability of

the particles could be due to the much greater effect of the previously discussed parameters.

A more comprehensive understanding of the mechanism via which these systems lower the
interfacial tension of the sunflower oil/water interface can be gained through investigation of
the behaviour of the dispersions after removal of excess surfactant from the continuous phase.
Comparing the obtained curves and equilibrium values, it was observed that only the SLN
formulation (dSLN) presents a small but statistically significant increase in interfacial tension
after dialysis (Fig. 4.4B). Taking into consideration that only marginal changes were recorded
in the particle characteristics after processing, it could be postulated that this is the effect of
presence of free surfactant molecules in the continuous phase of the SLN dispersion, possibly
due to the high internal crystalline arrangement of the SLN lipid core. On the contrary, the lack
of variation in the behaviour of the dialysed NLC formulations compared to the undialysed (9:1
dNLC, 8:2 dNLC and 7:3 dNLC) most likely suggests that the vast majority of surface active
species present in the samples are associated with the surface of the lipid particles, which are
therefore not available to interact with the oil/water interface. Exchange of surfactant molecules
between the lipid particles and the o/w interface has been proposed as a possible phenomenon
in such dynamic systems, though it would entail that the surfactant molecules are easily
displaced from the particle surface, due to their unfavourable trapping in the lipid core
[21,22,39]. There is very limited literature discussing the interfacial tension alteration
mechanism in the presence of lipid particles. Zaferi et al.[38] and Li et al.[17] showed that in
the presence of SLNs, the interfacial tension reduction potential of the surfactant is lower than
that of the pure surface active species solution in the absence of SLNs. Dieng et al.[22]

suggested that once the SLNs arrive at the oil/water interface, part of the adsorbed surfactant
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(in which case was Kolliphor® HS15) is released, resulting in a conjugated particle/surfactant
molecules adsorption mechanism. Linking the contradictory observations made here, regarding
the greater interfacial tension reduction ability of the SLNs and the higher surface load values
reported previously (Section 4.3.1), it is suggested that the level of decoration of the surfactant
molecules on the surface of the particles is the interfacial tension reduction limiting factor,
rather than the concentration of free molecules. Although no final conclusions can be drawn
about the exact mechanism of participation of the lipid particles in the interfacial tension (e.g.
occurrence of inter-particle or particle/free surfactant molecule interactions), it is clear that
changes in the composition of the lipid particles and therefore in the adsorbed surfactant
arrangement, and co-adsorption of particles and surfactant play an important role in the final

interfacial curvature.
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Fig. 4.4. Dynamic interfacial tension of aqueous dispersions of SLN and NLC formulations before (A) and
after dialysis (B). The curve of pure Tween® 80 (T80) solution with similar concentration (1.2% w/w) as the
one used for the formulation of the dispersions is also presented for comparison. Data points are the average

of three measurements and error bars represent the standard deviation.
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4.3.2 Wettability

Another parameter that was evaluated regarding the ability of the particles to stabilise emulsion
droplets and their positioning at the sunflower oil/water interface was their wettability [40-42].
Following the method described by Gupta et al.[10], the effect of increasing liquid lipid content
(0 to 30% wi/w) on the contact angle of a sunflower oil droplet at the lipid mixture/water
interface was initially evaluated (Fig. 4.5A). The contact angle values ranged from 130.6° for
the pure glyceryl behenate (SLN) surface to 147.6° for the 30% w/w MCTs concentration (7:3
NLC). Homogeneous distribution of MCTs in the mixtures with glyceryl behenate led to
progressively increased hydrophilicity of the blend, resulting in higher contact angles and thus
lower wettability by the hydrophobic sunflower oil droplet. Using the experimental contact
angle and yow values and Equations 2 & 3, the ysw and yso were calculated for each system. In
every case, the condition yow> ys0 — yswWas satisfied, indicating efficient wetting by both phases,
and positioning of the particles at the oil/water interface. Furthermore, the free energy of
displacement AGq4 was found to be an order of magnitude lower than that for similar systems
reported in literature [10], ranging between 3.7 x 10* x kgT for glyceryl behenate to 0.62 x 10*
x kgT for the 30% wi/w liquid lipid content blend. Though not vastly lower, the AGq values
show a decline with increasing MCTs content (Fig. 4.5A). Since AGq depends on the square of
the particle radius and the cos®, it is expected to have lower values for smaller particle radii and

larger contact angles, which explains the trend observed for increasing liquid lipid content.

Besides the nature of the lipid used itself, the level of surfactant decoration on the particle and
any excess surfactant within the aqueous carrier system could also contribute to the affinity
between a lipid particle and an interface. It has been shown that incorporation of surfactant

within the lipid particles in the first place can lower the water/lipid particle contact angle by
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reducing the hydrophobicity of the bulk lipid [43]. Delving further into the effect of the degree
of surfactant decoration on a lipid particle, it has been proposed that surface load can be used
as a means of controlling the obtained AGg and particle wettability, by altering their
hydrophilicity [18]. Therefore, it would be expected that as the proportion of surfactant
associated with the particles increases with increasing liquid lipid content, based on previous
indications provided by interfacial tension measurements, so would their hydrophilicity.
Indeed, this was confirmed by the decreasing contact angle values obtained for increasing
MCTs content (Fig. 4.5B). Notably, the difference in the hydrophilicity of the surface was
statistically significant only for the SLN and 9:1 NLC formulations, when freeze dried powders
were used after removal of excess surfactant, further reinforcing the evidence provided above
regarding the influence of the lipid composition on the favourable surfactant entrapment.
Overall, based on the contact angle data and the high energy of desorption obtained for all
systems, it could be postulated that the particles fabricated with these lipid combinations will
be preferentially wetted by the aqueous phase and therefore will be able to effectively stabilise

o/w emulsion droplets [40,44].
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Fig. 4.5. Contact angle for a sunflower oil droplet at the water/solid interface, and displacement energy

(AGua) of the lipid particles at increasing liquid lipid concentration (0 to 30% w/w) (A). The lipid content
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used to prepare the solid interfaces employed for the contact angle measurements represent the lipid matrix
composition of the respective lipid particles. Contact angle for a water droplet at the air/particle interface
formed by freeze dried powder of lipid particles used as produced and after dialysis (B). The experimental

setup is also provided in a schematic representation. When not visible, error bars are smaller than symbols.

4.3.3 Production and characterisation of particle stabilised emulsions

4.3.3.1 Processing of emulsions

The ability of lipid particles to stabilise o/w emulsions through a Pickering mechanism was
investigated using SLNs as the continuous phase and sunflower oil as the dispersed phase.
During preliminary studies, emulsions in the presence of SLNs were prepared employing a
range of processing conditions of varying energy input. Fig. 4.6A depicts the average droplet
size (Da,3) of all emulsions produced, with the processing parameters employed also given.
Sonication led to smaller droplet sizes (<1 wm) compared to methods that provide a lower level
of shear, such as high-shear homogenisation. In addition, emulsions prepared with high-shear
homogenisation, exhibited an oil layer formation and increased droplet sizes over storage, that
indicate the occurrence of coalescence. Among the various sonication parameters that were
examined, pulsed processes are known to alleviate the risk of heat-induced destabilisation
phenomena, in this instance relevant to the lipid particles. However, it was shown that
sonication for 30 s (method 5) without the use of pulser produced the most physically stable
systems (no oil layer formed) over an observation period of 30 days, possibly due to the
continuous delivery of high level of energy. Thus, that was the processing method chosen in

later steps.
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(40 s sonication), 95% amplitude
5 Sonication, 30 s, 95% amplitude

Fig. 4.6. Average droplet size of o/w emulsions with solid lipid nanoparticles prepared with different
processing conditions at 0, 7 and 30 days (A). Representative images of SLN-stabilised o/w emulsions
fabricated following methods 5 and 3 and acquired within 3 hours after production using polarised light

microscopy (B and C, respectively), and CLSM of system prepared with method 3 (D).

In order to assess whether the SLNs present in the system contributed to the stability of the
produced emulsions, the microstructure of the emulsions was visualised using light microscopy,
polarised light microscopy and confocal laser scanning microscopy CLSM (Fig. 4.6B-D). o/w
emulsions with SLN were prepared following method 5 to confirm the Pickering stabilisation
when using the preferred processing route (Fig. 4.6B), but also with method 3 to better visualise
the microstructure of the emulsions (Fig. 4.6C & D). Images were acquired within 1-2 hours

after their fabrication. The Maltese cross birefringence pattern at the emulsion droplet surface
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(Fig. 4.6C) provides confirmation of the close association between the crystalline lipid particles
(possibly containing a lamellar phase [45]) and the emulsion surface [15]. Similarly, the
presence of particles adsorbed at the droplet interface was further supported by CLSM
micrographs of particles loaded with perylene and emulsion droplets containing Nile Red (Fig.
4.6D) [11]. It was also observed that non-spherical, elongated droplets were also present in the
samples, that could be attributed to the strong adsorption of the lipid particles, creating a
jammed interface, hence preventing droplet shape relaxation, that has been previously reported

for lipid particle stabilised o/w emulsions [15,18,46].

4.3.3.2 Droplet size and zeta potential

Following the processing method described above, 10% o/w emulsions were prepared using
the dispersions as the aqueous continuous phase. Lipid particles with varying liquid lipid
content used as produced and after dialysis were employed, at a constant concentration of 2.5%
w/w of the aqueous phase. The size distribution graphs of the emulsions prepared in the
presence of lipid particles used as produced (Fig. 4.7A) showed a bimodal distribution, with a
peak at ~0.150 um which is suggested to correspond to excess lipid particles (non interfacially
adsorbed), and a second population at ~1 um belonging to the produced emulsion droplets.
Emulsions prepared with dialysed particle dispersions (Fig. 4.7B), displayed an additional (but
much smaller) peak at larger droplet sizes, that appeared consistently in all formulations. In
fact, in either case, the size distribution of emulsions prepared with different types of lipid
particle dispersions showed an almost identical behaviour, with excess amount of unadsorbed
lipid particles remaining in the continuous phase, possibly suggesting that the droplet formation
Is a process dominated by the process type rather than the properties of the lipid particles (e.g.

hydrophilicity). The interfacial adsorption of particles in all cases was corroborated by optical
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microscopy (inset graphs, Fig. 4.7). The presence of larger emulsion droplets in the systems
with dialysed lipid particles could be ascribed to various factors, among which is the limited
availability of surfactant molecules during emulsification. In contrast to lipid particles,
surfactant molecules can move promptly at the interface of the droplets and reduce the
interfacial tension, subsequently preventing the droplet size increase [47,48]. This is
particularly noticeable for the SLN formulation, as the interfacial tension measurement for the
as produced dispersion suggested statistically significant higher levels of interfacial tension
reduction compared to that used after dialysis (Fig. 4.4). This could have led to formation of
smaller emulsion droplets in the former during emulsification. Although the interfacial tension
between undialysed and dialysed NLCs did not show any statistically significant changes, the
same droplet size trend as for the SLNs was observed. Another contributing factor could be the
presence of excess surfactant in the continuous phase, that was previously demonstrated to
increase the particle wettability by the aqueous phase based on contact angle data on one hand,
and on the other hand increase the continuous phase viscosity (Section 4.3.1.1). Similar data
were reported for MCT o/w emulsion droplets stabilised by cyclodextrins in the presence of
Tween® 80, where increased surfactant concentration resulted in crystal movement towards the
continuous phase, either due to replacement or faster adsorption of surfactant molecules to the
interface [49]. Correspondingly, it could be suggested here, that the presence of excess
surfactant in the aqueous phase of the lipid particle dispersions moved the particles away from
the interface and closer to the water phase, which could in turn potentially provide improved
steric hindrance against droplet collisions. What is more, even small differences in the viscosity
of the continuous phase, due to the presence of additional surfactant, could have impacted the
droplet size reduction aptitude [33,49]. Lastly, droplet aggregation, and additionally lower

number of lipid particles for the same initial solid lipid phase concentration in the dialysed
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dispersions, due to the previously discussed particle size increase could have also contributed

to the enlargement of the emulsion droplets [22].

In terms of the (-potential, when the lipid particles were used as produced, the resulting
emulsions had a negative charge of ~—29 mV, while for particles after dialysis the charge had
a higher absolute value of ~—34 mV (Fig. 4.8A). Consistently with the size distribution data,
there were almost no differences in the {-potential values recorded among the different types
of lipid particle dispersions. Comparing the surface charge of the particles alone to that of the
respective particle-stabilised emulsions (in the range of —20 mV and —30 mV, respectively), it
is observed that the emulsions displayed a higher charge that was statistically significant. More
specifically, the difference between the lipid particle and the lipid particle-stabilised emulsion
{-potential values was greater for the dialysed particles than that of the particles used as
prepared, although the dialysed particles (alone) exhibited a lower surface charge (expressed as
absolute values). In order to further explore why this was instigated, the theoretical number of
lipid nanoparticles required to form a packed monolayer at the emulsion interface and the
number of particles introduced during emulsification were calculated. These were correlated
and expressed as percentage of particle excess (Fig. 4.8B). For this, the particle Z-average and
the droplet D3 values, as measured immediately after preparation (see Appendix A2, Table
A2.1), were used to estimate the total number of lipid particles and emulsion droplets present
in each system, assuming spherical shape in both cases, while the hexagonal packing correction
was applied for the calculation of the maximum number of particles per emulsion droplet (see
Appendix A2). As depicted in Fig. 4.8B, for particles with only slight variations in their average
sizes when used as produced and after dialysis, the quantity required to fully cover the emulsion
droplets decreases with increasing droplet diameter. However, in both instances there was an

abundance of particles available in the continuous phase of the emulsions, the percentage of
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which was dictated mainly by the droplet surface. Based on the higher emulsion surface charge
values obtained for the emulsions stabilised by dialysed lipid particles and the negative charge
contribution of sunflower oil [50], it could be hypothesised that there are more exposed
uncovered areas on these oil droplets compared to the droplets stabilised by particles before
removal of excess surfactant. The inability of the lipid particles to form a densely packed
monolayer at the interface and fully cover the droplet surface could be explained by their
negative charge causing electrostatic repulsions [13,51,52]. Furthermore, the lack of available
surfactant molecules in the dialysed dispersions, available to provide coverage on the droplets
surface or fill in the gaps between particles adsorbed at the surface (as further supported by
droplet size data) could have resulted in negatively charged chains of sunflower oil protruding
towards the continuous phase. Similar trends of lower {-potential were described for canola oil
emulsion droplets stabilised by tristearin lipid particles (ranging approximately between —30
and —45 mV) compared to the particles alone when prepared with similar concentration, as the
one used in this study, of the surfactants Tween® 60 (—19 mV), Brij® S20 (—3 mV) or Brij®
S100 (—24 mV) [18]. On the other hand, in a study by Schréder et al. [14], the (-potential values
recorded for tripalmitin particles of an average diameter of 145 nm fabricated with sodium
caseinate were identical (~—36 mV) to the particle-stabilised sunflower oil emulsion droplets
with average diameter of 1 um. The difference in the reported surface charge data could be
explained by the pre-treatment of sunflower oil to remove impurities, in combination with the
use of a bulkier surface active species in the aforementioned study, that could have potentially

resulted in more sparse surface coverage of the emulsion droplets.

The long-term storage behaviour of the particle-stabilised emulsions showed slight peak shifts
for that of the unadsorbed particles and of the emulsion droplets to larger sizes over the first

week (see Appendix A2, Fig. A2.3, Table A2.2). However, no further size distribution changes,
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and more importantly no loss of emulsion integrity with oil layer formation were recorded for
up to 12 weeks (see Appendix A2, Table A2.2). Appearance of a thin cream layer in all
formulations around the first week due to droplet aggregation could account for the initial size
shift. As indicated above, the interfacial layer of the emulsion droplets for all systems is
characterised by uncovered spots, that could be prone to coalescence [13,53,54]. Gautier et al.
[55] described two limiting situations for when coalescence phenomena halt in silica- or latex-
stabilised emulsions; either after a dense monolayer has been formed, or when emulsions
flocculate due to attractive interactions or bridge formation between particles. The latter
explanation could apply in the systems reported here, as on one hand particle network formation
has been previously described for lipid particles fabricated with Tween® 60 [18] and on the
other, droplets in close proximity can be identified in the microscopy images, confirming
droplet flocculation (see Appendix A2, Fig. A2.3). Despite that, polarised light microscopy
images at 12 weeks suggest that lipid particles still remain adsorbed at the oil-water interface,

which could be due to the high AGq of the particles resulting in irreversible adsorption [56].
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Fig. 4.7. Droplet size distribution of 10% o/w emulsions containing lipid particles with varying liquid lipid
mass ratios (SLN, 9:1, 8:2 or 7:3 NLCs) used as produced (A) and after dialysis (B). The size distribution of
the SLN formulation used as prepared and after removal of excess surfactant acquired using LD is also
presented as a representative particle size example for comparison purposes in each graph, respectively.

Representative polarised light microscopy images of SLN and 7:3 NLC-stabilised emulsions are provided

in both graphs (inset graphs).
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emulsions after emulsification, for different types of lipid particles used as produced before and after

dialysis, based on theoretical estimations (th.est.).

4.4 Conclusions

This study explores the impact of formulation parameters, namely the lipid matrix composition
and the presence of excess/remnant unadsorbed surfactant in the aqueous carrier phase, on the
potential of lipid particles to act as Pickering stabilisers of o/w emulsion droplets. In regard to
the effect of excess surfactant removal from the lipid particle dispersions, it was demonstrated
that although some changes in the particle sizes and {-potential values were observed initially,
possibly imposed by the dialysis process, all types of particles maintained their crystallinity and
relative stability over time. The role of the lipid matrix composition, and more specifically the
affinity between the lipids and the surfactant used in relation to the interfacial decoration and
relative hydrophilicity of the particles was highlighted. Lipid particles containing higher liquid
lipid content were shown to be more hydrophilic not only due to the introduction of the
relatively more hydrophilic liquid lipid, but also owing to the entrapment of higher proportion
of the available surfactant within their crystalline structure, as supported by both interfacial
tension and wettability data. Despite variations in their interfacial architecture, the Pickering
functionality was confirmed for both SLNs and NLCs. Lastly, although the absence of remnant
surfactant from the aqueous carrier phase of the dispersions led to larger emulsion droplet sizes,
the affinity of the particles for the emulsion interface was not compromised. Investigations as
to how these lipid particle formulation aspects, and consequently the obtained emulsion
microstructures affect the concurrent particle functionality as active carriers are the focus of the

second part of this study.
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Appendix A2

Surface load calculation

The amount of surfactant covering a unit area of particle surface denoted as surface load (75)

and measured in mg/m? was calculated as follows [2]:

Ca maXDSLN NLC
[, =— - A2.1
R (A21)

where Camax IS the maximum mass of surfactant adsorbed to the surface of the lipid particles,
Dsun, nic is the Z-average of the lipid particles, and @sin, nLc is the dispersed phase volume
fraction (i.e. ~0.027). The volume fraction for the different lipid phase compositions was
estimated based on the mass fraction of the lipid phase used for the preparation of the aqueous
dispersion and estimations of the density of each mixture, based on the individual densities and
the mass ratio of each lipid component in the mixture (i.e. Compritol® 888 ATO d=0.94 g/ml®,
Miglyol® 812 d=0.92 g/mI®). All types of particles were considered to have a spherical shape.
For the calculations of I, it was assumed that the entirety of available surfactant was associated
with the particles, and therefore the calculated /s would correspond to the maximum achievable

Is.

Minimum adsorbed surfactant calculation

To estimate the minimum concentration (Camin) Of surfactant required to form a monolayer at
the surface of the particles, the surface area occupied by the lipid particles in each system was
calculated based on their Z-average values. The surface area occupied by a Tween® 80 molecule

at the water/air interface was considered to be 42.14 A? [3], and the hexagonal packing
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consideration that provides the highest packing density (0.9069), was used to correct the
required amount of surfactant to form a monolayer at the surface of the particles. Additionally,
it was assumed that all types of particles had a spherical shape. The result was expressed as %

w/w concentration of Tween® 80 required to fully cover the surface of the particles.

The effect of excess surfactant on the physicochemical characteristics of lipid particles

030
oLP

mLPafier4 months
oDialysed LP

m Dialysed LP after 4 months

PDI

0.10

0.00

[

SLN 9:1NLC 8:2NLC 7:3NLC
Type of lipid particle

Fig. A2.1. Polydispersity index (PDI) of lipid particle (LP) dispersions after preparation and after 4 months

of storage following removal of excess surfactant (dLP).
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mLP after preparation

®dLP afier 4 months
150.0 -
: I I I
0.0 -
SLN

9:1NLC 8:2NLC 7:3NLC
Type of lipid particle

Melting enthalpy (J/g)

[
=3
=3

Fig. A2.2. Melting enthalpy of lipid particle (LP) dispersions after preparation and after 4 months of storage
following removal of excess surfactant (dLP). The DSC melting curves for each sample are shown in Fig.

4.3.

Particle interfacial coverage calculation

The number of particles theoretically required to cover the emulsion droplet interface was
calculated based on the particle and droplet average diameters. The assumption that all particles
have the same diameter, and that both species are spherical in shape were used throughout the
following estimations. For the particle average diameter, the Z-average values acquired by DLS
measurements were employed. For the emulsion droplets the LD data obtained immediately
after preparation, were used to calculate the D3> values for the peak(s) presumed to describe
emulsion droplets. More specifically, using the size distribution data, overlapping peaks were
separated by fitting the Weibull model (model that gave the best fit), in order to manually
calculate both the D43 and D32 values for each peak. When more than one peaks corresponded
to the emulsion droplets the contribution of each peak to the total surface was factored in by

calculating the area under each peak using SigmaPlot 14.5 (SYSTAT Software, USA). An
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example of the peak separation and fitting is provided below, along with the data used for the
calculation of the percentage of excess particles still available in the continuous phase of the
emulsions after emulsification, for different types of lipid particles used as produced before and

after dialysis (Table A2.1).

)

001 0.1 1 10
Size (um)

Example of peak separation and fitting on size distribution data as acquired by LD measurements, used for

the calculation of the particle interfacial coverage.

Table A2.1. Z-average values for lipid particles, D32 values for emulsion droplets and percentage of peak
distribution for emulsion droplets used for the calculation of the percentage of excess particles available in

the continuous phase of the emulsions after emulsification, as provided in Fig. 4.8B.

Particle- Z-average ) o
N D3 (um) for emulsion Percentages of peak contribution
stabilised (nm) for )
) ] droplets for emulsion droplets (%6)
emulsions particles
Peak 1 Peak 2 Peak 1 Peak 2
SLN 158.9+10.6 1.8+£0.0 - 100 -
9:1NLC 160.5+3.8 1.6£0.0 - 100 -
8:2NLC 140.4+20.1 1.84+0.0 - 100 -
7:3NLC 145.8+3.4 1.4+0.0 - 100 -
dSLN 238.0£8.0 3.2+0.9 39.6+1.5 18 82
9:1dNLC 232.2+17.2 1.4+0.2 49.5+1.2 16 84
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8:2dNLC 216.9+9.0 2.6x0.5 52.1+2.3 12 88
7:3dNLC 177.9£12.5 5.3+1.6 42.9+1.9 8 92

The total number of lipid particles and emulsion droplets was calculated for each system as

follows:

Vi
e = (A2.2)

where npq is the total number of particles or droplets present in each system, V: is the total
volume of the lipid or oil phase (considering that the density for Compritol® 888 ATO is 0.94
g/ml3, for Miglyol® 812 is 0.92 g/mI® and for sunflower oil is 0.92 g/mI®) and V, 4 is the volume

of a single lipid particle or a single emulsion droplet.

The number of particles per emulsion droplet was then calculated as follows:

S (A2.3)

where Np is the number of lipid particles per emulsion droplet, Sq is surface area of an emulsion

droplet and S, is the surface area of a lipid particle.

The amount of lipid nanoparticles required to fully cover all emulsion droplets was estimated

as follows:

N =0.9069 X N, X ng (A2.4)
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where Nt is the total number of lipid particles required to cover all emulsion droplets in a system,
Np is the number of lipid particles per emulsion droplet, and ng is the total number of droplets
present in the system. At this stage, the hexagonal packing consideration was used, that provides
the highest packing density (0.9069), considering that the surface coverage provided by a lipid
particle corresponds to that of the surface area of a circle and that the particles form a packed
monolayer. Lastly, the percentage of particles excess was calculated based on the N¢and np

number of particles present in each system.

Droplet size and zeta potential over storage

A —SLN - disp.
—@-SLN - emul.

@-SLN - emul. 1 w

—0—SLN - emul. 4 w

10 1 ~O-SLN - emul. 8 w

~O—SLN - emul. 12w

Peak 1 Peak 2

Volume (%)

0.01 0.1 1 10 100 1000
Size (pm)
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14
——dSLN - disp.
~@—dSLN - emul.

12 —@—dSLN - emul. 1 w
—0—dSLN - emul. 4 w

10 —O—dSLN - emul. 8 w
=O—dSLN - emul. 12 w

0.1 1 10 100
Size (pm)
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Fig. A2.3. Time evolution of characteristic examples of size distribution of particle-stabilised emulsions at

0, 1, 4, 8 and 12 weeks, and representative polarised light microscopy images at 12 weeks for SLN (A, B),
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dSLN (C, D), 7:3NLC (E, F) and 7:3 dNLC (G, H) containing systems. The size distribution of the respective

lipid particle dispersions is also presented in each graph for comparison purposes.

Table A2.2. D43, D32, and ¢-potential of o/w emulsions stabilised by different SLN and NLC (9:1, 8:2 and
7:3) dispersions used as produced and after dialysis and measured at various time intervals over a storage
period of 12 weeks at 4°C. For the size distribution parameters calculation, the peak separation was

performed according to the schematic presented in Fig. A2.3A.

Particle- Storage )
stabilised period D43 (um) D32 (um) ¢-potential
emulsions (weeks) (mV)
Peak 1 Peak 2 Peak 1 Peak 2
0 2.240.5 - 1.8+0.0 - —29.6x£1.6
1 1.2+0.8 54.6+1.9 0.2+£0.0 35.5+0.7 —29.9+1.3
SLN 4 2.2+1.38 78.6+3.2 0.3+x0.0 34.3+0.9 —30.0£1.5
8 1.7+£0.6 62.5+1.4 0.4+0.1 36.1+0.6 -32.1+£2.9
12 1.3+0.5 63.5+1.7 0.5+0.1 34.0+0.7 —29.0£1.1
0 1.9+0.3 - 1.6+0.0 - —28.5£2.9
1 25104 61.4+2.3 0.3£0.0 30.2+2.7 —29.312.1
9:1NLC 4 3.7£1.1 76.9+3.4 0.3£0.1 29.4+3.2 —30.7£2.6
8 2.6x£0.9 58.5+4.5 0.4+0.1 33.9+2.9 —33.31£3.3
12 5.5%£1.3 54.7+3.4 0.5+0.1 31.5+2.3 —29.8+£1.9
0 1.9+0.4 - 1.8+0.0 - —28.312.1
1 3.8+0.7 68.7+3.5 0.4+0.0 30.3+x2.5 —29.3x1.1
8:2NLC 4 2.6+0.8 62.1+3.1 0.3+0.1 29.6+3.1 —28.8+1.3
8 2.4+0.6 68.2+2.9 0.4+0.1 35.4+3.4 —31.91£2.7
12 49111 64.0£3.0 0.5+0.2 32.812.9 —29.2+0.9
0 1.9+0.2 - 1.4+0.0 - —27.3£2.4
1 3.6x£0.9 57.6x2.8 0.3£0.0 27.3+1.8 —27.5t1.5
7:3NLC 4 2.5+0.9 60.0+2.6 0.3+£0.0 30.2+1.6 —30.0£1.7
8 2.6£0.4 67.0+1.9 0.4+0.1 34.5+1.9 —33.9+£3.7
12 2.8+0.2 65.4+2.3 0.5+£0.0 32.8+2.3 —29.1+4.1
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0 7.7£1.5 69.0+2.5 0.2+0.0 49.1+1.5 —32.8+3.3

1 2.8+1.0 65.7+3.1 0.2+0.0 38.7+1.3 —32.3+2.9

dSLN 4 2.6+0.8 80.7+4.5 0.3+0.0 37.4+1.7 —28.7+2.1

8 2.7+0.4 75.4+3.8 0.4+0.1 37.0+1.9 —29.1+1.5

12 5.0+1.9 61.9+3.4 0.5+0.0 33.3+1.6 —31.5+2.9

0 9.0+1.1 61.2+2.9 0.3+0.0 49.5+1.2 —33.1+1.7

1 3.3+0.4 57.1+3.1 0.4+0.1 37.9+1.9 —32.9+1.2

9:1dNLC 4 2.9+0.6 90.2+4.8 0.4+0.1 38.6+2.4 —32.0+£2.0
8 2.2+1.1 85.1+4.3 0.4+0.1 33.0+2.3 —28.8+2.0

12 6.0+2.1 93.5+5.1 0.5+0.0 31.4+2.8 —31.2+2.0

0 4.8+2.3 64.2+2.6 0.3+0.0 53.1+2.3 —31.9+2.8

1 3.3+1.0 68.7+2.3 0.4+0.0 42.3+3.1 —31.5+0.5

8:2dNLC 4 3.1+1.1 62.1+3.6 0.5+0.1 38.1+2.9 —31.8+3.2
8 2.7+0.6 93.7+6.7 0.4+0.1 38.3+3.0 —29.1+2.0

12 5.0+1.6 87.7+4.2 0.5+0.1 35.6+2.8 —-31.1+1.7

0 7.6+2.3 56.5+2.1 0.3+0.0 42.9+1.9 —32.7%+3.3

1 1.7+0.9 76.8+4.3 0.5+0.1 33.8+2.0 -32.5+1.1

7:3dNLC 4 2.9+1.4 78.3+4.8 0.8+0.2 37.8+2.4 —32.7+4.6
8 2.7+0.7 75.8+4.1 0.4+0.1 31.4+2.9 —30.8+3.1

12 5.1+19 62.6+5.3 05+0.1 28.5+3.3 —33.6+3.6
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Synopsis

The utilisation of lipid nanostructures that can in tandem act as Pickering emulsion stabilisers
and as active carrier/delivery systems, could potentially enable the development of liquid
(emulsion-based) formulations with the capacity for multi-active encapsulation and delivery.
Part I of this work focused on the first aspect of this two-fold functionality by investigating
the capacity of both solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs)
to act as effective Pickering particles in o/w emulsions. Herein, attention shifts to the
secondary functionality, with part 1l of this study assessing both SLNs and NLCs in terms of
their capacity to act as carriers and release regulators for curcumin, a model hydrophobic
active. The previously established Pickering functionality and physical properties in terms of
particle size, zeta potential and interfacial tension of the lipid particles remained unaffected
after encapsulation of curcumin. In emulsions, loss of crystalline (solid lipid) matter and
particle interfacial presence were specifically investigated, as these aspects can impact upon
the particles’ active carrying and delivery performance. Low solid matter losses were
recorded for all emulsions (ranging between 0% and 15%), with increasing liquid lipid
fraction in the particles (SLNs to NLCs) resulting in relatively higher depletion of
crystallinity. Removal of unadsorbed surfactant (remnant from the particle formation
processing step) prior to emulsification led to higher particle interfacial occupancy. Despite
said changes, the lipid particles’ curcumin carrying capacity, expressed as encapsulation
efficiency and loading capacity, did not differ between an emulsion and dispersion setting.
Although the active carrying capacity was retained, it was shown that the presence of the
particles at the emulsion interfaces affects the curcumin release rate. Partial migration of

curcumin to the oil droplet and creation of an additional release-inducing potential to the
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particles in close proximity to the droplet interface are proposed to be responsible for the
overall faster active expulsion. What is more, the curcumin release profile from either SLNs
or NLCs (also) stabilising an emulsion microstructure, was shown to persist after storage;
either storage of the particles (up to 4 months) prior to emulsification, or storage of emulsions
(up to 3 months) stabilised by ‘freshly’ formed lipid particles. Overall, the present study
provides evidence that the two-fold functionality of the lipid particles can be indeed realised,

markedly demonstrating that their concurrency does not compromise one another.
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5.1 Introduction

Among the most desirable characteristics of a multi-active carrying/delivery system is the
ability to simultaneously and independently regulate the release of its encapsulated species,
along with other physicochemical (e.g. surface properties, loading capacity) properties,
tailoring of which can enable the development of targeted delivery systems (e.g. suitable for
oral ingestion) [1-3]. The development of formulations that allow the segregated/individual
encapsulation of multiple actives has shown potential in addressing these challenges, through
the employment of hierarchical multicompartmental triple emulsions [4], o/w emulsion droplets
stabilised by sodium caseinate/chitosan co-precipitated complexes [5], and multicompartment
polymeric hydrogels [6], among others. More recently, Pickering emulsions stabilised by solid
lipid nanoparticles (SLNs) demonstrated promising capacity to facilitate individually-tailored
multi-active delivery [7], though NLCs have not been utilised yet in a similar formulation
approach despite their carrying/delivery advantages [8-18]. Therefore, understanding how (and
to what extent) formulation parameters of both types of lipid particles (parameters which in part
| of this study [19] were investigated for their effect on the Pickering stabilisation capacity of
these lipid microstructures), affect their active carrying/delivery functionality, could eventually

enable the attainment of a truly dual-functional system.

In emulsions, the regulation of mass transfer from the dispersed phase carrying the active to the
external phase is typically achieved by modifying the interfacial layer architecture via the
presence of a colloidal (or otherwise) load, which is what systems such as Pickering particles
have been studied for in the past. Adjusting the interfacial layer permeability and thickness of
emulsions stabilised by emulsifiers with Pickering-like characteristics [20], resulted in hindered

active release rate. Frasch-Melnik et al. [21] and Garrec et al. [22] demonstrated that melting
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of the sintered fat shell formed at the surface of w/o droplets led to complete release of the salt
incorporated within the water droplets, with similar behaviour observed by SLNs [23].
Encapsulation of an active within such lipid particles, which themselves are then positioned at
an emulsion interface, can pose a challenge to the particles’ ability to maintain both
functionalities intact, due to solid lipid particle matter [24—26] and loaded active migration into
the dispersed oil phase [27—28]. However, the exact mechanism by which active migration into
the droplets takes place, as well as how formulation aspects of both SLNs and NLCs can be

exploited to control such phenomena, have yet to be studied.

Part 11 of this work investigates whether adopting an active carrying and delivery functionality
compromises the previously defined capacity of the lipid particles to act as Pickering emulsion
stabilisers (part I), but also explores the parameters that affect this secondary (but concurrent)
functionality, and the mechanisms involved in its manifestation. An issue known to impact on
the Pickering functionality of lipid particles, but in the present scenario potentially also their
additional role as active carriers, is their capacity to preserve their solid matter once exposed to
an emulsion setting [24-26]. Therefore, this study initially assesses how lipid particle
type/composition (SLNs and NLCs of increasing solid-to-liquid lipid mass ratio) and interfacial
occupancy can promote solid (fat) matter losses, as destabilisation promoter. Subsequently, the
influence of curcumin (CRM, used as a model active) incorporation on the properties (including
size, zeta potential and interfacial behaviour) of lipid particles “used-as-produced” (i.e., those
containing excess surfactant, remnant from the particle formation stage) or “dialysed” (i.e.,
those essentially deprived of any such excess surfactant load), were explored. The ability of the
now loaded-lipid particles to retain their Pickering stabilisation functionality was then studied,

and the droplet size and {-potential of the resulting systems were measured. Lastly, the release
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performance of (prior- and post-dialysis) lipid particles in an emulsion setting was investigated

and compared to that observed in simple aqueous dispersions.

5.2 Materials and methods

5.2.1 Materials

Glyceryl behenate (Compritol® 888 ATO) was a kind gift from Gattefossé (Saint-Priest,
France). Medium chain triglycerides (MCTs) (Miglyol® 812) were kindly provided from 10l
Oleo (101 Oleochemicals GmbH, Germany). Polyoxyethylene sorbitan monooleate (Tween®
80) and curcumin (>65%, HPLC) were purchased from Sigma-Aldrich (Sigma-Aldrich, UK).
Oxoid™ phosphate buffered saline (PBS) pH 7.4 tablets were obtained from Thermo Scientific
(Sheffield, UK). Sunflower oil was purchased from a local supermarket, stored in a closed
container at ambient temperature in the dark and used without any further purification. Double
distilled water from Milli-Q systems (Millipore, Watford, UK) was employed throughout this

study.

5.2.2 Lipid particle preparation

Lipid nanoparticle dispersions were fabricated using a melt-emulsification-ultrasonication
method followed by cooling of solid and different solid-to-liquid lipid mass ratio (9:1, 8:2 and
7:3) lipid melts in an ice bath. When curcumin was loaded within the lipid particles, 0.5% w/w
curcumin, in relation to the total lipid mass, was added to the lipid melt and kept under magnetic
stirring until fully dissolved. All samples were stored at 4°C until further analysis. A detailed

preparation protocol is given elsewhere [29]. The removal of excess unbound surfactant from
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the lipid dispersions was realised by immersing a known amount of each dispersion contained
within cellulose dialysis membrane (43 mm width, 14 kDa M.W. cut-off, Sigma-Aldrich
Company Ltd., Dorset, UK,) in distilled water under constant stirring at room temperature. The
dialysis membranes were pre-hydrated in distilled water overnight. The dialysis medium was
changed every 24 h and the process was continued until an equilibrium surface tension value
(standard deviation of the last twenty measurements was smaller than 0.05 mN/m) similar to
that of distilled water was obtained. Surface tension measurements were performed with a
profile analysis tensiometer (PAT-1M, Sinterface Technologies, Berlin, Germany). Briefly, a
drop of the dissolution medium was suspended via a straight stainless-steel capillary (3 mm
outer diameter) in air, with the cross-sectioned surface area remaining constant at 27 mm?.
Density values of the samples were determined using a densitometer (Densito, Mettler Toledo,
US), at 20°C. Dialysed samples were retrieved from the tubing and diluted to their initial mass

with distilled water, to maintain the initial lipid phase concentration at 2.5% w/w.

5.2.3 Emulsion preparation

The oil-in-water (o/w) emulsions were prepared with 90% (w/w) aqueous phase containing any
of the different lipid nanoparticle systems (SLNs, NLCs) and 10% (w/w) sunflower oil phase.
Emulsification was performed 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 30 s. All samples were kept in
an ice bath during processing, to avoid shear-induced heating. The produced systems were

stored at 4°C until further analysis.
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5.2.4 Particle/droplet size and {-potential measurements

The particle size expressed as Z-average and zeta potential ({-potential) of curcumin-loaded
lipid nanoparticles used as produced and after dialysis were measured with dynamic light
scattering (DLS) employing a Zetasizer Nano ZS (Malvern Instruments, UK). All
measurements were performed at a backscattering angle of 173° at 25°C, and samples were
appropriately diluted to avoid multiple scattering phenomena. The refractive indices for the
materials used were determined using a refractometer (J 357 series, Rudolph Research
Analytical, USA) at 20°C, and used accordingly [29]. For distilled water, the refractive index
used was 1.33 and the absorption index was set at 0.01. Measurements were performed in
triplicate and the average values with standard deviation (£S.D.) are presented. Laser diffraction
(LD) was employed to determine the droplet size of the curcumin-loaded lipid particle-
stabilised o/w emulsions after incorporation of curcumin in the lipid particles, using a
Mastersizer 2000 (Malvern Instruments, UK) equipped with a Hydro SM manual small volume
sample dispersion unit. The refractive index of sunflower oil was set at 1.47. All measurements
were performed in triplicate. Zeta potential measurements of the o/w emulsion systems were

performed following the method described above.

5.2.5 Interfacial tension measurements

Interfacial properties at the oil/water interface of the curcumin-loaded lipid nanoparticles used
as produced and after removal of excess surfactant were determined with the pendant drop
method utilising a profile analysis tensiometer (PAT-1M, Sinterface Technologies, Berlin,
German), at 20°C. A drop of the samples was suspended via a straight stainless-steel capillary

(3 mm outer diameter) in the sunflower oil phase contained in a quartz cuvette, with the cross-
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sectioned surface area remaining constant at 27 mm?. Data were collected until equilibrium was
reached (standard deviation of the last twenty measurements was smaller than 0.05 mN/m).
Density values of the samples were determined using a densitometer (Densito, Mettler Toledo,

US), at 20°C. All measurements were conducted in at least triplicate.

5.2.6 Thermal analysis

The thermal behaviour of the lipid particles both in the dispersions and within the emulsion
systems was assessed via Differential Scanning Calorimetry (DSC) using a Setaram uDSC3
evo microcalorimeter (Setaram Instrumentation, France). The temperature was cycled between
20 and 80°C at a heating rate of 1.2 °C/min. The thermograms were obtained with the reference
cell being filled with equal amount of distilled water. Data processing, including information
about peak temperatures, melting enthalpies and deconvolution of peaks, was carried out using
the Calisto Processing software (Setaram Instrumentation, France). Information from the
thermal profiles of the lipid particles within this temperature range was used to study the
behaviour of the particles within an emulsion setting and assess their stability over time
(immediately and at 4, 8 and 12 weeks after emulsification). More specifically, the loss of
crystalline matter was determined using information from the total melting enthalpies of the
particles within an emulsion environment (AH"em) and those in an aqueous dispersion setting
(AHdis), and was expressed as a AH em/AHqis ratio. The AHgis and AH'em values were obtained
from peak integration of the particle dispersion and particle-stabilised emulsion melting
thermograms, respectively. The proportion of lost particles was calculated as a fraction of the
particles initially present in the aqueous dispersions ((AHdgis— AH"em)/AHqis). Information
regarding the relative positioning of the lipid particles remaining within the emulsion systems

was gained through deconvolution of the two melting events (AH'm, i =1 or 2) occurring in
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each system. Particles were distinguished into two categories; particles present in the
continuous phase (denoted as AHem and peak 1) or at the emulsion interface (denoted as AHZem
and peak 2). The proportion of each population was calculated as a fraction and expressed as
unadsorbed (AHYem/(AHYem + AH%m)) and adsorbed (AHZem/( AHlem + AHZ%m)) particles.
Examples of the peak integration/deconvolution of representative lipid particle dispersion
samples and their respective emulsion systems are provided in Appendix A3 (Fig. A3.1). All
enthalpy values and thermograms reported, are normalised for the amount of crystallising
material present in each sample. Specifically for the emulsion systems, each thermogram was
normalised using the information of the respective SLN or NLC dispersion (see Appendix A3,
Fig. A3.2) that was used for the emulsification. All measurements were performed at least in

triplicate and on three independently prepared samples.

5.2.7 Imaging

Representative images of the microstructure of o/w emulsion droplets stabilised with curcumin-
loaded lipid particles were obtained using confocal laser scanning microscopy (CLSM) (Leica
TCS SPE, Heidelberg, Germany), equipped with a laser operating at a wavelength of 532 nm.
The excitation wavelength for curcumin was set at 488 nm and the images were acquired with
a 63x oil immersion lens using a coverslip to cover the sample. Emulsion systems with larger
droplet sizes were visualised by preparing the samples with a low level of shear, employing a
high-shear mixer (Silverson L5 M, Silverson Machines Ltd, UK), operating at 9000 rpm for 2

min.
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5.2.8 Encapsulation efficiency and loading capacity

The encapsulation efficiency (EE) and loading capacity (LC) of the curcumin-loaded lipid
dispersions and curcumin-loaded particle-stabilised emulsions was determined by ultrafiltration
using centrifugal ultrafiltration tubes (Amicon® Ultra-4 filter 10 kDa cut-off, Millipore,
Billerica, MA, USA). 1 mL of the samples 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 (Genova Bio Life Science Spectrophotometer,
Jenway®, Cole-Palmer, UK) at 425 nm, using a calibration curve that has been previously
generated with linearity studied for 0-6 pg/mL and linear regression value of R?= 0.9995. The

EE and LC were calculated using the following equation:

EE = Wicrm =Wu crM o 100 (%) (5.1)
Wi crm
LC = Wicrm = Wu crM o 100 (%) (5.2)
Wl.p.

where Wi. crm is the amount of curcumin that was initially used during the preparation of the
aqueous lipid dispersions, Wy, crm is the amount of curcumin measured in the filtrate, and Wi.p.

is the total amount of the lipid components used in the dispersions.

5.2.9 In vitro release

In vitro release of curcumin, used as a model hydrophobic active, from curcumin-loaded lipid

particle dispersions alone and particle-stabilised (Pickering) o/w emulsions was performed by
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diffusion through a dialysis membrane. A known amount of the particle dispersions or the
Pickering emulsions was enclosed in a cellulose dialysis membrane (43 mm width, 14 kDa
M.W. cut-off, Sigma-Aldrich Company Ltd., Dorset, UK), and the tubing was introduced in the
in vitro release medium (130 g) consisting of phosphate buffer saline (PBS, pH 7.4) and 1.0%
w/w Tween® 80. For the emulsion systems’ release assessment, the effect of the water volume
reduction (compared to the dispersions) within the dialysis membranes on the overall release
rate was considered negligible, considering the subsequent decrease in CRM concentration and
perpetuation of sink conditions. The specific type and mass of dissolution medium were chosen
to enable sufficient curcumin solubilisation and ensure sink conditions (the active concentration
was approximately eight times less than its saturation solubility in the dissolution medium). A
pure curcumin solution was prepared by dissolving equal amount of curcumin to that in the
lipid particle dispersions (0.0125% wi/w) in a solution that consisted of the dissolution medium.
Dialysis membranes were soaked in the dissolution medium overnight, prior to usage. At
predetermined time intervals, 1 mL aliquots of the dissolution medium were collected and
analysed by UV-Vis spectrophotometry (Genova Bio Life Science Spectrophotometer,
Jenway®, Cole-Palmer, UK), at 425 nm using a calibration curve that has been previously
generated with linearity studied for 0-6 ug/mL and linear regression value of R?=0.9995. To
maintain sink conditions, the sampled dissolution medium was each time replaced by an equal
volume of fresh media. The volume correction has been accounted for in the reported
cumulative release plots. The release profiles were studied using an Incu-Shake MIDI shaker
incubator (Sciquip, UK) operating at 25°C under constant shaking (180 rpm). For stability
assessments, the lipid particle dispersions were used/studied immediately after preparation and

after 4 months of storage, and their respective particle-stabilised emulsions were assessed
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immediately after emulsification and after 3 months of storage at 4°C. Each test was conducted

in triplicate using independently prepared samples.

5.2.10 Modelling of release data

The release data from the lipid particles and the particle-stabilised emulsions were fitted into
the mechanistic model described by Crank [30], to gain further insight regarding the underlying

release mechanism. The diffusion coefficient (D) was determined as follows:

Q _,_ ii 1 exp <_ D"2”2t> (5.3)
Qo w2 Lan?

where Q:is the mass of active released at time t, Q is the total mass of active released when
the formulation is exhausted, n is the number of the term in the series, r is the particle radius,
and D is the apparent diffusion coefficient of the active within the system. The diffusion
coefficients (D) and the coefficient of determination (R?) used as a model fitness indicator are

given in Table 5.2.

5.2.11 Statistical analysis

Samples were analysed in at least triplicate and averages are reported with standard deviation
(£S.D.). 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.
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5.3 Results and discussion

5.3.1 The role of particle integrity and positioning in an emulsion setting

Literature suggests that in an emulsion setting, the presence of an oil phase can provoke the
dissolution of solid matter from lipid particles positioned at the interface; e.g. dissolution into
the dispersed phase oil droplets in the case of o/w emulsions [24-26]. The mechanism is driven
by the presence of micellar-forming surfactants and the relative hydrophilicity of the used
oil/fat. The latter determines the ability of either the oil or fat molecules to solubilise in the
micelles and diffuse to the fat surface or oil droplets, respectively. This phenomenon can occur
in both directions, and can overall promote a decline in solid/crystalline matter, that could thus
lead to loss of the lipid particles’ Pickering functionality and jeopardise the particles’ active
carrying capacity. Parameters that could affect the occurrence and/or kinetics of such
phenomena, include the lipid particles’ formulation characteristics and the presence of
additional (unadsorbed) surfactant in the continuous phase of the Pickering emulsions.
Therefore, SLNs and NLCs with increasing liquid lipid content (10, 20 and 30% w/w) used as
produced and after removal of excess surfactant from their aqueous dispersion phase, were used
as Pickering stabilisers and investigated for their water/oil interfacial presence, a parameter that

could also potentially affect their active carrying/delivery capacity.

5.3.1.1 Loss of particle crystalline matter within emulsion systems

In this study, information regarding the loss of crystalline matter was gained through the
melting thermograms of the emulsions, and specifically the ratio between the total melting
enthalpies of the particles within an emulsion environment (AH"em) and those in a lipid particle

aqueous dispersion setting (AHadis) [24]. These ratios were calculated according to the melting
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events occurring in each system immediately after preparation (Fig. 5.1), and the resulting
enthalpy ratios themselves are presented in Fig. 5.2. Enthalpy data for all systems (particle-
stabilised o/w emulsions or particle aqueous dispersions) were normalised against the mass of
solid/crystalline matter present in each system, as in both cases the solid lipid is the only
component undergoing phase transition. Herein, the impact of the oil addition was explicitly
studied, as any effects arising from the liquid lipid incorporation in the solid matrix have already
been investigated [29] and accounted for during enthalpy normalisation. Based on the
calculated ratios, it is evident that the loss of solid lipid matter was minimal for all systems used
as produced and after dialysis, with the percentage of original crystalline matter (generated at
the particle manufacture stage) remaining in the systems following oil introduction
(emulsification) ranging between 85 and 100%. Zafeiri et al. [24] investigated the dissolution
of solid material from SLNs in increasing fractions of sunflower o/w emulsions, using cetyl
palmitate and tristearin particles (2.5% w/w) fabricated in the presence of Tween® 80 or sodium
caseinate (0.8% w/w). It was shown that sodium caseinate provided improved shielding over
mass transfer phenomena compared to Tween® 80 (95 versus 68% of solid lipid matter was
found to persist after emulsification for the 10% oil phase o/w emulsions, respectively), and
cetyl palmitate exhibited greater loss of crystalline content (in the range of 55 and 75%)
compared to tristearin (between 5 and 10%). Overall, it was suggested that dissolution mainly
occurs shortly after emulsification, and the importance of the type and concentration of
surfactant, and the type of lipid source used, relative to the rate of oil exchange was underlined.
These observations have also been highlighted in a number of studies exploring the rate of oil
exchange between o/w emulsion droplets and an aqueous phase, with surfactant
molecules/micelles facilitating the transfer [26,31-34]. Notably, Samtlebe et al. [26] proposed

that emulsion-originating oil molecules solubilised in micelles, diffuse and dissolve in the
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crystalline fat of SLNs, particularly if the solid fat is of relatively high water solubility. In turn,
the now dissolved fat can diffuse back to the oil phase through micelles, thus promoting
increased lipid mass transfer. Herein, the presence of medium chain triglyceride molecules
(Miglyol® 812) in the NLCs appears to have induced solid lipid mass transfer, particularly in
the case of the 8:2 and 7:3 NLCs, compared to the SLN- and 9:1 NLC-containing formulations;
suggested by the statistically significant changes in the AHem/AHgis ratios (Fig. 5.2). Part | of
this study [19] demonstrated, that increasing the liquid lipid content of the NLCs renders them
more hydrophilic. Hence, it could be postulated here, that the increased hydrophilicity of the
8:2 and 7:2 NLC lipid matrix, further provoked oil dissolution and diffusion phenomena. When
it comes to emulsions fabricated with lipid particles used after dialysis, the absence of excess
surfactant (possibly in the form of micelles) from the continuous phase led to a decrease in the
loss of crystalline matter. This is more evident for the highest liquid lipid content particles (8:2

and 7:3 NLCs), possibly due to their already lower AH em/AHgis ratios.
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Fig. 5.1. DSC melting thermograms of particle-stabilised o/w emulsion prepared with different types of lipid
particles (SLN, 9:1 NLC, 8:2 NLC and 7:3 NLC) before (A) and after removal of excess surfactant (B) from
the aqueous lipid particle dispersions. The thermograms of the SLN formulation before and after dialysis
are included in the corresponding graphs for comparison purposes. The curves were normalised for the
amount of solid matter present in each sample and shifted along the ordinate for better visualisation. The

dashed lines are used to distinguish between different thermal events.

It was previously shown [19], based on the melting and crystallisation thermograms of the lipid
particle dispersions, that removal of excess surfactant via dialysis did not alter their thermal
behaviour. Glyceryl behenate SLNs displayed a level of polymorphism with a minor shoulder
(at 69.2°C) appearing on the main melting event at 70.7°C (also visible here in Fig. 5.1), that
was shown to progressively intensify as the MCT (liquid lipid) content (9:1, 8:2 and 7:3 solid-
to-liquid lipid mass ratios) in the NLCs increases (see Appendix A3, Fig. A3.2) [29].
Introduction of sunflower oil (emulsification) led to broadening of the main peak and
appearance of a secondary peak at lower temperatures (~57°C), the intensity of which increased
with increasing liquid lipid concentration in the lipid particle composition (Fig. 5.1A & B). This

phenomenon has also been described in other studies employing lipid particles as Pickering
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emulsion stabilisers, and it was proposed that the partition in the melting profile of the solid
lipid was caused by the relative location of the particles in the system; either particles remaining
unadsorbed in the continuous phase (peak at higher temperature, herein denoted as peak 1), or
particles adsorbed at the interface of the emulsion droplets (peak at lower temperature, denoted
as peak 2 in this study) [27,35,36]. More specifically, it has been shown that the type of lipid
[35], the emulsion fabrication process (addition of particles prior- or post-homogenisation)
[27], and the addition and type of surfactant [36], are among the factors affecting the relative
intensity of the two peaks. Although a clear explanation regarding the difference in the melting
temperatures of the adsorbed and unadsorbed particles has not been proposed, it could be
assumed that the diversity in the specific heat capacities between the surrounding phases
(sunflower oil and water, respectively) contributes to the way that heat transfers to the solid
lipid matter during melting, with the oil phase heating up faster due to the lower specific heat
capacity [37]. Overall, all types of particles retained a high proportion of their original solid
lipid content, a parameter that could potentially alter their ability to preserve their active

carrying capacity and delivery in a sustainable manner.
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Fig. 5.2. Ratio of total melting enthalpies of the particles within an emulsion environment and those in a
lipid particle dispersion setting (AHem/AHdis), representing the amount of crystalline material remaining
within the emulsions stabilised by different types of lipid particles. The particles were either used as
produced (LP), or after removal of excess surfactant (dLP). Identical lowercase letters indicate no

significant differences between samples (for p>0.05 and sample size equal to 3).

5.3.1.2 Lipid particle type and its effect on the SLN/NLC interfacial presence

Another facet of the lipid particles’ capacity to maintain their active carrying/delivery
functionality is their relative positioning within the emulsion microstructure. Although it has
been already established that the largest proportion of crystalline matter is maintained after
emulsification, in such dynamic systems, the close proximity of the particles with the droplet
interface could potentially affect their capacity to regulate the delivery of the enclosed active.
Information about the proportion of lipid particles either present at the emulsion interface (i.e.
exposed to the oil content in the droplets) or in the continuous phase (i.e. only largely exposed
to an aqueous environment), could assist in discerning any such contributions on the overall

active carrying/delivery performance of these systems.
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To gain further insight regarding the distribution of lipid particles remaining in the emulsion
systems, the melting curves of all lipid particle-stabilised emulsions were deconvolved into two
individual peaks; see Fig. 5.1A & B. This was performed for both different types of lipid
particles (SLNs and NLCs), and for particles used before and after dialysis, as removal of excess
surfactant could potentially affect their interfacial residency. The corresponding melting
enthalpy for each peak was then calculated and the resulting ratios were determined (see Section
5.2.6) to distinguish between the fraction of adsorbed and unadsorbed particles within the
emulsion systems. As depicted in Fig. 5.3 (top), the proportion of lipid particles residing at the
emulsion interface is approximately 60% (of the total population of remnant particles) and
remains similar for both SLNs and NLCs. For lipid particles used after removal of excess
surfactant, although the values were similar for different solid-to-liquid lipid mass ratios, they
appear to be slightly higher than that of particles used as produced. Absence of free surfactant
from the continuous phase could potentially allow a higher proportion of particles to reside at
the interface of the droplets compared to the emulsions fabricated with the ‘as produced’
particle dispersions, where it could be assumed that part of the droplet interface is occupied by
surfactant molecules. On the contrary, the ratio of unadsorbed particles (in the range of 30%)
decreases with increasing amount of MCTs (Fig. 5.3, bottom) in both cases. This is particularly
obvious for the two particle formulations with the highest liquid lipid content (8:2 and 7:3
NLCs). To begin with, this observation needs to be approached cautiously, as the peaks ascribed
to adsorbed particles (peak 2) for these two systems could also encompass the melting of
polymorphic forms present in both adsorbed and unadsorbed particles (see Appendix A3, Fig.
A3.2). The presence of non-spherical particles as suggested by the different polymorphs,
particularly in the DSC thermograms of the 8:2 and 7:3 NLC dispersions [19,29], could suggest

different packing/arrangement at the emulsion interface [38,39]. Additionally, the smaller
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particle size and differences in the zeta potential values of the aforementioned formulations
(even though at marginal level) [29] could further support the requirement for higher interfacial
residency. Such phenomena, not only explain the trends observed for the unadsorbed particles,
but also for the respective adsorbed particles in the same formulations (Fig. 5.3, top). Another
possible explanation when it comes to the decreasing percentage of unadsorbed particles in the
systems with used as produced particles could be found in the occurrence of particle
replacement at the emulsion interface. As more crystalline matter is lost at the emulsion
interface, which is also reflected in the concurrent increase of lost particles (Table 5.1), the
proportion of ‘free particles’ moving from the continuous phase to substitute the matter lost and
maintain the same surface coverage increases (Fig. 5.4). This is in agreement with findings
previously reported in literature [40], where it is shown that particles are reversibly adsorbed
onto the emulsion droplets, and exchanges can occur between the continuous phase and the
droplet interface. The data acquired from the DSC spectra shown here appear to give lower
particle interfacial occupancy values when compared to the theoretical values of the
(maximum) proportion of unadsorbed particles reported in part | of this work [19]. This
suggests an overestimation in the latter theoretical values that could be attributed to ‘adsorbed
particle’-‘free particle’ bridging, that has previously been reported for particles covered by thin
surfactant layers [41,42], or simply by the formation of multilayers of particles around the
emulsion droplets (rather than the single layer assumed in the theoretical calculation).
Information gained here does not only contribute to understanding regarding the effect of
certain formulation parameters on the water/oil interfacial presence of the particles, but it could
also assist in elucidating the active regulation mechanism of the particles in relation to their

relative interfacial location within the emulsion systems in a later step.
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Fig. 5.3. Fraction of lipid particles unadsorbed and adsorbed for the different types of lipid particles used

before and after dialysis, within an emulsion setting. For the AH. calculations, the peaks were defined

following deconvolution of the peaks presented in Fig. 5.1. When not visible, error bars are smaller than
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Fig. 5.4. Time evolution of the proportion of lipid particles adsorbed and unadsorbed for the different types

of lipid particles used as produced (A) and after dialysis (B), within emulsion systems.
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Table 5.1. AHqis, AH em, AHem, and T'mer of 0/w emulsions stabilised by different SLN and NLC (9:1, 8:2 and

7:3) dispersions used as produced and after dialysis and measured at various time intervals over a storage

period of 12 weeks at 4°C. For the AH'en calculation, the peak separation was performed according to the

peaks presented in Fig. 5.1, with peak 1 corresponding to unadsorbed and peak 2 to adsorbed particles. The

fraction of particles lost overtime is also included for comparison purposes.

Ty.p(.e of Stor-age AHa AHTo AHiem (3/g) Timert (°C) Lo.st
lipid period i) i) — — - - particles
particle  (weeks) em em melt melt fraction
0 150.2+42.3  148.0+4.2 88.3+4.0 55.6+7.2 57.9+11 71.0+£0.2 0.0+0.0
4 146.8+2.2  145.8+8.4 92.4+3.8 53.2+8.4 59.4+0.9 71.720.3  0.0+0.0
StN 8 145.6+6.7 144.7+8.2 94.6+4.7 53.149.1 58.4+0.7 71.0£0.5 0.0+0.0
12 140.9454  140.8%6.2 90.645.8 47.316.3 58.9+0.5 71.1+0.3 0.1+0.0
0 146.1+4.1  136.2+4.4 85.315.7 47.8+7.7 58.5+0.8 71.3+0.2 0.1+0.0
_ 4 141.7+2.7 137.8+3.1 91.547.5 44.4+4.3 59.5+0.6 71.4+0.1 0.1+0.0
SLNLC 143.1+6.5 142.8+9.9 945454 44.7+6.7 58.9+0.3 71.4%0.1 0.1+0.0
12 147.7+3.8  143.3x4.7 95.9+1.9 43.2+6.0 59.1+04 71.3+0.2 0.1+0.0
148.4+3.2  128.0+2.7 93.6+2.5 36.4+1.0 58.0£0.3 71.2+0.1 0.1+0.0
_ 4 145.9+46.3 136.5+8.1 101.0+10.5 35.5+3.7 58.0+0.3 71.5+0.2 0.1+0.0
s:2NLe 8 138.2+2.9  135.9+3.6  101.9+2.8 34.0+1.6 58.2+0.2 71.4+0.3 0.1+0.0
12 134.0+4.7  127.146.9 92.6£1.0 32.5+1.5 58.4+0.1 71.5+0.2 0.1+0.0
0 1449450 121.2+3.7 93.4+7.1 27.8£2.7 55.9+34 71.4+05 0.1+0.0
_ 4 142.7+2.6  133.6£10.3 102.5+5.4 29.245.9 57.7x15 71.2+#0.3 0.1+0.0
73NLC 141.2+34 134.7+£145 105.9+84 28.846.6 56.9+09 71.3+0.2 0.1+0.0
12 135.445.3 130.8£13.2  98.716.1 32.1+9.2 57.1+1.1 71.440.1 0.1+0.0
145.045.1 143.945.8 95.6+4.2 50.245.7 57.9+1.1 71.0£0.2 0.0£0.0
4 148.9+435  148.2+7.6 94.5+2.7 51.748.9 58.2+0.8 71.8+0.2  0.0+0.0
dSLN 8 147.5+6.1 146.3£10.5 93.2+3.2 51.1+7.4 58.1+0.6 71.4+0.1  0.0+0.0
12 148.9+3.8  146.6+£8.9 99.446.1 54.2+13.2 58.0£0.7 71.2¢0.3  0.0£0.0
0 149.9+4.7 149.5+14.3 106.745.9 45.2+6.9 58.5+0.8 71.3x0.2  0.0+0.0
9:1 4 1449426 141.0£126 108.0+8.8 41.0+128 57.9+0.5 71.3£0.1 0.0+0.0
dNLC 148.1+4.6 146.1+104 107.3t5.9 43.3t125 57.8+04 71.2+0.2 0.0£0.0
12 150.945.1 14754124 104.6+45  48.2+124 58.1+0.2 71.4%0.1 0.0£0.0
138.7+4.1 137.319.4  108.2t5.4 31.1+2.7 58.4+1.8 71.2+04  0.0+0.0
8:2 4 140.9+£34 140.2£11.3 115.6+7.6 33.9+0.7 58.3x0.9 71.2+0.1 0.1+0.0
dNLC 8 141.743.3 140.3£10.6 109.1+6.3 33.045.2 58.1+04 71.0+£0.2 0.0+0.0
12 137.7+¢4.7  135.449.3  113.244.1 32.248.6 58.1+0.3 71.3x0.2  0.0+0.0
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0 139.0+11.1 138.8+3.5 109.3+5.4 29.3+3.7 559434 71.4+05 0.0+0.0

7:3 4 135.6+5.9  132.2+4.4  108.7+8.9 32.3+4.7  57.2¥29 71503 0.1+0.0
dNLC 8 136.245.1  131.6+3.8 107.6+6.4 31.8+2.8  56.9+1.1 71.1+0.3  0.0x0.0
12 140.6+4.3  139.4+7.9  106.3+5.6 35.8+3.4  57.1#15 71.2+0.2  0.0x0.0

5.3.2 Effect of active incorporation on the lipid particle Pickering

functionality

5.3.2.1 Size, zeta potential and interfacial properties of lipid particles

Prior to studying the active carrying/delivery capacity of curcumin-loaded particles within an
emulsion setting, the effect of curcumin encapsulation on the size, {-potential and dynamic
interfacial tension reduction ability of the SLN and 7:3 NLC formulations (used as produced or
after dialysis) was studied. The choice of these two formulations was based on the fact that they
represent the two extremes in terms of liquid lipid particle composition investigated here.
Regarding the particle size, a slight Z-average increase was observed after the addition of
curcumin in the two types of lipid particles (Fig. 5.5A), that has also been previously identified
and attributed to lipid core swelling due to the presence of the active [29]. The effect that the
removal of excess surfactant (via dialysis) has on (CRM-loaded) particle size was the same as
that previously observed for ‘blank’ lipid particles [19], with a statistically significant increase
only shown for the 7:3 NLCs. Similarly, no further changes after curcumin entrapment were
recorded for the (-potential values and interfacial tension reduction capacity of both lipid
particle dispersion types (either used as produced or after dialysis), apart from those already
described for the respective blank formulations (Fig. 5.5B & 5.6, respectively). A more in-depth

discussion of said differences can be found in part I of this work [19].
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Fig. 5.5. Particle size (Z-average) (A) and {-potential (B) of curcumin-loaded lipid particle dispersions before
(CRM-loaded LP) and after dialysis (CRM-loaded dLP). The respective data for blank lipid particles are
also presented for comparison purposes. ldentical lowercase letters indicate no significant differences

between samples (for p>0.05 and sample size equal to 3).

A —&-SLN B -0-7:3NLC
12.0 —o—CRM-SLN 12.0 -O0-CRM-7:3NLC
—=-dSLN -0-7:3dNLC
—o—CRM-dSLN —O0-CRM-7:3dNLC

5]
=]

4.0

o
(=]
Dynamic interfacial tension (mN/m)

Dynamic interfacial tension (mN/m)

2.0 A

d
o
.

r T T T T T 0.0 T T T T T -
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)

0.0

Fig. 5.6. Dynamic interfacial tension of aqueous dispersions of blank and CRM-loaded SLN (A) and 7:3
NLC formulations (B) used as produced and after dialysis. Data points are the average of three

measurements and error bars represent the standard deviation.
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5.3.2.2 Emulsion stabilisation behaviour

Having established that the encapsulation of curcumin does not alter characteristics of the lipid
particles that were previously shown to contribute to effective Pickering emulsion functionality,
the curcumin-loaded SLN and 7:3 NLC formulations were indeed used to stabilise o/w
emulsions and the droplet size and {-potential of the resulting systems were measured (Fig.
5.7A & B). As depicted in Fig. 5.7A, both (SLN- or NLC-stabilised) Pickering o/w emulsions
fabricated using lipid particle dispersions where excess surfactant had been removed (dialysed),
showed an additional droplet size population at larger sizes compared to the ones prepared with
dispersions before dialysis. This is in agreement with what was observed for blank lipid
particle-stabilised emulsions (inset graph, Fig. 5.7Ai) [19]. Possible explanations could lie in
the interfacial tension reduction capacity differences between the dispersions (with dialysed
particles having higher interfacial tension equilibrium values), lack of excess surfactant in the
continuous phase and/or reduced wettability by the aqueous phase for the dialysed particles
[43,44]. Correspondingly, the {-potential values demonstrated the same trends as for the blank
systems, with no further changes caused due to the presence of the active (Fig. 5.7B). Finally,
the Pickering stabilisation in the presence of curcumin for a representative system (CRM-
dSLN-stabilised emulsion) was confirmed using CLSM (inset, Fig. 5.7Aii). The work presented
here suggests that lipid particle microstructural design for Pickering performance can precede
the development of active encapsulation strategies. Thus, as long as the latter do not impact on
key indicators of Pickering behaviour (e.g. particle dimensions), adopting an active
carrying/delivery functionality will not impede the particles’ emulsion stabilisation

performance.
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Fig. 5.7. Droplet size distribution (A) and {-potential (B) of o/w emulsion droplets stabilised with curcumin-
loaded lipid particles used as produced (CRM-loaded LP) and after dialysis (CRM-loaded dLP). A CLSM
image of selectively captured droplets of one of the systems is also depicted to illustrate the particle-covered
interface (inset graph A, ii). The respective data for droplet size (inset graph A, i) and {-potential (B) for
blank lipid particle-stabilised emulsions are also presented for comparison. Identical lowercase letters

indicate no significant differences between samples (for p>0.05 and sample size equal to 3).

5.3.3.3 Encapsulation efficiency and loading capacity of lipid particles

Previous work by the present authors on the characterisation of the particles’ active carrying
capability, revealed that changes to their chemical/physical properties do not alter their
encapsulation efficiency (EE) or loading capacity (LC); with values of 99.9+0.0% and
0.5+£0.0% for each of these, respectively [29]. Values within this range have been previously
reported for similar systems, where the incorporation of curcumin was achieved by simple
solubilisation in lipid melts under stirring [45,46], whereas higher LC values were attained
when organic solvents were employed [47,48]. Overall, the affinity of curcumin for the lipid
matrix components (lipid and/or surfactant type and concentration) used was shown to greatly

affect the obtained values. In the current study, the amount of curcumin persisting within the
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(as produced) SLNs and 7:3 NLCs following dialysis, after incorporation within an emulsion
microstructure, but also over storage, was evaluated by measuring both the corresponding EE
and LC values. Herein, the values determined for both parameters were the same as for the
aqueous lipid particle dispersions. Notably, neither exposure of the particles to the dialysis
conditions, nor introduction of a second phase (oil droplets) during emulsification,
compromised their active carrying capacity. Thus, curcumin appears to maintain a close
association with the microstructure, with no evidence of migration to the continuous phase.
This could be possibly the result of the good solubilisation capacity/affinity of the used lipid
matrix components for the active, as has been previously shown [29], but also a consequence
of the relatively low quantity of active used/entrapped, allowing for an improved detainment
within the colloidal microstructures. However, it should also be noted here, that within an
emulsion setting, the absence of the active from the continuous aqueous phase does not
necessarily confirm that the high encapsulation efficiencies are maintained due to the presence
of the active solely within the particle structure. The prospect of a level of active migration to
the oil used as the dispersed phase (i.e. the oil droplets that the particles are stabilising and thus
are in partial contact with) is also possible. This is discussed in more detail in the following

section.

5.3.3.4 In vitro release performance of lipid particles

The initial parts of this work have demonstrated the ability of the lipid particles (studied here)
to successfully exhibit a Pickering functionality while also acting as active carriers. The present
section investigates the parameters affecting the capacity of these lipid structures to deliver
their encapsulated load. What is more, it also assesses how lipid particle placement within an

emulsion setting (interface or continuous phase) impacts on the release performance
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demonstrated by the same colloidal species when present within a simple aqueous environment;
I.e. release exhibited by the lipid particles in an aqueous dispersion. In both cases, the
functionality of the lipid particles as delivery systems, was investigated prior and post dialysis.
The SLN (Fig. 5.8A) and 7:3 NLC (Fig. 5.8B) lipid formulations, that were previously
confirmed to be able to retain both functionalities of Pickering stabilisation and active carrying,
were here employed to study the release of curcumin, selected as a model hydrophobic active

[29].

It appears that both types of particles (in an aqueous dispersion) can function as release
regulators for curcumin, with the obtained release rates showing drastic decrease compared to
that from a pure curcumin aqueous solution; the latter having a curcumin concentration
equivalent to that present in the continuous phase of both particles and emulsion systems, if
none was contained within the dispersed phase. More specifically, the 7:3 NLCs demonstrated
even more sustained release than the SLNs (both as undialysed lipid particles in dispersion),
with 12.2% and 21.2% of curcumin released after 7 days, respectively. The differences in the
curcumin release profiles cannot be explained in terms of particles size changes between the
SLN (165 nm) and NLC (163 nm) lipid structures [29]. Instead, it could be that the
incorporation of liquid lipid in the NLCs gives rise to structural re-organisation of the lipid
particle matrix by the creation of a less ordered crystalline state, which could also be seen in
their DSC profiles [29]. Such an effect could ultimately alter the active distribution/localisation
within the particle structure, that could sequentially lead to acceleration [49,50] or hindering of
the release profile [51]. Increase in the particles’ liquid lipid content could also impact the
relative compatibility between the active and the lipid matrix components, which (in this case)
results in a hindrance of the release of the former [10,52]. Conversely, the dialysed particles

(dSLNs and dNLCs) demonstrated an increased release rate compared to their undialysed
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equivalents. This could have been instigated by the exposure of particles (dSLNs and 7:3
dNLCs) to the dialysis conditions (e.g. high osmotic stress) and bulk aqueous environment (of
equivalent capacity/volume to that used during the release experiments themselves) for longer

periods of time than the undialysed ones.
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Fig. 5.8. In vitro release profile of a model hydrophobic active (curcumin) from SLN (A) and 7:3 NLC (B)
dispersions used as produced and after dialysis, and also after emulsion incorporation. The release profile
from a curcumin solution obtained under the same conditions is also depicted. The long-term stability of

the release performance after 3 months of storage is depicted for all systems in (C) and (D), respectively.
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The in vitro release kinetic Crank model fitting of curcumin for each dispersion (dotted line) and emulsion

system (dashed line) is also presented.

In contrast, curcumin release from lipid particles within an emulsion setting (particles also
acting as Pickering stabilisers for the emulsion droplets) was faster than that exhibited by
equivalent particles in an aqueous dispersion (Fig. 5.8A & B). Similarly to what was observed
earlier for the aqueous particle dispersions, emulsions fabricated with either dSLNs or 7:3
dNLCs (dialysed particles), showed a slightly higher release rate compared to their undialysed
counterparts. Furthermore, when comparing the release profiles of the 7:3 NLC-stabilised
emulsions to that of the respective SLN-stabilised systems, it is shown that the release rate of
the former was marginally slower. As such, these observations suggest that the presence on an
oil phase (in the emulsion scenario) plays a crucial role in the discharge of curcumin. At the
same time, the perpetuation of the particles’ release performance (to a certain degree) indicates

that the active regulation ability of each particle type persists even within an emulsion setting.

Fitting the curcumin release data to the Crank model [30] gave diffusion coefficient (D) values
for the particles within the dispersion environment ranging between 10.0 and 71.9 x 1072
cm? s71, while for those present in the emulsions the respective values were (in most instances)
an order of magnitude higher (Table 5.2). The diffusion coefficients determined here for all
systems are lower than the values reported in literature for curcumin-loaded SLNs fabricated
with stearic acid as the lipid phase and Poloxamer 188 as surfactant [7,53]. The type of lipid
source and surfactant used and their affinity for the enclosed active have been previously shown
to influence the active loading capacity [29,46], which in turn can impact on the delivery
performance. The lower D values reported here are in line with the high encapsulation

efficiency/loading capacity values reported for all formulations, regardless of dialysis and/or
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emulsion presence. This is indicative of not only the close association of curcumin with the
particles’ crystalline matrix leading to slow diffusion, but also corroborative of the relatively
low percentage of curcumin being released. Considering the above, along with the persistence
of the EE values after addition of the particles within the emulsion setting, it could be proposed
that the release of curcumin could only be ascribed to diffusion either from the free particles

and/or from within the microstructure provided by the Pickering emulsions.

According to the data reported above, it is clear that the exposure of the particles to the oil phase
creates circumstances that accelerate the release of curcumin into the aqueous acceptor phase.
Delving further into the behaviour of the particles within the emulsion systems, a condition that
could explain the effect of the emulsion addition, is the differentiation between the particles
adsorbed at the oil-water interface and those remaining in the continuous phase. It is therefore
suggested that the relative location/setting renders the particles to experience different
surroundings, as shown in the schematic representation (Fig. 5.9). One surrounding resembles
that of a dispersion setting (Fig. 5.9B.2(i)), where the particles are only exposed to the aqueous
environment of the continuous phase, and the other consisting of a hybrid setting (Fig.
5.9B.2(ii)), where part of the particle structure is exposed to the oil phase and the other
experiencing the continuous phase environment. In terms of the discharge from the latter, the
underlying mechanism could be the outcome of a number of different contributions. Among
these, introduction of the oil phase could cause migration of curcumin molecules adsorbed near
the oil/particle contact points to the oil phase, which following that are more easily released to
the continuous phase through surfactant micelles. Although, this could only constitute a small
contribution, as the release behaviour appears to remain unchanged overtime (Fig. 5.8C & D),
but also due to the minimal solubilisation capacity of sunflower oil for curcumin [54]. Thereby,

the obtained release profiles appear to be the composite of the release from free particles that
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follow the release seen in simple dispersions, oil droplets that release curcumin a lot faster
compared to the solid structure of the lipid particles, and lastly interfacially-adsorbed particles
that would be expected to feed into both previous two patterns. Overall, the particle positioning
at the oil/water interface results in a heterogeneous release pattern for curcumin and an utterly
accelerated discharge in the emulsion’s continuous phase (Fig. 5.9B.3), compared to the
homogeneous release pattern of curcumin in the aqueous environment of the lipid particle

dispersion (Fig. 5.9A.2).

Further to the curcumin migration presented above, other explanations could also lie in the
creation of an added change-inducing potential to the particles themselves and around them,
that leads to faster expulsion of curcumin. This could be stemming either from possible
movement of the adsorbed surfactant molecules from the particle surface being in immediate
exposure to the oil droplets [23,28,55], or even alterations to the arrangement of their
hydrophilic chains, owing to changes in their surrounding environment [56,57]. Any of these
explanations could lead to stripping of any loosely adsorbed curcumin near the particles’
surface. Such phenomena appear to have further intensified in the dialysed particle-stabilised
emulsions, causing slightly higher release rates and D values (Fig. 5.8A & B, Table 5.2). It was
earlier shown (Fig. 5.3) that dialysed particles (dASLNs or dNLCs) have a higher interfacial
presence, thus the faster release exhibited by their emulsions aligns well with the hypothesis
presented here; i.e. that the presence of lipid particles at the emulsion interface facilitates further
active discharge. The interaction and subsequent faster transfer of a fluorescent probe (25-NBD
cholesterol) from adsorbed loaded-lipid particles to the oil phase compared to free loaded-
particles in the continuous phase (and thus not directly associated with the emulsion droplets)
could also be endorsed by the work of Schroder et al. [27]. Although minimal (as indicated by

the DSC data presented earlier), the contribution of crystalline matter loss to the migration of
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the active from the particles to the oil phase (droplets) of the emulsion, should also be

considered.

Table 5.2. Diffusion coefficient (D) and coefficient of determination (R?) describing the fitting into the Crank
model of the release data from lipid particles used as produced and after dialysis, and from particle-
stabilised emulsions. For the emulsions, data fitting is performed on systems prepared with freshly
produced and stored lipid particle dispersions (4 months), and for stored emulsion systems (3 months)

prepared with fresh particle dispersions.

Formulation Storage period (months) D x 107 (cm?s™) R?
SLN —disp. 0 45.1+7.9 0.98
dSLN —disp. 0 71.9+6.3 0.92
7:3 NLC —disp. 0 10.0+£1.2 0.97
7:3 dNLC —disp. 0 11.9+2.3 0.93
0 212+23.2 0.94
SLN —emul. 0 (stored particles) 216+34.2 0.91
3 227%£25.8 0.93
0 311+45.6 0.96
dSLN —emul.
3 340£52.5 0.96
0 1771254 0.97
7:3 NLC —emul. 0 (stored particles) 194+28.9 0.94
3 192+31.2 0.97
0 268%49.8 0.98
7:3 dNLC —emul.
3 290%47.2 0.99
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Fig. 5.9. Schematic diagram of the proposed release mechanism from lipid particles within aqueous

dispersion (A) and emulsion (B) settings.

In an attempt to visualise the location of curcumin within the emulsion systems, the emulsion
droplets were made larger (see Section 5.2.7) and CLSM was employed. Curcumin
fluorescence [58] was primarily detected at the droplet interface and at particles remaining free
in the continuous phase, of a representative emulsion system after 1 hour of production (Fig.
5.10A). This implies the association of curcumin with the particles (in this case SLNSs), whereas
after 1 day of storage curcumin could be also identified within the oil droplets or in closer
proximity to them by migrating closer to the particles surface (Fig. 5.10B). However, this only
stands as supportive evidence of the migration of a small proportion of curcumin in the oil

phase (also owing to the low solubility in sunflower oil [54]), rather than a quantification
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approach, as due to the nature of the visualisation, any occurring events can appear exaggerated.
A similar approach was taken in a study by Milsmann et al. [28], where CLSM was used to
visualise the transfer of coumarin 6 from tristearin SLNs to the oil phase of MCT o/w emulsions
(pre-stabilised with different surfactants). This phenomenon is proposed to take place within a
short period of time after preparation, as already after 1 day a level of migration from the
adsorbed particles to the droplets can be distinguished, although the quantity is expected to be
small in comparison to the total amount that came into the emulsion system through the
particles. The latter is further suggested by the lack of substantial loss of crystalline matter and
the consistent release profiles obtained following long-term storage of both the lipid particle
containing dispersions and emulsions (Fig. 5.8C & D). Further investigations in the previously
reported work [28] using a separated model emulsion system (containing pseudo-phases) and
electron paramagnetic resonance (EPR) spectroscopy revealed the role of surfactant micelles
as facilitators of the lipophilic spin probe TEMPOL-benzoate (2,2,6,6-tetramethyl-4-
piperidinol-1-oxyl benzoate, TB) transfer between the two phases. Additionally, it was
proposed that the probe was primarily expelled from the surface of the particles, rather than the
crystalline matrix. Herein, the presence of surfactant micelles both in the continuous phase
(only in undialysed particle dispersions) and within the dissolution medium accommodated the
curcumin transport towards the acceptor phase. The particle structural properties, particularly
the composition of their surface layer, is an aspect that could greatly impact the release kinetics
of actives either encapsulated within lipid particles in a dispersion environment, or particle-
stabilised emulsion droplets. Formation of thick layers due to the presence of bulkier proteins
around the particles which in turn occupy the interface [7], or capsule-like layers created by the
partial melting of the lipid particles at the interface of the oil droplets [23], can result in hindered

release rates. Thus, the role of the particles as either facilitators or inhibitors of the active
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passage from the crystalline structure that can halt the release rate, to the oil phase that can on

the other hand accelerate it, could be manipulated by altering the interfacial properties of the

former.

Fig. 5.10. Representative images of CRM-loaded SLN-stabilised o/w emulsions acquired using CLSM within
1 h after production (A) and after 1 d of storage (B), indicating the possibility of CRM migration from SLN
to the oil droplets. White borders around droplets are used to indicate where the described phenomenon is

more pronounced.

Lastly, the ability of the (curcumin-loaded) SLNs and NLCs to retain their release performance
following prolonged storage was assessed. Curcumin release data were collected from either
lipid particle-stabilised emulsions that were stored for up to 3 months (Fig. 5.8C & D), or from
‘fresh’ emulsions produced using particles that had been stored (as aqueous dispersions) for up
to 4 months (see Appendix A3, Fig. A3.3). In both cases (and for both SLNs and NLCs), an
almost identical release behaviour to that of 'freshly' produced emulsions stabilised by ‘freshly’
produced lipid particles, was exhibited (Fig. 5.11). The persistence of the particles’ release

behaviour even after 4 months of storage further highlights the catalytic effect of the oil phase
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(droplet) addition on the release rate observed from the emulsion systems. Curcumin appears
to stay entrapped within the microstructure even in the case of the emulsion systems, and only
eventually release under the favourable dissolution conditions (presence of excess surfactant
micelles facilitating the diffusion). Similar data regarding prolonged storage release have been
previously reported for bovine serum albumin (BSA) release from double-layer chitosan-based
particles [59,60] and for telmisartan (hydrophobic drug) release from liquisolid compacts
[59,60], although literature appears to be quite limited. For microstructures intended to be used
as active carriers and delivery systems, this is a particularly important attribute, as it contributes

to broadening their application prospect.
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Fig. 5.11. Comparison of the in vitro release profile of curcumin from SLN and 7:3 NLC-stabilised emulsions
fabricated with particles immediately after their preparation (SLN and 7:3 NLC), and after 4 months of
storage (SSLN and 7:3 sNLC). In vitro release kinetic Crank model fitting of curcumin is presented with a

dotted line for the former and a dashed line for the latter.
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5.4 Conclusions

Having already established the Pickering functionality of both SLNs and NLCs used as
produced and after removal of remnant surfactant from their aqueous carrier phase (in part 1),
this study demonstrated their concurrent capacity to act as active carriers/delivery systems of
an encapsulated model hydrophobic active, thus rendering them dual-functional. In addition to
investigating the active holding/delivery performance of these lipid structures prior- and post-
emulsification, and the effect of certain formulation parameters on these characteristics, part of
the focus was also placed on exploring whether this secondary functionality would compromise
their previously established properties. Monitoring of crystalline matter loss from the lipid
particles, a parameter that has thus far been closely associated with their Pickering functionality,
but also consequently their active delivery regulation ability, revealed that the particles
maintained their structural integrity within emulsions up to 12 weeks in storage conditions.
Regarding their fate within the emulsion environment, it is suggested that the proportion of
lipid particles residing at the emulsion interface can be influenced by the presence of excess
surfactant in the aqueous phase. However, the percentage of adsorbed particles was shown to
remain unaffected throughout the storage period, irrespectively of the presence/absence of
excess surfactant. In terms of the effect of active incorporation on the interfacial properties and
Pickering stabilisation capacity of the lipid particles, it was shown that encapsulation of
curcumin within the SLN and 7:3 NLC formulations did not invoke any changes on either.
Further to confirming the Pickering stabilisation capacity of the curcumin-loaded lipid particles,
the concurrent functionality of acting as active carriers and release regulators was studied. More
specifically, employing both SLNs and NLCs, the ability to regulate the release of curcumin
was exhibited both in a dispersion system and within an emulsion setting; with the

differentiation in the release mechanisms between the two systems being attributed to the
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diversity in the surroundings that the interfacially-adsorbed and unadsorbed particles are
experiencing. Future work using these dual-functional colloidal species could explore the use
of simple o/w emulsions for the co-release of multiple actives, while devising further
approaches to tailor their release performance, such as altering formulation parameters of the

lipid particles.
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Appendix A3

Thermal analysis

Examples of peak integration of the melting thermograms of lipid particle dispersion samples
(SLNs and 7:3 NLCs) performed to acquire the AHgis data, and their respective emulsion
systems to attain the AHTen information are presented below (Fig. A3.1). The peak
deconvolution of the emulsion systems is also depicted, showing how the AHem and AHZen

values were acquired.

"-I Peak 2 Peak 1 A ;1 Peak 2 Peak1 B

SLN — emul.
Peak deconvolution AH!,,

SLN — 1.

AH2,, 7:3NLC - cmul..
Peak deconvolution

AR,

7:3 NLC — emul.

Heat Flow (W/g)
Heat Flow (W/g)

7:3 NLC — disp.

endo

endo
—_—

25 35 45 55 65 75 25 35 45 55 65 75
Temperature (°C) Temperature (°C)

Fig. A3.1. Melting thermograms of representative SLN and 7:3 NLC dispersions and their respective
emulsion systems showing the peak integration to acquire the AHgis and AH"em data. Examples of peak

deconvolution of the emulsion systems to obtain the AHm and AH%m values, are also depicted.
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Fig. A3.2. Melting (A) and crystallisation (B) curves of SLN and NLC aqueous dispersions before dialysis

(black curve) and after removal of excess surfactant (blue curve).
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Fig. A3.3. In vitro release profile of a model hydrophobic active (curcumin) from SLN (A) and 7:3 NLC (B)

dispersions used as produced and after dialysis after 4 months of storage.
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The impact of the interfacial architecture on the release and co-release from lipid particle-
stabilised emulsions

Synopsis

The effect of lipid particle formulation parameters on the release and co-release regulation
of two hydrophobic actives separately encapsulated within the particles themselves and
within lipid particle-stabilised (Pickering) emulsion droplets is explored. Having previously
demonstrated the dual functionality of solid lipid nanoparticles (SLNSs) and nanostructured
lipid carriers (NLCs), with regard to their concurrent Pickering stabilisation and active
carrying/delivery, the present work aims to provide further understanding on how the
delivery of the actives can be regulated by tuning microstructural characteristics. Active-
containing SLNs and NLCs were fabricated with different solid lipid and surfactant types,
and their release profiles within dispersion and emulsion settings were attained. Disparities
between the active release profiles from the particles in aqueous dispersions or at an emulsion
interface, were related to the specific lipid matrix composition. Particles composed of lipids
with higher compatibility with the oil phase of the emulsion droplets were shown to hold less
control over their release regulation ability, as were particles in the presence of surfactant
micelles. Irrespective of their formulation characteristics, all particles were able to provide a
level of control of the release of the active encapsulated within the emulsion droplets. In
particular, changes in the permeability of the interfacial layer due to particle sintering at the
droplet interface resulted in more sustained droplet release rates. Compared to the sole
release, the co-release performance was suggested to remain unaffected by the co-existence
of the two hydrophobic actives (within the lipid particles and emulsion droplets), with the

(co-release) behaviour persisting over a storage period of 1 month.
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The impact of the interfacial architecture on the release and co-release from lipid particle-
stabilised emulsions

6.1 Introduction

Within the research area of multi-active encapsulation and delivery across different sectors [1—-
9], incorporating more than one active ingredients within the same vehicle has been shown to
enhance efficacy and bioactivity through synergistic or additive effects between the encased
species [10,11]. To this end, in pharmaceutical applications, solid-phase formulations have
been primarily investigated [12—14], with less focus on liquid-based systems, despite numerous
advantages [15-17]. Among the liquid-phase approaches, Pickering emulsions stabilised with
particulates of varying physicochemical characteristics have been explored, with most studies
primarily focusing on confirming the concurrent stabilisation and co-encapsulation aptitude of
the systems, and less so on how the interfacial presence of the particles affects the co-release
performance. The impact of the microstructural components’ composition on the obtained co-
encapsulation efficiency [18], the effect of co-encapsulation on the system’s properties (i.e.
droplet size) [19], and the influence of the particles’ characteristics on attaining independent
and triggered co-delivery [20] have been highlighted in relevant literature. Exploring further
the impact of the active co-encapsulation and interfacial particle presence on the co-release
performance, it has been suggested that the creation of less permeable interfacial layers, either
due to encapsulation of an active in the Pickering particles [21], or particle sintering at the
droplet interface [22] can overall hinder the release of the active encapsulated with the emulsion
droplets. In fact, the potential of controlling the active release from w/o emulsions by
manipulating the architecture of their lipid-decorated interfaces via sintering, has been
previously revealed as a promising approach for attaining triggered release, through
temperature control [23,24]. Thus, it appears that manipulating the interfacial layer
characteristics could be a promising tool for simultaneously regulating the co-release behaviour

of the separately encapsulated actives.
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stabilised emulsions

The current work aims to build upon previous research on the capacity of lipid particle-
stabilised emulsions to act as a co-encapsulation and co-delivery system [25,26]. The effect of
formulation characteristics of the lipid particles, both solid lipid nanoparticles (SLNs) and
nanostructured lipid carriers (NLCs), on their concurrent emulsion stabilisation and active
carrying/release regulation capability was explored. Herein, focus was also placed on the
particles’ ability to provide control over the encasing and release of an active encapsulated
within the emulsion droplets. Therefore, the release profiles of a model hydrophobic active
(curcumin) from SLNs and NLCs with varying formulations aspects, namely the types of solid
lipid and surfactant used, were assessed both within aqueous dispersions and emulsion systems.
Following that, the capacity and extent to which the same, in this case blank, lipid particles can
serve as effective interfacial barriers for the controlled release of a different model hydrophobic
active (cinnamaldehyde) encapsulated within the o/w emulsion droplets was examined. Their
behaviour was compared to simple (surfactant-stabilised) emulsions, while also interfacial
sintering was devised as a means to manipulate the interfacial barrier provided by the lipid
particles and scrutinise how and to what degree further control could be achieved. Finally, the
co-release performance of the two model hydrophobic actives from the lipid particle-stabilised
emulsion was studied to confirm the co-encapsulation and co-delivery potential of the

developed formulation.

6.2 Materials and methods

6.2.1 Materials

Compritol® 888 ATO (C888, glyceryl behenate) and Precirol® ATO 5 (P5, glyceryl

palmitostearate) were kindly provided from Gattefossé (Saint-Priest, France). Miglyol® 812
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(medium chain triglycerides, MCTs) was a kind gift from 101 Oleo (101l Oleochemicals GmbH,
Germany). Tween® 80 (T80, polyoxyethylene sorbitan monooleate), Pluronic® F-68
(Poloxamer 188, P188), curcumin (>65%, HPLC, CRM), pentane (HPLC grade) and
cinnamaldehyde (CA) were purchased from Sigma-Aldrich (Sigma-Aldrich, UK). Oxoid™
phosphate buffered saline (PBS) pH 7.4 tablets were obtained from Thermo Scientific
(Sheffield, UK). Sunflower oil was purchased from a local supermarket, stored in a closed
container at ambient temperature in the dark and used without any further purification. Double
distilled water from Milli-Q systems (Millipore, Watford, UK) was used during all sample

preparation processes and characterisation measurements.

6.2.2 Preparation of lipid particles

The aqueous dispersions of blank or curcumin-loaded SLNs and NLCs were prepared following
a melt-emulsification-ultrasonication method that is fully described elsewhere [27]. The lipid
melts (2.5% wi/w) without or with curcumin (0.5% w/w of the lipid mass) were heated 5-10°C
above the melting point of the solid lipid used (85°C for C888 and 70°C for P5) for 1 hour and
were then combined with the aqueous surfactant solution (1.2% w/w T80 or P188). For the
NLCs, 30% of the total lipid phase was substituted by MCTs. The formed pre-emulsion was
homogenised for 5 min using ultrasonication (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. The crystalline particles were obtained by cooling the o/w
emulsion using an ice bath to a temperature below the crystallisation point of the lipid melts.
Samples were stored at 4°C in the dark (since curcumin is photodegradable) until further

analysis.
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6.2.3 Particle size

Information about the particle size (Z-average) and polydispersity index (PDI) was acquired
with dynamic light scattering (DLS), using Zetasizer Nano ZS (Malvern Instruments, UK). All
measurements were performed at a backscattering angle of 173° at 25°C, and samples were
appropriately diluted with distilled water to avoid multiple scattering phenomena. The
refractive indices were determined according to Sakellari et al. [25,27]. All measurements were
performed in triplicate, immediately after preparation and over time, and the average values
with standard deviation (xS.D.) are presented. Representative size distributions of lipid
particles were also obtained with laser diffraction (LD) using a Mastersizer 2000 (Malvern

Instruments, UK), following a method that is described in detail below.

6.2.4 Interfacial tension

Dynamic interfacial oil/water tensions at 20°C were measured with a profile analysis
tensiometer, using the pendant drop method (PAT-1M, Sinterface Technologies, Berlin,
German). A drop of the SLN or NLC dispersions was suspended via a straight stainless-steel
capillary (3 mm outer diameter) in the sunflower oil phase contained in a quartz cuvette, with
the cross-sectioned surface area remaining constant at 27 mm?. The measurements were
performed until equilibrium was reached (standard deviation of the last twenty measurements
was smaller than 0.05 mN/m). Density information was acquired using a densitometer (Densito,
Mettler Toledo, US), at 20°C. All measurements were conducted in at least triplicate on three

individually prepared samples.
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6.2.5 Preparation of oil-in-water emulsions

Simple or Pickering o/w emulsions were prepared with 90% (w/w) aqueous phase containing
either of the two surfactants at 1% w/w concentration, or any of the different (blank or
curcumin-loaded) lipid nanoparticle systems, respectively, and 10% (w/w) sunflower oil phase.
When cinnamaldehyde (0.3% w/w of the oil phase mass) was encapsulated within the oil
droplets, the active and sunflower oil were stirred together for 1 h prior to the aqueous phase
addition. During emulsification, which was performed employing ultrasonication under the
same conditions as described above for a period of 30 s, the samples were immersed in an ice

bath to avoid shear-inducing heating, and were later stored at 4°C until further analysis.

Emulsions that were thermally processed post-fabrication were heated at either 64 or 78°C for
5, 20 or 60 min (after the desired temperature was reached) using a hotplate under stirring, and

were then cooled in an ice bath.

6.2.6 Droplet size measurements

Laser diffraction (LD) was utilised to obtain droplet size information, employing a Mastersizer
2000 (Malvern Instruments, UK) equipped with a Hydro SM manual small volume sample
dispersion unit. The stirrer speed was set at 1300 rpm, and all samples were hand-mixed before
analysis. The refractive index for sunflower oil was set at 1.47. All measurements were

performed in triplicate on three individually prepared samples.
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6.2.7 Thermal analysis

The thermal behaviour of the SLNs and NLCs within the dispersion and emulsion systems was
evaluated via Differential Scanning Calorimetry (DSC) using a Setaram pDSC3 evo
microcalorimeter (Setaram Instrumentation, France). The temperature cycle used ranged
between 20 and 80°C at a heating rate of 1.2 °C/min. The thermograms were obtained with the
reference cell being filled with equal amount of distilled water. Data processing was carried out
using the Calisto Processing software (Setaram Instrumentation, France), to obtain information
regarding peak temperatures and melting enthalpies. The loss of crystalline matter for the
emulsion systems was determined using information from the total melting enthalpies of the
particles within an emulsion environment (AH"em) and those in an aqueous dispersion setting
(AHdis), and was expressed as a AH em/AHqis ratio. The AHgis and AH'em values were obtained
from peak integration of the particle dispersion and particle-stabilised emulsion melting
thermograms, respectively. All enthalpy values and thermograms reported, are normalised for
the crystallising material amount present in each sample. Specifically for the emulsion systems,
each thermogram was normalised using the information of the respective SLN or NLC
dispersion that was used for the emulsification. All measurements were performed in at least

duplicate.

6.2.8 Electron microscopy

The surface morphology of the emulsion droplets was visualised with cryogenic scanning
electron microscopy (cryo-SEM), using a FEI Helios G4 CX DualBeam - high resolution
monochromated field emission gun, scanning electron microscope (FEG-SEM) with precise

focused ion beam (FIB) (FEI company, Hillsboro, OR, USA) coupled to a PP3010 cryo-SEM
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preparation system (Quorum Technologies, Lewes, UK). The cryo-system was pre-pumped and
cooled to —140°C on the stage with an anti-contaminator which was cooled to —175°C. During

imaging the SEM was using 2 kV and 0.10 nA probe current.

6.2.9 Encapsulation efficiency and loading capacity

The encapsulation efficiency (EE) and loading capacity (LC) of CRM-loaded particles and CA-
loaded droplets was assessed by ultrafiltration using centrifugal ultrafiltration tubes (Amicon®
Ultra-4 filter 10 kDa cut-off, Millipore, Billerica, MA, USA). 1 mL of either the dispersion or
emulsion systems 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 CRM or CA in the filtrate was subsequently determined by
measuring the UV-Vis absorbance (Genova Bio Life Science Spectrophotometer, Jenway®,
Cole-Palmer, UK) at 425 or 278 nm, respectively. Explicitly for CA, a solvent extraction
protocol was followed prior to the absorbance measurements to eliminate any co-absorption
interference at the specific wavelength. An aliquot of the filtrate was mixed with pentane at a
1:2 ratio, and the CA-rich pentane phase was then measured to determine the absorbance. The
concentration of each model active was determined using calibration curves previously
generated, with linearity studied for 0-6 pg/mL and linear regression value of R? = 0.9995 for
CRM, and linearity of 0-28.7 ug/mL and R?= 0.9915 for CA. The EE and LC values were

calculated using the following equations:

EE = =% %100 (%) (6.1)
Le =2z % 100 (%) (6.2)
Lp.
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where Wi. is the amount of active that was initially used during the preparation of the aqueous
lipid dispersions or emulsions, Wy, is the amount of active measured in the filtrate, and Wi, is

the total amount of the lipid/oil components used in the systems.

6.2.10 In vitro release and co-release

In vitro release of curcumin, from curcumin-loaded lipid particle dispersions and particle-
stabilised (Pickering) o/w emulsions was performed by diffusion through a dialysis membrane.
A known amount of the particle dispersions or the Pickering emulsions was enclosed in a
cellulose dialysis membrane (43 mm width, 14 kDa M.W. cut-off, Sigma-Aldrich Company
Ltd., Dorset, UK), and the tubing was introduced in the in vitro release medium (130 Q)
consisting of phosphate buffer saline (PBS, pH 7.4) and 1.0% w/w Tween® 80. At
predetermined time intervals, 1 mL aliquots of the dissolution medium were collected and
analysed by UV-Vis spectrophotometry (Genova Bio Life Science Spectrophotometer,
Jenway®, Cole-Palmer, UK). The in vitro release of cinnamaldehyde-loaded simple or
Pickering emulsion droplets was assessed following the exact same protocol, with a slight
modification at the absorbance measurement step, accordingly to what was previously
described for the EE and LC determination. The absorbance was measured at 425 nm for CRM
and at 278 nm for CA. The release measurements were performed using an Incu-Shake MIDI
shaker incubator (Sciquip, UK) operating at 25°C under constant shaking (180 rpm). The
dissolution of CRM and CA solutions (at equal concentrations as those used in the
dispersion/emulsion systems) prepared using the dissolution medium as solvent was also
assessed. The dialysis membranes were soaked in the dissolution medium overnight, prior to
usage. Sink conditions were maintained by replacing the sampled aliquots with equal volume

of fresh media. The volume correction has been accounted for, in the reported cumulative
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release plots. The measurements were conducted in triplicate using independently prepared

samples.

For the co-release assessments, the only adaptation in the above-described method was relevant
to doubling the volume of aliquots withdrawn, to allow for sufficient quantification volume.
For the stability assessments, the co-release measurements were performed immediately after

preparation and after 1 month of storage at 4°C.

6.2.11 Modelling of release data

The release data from the CRM-loaded lipid particles either in dispersion or emulsion settings
were fitted into the mechanistic model described by Crank [28], to gain further insight regarding

the underlying release mechanism. The diffusion coefficient (D) was determined as follows:

Q: 6 v 1 Dn?m?t (6.3)
RN
n

where Qs the mass of active released at time t, Q- is the total mass of active released when
the formulation is exhausted, n is the number of the term in the series, r is the particle radius
(calculated using the Z-average), and D is the apparent diffusion coefficient of the active within

the system.

Regarding the release of actives from within emulsion droplets, two limiting models have been
previously described [29,30] and utilised in literature [22,31,32]. According to these, the release
of the active is either primarily driven by diffusion through the oil droplet, or it is limited by

the presence of an interfacial barrier around the emulsion droplet.
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When the former is true, there is no interfacial barrier effect on the diffusion of the active

through the oil core, and the release at long times can be approximated by:

Q; 6 2D (6.4)
ln(l ——OO) = ln(F) _T_Zt
which is the linear form of the following:
Q . 6 2D . (6.5)
0. —5 €Xp =

The symbols retain their previous meaning (Equation 6.3), but relevant to the emulsion droplets.
For the emulsion radius (r), the D3> data acquired from the LD measurements was used. Using
Equation 6.4 and plotting the In(1-Q/Q.) against time will have a limiting slope of (n?D/r?),

which can be used to calculate the diffusion coefficient D.

For the alternative model, where the active discharge is governed by the transfer across the
interfacial barrier and the active is considered to be uniformly distributed within the emulsion

droplet at all times, the following long-time approximation equation was used:

r? Q (6.6)
< n(1 —Q—;) = —kyt
which is the linear form of the following:
-3k :
_goi:l—exp( 21t) (6.7)
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where ki is the interfacial rate constant, with all other symbols retaining their meaning.
Comparably to the previous model, plotting the natural logarithmic term on the left-hand side
of Equation 6.6 against time would provide with a straight line, the slope of which can be used

to calculate ki.

The D values attained here were in the range of 107!, and thus significantly lower than those
calculated using the Stokes-Einstein equation (D = 1.3x10~7 cm? s1) for a small molecule
diffusing through sunflower oil. If release was driven by diffusion, it would be expected that
the estimated values would be close to that calculated by the Stokes-Einstein equation, but also
close to one another, provided that the same oil phase was utilised in all formulations
[22,29,31,32]. Therefore, the release should be primarily governed by transfer across the
interfacial layer, rather than diffusion, and any ki differences should come as a result of having
structurally different interfaces. The interfacial barrier-limiting model was further considered

for the emulsion release behaviour at longer times (t > 30 min).

6.2.12 Statistical analysis

Samples were analysed in at least triplicate and averages are reported with standard deviation.
Figures depict the calculated average value 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.
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6.3 Results and discussion

6.3.1 Release from lipid particles

Recently, SLNs and NLCs were utilised as dual functional species, with the intent of
simultaneously regulating the encapsulation/release of curcumin (used model hydrophobic
active) and acting as Pickering emulsion stabilisers [25,26]. Though the introduction of the
particles within the emulsion system was shown to accelerate the release rate compared to that
in a dispersion setting, both types of particles were still able to regulate the discharge of
curcumin, with overall sustained release profiles being reported (~50% released over 7 days),
while maintaining their Pickering stabilisation capacity [26]. Herein, the impact of modifying
lipid particle formulation aspects, namely the type of solid lipid used and its combination with
a liquid lipid, as well as the type of surfactant employed, on the release behaviour from within

both dispersion and emulsion settings will be explored.

6.3.1.1 Lipid particles in dispersions

Prior to introducing the lipid particles within the emulsion systems, their performance in
aqueous dispersions is explored to establish how changes to the formulation parameters affect
their release regulation ability (Fig. 6.1). Based on previous investigations of the release
performance of SLNs and NLCs fabricated with C888 as the solid lipid and MCTs as the liquid
lipid, it was proposed that addition of MCTs results in the structural re-organisation of the
particles’ lipid matrix into a less ordered crystalline state, a phenomenon that in turn decreases
the rate of curcumin release [26]. Additionally, the release mechanism was described as
diffusion-driven, due to both the overall slow release rate and high EE/LC values for either type

of particles, and the low diffusion coefficients (D).
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Delving further into the influence of modifying the lipid particles’ composition, the high
melting point solid lipid C888 was substituted by the lower melting point P5, keeping the rest
of the formulation aspects unchanged, and the release performance of P5 SLNs and NLCs was
investigated (Fig. 6.1B). Compared to their C888 counterparts (Fig. 6.1A), both lipid particle
types demonstrate almost identical release profiles and very similar D values (Table 6.1).
According to previous solubility studies (Chapter 3, [27]), C888 and P5 have comparable CRM
solubility thresholds (0.6 and 0.7%, respectively), while their EE and LC values were the same
(99.9+0.0% and 0.5+0.0%, respectively). Considering the above, it could be assumed that the
localisation of curcumin and/or internal arrangement of the lipid particles, for both the SLNs,
but also the NLCs pairs are akin. Several studies have discussed the incapacity of the crystalline
lipid structure of SLNs to host active molecules, and the subsequent expulsion/migration of the
latter towards the surface of the particles [33-35]. Correspondingly, addition of the liquid lipid
component within the solid matrix has been associated with solid/liquid phase separation,
particularly for higher liquid lipid concentrations, and concentration-dependent creation of
distinct lipid structures [27,36,37]. Once the solid lipids’ solubility limit for the liquid
component is exceeded, liquid oil nano-compartments can be formed within the matrix, or the
liquid lipid can be concurrently expelled towards the surface [33,38]. The formation of these
compartments requires that sufficient space is available within the arrangement/packing of the
crystalline element. Specifically for C888, when the lipid is crystallised at a cooling rate of
1 °C/min, which is very close to the one used in this work (1.2 °C/min), the co-presence of two
lamellae has been reported [39], leading to matrix imperfections [40]. Recently, Galeano et al.
[35] described the stages of active (paraben) exclusion as the lipid matrix crystallises, towards
the MCTs-rich surface of trimyristin NLCs, or in-between the trimyristin crystals and the

surfactant (P188) layer in SLNSs. In this study, both C888 and P5 are mixtures of variable
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triacylglycerols; the former of slightly longer alkyl chains, while the latter of more varied
composition (behenic acid and palmitic/stearic acid esters, respectively). Additionally, in both
types of NLCs, the prospect of the presence of polymorphs characterised by lower packing
densities has been previously discussed (Fig. 6.2A & B) [27], thereby not utterly excluding the
possibility of MCTs compartment formation within the NLCs’ structure [41,42]. However,
taking into account that MCTs is used at a 30% w/w concentration of the total lipid phase,
which is likely exceeding the solubility limits of either solid lipid for MCTs, it is expected that
the bulk of the liquid lipid component will be contained near the surface of the particles [33,38].
Consequently, given the solubility constrains imposed by the solid lipid crystallisation, it can
be hypothesised that CRM will be preferentially located within the MCTs phase (NLCs) or near

the surface of the particles (SLNs), at least when it comes to its highest proportion [35,43,44].

The next parameter assessed was the effect of the lipid particle formation in the presence of
different surface active species types on the CRM release regulation capability, with both SLNs
and NLCs fabricated with P188 as surfactant and C888 as the solid lipid (Fig. 6.1C). Compared
to their T80 counterparts, both P188 particle types exhibited faster release. Furthermore, there
was almost no difference between the C888/P188 SLN and NLC formulations, as opposed to
the slower NLC release recorded for the particles fabricated with T80 for either type of solid
lipid. The D values calculated for these systems (Table 6.1), although higher than the particles
formed with T80, are still significantly lower than values reported in literature for curcumin-
loaded SLNs fabricated with stearic acid as the lipid phase and P188 as surfactant [22,45].
Taking into consideration that there are only very small particle size differences (Table 6.2),
and the EE/LC values remain the same in all particle types [27], it could be suggested that the
discrepancies in the release behaviour are driven by the surfactant substitution. Based on the

melting behaviour of the C888/P188 lipid particles where a diminished degree of polymorphism
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is observed (Fig. 6.2C), and previous investigations regarding the compatibility between the
lipid matrix components [27], T80 appears to participate in a greater extent within the
crystalline network (close to the particle surface). Therefore, it could be also postulated that the
co-existence of C888/T80 in SLNs or MCTs/T80 in the case of NLCs at the edge of the
particles’ structure and near the particles’ surface is posing an additional barrier for CRM to
cross, possibly due to the creation of a favourable hydrophobic environment compared to the
dissolution medium, particularly in the latter. Contrary to the potentially denser packing
arrangement provided by the smaller T80 molecules, the larger molecular size P188 molecules
could not provide an as tightly packed interface, which together with their limited crystalline
network participation provided curcumin easier and more extended access to regions much

closer to the surface of both SLNs and NLCs [46].

With respect to the quite slow release rate from all 6 lipid particle types (<50% CRM released
cumulatively in 7 days), similar trends have been previously reported for SLNs and NLCs
encapsulating hydrophobic moieties [47-50]. Such sustained release profiles are usually
ascribed to hindered diffusion of the active molecules through the highly ordered crystalline
arrangement of the lipid particles, though active partition coefficients and solubility constraints
could also contribute to the stunted release percentages and lengthy experimental times [51-
54]. Herein, the dissolution medium was selected based on two criteria; firstly, it was
prerequisite to have sufficient solubilisation capacity for the amount of active present in the
particle dispersions during the release studies (sink conditions), and secondly based on
previously reported literature [55,56] and its use in similar systems, it was anticipated that it
would not impact on the lipid particles’ integrity over the timescales of the measurement, to
ensure that the effect of the formulation aspects was adequately represented. However, it should

also be noted that the selection of a solvent for which CRM has a higher affinity compared to
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the selected lipids, and hence would result in lower partition coefficient [57,58], and/or higher
solubility thresholds could potentially lead to much faster release rates. Therefore, the results
presented here in terms of the release profiles, but also with regard to the diffusion coefficients

should only be approached as a relative measure of the influence of formulation parameter

changes.
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Fig. 6.1. In vitro release profile of curcumin-loaded SLN and NLC dispersions formulated with either
Tween® 80 (T80) as surfactant and different types of solid lipid (A) Compritol® 888 ATO (C888) and (B)
Precirol® ATO 5 (P5), or different surface active species (C) Poloxamer 188 (P188) and C888 as solid lipid.
NLCs were fabricated with Miglyol® 812 as the liquid lipid, at 30% w/w of the total lipid phase mass. The
release profile from a curcumin solution obtained under the same conditions is also depicted (A). The in
vitro release kinetic Crank model fitting of curcumin for each SLN (dashed line) and NLC (dotted line)
dispersion is also presented. Graph A has been previously shown in [26] and is provided here for comparison

purposes.
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Table 6.1. Diffusion coefficient (D) and coefficient of determination (R?) describing the fitting into the Crank

model of the curcumin release data from lipid particles within dispersion and emulsion systems. Identical

lowercase letters indicate no significant differences between samples.

Lipid particle setting  Lipid formulation D x 1072°(cm?s™) R?

C888/T80 SLN 45,1+7.92 0.98

C888/T80 NLC 12.1+1.48 0.97

) ) P5/T80 SLN 45.0+3.72 0.96
Dispersions

P5/T80 NLC 6.6+1.28 0.91

C888/P188 SLLN 214+34.5P 0.95

C888/P188 NLC 178+23.1° 0.98

C888/T80 SLN 213+23.2b 0.94

C888/T80 NLC 177+25.4° 0.97

] P5/T80 SLN 546+45.1°¢ 0.96
Emulsions

P5/T80 NLC 171+45.8° 0.98

C888/P188 SLN 278+39.0P 0.99

C888/P188 NLC 310+51.0° 0.99

Table 6.2. Z-average and polydispersity index (PDI) of different SLN and NLC formulations measured after

preparation.

Formulation Z-average (nm) PDI
C888/T80 SLN 165.1+2.7 0.20+0.02
C888/T80 NLC 163.2+3.8 0.12+0.01

P5/T80 SLN 176.0+£9.6 0.28+0.04

P5/T80 NLC 134.4+7.1 0.14+0.04
C888/P188 SLN 139.7£1.9 0.20+0.01
C888/P188 NLC 133.71£2.1 0.18+0.02
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for lipid particles formulated with either Tween® 80 (T80) as surfactant and different types of solid lipid
(A) Compritol® 888 ATO (C888) and (B) Precirol® ATO 5 (P5), or different surface active species (C)
Poloxamer 188 (P188) and C888 as solid lipid. NLCs were fabricated with Miglyol® 812 as the liquid lipid,
at 30% wi/w of the total lipid phase mass. The curves were normalised for the amount of solid matter present
in each sample and shifted along the ordinate for better visualisation. Graph A has been previously shown

in [26,27] and is provided here for comparison purposes.

6.3.1.2 Lipid particles in emulsions

The dual role of both SLNs and NLCs to act as Pickering stabilisers and in tandem as release
regulators of CRM was previously confirmed, using particles fabricated with C888 and T80
[25,26]. Particular focus was placed on the lipid particle and particle-stabilised emulsion
properties that can have an effect on the release behaviour, and the underlying mechanism that
drives said release. It was suggested that the CRM discharge from particle-loaded Pickering
emulsions is the composite of the release from particles remaining dispersed in the continuous
phase, and particles adsorbed at the droplet interface [26]. The increased release rate compared

to the particle dispersions was attributed to both particle characteristics and emulsion
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formation-induced phenomena; more specifically to partial migration of any loosely entrapped
curcumin to the oil phase and contribution of crystalline matter loss. Therefore, before probing
deeper into the release performance of lipid particles with modified formulation parameters,
namely type of solid lipid and surfactant, physical characteristics of both the particle dispersions
and the respective particle-stabilised emulsions were scrutinised. This was performed to gain
further insight into the microstructural properties of the formed systems, particularly in terms

of their Pickering behaviour.

Among these was the interfacial tension reduction capacity of the particles (Fig. 6.3), based on
which information regarding the interfacial decoration of the particles can be extracted. It was
observed that both P5 fabricated particle types had identical interfacial tension reduction ability
with an equilibrium value of 6.3 mN/m, which was at similar degree as that recorded for the
C888 NLCs (Fig. 6.3A & B), and higher than the C888 SLNs. Considering that all T80-formed
particles have similar sizes and equal amount of surfactant was used, this disparity could be
attributed to differences in the lipid composition of the particles affecting the arrangement and
packing density of surfactant molecules at their interface. Particles prepared with P188 as the
surfactant demonstrated considerably higher equilibrium interfacial tension values, with 15.3
and 14.3 mN/m for the SLNs and NLCs, respectively (Fig. 6.3C). This observation could be
stemming from differences in the molecular size of the two surfactants, which in turn could be
resulting in different packing arrangements at the particles’ interface. T80 seems to instigate a
higher interfacial tension reduction compared to P188, possibly owing to a higher and more
tightly packed interfacial presence, caused by its smaller molecular size, as supported by the
trends of both aqueous surfactant solution curves [59]. The effect of the surfactant molecular
size is also reflected in the obtained emulsion droplet sizes. Regardless of the type of solid lipid

used or type of lipid particle (SLN/NLC) created, particles fabricated with T80 exhibited almost
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identical droplet size distributions (Fig. 6.4A & B), while P188 particles formed droplets that
were an order of magnitude larger (Fig. 6.4C). This could be due to the slower movement of

P188 molecules to the oil/water interface compared to T80, thus leading to larger droplet sizes.
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Fig. 6.3. Dynamic interfacial tension of aqueous dispersions of SLN and NLC formulations prepared with
either Tween® 80 (T80) as surfactant and different types of solid lipid (A) Compritol® 888 ATO (C888) and
(B) Precirol® ATO 5 (P5), or different surface active species (C) Poloxamer 188 (P188) and C888 as solid
lipid. NLCs were fabricated with Miglyol® 812 as the liquid lipid, at 30% w/w of the total lipid phase mass.
The curves of pure T80 and P188 solutions with similar concentration (1.2% w/w) as of those used for the
dispersions are also presented for comparison. Data points are the average of three measurements and error
bars represent the standard deviation. Graph A has been previously shown in [25] and is provided here for

comparison purposes.
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Fig. 6.4. Droplet size distribution of SLN- and NLC-stabilised emulsions, with lipid particles formulated
with either Tween® 80 (T80) as surfactant and different types of solid lipid (A) Compritol® 888 ATO (C888)
and (B) Precirol® ATO 5 (P5), or different surface active species (C) Poloxamer 188 (P188) and C888 as
solid lipid. NLCs were fabricated with Miglyol® 812 as the liquid lipid, at 30% w/w of the total lipid phase

mass. Graph A has been previously shown in [25] and is provided here for comparison purposes.

The loss of crystalline matter once the particles are introduced within the emulsion systems was
also explored, as this has been suggested as a factor impacting their release behaviour.
According to Fig. 6.5, there was a greater loss of crystalline material for the P5/T80
SLNs/NLCs compared to C888 containing particles. As it has already been suggested in
literature [26,60,61], the type of lipid source used can play a crucial role in lipid mass transfer
phenomena, with surfactant micelles facilitating the transfer of oil molecules from the emulsion
droplets to the lipids constituting the particles’ lipid core. Such occurrences could either be
directly related to particles adsorbed at the emulsion interface or even particles remaining free
in the continuous phase. In this instance, it appears that the potentially higher compatibility of
P5 (glyceryl palmitostearate) and sunflower oil (containing triglycerides of palmitic and stearic
acids), due to their closer chemical composition compared to that between C888 and sunflower
oil, could be further aiding dissolution [27,62]. On the contrary, emulsion formation did not

cause any losses for the C888/P188 particles, possibly owing to the improved protection
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provided by the P188 molecules over such incidents. As mentioned above, besides the type of
lipid source, another aspect affecting this event is the formation and presence of surfactant
micelles within the continuous phase [63-66]. In this work, the aqueous P188 concentration
even before addition to the pre-emulsion used for the particle dispersion production, was a lot
lower than its critical micelle concentration (CMC, 17.9 mM) [67]. Therefore, the lack of
micelles present in the systems to facilitate any mass transfer, in combination with the usage of
a lipid (C888) with very low aqueous solubility [61] has led to no losses compared to the already
minimal crystalline matter reduction reported for the C888/T80 particles. Lastly, the fewer
particle/oil contact points should be accounted, as the proportion of C888/P188 particles
required to cover the oil droplet surface area is a lot less than that of the C888/T80 particles, as

a result of the significantly larger emulsion droplet sizes produced with the former (Fig. 6.4).
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Fig. 6.5. Ratio of the melting enthalpies of the particles within an emulsion environment and those in a lipid
particle dispersion setting (AH"em/AHudis), representing the amount of crystalline material remaining within
the emulsions stabilised by different types of lipid particles. Identical lowercase letters indicate no

significant differences between samples.
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With regard to their release regulation ability, both particle types prepared with P5 exhibited
faster release comparatively to the respective particles fabricated with C888, and same trends
in terms of the P5 NLCs showing more sustained release than the P5 SLNs (Fig. 6.6A & B).
The greater loss of crystalline matter in the P5/T80 SLNs/NLCs (Fig. 6.5) could account for
the higher release rate, particularly in the first half of the measurement (first 90 h). Previous
work utilising DSC data of the particle-stabilised emulsions [26] has shown that it is possible
to estimate the particle interfacial occupancy by ascribing different melting peaks to particles
present at the interface or particles remaining in the continuous phase. More specifically, for
C888 SLNs and NLCs the adsorbed particles percentage was approximately 60 and 75%,
respectively. Although an estimate of the adsorbed/unadsorbed ratio for either P5/T80 or
C888/P188 SLNs/NLCs could not be made, owing to the complex melting behaviour of the
particles in the emulsion system (Fig. 6.2B & C), it could be assumed that an excess
concentration of them was used, and thus a portion of them is not associated with the droplet
interface [25]. Conversely, the CRM release rate from both P188-formed SLNs and NLCs at
the emulsion interface was only marginally higher to that exhibited by the particles in an
aqueous dispersion setting (Fig. 6.6C). In view of the effect that the surfactant type has on any
mass transfer occurrences, whether that is the active or participating lipids, these data come as
no surprise. The absence of any micelles available to facilitate any dissolution of solid matter
and thereby release of any CRM associated with it, as well as the higher percentage of
unadsorbed C888/P188 particles in the continuous phase (due to the lower number required to
cover the smaller droplet surface area) rather than “exposed” to the oil phase, can be aiding
towards the lack of release profile changes. The D values were in the same order of magnitude
for all particle-stabilised emulsions (Table 6.1), with only exception the P5/T80 SLNs that were

characterised by a significantly higher D value, which aligns well with the fact that this was the
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particle type with the higher loss of crystalline matter. The EE and LC remained the same as

for the dispersions (99.9+0.0% and 0.5+0.0%, respectively).
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Fig. 6.6. In vitro release profile of curcumin-loaded SLN- and NLC-stabilised emulsions formulated with
either Tween® 80 (T0) as surfactant and different types of solid lipid (A) Compritol® 888 ATO (C888) and
(B) Precirol® ATO 5 (P5), or different surface active species (C) Poloxamer 188 (P188) and C888 as solid
lipid. NLCs were fabricated with Miglyol® 812 as the liquid lipid, at 30% w/w of the total lipid phase mass.
The in vitro release kinetic Crank model fitting of curcumin for each emulsion system stabilised by SLNs
(dashed line) or NLCs (dotted line) is also presented. The release profile from a curcumin solution obtained
under the same conditions (A), and that of the particles within the dispersion systems are also depicted in
each respective graph. Graph A has been previously shown in [26] and is provided here for comparison

purposes.

6.3.2 Release from emulsion droplets

Within this work, apart from their active carrying and release regulation ability that was
demonstrated above, the lipid particles are also in tandem acting as Pickering emulsion
stabilisers. The latter functionality can be equally translated into two aspects; the first being the
particles’ droplet stabilisation capacity, and the second the level of control they can provide

over the release of a secondary active encapsulated within the emulsion droplets. Provided that
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there are two rate-limiting factors relevant to the release from within emulsion droplets as has
been previously suggested in literature formulations [22,29-32], those being the active’s
diffusion within the oil droplet and its subsequent transfer across the interfacial barrier
surrounding the droplets, the formulation properties of the lipid particles can be influencing
said barrier to a varying extent. Therefore, the range of SLNs and NLCs that were previously
investigated for their curcumin discharge regulation, were now utilised as blank colloidal
species providing Pickering stabilisation to emulsion droplets loaded with cinnamaldehyde,

used as a (secondary) model hydrophobic active.

For the purpose of establishing a reference for the impact of the particles’ interfacial presence
on both the droplets’ active carrying and release governing capacity, simple emulsions
fabricated with either of the two surface active species used in the lipid particle preparation
(T80 or P188) were also studied. Compared to a cinnamaldehyde solution, encasing of the
active within the emulsion droplets appears to slow down the release rate to a certain degree,
with full discharge achieved within 100 min for the former and a delay of 50 and 150 min
recorded for the P188 and T80 stabilised emulsions, respectively (Fig. 6.7A). Properties like
the droplet size distribution and EE/LC were also determined, with both emulsions showing
bimodal distributions with a main peak at around 1 um and a smaller at ~0.25 um (Fig. 6.7B),
and no significant differences in the attained EE and LC values (approximately 83% and
7.6x1073 %, respectively) (Table 6.3). In contrast, the presence of the lipid particulates seems
to slow down the cinnamaldehyde release rate and overall percentage discharged.
Approximately 75% release was reached at 280 min for both C888/T80 and P5/T80 particles,
and 40% was released at the same timescale for the C888/P188 counterparts, while almost
identical profiles were obtained for SLNs and NLCs with the same formulation characteristics

(Fig. 6.8). In terms of the capacity of the particles to improve the amount of active remaining
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contained within the droplets, the EE and LC values were in the same range as for the simple
emulsions (Table 6.3). This suggests that the active retention within the droplets is
predominantly governed by the characteristics of the oil phase, rather than their interfacial

decoration.

Even though o/w emulsions represent a suitable and adaptable platform for the encapsulation
and delivery of poorly water-soluble actives, owing to their droplets’ inherent hydrophobic
character and easily tuneable physicochemical characteristics (e.g. type of oil/surfactant,
droplet size), the absence of any physical barrier at the droplet interface can lead to burst release
and active expulsion overtime [68—71]. Herein, it was shown that differences in the interfacial
composition, from surfactant molecules to lipid particles, and even more specifically changes
in the structure of the particles themselves, do in fact alter the release kinetics. In literature,
complete release from simple emulsions has been shown to occur over varying timescales
ranging from a couple of minutes for small hydrophobic solutes such as chlorpromazine from
soya oil droplets stabilised with P188 [29], to a couple of hours for the release of dibutylpthalte
from polydimethylsiloxane bare droplets [72]. This data aligns well with what is reported here,
as any small difference could be related to disparities in the droplet sizes, variations in the
partition coefficient values between the used active, oil phase and dissolution medium, and/or
altered release measurement methods. Concerning the effect of the particle addition,
preliminary studies revealed that the incorporation of cinnamaldehyde does not alter the
physical properties of Pickering emulsions. Therefore, required information regarding the
droplet sizes to estimate the interfacial rate constant (ki) values arising from literature models
given in Equation 6.6, was used according to Fig. 6.4. The kyvalues estimated in this work were
in the range of 1071° cm? s™* for the emulsions stabilised by T80-formed particles and almost

three orders of magnitude larger for the C888/P188 SLNs/NLCs-stabilised emulsions (Table
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6.3). Similar values to the C888/P188 particle-stabilised emulsions have been described for
dimethyl phthalate releasing from emulsions stabilised with SLN prepared using whey protein
isolate as the surfactant (3.09x1072 cm? s71) [22], as well as emulsions stabilised by surfactants
with Pickering-like characteristics [32]. On the contrary, emulsions stabilised with T80
particles gave values akin to previously reported data for emulsion stabilised by silica particles
[69,72] and protein/polysaccharide co-precipitates [31]. Such deviations could be ascribed to
disparities in the active partition coefficient and dissolution medium solubility values amongst
the various studies. However, despite the much greater ki values for the C888/P188
SLNS/NLCs, the experimentally recorded release rate for CA was much slower compared to
the T80 counterparts. This could be due to the lower interfacial area owing to their much larger
droplet sizes, but also potentially bridging effects or gelling properties of block co-polymers
like P188 [73], thereby increasing the viscosity of the continuous phase, and hence leading in

slower release rates.

Overall, both SLNs and NLCs were shown to act as effective barriers against the burst release
of a model hydrophobic active. The presence of particles at the droplet interface that bear easily
malleable characteristics could be potentially utilised as a tool for tuning the interfacial structure

according to the desired release performance [74,75].
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Fig. 6.8. In vitro release profile of cinnamaldehyde-loaded emulsions stabilised by SLNs and NLCs

formulated with either Tween® 80 (T80) as surfactant and different types of solid lipid (A) Compritol® 888

ATO (C888) and (B) Precirol® ATO 5 (P5), or different surface active species (C) Poloxamer 188 (P188)

and C888 as solid lipid. NLCs were fabricated with Miglyol® 812 as the liquid lipid, at 30% w/w of the total

lipid phase mass. The interfacial barrier-limited model fitting of cinnamaldehyde for the SLN- (dashed line)

and NLC- (dotted line) stabilised emulsions is also presented.
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Table 6.3. Encapsulation efficiency (EE), loading capacity (LC), interfacial rate constant coefficient (ki),
and coefficient of determination (R?) describing the model fitting for the interfacial barrier-limiting model
of the cinnamaldehyde release data from emulsion systems. Identical lowercase letters indicate no

significant differences between samples.

Formulation EE (%) LCx107°(%) kix10%(cm?s?) R?

T80 84.2+1.0? 7.8£0.02 - -

P188 83.3+£2.8? 7.6+0.0° - -
C888/T80 SLN 80.7+£1.1° 7.7£0.0° 3.9+1.52 0.98
C888/T80 NLC 88.1+3.8? 8.6+0.0¢ 2.6x0.42 0.99
P5/T80 SLN 82.9+2.5? 7.7£0.0° 2.8+0.62 0.99
P5/T80 NLC 83.5+3.3? 7.9+0.01 2.4+0.52 0.99
C888/P188 SLN 84.4+1.4° 8.1+0.08 1900+45° 0.94
C888/P188 NLC 88.0+2.1° 8.1+0.0" 1700+53° 0.94
C888/T80 SLN — 64°C 5 min 80.7+0.9? 7.7£0.0° 1.4+0.72 0.98
C888/T80 SLN — 64°C 20 min 80.9+0.8? 7.7£0.0° 1.4+0.9? 0.96
C888/T80 SLN — 64°C 60 min 81.0£1.0? 7.7£0.0° 2.2+0.52 0.94

6.3.2.1 Sintering

To further evaluate the plausibility of controlling the active discharge from within the o/w
emulsion droplets by manipulating the lipid particle-laden interfacial architecture, the newly
prepared Pickering emulsions were subjected to thermal post-fabrication processing. The
occurrence of solid bridge formation between neighbouring fat crystals that are driven by
mutual adhesion, also known as sintering, has been previously discussed in literature as a means
of controlling the strength of a lipid-based structure and the texture of the resulting products
[76]. Thermal sintering has been widely utilised as a preparation method for colloidosomes,
thereby creating a robust layer at the oil/water interface that can provide not only improved

protection against destabilisation phenomena, but also create microcapsules suitable for
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carrying and delivering active molecules [77,78]. To this end, C888/T80 SLN-stabilised
emulsions were heated either at 64 or 78°C under mild stirring for varying times and changes

in their physical properties and (release) performance were studied.

According to earlier work using the particle-stabilised emulsions [26], the two peaks at ~60 and
70°C observed in their melting thermograms were ascribed to either particles associated with
the emulsion interface (adsorbed) or particles remaining free in the continuous phase
(unadsorbed), respectively. Therefore, the temperatures selected for this proof-of-concept
sintering assessment were based on said melting events, presented in Fig. 6.9A. Heating of the
formed SLN-stabilised emulsions at 64°C for increasing timescales (5, 20 and 60 min) caused
statistically significant loss of crystalline matter compared to the untreated system, although
the loss was overall minimal with all systems maintaining >90% of their initial solid content
intact post thermal processing (Fig. 6.9B). When the emulsions were heated at the highest
temperature (78°C), the melting profile of the system in terms of the relative intensity of the
peaks appeared altered, with the peak at 62°C being more pronounced than the one at 70°C,
suggesting decrease in the proportion of particles remaining unadsorbed in the continuous
phase. Following the extended heating at 78°C, partial phase separation was observed with a
visible oil layer formed at the top of the system. Additionally, droplet size increase was
recorded, possibly due to droplet and/or particle aggregation induced by the complete melting
of the lipid particles both at the droplet interface and within the continuous phase (Fig. 6.10A).
In terms of the release performance, thermally-processed emulsion systems at 64°C displayed
a more sustained release profile with no differences observed between them, and around 50%
of CA being released within 240 min, as opposed to the 75% achieved with the used-as-
prepared emulsion (Fig. 6.10B). Fitting of the interfacial barrier limiting-model gave ki values

lower than for the unprocessed emulsion (Table 6.3). The release performance of samples
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heated at 78°C was not further assessed due to the oil phase separation and discrepancies that
this would cause to the calculation of the percentage of active discharging from the remaining

physically stable droplets.

To gain further insight regarding the interfacial arrangement of the particles following the
thermal treatment, cryo-SEM micrographs were acquired to visualise the emulsion droplets’
surface (Fig. 6.11). For comparison purposes, the interface of droplets stabilised by T80 was
also examined (Fig. 6.11A). Compared to the particle-stabilised emulsions, the surfactant-
decorated interface of the simple emulsion appeared smoother, in accordance with data reported
in literature [79]. Conversely, the emulsions stabilised by any of the different SLN types
(C888/T80, P5/T80 or C888/P188) showed a rougher surface (Fig. 6.11B, E & F), although a
clearly packed particle structure could not be distinguished. Specifically in terms of the impact
of heating at 64 and 78°C, the droplet surface roughness appears somewhat reduced compared
to the respective unprocessed C888 SLN-stabilised emulsion, albeit no particular observations
can be made in regard to the influence of heating temperature (Fig. 6.11C & D). In a study by
Yow and Routh [77], the formation of colloidosomes from colloidal poly(styrene-co-butyl
acrylate) particles via sintering at varying temperatures and durations, was examined in relation
to the release rate of a model active (fluorescein). It was shown that manipulation of the time
and temperature provides control over the porosity and roughness of the formed colloidosome
shell, with smoother shells providing longer release times. The importance of the sintering
conditions when it comes to the tightness and durability of Pickering emulsion-based
colloidosomes was also highlighted in another work [80], whereby reduced oil leakage was
recorded for tightly packed colloidosome layers at the interface. Correspondingly, Rao et al.
[81] demonstrated that longer sintering (3 h) of C888 matrices at 80°C led to retarded release

rate of ketorolac tromethamine, owing to the increased extent and firmness of the sintered
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structure. Overall, the results presented here suggest that a level of particle sintering was
attained following the thermal processing of the formed Pickering emulsions, although further
work is required to better elucidate the effect of the chosen conditions. Amongst these could be
the influence of the occurring interactions and type of bridges formed depending on the
composition of the interfacial layer (i.e. co-existence or not of particles and surfactant

molecules) [76].
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Fig. 6.9. DSC melting thermograms of C888/T80 SLN-stabilised emulsions before and after sintering at 64
and 78°C for varying durations (A). The curves were normalised for the amount of solid matter present in
each sample and shifted along the ordinate for better visualisation. The melting curve of the C888/T80 SLN
dispersion is also provided for comparison purposes. Ratio of the melting enthalpies (AH"em/AHuis) of the
emulsion systems presented in graph (A), representing the amount of crystalline material remaining within
the emulsions post-processing (B). Identical lowercase letters indicate no significant differences between

samples.
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Fig. 6.10. Droplet size distribution of C888/T80 SLN-stabilised emulsions before and after thermal
processing at 64 and 78°C for 60 min (A). In vitro release profile of cinnamaldehyde-loaded emulsions
stabilised by C888/T80-SLNs after being subjected to thermal processing at 64°C for varying durations (B).
The profile of the respective emulsion system prior-sintering is also presented for comparison purposes.
The interfacial barrier-limited model fitting of cinnamaldehyde for each emulsion system is also presented

(- - no processing, ---- 64°C 5 min, — 64°C 20 min, — 64°C 60 min).
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10 pm

Fig. 6.11. Cryo-SEM micrographs of emulsions stabilised with: (A) Tween® 80, (B) C888/T80 SLN, (C)
C888/T80 SLN after thermal treatment at 64°C for 60 min, (D) C888/T80 SLN after thermal treatment at

78°C for 60 min, (E) PS/T80 SLN and (F) C888/P188 SLN.

6.3.3 Co-release from lipid particle-stabilised emulsions

Having established the capability of both lipid particles and lipid particle-stabilised droplets to
separately act as effective carriers and delivery systems of model hydrophobic actives, this part
of the work is scrutinising whether these performances perpetuate when the lipid-particle
stabilised emulsion is utilised as a co-delivery system. Previous work using lipid-particle
stabilised emulsions as a co-delivery formulation has provided indications that this type of
carrier platform can indeed facilitate the independent co-delivery of actives by separately

measuring their release behaviour [22]. Herein, the co-release performance of cinnamaldehyde-
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loaded emulsion droplets stabilised by curcumin-loaded C888/T80 SLNSs, was assessed by
simultaneously acquiring the release profiles of the two actives under the same experimental

conditions (Fig. 6.12).

The co-release profiles for both curcumin (releasing from the C888/T80 SLNs) and
cinnamaldehyde (discharging from the o/w droplets) showed no significant differences to the
profiles that were individually acquired (Fig. 6.12A). As was previously recorded, the highest
percentage of cinnamaldehyde releases over 280 min, while curcumin shows a relatively more
sustained release rate with approximately 40% being released over the 7 day assessment. The
D for CRM and ki constant for CA (130x102° cm? s and 3.2x107%° cm? s 72, respectively) are
in accordance with what was reported above for the singly measured release rates. Notably, the
co-release behaviour was preserved after 1 month of emulsion storage, with no major disparities
being observed in the profiles or release kinetics (D = 250x10%° cm? s and k; = 4.4x10°%°
cm? s1) (Fig. 6.12B). The co-encapsulation of the two actives did not alter the ability of either
compartment in the formulation (i.e. lipid particles and emulsion droplets) to act as an
independent active carrier, with no significant differences in the EE and LC values compared

to the single encapsulation formulations.
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Fig. 6.12. In vitro co-release profiles of cinnamaldehyde-loaded emulsion droplets stabilised by curcumin-
loaded C888/T80-SLNs measured immediately after preparation (A) and after 1 month of emulsion storage
(B). Data are presented at longer (main graph) and shorter (inset graph) timescales to demonstrate
differences in the release rates. The diffusion-driven release kinetic model fitting for all curcumin data
(dotted lines) and the interfacial barrier-limited model fitting for all cinnamaldehyde curves (dashed lines)

are also presented.

6.4 Conclusions

The present study demonstrated the potential of lipid particles to simultaneously regulate the
co-release performance of an active encapsulated within the particles themselves, but also for
a secondary active contained within the Pickering emulsion droplets. Extending previous work
performed on the impact of formulation parameters, namely type of solid lipid and surfactant
used, on the properties of SLNs and NLCs dispersions, the release behaviour was now assessed,
whereby it is suggested that the release rate of the encapsulated active is predominantly

governed by its relative location within the lipid matrix. Following confirmation of the
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Pickering stabilisation capacity of the same particles, changes to their release control capability
once within the emulsion setting were shown to be related to their formulation characteristics.
The compatibility between the particles’ solid lipid and emulsion oil and the presence of
surfactant micelles were suggested to have an inverse effect on the particles’ ability to maintain
control over the active discharge. Correspondingly, their influence was perpetuated to the level
of release regulation that the particles provide while at the droplet interface to an active
encapsulated within the emulsion droplets. Regardless of their composition all particles
exhibited improved control compared to surfactant decorated interfaces, although the surfactant
properties had a significant effect on the release rate. Attempting to manipulate the permeability
of the interfacial layer, a thermal post-fabrication approach was adopted to demonstrate that
interfacial sintering of the particles and hence creation of a less permeable layer can impede the
droplet release even further. Lastly, it was corroborated that the concurrent co-release for the
two model hydrophobic actives was in line with their singly assessed performance. Overall, the
results presented here underline the aptitude of the developed Pickering emulsion as a
promising system for the compartmentalised co-encapsulation and independently controlled co-
delivery of incorporated actives, owing to its tuneable lipid particle-decorated interface. Future
work using this system could explore mechanisms to trigger co-release and investigate its
response under more biologically-relevant conditions, e.g. gastric pH, presence of bile salts

and/or enzymes.
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7.1 Conclusions

The work conducted in this thesis considered the design and development of a novel
emulsion-based liquid structuring strategy that can enable the segregated co-encapsulation and
independent co-delivery of two active ingredients. As discussed throughout this thesis, this
research area is still at its infancy, with currently available formulations having yet to overcome
shortcomings related to their inability to achieve simultaneous and concurrently individual
delivery of each of the encapsulated species, and their microstructural performance having not
been fully elucidated. This work addressed these challenges by adopting a Pickering emulsion

microstructural approach, with lipid particles comprising the stabilising agents.

In the following sections, the main conclusions deduced from this work are summarised.

7.1.1 Lipid particles as active carriers and delivery systems

A big portion of this study was dedicated to the design and characterisation of solid lipid
nanoparticles and nanostructured lipid carriers, specifically in regard to the effect of certain
formulation compositional parameters on their crystalline structure properties and subsequent
active carrying and release functionalities. Understanding the degree to which these formulation
aspects influence said performances, without compromising attributes that enable their
Pickering functionality, could ultimately lead to a tool for tuning the particles’ behaviour not

only within a colloidal dispersion, but also within an emulsion environment.

Solid lipid nanoparticles and nanostructured lipid carrier were fabricated using building
materials that were selected following theoretical and experimental screening to identify

components that would provide the highest solubilisation capacity for curcumin, which was the
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chosen model hydrophobic active. It was found that high encapsulation efficiency and loading
capacity values were achieved and maintained during storage (up to 7 months for certain
samples), by keeping the amount of active used close to the solubilisation threshold of the
selected lipids, as was corroborated by thermal analysis of the bulk lipids and their mixtures.
Particles prepared with different combinations of solid/liquid lipids and surface active species
in terms of their type and percentage, were shown to be in the nanometer size range, that was
confined as a physical marker indicative of Pickering functionality, and were characterised by

negative surface charge.

Assessment of the liquid lipid addition impact on the SLNSs structural characteristics indicated
that there was a liquid lipid concentration-dependent effect, with smaller particle sizes obtained
at increased liquid lipid mass ratios (>20% wi/w of the total lipid phase), enhanced polymorphic
transitions and increased loss of crystallinity. Incorporation of curcumin within the particles led
to size enlargement and imparted an effect on their thermal behaviour that was primarily
dictated by the level of influence caused by the solid-to-liquid lipid ratio used. Substitution of
Tween® 80 with a more hydrophilic, larger molecular size surfactant (Poloxamer 188)
highlighted the effect of the compatibility between the lipid components and the surfactant
used, for both SLNs and NLCs. Higher crystalline participation of the former resulted in greater
lowering of the particles’ crystallinity, though smaller sizes were achieved with the latter owing
to the thicker interfacial particle layer offering enhanced protection against coalescence during

the particle formation stage.

Regarding the lipid particles’ behaviour as release regulators for curcumin, both SLNs and
NLCs demonstrated overall sustained release rates that remained below 50% over the span of

7 days, irrespectively of the matrix composition. Results from the release assessment further
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underlined the potential of attaining varying release profiles, by formulation aspects alteration.
It was suggested that the rate of curcumin diffusion is governed by its relative localisation
within the lipid matrix, which in turn is controlled by the arrangement of the matrix constituents
and their ability to create favourable conditions for the active. More specifically, the presence
of the active near the particles’ surface in SLNs fabricated with Tween® 80 prompted faster
discharge rates compared to the respective NLCs, where the active is better
contained/distributed within the lipid matrix. In these structures, the liquid hydrophobic
environment bestowed by the presence of the liquid lipid near the particles’ surface, together
with the higher surfactant participation in the same regions, creates a more fitting environment
for the active. These results were consistent for particles fabricated with both a high
(Compritol® 888 ATO) and a low (Precirol® ATO 5) melting point solid lipid, underlying the
significant contribution of the type of surface active species used. Conversely, weaker curcumin
retention and faster release for both SLNs and NLCs was observed when Poloxamer 188, a
more hydrophilic and bulkier surfactant was utilised, that could not provide an as-tightly-

packed interfacial arrangement, along with a more limited crystalline network compatibility.

7.1.2 Lipid particles as species of dual functionality

The potential of curcumin-loaded lipid particles to concurrently exhibit the dual functionality
of acting as Pickering emulsion stabilisers and as active carrier/delivery systems was explored
by forming o/w emulsions in their presence. This objective was dissected into two parts; these
were designed to initially elucidate the impact of certain formulation parameters on the
Pickering stabilisation aptitude of the lipid particles, and consequently verify that the lipid
nanostructures could retain their previously defined properties, particularly their active

carrying/release regulation ability while at the droplet interface. The particles utilised
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throughout this assessment were fabricated with the high melting point lipid Compritol® 888

ATO, Miglyol®812 as the liquid lipid and Tween® 80 as the surfactant.

For the Pickering stabilisation capacity evaluation, blank lipid particles used as produced but
also following dialysis to remove any unadsorbed surfactant were employed. According to
experimental surface/interfacial tension measurements and theoretical approximations relevant
to the amount of excess surfactant remnant from the fabrication step of the lipid particle
dispersions, it was shown that NLCs were generally able to entrap a higher proportion of the
available surfactant. This was attributed to both their smaller particle sizes and hence larger
surface area available compared to SLNSs, and their less ordered crystalline network, allowing
for superior trapping of surfactant molecules. Assessment of the physicochemical
characteristics of the lipid particles post-removal of excess surface active species revealed small
changes in their particle size and surface charge, though no differences were observed in their
crystallinity. Interfacial tension and wettability measurements suggested that both types of
particles, irrespective of their solid-to-liquid lipid mass ratio and surfactant decoration could
effectively stabilise o/w emulsion droplets, albeit particles with higher liquid lipid content were
characterised by relatively higher hydrophilicity. That was indeed confirmed following
emulsion droplet formation, where regardless of the presence or absence of remnant surfactant
in the aqueous carrier phase, both SLNs and NLCs exhibited close association with the
emulsion interface, as was also confirmed by microscopy observations. Despite the larger
droplet sizes obtained when dialysed lipid particles were utilised, all particle-stabilised

emulsions showed no loss of emulsion integrity over a storage period of 12 weeks.

The lipid particles’ fate within the emulsion setting was investigated both in terms of their

physical stability and the degree of their interfacial presence. According to thermal behaviour
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analysis and calculation of the ratio between the melting enthalpy of the particles within
emulsions and within dispersions, it was suggested that the extent of dissolution phenomena
(i.e. loss of particles) is directly impacted by the hydrophilicity of the particles and presence of
excess surfactant in the continuous phase. Despite that, both SLNs and NLCs appeared to
preserve the greatest fraction of their crystalline matter. To estimate the ratio between
interfacially adsorbed and unadsorbed particles, a methodology was adopted, whereby the
melting profiles of the particles within the emulsion systems were deconvoluted into two peaks
corresponding to each of the two possibilities; particles in the continuous phase and particles at
the interface. In correspondence to data reported earlier, the effect of the lipid particles’
characteristics (i.e. size, surface charge, morphology) was inferred as a dictating factor when it
comes to the particles’ interfacial occupancy; although no changes were observed over a storage

period of 12 weeks.

Encapsulation of curcumin within SLNs and NLCs did not compromise the interfacial
properties and Pickering stabilisation capacity of either lipid particles. Regarding the curcumin
discharge regulation ability of the particles while in an emulsion setting, it was proposed that
the release profiles are the combination of the release from particles remaining free in the
continuous phase and interfacially adsorbed particles. Although an increase in the discharge
rate was observed compared to that of particles in an aqueous dispersion (this was ascribed to
the creation of a change-inducing potential due to oil addition), the particles release regulation
ability was shown to persist within the emulsions. This potential was further intensified in the
stripped-from-excess-surfactant particles, assigned to the additional processing stage of
dialysis. Lastly, perpetuation of the particles release performance was demonstrated even after
prolonged storage of both the particle dispersions prior to emulsification, and newly formed

particle-stabilised emulsion systems.
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7.1.3 Lipid particles as interfacial entities

Particles formulated with varying solid lipid and surfactant types, that were previously
evaluated for their curcumin discharge regulation within dispersions, were used to form o/w
emulsions and the microstructural properties of the formed systems were studied. This
assessment aimed to provide further insight on the degree to which certain formulation elements
affect the dual role and functionality of the lipid particles, as Pickering stabilisers and active
carriers/release regulators, prior to the utilisation of the lipid particle-stabilised emulsion as a

co-encapsulation/co-delivery system.

According to interfacial tension, droplet size distribution and loss of crystalline matter
measurements, both formulation elements were suggested to impact the performance of the
particles at the droplets’ interface, alongside the structural characteristics of the obtained
emulsions. The characteristics of the solid lipid employed were shown to prompt deviations to
the packing arrangement of the surfactant molecules at the particles’ interface, as well as
varying extent of crystalline matter losses. Similarly, the type of surfactant used with respect to
its hydrophilicity, molecular size and concentration was also revealed to contribute to such
incidents. Notably, SLNs and NLCs prepared with Precirol® ATO 5 instead of Compritol® 888
ATO as the solid lipid, exhibited a greater loss of crystalline matter that was attributed to
enhanced dissolution phenomena, arising from the closer chemical composition between the
former crystalline matrix lipid and the oil of the emulsion droplets. On the contrary, such losses
were negligible for particles fabricated in the presence of Poloxamer 188, that was ascribed to
the absence of any micellar content, to facilitate mass transfer between droplets and particles.
Although, droplets of one order of magnitude larger were attained compared to particles

prepared with Tween® 80 owing to the larger molecular size of Poloxamer 188 molecules.
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These attributes further proffered their effect on the particles release performance while at the
droplets’ interface, with increased solid matter losses and presence of surfactant micelles

accelerating the release rate compared to that of particles within dispersions.

7.1.3.1 Release regulation through the interfacial architecture

The role of the interfacial architecture provided by the presence of the particles at the droplets’
interface as a barrier hindering the release of an additional hydrophobic active
(cinnamaldehyde) encapsulated within the oil droplets was also scrutinised. Compared to a
simple emulsion, stabilised by either surfactant used in the particle preparation, both SLNs and
NLCs were able to halt the discharge of the encapsulated active, though no further increase was
observed in the encapsulation efficiency/loading capacity. The particles’ characteristics were
again shown to affect the permeability of the formed interfacial barrier and hence the release
rate, with particles formed with Poloxamer 188 resulting in a more sustained rate, that was
attributed to the surfactant properties. Efforts to manipulate the permeability of the interfacial
layer through sintering of the particles at the interface, revealed that a level of release
impediment could be additionally provided following thermal post-fabrication processing.
However, the temperature that the sintering is carried out, as well as the duration of the sintering

step were indicated to impact the emulsion stability.

7.1.4 Lipid particle-stabilised emulsions as co-encapsulation/co-delivery

microstructures

Having examined the interfacial characteristics of lipid particles fabricated with varying

formulation parameters, the co-encapsulation and co-release capacity of the developed
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Pickering system was explored, utilising one of the previously studied formulations. Concurrent
encapsulation of cinnamaldehyde within the emulsion droplets and curcumin within the lipid
particles, that were already separately examined for their sole entrapment within the respective
carriers, did not compromise the encapsulation efficiency/loading capacity for either active.
Evaluation of the simultaneous co-release confirmed that the active co-encapsulation bears no
significant effect on the vehicles’ behaviour. In addition, the formed system was able to
maintain its performance over a storage period of 1 month, further supporting its potential as a

promising co-encapsulation/co-delivery formulation.

7.2 Areas for future work

In line with the conclusions presented above and aiming to extend the understanding and
characterisation of the novel Pickering emulsion co-encapsulation and co-delivery vehicle

developed in this thesis, there are certain areas that provide motivation for future work.

Investigation and visualisation of the lipid particle internal structure and arrangement at the

emulsion droplet interface

As discussed throughout this manuscript, particularly in Chapters 3 and 6, the lipid particles’
structural features both in terms of their compositional elements and the arrangement of these
constituents within the particle matrix, can greatly affect their active encapsulation and delivery
performance. This is an impact that is not only imparted while the particles are within the
dispersions, but also persists when the particles are introduced in the emulsions. Although the

lipid particles consist of a seemingly simple core, comprising of the lipid building blocks,
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surface active species and the encapsulated active, the components assembly within the lipid

matrix is not yet fully elucidated.

Attempts have been previously made to understand how incorporation of the liquid lipid at
increasing concentration in the NLCs microstructure influences the particles’ properties and
visualise its distribution within the particle matrix, using a range of different characterisation
techniques [1-4]. However, it has not been possible still to capture the exact structural
arrangement, possibly due to the small size of the particles and the added complexity of the
active incorporation. Recently, a form of confocal microscopy that offers much faster
acquisition times and three-dimensional imaging, known as coherent anti-Stokes Raman
scattering (CARS), was employed for the visualisation of solid lipid microparticles [5].
Combination of CARS with electron microscopy allowed imaging of the particles’ internal
structure and distribution of the encapsulated protein within the matrix. Therefore, it could be
proposed that implementation of these techniques for the systems developed in this work could
provide insight on the components’ positioning within the particles’ matrix, and whether any
migration can be observed during storage, alongside the timescales/rates involved in that.
Taking this a step further it would also be compelling to investigate how this arrangement
changes once the particles are residing at the emulsion droplet interface, immediately after
preparation and over time. This sort of information could enable a more rationalised design and

development of microstructures tailored to specific applications.

Devising approaches to trigger the release from particles and particle stabilised-emulsions

In this work, the approach taken regarding the evaluation of the lipid particles and lipid particle-

stabilised emulsions release behaviour was confined to the fundamental discernment of the

PAGE | 317



Conclusions and Future work

vehicles’ performance, without the contribution of external stimuli. Considering the end
application of these carriers as a pharmaceutical product, and the plethora and complexity of
different environments that these systems would be exposed to once administered, studying
their response at varying conditions would be an integral part of their characterisation. Apart
from gaining information about the fate of the systems under the specific environmental factors
(e.g. pH, temperature, enzymatic presence), such knowledge could also be employed to modify
the structural composition of the formulation in such a way that would ultimately constitute a
means of tuning the release performance. An example of this would be the investigation of lipid
particles and particle-stabilised emulsions under different temperatures according to previous
work in this area [6], whereby understanding the systems’ response to this stimulus could

inform the selection of lipid wall materials with the desired response (i.e. partial or full melting).

Utilising a standardised dissolution apparatus

Although the technique employed to quantify the active release in this work proved to be an
adequate approach in understanding the performance of the active carriers, it would certainly
be appropriate to adopt a standardised and more industrially-acceptable/relevant apparatus in
future experiments. Usage of a universally acceptable method of assessing dissolution, that is
able to mimic physiochemical conditions and mechanical forces experienced by pharmaceutical
products in the gastrointestinal tract, could potentially provide more representative active
release results. An example of such dissolution apparatuses could be the ones used for

dissolution testing as per the United States Pharmacopeia (USP), or equivalent.
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Tailoring towards a more application-oriented system

A natural next step, following the characterisation of the system and the findings of the present
work, would be the customisation of the formulation to the requirements of a specific purpose.
Though there are copious application possibilities and active ingredient combinations that such
a formulation could be utilised to serve, owing to its easily tuneable properties, one of the areas
that this system could be tested for its suitability would be the development of a palatable oral
liquid formulation [7,8]. On the basis of being able to facilitate the independently controlled
and at different timescales delivery of multiple active molecules, one of the encapsulated
species could be a taste-masking active (water-insoluble flavouring agents e.g. fruit essences)
that could be releasing fast and in response to the oral physiological conditions, to mask the
bitter/unpleasant taste of the secondary active. Though certain level of structural tuning and
characterisation would be required, such formulation could significantly aid surmounting
palatability and treatment adherence hurdles in paediatric, geriatric and other patient

populations that require oral intake of liquid formulations.

Extending to more than two active ingredients

Attempting to harness the full potential of this truly modular system, it could be possible to co-
encapsulate more than two actives within its compartmentalised structure, as previously
accomplished employing multicompartmental triple emulsions [9]. The approach taken to
achieve such an endeavour would be to develop two independently formulated types of lipid
particles that would encase two different active ingredients, that would then both be used to
stabilise emulsion droplets encasing a third active. Provided that detailed elucidation of the
vehicles’ properties and performance would be performed, the particles’ characteristics could

be even controlled to trigger three independently controlled active release profiles.
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