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Abstract

This research aimed to incorporate nervonic acid (NA) into soybean oil via lipase-catalyzed
acidolysis. The Lipozyme TL IM immobead 150 was selected as the lipase to catalyze the
reaction in the sn-1,3 positions, and the critical reaction parameters were optimized to produce
structured lipids with maximum nervonic acid incorporation. The optimal conditions were as
follows: temperature of 60 °C, substrate molar ratio (soybean 0il:NA) of 1:4, the reaction time of
4 h, and enzyme load of 10 w/w%. Under these conditions, the incorporation of NA was 65.57 +
0.99 w/w%. The modified NA-TAG oil was produced, and the fatty acid composition was
analyzed by gas chromatography-flame ionization detector (GC-FID). The total saturated fatty
acid was 9.58 w/w%, and the monounsaturated fatty acid and polyunsaturated fatty acid were
72.69 w/w% and 17.73 w/w%, respectively. Subsequently, purification of the NA-TAG oil

mixture was carried out by silica gel column chromatography to remove the free fatty acids.

The encapsulation of lipophilic compounds in a nanocarrier system greatly enhances their
biological efficiency and controlled delivery. The study further focused on producing the
optimized nanostructured lipid carriers (NLCs) that entrapped the purified NA-TAG oil. The
optimized NLCs was successfully prepared by hot high-shear homogenization, followed by
sonication and recrystallization. The NLCs contained 3% Tween 80, soybean oil as liquid lipid,
glyceryl monostearate (GMS) as solid lipid, NA-TAG concentration of 1%, and lipid phase to
aqueous phase ratio of 10:90. Results showed that the nanoparticles have a mean size 82.11 +
0.14 nm, polydispersity index of 0.26, the zeta potential of -50.47 £ 0.40 mV and achieve the
highest entrapment efficiency of 99.82 + 0.01%. The optimized NLCs with NA-TAG oil
entrapped were lyophilized by the freeze-drying method, followed by analyzing via Differential
scanning calorimetry (DSC) and Fourier transform infrared (FT-IR) spectroscopy. The DSC
results showed a less-ordered crystalline structure in NLCs. FT-IR indicated no chemical
interaction between the NA-TAG oil and the other NLC components. Short-term storage trials
revealed good physical and chemical stabilities of the lyophilized NLC at 4 and 25 °C for 42



days. The storage stability test showed that significant aggregation of lyophilized NLCs was
observed at 45 °C after the storage time. Lipid oxidation enhanced significantly with storage

time and temperature.

The in vitro digestion was performed to investigate the behaviours of lyophilized NLCs during
transient in the gastrointestinal tract (GIT), i.e., mouth, stomach, and small intestine. Extensive
droplet flocculation was observed in the gastric phase, which would restrict lipase access to lipid
droplet surfaces. The electrical charge of the droplets changed in different phases. The potential
gastrointestinal fate of oil-in-water emulsions containing NA-TAG oil was characterized by the
free fatty acid released profile versus time, generated by the pH-stat method. 46% of free fatty
acid was released from NA-TAG-loaded NLC. The results enhance the understanding of the
physicochemical changes of emulsified droplets containing NA within the gastrointestinal tract

and provide information concerning the bio-accessibility of NA-TAG-loaded NLCs.

This research has provided scientific data for a comprehensive understanding of the synthesis of
NA-TAG structured lipid using the immobilized lipase Lipozyme TL IM immobead 150 as the
biocatalyst and the entrapment of the NA-TAG oil into nanostructured lipid carriers (NLCs).
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Chapter One

Introduction

1.1. Research Background

Nervonic acid (NA) is a long-chain monounsaturated fatty acid (24:1, n9) that plays a crucial
role in the treatment of psychotic disorders and neurological development and has attracted
increasing research interest (Fan et al., 2018). The inclusion of NA in the diet helps with the
synthesis of myelin membrane outside the myelinated nerve fibres, binds to transcription factors
and influences gene expression as well as lipid and energy metabolism (Zheng et al., 2006; Van
Meer et al., 2008).

Although more studies are focusing on the biological effects of NA, the understanding of NA is
still limited because systematic and reliable studies on the role of NA in the general population

are still lacking.

NA is produced mainly by plants and microalgae. In particular, seed oils from Lunaria biennis or
Lunaria annua constitute a significant source of NA, at about 20% in the lipid content.
Cardamine gracea, Heliophila longifola, and Malania oleifera all contain nervonic acid (Taylor
et al., 2009; Li et al., 2019). In all these species, NA is naturally incorporated into the sn-1 and
sn-3 positions instead of the sn-2 position on the glycerol backbone of triacyglycerols (TAGs)
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(Taylor et al., 2015). As NA 1is absent from the primary cultivated vegetable oil crops such as
soybean, rapeseed, and sunflower, a low NA content in natural oilseeds prevents its mass
production (Taylor et al., 2009; Li et al., 2019). Thus, NA incorporation into vegetable oil can be
a competitive way to produce bioactive lipid supplements for advancing human and animal
health (Taylor et al., 2015).

Fats and oils are essential food components. The nutritional and sensory value and its physical
properties are greatly influenced by factors such as the position of fatty acids in the glycerol
backbone, chain length, and degree of unsaturation. Lipases allow the modification of lipid
properties by moving fatty acid chains in glycerides and replacing one or more fatty acids with
new ones. As a result, a relatively inexpensive and less desirable lipid can be modified by lipase-
catalysed transesterification to obtain a high-fat value (Sharma et al., 2001). Structured lipids
(SLs) are generally referred to as fats or oils modified to be more nutritious and have specific
functional and physical features that make them more suited for food or pharmaceutical
applications (Houde, 2004). SLs are also defined as TAGs which have been chemically or
enzymatically modified to change the fatty acids composition and/or positional distribution in the
glycerol backbone, which can decrease the risk of cardiovascular diseases, arteriosclerosis, or
neoplasms, and even high blood pressure (Adamczak, 2004; Shuang et al., 2009). For the highest
production of SLs, acidolysis between TAGs and fatty acids might be preferable compared to
interesterification between TAGs (Zhou et al., 2001). Moreover, lipase immobilization
approaches would enhance productivity and market profitability while providing environmental

benefits (Chandra et al., 2020).

Soybean oil is one of the most popular edible oils in the global production of oilseeds. The oil
contains low saturated fat (15%) and relatively high unsaturated fat (61% polyunsaturated, 24%
monounsaturated), including two essential fatty acids, linoleic (53.9%) and linolenic (7.1%). The
production of SLs with soybean oil by incorporating a functional fatty acid into the TAG via
either chemical or enzymatic methods can reduce the risk of metabolic diseases (Shuang et al.,
2009). A recent study synthesized structured lipid using soybean oil, caprylic acid and an
immobilized enzyme from Rhizomucor miehei (IM 60) via transesterification at 55°C for 24 h.

(Lichtenstein, 2013). Moreover, the food industry has applied modification of soybean oils by
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chemical interesterification or hydrogenation to produce margarine (Bornscheuer et al., 2012).
The fully hydrogenated soybean oil obtained from transesterification has improved oxidative

stability (Kavadia et al., 2012).

Nanostructured lipid carriers (NLCs) derived from oil-in-water (O/W) emulsions have great
potential to serve as a carrier system for bioactive compounds of foods or pharmaceuticals.
Possessing small particle size, high entrapment efficiency and higher zeta potential of physical
stability have made them very promising to the food industry (Zhu et al., 2015). NLCs are
composed of solid and liquid lipids, active agents, surfactants and distilled water as major
ingredients, in which a liquid lipid core is surrounded by a solid lipid matrix (Miiller et al., 2002;
Karimi et al., 2018). Compared to other particulate systems, lipid nanoparticles have many
benefits, such as ease of large-scale production, biocompatibility and biodegradability of the
materials, low toxicity, the potential for controlled and modified drug release, and increased drug
solubility, and suitable for both hydrophilic and lipophilic drug incorporation (Hashemi et al.,
2020).

NLCs were initially intended for pharmaceutical and cosmetic applications. However, they may
improve the bioavailability and nutritional value of bioactive, increase their functionality
(consumer acceptability, shelf life, stability, and safety of foods), and offer controlled release of
the entrapped nutrients (Khan et al., 2019). This study aimed to produce, characterize, and

optimize a food-grade NLC formulation.

Since NLCs contain a continuous aqueous phase, they have several drawbacks, including the
possibility of microbial contamination, hydrolysis-related degradation, physicochemical
instability, and loss of pharmacological activity of the drug or encapsulated core material
(Morais et al., 2016). Freeze-drying, also known as lyophilization, has been applied to resolve
these disadvantages. The conversion of liquid form into a dry powder form is necessary for
incorporating nanocarriers into solid foods. Many pharmaceutical and food companies use the
freeze-drying process to obtain dry products (Najjar & Stubenrauch, 2009). NLCs have been
lyophilized to ensure the created nanocarriers were suitable for use in solid foods. Lyophilized

products are stable, transportable, and storable. Characterization methods for lyophilized systems
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are available, and literature has reported the freeze-drying of emulsions, microemulsions, and
nanoemulsions. Drying techniques have been applied to emulsions mainly to increase their shelf

life (Morais et al., 2016).

1.2. Research Objectives

Nervonic acid can regulate the function of brain cell membranes and have a neuroprotective
effect as an energy supplement (Taylor et al., 2015). Hence, NA incorporation into TAGs as a
bioactive lipid supplement could be a good choice for nutritional purposes. Up-to-date, there is a
lack of research on nervonic acid (NA) incorporation by the enzymatic acidolysis process for the
production of structure lipids. Therefore, this study was conducted to fill the knowledge gaps in

the area.

The objectives of this research were: 1) to study the synthesis of structure lipid containing
nervonic acid by modification of soybean oil using lipases as the enzymes, and 2) to evaluate the
suitability of incorporating the structure lipid produced above into the nanostructured lipid

carriers (NLCs) derived from oil-in-water (O/W) emulsions.
The following specific objectives were set to achieve the main objectives:

e To investigate the synthesis of structured lipid containing nervonic acid through lipase-
catalyzed acidolysis reaction by exploring the optimized reaction conditions for obtaining
the highest incorporation of NA in the modified oil through studying the effects of
enzyme type, enzyme loading, substrate ratio, reaction time and reaction temperature.
Optimisation was performed with an L9 (3:) orthogonal design to determine the
significant effects of the operating variables on nervonic acid incorporation to find the
optimum parameter conditions.

e To identify the structure lipid and the oil mixture by thin-layer chromatography and to
develop a reliable method for separating the purified structured lipid (NA-TAG oil).

e To compare the fatty acid profiles of the initial soybean oil and the purified structure lipid

(NA-TAG oil).
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e To study the entrapment of the NA-TAG oil into nanostructured lipid carriers (NLCs).
Lipid screening experiments and orthogonal design were used to optimise the NLCs, and
the physicochemical properties of NLCs were analysed.

e To carry out the freeze-drying process to obtain the lyophilized NLCs, followed by
characterisation.

o To understand the stability of the lyophilized NLCs by conducting a storage stability test.

e To study the release properties of the lyophilized NLCs using an in vitro digestion model

system to simulate the stomach and the upper small intestine in a fasting state.

1.3. Research Scope and Thesis Structure

1.3.1 Research Scope

The scope of the research conducted for this thesis is outlined in Figure 1 below.
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1.3.2 Thesis Structure

This thesis consists of five chapters as outlined below:

e Chapter 1 Introduction introduces the research background, objectives, and research

scope of the Thesis.

e Chapter 2 Literature Review provides a systematic review of structured lipids and

nanostructured lipid carriers.

e Chapter 3 Materials and Methods describes the materials, chemicals and all the

methods applied in this research.

e Chapter 4 Results and Discussion presents the data obtained from the experiments,

interprets, and discusses the results referring to relevant literature study.

e Chapter 5 Summary, Conclusion, and Future work summarizes the important

outcomes of the study, provides a conclusion and proposes potential future works.
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Chapter Two

Literature Review

2.1. Nervonic Acid

2.1.1 Sources and Structure

Nervonic acid (24:1 15, cis-15-tetracosenoic acid, NA) is a long-chain fatty acid containing a
double bond in its fatty acid chain (Fig. 2). It is prevalent in the white matter of animal brains
and in peripheral nervous tissue, where nervonic sphingolipids are enriched in nerve fibre myelin

sheaths (Taylor et al., 2015; Li et al., 2019).

(0)
HO -
CH,
Nervonic Acid (NA);
24:1 Al5;
24:1 ®-9;
Name: Cis-15-tetracosenic acid;

Shark oil acid;
Selacholeic Acid

Molecular formula: C,,H,0,
Molecular weight:  366.6

-9 very-long-chain

Classification: -
monounsaturated fatty acid

Figure 2. The structure of nervonic acid (Liu et al., 2021).
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Nervonic Acid (NA) is produced mainly by plants and microalgae. It is found in large quantities
in plant seed oil. In particular, seed oils from the Lunaria species (Lunaria biennis or Lunaria
annua) constitute a significant source of this long-chain fatty acid, at about 20%. Cardamine
gracea, Heliophila longifola, and Malania oleifera all contain nervonic acid (Taylor et al., 2009;
Li et al., 2019). In all these species, NA is naturally incorporated into the sn-1 or sn-3 positions

instead of the sn-2 position of TAGs on the glycerol backbone (Taylor et al., 2015).

2.1.2 Functions and Applications

NA can be produced in the human body through a series of biochemical reactions that involve
the conversion of other fatty acids. Dietary therapy using nervonic acid-containing lipids has
been explored to see if the function can still be used as an intermediate in myelin production (Liu
et al., 2021). Several studies on the benefits of nervonic acid have been conducted. Because of its
excellent biological functions, NA is essential when used as a precursor in the pharmaceutical
industry and nutraceutical applications. For example, NA supplements effectively treat
neurological diseases, including demyelinating disorders (Li et al., 2019). NA is primarily
acylated to sphingolipids, including ceramides, which are selectively reduced in an obesity
mouse model (Keppley et al., 2020). Furthermore, the monounsaturated omega-9 fatty acid is
required for the biosynthesis of myelin in the brain and can be used to predict brain maturation
(Li et al., 2019). Trans-free fats rich in NA can be obtained through a physical-chemical or
enzymatic interesterification process, which may have a high potential for use in margarine (Hu

etal., 2017).

Interest in dietary therapy with nervonic acid-containing fats and oils developed when a
hypothesis was put forward that dietary nervonic acid could support the normal synthesis and
functionality of myelin in brain and nerve tissues. Dietary supplementation with nervonic acid
might be beneficial for neurological development/function in the following groups of people: (i)
individuals with genetic disorders of lipid metabolism associated explicitly with peroxisomes
(adrenoleukodystrophy, Zellweger's syndrome, others); (ii) individuals with multiple sclerosis
and other nervous disorders such as Parkinson's disease; and (iii) infants, mainly prematurely
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born infants, receiving formula as a source of nutrition (Taylor et al., 2009; Liu et al., 2021).
Increasing dietary NA has also been used improving energy metabolism, which may have the

potential to be an effective strategy for the treatment of obesity and obesity-related complications

(Taylor et al., 2009).

NA is not present in the primary cultivated vegetable oil crops such as soybean, rapeseed and
sunflower, and its low proportion in natural oilseeds limits its production (Taylor et al., 2009; Li
et al.,, 2019). Thereby, incorporating NA into seed oils as a bioactive lipid supplement for

promoting human and animal health could be a way forward (Taylor et al., 2015).

2.2. Lipid Modification for Production of Structure Lipids (SLs)

The growing interest in the modification of fats and oils has initiated the development of lipid
modification for certain functionality or nutritional attributes (Lichtenstein, 2013). Modifying or
replacing fatty acids from TAG at specific positions significantly improves desired
physicochemical, nutritional, and functional properties. Natural fats and oils contain saturated
fatty acids, which are not beneficial to human health when overconsumed, so altering their fatty
acid composition and stereochemical structure can improve their properties and nutritional value
(Bornscheuer et al., 2012). Therefore, there is an increasing demand for various modification
methods to produce structure lipids (SLs) that meet the requirements for a functional lipid. The
modification has mainly been performed using triacylglycerols (TAG) as the substrate oils, but
there are also limited attempts on some specific uses using other lipids. In this thesis, the scope
of the literature is focused on the structured lipid produced from TAG and the abbreviation SLs

refers to structure TAG in general.

A triacylglycerol (TAG) molecule composed of three identical or different types of fatty acids
esterified into a single glycerol molecule (Fig. 3). About 90% of the molecular weight of
triacylglycerol is made up of fatty acids (Seifi & Sadrameli, 2016). Changes in the molecular

structure of triacylglycerol affect the metabolic fate of its component fatty acids (Iwasaki &
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Yamane, 2000). For example, the stereospecific position of the long-chain polyunsaturated fatty
acid on the glycerol backbone was investigated in human colostrum and mature milk TAG.
Various diacylglycerol species were created based on the chemical or enzymatic degradation of
human milk TAG. In mature milk and colostrum, the TAG structure was highly specific. Oleic
acid has a special preference for the sn-1 position, palmitic acid for the sn-2 position, and linoleic
acid for the sn-3 position. Linoleic and a-linolenic acids were found equally distributed in the sn-
3 (50%) and sn-1 (30%) positions. Docosahexaenoic acid was found in the sn-2 and sn-3

positions (Martin et al., 1993).

On the other hand, the physical properties of the TAG are determined by specific fatty acids
esterified to the glycerol moiety and the positional distribution of the fatty acid. Each of the three
carbons that make up the glycerol molecule provides a stereo chemically different fatty acid
bond position: sn-1, sn-2, and sn-3 in the TAG molecule (Lichtenstein, 2013). Most natural fats
and oils contain unsaturated fatty acids at the sn-2 position and saturated or monounsaturated
fatty acids at the sn-1,3 position of the TAG molecules (Lee and Lee, 2006). This is because the
carboxylic acid head of fatty acids is more stable than the hydrocarbon chain, allowing carboxyl
groups to distribute among all cuts of organic liquid products of the procedure. Thus, the second
bound cleavage step along the hydrocarbon chain has occurred, and many fatty acid tails of
triglycerides are released as free fatty acids. Furthermore, unsaturated fatty acids bound to the sn-
2 position are more resistant to oxidizing agents due to their lower availability in the middle
position of the glycerol backbone, when compared to those esterified at the sn-1 and sn-2
positions (Toorani et al., 2019).

T L
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Figure 3. Molecular Structure of Triglycerides (Seifi & Sadrameli, 2016).

2.2.1 Lipid Modification Methods

Structured lipids (SL) are synthesized by either chemical or enzymatic methods, depending on
what products are intended. At the same time, the regiospecific positions of fatty acids in the
TAG molecules are essential for the metabolic and physical properties of SLs (Wang et al.,
2012). Polyunsaturated fatty acids (PUFAs) are applied as pharmaceuticals, nutraceuticals, and
food additives (Sharma et al., 2001). The presence of PUFA in the human body plays an
essential role in preventing various diseases and disorders, such as cardiovascular disease,
inflammation, allergy, cancer, immune response, diabetes, hypertension, and renal disorders
(Utama et al., 2019). In chemical processing, the production of SLs is with medium-chain (6-12
carbon atoms) and saturated fatty acids(M) in the sn-1 and sn-3 position and with long-chain (14-
24 carbon atoms) saturated or unsaturated fatty acids (L) in the sn-2 position can improve the
unique nutritional purposes (Arifin et al., 2010). Selective lipase produces pure Structured
Triacylglycerol (STAG), making them more favourable than chemical catalysts and chemical
synthesis, which generate a mixture of TAG. The chemical process is also non-specific, resulting
in TAGs containing a combination of fatty acids, including short-, medium-, and long-chain fatty
acids esterified to the glycerol moiety. Chemical processing is often carried out at a higher
temperature than the enzymatic technique. According to Ray and Bhattacharyya (1993),
chemical interesterification was carried out at 90°C in a nitrogen environment using 0.2 %
sodium methoxide as a catalyst. While the lipase-catalysed interesterified lipids performed at

60°C, the fatty acid distribution at the sn-2 position differed.

TAG synthesis starts with exporting free FAs of plastids and the subsequent acylation of those
into glycerol-3-phosphate (G3P) sn-1, sn-2, and sn-3 positions (Kennedy, 1961; Lacey & Hills,
1996). Because the synthesis of structure lipids uses a large number of fatty acids, better
functionality and properties are required to reap the greatest benefits from the production of SLs
(Kim & Akoh, 2006). SL lipids can be synthesized using chemical or enzymatic methods such as
direct esterification, acidolysis, alcoholysis, or interesterification, which require modifying

specific fatty acid positions on the glycerol backbone of lipids (Iwasaki & Yamane, 2000). The
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process by which acyl groups exchange distribution within the same glycerol backbone or other
glycerol molecules among TAGs is known as interesterification (Lichtenstein, 2013). The fatty
acids randomly attack in this process, resulting in the cleavage bone between the fatty acids and
the glycerol backbone. The released fatty acid is then mixed with a free fatty acid, and the empty
position of the glycerol backbone is randomly replaced by another FFA (Seifi & Sadrameli,
2016).

2.2.1.1 Chemical Synthesis

Chemical synthesis through transesterification results in desired randomized TAG molecule
species, consisting of one or two medium-chain fatty acids (MCFAs), small quantities of
unreacted medium-chain triacylglycerol (MCTs) and long-chain triacylglycerol (LCTs), and
some unwanted by-products. However, removing unwanted products that require extensive post-
processing steps is difficult. Under high temperature and anhydrous conditions, this chemical
interesterification is catalysed by alkali metals or alkali metal alkylates. Due to the random
nature of the chemical synthesis, the metal alkoxides are incapable of being modified in specific
positions (Kim & Akoh, 2006). Because chemical transesterification is not apply the positional

specificity of fatty acids as an essential factor in the metabolism of SL.

2.2.1.2 Enzymatic Synthesis

Due to their positional specificity modification of lipids, sn-1,3-specific lipases, and
phospholipases are more attractive as enzymes, in the enzymatic production of TAGs. Specific
lipases can hydrolyse fatty acids in the sn-1 and sn-3 locations without affecting the fatty acids in
the sn-2 position. The synthesis of SLs can be accomplished in two steps. Lipases catalyse TAG
hydrolysis and transesterification reactions with fatty acids (acidolysis), as well as the direct and
rapid esterification of FFAs with glycerol (Muo et al., 2012). The capacity of lipases to
undertake regiospecific change on the glycerol backbone of TAG to produce specific end
products allows for the synthesis of designer TAGs. The addition of new fatty acids changes the

position or content of lipids' fatty acids. Enzymatic production has also been examined on a
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small and big scale to determine the best circumstances for creating TAGs, bringing valuable

results for TAG manufacturing to the industries (Muo et al., 2012).

2.2.1.3 One-step Synthesis

According to Fig. 4 which shows that in the one-step method, two triacylglycerols containing the
desired fatty acids are interesterified with sn-1,3-regiospecific lipase and acidolysis with two

equivalents of its ester, which are placed at the sn-1 and sn-3 positions of the final STAG.

Alteration of the positional distribution of fatty acids has changed the physical properties of
individual fats and oils (Willis & Marangoni, 2006). The required acyl group may incorporate
into a specific position of TAG because of enzymatic transesterification, and therefore lipase-
catalysed transesterification can offer regio- or stereo-specific structural lipids for the

development of nutritional, medicinal, and food applications (Lee & Akoh, 1998).

A: transesterification

O-A O-B 1,3-selective O-A
O-A + O-B lipase .
E E " Solvent)’“ EO-B + various other TAG
O-A O-B O-A
TAG-A TAG-B sTAG

B: acidolysis
O-B 1,3-selective O-A
EO—B + 22 A-OH s e EO—B + other TAG
(organic solvent)
Oo-B O-A
TAG-B sTAG

Figure 4. Reaction scheme indicating one-step synthesis to obtain the structured triacylglycerol
(STAG) ABA catalyzed by a 1,3-selective lipase: (A), lipid-catalyzed transesterification between
two triacylglycerols (TAG-A and TAB-B); (B), lipase-catalyzed acidolysis reaction between a
triacylglycerol (TAG-B) and at least 2 equivalent of fatty acid A (A-OH). A and B represent
different acyl chains (Kim & Akoh, 2006).
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Acidolysis is the reaction in which the acyl moiety of acylglycerol exchanges with a free
carboxylic acid. Acidolysis of triacylglycerol with fatty acids can theoretically produce a purer
STAG because fewer by-products are generated. The main disadvantage of this method is that
the STAG obtained are difficult to distinguish from the other TAGs. Because of the lower
number of by-products, acidolysis of triacylglycerols with fatty acids yields STAG with a greater
yield (Bornscheuer et al., 2012; Adamczak, 2004). When making structured TAGs, the literature
suggests that parameters including enzyme screening, substrate ratio, reaction duration,
temperature, and enzyme load must be considered (Kim & Akoh, 2006) These variables are
crucial for small-scale experimentation and large-scale production (Xu et al., 2000; Kawashima
et al.,, 2002). TAG is converted to free fatty acids and acylglycerol mixes (mono, di, and
triacylglycerols) during acidolysis and purification (Esteban et al., 2011). Lipase-catalysed
acidolysis has altered the fatty acid composition, TAG structure, minor components content and
other physicochemical properties (e.g., viscosity, hydrophobicity) of the original substrate oils.
(e.g., canola oil, soybean oil, palm oil, olive oil, fish oil, sunflower oil) (Kim & Akoh, 2006).

2.2.1.4 Two-Step Synthesis

As shown in Fig. 5, the first part of the two-step procedure, a pure triacylglycerol or natural
fat/oil is alcoholised using a 1,3-regiospecific lipase, yielding 2-monoacyl-sn-glycerols (2-MAG).
Pure 2-MAG should be extracted as easily and quickly as feasible from the reaction mixture. It is
subsequently esterified with two fatty acid equivalents, giving the required high yield and purity
STAG. The finding that high yields of 2-MAG may be generated by alcoholises of
triacylglycerols in aprotic solvents such as methyl tert-butyl ether (MTBE) + ethanol at a
regulated water activity was one of the key advantages of the two-step synthesis of STAG
(Bornscheuer et al., 2012).
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0O-B 1,3selective OH (1,3selective) 0-A

lipase lipase
- . L e ul
O-B + EtOH, —2 B-OEt OB +2A-0H,-2H,0 06
O-B (organic solvent) OH (organic solvent) 0-A
TAGB 2-MAG sTAG

Figure 5. Reaction scheme indicating two-step synthesis of STAG by alcoholysis followed by
esterification. A and B represent different acyl chains. EtOH, ethanol, 2-MAG, 2-
monoacylglycerol (Kim & Akoh, 2006).

The advancement of synthetic techniques can have an impact on TAG yield, purity, and cost.
Iwasaki and Yamane (2000) As a result, the synthesis of structured lipids can be used to improve
and modify the physical and/or chemical properties of TAG (Lee & Akoh, 1998). The
manufacture of STAG has resulted in the creation of several procedures that use a diverse variety
of natural starting materials to produce value-added products with highly desirable nutritional

and medicinal qualities.

2.2.1.5 Comparisons between Enzymatic and Chemical synthesis

In comparison with chemical production, the enzymatic method has some advantages. Only
enzymatic lipase procedures may make MLM-types of SLs (medium-chain FAs at sn-1 and sn-3
positions, whereas long-chain FAs at sn-2 position) (Shuang et al., 2009).

Chemical modification of TAGs does not possess the selective modification of the
regiospecificity position of TAG due to its random nature of the reaction that formulated few or
no by-products. This method modifies the TAG using high temperature, pressure, and harsh pH
conditions, which can cause environmental pollution due to the use of chemicals and solvents. .
In contrast, the enzymatic method can create several advantages compared with chemical
processing, resulting in the specific placement of the fatty acids on the glycerol backbone.
Desirable fatty acids are available to incorporate at specific positions of TAGs. The selectivity or
specificity of lipases is determined by the enzyme's molecular properties, the substrate's structure,
and factors affecting the enzyme's binding to the substrate (Jensen, DeJong & Clark, 1983). Also,

the enzymatic approach has few or no unfavourable side effects or products. The temperature,
29



pH, and reaction product thermal degradation conditions are mild, resulting in less loss of
temperature-sensitive structured lipids. Thus, by reducing energy and preventing harmful
reagents, the enzymatic approach provides a more environmentally friendly and safer alternative
to ease product recovery (Kim & Akoh, 2015). Furthermore, the immobilized enzyme can be
reused many times, which lowers production costs. Because the refining procedures are easier,

the cost is also reduced (Moreira et al., 2020).

In general, modified TAG can be synthesized through enzymatic or chemical methods. In the last
decade, intense research efforts have resulted in numerous processes that use a diverse range of
natural starting materials to produce value-added products with essential and highly desirable
nutritional and medical properties. These accomplishments are expected to lead to the
commercialization of lipase-catalysed reactions to produce structured triacylglycerols
(Bornscheuer et al., 2012; Adamczak, 2004). Hence, enzymatic lipase is preferable to chemical
catalysts for modifying fats and oils because it is more environmentally friendly, specific, and
selectively with mild reaction conditions, consumes less energy, and produces fewer byproducts
(Lee et al., 2012). Lipid modification is essential for fatty acid and positional specificities
(Shimada, 2006). In addition, an immobilized enzyme efficiently catalyses transesterification in a
water-free mixture (Shimada, 2006). Furthermore, modifying the novel lipases has a high
potential to improve TAG properties, particularly in enzymatic transesterification, which can
provide regio- or stereo-specific structure lipids for nutritional, medical, and food applications

(Lee & Akoh, 1998).

2.2.2 Immobilized Lipases

Lipases (triacylglycerol acyl hydrolases, EC 3.1.1.3) are ubiquitous enzymes of considerable
physiological significance and industrial potential. And lipases catalyse the hydrolysis of TAG to
glycerol and free fatty acids (Sharma et al., 2001). One of the main uses of lipases is in the
modification and production of new oils and fats, to produce healthier foods (Fernandez-

Lafuente, 2010).
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According to Fig.6, lipases are versatile enzymes because they catalyze different reactions such
as hydrolysis, esterification interesterification, acidolysis, alcoholises, and aminolysis activity for
various applications (Chandra et al., 2020). Lipases can be classified as non-specific and specific
lipases based on their mode of action. A non-specific lipase reacts randomly and produces a
similar mixture of products to a chemical interesterification. In contrast, the specific lipase acts
uniquely towards producing a specific product type and can be subclassified based on positional,
substrate or stereospecificity (Utama et al., 2019). Furthermore, most regioselective lipases
preferentially operate on ester bonds in the sn-1 and sn-3 positions in the triglyceride structure,
with only a few lipases active in the sn-2 position (Houde et al., 2004). Both native and
immobilized lipases are available commercially. However, industrial applications remain limited

due to the expensive cost of some lipases. Hence lipases are immobilized to be reused.

Hydrolysis

R;COOR; + H;0O R;COOH + R,OH

v

Esterification

R;COOH + R,OH R;COOR; + H;O

v

Interesterification

RiCOOR; + R3:COOR, > R;COOR; + R;COOR,
Acidolysis

RiCOOR; + R3COOH > R;COOR; + R;COOH
Alcoholysis

R;COOR; + R3;0H B R,COOR3 + R,OH
Aminolysis

R;COOR; + R3NH, > R;CONHR; + R,OH

Figure 6. Lipase catalyzed different reactions (Houde et al., 2004).

Using isolated enzymes such as wild-type or protein-engineered enzymes or microorganisms in
fats and oils can modify fats and oils derived from renewable resources (Bornscheuer, 2014).
However, the cost of enzymes is always a major concern during the production of STAGs, so
developing novel lipases with alternative synthesis to cost-effectiveness is more prevalent. For
example, ABA-type SL output can be aided by sn-2-specific lipases (Iwasaki & Yamane, 2000).

Immobilized lipases have been studied in both aqueous and organic media for hydrolytic,
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synthetic, and inter-/transesterification reactions (Weete et al., 2006). According to a recent study,
immobilized lipases would aid in enzymes’ continuous operation or recycling. As a result, the
main advantages of the immobilization process improve recyclability or reusability, greater
enzyme stability in extreme pHs, including good chemical, mechanical, and thermal resistance,
and low cost due to improved activity of costly lipase. Furthermore, the procedure can easily
control the process of enzymatic reaction purity of the products and its reusability (Chandra et al.,
2020). Immobilized lipases can metabolize the distinguishing of different fatty acids from
geometric and positional isomers, which can have negative biological effects (Lichtenstein,
2013). As a result of the increasing demand for fat and oil production, there is an excellent
opportunity for the application of immobilised lipases as versatile enzymes in the oleochemical

industry (Filho et al., 2019).

Lipase immobilization methods would increase productivity and market profitability while
decreasing logistical liability and providing environmental benefits (Chandra et al., 2020). The
high enzyme cost would reduce the economic viability of the biosynthetic process on an
industrial scale. Thus, the reusability of lipase, such as immobilized lipase, would significantly
improve cost efficiency. According to Sellami et al. (2012), there is no significant decrease in
immobilized lipase enzyme activity after four use cycles. Furthermore, the novel enzymes can
improve their stability by using enzyme screening and mutagenesis techniques. Immobilized
lipases can improve thermal and ionic stability, increasing their effectiveness. Immobilized
lipase allows for more precise control of reaction parameters such as flow rate and substrate

convenience (Chandra et al., 2020).

Many methods have been used to immobilize lipases and physical or chemical procedures can be
used for production. The interactions between enzymes and support are strengthened in the
physical method by weaker bonds such as hydrogen bonds and Van der Waals exchanges, which
adjust these interactions. Physical absorption methods are modest, low-cost, and mild conditions
that do not affect its catalytic activity because there is a low chance of conformational changes of
the enzymatic structure at a lower cost. Mechanical stability has been effectively and

significantly increased for improved usability and flexibility. In chemical methods, the interface
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between the enzyme and the support is more critical due to the covalent bonds created by the
procedure. It also has higher enzymatic stability, highly catalysed enzymatic activities, and a low
cost of immobilization production and time (Chandra et al., 2020). Hence, the immobilization
process has improved the recyclability, enzyme stability such as good chemical, mechanical and

thermal stability, and activity of expensive lipases, which is low cost under slight conditions.

The main advantages of the use of immobilized lipases are the possibility of reuse, greater
stability in extreme pHs, and thermal resistance (Filho et al., 2019). The selection of appropriate
immobilization methods and carrier material, on the other hand, is critical for success. For
instance, Novozymes A/S tested Lipozyme TL IM's reusability and 435 lipases. The two
enzymes were reused five times under solvent-free conditions and then washed and dried after
each reuse to characterise stearidonic acid soybean oil enriched with PA produced by solvent-
free enzymatic interesterification (Teichert & Akoh, 2011). Thus, the form of enzymatic
immobilization can make enzymatic catalysis even more efficient, diversified, and with lower

costs to use lipase enzymes immobilized in many industrial processes (Filho et al., 2019).

2.2.2.1 Lipozgyme TL IM and Lipozyme TL IM Immobead 150

Animals, plants, and microbes (fungi, yeast and bacteria) have been identified as sources of
lipases (Utama et al., 2019). Different microorganisms have been modified the native lipases by
developing genetic engineering techniques, which reduced the cost of lipases and facilitated
economically affordable enzymatic reactions. Moreover, the microbial lipases have more
benefits than plants or animals because of their higher catalytic activities available, rich yield
production, safer stability, and their versatility for industrial application (Utama et al., 2019;
Chandra et al., 2020). Between 2015 and 2020, the industrial market scope of lipase is expected
to reach $590.5 Million by 2020 globally, at a CAGR of 6.5%. (Chandra et al., 2020). Several
commercial immobilized lipases, including Lipozyme TL IM and immobead 150 (from
Thermomyces lanuginosus), Heterologous lipase immobead 150 (from Rhizopus oryzae),
Novozyme 435 and Lipozyme 435 have been widely used for investigations. Table 1 shows

different immobilized lipases for the synthesis of structured lipid in this research.
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Table 1. Immobilized lipase for hydrolysis of triacylglycerols into glycerol and free fatty acids.

Enzyme Microbial Sources Specific/Non- Immobilization Reference
specific Material
Lipozyme TL IM Thermomyces sn-1,3 specific Silica gel (Silroy et al., 2011)
lanuginosus
Lipozyme TL IM Thermomyces sn-1,3 specific Silica gel
immobead 150 lanuginosus
Heterologous Rhizopus oryzae sn-1,3 specific Amberlite™IRA (Costa et al., 2017)
lipase 96
immobead 150
Novozyme 435 Candida antartica sn-1,3 specific Acrylic resin (Willett & Akoh, 2018;
Luetal., 2017)
Lipozyme 435 Recombinant lipase sn-1,3 specific Macroporous (Willett & Akoh, 2018)
from Candida hydrophobic resin

antartica, expressed
on Aspergillus niger

Source: Utama et al., 2019.

Lipases are produced by several microorganisms and, as a consequence, exhibit different
physical properties and specificities. The lipase from Thermomyces laguginosus (formerly
Humicola laguginosa) (TLL) is a basophilic and noticeably thermostable enzyme, commercially
available in both soluble and immobilized forms (Fernandez-Lafuente, 2010). TLL is a lipase
preparation from the fungus Thermomyces lanuginosus produced in industrial scale using
recombinant Aspergillus oryzae as the host microorganism and commercialized in soluble and
immobilized forms by Novozymes. TLL is classified as 1,3-specific and has a high affinity for
long-chain fatty acids (Filho et al., 2019). Although TLL was initially oriented toward the food
industry, the enzyme has found applications in many different industrial areas, from biodiesel
production to fine chemicals (mainly in enantio and regioselective or specific processes)

(Fernandez-Lafuente, 2010).

Lipozyme TL IM is a versatile enzyme and has been widely used in industrial processes and
laboratory tests, particularly in the interesterification of bulk fats and frying fats, because it was
inexpensive and commercially available (Fu et al., 2014). For instance, Lipozyme TL IM has
been successfully used in the interesterification of palm stearin and coconut oil to synthesize

margarine (Bornscheuer et al., 2012). Also, Khodadadi et al. (2013) reported that Lipozyme TL
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IM and Novozyme 435 were more effective in transesterification reaction between flaxseed oil
and tricaprylin than Lipozyme RM IM and Amano DF. Moreover, Immobead 150 is new
commercial support of methacrylate polymers with epoxy functions and an average particle size
of 0.15-0.30 mm. Supports containing epoxy groups are characterized as having short spacer
arms and being very stable at neutral pH. The modified supports might be suitable for the
development of strategies of immobilization of TLL. Lipase from 7. lanuginosus on Immobead
150 showed a half-life of 5.32 h at 70 °C, being approximately 30 times more stable than its
soluble form; it showed high stability (Matte et al., 2014).

2.2.2.2 Heterologous Lipase Immobead 150

Novel non-commercial sn-1,3 regioselective lipases are used as an alternative to high-cost
commercial enzymes, namely, the heterologous lipase from Rhizopus oryzae (rROL)
immobilized in AmberliteTM IRA 96 and Carica papaya lipase (CPL) self-immobilized in
papaya latex. The native microorganism only produces one form of extracellular lipase with high
biotechnological potential as the enzymes for lipid enzymatic modifications, resulting from its
high regioespecificity acting only at the sn-1 and sn-3 locations (Valero, 2012). Between the
different Rhizopus species, lipase from R. oryzae, is used as a feasible noncommercial catalyst
for the synthesis of TAG or SL production (Costa et al., 2017). The non-commercial sn-1,3
regioselective recombinant R. oryzae lipase can be obtained by acidolysis of grapeseed oil with

caprylic or capric acid (Costa et al., 2017).

2.2.2.3 Novozymes 435

Lipozyme RM IM and Novozymes 435 are the most popular and widely used commercial
immobilized lipases for STAG synthesis (Bornscheuer et al., 2012; Ortiz et al., 2019). Both
enzymes perform admirably in the synthesis of STAG. Furthermore, the lipase from Rhizomucor
miehei (sold as ‘Lipozyme RM IM' from Novozymes, Denmark) and lipase B from Candida
antarctica (sold as ‘Novozymes SP435' as the catalysts are highly active and stable at

temperatures ranging from 60 to 80°C (Bornscheuer et al., 2012).

While Novozymes 435 (N435) is a commercially available immobilized lipase produced by

Novozymes, it is based on immobilization through interfacial activation of lipase B from
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Candida antarctica on a resin. N435 is perhaps the most widely used commercial biocatalyst in
both academy and industry. However, the mechanical fragility, moderate hydrophilicity that
permits the accumulation of hydrophilic compounds (e.g., water or glycerine), and the most
critical one, support dissolution in some organic media, can be specific problems. Even with
these problems, N435 may continue in the coming future due to its excellent properties if some

simpler alternative enzymes are not developed (Ortiz et al., 2019).

2.2.2.4 Lipozyme 435 C

Novozym 435 and Lipozyme 435 are CALB immobilized on Lewatit VP OC 1600, a
polymethacrylic acid cross-linked with divinylbenzene. Differently modified Lipozyme 435
(L435) (immobilized lipase B from Candida antarctica) preparations were used as enzymes in
the esterification reaction (Gongalves et al., 2021). The ethanolysis of fish oil can be catalyzed
by the immobilized commercial lipase Lipozyme 435 (Candida Antarctica) (Bucio et al., 2015).
Also, the limited repeatability and stability of Lipozyme 435 are crucial factors for cost reduction

in large-scale production (Gongalves et al., 2021).

2.2.3 Types of Triacylglycerols (TAGsS)

The synthesis of structured lipids with high purity influences the structure of TAGs. From Fig.7,
the structured lipids are categorized into several types, including monoacid, diacid, and triacid
TGs, with the synthetic strategies for each type based on their structures. While the monoacid
TAG was AAA type with only one kind of fatty acid species. This type as the simplest TAGs
structure can be synthesized chemically or enzymatically from fatty acids and glycerol. In
contrast, most of the AAA types of TGs can be produced by chemical methods. Consequently,
the diacid TAGs have positional isomers of ABA and AAB-type SLs. The ABA-type SLs can be
synthesized by two methods. Firstly, it can employ a two-step reaction for the synthesis by sn-
1,3-position-specific lipases catalysed, and then interesterification of two different TGs. For
instance, in the synthetic route for the pure 1,3-di-capryloyl-2-oleoylglycerol (COC) through 2-
monothioglycerol(2-MO). The pure trioleoylglycerol (OOO) was deacylated by sn-1,3-position-

specific lipase to yield 2-MO. Then the 2-MO has enzymatic esterification with caprylic acid,
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resulting in COC formation. Secondly, the lipase-catalysed esterification has the acyl exchange
of TG with fatty acids or ethyl acid (FAEt). On the other hand, the AAB-type SLs are
synthesized by sn-1,3-specific lipase-catalysed acylation of glycerol with fatty acid to give
symmetric 1,3-diacyl-sn-glycerol, and then chemical acylation at the sn-2 position. Triacid TGs
as ABC type are much more complicated among the classes described above (Iwasaki & Yamane,

2000).
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Figure 7. Classification of TGs according to their structure. Structure of TAGs is schematically
represented. “A”, “B”, and “C” denote any acyl groups, but they are not identical. TAGs are
classified into mono-, di- and triacid TGs. The di-acid TGs are further categorized into ABA and
AAB types. AAB- and ABC- type TGs have chiral centres at the sn-2 carbons (Iwasaki &
Yamane, 2004).

2.2.4 Food Applications of Modified TAGs

The development of measures to improve fats and oils' nutritional and functional qualities is
always of significant interest to the food industries (Willis & Marangoni, 2006). As the synthesis

of STAGs can increase or modify each fatty acid's physical and/or chemical properties, such as
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melting behaviour, digestion, absorption, improving stability, and metabolism, to facilitate
positive nutritional and metabolic qualities for nutraceutical and medicinal applications.
Furthermore, it is utilized in the production of shortenings, margarine, and spreads to improve
their textural qualities (Willis & Marangoni, 2006). As a result, modified TAGs are referred to as
nutraceuticals and functional foods that can be customized to meet clients' needs. Structured
TAGs were applied to produce cocoa butter substitutes, human milk fat replacers, low-calorie

fats & oils, and nutraceuticals.

2.2.4.1 Cocoa Butter Substitute

Firstly, the best-known application of a one-step process is synthesising a cocoa butter equivalent,
predominantly modified fat as 1,3-stearoyl-2-oleoyl-glycerol, where palmitic, stearic, and oleic
acids account for more than 95% of the total fatty acids. Cocoa butter is a mixture of oil and fat
composed of TAG possessing palmitic acid, stearic acid, and oleic acid as the major components
(Houde et al., 2004). Palmitic and stearic acids at the 1,3-positions and oleic acid at the 2-
position (Shimada, 2006). Transesterification of cocoa butter using non-specific lipase to
enhance the plasticity in diethyl ether provides a convenient analytical methodology for
determining fatty acid distribution with triglycerides (Goh, Yeong & Wang, 1993). Currently, the
food companies use sn-1,3-selective lipases for replacing palmitic acid with stearic acid in the
sn-1 and sn-3 position of TAGs. This process proceeds through transesterification or acidolysis
of cheap oils and tristearin or stearic acid as a donor of acyl groups. However, the availability of
cocoa butter has limited and results in high cost. Thereby, alternative replacements for cocoa
butter were obtained through the structural modification of low-cost vegetable oils. Cocoa butter
substitutes were produced with a cooling, melting sensation characteristic of chocolate and
similar physical properties at a lower cost. Transesterification has been used to improve the
textural properties of fat and rapeseed oil mixtures, and the development of cocoa butter
equivalents is an example of structured lipids with a similar TAG composition. A new process
utilizing a fixed-bed bioreactor packed with immobilized 1,3-specific lipase significantly

influenced subsequent oil processing with lipases.
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Additionally, MLCT showed potential to be used as a substitute for canola oil in making cold
spreadable butter. The synthesis of structured TAGs based on Canarium oil can be exploited as
starting material for functional food applications (Willis & Marangoni, 2006; Bornscheuer et al.,
2012; Kim and Akoh, 2006; Adamczak, 2004; Shimada, 2006; Houde et al., 2004). In addition,
Newlase, an immobilized lipase from Rhizopus niveus, incorporates stearic acid, particularly at
the sn-1 and sn-3 sites of triglycerides in safflower oil or sunflower oil. Since 1993, Fuji Oil has

used this technique to create a cocoa butter substitute (Houde et al., 2004).

2.2.4.2 Human Milk-Fat Substitute

Infant formula is a viable replacement for breast milk and, ideally, mimics human milk as closely
as possible. Milk fat is the primary energy source in human milk and provides the lipids needed
to construct cell membrane structures. Another possible application of SLs could be their use in
infant formula as a human milk fat (HMF) analogue. The two-step STAG synthesis method was
also used to synthesise 1,3-dioleinoyl-2-palmitoyl-sn-glycerol (OPO) as a human milk-fat
substitute, which could be applied for the nutrition of infants because the infants require proper
nutrition for growth through mimicking the fat like palmitic acid (PA) found in breast milk.
Human milk fat contains 20-25% palmitic acid, and about 70% of the fatty acid is esterified to
the sn-2 position of TAGs. Also, the second major TAG component of human milk is palmitic
acid found in acylglycerols, mainly esterified in the sn-2 position, which helps improve the
absorption of fat and calcium in infants (Teichert & Akoh, 2011; Adamczak, 2004). Hence,
human fat substitutes by enzymatic acidolysis are STAG rich in palmitic acid at the sn-2 position
and oleic acid at sn-1,3 positions (Shimada, 2006). Lipase modification of the triglyceride to
increase the proportion of palmitic acid at the sn-2 position results in fat with better absorption in
newborns (Houde et al., 2004). For the first commercial product of an HMF analogue, the STAG
is produced by acidolysis of tripalmitin and oleic acid with the use of a 1,3-specific lipase from
Rhizomucor miehei (Lipozyme RM IM) and is sold under the commercial name “Betapol™”
(Akoh & Xu, 2002). The simple one-step transesterification has been frequently used in literature
as documented in numerous publications, but a major limitation is that various TAG species are

produced and not the desired one (Bornscheuer, 2014). The achieved product of “Betapol™”
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contains as little as only 65% of palmitic acid in the sn-2 position, causing undesired side effects
in infants due to the formation of calcium soaps from palmitic acid in the sn-1- or sn-3- position

(Esteban et al., 2011; Adamczak, 2004).

2.2.4.3 Beverages or Margarine

Furthermore, the sensory and nutritional properties of SLs could be comparable or superior to
original oil when SLs were applied to beverages or margarine (Lee & Lee, 2006). Canola oil is
often used to prepare beverages, which is beneficial for individuals who need a quick energy
source rich in important fatty acids. It is critical to use canola oil-based structured lipid so that
the producer does not have to adjust the formulation when substituting canola oil with canola oil-

structured lipid.

As the food industry strives to substitute trans-fat in its products with functionally similar and
economically viable formulations, enzymatic transesterification may be a technological solution
for producing trans-free fat for commercial uses in an environmentally responsible manner.
According to the rheological profile, margarine made with the transesterified blend had superior
spreadability than control margarine made with non-transesterified fats. Thus, lipase-catalysed
interesterification converts hydrogenated fats to trans acid-free alternatives to make shortening
and margarine. Also, because palm oil and palm products are naturally viscoelastic semi-solid
food products that can be further modified by fractionation, interesterification, hydrogenation,
and blending for food product formulations or preparation, palm oil and palm products have
become essential raw materials in the application of shortenings and margarine. Furthermore, the
health benefits of MLCT from enzymatic procedures are important for food industry applications.
MLCT with C6-C12 carbon chain length is more rapidly metabolized than LCFA and it can be
produced via the lipase-catalysed acidolysis, esterification, or interesterification reactions.
MLCT can also be used to make shortening and margarine by combining a hard stock (fully
hydrogenated soybean oil) with a soft oil (rice bran oil, coconut oil), which gives the newly

created oil the plasticity required to be converted into margarine and shortening. Because of the
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health consequences, the oils and fats sector expects to commercialize zero- or low-trans

products (Nor Aini & Miskandar, 2007; Sellami et al., 2012; Sitompul et al., 2018).

2.2.4.4 Low-Calorie Fats

Consumers are becoming more conscious of food's nutritional quality, energy content, and long-
term health effects. Although fats have a high-calorie intake, their pleasant flavour and
smoothness make them difficult to avoid. Calorie-reduced and fat-substituted products are now
available. These low-calorie and dietetic SLs can be used to manage obesity and other metabolic
issues using enzymatic or chemical approaches. Chemical interesterification completely
randomizes the position of acyl groups in triacylglycerols. Despite their lack of selectivity,
sodium methoxide and sodium alkoxides act as catalysts in manufacturing commercial goods
with the necessary nutritional function. Because medium-chain fatty acids at the sn-1 and sn-3
positions are easily digested by pancreatic lipase, taken into the intestines, and quickly
transported into the liver where the immediate energy source can be digested (Lee and Lee,
2006). From a nutritional standpoint, fatty acids that are positioned at sn-2 are easily digested
and absorbed in vivo (Hu et al., 2017). Triacylglycerols containing palmitic acid in the sn-2
position and short-chain fatty acids in the sn-1,3 position are low-calorie STAG. Low-Calorie
structured lipids (LCSL) could be efficiently synthesized by lipase-catalysed transesterification
of triacetin with stearic acid in a solvent-free system. Also, the commercially available STAG
can apply to many products, among them low-calorie structured fats, ‘Salatrim’ and ‘Caprenin’,
which are widely applied to achieve a particular functional or nutritional purpose in food
products. One of the advantages of this STAG is to provide the physical properties of fat with
approximately half of the calories of typical edible oils. SALATRIM (short and long acyl
triglyceride molecule) fats as the most familiar low-calorie structured lipids (LCSL) are defined
as TAG mixtures and catalysed by alkali metal chemical interesterification of hydrogenated
vegetable oils with short-chain TAG. Thus, the removal of the toxic materials after reaction and
subsequent purification steps are needed to obtain. Although lipase-catalysed esterification offers
some benefits under mild conditions, there has been no enzymatic production of LCSL

commercially currently.
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While ‘Salatrim’ is a mixture of short-chain (2-4) and long-chain (16-22) triacylglycerols
produced by a random interesterification, the properties of the ‘Salatrim’ depend on the chain
length and positional distribution of acyl moieties on the TAG backbone. As a low-calorie fat (5
kcal/g), it is intended for use in oven-baked French fries, baked and dairy products, dressings,

dips, sauces, cocoa butter substitute, and chocolate-flavoured coating.

The enzymatic synthesis can also produce products similar to ‘Salatrim’ as ‘Caprenin’ which
contains caprylic (8:0), capric (10:0) and behenic (22:0) acids has been produced by both
enzymatic and chemical processes. This GRAS product is synthesized by interesterification
between coconut, palm kernel, and rapeseed oils and has the application of low-calorie fat (5
kcal/g), ingredient of soft candies, candy bars, and confectionery coatings for nuts, cookies, etc.
(Bornscheuer et al., 2012; Yang et al., 2001). Thus, SLs as ‘Salatrim’ and ‘Caprenin’ can be used
in various food applications from cocoa butter, human milk fat analogue, margarine, shortenings,

cookies and salad dressings, and Low-Calorie structured lipids.

2.2.4.5 Structured Lipids and Human Health

Structured lipids (SLs) can be used as constituents of functional foods for maintaining good
health and nutritive or therapeutic purposes, including prevention and/or the treatment of certain
diseases. The SL might deliver desired fatty acids targeting specific diseases and metabolic
conditions (Lee & Akoh, 1998) when structured lipids are produced with edible oils, which have
beneficial properties with their specific fatty acids.

Fats and oils give palatability to food products and cannot be entirely eliminated from our diet,
but the high consumption of dietary fats can be detrimental to health. Therefore, the production
of medium-long-chain triacylglycerol (MLCT) has the speciality of structured lipids that can be
metabolized differently compared to conventional fats and oils, which can result in reducing fat
accumulation in the body. Also, the application of MLCT in food industries can be used for

obesity management as it contains nutritional properties that can be used to treat metabolic
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problems. The advantage of MLCT oil on humans is that it can act as functional oil that prevents
fat accumulation in our body, thereby reducing body fat and weight. MCT does not accumulate
in the fatty tissue and does not form a reserve fat as the human body rapidly metabolizes it. Thus,
MCTs can be applied to infants and in the clinical nutrition of patients with digestion or nutrient

absorption disorders (Lee et al., 2012; Adamczak, 2004).

2.3. Bioactive Delivery via Encapsulation Technology

2.3.1 Overview of Encapsulation

Encapsulation is a process that entraps the bioactive ingredients such as food ingredients,
enzymes, cells, or other substances within another, which protects bioactive material and
prevents the loss of its beneficial effects (Karimi et al., 2015). Encapsulation technology can
enhance nutraceuticals' stability, water solubility, and bioavailability, which has become one of
the most helpful research areas in the food and drug industries (Moghimi et al., 2016; Karimi et
al., 2018). Scientists were able to manufacture numerous lipid-based carriers such as nano and
microemulsions, liposome, and lipid nanocarriers, after gaining a fundamental knowledge of the
increased chemistry and physicochemical properties of amphiphilic capabilities of lipids (Eh Suk
et al., 2020). These self-assembled colloidal lipid systems are the most diverse possibilities for

the topical delivery of drugs (Elsayed et al., 2007).

During the last 20 years, there has only been one revolutionary carrier system that can be called a
significant innovative contribution in the dermal area: liposomes, which Dior initially presented
to the cosmetic market in 1986. Due to their composition, variability and structural properties,
liposomes are incredibly versatile, leading to many applications, including pharmaceutical,
cosmetics and food industrial fields. Generally, it is believed that liposomes are suitable delivery

systems for nutraceuticals and can be applied in the food industry (Karimi et al., 2015).

The presence of biological lipids that are highly biodegradable and biocompatible has drawn

scientific attention to lipid nanoparticles. At the beginning of the 1990s, the advantages of solid
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particles, emulsions and liposomes were combined by developing solid lipid nanoparticles (SLN5s)
(Miiller et al., 2002). However, the conventional liposomes and emulsions suffered from certain
disadvantages, including physical and chemical instability, the requirement of time-consuming
multistep processes, and non-reproducible release of the drug and toxicity due to organic solvent
residues based on the preparation technique (Uner M, 2006). Generally, encapsulation is
typically applied for several reasons, including 1) delivering the bioactive components at the
appropriate gastrointestinal target with controlled release; ii) ensuring the stability of the
compounds in the gastrointestinal system and functional food systems; iii) advancing the
absorption of nutraceuticals at the intestinal site; and iv) hiding the unpleasant characteristics of

the core material in food products (Karimi et al., 2018).

Selecting encapsulation methods is essential to developing micro or nano-structured
encapsulated systems. The coating of different substances within another material at nanoscale
sizes is known as nanoencapsulation. Microencapsulation is comparable to nanoencapsulation,
except that it uses larger particles and has a longer application history (Suganya & Anuradha,
2017). Lipid nanoparticles (LNs) have a good potential for developing new biocompatible carrier
systems, improving controlled release, and enabling precision targeting the bioactive compounds

rather than microencapsulation (Lacatusu et al., 2011; Suganya & Anuradha, 2017).

2.3.2 Lipid Nanoparticles (LNs)

Over the past decades, great improvements have been made in developing bioactive materials
delivery systems for plant actives and extracts. Encapsulation is advantageous for various
delivery and food processing systems. However, many challenges are still associated with these
nanoformulations, including process complexity, lack of stability, higher manufacturing costs,
and toxicity in the case of polymeric nanoparticles. Recently, lipid nanoparticles (LNs) have
become increasingly of interest to scientists due to their potential to overcome topical drug
delivery challenges using solid lipid nanoparticles (SLNs) and nanostructured lipid carriers
(NLCs) as significant lipid-based nanoparticles (Miiller et al., 2002; Puglia et al., 2014). For

SLNs and NLCs, the technologies used to create the final topical formulation have been
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explained, particularly the manufacture of highly concentrated lipid nanoparticle dispersions
with lipid content of >30-80%. Clinical batch production, large-scale manufacturing, and
regulatory issues are likewise production issues (e. g., status of excipients or proof of physical
stability) (Miiller et al., 2002). The encapsulation of fatty acids in nanocarrier systems is an
alternative carrier as an effective technique for enhancing their biological efficiency and

controlled delivery (Hashemi et al., 2020).

Lipid nanoparticles (LNs) are colloidal carrier systems because they are composed of a
biocompatible/biodegradable lipid matrix. The use of LNs in pharmaceutical technology has
been reported for several years. LNs protects the loaded bioactive compounds from chemical and
enzymatic degradation and gradually releases drug molecules from the lipid matrix into the
blood, resulting in improved therapeutic profiles compared to the free drugs (Severino et al.,
2012). Nano-sized drug carriers formulated from various materials offer a versatile platform to
carry an array of therapeutic agents in a targeted manner (Alavizadeh et al., 2015). The main
advantages of LNs over conventional drug carriers as they are formulated with high
biocompatibility, good physical stability, the possibility of controlled release of drugs and active
substances, ease of large-scale production, and low raw material costs (Puglia et al., 2014;
Miiller et al., 2002; Eh Suk et al., 2020; Hashemi et al., 2020). LNs protects bioactive
compounds, such as vitamins, antioxidants, proteins, and lipids, which enhances functionality

and stability (Karimi et al., 2015).

In recent years, using LNs for food fortification has been a positive approach, as they can be
effective in the delivery and stability of hydrophobic compounds. The entrapped bioactive
components in food and feed products are expected to improve additive stability and extend the
shelf life (Holser, 2011). LNs increase bioavailability during digestion and prevent the food's
development of off-flavours and off-colours (Hashemi et al., 2020). For example, lipids and lipid
nanoparticles are extensively employed as oral-delivery systems for drugs and other active

ingredients (Severino et al., 2012).
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Furthermore, SLNs and NLCs have been developed to improve solubility and enhance the
permeability of lipophilic drugs by providing a large surface area and hydrophilic surfactant
layer at its outer side and lipid matrix at its inner core (Rai et al., 2021). SLNs have an
application in the drug delivery system, enhancing drug release at the desired tumour site (Rai et
al., 2021). Also, pharmaceutical applications included oral, parenteral, and topical drug delivery
for solid lipid particles. However, drug loading capacity and reports of drug expulsion and
storability have been limited to SLNs (Holser, 2011). Hence, NLCs as second-generation lipid

nanoparticles were developed to improve drug loading as detailed in the following section.

2.4. Nanostructured Lipid Carriers (NLCs)

Nanostructured lipid carrier (NLC) is the second generation of lipid-based nanocarriers formed
from a mixture of solid and liquid lipids, which developed a distinct structure and unique
advantages in comparison to traditional lipid carriers, such as high encapsulation efficiency (EE),
physicochemical stability, bioavailability, long shelf life and low release rate of functional
hydrophobic ingredients in food products (Karimi et al., 2018; Hashemi et al., 2020; Eh Suk et
al., 2020). Recounting NLC based formulations have been increasingly provoked to develop safe
and valuable delivery systems. The lipid system is composed of well-tolerated and physiological
lipids and acts as a physical barrier that may prevent the encapsulated bioactive components
from unpleasant factors in the aqueous phase (Lacatusu et al., 2011; Karimi et al., 2018). As
NLC are the binary system containing both solid lipids and liquid lipids as a core matrix, which
are characterised by a less organised structure called lipidic core and allows for higher loading
capacity and more active ingredients stability during the storage (Elmowafy & Al-Sanea, 2021;
Miiller et al., 2002; Eh Suk et al., 2020). They are also stabilized with the addition of blends of

surfactants at an appropriate concentration.

2.4.1 Comparison NLCs and SLNs

The encapsulation of structurally sensitive chemicals in a solid lipid matrix act as a barrier to

prooxidant substances, thereby limiting oxidative destruction and preserving the bioactivity of
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labile structures (Holser, 2011). On the capability of a lipid-based drug delivery system, Miiller
and Gasco firstly developed and nominated solid lipid nanoparticles (SLNs) in the 1990s as an
alternative carrier system such as emulsions, liposomes, and for the sake of avoiding the use of
organic solvents in the preparation of polymeric nanoparticles (Miiller et al., 2002; Muller et al.,
2011; BHATT et al., 2021). The advantages of SLNs are physiological lipids, the avoidance of
organic solvents, and the applicability of large-scale production (Fang et al, 2013).
However, SLNs show some disadvantages as drug carriers, including unpredictable gelation
tendency, polymorphic transition, and low incorporation due to the crystalline structure of solid
lipids, drug loading and expulsion that might occur during the storage (Fang et al., 2013; Azmi et
al., 2020).

These liquid lipid-containing nanoparticles, as a novel type of lipid nanoparticles in the delivery
system, were further named nanostructured lipid carriers (NLC), composed of biocompatible and
biodegradable natural materials, including a liquid lipid blended with a solid lipid to form special
nanostructures in the matrix. Liquid lipid in NLC is employed to change the formation of SLN
and resolve the problems raised by SLN. This structure intensifies the drug loading and improves
the incorporation of the drugs during storage (BHATT et al., 2021; Hashemi et al., 2020; Azmi et
al., 2020).

The formation of a perfect crystal that can be compared to a dense ‘brick wall’ is a potential
disadvantage in SLN and leads to drug expulsion (Fig. 8). Drug loading in SLN has been limited
due to the lipid crystal. In contrast, the NLC can control the transformation process that can be
used to trigger the release of drugs. Drug loading is a significant disadvantage of SLN. The SLN
has the drug expulsion during the storage, while NLC improve drug entrapment with the lowest
leakage. Incorporating a liquid lipid in the preparation of nanoparticles helps incorporate more

drugs into the nanoparticle and enhances the physical stability of the nanocarrier
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Figure 8. Triggered release of active compounds by controlling the transform (Miiller et al.,
2002).

Compared to the less highly ordered matrix of SLN, the increase in ordered structure was nicely
shown in the three different types of NLC productions: imperfect, amorphous, and multiple types.
Thus, NLC has superior drug loading capacity due to a less ordered solid lipid matrix than the
SLN. The payloads of SLN for many drugs were insufficient. The payload for active compounds
of NLC has been enhanced, and compound expulsion during storage should be avoided by giving
the lipid matrix an individual nanostructure. Furthermore, the NLC has low toxic side effects
potential when compared to polymeric nanoparticles (Naseri et al., 2015). Furthermore, NLC can
control drug release and contain fewer amounts of surfactant and cosurfactant when compared to
emulsions. Also, the most lipid reported as an excipient in the production of NLC, which are
generally considered safe (GRAS) and biodegradable (Elmowafy & Al-Sanea, 2021; Miiller et
al., 2002; Ghate et al., 2016; BHATT et al., 2021; Hashemi et al., 2020; Naseri et al., 2015).
Therefore, NLC represents the second generation of lipid nanoparticles that overcome the
limitations of conventional SLN. The incorporation of bioactive materials into NLC enhances

their stability and bioavailability.

2.4.2 Materials for NLCs Preparation

The essential ingredients for NLCs are composed of the lipid phase, aqueous phase, and
surfactants. These ingredients and their concentrations in NLCs significantly impact the final
behaviour of the fabricated NLCs and drug release profiles of the nanoparticles. The stability of

NLC solutions is influenced by lipid properties such as melting temperature, viscosity,
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crystalline shape, and hydrophilicity (Babazadeh et al., 2017). Table 2 shows the common

ingredients for composing nanostructured lipid carriers.

Table 2. The excipients for composing nanostructured lipid carriers (NLCs).

Ingredients Material

Liquid lipids Medium chain triglycerides, paraffin oil, 2-octyl dodecanol, oleic acid, squalene,
isopropyl myristate, vitamin E, Miglyol® 812, Transcutol® HP, Labrafil Lipofile®
WL 1349, Labrafac® PG, Lauroglycol® FCC, Capryol® 90

Solid lipids Tristearin, stearic acid, cetyl palmitate, cholesterol, Precirol® ATO 5, Compritol® 888

Hydrophilic surfactants

Lipophilic surfactants

Amphiphilic
surfactants

ATO, Dynasan®116, Dynasan® 118, Softisan® 154, Cutina® CP, Imwitor® 900 P,
Geleol®, Gelot® 64, Emulcire® 61

Pluronic® F68 (poloxamer 188), Pluronic® F127 (poloxamer 407), Tween 20, Tween
40, Tween 80, polyvinyl alcohol, Solutol® HS15, trehalose, sodium deoxycholate,
sodium glycocholate, sodium oleate,

polyglycerol methyl glucose distearate

Myverol® 18-04K, Span 20, Span 40, Span 60

Egg lecithin, soya lecithin, phosphatidylcholines, phosphatidylethanolamines,
Gelucire® 50/13

Source: Fang et al., 2013.

2.4.2.1 Liquid Lipids

Various types of lipids could be utilised in this formation of NLC. Both solid and liquid lipids

are included in NLC

for constructing the inner cores (Fang et al., 2013; Sakellari et al., 2021).

Liquid lipids typically used for NLC consist of digestible oils from natural sources. The

commonly used liquid oils are often utilized as the constituents of liquid lipids because of their

similar structures such as soybean oil (Pardeike et al., 2011) and olive oil (Huguet-Casquero et
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al., 2020). Alternatively, fatty acids, such as oleic acid (Elmowafy et al., 2018b), are included in
NLC for their value as having oily components and being penetration enhancers of topical
delivery. Most lipids have already been given the "generally recognised as safe (GRAS)” status
by the European and American regulatory authorities for clinical purposes. Novel and
biocompatible oils that may be applied without irritation, are affordable, and can be sterilized are
needed (Fang et al., 2013). For example, the lipids are biodegradable and, thus, are less toxic to
the skin application (Ghate et al., 2016). Incorporating a liquid lipid in the nanoparticle
preparation helps incorporate more drugs into the nanoparticle and improves the physical

stability of nanocarriers.

2.4.2.2 Solid Lipids

The common solid lipids for the preparation of NLCs can be Compritol 888 ATO (Khan et al.,
2019; Pradhan et al., 2015), Precirol ATO 5 (Mohammed Elmowafy et al., 2019) or Stearic acid
(Elmowatfy et al., 2018a) (Ghate et al. 2016), and glyceryl monostearate (GMS) for loaded NLCs
(Rai et al., 2021). These lipids are in a solid state at room temperature. They would melt at
higher temperatures (e.g. > 80 °C) during the preparation of NLCs (Fang et al., 2013). For
instance, high melting point glyceryl monostearate (GMS) for Docetaxel-loaded SLNs is based
on the idea that high melting triglycerides are excellent excipients for Docetaxel (Rai et al.,

2021).

Moreover, the solid lipid core should have structural imperfections to improve drug
incorporation into the system. NLCs are novel drug delivery systems for delivering actives with
high solubility, stability, powerful skin penetration, and low skin discomfort. Because of its
physiological lipid composition and occlusive affect properties, the system has been
demonstrated to be an effective system for increasing skin hydration as the small size of NLCs
ensures close contact with the stratum corneum and can improve the amount of active compound

penetration the skin (Azmi et al., 2020).
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2.4.2.3 Emulsifiers / Surfactants

Although NLCs comprises a combination of solid and liquid lipids dispersed in the aqueous
phase, the particles tend to agglomerate and are less stable in NLCs formulation. The surfactants
used to stabilize lipid dispersions in the formation and characterization of NLCs. Table 2
summarizes the detailed information on the different types of surfactants for NLCs. The most
widely used aqueous phase consisting of hydrophilic surfactants are Poloxamer 188 (Khan et al.,
2019), Poloxamer 407 (Hashemi et al., 2020), Tween 80 (Khan et al., 2019; Pradhan et al., 2015).
Lipophilic or amphiphilic surfactants such as Span 80 and lecithin (Khan et al., 2016) are
employed to fabricate NLCs if necessary. The surfactants can improve the electrostatic
interactions between droplets and incorporation into the lipid phase, enhance the stability of the
emulsions via lowering the Ostwald ripening rate and significantly increase the high-temperature
stability (Tian et al., 2015). In addition, it has been discovered that combining various surfactants
can more effectively prevent particle aggregation (Fang et al., 2013). A mixture of (hydrophilic
and lipophilic) surfactants can improve the systems' developed physical stability and functional

properties (Elmowafy & Al-Sanea, 2021).

Moreover, suitable surfactants reduce interface tension and facilitate droplet dispersion during
homogenization (Babazadeh et al., 2017). Non-ionic surfactants such as polysorbates and
poloxamers are alternatives for stabilizing the NLCs dispersion in this study. For different
surfactant types, the solubility and miscibility of NLCs could be enhanced. The emulsions
stabilized by other surfactants showed relatively different structures at the interface, while

various forms and sizes of free surfactants were presented in the solution.

Polysorbates (Tweens) are primarily common hydrophilic emulsifiers and powerful steric
stabilisers permitted in foods (Babazadeh et al., 2017). Tweens were effectively incorporated
into a lipid nanocarrier as a surfactant for dispersing hydrophobic particles in aqueous solutions,
which has the potential to be developed as a carrier for a variety of active components, including
nutrients, extracts, and medicines (Kerwin, 2008). The incorporation of Tween caused

crystallization, which improved self-assembly properties and decreased the agglomeration of
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NLCs, resulting in more single NLCs particles being detected. The effects of polysorbate
nonionic surfactants, namely Tween 20 and 80, on the NLCs formulation were investigated.
Tween 20 and 80 are biocompatible surfactants in food, biotechnical, and pharmaceutical
applications. They are both miscible in water and yield a clear, yellow solution. However,
despite their similar functions, there are still differences between the two types of tweens,
especially in types of applications. For biochemical applications, Tween 20, known as
Polysorbate 20, is attached to 20 repeat units of polyethene glycol and spread throughout four
chains with a hydrophobic dodecanoic tail. Tween 20 is more hydrophilic (Eh Suk et al., 2020).
In contrast, Tween 80 is a polyethylene sorbitol ester, known as Polysorbate 80 or
polyoxyethylene sorbitan monooleate. Thus, Tween 80 has a longer aliphatic tail and, therefore
more lipophilic (Eh Suk et al., 2020). Tween 80 has been extensively used in the formulation of
drugs, skin care products, and foods as a solubilizer, emulsifier, and stabilizer. It is a direct food
additive, which allows for some special foods by FDA (21CFR172.840) (Babazadeh et al., 2017).
The average particle size for formulation incorporated with Tween 80 reduced the most in
comparing Tween 20, 40, 60 and 80. This could be due to the blend and kink at the double bond
of monooleate in Tween 80, which enhances the curvature of the NLCs particles (Eh Suk et al.,

2020).

Different poloxamer excipients have been extensively used in pharmaceutical industries as
water-soluble emulsifiers, solubilizers for hydrophobic drugs, and suspension stabilizers.
Poloxamer 407, in combination with a liposome, remarkably improved liposome formulation
stability by increasing half-life, preventing aggregation, and fusion of phosphatidylcholine
multilamellar vesicles (Pezeshki et al., 2014; Hashemi et al., 2020). This study chose three non-
ionic surfactant types, poloxamer 407, Tween 20 and Tween 80, to prepare NLCs. Non-ionic

surfactants have lower toxicity than ionic ones (Babazadeh et al., 2017).

On the one hand, the concentration of the surfactant also mainly affects the particle size of
loaded NLCs. The surfactant type and concentration have proved to play a critical role in
stabilizing the formulation of NLCs and preventing particle agglomeration (Severino et al., 2012;

Wei et al., 2020).
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Sufficient emulsifiers are present to hold freshly formed smaller particles produced during
homogenization. At higher surfactant concentration, the oil has an inverse effect observed in the
particle size, which is consistent with serval studies. Hence, it prevents particle coalescence,
increasing stability (Anarjan et al., 2011). The plausible reason for this increase is the higher
viscosity of NA-TAG oil which makes the disruption of droplets more difficult during
homogenization. (Mehmood, 2015). Generally, the higher the surfactant co-homogenisation, the
smaller the particle sizes (Elmowafy & Al-Sanea, 2021). In addition, a high surfactant
concentration results in a high burst release (Miiller et al., 2002). Aggregation accelerated at
lower surfactant concentrations where the coated fraction of particle surface area remained small

(Azmi et al., 2020; Pezeshki et al., 2019).

Therefore, surfactant type and concentration play a critical role in stabilizing the formulation of
NLCs (Wei et al., 2020) because different types of surfactants stabilize NLCs by efficiently

adsorbing onto particle surfaces and lowering interfacial tension (Elmowafy & Al-Sanea, 2021).

2.4.3 Types of NLCs

NLCs are composed of solid and liquid lipids, surface active agents and water, in which a liquid
lipid core is surrounded by a solid lipid matrix (Karimi et al., 2018). NLCs is produced by
mixing spatially significantly different lipid molecules, i.e., blending solid lipids with liquid
lipids (oils). Other types of NLCs are obtained depending on the production method and lipid
blend composition (Miiller et al., 2002). According to the lipidic structure of prepared NLCs in
Fig.9, there are three different types of NLCs based on the composition of the lipid mixture and
the method used to produce them for their preparations. The structures of NLCs can be imperfect,

amorphous, and of multiple types (Elmowafy & Al-Sanea, 2021).

The NLCs type 1 (Fig. 9A) shows a structure with imperfection. This lipid matrix has
imperfections due to lipids with various chemical properties, such as carbon chain length and

saturation level. Such lipid mixtures affect crystallization and cause disorder in the crystal lattice
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(Elmowafy & Al-Sanea, 2021). Consequently, the lipid matrix can accommodate a higher
amount of drugs, and thereby it will be less likely to be expelled during storage than using single
lipid (Miiller et al., 2002).

The second type of NLCs (Fig. 9B) is the solid lipid matrix but not crystalline in an amorphous
state. This amorphous type can avoid an ongoing crystallization process to a perfect crystal by
mixing some special lipids. In this type, obtaining a structureless solid amorphous matrix results
in a high drug payload as the lipid matrix will crystallize in a less ordered amorphous state.
Nuclear magnetic resonance (NMR) and differential scanning calorimetry confirm lipid solid

state and transition temperature, respectively (Elmowafy & Al-Sanea, 2021).

e—
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A Imperfect B Amorphous C Multiple
Figure 9. Types of NLCs (Elmowafy & Al-Sanea, 2021).

A multiple (Fig. 9C) is the third type of NLCs produced by mixing solid lipid with higher liquid
oil. While in this study, it is an oil-in-solid lipid-in-water dispersion. This NLCs type takes
advantage of the fact that many drugs have a higher solubility in oils than in solid lipids. The oil
molecules are dispersed inside the solid lipid matrix at a lower oil solubility, and there are no
oily nano compartments. When the oil concentration is increased, the solid lipid's solubility of
the oil molecules is exceeded, phase separation occurs, and oily nano compartments form. This
happens during the cooling process after the particles have been produced using the hot

homogenization method. Retinol is multiple classic examples. The oil nano compartments are
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incorporated into the solid matrix; they contain a larger concentration of the active substances,
but the solid lipid barrier around them still regulates their release. Thus, a concentration of 5%
retinol could be incorporated and firmly preserved during long-term storage (Elmowafy & Al-

Sanea, 2021; Miiller et al., 2002).

2.4.4 Preparation Methods for NLCs

As reported in the literature, various techniques have been employed to fabricate NLCs.
According to energy consumption, these methods can be categorized into three types: high
energy required methods such as high-pressure homogenization and high shear
homogenization/sonication; low energy required forms such as microemulsion and double
emulsion; and lastly, the very low or no energy required methods such as emulsification solvent
evaporation, emulsification solvent diffusion and solvent injection (Elmowafy & Al-Sanea,2021).
The most widely used method for NLCs preparation is high-pressure homogenisation (HPH) and
high shear homogenization or sonication, due to the ease in preparation and short production
period with the aim for future scaling up (Eh Suk et al., 2020). NLCs is formulated from the
mixture of solid and liquid lipids dispersed in the aqueous phase. HPH produces highly stable
particles and requires no organic solvent addition as the result of no solvents being added during
the preparation of NLCs. It is a powerful technique for large-scale production (Elmowafy & Al-
Sanea, 2021; Khan et al., 2019). At first, the lipid phase and aqueous phase are prepared
separately. The lipid phase consists of solid and liquid lipids and lipophilic emulsifiers, while the
aqueous phase consists of double-distilled water and hydrophilic emulsifiers. Both phases are
heated separately to a high temperature for a determined time. The aqueous phase is added to the
lipid phase and mixed. A high-shear homogenizer can homogenize the mixture. In some cases,
the mixture can be further treated using a water-bath or probe-type sonicator to obtain a smaller

and more-regular size distribution (Fang et al., 2013).

The instruments and processing steps such as high shear homogenizer and lyophilized used in

preparing stable NLCs formulations can be easily employed in the pharmaceutical industry for
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large-scale production (Khan et al., 2019). Moreover, the bioavailability of drug loaded NLCs

can be improved by design and optimization.

2.4.5 Physiochemical Characterization of NLCs

The physicochemical characterization of NLCs is essential in confirming quality control and
stability. Both physical and chemical properties can be determined for NLCs (Fang et al., 2013).
NLCs constituents mainly affect the physicochemical properties and effectiveness of the final
loaded NLCs product (Elmowafy & Al-Sanea, 2021). One of the main purposes was to attempt
to produce nanostructured lipid carriers were done using the hot high shear homogenization/
sonication method. The successfully obtained formulation was further characterized using
several essential parameters such as the particle size, polydispersity index, zeta potential of
NLCs systems, physical and chemical stability, and transmission electron microscopy. In
addition, the lipid nanoparticles are characterized by differential-scanning calorimetry (DSC), X-
ray, nuclear magnetic resonance (NMR), and Fourier transforms infrared spectroscopy (FT-IR).
As the drug is incorporated into NLCs, the encapsulation efficiency and drug-release behaviour
provide essential information to judge the feasibility of NLCs as drug delivery systems (Fang et

al., 2013).

2.4.5.1 Particle Size and Polydispersity Index

The most frequent parameters for determining NLC are particle size and zeta potential. Photon
correlation spectroscopy (PCS) and laser diffraction are the most powerful methods for routine
particle size measurement. PCS is also known as dynamic light scattering. It measures the
fluctuation of the scattered light intensity produced by particle movement (Fang et al., 2013).
The particle size is the most critical characteristic of an NLC formulation (Azmi et al., 2020).
The types and ratios of lipid and surfactants used in NLC greatly affect the particle size. For
instance, in the penetration of the skin, the small size of nanoparticles ensures close contact of
the extract with the stratum corneum, making it easier for the extract to penetrate. Because of the
small size of NLC, the system has a large surface area and low interfacial tension of the droplets,

allowing for easy penetration through the skin (Azmi et al., 2020).
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Furthermore, the narrow PDI also shows the stability of nanoparticle dispersion. As reported by
Mitri et al. (2011), the polydispersity index (PDI) parameter provides important indications
concerning sample homogeneity, as values below 0.25 reflect relatively homogeneous
nanoparticles with a minimum predisposition to aggregation (Mitri et al., 2011). The narrow

polydispersity index ranges from 0.01 to 0.7, indicating a monophasic system.

2.4.5.2 Zeta Potential

Zeta potential is an essential measurement that controls electrostatic interactions in particle
dispersions and predicts the physical stability of colloidal dispersions in the application. All
measurements reported in this paper were made at a temperature of 25°C on a Zetasizer Nano ZS
(Malvern Instruments Ltd, Malvern, UK) fitted with a high-concentration zeta potential cell. It
can optimize the formulation of suspensions and emulsions and help predict short-term or long-
term stability. Most colloidal dispersions in the aqueous phase have an electric charge, and the
development of this charge at the particle surface influences the ion distribution in the
surrounding interfacial region (Kaszuba et al., 2010). They will repel each other and thus
stabilizing the suspension. As a result of the electrostatic repulsion between particles with the
same electrical charge, particle aggregation phenomena are less likely to occur for charged
particles with a high zeta potential (>|30| mV) (Gonzalez-Mira et al., 2010; Lu et al., 2018; Azmi
et al., 2020).

2.4.5.3 Electron Microscopy

The particulate radius and size distribution of NLCs can also be measured by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). Scanning electron microscopy
(SEM) uses electrons to image in the same way that a light microscope does, with the main
differences being the greater depth of field and higher magnification (>100,000). SEM generates
various signals at the surface of solid samples by using a focused beam of high-energy electrons.
The incident electron beam is scanned across the surface of the sample in a raster pattern, and the

electrons emitted are detected by an electron detector for each position in the scanned area
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(Hashemi et al., 2020). In addition, electron microscopy is beneficial in observing the shape and

morphology of the particles (Fang et al., 2013).

TEM was used to determine the shape and size of the particles. A TEM is similar to a standard
microscope. However, it uses electrons instead of photons to achieve higher magnification and a
clearer image. The wavelengths of electrons are shorter than the wavelengths of light (Azmi et
al., 2020). TEM allows the visualization of nanoparticles after freeze-drying or freeze-thawing

(Fang et al., 2013).

2.4.5.4 Encapsulation Efficiency

Determination of encapsulation efficiency is essential for NLCs since it affects the release
characteristics. The encapsulation percentage of the drugs in NLCs is based on separating the
internal and external phases (Fang et al., 2013). Encapsulation efficiency (EE%) estimates the
quantity of encapsulated drugs per unit weight of nanoparticles (Azmi et al., 2020). Different
techniques such as ultrafiltration, ultracentrifugation, gel filtration by Sephadex, and dialysis are
commonly used to separate the dispersions. To obtain EE%, the amount of free NA-TAG was
separated from encapsulated NA-TAG using the ultrafiltration method (Amicon Ultra centrifugal
filter - nominal cut-off of 30,000Da) with centrifugation according to the size exclusion concept.
Nano-sized particles (NPs) have evolved into important systems for bioimaging, biosensing,
targeted drug delivery, and controlled release therapeutic agents. Efficient collection and
preparation of nanoparticles are critical in nanomaterial manufacturing. Ultrafiltration (UF) has
been widely used in the preparation and purification of nanoparticles after synthesis. Also, the
separation and concentration of molecules during ultrafiltration are based on size exclusion. The
particle size of NLCs systems and physical stability of the NLCs systems was evaluated over a

storage period, and the encapsulation efficiency (EE %) (Hashemi et al., 2020).

2.4.5.5 Lipid Oxidation
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Lipid oxidative stability is one of the major characteristics in determining the loss of quality of
food products and affecting the colour and nutritional value of foods. As oxidation of lipids is an
important quality indicator of fats, meat, and meat products because oxidized lipids not only
change the colour, aroma, flavour, texture (sensory properties), and even the nutritive value of
foods, but they also have several negative biological effects on human health (Reitznerova et al.,
2017). This process by which oxygen reacts with unsaturated lipids present in the foodstuff.
Oxygen acts on lipids in forming lipid hydroperoxides, which then react to produce low
molecular weight volatile components such as aldehydes and ketones. An unpleasant
organoleptic experience might appear, described as rancidity (Irwin & Hedges, 2004). Oxidation
and hydrolysis are the main reactions resulting in oil and fats rancidity (Talbot, 2016). Analytical
methods can detect rancidity or the precursors to rancidity at an earlier stage. For example,
shorter shelf-life experiments for oxidative stability testing would be reliable in detecting
significant oxidation lipid products early. Although monitoring the oxidative damage would not
enhance the product stability, it would help identify potential risks in the supply chain and
ultimately result in improved product quality. Thus, measurement of lipid oxidation can be
carried out by a wide range of methods such as peroxide value (PV) and thiobarbituric acids

reacting substances (TBARS).

Peroxide Value (PV)

The most common approach used to determine the primary oxidation products of lipids are
peroxide value (PV), which can be achieved by titration or spectrophotometric method (Liu &
Kong, 2021). PV is a straightforward test frequently used to investigate shelf-life or the
antioxidant properties of various additives. As hydroperoxides are produced in the early stages of
the lipid oxidation process, determining PV can provide an early indication of rancidity (Irwin &
Hedges, 2004). For instance, in the investigation of the frying oil and packaging used for potato
chip manufacture, PV was used in conjunction with FFA and sensory data to demonstrate that a
shelf-life of 90 days could be obtained with sunflower oil and aluminium foil packaging (Sandhu
et al., 2002). In a study of cooking comminuted herring flesh, chitosans were found to reduce PV,
TBARS (thiobarbituric acid reactive substances) and volatile aldehyde levels (Kamil et al., 2002).

However, because hydroperoxides can degrade during storage as propagation reactions take off,
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PV cannot be relied on to provide a complete picture of the oxidative status (Murthi et al., 1987).
However, due to the complex nature of lipids, it is still debatable to conclude on each specific
method or oxidized compound produced during lipid oxidation. It was found that the primary
oxidation products are further oxidized to form secondary and tertiary oxidation products. These
products include a high amount of aldehydes with small to large chain structures. The aldehydes
and other reactive substances are one of the leading causes of rancidity in foods during

preparation and storage (Zeb & Ullah, 2016).

Thiobarbituric Acid (TBA) test

The thiobarbituric acid—reactive substances (TBARSs) test is a common indicator for investigating
secondary oxidative products, particularly those found in polyunsaturated fatty acids like
malonaldehydes (MDA, a secondary lipid oxidation product). TBA test can be used to determine
the number of aldehydes in the oil; however, unlike the anisidine value (AV), it can be conducted
on foods without extracting the oil (Talbot, 2016). Malondialdehyde (MDA) is one of the most
abundant aldehydes generated during secondary lipid oxidation. It is probably the most
commonly used biomarker for enzymatic degradation and lipid peroxidation of polyunsaturated
fatty acids (Zelzer et al., 2013). The most widely used method for the determination of MDA is
the spectrophotometric determination of pink fluorescent MDA -thiobarbituric acid (MDA-TBA)
complex produced after reaction with 2-thiobarbituric acid (TBA) (Reitznerova et al., 2017).
MDA, as the primary marker in lipid peroxidation, reacts with thiobarbituric acid to produce a
colourimetrically detectable red pigment at 540 nm by a spectrophotometer due to the oxidation
of fatty acids with three or more double bonds (Bai et al., 2022). TBARs are generated as a by-
product of lipid oxidative damage (i.e., as degradation products of lipids) and can be detected
using the TBARs assay (which uses TBA as a reagent) (Dorsey & Jones, 2017). TBARs is
commonly used as an indicator of lipid oxidation in rancidity, particularly in meat and fish
products (Irwin & Hedges, 2004). This simple and highly sensitive spectrophotometric method
was developed to determine TBARs as a marker for lipid peroxidation in most fried fast foods.
The method can successfully be used to determine TBARs in other food matrices, especially in

the quality control of food industries (Zeb & Ullah, 2016).
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2.4.6 Application of NLCs

NLCs is a colloidal system that has the potential to be used in food fortification (Hashemi et al.,
2020). Most applications of NLCs were introduced in pharmaceutical sciences, and few types of
research on food compatible NLCs (Babazadeh et al., 2017). They can also be utilized efficiently
in various applications, including oral, cutaneous, ophthalmic, and pulmonary (Elmowafy & Al-
Sanea, 2021). Applying NLCs as a potential encapsulation system in food products is one of the
innovative sights of food science that could be achieved using food-grade components
(Babazadeh et al., 2017). Food-grade delivery systems can increase the bioavailability,
functionality, and physical and chemical stability of lipophilic nutraceuticals in aqueous-based

foods during processing and storage.

On the other hand, these types of NLCs could also be extensively used in the pharmaceutical and
biomedical fields. The selection of vehicles is also essential for drug delivery to enhance the
maximum activity and inhibit adverse effects. Because NLCs have a higher drug loading
capacity than other colloidal carriers, the capability to target specific sites by surface
modification and increased knowledge of the fundamental mechanisms of transport via various
routes of administration (Elmowafy & Al-Sanea, 2021). Hence, the researchers have more
attention to NLCs and discovered different applications as they can enhance drug loading
capacity, drug targeting, physical and chemical long-term stability, trigger the release and
potentially supersaturated topical formulations (BHATT et al., 2021). NLCs have a remarkable
range of properties that make them useful for drug delivery via parenteral, dermal, pulmonary,
and topical pathways. These products were developed to reduce the toxic side effects of the
highly potent drugs that were incorporated while also increasing the efficacy of the treatment
(Naseri et al., 2015; Hashemi et al., 2020). For instance, owing to reduced particle degradation
and extended simulated gastrointestinal (GIT) residence times after oral administration, NLCs
represent supreme contenders for enhancing rug bioavailability, treating inflammatory bowel
diseases, and alleviating drug-induced toxicity (Elmowafy & Al-Sanea, 2021). Poorly soluble
medicines such as vinpocetine, fenofibrate, and camptothecin can improve their solubilization.

Nanoparticles have been proposed as insulin carriers to make possible the administration of the

61



peptide via friendlier pathways without the need for injection, i.e., via oral or nasal routes (Souto
et al., 2019). Improving transmucosal transport and defense against GIT degradation would be
the key benefit of adding insulin (Severino et al., 2012). NLCs could improve oral bioavailability
by enhancing the solubility of drugs in the gastrointestinal tract (Liu & Wu, 2010).

Regarding cutaneous applications, NLCs are a practical drug delivery vehicle because they can
eventually hydrate skin and combine with skin lipids. NLCs provide favorable aerosolization
properties and practical stability for pulmonary use. Additionally, they can get past local
defenses and gather in the lung. They provide prolonged residence duration when administered
to the eye, boosting the actives' ocular bioavailability with no or minimal adverse effects. Even
though a strong barrier protects the brain, NLCs can enter the brain by decorating its surface,
passing the blood-brain barrier (BBB) through receptor-mediated transcytosis (Elmowafy & Al-
Sanea, 2021).

As both food and pharmaceutical staff deal with human health, the safety standards considered in
food science are as crucial and inclusive as those in the pharmaceutical standards even more
seriously due to the long-term use of foods rather than drugs. Drugs are consumed in an acute
and particular period, while foods are consumed for chronic and longer times. Thus, the health
and safety standards used in food science could certainly be applied to pharmaceutical sciences
(Babazadeh et al., 2017). Despite the advantages, formulating with NLCs has been suffering
some drawbacks. Most potential drugs rarely move to clinical trials (Fang et al., 2013). Due to
pH changes, ionic strength, drug release upon enzymatic degradation, and other factors, the
stability of particles must be carefully examined (Severino et al., 2012). Cosmetic products are

the most used NLCs on the market (Ghate et al., 2016).

2.5. Digestion and Absorption of Lipids

Lipids play an important role in the human diet, providing energy, essential nutrients, and
bioactive components. The importance of digestible lipids in the human diet has led to
significant advances in understanding the mechanisms of lipid digestion and absorption. In
modern processed food, fat may also be incorporated within the food matrix in the form of
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emulsions as the emulsion is protein-stabilized and provides a layer of complexity to the
digestion of these lipid-containing products (Singh et al., 2009; Zhang et al., 2015). This review
focuses on the numerous physicochemical properties of lipid emulsions throughout the

gastrointestinal tract in dietary lipid digestion and absorption.

2.5.1 Formation and Stability of Food Emulsions

The common practice to describe an emulsion as being oil-in-water (O/W) or water-in-oil (W/O),
where the first phase is the dispersed phase and the second phase mentioned is the continuous
phase (Singh et al., 2009). In this section, only O/W emulsions are investigated. In the food
industry, although the O/W emulsions will disrupt the droplets by a combination of turbulence
and intense shear flow when they are prepared by high-pressure homogenization, a stabilizing
layer is created at the droplet surface by the surfactants being absorbed in the oil-water interface.
Since surfactants often have a higher solubility in one phase than the other, they tend to partition
between the oil and water phases following those solubilities (Singh et al., 2009).

Emulsions are thermodynamically unstable at the time they are produced. After a given time,
become thermodynamically unstable and break into individual phases. Thus, the kinetic stability
of the emulsion is essential. Several kinds of physical and chemical processes can cause unstable
emulsions. Creaming, flocculation, and coalescence are the main physical processes. In contrast,
chemical instability involves altering the composition of emulsion droplets through lipid
oxidation and hydrolysis or the interfacial layer. The creaming rate can be decreased by lowering
the droplet size, enhancing the continuous phase viscosity, or reducing the difference in density
between two phases. The flocculation occurs when droplets collide and associate because of the
unbalanced attractive and repulsive forces. The aggregation generally gives rise to higher surface

coverage and thicker absorbed layers (Singh et al., 2009).
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2.5.2 Physicochemical Changes in Emulsions During Processing in the

Gastrointestinal Tract

The influence of food structure, particularly emulsion properties, is essential in lipid digestion
and absorption. Lipid digestion can be viewed as consisting of at least three sequential steps. The
first step consists of the dispersion of the dietary lipid into finely divided emulsion particles,
which take place in the stomach. Establishing a lipid-water interface enables water-soluble
lipases to interact with their insoluble substrate. The second step involves the enzymatic
hydrolysis of TAGs by specific lipases at the emulsion. Human gastric lipase has a pH optimum
ranging from 3.0 to 6.0 (Singh et al., 2009). Lipid digestion depends on the complex
physicochemical and enzymatic processes, as shown in Fig.10, indicating the possible emulsion

changes as they pass through the gastrointestinal tract.

2.5.2.1 Lipid Digestion

In the mouth, the ingested food is mixed with saliva and experiences temperature, ionic strength,
and pH changes. The emulsion interacts with numerous salivary enzymes, which are subjected to
mechanical forces that alter the lipid phase's structural organization, physical state, and
interfacial properties (Singh et al., 2009; Sagalowicz & Leser, 2010; Zhang et al., 2015).
Although liquid emulsions stay in the mouth for a very short period, the flocculation and
coalescence of the emulsion may be induced by saliva and mucin in the oral system (Singh et al.,

2009).
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Figure 10. Schematic representation of the possible changes in emulsions as they pass through
the gastrointestinal tract (Singh et al., 2009).

2.5.2.2 Lipid Digestion in the Stomach

After spending a few seconds in the mouth, the emulsions are swallowed. Swallowing involves
integrated movements of the tongue, pharynx, oesophagus and stomach. Once the emulsion
passes through the oesophagus into the stomach, it is subjected to extremely low pH (pH 1-3 in
the human stomach) and mechanical agitation as a result of the peristaltic movements of the
stomach stage (Singh et al., 2009). The lipids are mixed with highly acidic gastric fluids that

contain minerals, biopolymers, surface-active lipids, and enzymes (Zhang et al., 2015).
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The emulsion droplet size changes in the stomach due to several complicated reasons. Suppose
the smaller droplets contained some adsorbed protein. In that case, droplet fragmentation or
aggregation in the stomach is possible due to proteolysis, also leading to an increase in droplet
size and changes in the nature and composition of the lipid-water interface. However, looking at
particular aspects of the digestion process was challenging to achieve a smaller droplet size range
(Singh et al., 2009; Zhang et al., 2015). More directed studies on in vitro digestion models would

be more effective.

Moreover, the nature of adsorbed layer will dictate the stability when exposed to the stomach
acidic environment. A protein-stabilized emulsion would shift into a cationic form as the pH
range dropped from neutral, along with changes in the structure of the proteins adsorbed. There
is a chance of some aggregation around their isoelectric points (pH 4.5-5.2) and an incomplete
reversal of aggregation at lower pH levels. The proteolytic effect of pepsin on the adsorbed
protein would also remove steric repulsion barriers and lower droplet charge, causing the

emulsion droplets to aggregate further and possibly consolidate (Singh et al., 2009).

2.5.2.3 Lipid Digestion in the Small Intestine

The modified emulsions move from the stomach into the small intestine and experience higher
pH (neutral) and high ionic strength (Singh et al., 2009). Higher levels of surface-active agents,
such as bile salts and pancreatic lipase, can either partly or fully displace the adsorbed materials
from droplets arriving from the stomach. The progress of the lipolysis reaction depends on
surface-active materials derived from gastric secretions (e.g. mucins, enzymes) or other partly
digested food (proteins, phospholipids, enzymes) that could alter the composition of adsorbed
layers through competitive adsorption effects and could influence the droplet stability. The
droplet sizes in the small intestine typically range from 1 to 50 um (Singh et al., 2009).

Bile salts can adsorb the surfaces of the lipid droplets, encourage lipase binding to the interfacial
layer, and accelerate the breakdown of lipids. Diacylglycerols, monoacylglycerols, and free fatty
acids are among the additional surface-active compounds that are produced during the hydrolysis

of the droplet core by pancreatic lipases (Singh et al., 2009). There are noticeable changes in the
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physical, chemical, and nutritional properties due to differences in their chain length and
unsaturation (Zhang et al., 2015). Functional foods with decreased fatty acid availability would
suit populations with high blood lipid levels and at an increased risk of cardiovascular disease
and obesity (Singh et al., 2009). These lipid digestion products are then mixed with bile salts and

phospholipids to form the mixed micelle phase.

However, the bioavailability of nutrients for absorption in the intestine is relatively complex and
varies for a given food depending on processing situations and interactions with other
compounds, the chemical status of the nutrient, release from the food matrix, suppressors or
cofactors present in the food composition, formation of stable complexes that are gradually

metabolized, and other factors (Parada & Aguilera, 2007).

2.5.3 In vitro Digestion Model

There is growing interest in understanding and controlling the digestibility of emulsified lipids as
they pass through the human gastrointestinal (GI) tract (Li & McClements, 2010). The
bioavailability and bio-accessibility of nutrients and bioactive compounds can be determined by
various procedures such as in vitro methodologies (simulated gastrointestinal digestion, ex vivo
methodologies (gastrointestinal organs under controlled laboratory conditions), and in vivo
methodologies (human and animal studies) (Carbonell-Capella et al., 2014). In vitro digestion
was one of the most frequently used methodologies. /n vitro digestion models are commonly
used to determine the bio-accessibility of bioactive compounds. Lipid digestion models are
increasingly used to facilitate improved in vitro evaluation of lipid-based drug delivery systems
(Porter et al., 2007). The standardized protocol presented in in-vitro is based on an international
consensus developed by COST INFOGEST network. The static digestion method is designed to
be used with standard laboratory equipment and encourage a wide range of researchers to adopt
it (Brodkorb et al., 2019). The method are inexpensive, rapid, economical, and reproducible
methods to investigate structural modifications in clinical trials. /n vitro models simulate the
gastrointestinal system by the initial digestion with pepsin-HCI (gastric digestion), followed by
digestion with pancreatin with bile salts (small intestine conditions), and ending with dialysis
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(absorption process) (Santos et al., 2019; Jones et al., 2019). The properties of the optimized
NLCs such as particle size, zeta potential, stability and in vitro drug release were investigated.
The advantage of colloidal drug carriers is that they are generally linked to their size in the
submicron range. Thus, the preservation of particle size of the colloidal carrier is a crucial point.
However, the gastric environment (ionic strength, low pH) may destabilize the system and lead
to aggregation. In addition, the relationship between in vitro digestion and enzymatic activity has
been studied. It has been defined that the in vitro technique can use enzymes specifically chosen

to obtain maximum digestibility values or determine the initial rate of hydrolysis.

Moreover, the pH-stat method is commonly used to characterize the in vitro digestibility of lipids
under simulated small intestine conditions. This method measures the fraction of free fatty acids
(FFA) released from lipids over time. This model provides a valuable means of quantifying the
influence of specific parameters on lipid digestion using the pH-stat method. The lipid-
containing sample to be analyzed is placed within a temperature-controlled reaction chamber that
contains simulated small intestinal fluid (SSIF). The SSIF typically includes appropriate
concentrations of the major digestive components that influence lipid digestion, such as lipase,
colipase, bile salts, phospholipids, and mineral ions. The pH-stat method facilitates the
comparison of various lipid formulations under comparable experimental settings and is, in
theory, relatively quick and straightforward to execute. Therefore, this method can be utilized to
quickly screen the effects of various physicochemical parameters that are anticipated to affect
lipid digestion (Li & McClements, 2010).

There are two main methodological digestions: in vitro and in vivo, assessing the bio-
accessibility through analysis and comparison. Compared to the in vivo study, the in vitro
digestion study can rapidly determine the bioavailability of various foods and provide direct
results. In vivo studies are limited by some analytical and ethical constraints, are time demanding,
and require many experimental control resources. However, in vivo studies should be used to
validate in vitro methodologies (Cardoso et al., 2015; Santos et al., 2019). Therefore, in vitro
digestion has lower cost, time and energy-saving properties, and independence from

physiological factors than in vivo methods.
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Due to its simplicity, low cost, and high reproducibility, bio-accessibility is the most frequently
used food research method. The bio-accessibility or bioavailability assessment considers the
advantages and disadvantages of each methodology. Although the in vitro digestion
methodologies are normally used to determine the bio-accessibility of bioactive compounds and
nutrients, it has some limitations: unpredict the number of specific substances that humans can
consume; poor simulation of complex mechanical forces and gastric emptying; low level of
integration into an overall digestive process; excessive attachment to healthy and average

digestion conditions (Guerra et al., 2012; Santos et al., 2019; Jones et al., 2019).

A wide range of Gastric and small intestinal (GSI) models has been developed and applied in
many nutrition and health studies (Guerra et al., 2012). Applications of this method for the bio-
accessibility or bioavailability of certain bioactive compounds are also reviewed, taking into
account research on the bioavailability of carotenoids, polyphenolic compounds, glucosinolates,
vitamin E, and phytosterols (Sagalowicz & Leser, 2010; Carbonell-Capella et al., 2014;
Mehmood, 2015; Hashemi et al., 2020;).
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Chapter Three

Materials and Methods

3.1. Materials

Pure Soybean oil (100% Malaysia) was purchased from a NJK Asian Supermarket in Auckland,
New Zealand. Nervonic acid (98% purity) was purchased from Shenzhen Dieckmann Tech
Co.,Ltd, Shenzhen, China. Five commercially immobilised lipases were obtained as below:
Lipozyme TL IM from Thermomyces lanuginosus (TLL) and Novozyme 435 from Candida
antarctica were purchased by Novozymes A/S (Bagsvaerds, Denmark); Lipase, immobilised on
Immobead 150 from Thermomyces lanuginosus, was purchased from Sigma Aldrich Co.
(St.Louis, USA); Lipozyme® RM IM from Rhizomucor michei lipase immobilised on a resin
carrier, and Lipozyme® 435 as recombinant lipase from Candida antarctica, expressed on
Aspergillus niger, and immobilised on a macroporous hydrophobic resin were obtained from

Novozymes North America, Inc. (Franklinton, NC).

Chromatographic grade n-hexane, diethyl ether and acetic acid were obtained from ECP limited,
New Zealand. TLC plates (silica gel 60 F2s4) were purchased from Merck Ltd., Germany. While
Silica gel 60 was 230-400 size in mesh (for flash chromatography 0.04 -0.06mm) and purchased
from Chem-Supply Pty Ltd., Australia. Stearic acid, GMS, Tween 20 (polyoxyethylene sorbitan
monolaurate), Tween 80 (polyoxyethylene sorbitan monoleate), and poloxamer 407 (1,1,3,3-tetra
ethoxy propane) were provided from Sigma Aldrich (Auckland, New Zealand). Thiobarbituric
acid (TBA) 99% purifity, chloroform, methanol, ammonium thiocyanate, Iron (II) and cumene
hydroperoxide were purchased from Merck (New Zealand). Pepsin from porcine gastric mucosa

and lipase were purchased from Sigma- Aldrich (Sigma Chemical Co., Auckland, New Zealand)
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and as reported by the manufacturer their activity was 250 units/mg. Pancreatin (Pancreatin
porcine pancreas, Product # P8096, 1 USP specifications), porcine bile extract, sodium chloride
(99.5%), calcium chloride (96%) monobasic sodium phosphate and dibasic sodium phosphate
were obtained from Sigma-Aldrich (Sigma Chemical Co., Auckland, New Zealand).

All solvents and reagents used were of analytical grade. Double distilled water from a water
purification system was used for the preparation of all solutions. All tested chemicals were

analytical grade and obtained from Merck Chemical Co.

3.2. Enzymatic Acidolysis

3.2.1 Procedure for Enzymatic Acidolysis

Acidolysis reaction with soybean oil and nervonic acid (NA) was set up in a 100 mL conical
flask with a stoppered cap, according to Kavadia et al. (2012). The intended substrate molar
ratio (soybean oil to NA ratio) was chosen and added to the flask. Selected enzyme type and
enzyme loading was then added. The mixture was placed in a water bath and stirred continuously
at 100 rpm using a hotplate magnetic stirrer. The reaction was performed at the chosen
temperature and time (Section 3.2.2). Sampling (50uL) was conducted at certain intervals. After
the reaction, the lipases were removed from the mixture by centrifugation (Thermo Scientific™
Sorvall™ LYNX 4000 superspeed centrifuge, Fisher Scientific, USA) at 7000 rpm for 3 min.
The upper lipid fraction was transferred into a new centrifuge tube and stored at -20°C for further

analysis. All experiments were performed in triplicates.

3.2.2 Optimization of Acidolysis Reaction

Single-factor experiments were conducted to investigate the effect of different enzyme types,
substrate ratio, enzyme loading, and reaction temperature as the preliminary study before

optimising the acidolysis reaction.
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From the single-factor experiments, we selected three lipase enzymes (Lipozyme TL IM,
Heterologous Immobead 150 and Lipozyme TL IM Immobead 150), three substrate molar ratio
levels of soybean oil to NA (1:4, 1:5, and 1:6), three enzyme loading levels (5, 10 and 15% w/w)
based on the highest incorporation of NA (C24:1) into the soybean oil or TAG. An L9 (3%)
orthogonal design was used to optimize the acidolysis reaction as shown in Table 3. Acidolysis

experiments using factors (each with three levels) were conducted as described in Section 3.2.1.

Table 3. The L9 orthogonal array design for optimization of acidolysis.

Experimental ~ Immobilised lipase Type Enzyme Substrate molar ratio
run number Loading (TAG/NA)
(W/w %)
1 Lipozyme TL IM 5 1:4
2 10 1:5
3 15 1:6
4 Heterologous Immobead 5 1:5
150
5 10 1:6
6 15 1:4
7 Lipozyme TL IM 5 1:6
Immobead 150
8 10 1:4
9 15 1:5

For all experiments, the reaction time of 4 h and reaction temperature of 60 °C were kept constant. TAG,
Triacylglycerol; NA, Nervonic acid.
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3.3. Analysis of Lipid Mixture by Thin Layer Chromatography
(TLC)

Thin Layer Chromatography (TLC) is a conventional method for separating and enriching fatty
acid classes. The lipid mixtures from the acidolysis experiments were separated on TLC plates
consisting of silica gel (60G Fas4 glass plates 20x20cm, Sigma-Aldrich, New Zealand) and
developed with the TLC solvents, i.e. n-hexane/diethyl ether/acetic acid (70:30:1.5, v/v/v)
according to the method of Yadav et al. (2014) and Arifin et al. (2010).

A one-dimensional TLC was applied. TLC solvents were added into the chamber and covered
with aluminium foil for 5 mins to saturate the chamber. Each sample was spotted on the silica gel
plates and placed vertically inside the saturated TLC chamber. Samples were spotted 1 cm from
the lateral border. The samples were left to develop, and after the brands developed, 0.2%

dichlorofluorescein in methanol was sprayed on the TLC plate.

For Fatty acid determination, the bands that appeared on the TLC were scraped off from the plate

and transferred into a test tube for FAME preparation.

3.4. Fatty Acid Composition

The FA composition of the soybean oil and the purified NA-TAG oil samples were determined
according to the modified method of Caballero et al. (2014).

3.4.1 Fatty Acid Methyl Esters (FAME) Preparation

Fatty acid methyl esters were prepared by adding 1000 pL. 0.25M sodium methoxide and 50pL
10 mg/mL IS (internal standards) as the catalyst to each sample. The catalysts and mixture were
stirred for 5 min at 45 using a magnetic hot plate stirrer. After 5 mins, 2000uL. hexane was

added, followed by 3000puL sodium chloride (0.9%, w/w). The mixture shakes vigorously and
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allowed to settle for phase separation. The upper phase containing fatty acid methyl esters

(FAMESs) was transferred to a 1.5 ml GC vial for analysis using Gas chromatography (GC).

3.4.2 Determination of Fatty Acid Composition by Gas Chromatography

After methylation, the methyl esters were injected into a Gas chromatography (Agilent
Technologies, Palo Alto, CA, U.S.A). The GC is equipped with an auto-injector, and a flame-
ionization detector (FID, Agilent Technologies). A 6890-capillary column (Dimensions: 30 m
length x 0.25 mm internal diameter x 0.25 pm thickness, Agilent Technologies) was used
(DKSH, New Zealand Ltd.). The oven temperature was programmed with an initial temperature
of 150 °C, and held for 7 min. Afterwards, the oven temperature was increased to 210 °C at the
rate of 10 °C/min, then to 230 °C at the rate of 20 °C/min. The injector and detector temperatures
were set at 260 °C and 300 °C, respectively. The fatty acid composition was determined by
comparing the peak retention times with the respective retention times of the fatty acid standard

mixture (Moreira et al., 2020).

3.5. Separation and Purification of NA-TAG oil from Optimization
Study

After the optimised acidolysis reaction, separation and purification of the NA-TAG oil were
conducted using column chromatography. A glass column with a 250 mL reservoir with an
internal diameter of 20.0 mm and a length of 305 mm was used. The stationary phase used was
Silica gel 60, purchased from Chem-Supply Pty Ltd. (Australia) and had the following
specifications: 230 to 400 mesh size, pore diameter-A was 55-60 A, and the surface area was

450-650m?/g. The TLC solvents were used as the mobile phase for the column chromatography.

The column was placed in a ring stand at a vertical position. It was rinsed by pipetting the
solvent down the inside edge. Silica gel 60 (120 g) was weighed and mixed in 500 mL of TLC

solvent with agitation. The mixture was poured gently into the column to set the gel and drain the
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solvent. The solvent should always cover the Silica gel 60 adsorbent before loading of sample
into the column to avoid any crack formation in the silica gel column. After the column was
appropriately set up, a 4 mL sample (NA-TAG oil from the optimisation study) was loaded into
the silica gel column, and 250 mL of solvent was added to elute the column. The fractions eluted
from the column chromatography were collected using 1.5 mL centrifuge tubes and flushed with
nitrogen, followingly analyzed by TLC (as described in Section 3.3) to confirm the separation of

purified NA-TAG oil from the free fatty acids.

The TLC analysis found that the NA-TAG fractions would appear after 30 minutes of elution
and lasted for 7 minutes. Based on this finding, the column chromatography was repeated
multiple times to collect the purified NA-TAG fractions from 30 to 37 minutes of column elution.
The fractions were pooled, and the solvent evaporated using a rotary evaporator (with the water
bath set at 50 °C). The purified NA-TAG sample was then transferred into an amber vial, flushed
with nitrogen gas, and stored at - 20°C until further experiments (fatty acid composition and

encapsulation in NLCs).

3.6. Screening of Materials for NLCs Preparation

Screening of materials for NLCs preparation was carried out to determine the suitability of
selected lipids and surfactants for incorporating the NA-TAG in the NLCs. The selection of the
components and ratios can particularly affect the final behaviour of the developed formulation.
Different concentrations of solid lipids (stearic acid and GMS), liquid lipid (soybean oil, olive
oil), and surfactants (Poloxamer 407, Tween 80, and Tween 20) prepared the hot high-shear
homogenization followed by hot melt probe sonication (Li et al., 2017; Khan et al., 2019).

The preparation involved two phases: the lipid phase and the aqueous phase. The lipid phase
consisted of selected solid lipid, liquid lipid, and core lipids (purified NA-TAG oil) content. The
NLCs were produced with the total lipid phase (solid-lipid, liquid-lipid, and NA-TAG) from the
total formulation and the aqueous phase (surfactant & distilled water). The special weight ratio

describe as below of solid-lipid to liquid-lipid in the aqueous bath were heated to 70 °C. The
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aqueous phase consists of surfactants with distilled water prepared at the same temperature as the
melting point of lipids. Then, the aqueous phase was added dropwise to the lipid phase and
allowed the mixture with constant stirring by a high-speed stirrer. The mixture of the lipid and
aqueous phases was mixed and further homogenised at 12,000 rpm for 10 min in a hot water bath
using an IKA®, T 18 digital Ultra-Turrax® homogenizer (Staufen, Germany) to get a smaller
particle size. Then, the dispersion was sonicated with a probe ultrasonic homogenizer (Sonic
Ruptor 250, Omni International, USA), with the power set at an amplitude of 100% with 70%
pulse for 5 min to get uniform size distribution. The emulsion was sealed and effectively cooled
down to recrystallise the lipid phase in an ice bath for 30 minutes, under stirring at 400 rpm, to
homogenous NLCs dispersion. The preparation was then left to cool at room temperature (25 °C
+ 2 °C) and stored at 5 °C before further characterisation and lyophilization. Triplicate

experiments were performed.

3.6.1 Selection of Liquid and Solid lipids

The choice of the liquid lipid used for the NLCs dispersion was based on their solubility. Adding
an increasing amount of NA-TAG oil in 1 g of each liquid lipid (soybean oil and olive oil)
thermostatic at 85°C and with continuous stirring to simulate the process followed for the

preparation of the lipid particle dispersions (BHATT et al., 2021; Sakellari et al., 2021).

A similar method described above was used for the selection of solid lipids. The solid lipid was
selected based on the solubility studies of the NA-TAG in stearic acid and glyceryl monostearate
(GMS). It was cooled to room temperature and was examined for precipitation by visual
observation. Solid lipids that did not show any precipitation by observation, i.e. GMS, was

selected for further studies.

3.6.2 Miscibility of the Solid and Liquid Lipid System

The selection of liquid and solid lipid was performed to evaluate the solubility of liquid lipid and
the selection of solid lipid in a variety of ratios between solid and liquid lipids, a parameter of
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critical importance in the formulation development process. The miscibility between GMS and
soybean oil was initially evaluated by preparation of solid lipid nanoparticles (SLNs) in different

w/w ratios: 90:10, 80:20 and 70:30, and 90:10 to establish the miscibility of the two lipids.

The soybean oil and GMS with the best-solubilizing potential for NA-TAG were mixed in
different ratios, 1:2, 1:1, 2:1, 3:2 and 2:3, in different glass vials to establish the miscibility of the
two lipids while the aqueous phases were maintained constant. Investigated the selection of these
two solid lipids on the minimised particle size (PS), polydispersity index (PDI) and the
maximised zeta potential (ZP). It was allowed to attain room temperature, and the miscibility

was assessed visually.

3.6.3 Selection of Surfactant Types and Concentrations

The surfactant type and concentration play an important role in designing NLCs. Generally, the
higher the surfactant concentration, the smaller the particle sizes (Ghate et al., 2016; Elmowafy
& Al-Sanea, 2021). GMS and soybean oil were kept unchanged; the surfactants studied in the
aqueous phase included Poloxamer 407, Tween® 20, and Tween® 80 at 1: 89, 2: 88 and 3: 87 in
distilled water (aqueous phase). However, when surfactant Poloxamer 407 was present, the phase
stage of NLCs emulsion turned to a solid phase, and no further analysis of physicochemical
properties could be performed. Thus, the NLCs formulation with poloxamer 407 was discarded.
On the other hand, the formulation with Tween 20 led to a significantly higher PDI exceeding
0.6, which suggests the formation of a poorly uniform system and a great tendency to

aggregation phenomena (Cirri et al., 2018). Finally, Tween 80 was selected for further analysis.

3.6.4 Selection of NA-TAG Concentrations

The aqueous phases of the Tween 80 and distilled water were maintained constant. The NA-
TAG oil concentrations were increased from 10% to 50% in the liquid phase. When the NA-
TAG oil accounts for more than 30%, the phase states were solid (by visual observation).
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The formulations (with appropriate levels of solid lipid, liquid lipid, NA-TAG, and surfactants)
that gave the minimum particle size (PS) and polydispersity index (PDI), and the highest values
in zeta potential (ZP) would be used to serve as a reference for the further optimization

experiments using the orthogonal design (Section 3.7).0

3.7. NA-TAG-Loaded NLC Preparation

3.7.1 Optimization of NLC Preparation

Based on the preliminary studies in Section 3.6, a L9 (3°) orthogonal experimental design was
used for optimization of NA-TAG NLC preparation. The level settings of individual factors as
shown in Table 4. The effect of composition of lipid carriers, such as level of Tween 80
surfactant (1, 2, 3 w/w%) and NA-TAG concentrations (1, 2, 3 w/w%), lipid phase to aqueous
phase ratio (10:90, 15:85, 20:80 w/w%) on particle size, polydispersity index, zeta potential and
encapsulation efficiency of the NLCs in the optimisation experiments. The significant effect of 3
independent variables to find the optimum combination to produce the NLCs (Wu et al., 2012;
Peng et al., 2019). Triplicate experiments were conducted, and the data was analyzed using

analysis of variance (ANOVA).

Table 4. The L9 orthogonal experimental design for NA-TAG NLC preparation.

Formulation NA-TAG Concentrations Lipid phase to aqueous =~ Aqueous Surfactant
Code (W/'w %) phase ratio (w/w %) Concentrations
(W/w %)
NLC 1 1 10:90 1
NLC 2 1 15:85 2
NLC 3 1 20:80 3
NLC 4 1.5 10:90 2
NLC 5 1.5 15:85 3
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NLC 6 1.5 20:80 1

NLC 7 2 10:90 3
NLC 8 2 15:85 1
NLC9 2 20:80 2

Array method to be applied with surfactant Tween 80 to all reactions in triplicate after selection of solid to lipid
ratios and the preliminary experiments. TAG, Triacylglycerol; NA, Nervonic acid.

3.7.2 Method of NA-TAG-Loaded NLC Preparation

The lipid phase consisted of solid lipid GMS, liquid lipid (Soybean oil) and core lipids (purified
NA-TAG oil) content. The NLCs were produced with 10 w/w% of the total lipid phase (solid-
lipid, liquid-lipid, and NA-TAG oil) from the total formulation and 90 w/w% of the aqueous
phase (Tween® 80 & distilled water). The special weight ratio of solid-lipid to liquid-lipid was
2:1 in the aqueous bath were heated to 70 °C. The aqueous phase consists of Tween® 80 with
distilled water prepared at the same temperature as the melting point of lipids. Briefly, GMS was
melted at 50-55°C. So, the liquid flow was controlled to occur as fast as possible to reduce the
solidification of the melted lipid phase. Then, the aqueous phase was added dropwise to the lipid

phase and allowed the mixture with constant stirring by a high-speed stirrer.

NLCs incorporated with NA-TAG oil were prepared by the high-shear homogenization followed
by melt probe sonication technique as described in Section 3.6. The emulsion was sealed and
effectively cooled down to recrystallise the lipid phase in an ice bath for 30 minutes, under mild
stirring (400 rpm), to form the homogenous NLCs dispersion. The preparation was then left to
cool at room temperature (25 °C + 2 °C) and stored at 5 °C before further characterization
(Section 3.8) and lyophilization (Section 3.9 ). The data are reported as mean value + standard

deviation (SD, n=3).
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3.8. Characterization of Optimized NA-TAG-Loaded NLCs

The optimised NLC were characterised in terms of particle size (PS), polydispersity index (PDI),
zeta potential (ZP), laser diffusion (LD), and entrapment efficiency (% EE).

3.8.1 NLCs Properties

The average particle size (PS), zeta potential (ZP, mV) (surface charge) and polydispersity index
(PDI) were measured by the Photon Correlation technique (Zetasizer Nano S, Malvern
Instrument, Malvern, UK. To avoid multiple scattering effects and achieve an adequate
scattering intensity prior to the measurement, all NLCs samples were first diluted and
ultrasonicated using Mili Q water at a ratio of 1:100 to ensure the light scattering intensity was
within the instrument’s sensitivity range before the particle size measurement (Shahparast et al.,
2019; Azmi et al., 2020). Then, the sample was placed on the disposable folded capillary cells
cuvette for analysis at 25 + 2 °C in triplicates. The particle size, polydispersity index was
measured. Each measurement was conducted in triplicate and after overnight storage of samples.

Refractive indices for particles were 1.54, and for water was 1.33.

The physical stability of optimized NA-TAG-loaded NLCs can be evaluated by measuring the
electrophoretic mobility (zeta potential) using the same device by Zetasizer Nano Z (Malvern
Instrument, Malvern, UK). Before the analysis, the samples were diluted with milli Q water, and
all measurements were performed at 25 °C. Each reading was taken in triplicate. The refractive

indices of particles and water used were 1.54 and 1.33, respectively (Azmi et al., 2020).

3.8.2 Encapsulation Efficiency

Encapsulation efficiency was measured through an indirect method by determining the un-
entrapped NA-TAG in the supernatant after centrifugation. To obtain the entrapment efficiency

(%EE), the amount of free NA-TAG was separated from encapsulated NA-TAG using the
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ultrafiltration method (Amicon Ultra centrifugal filter units with nominal at 30,000 Da) followed
by centrifugation. NLCs was regularly mixed with 50% w/w ethanol (in the ratio of 1:6),
followed by centrifugation for 10 min at 2000 g to disrupt the lipid matrix of NLCs and release
the free encapsulated NA-TAG. The total NA-TAG content in the NLCs dispersion was the sum
of the encapsulated NA-TAG and the free NA-TAG. The filtrate was diluted with 50% w/w
ethanol and determined by using an Ultraviolet-Visible Spectrophotometry UV-1800, Shimadze,
Kyoto, Japan) at 22 °C at A = 450 nm. The results were expressed in the standard curve with mg
optimized NA-TAG-loaded NLC vs absorbances (nm) (Appendix 1). All experiments were
repeated three times. The encapsulation efficiency was calculated using Equation (1) as modified
from Babazadeh et al. (2017), Shahparast et al. (2019), Hashemi et al. (2020) and Azmi et al.
(2020):

EE (%) = * 100 Equation (1)
where “ 7 is the mass of initially added NA-TAG oils in the formulation and “ > is the mass

of unloaded free NA-TAG.

3.9. Freeze Drying of NLC and Their Properties

The optimized NLCs formulation was selected from the orthogonal method (Section 3.7.1) to
prepare freeze-dried NLCs. After homogenisation, NLCs emulsions were cooled down to room
temperature before being fed into the freeze dryer. The emulsions were then placed in a
scintillation vial and immediately frozen at — 80 °C. After 24 h, the frozen emulsion was dried for
48 h at — 51 °C under the pressure of 0.120 millibars using a Free Zone 6 litre Freeze Dryer
System (model 77585-30, LabConco Corporation, USA).

The physical properties of the lyophilized NLCs were analyzed by differential scanning

calorimeter (DSC) and Fourier transforms infrared spectroscopy (FT-IR).
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3.9.1 Differential Scanning Calorimetry (DSC)

Thermal analysis using a differential scanning calorimeter (DSC-7, Perkin Elmer, USA) was
performed on the NA-TAG, lyophilized of NA-TAG-loaded NLC, lyophilized unloaded NLC
and the solid lipid GMS. A 8 mg samples were accurately weighed and placed in an aluminium
pan and then sealed using a crimper press (Perkin-Elmer; Beaconsfield, UK). A standard empty
aluminium pan was used as a reference and the thermograms were recorded between 10 °C and

300 °C at a scan rate of 10 °C/min under nitrogen gas. All samples were analysed in triplicate.

3.9.2 Fourier-Transform Infrared (FT-IR) Spectroscopy

The NLCs samples that were used in the DSC scan were further analysed through the FT-IR.
Interaction between the NA-TAG and NLCs components (solid lipid GMS, unloaded NLC,
liquid lipid phase (i.e., soybean oil) was studied using a FTIR spectrometer (PerkinElmer
Spectrum 400, FT-IR/FT-FIR spectrometer, USA). Samples were kept on the diamond surface
with a consistent application of low pressure. The analysis was performed between 4400 and
500 cm™! wavelength range. Background noise was corrected with a blank diamond. All samples

were scanned in triplicate.

3.10. Storage Stability of lyophilized NA-TAG-Loaded NLC

A storage study of the freshly prepared lyophilized NA-TAG-loaded NLCs was carried out for
six weeks to evaluate their stability. The lyophilized powder (200 mg) was accurately weighed
and placed in a 20 mL glass scintillation vial, and the cap was tightly closed. The vial was then
covered with aluminium foil completely. A total of 30 samples or vials were prepared as
described above. These samples were placed in three desiccators containing silica gel at the
bottom, with ten samples stored in each desiccator. The desiccators were all covered with
aluminium foil and stored at three different temperatures: at 4 £ 2 °C (in a refrigerator), 25 +
2 °C (in a cupboard in the lab), and 45 + 2 °C (in a vacuum drying oven) for 6 weeks (42 days).

Samples were removed from storage at a certain time interval for analyses (Section 3.10.1 and
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3.10.2). Triplicate experiments were performed. Three freshly lyophilized samples were also

analyzed to obtain data for Day 0 storage (according to Section 3.10.1 and 3.10.2).

The properties of the NLCs samples, i.e., physical stability including particle size, polydispersity
index, zeta potential, entrapment efficiency and water activity, were measured. The chemical
stability in terms of primary and secondary lipid oxidation was estimated to indicate oxidative

stability at certain storage intervals.

3.10.1 Physical Stability

The physical stability of NLCs samples during storage (refrideged temperature 4 °C, room
temperature 25 °C and high temperature 45 °C), including the average droplet size, PDI and zeta
potential of optimized NLCs, were determined using a dynamic light scattering analyzer
(Zetasizer Nano ZS, Malvern Instruments Ltd., Worcestershire, UK) as described in Section

3.8.1.

The encapsulation efficiency (EE%) was determined according to Section 3.8.2. The results

were expressed in the standard curve with lyophilized NLC vs absorbances (nm) (Appendix 2).

Water activity (aw) of NLCs samples at room temperature (25 °C) were measured with a
Novasina AW sprint Water Activity Meter (New Zealand). Measurements were performed in
triplicate and the mean value was reported. After measurements, the samples were used to

analyze other factors.

3.10.2 Chemical Stability

A rapid spectrophotometric method was applied and modified for the peroxide value
measurement. The NLCs oxidative stability was expressed as the changes in peroxide value (PV)
and the quantification of the thiobarbituric acid (TBA) reactive substances (TBARSs) of the oil

phase after the storage at a certain period. The degree of lipid oxidation was periodically
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analyzed on the primary and secondary oxidant products on days 0, 1, 3, 5, 7, 10, 14, 21, 28, 35
and 42. The methods of peroxide value was modified from Tura et al. (2022).

3.10.2.1 Primary Lipid Oxidation

Calibration of Fe (IlI) — The 1000 pg/mL stock solution of Fe (IIT) was prepared by dissolving
FeCls in 1 % HCI. A working standard (10pg/mL) was obtained by 100 times dilutions with
chloroform: acetic acid (2:3) from the stock solution. A set of different concentrations of Fe (III)
solution (0, 0.5, 1.0, 2.5, 5.0, 7.5 and 10ug/mL) was prepared by a series dilution of the working
standard. 2 mL of each standard was taken and reacted with 200 pL saturated ammonium
thiocyanate solution. The absorbance was measured at 470 nm against a blank consisting of
water (the spectrum baseline was corrected at 670 nm) after the mixture had reacted for 10 min.
A reaction blank was also performed. The calibration curve was obtained by plotting the

absorbance versus Fe (III) concentration (Appendix 3).

Preparation of Fe (Il) solution — The Fe (II) solution was prepared by mixing BaCl> solution
(0.4 g BaCl>*2H>0 in 50 mL Milli-Q water), and FeSOs solution (0.5 g of FeSO4¢7H>0 in 50 mL
Milli-Q water), followed by adding 2000 pL concentrated HCl and stored undercover. This
solution was prepared as freshly and discarded if a pale pink colour appeared with the addition of
a few drops of thiocyanate solution.

Sample preparation — 10 mg sample was weighed into a 15 mL screw-capped test tube. 1000
puL of chloroform: acetic acid (2:3) was added to the test tube to dissolve the lipid sample,
followed by a 200 pL Fe (II) solution. The mixture was mixed for 15 s by a vortex mixer and
then left in the dark for 10 min. Milli-Q water (2000 uL) and n-hexane with hexane (4000 pL)
were added to extract the oil. The organic phase was discarded, and the aqueous phase was
flushed with nitrogen to remove the remaining n-hexane. 2000 pL of the aqueous phase was
transferred into a test tube and mixed with 200 pL of saturated ammonium thiocyanate solution.
After 10 min, the measurement was undertaken as to the standard. The peroxide value of the

sample was calculated using the equation:
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( / ) Equation (2)

where is the absorbance of the sample at 470 nm; 1 is the absorbance of the blank at 470
nm (both absorbances were corrected after subtracting the absorbance at 670 nm); m is the slope
of the calibration curve; is the sample weight (g). The data were reported as mean =+

standard deviation of triplicate measurements.

3.10.2.2 Secondary Lipid Oxidation

The secondary oxidation products, especially in polyunsaturated fatty acids such as
malonaldehydes, were monitored by quantification of the thiobarbituric acid (TBA) reactive
substances (TBARs) as described by Wang et al. (2015). Malonaldehyde (MDA) reacts with
thiobarbituric acid to produce a colour compound that can be detected calorimetrically. The

values of TBARS were expressed in mg of malondialdehyde (MDA) per kg of oil.

Preparation of MDA and Calibration Standards — The standard curve of 1,1,3,3-
tetracthoxypropane (TEP) was used to determine the malondialdehyde (MDA) concentrations.
MDA is not commercially available. MDA is an unstable compound and the only possibility to
obtain it is by hydrolysis of its stable derivative. MDA standard was prepared by dissolving 25
puL 1,1,3,3-tetracthoxypropane (TEP) in 100 ml distilled water to give a 1 mM stock solution.
The working standard was prepared by hydrolysis of 1 ml TEP stock solution in 50 ml 1 v/v%
sulfuric acid and incubation for 2 h at ambient temperature. The resulting MDA standard of 20
nmol/ml was further diluted with 1 v/v% sulfuric acid to yield the final concentration of 10, 5,
2.5, 1.25 and 0.625 nmol/ml to get the standard curve for the estimation of total MDA
concentration (Pilz et al., 2000). The final concentration of MDA in every standard solution was
determined by measuring its absorbance at 532 nm. Each standard for the calibration was
repeated (= 3). The calibration curve was obtained by plotting the absorbance versus MDA

concentrations (Appendix 4).
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TBA solution — TBA solution was prepared by dissolving 15 g of trichloroacetic acid (15 w/v%)
and 0.375 g of TBA (0.375 w/v%) in 100 mL of 0.25 mol L-1 HCL

Sample preparation — 20 mg of the NLC dried samples were mixed with 1.8 mL of deionized
water and 4.0 mL of TBA solution. The mixtures were heated in a boiling water bath for 15
minutes and then cooled to room temperature. Finally, the mixtures were centrifuged (2000 g for
15 min). After cooling, the solutions are read against the reagent blank and compared with
standards prepared from 1,1,3,3 - tetracthoxypropane. The intensity of the colour created from
the reaction between TBA with MDA, an essential by-product of lipid peroxidation, was
measured at 532 nm using the UV-visible spectrophotometer model PharmaSpec 1700

(Shimadzu, Japan) (Shahparast et al., 2019; Irwin & Hedges, 2004).

3.11. In vitro Digestion of Lyophilized NLCs

3.11.1 Determination of Lipid Digestion

Initial phase
20.0 mL containing 2 wt% oil was placed into a glass beaker in an incubator shaker (Innova

Incubator Shaker, Model 4080, New Brunswick Scientific, New Jersey, USA) at 37 °C.

Gastric/Stomach phase

Simulated gastric fluid (SGF) was prepared by placing 2 g NaCl, 7mL HCI, 3.2 g of pepsin (from
porcine gastric mucosa) and adding double distilled water to 1 L. 20 mL of the “bolus” sample
resulting from the initial emulsions as mixed with 20 mL of simulated gastric fluid preheated to
37 °C and then the pH was adjusted to 2.5 using 1.0 M HCI. This mixture was incubated in the
incubator shaker for 2 h at 37 °C with an agitation speed of 100 rpm to mimic stomach

digestion.
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Small intestinal phase

30 g of “chyme” sample obtained from the simulated stomach phase was placed into a 100 mL
glass beaker that was placed into a water bath at 37 °C and then adjusted to pH 7.00. 1.5 mL of
simulated intestinal fluid (SIF) (containing 0.25 M CaCl2 and 3.75 M NaCl) was added to the
reaction vessel, followed by 3.5 mL of bile salt solution (375 mg bile salts dissolved in 5 mM
phosphate buffer, pH 7.0) with constant stirring. The pH of the reaction system was adjusted
back to 7.00. The solution was prepared fresh immediately prior to each digestion experiment.
2.5 mL of freshly prepared pancreatic lipase (60 mg lipase powder (30000 U/g) dispersed in
phosphate buffer at pH 7.0) solution was then added to the sample, and a pH-stat automatic
titration unit (Metrohm, USA Inc.) was used to monitor the pH and maintain it at pH 7.0 by
titrating 0.1 mM NaOH solution into the reaction vessel of digestion cell for 2 h at 37 °C. The
volume of NaOH added to the emulsion was recorded and assumed to be related to the amount of

free fatty acids (FFA) generated by lipolysis of the initial triacylglycerol.

The amount of free fatty acids released was calculated from the titration curves as described
previously (Li & McClements, 2010). The percentage of free fatty acids released in the small
intestine phase was calculated from the number of moles of NaOH required to neutralize the

FFA using the following formula:

%FFA =100 * > Equation (3)
Here is the volume of sodium hydroxide required to neutralize the FFAs produced (in mL),
is the molarity of the sodium hydroxide solution (0.1M = 0.0001 mol/mL), is the
total weight of lipid initially present in the reaction vessel (0.2 g), and is the molecular

weight of the structure lipid, i.e. NA-TAG (g/mol).

3.11.2 Determination of Droplet Size (nm) and {-potential (mV)

The determination of droplet size and the electrical charge ( -potential) of the emulsion after

each digestion step was measured according to Section 3.8.1.
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3.12. Statistical Analysis

Experiments were performed in triplicate, and results were presented as mean + SD. The
statistical significance level was determined at a 95 % confidence limit (p < 0.05) was
determined by a one-way analysis of variance (ANOVA, Tukey’s HSD) using SPSS 22.0 (IBM
Corp., Armonk, NY, USA). The Fisher test value (F-value) was obtained from the ANOVA test

generated by the software.

Chapter Four

Results and Discussion

4.1. Enzymatic Acidolysis Reaction

Both enzymatic and chemical esterification methods can produce structured lipids with a defined
fatty acids profile, but the enzyme-catalyzed synthesis gives some decisive advantages over
chemical reactions. The enzymatically catalyzed reaction is more acceptable than the chemical
approach in practical applications. The reaction has a higher specificity, can be performed under
milder conditions, the enzyme is reusable, and the process is more environmentally friendly

(Adamczak, 2004). The enzymatic modification method enables the incorporation of FA at
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specific sn positions in the glycerol backbone if a specific enzyme is chosen. The nutritional
value of a TAG product relies on the fatty acid composition and positional distribution of the
acyl groups within the TAG molecules (Mu et al., 1998). Also, the compositions of positions sx-
1 and sn-3 could obtain by complex "stereospecific analysis" procedures with many reactions
involving degradation, synthesis, enzymatic hydrolysis, and chromatographic separation of the
products (Karupaiah & Sundram, 2007). Through enzymatic reaction, the incorporated fatty
acids can be placed at the sn-1,3 positions of the TAG products. In addition to the above benefits,
the structure lipid produced from the enzymatic reaction can be easily seperated from the final

reaction mixtures in the acidolysis reaction (Zhou et al., 2001).

This section investigated the enzymatic acidolysis reaction to incorporate nervonic acid (NA;
C24:1) into soybean oil. Four critical parameters for the reaction, including reaction time,
enzyme loading, factors of reaction temperature, and substrate molar ratio, were elucidated for

the optimization.

4.1.1 Enzyme Screening

Various lipases have been investigated for the enzymatic modification of oils and fats. Among
the microbial, plant and animal sources of lipases, microbial lipases are the most attractive
commercial lipases (Yang et al., 2003). Immobilized lipases have a wide range of applications in
lipid modification studies, and they provide advantages of higher catalytic activity and stability
over other enzymes (Cui et al., 1997). The most vital factors of these immobilized enzymes are
their recovery and reusability, which can enhance thermostability in industrial applications
(Romero et al., 2005). However, choosing the right type of enzyme is essential when running an
acidolysis reaction, as different enzymes may have different stereo configurations, thus resulting
in different effects even in the same enzymatic acidolysis reaction under the same optimal
parameters (Liu et al., 2015). Fig.11 shows the ideal modified TAG with nervonic acid in sn-1, 3

position.
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Figure 11. Lipase catalyzed acidolysis of TAG incorporated with nervonic acid. TAG,
Triacylglycerol.

Ezymes were initially selected based on the literature data indicating that Lipozyme TL IM and
Novozyme 435 effectively catalyze the structural modifications of natural triacylglycerols.
Lipozyme TL IM was widely known as sn-1,3 specificity lipase, which hydrolysed the ester
bond at sn-1 and sn-3 positions of TAG as a highly effective catalyst to carry out the position-
specific replacement of fatty acids in TAG and can be attributed to acyl migration (Liu et al.,
2016). In contrast, Novozyme 435 shows no regiospecificity to triacylglycerol (Yasuda &
Yamamoto, 2020).

Enzyme screening is a method of determining which enzyme has the highest catalytic activity. It
is crucial when performing an acidolysis reaction since different enzymes affect fatty acid
incorporation and the yield of structure lipid (NA-TAG). Fig. 12 shows the time course of
incorporating NA into TAG by lipases. It can be observed that both lipases from 7. lanuginosus
immobilized (Lipozyme TL IM and Lipozyme TL IM immobead 150) produced the better
incorporation level among all tested enzymes. Both enzymes exhibited the highest catalytic
activity in enzymatic modification giving above 60% incorporation of NA into TAG fraction

after 6 h of reaction.

90



80

70

50

40
—— 1:6 Lipozyme TL IM
¢— 1:6 Novozym 435
1:6 Lipozyme TL IM Immobead 150
1:6 Heterologour Immobead 150
—0— 1:6 Lipozyme 435 C

30

20+

Incorporation of the Nervonic Acid
(W/w%)

10

0 1 2 3 4 5 6
Reaction time (h)

Figure 12. Enzyme screening for acidolysis of NA-TAG oil (reaction conditions: 1:6 TAG/NA
substrate molar ratio, enzyme load 20 (w/w%), temperature (60 °C).

According to the results, Lipozyme TL IM was selected as a catalyst to evaluate the subsequent
single factor experiments of acidolysis reaction. This lipase offers higher catalytic efficiency,
specificity and selectivity in the sn-1,3 position. However, we retained our interest in the
selection of lipases and liked to compare Lipozyme TL IM with Lipozyme TL IM immobead
150, and Heterologous immobead 150 for the acidolysis reaction, and this is further investigated

in the optimization experiments later (Section 4.2).
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4.2. Optimization of NA-TAG Structure Lipid Preparation

Before optimizing the NA-TAG structure lipid preparation, preliminary acidolysis experiments
was performed to study the effect of reaction temperature and time. From the observation, the
reaction temperature and time did not affect the incorporation of NA into TAG by enzymatic
acidolysis. The reaction rate did not change when reaching 4 h reaction time. Thus, 4 h reaction
time and temperature of 60 °C were adopted for the optimization study. Three factors, each with
three levels, were included, i.e., the enzyme type, enzyme loading and the substrate molar ratio
were optimized using an L9 (3%) orthogonal experimental design. This experimental design
significantly shortened the experimental process and reduced solvent and energy consumption
(Shahavi et al., 2015). As shown in Table 5, nine experimental groups were carried out and
evaluated by three response factors. The results of these experiments were used to find the

optimum acidolysis conditions.
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The optimal acidolysis conditions was determined according to the range analysis and ANOVA
analysis of the results obtained from the nine orthogonal experimental groups (Table 5). From
the range analysis, the optimization could be determined using the combination of the best level
for each factor. An F value was calculated from the ANOVA analysis of each factor to ensure
that the level selected from the range analysis was highly significant than the other levels. As
shown in Table 6, the optimized acidolysis reaction to obtain the maximum incorporation of
nervonic acid by range analysis was A3B2Cl. The influence of the parameters on the
incorporation of NA decreased in the order of A (Enzyme Types) > B (Enzyme Loading,
w/w% ) > C (Substrate Molar Ratio) according to the F values. The most significant parameter
(at the 95% confidence level) was only factor A (Enzyme types), shown to be statistically
significant (p < 0.05) from the ANOVA analysis (Table 6). There was no significant difference
(p > 0.05) in enzyme loading varied from 5 to 15 w/w% compared to other experimental
variables. The substrate molar ratio of 1:4, 1:5 and 1:6 contributed the least statistically
significant because of the F values. However, considering the economy of the process, we
decided to use the amount of 10 % of the lipase and 1:4 of the substrate molar ratio in further
studies. Hence, the optimum conditions for the maximum incorporation rate should be adjusted
to enzyme type of Lipozyme TL IM Immobead 150, molar substrate molar ratio of 1:4 and 10

w/w% enzyme loading at 50 °C and 4 hours reaction time.
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Table 5. The L9 orthogonal array design for enzymatic acidolysis reaction.

Code Enzyme Types Enzyme Loading  Substrate Molar Response variables
(W/w%) Ratio
Incorporation of nervonic acid
(TAG/NA)
(w/w%)

1 Lipozyme TL IM 5 1:4 4741 £2.12
2 Lipozyme TL IM 5 1:5 48.51 £ 1.51
3 Lipozyme TL IM 5 1:6 47.46 £2.28
4 Heterologour Immobead 150 10 1:5 19.49 +2.58
5 Heterologour Immobead 150 10 1:6 32.18 £2.89
6 Heterologour Immobead 150 10 1:4 37.69 £4.15
7 Lipozyme TL IM Immobead 150 15 1:6 49.88 £5.53

8 15 1:4
‘ 48.86 +1.911

Lipozyme TL IM Immobead 150

9 Lipozyme TL IM Immobead 150 15 1:5 51.91 £ 6.65

All reactions were conducted in triplicate after the preliminary experiments. TAG, Triacylglycerol; NA, Nervonic acid. Mean + STD, n=3. NA,
Nervonic acid; TAG, triacylglycerol.
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Table 6. Range analysis and Analysis of Variance (ANOVA) of enzymatic acidolysis reaction factors for the L9 (3%) orthogonal
experiment.

Incorporation of nervonic acid (w/w%)

A B C
k1 47.79 38.93 44.65
k2 29.79 43.18 39.97
k3 50.22 45.69 43.17
Best level A3 B2 Cl
R 20.43 6.76 4.68
Order ABC
SS 747.50 70.08 34.39
F value 21.74° 2.04 1.00

Factors, A, Enzyme Types; B, Enzyme Loading [w/w%]; C, Substrate Molar Ratio; Range analysis, k-averaged value of each level of the factors
(k1, k2, k3 for level 1, 2, 3, respectively), the biggest k value indicates the best level for each factor; R, range between the maximum and minimum
k value, a larger R value suggests a more important role of the factor in the encapsulation process; order, influential order of the factors,
determined by the descending order of R value; SS, sum of squares; /" value, obtained from ANOVA Fisher’s F-test, ' (2,2) 95% = 19; *, p <0.05.
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4.3. TLC Analysis of Lipid Mixture and Purification of Structure

Lipid

Thin-layer chromatography (TLC) is a technique that has been routinely used for the separation
and identification of lipids. Structured lipids in the final mixtures were separated and analyzed
for their TAG content using TLC. All content of lipid compounds such as free fatty acids (FFA),
monoacylglycerol (MAG), diacylglycerols (DAG), and triacylglycerol (TAG) were resolved
easily in a single step using this technique. The separation is attained using a solvent system
(hexane: diethyl ether: acetic acid; 700: 300: 15, v/v/v) where hexane with acetic acid migrates
free fatty acids while diethyl ether functions to control the separation of saturated and

polyunsaturated TAGs (Patel et al., 2015).

The TLC chromatogram developed after the optimized acidolysis reaction showed the presence
of TAG, FFA, DAG and MAG bands (Fig.13). These bands were identified based on literature
(Caballero et al., 2014). The results suggested the successful incorporation of NA into the TAG,
as the NA was substituted on sn-1,3 positions of the glycerol backbone and released a high
amount of free fatty acids as shown in the large fractions of Fig.13. A similar result by Caballero
et al. (2014) reported the TLC analysis of interesterification reaction samples using avocado oil
and caprylic acid as substrates, and the bands on TLC plates demonstrated that the caprylic acid

was successfully substituted on sn-1,3 positions.

Initially, the titration method was applied to neutralize the FFA in the NA-TAG oil mixture using
0.5N aq. NaOH to react with the free fatty acid to form sodium salts. According to literature
(Kavidia et al., 2018), oil mixture and sodium salts of fatty acids can be separated by liquid-
liquid extraction by hexane and methanol-glycerin mixture. We have adopted a similar approach
for separating the NA-TAG oil from the free fatty acids in the lipid mixture and using the TLC to
check for purified NA-TAG. However, according to the TLC results, the titration method did not
remove the free fatty acids successfully after checking the pKa values of the FFAs and NA

which are protonated in the medium.
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Figure 13 . Thin layer chromatography of NA-TAG oil mixture obtained from optimized
acidolysis reaction before purification. The two lanes indicate duplicate samples from
experiments. STAG, Structure triacylglycerols; FFA, Free fatty acids; DAG, Diacylglycerols;
MAG, Monoacyglycerols.

As an alternative, column chromatography was selected to purify the structure lipid produced.
The main benefit of column chromatography is that the stationary phase is inexpensive. We
started with 90 g silica gel as the stationary phase, but no good separation of NA-TAG oil was
achieved. After some initial trials, we found the use of 120 g silica gel as a stationary phase gave
good separation of NA-TAG oil. This may be due to the higher amount of silica gel increasing

the surface area for adsorption and better separation.

The identification of purified NA-TAG oil and FFA were carried out on TLC plates of silica-gel.
From the column chromatography experiments, the purified NA-TAG fractions could be eluted
from the column after 30 minutes, and the elution lasted for 7 minutes. Approximately 190 mL
fraction was collected during these 7 minutes of elution. From Fig. 14, TLC Plate A shows
fractions collected after 30 mins of column chromatographic separation. It can be seen that no

free fatty acid bands were observed on the plate, and mostly purified NA-TAG oil was present.
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After the elution of the NA-TAG oil for 7 mins, free fatty acids started to show up in the
fractions collected (Fig. 14, Plate B). Plate C showed no more purified NA-TAG oil presence for
the remaining fractions collected. Hence, it is clear that column chromatography could
successfully separate the NA-TAG oil from the free fatty acids to give purified NA-TAG. The
purified oil was evaporated in a rotary evaporator at 50 °C to remove the solvent. The
purification process was repeated multiple times to collect purified NA-TAG oil for
encapsulation in the nanostructured lipid carriers (NLCs).

Purified NA-TAG oil
Plate A

Only Purified NA-TAG oil
was observed. free fatty
acid was removed by
column chromatography.

Purified NA-TAG oil

Plate B
Free fatty acids
started to show up.

FFA

Purified NA-TAG oil
Plate C

Free fatty acids
presented in
NA-TAG o1l
mixture

FFA

Figure 14. Thin-layer chromatography (TLC) plate separation of purified NA-TAG oil mixture
by column chronography. Plate A, TLC analysis for samples collected from 30 to 37 mins; Plate
B, TLC analysis for samples collected from 38 to 40 mins; and Plate C, TLC analysis showing
samples collected at 41 mins. The three bands shown on each TLC plate indicate triplicate
experiments. NA, Nervonic acid; TAG, Triacylglycerol; FFA, Free fatty acids.
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4.4. Fatty Acid Composition

Table 7 summarizes the fatty acid composition of the soybean oil used for experiments and the
purified NA-TAG oil obtained after the optimized acidolysis and oil purification by column
chromatography.

Oils and fats are composed of mono-, di-, and triglycerides with varying chain lengths and
degrees of unsaturation in their fatty acids (Elmowafy & Al-Sanea, 2021). The soybean oil used
for this study has seven fatty acids, with oleic and linoleic acid being the major ones. The sample
has an average of 11% palmitic (C16:0), 4.7% stearic acid (C18:0), 22% oleic (C18:1), 54%
linoleic acid (C18:2), 7.3% linolenic acid (C18:3) acids, 0.4% Behenic acid (C22:0) and 0.16%
lignoceric acid (C24:0). The palmitic and stearic fractions are low saturated fatty acids and
constitute 15.7% of the soybean oil. Behenic and lignoceric acid are also saturated fatty acids but
only constitute 0.56% of the soybean oil. The unsaturated fatty acids (22% monounsaturated,
61.5% polyunsaturated) was the predominant fatty acid in soybean oil. The ratio between MUFA
and PUFA is a frequently used criterion to show the oxidative potential of fatty acid
compositions, indicating the stability of oil (Hsieh & Kinsella, 1989; Toorani et al., 2019). The
unsaturated fatty acids in soybean oil included two essential fatty acids, linoleic (54.27%) and

linolenic (7.3%), which are not produced in the human body (Toorani et al., 2019).

The fractionation, hydrogenation and interesterification of an oil or oil blend are three
modification processes that change their physical properties (Dijkstra, 2016), including the FA
profile. The mole ratio mixture of soybean oil and nervonic acid (C24: 1) selected in the
optimization was 1:4, and the reaction was performed at an optimal temperature of 50 °C for 4
hours. The immobilized Lipozyme TL IM immobead 150 lipase was chosen as a biocatalyst for
incorporating NA (C24:1) into soybean oil because it would place this FA at sn-1,3 positions on
the TAG molecule for maximum metabolic benefit. The changes in the fatty acid composition
were due to the rearrangement of the fatty acids. As expected, the FA composition of soybean oil
was significantly changed after modification (Table 7). After a 4-hour acidolysis reaction, there

was an average of 65.57 = 0.99 w/w% incorporation of C24:1 into the soybean oil. The purified
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NA-TAG oil has a significant increase in MUFA, as nervonic acid became the primary FA in the
modified structured lipid. These results demonstrate that the acidolysis reaction was efficient for

nervonic acid incorporation.

After the incorporation of nervonic acid (C24:1), the amounts of the main saturated and
unsaturated TGs decreased. The total mono-unsaturated fatty acid contents in the incorporation
were 72.696%, higher than saturated fatty acid contents (9.583%) and poly-unsaturated fatty acid
(17.721%). The two major unsaturated fatty acids (palmitic acid, Stearic acid) decreased around
30% of the initial amount at 3.47% and 1.55%, respectively. Thereby, the modified oils have
lower saturated fatty acids. The monosaturated fatty acid of oleic was reduced to 7.126%.

Linoleic and linolenic acid content decreased to 15.93% and 1.791%, respectively

The behenic and lignoceric acid increased after the acidolysis reaction. This is due to the
nervonic acid already having these two fatty acids. Dietary behenic acid (22:0) enhanced from
0.4 to 0.872 % after incorporation. Despite its low bioavailability compared with oleic acid,
behenic acid is a cholesterol-raising fatty acid in humans (Cater & Denke, 2001). On the other
hand, nervonic acid (24:1) contains a monounsaturated analog of lignoceric acid (C24:0). The

structure lipid mixture showed increased lignoceric acid from an initial 0.164% to 3.69%.
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Table 7. Fatty acid composition of soybean oil and the structure lipid with nervonic acid incorporation.

Fatty
Acid FA profile of FA profile of NA-TAG
S Soybean oil (w/w%) structure lipid (w/w%)
Clé:
Palmitic acid 0 10.97 £ 0.01 3.468 +0.02
CI18:
Stearic acid 0 4.704 £ 0.01 1.553+0.02
CI18:
Oleic acid 1 22.21+£0.03 7.126 £0.25
CI18:
Linoleic acid 2 54.27+£0.07 15.93 £0.01
C18:
Linolenic acid 3 7.278 £0.01 1.791 £0.01
C22:
Behenic acid 0 0.400 + 0.00 0.872+0.87
Lignoceric acid C24: 0.164 +0.00 3.690 + 0.08
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C24:
Nervonic acid 1 0.000 65.57+0.99
Total FA 100.0 100.0
Total Saturated FA 16.24 9.583
MUFA 22.21 72.69
PUFA 61.55 17.73
Total Unsaturated FA 83.76 90.42

FA, Fatty Acid; SFA, Saturated fatty acids; USFA, Unsaturated fatty acids; MUFA, Monounsaturated fatty acids; PUFA, Polyunsaturated fatty
acids.
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4.5. Preparation and Characterization of NA-TAG-loaded NLCs

As mentioned in the literature, NLCs have constantly sparked the development of valuable and
safe drug delivery systems due to their physicochemical and biocompatible qualities (Elmowafy
& Al-Sanea, 2021). The physicochemical properties of NLCs were investigated to understand

their influences on the NLCs formation and stability.

As the first step, lipid screening was performed as part of formulation development to generate
formulations with improved properties. Formulation variables and processes were optimized to
obtain minimum particle size, minimum polydispersity index, maximum zeta potential, and
entrapment efficiency. Preliminary lipid screening and processing conditions studies focused on
creating a suitable lipid matrix of appropriate dimensions. Hence, this section aims to study the
preparation of an optimised NLCs formulation as a potential tool for encapsulating NA-TAG oil.
The NLCs’s physicochemical properties were investigated, including particle size, polydispersity
index (PDI), and zeta potential (ZP). Thermal analysis and storage stability studies of NA-TAG-
loaded lipid carriers were evaluated. All formulations were measured at room temperature (25 °C)

to maintain the colloidal stability of the system.

4.5.1 Preliminary Experiments

4.5.1.1 Selection of Liquid and Solid Lipids

A different formulation of NLCs was selected based on different raw materials, including lipid
(both liquid and solid lipid) and surfactant, to determine the optimum NLCs formulation. We
have chosen a few commonly used liquid and solid lipids from the literature review to start with
the NLCs formulation. Among the liquid lipid examined in the literature, natural oils are
generally more tolerable and biocompatible than synthetic lipids (Cirri et al., 2018). The
solubility of NA-TAG was observed in soybean oil and olive oil. According to the observations,

NA-TAG showed a higher solubility in soybean oil than olive oil.
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To select an appropriate solid lipid type, the concentration of surfactant (Tween 80) and oil
(soybean oil) were kept constant in the formulation. The particle size, polydispersity PDI and
zeta potential of NLCs with stearic acid (SA) and GMS were measured. As shown in Table 8A,
9 % of solid lipid was encapsulated, and the GMS gave much smaller particle size at 138.7 +
9.655 nm than SA (1222 + 171.9 nm) (p < 0.05). The PDI value was 0.26, indicating a narrow
particle size distribution, and the zeta potential was much higher than NLCs prepared with SA.
PDI value less than 0.3 is considered optimum in most studies; PDI greater than 0.7 shows a
wide particle distribution (Babazadeh et al., 2017). The dispersion of GMS with higher zeta
potential values indicates that the systems were more physically stable than those containing SA.
Thus, GMS was selected as an appropriate solid lipid for the following stages. Solid lipids play
an essential role in developing physically stable NLCs particles. As the homogenous lipids,
Stearic acid was prone to form crystals, which was undesirable in NLCs structures (Rousseau,
2000). The amphiphilic nature of GMS might contribute to a chemical reaction with the liquid
lipid, stabilizing the NLCs dispersion. From the above trials, we found that the NA-TAG
structure lipid has good solubility in soybean oil (liquid lipid), and GMS served a suitable solid
lipid to give potential good stability to the NLCs preparation.

4.5.1.2 Miscibility of Solid-Liquid Lipid System

Miscibility of solid and liquid lipid in the lipid phase at specific concentrations is a prerequisite
for the optimized NLCs structures (Cirri et al., 2018), as this can be the main reason for the
instability of formulations. The miscibility between GMS and soybean oil was initially evaluated
by preparation of solid lipid nanoparticles (SLN) in different liquid to aqueous phase ratios (w/w)
of 10:90, 20:80 and 30:70 (Table 8B1), and 10:90 to establish the miscibility of the two lipids;
according to the frequent ratio reported in literature while controlling other factors constant.
When the lipid phase increased from 10 to 30 %, the particle size increased significantly from
79.01 nm to 154.0 nm (p < 0.05). The incorporation of lipid phase can cause massive crystal
order disturbance; the resulting matrix of lipid particles reveals great imperfections in the crystal
lattice and leaves enough space to accommodate the drug molecules, which leads to increased
drug entrapment efficiency (Jenning et al., 2000; Azmi et al., 2020). From the results, the liquid

to aqueous phase ratios of 10:90 w/w was selected as a proper candidate for the preparation of
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NLCs. This finding agreed with Loo et al. (2012), in which NLCs with high lipid concentrations
were physically less stable than those with low lipid concentrations due to their propensity to
recrystallise more rapidly. A similar study also reported that the lipid to aqueous phase ratio of
10:90 w/w was suitable to improve the miscibility and minimize the toxicity risks simultaneously
(Cirri et al., 2018). Similar results reported that the stock emulsions were also prepared by
homogenizing the 10 wt% oil phases with the 90 wt% aqueous phases to create a fine emulsion
(Zhang et al., 2015). However, another study reported that the results of 85:15 w/w in the ratio
was the most appropriate concentration of optimum NLCs formulations(Babazadeh et al.,
2017). However, at 30% w/w liquid lipid, a plateau in size was reached, with no further particle
size variations. Similar results were reported by Sakellari et al. (2021). Therefore, there was no
significance if the liquid lipid ratio was over 30%. In the orthogonal optimization (Table 9), we

investigated the ratio at 10:90, 15:85 and 20: 30 to discuss the effects.

As shown in Table 8B, the solid lipids (GMS) and liquid lipid (soybean oil) with the best-
solubilizing potential for 1% concentration of NA-TAG were mixed in different ratios of 1:2, 1:1,
2:1, 3:2 and 2:3 in different tubes to observe the solubility and miscibility of the two lipids in
NLCs. The liquid to aqueous phase ratio of 10:90 and aqueous phases was kept constant. From
visual inspection, the solubility and miscibility of these five formulations of NLCs were good
(they did not show any precipitation by observations). Formulations with glyceryl monostearate
(GMS) and tween 80 exhibited a significant increase from 157.83 nm to 1959.89 nm in particle
size nm (p < 0.05). It was observed that particle size decreased by increasing the concentration of
GMS from 3% to 6% in the lipid phase. The liquid to solid lipid ratio of 2:1 means a particle
size of 157.83 nm and PDI 0.19. The PDI value measures the narrowness of particle size
distribution (Babazadeh et al., 2017). The readings were below 0.2 and indicated homogeneity of
the formulations. According to Mitri et al. (2011), the polydispersity parameter provides
important indications about the homogeneity of NLCs samples, with values below 0.25 reflecting
relatively homogeneous nanoparticles with a low predisposition to aggregation (Mitri et al.,
2011). The ratio of 2:1 showed a zeta potential of -25.31 mV compared to other lipids to the
solid ratios in the 10% lipid phase. Zeta potential is the indication of the stability of colloidal

dispersion. In the general concept, minimum particle aggregation is associated with charged
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particles due to repulsion. Therefore, the lipid to solid lipid ratio at 2:1 was selected as one of the

optimized variables for further study.

4.5.1.3 Selection of Surfactant Type and Concentration

The third step was choosing the appropriate surfactant types and concentrations. GMS and
soybean oil were kept unchanged, and three types of surfactants, including Poloxamer 407,
Tween 20, and Tween 80, were assessed. Surfactants play two significant roles in the NLCs
preparation; 1) formation and stabilization of pre-emulsion (colloidal stabilization) and 2)
preventing particle aggregation (Babazadeh et al., 2017). It was found that when surfactant
Poloxamer 407 was present in the formulations, the phase stage of NLCs emulsion tuned to a
solid phase, and no further analysis of physicochemical properties could be performed. Thus, the
NLCs formulation with poloxamer 407 was discarded (Data in Appendix 5). On the other hand,
the formulation with Tween 20 led to a significantly higher PDI exceeding 0.6 (Appendix 5),
which suggests the formation of a poorly uniform system and a great tendency to aggregation

phenomena (Cirri et al., 2018).

Regarding the EE%, the Tween 80-based NLCs was transparent by observation. As shown in
Table 8C, the formulation with Tween 80 had the significantly smallest particle size, PDI and
the highest physical stability of zeta potential, which indicated the formation of homogeneous
and stable nano-dispersions (Aditya et al., 2014; Zhang et al., 2015). The type and concentration
of surfactants can affect the zeta potential of particles in a colloidal system (Talebi et al., 2021).
Han et al. (2008) reported that using Tween 80 makes the NLCs formulations more stable for

more than one year compared to other surfactants including lecithin and poloxamer 188.

Surfactant concentrations can also significantly impact the quality of NLCs. As the surfactant
was absorbed on the surface of nanoparticles, making them sterically repulsive to one another
(Rai et al., 2021). It was observed that particle size significantly decreased from 157.83 nm to
90.12 nm (p < 0.05) when increasing the concentration of Tween 80 from 1% to 3% (in Table

8C). This occurred because the sufficient surfactant lowered surface tension and stabilised newly
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formed surfaces during homogenization, resulting in smaller particles (Babazadeh et al., 2017).
In addition, surfactant concentrations might also potentially contribute to the small PDI value.
For example, high quantities of tween 80 allow for easier dispersion, less agglomeration and
coalescence, and hence a reduction in PDI (Azmi et al., 2020). However, if the amount of
surfactant used is insufficient, uncovered surface areas of lipid nanoparticles in NLCs would
result in flocculation, aggregation, and gelation ( Pezeshki et al., 2019; Azmi et al., 2020). Larger
particles produced by coalescence may take longer to crystallize as a lipid matrix (Babazadeh et
al., 2017). Similar findings by Huang (2017) et al. discovered that surfactant concentration is an
important parameter affecting the surfactant functionality in colloidal systems. Hence, increasing
the concentration of surfactants, the more negatively charged NLCs were prepared, and the
smallest droplet sizes were formed with 3% Tween 80 to obtain a stable lipid nanoparticles

emulsion.

4.5.1.4 Selection of NA-TAG Concentration

NLCs would protect the encapsulated active ingredients and enhance their functionality and
stability (Karimi et al., 2015). While we wanted to include more active ingredients in the NLCs
formulation, the amount of active ingredient, in this case, the NA-TAG, can potentially impact
the particle size and PDI of NA-TAG-loaded NLCs. Thus, selecting the optimum NA-TAG
concentrations for the NLCs formulation was important. The solid to liquid lipid ratio of 2:1 and
the aqueous phase were kept constant to study this. As shown in Table 8D, when NA-TAG oil
loaded increased from 10% to 30% in the liquid phase, the PS increased significantly from 148.5
nm to 1474 nm (p < 0.05). This suggested that the excess oil content would expulse during
crystallization, resulting in aggregation and particle size growth (Wang et al., 2014). However,
when the NA-TAG oil accounts for more than 3%, the phase states were solid by observation,
and the particle size became large because the solid did not melt in the dilution. The results
might be that when the oil droplets are incorporated into the surfactant micelles at higher
concentrations, they cannot further disperse the oil droplets (Mehmood, 2015). PDI also
increased significantly from 0.17 to 0.752, which indicated a broad particle size distribution.

This could be attributed to the increased viscosity, which means more energy was needed to
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disintegrate the particles (Huang et al., 2017). Moreover, zeta potential reduced from -34.7 to -
23.0 mV. In general, lipid nanoparticles are negatively charged on the surface. The results of the
factorial orthogonal design also suggest that the concentration NA-TAG significantly influenced
the ZP of the NLCs (Gonzalez-Mira et al., 2010). The stability of emulsions decreases with the
increase of NA-TAG oil concentrations from 1% to 3%. This can be due to the increase of
interfacial tension with the addition of higher oil contents (Mehmood, 2015). Similar trends were
observed in the study by Das et al. (2011) and Azmi et al. (2020). Their results showed that
particle size and PDI increased as the number of active ingredients increased. In a similar study,
Mehmood (2015) reported that canola oil as the active ingredient could not dissolve further when

increasing the concentrations in NLCs system.
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Table 8. Preliminary experiments for NLCs preparation.

Li_ql}id Solid lipid Surfactazlt type Response variables
Formulation (S(I:}Pf)l;ian Q—M % ,[N:é Lipid to S (.7 ) N— A&}J;erls
code oil) S[t;;rcllc GMS  (%w/w) aqueous phase Tween 80 (W/w%) Particle Size (nm) PDI Zeta potential (mV)
(W/w%)
A. Selection of solid lipid trials (SLNs)
NLCs 9:1 _ 9 - 1 10:90 1 89 1222 £171.9 0.76 £ 0.072 -18.1+6.47
NLCs 8:2 _ 8 - 2 10:90 2 88 1469 +242.9 0.80+0.076 -10.5+4.51
NLCs 7:3 _ 7 - 3 10:90 3 87 2324 + 142.1 0.77 £ 0.692 -9.25+0.24
NLCs 9:1 _ - 9 1 10:90 1 89 138.7 +£9.655¢ 0.26 + 0.45° -28.0 + 3.46°
NLCs 8:2 _ - 8 2 10:90 2 88 564.1 +669.0 - -19.10 +1.01
NLCs 7:3 _ - 7 3 10:90 3 87 - - -
Bi. Miscibility of solid-liquid lipid systems (SLNs)
NLCsw 4 - 6 - 10:90 3 87 79.01£0.7772¢ 0.23 £0.14° -28.2 +£2.63°
NLCsya 8 - 12 - 20:80 3 77 98.42 £ 0.9459° 0.22 +0.009° -36.7 £2.322
NLCsns 12 - 18 - 30:70 3 67 154.0 + 1.093¢ 0.16 =0.010° -41.9 +3.56°
B:. Liquid to solid lipid ratio in lipid phase trials (NLCs)
NLCsi.; 45 - 4.5 1 10:90 1 89 2457.00 +27.98 0.90+0.18 -24.8 £1.29
NLCs; 3 - 6 1 10:90 1 89 1938.33 £ 125.27 0.98 +0.04 -23.8+0.71
NLCsy.1 6 - 3 1 10:90 1 89 157.83 +£2.65¢ 0.19 +0.02° 253+ 145
NLCs2:3 36 - 5.4 1 10:90 1 89 1959.89 +£211.42 0.94+0.1 -23.7+0.73
NLCs32 54 - 3.6 1 10:90 1 89 308.42 +8.95 0.43+£0.04 279+ 1.01
C. Surfactant Concentration (Tween 80)
NLCsy 6 - 3 1 10:90 1 89 157.83 +£2.65 0.19+0.02 -253+1.45
NLCsp 6 - 3 1 10:90 2 88 102.51 +1.25 0.12+0.05 -30.1+2.54
NLCsrs 6 - 3 1 10:90 3 87 90.12 +0.85¢ 0.11+£0.01° 425+1.18
D. NA-TAG concentrations
NLCsxri 6 - 3 1 10:90 3 87 148.5 + 3.446°¢ 0.17 £0.01° -34.7 +2.00°
NLCsyr2 5333 - 2,667 2 10:90 3 87 612.2+229.6 0.706 + 0.06 -27.6 +1.06
NLCsxrs 4.667 - 2333 3 10:90 3 87 1474 +£229.6 0.752+0.94 -23.0+0.784

SLNGs, solid lipid nanoparticles; NLCs, nanostructured lipid carriers. Values are presented as mean SD + (n=3). Different letters are significantly (p < 0.05).
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4.5.2 Optimization of NLCs Containing NA-TAG oil

NLCs is derived from the oil-in-water (O/W) emulsions (Babazadeh et al., 2017). The NLCs
formulations contained GMS as solid lipid, Tween 80 as the surfactant, and soybean oil as the

lipid phase was optimized using the L9 (3%) orthogonal optimization design.

The orthogonal optimisation design was applied to examine the effect of three independent
variables, namely lipid phase to aqueous phase ratio (10:90, 15:85 and 20:80 w/w%), aqueous
surfactant concentrations (1-3 w/w%) and NA-TAG (1-2 w/w%) concentrations, on four
response variables of particle size, polydispersity index, zeta potential and the entrapment
efficiency of the NA-TAG loaded NLCs. As shown in Table 9, the minimum particle size was
85.84 nm. However, the best homogenization conditions cannot be chosen only based on particle
size. For the range analysis (Table 10), the significance of each factor was evaluated by
calculating the F value to ensure the selected level was significantly better than other levels (Wu
et al., 2012). Compared to a comprehensive experimental design, this approach requires only
fewer experiments. For instance, other than 64 groups, only nine groups of tests were required to
investigate four factors with a three-level design (Peng et al., 2019). Hence, the experimental

process has been considerably shortened to decrease solvent waste and energy consumption.

The percentage of encapsulation efficiency was the most significant factor influencing the
experiment in the orthogonal design optimization (Table 9). Entrapment efficiencies of NA-
TAG 1n all the NLCs were observed as > 90% which indicated that NA-TAG oil could be well
entrapped in lipid nanoparticles. From the range analysis, the optimized encapsulation conditions
to obtain the maximum EE% was A1B1C3 (Table 10). However, only factors A (NA-TAG mix
concentration) and C (aqueous surfactant concentration) were shown to be statistically
significant (p < 0.05) from the ANOVA analysis (Table 10). Therefore, the optimal conditions
for the maximum EE% should be adjusted to AIB1C3 (NA-TAG mix concentration, 1%; lipid
phase to aqueous phase ratio, 10:90; and aqueous surfactant concentration, 3%). The influence of
the parameters on the EE% of NLCs decreased in the order of C (aqueous surfactant
concentration) > A (NA-TAG mix concentration) > B (lipid phase to aqueous phase ratio)
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according to the F' values. The most significant parameter (at the 95% confidence level) was
surfactant concentration in the aqueous phase of the NLCs formulations, followed by the NA-
TAG mix concentration. There was no significant difference in lipid phase to aqueous phase

ratio (at the 95% confidence level) compared to other experimental variables.

As shown in Table 10, the optimized encapsulation conditions to obtain the minimum particle
size and polydispersity index of NLCs by range analysis were A2B1C3 and A2B3Cl,
respectively. The optimized lipid encapsulation to achieve the maximum zeta potential of NLCs
by range analysis was A1B2C3. However, according to the F values, there was no significant
difference (at the 95% confidence level) in the factors ABC on particle size, polydispersity index
and zeta potential. In addition, compared to factor B (lipid phase to aqueous phase ratio) among
four response variables, Bl was used twice to obtain the highest entrapment efficiency and
smallest particle size. Thus, based on a balanced evaluation of all factor levels, the lipid phase to

aqueous phase ratio of 10:90 was selected in the optimized NLCs formulations.

The orthogonal design has been successfully applied in the NLCs optimization of aimed
conditions from various variables. Based on this analysis, and considering the highest
encapsulation efficiency, the cost of energy and the feasibility of the experiment, the optimum
conditions of NA-TAG-loaded NLCs were determined as follows: aqueous surfactant
concentration 3%, NA-TAG mix concentration 1%, and lipid phase to aqueous phase ratio 10:90.
Therefore, the criteria which were selected for the optimization of NA-TAG NLCs was the
minimum amount of oil and maximum amount of surfactant concentration, to achieve the

maximum stability of NLCs.

Furthermore, the optimized NLCs were suitable for application in liquid food products due to
their ultrasmall size and transparency among the lipid nanocarriers. All the produced
nanocarriers have a high rate of EE%. The properties of optimized NA-TAG-loaded NLCs
obtained by the hot high-shear homogenization and hot melt probe sonication technique,

followed by recrystallisation were analyzed in Table 11.
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The results (Table 11) indicated that the size of the NLCs prepared by the hot high-shear
homogenization technique was 191.3 + 3.28 nm, markedly greater than the size of the NLCs
prepared by the sonication method, which was around 85.13 = 0.43 nm (p < 0.05). Moreover, the
NLCs prepared by recrystallisation was 82.11 + 0.14 nm, slightly smaller than those obtained
from the hot melt probe sonication method. Sonication can be used as a processing step in
reducing droplet size to produce significant uniform particles (Lu et al., 2018). The ultrasonic
method with mechanical stirring would reduce the energy consumption, and the emulsions
obtained were more stable with smaller particle sizes (Babazadeh et al., 2017). In addition, the
oil particle sizes could be reduced to less than 100 nm, to produce a transparent emulsion with
optical clarity, suitabkle to be applied in beverages (Mirhosseini et al., 2008). Despite the
significant disadvantages associated with high-energy in producing ultra-small nanoparticles, we
could produce NLCs of < 100 nm using HPH by optimizing compositional and processing

parameters (Aditya et al., 2014).

The physical stability of NLCs could be evaluated by measuring zeta potential. The zeta
potential was usually used to determine the stability of the emulsion system. The particle
dispersion became less stable when the zeta potential decreased (Loo et al., 2012). It was found
that the particle size of the NLCs without sonication (Formulation H: GMS: Soybean oil: NA-
TAG, 6:3:1) was dramatically shifted toward larger sizes with slightly increased zeta potential.
The zeta potential of NLCs prepared without sonication was - 44.20 = 1.35 mV, whereas the
NLCs prepared with sonication slightly increased to - 46.9 + 1.11 mV, indicating the particle

dispersion was more stable.

The PDI was at 0.268 = 0.01 (p > 0.05) for the NLCs prepared by probe sonication-based method,
indicating good dispersion of uniformly sized lipid vesicles. After recrystallization, the
optimized NLCs achieved the highest encapsulation efficiency (99.82%) (p > 0.05). Thus, the

PDI and EE% show no significant differences among samples prepared from different methods.

Thus, the sonication and recrystallization steps effectively reduced the particle size and enhanced

physical stability. The optimized NA-TAG NLCs have a smaller size, lower PDI, and relatively
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higher zeta potential and encapsulation efficiency, indicating that this preparation method is

suitable for encapsulating the optimized and purified NA-TAG oil.
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Table 9. Results for NA-TAG loaded NLCs from lipid encapsulation using the L9 (3%) orthogonal design with Tween 80 as surfactant

Purified Lipid phase to Aqueous Response variables Phase State
Formulation =~ NA-TAG aqueous phase Surfactant
Code %) ratio(w/w%) Concentrations Entrapment  Particle size Polydispersity Zeta Potential
A %) efficiency (nm) index (mV)
o
B C (%)
1 1 10:90 98.5+0.07 105.8+0.71 0.266 + 0.00 -55.2+0.51 Liquid
2 1 15:85 97.5+0.12 108.9+1.36 0.280 +0.01 -59.2+1.11 Liquid
3 1 20:80 98.9+0.06 104.5+0.72 0.289+0.01 -58.1+1.06 Liquid
4 1.5 10:90 944+0.57 94.69+0.29 0.256 £ 0.02 -48.1+£0.73 Liquid
5 1.5 15:85 96.7+0.23  93.02+0.46 0.288 +0.00 -57.8+1.80 Liquid
6 1.5 20:80 96.6+0.16 115.8+0.93 0.248 +£0.00 -58.4+1.02 Semi-liquid lotion
7 2 10:90 98.5+0.09 85.84+0.34 0.278 £0.03 -42.7 +1.00 Liquid
8 2 15:85 96.8+0.13 113.1+1.12 0.266 +0.03 -60.4 +£3.48 Liquid
9 2 20:80 94.8+0.63 121.4+0.59 0.258 £ 0.05 -59.9+0.57 Semi-liquid lotion

Factors, A, NA-TAG concentration%; B, Lipid phase to aqueous phase ratio (w/w%) (10:90, 15:85

Concentrations (%).
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Table 10. Range analysis and analysis of variance (ANOVA) of lipid encapsulation factors and levels from the orthogonal experiment.

Entrapment encapsulation efficiency Particle size (nm) Polydispersity index Zeta Potential (mV)
(%)
A B C A B C A B C A B C
k1 98.30 97.13 97.30 106.4 95.44 111.6 0.278 0.267 0.260 -57.50 -48.67 -58.00
k2 95.90 97.00 95.57 101.2 105.0 108.3 0.264 0.278 0.265 -54.77 -59.13  -5573
k3 96.70 96.77 98.03 106.8 113.9 94.45 0.267 0.265 0.285 -5433  -58.80 -52.87
Best level Al Bl C3 A2 Bl C3 A2 B3 Cl Al B2 C3
R 7.20 1.10 7.40 5.61 18.5 17.1 0.01 0.01 0.03 3.17 10.47 5.13
Order CAB BCA CAB BCA
SS 8.960 0.207 9.627 58.97 511.2 495.9 0.0003 0.0003 0.0011 17.69 2123 39.71
F value 43.35" 1.00 46.58" 1.00 8.67 8.41 1.12 1.00 3.53 1.00 12.01 225

Factors, A, NA-TAG mix%; B, Lipid phase to aqueous phase ratio (w/w%) (10:90, 15:85 and 20:80); C, Aqueous Surfactant Concentrations (%);
Range analysis, k-averaged value of each level of the factors (k1, k2, k3 for level 1, 2, 3, respectively), the biggest k value indicates the best level
for each factor; R, range between the maximum and minimum k value, a larger R value suggests a more important role of the factor in the
encapsulation process; order, influential order of the factors, determined by the descending order of R value; SS, sum of squares; F' value, obtained
from ANOVA Fisher’s F-test (2,2) 95% = 19; *, p <0.05.
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Table 11. Formulation and characterization of optimized NA-TAG-loaded NLCs under different preparation methods.

Formulation
Particle size Polydispersity ~ Zeta potential (mV) Entrapment
Code GMS Soybean NA- T8O DW (nm) index[! efﬁciency (%)[1]
Oil TAG

Hot high-shear Homogenization method

H 0.6 0.3 0.1 0.3 8.7 191.3+3.282 0.2887 +0.01 -44.20 + 1.35° 97.79 +£0.65
Hot melt probe Sonication method

S 0.6 0.3 0.1 0.3 8.7 85.13 £0.43° 0.2680 +0.01 -46.90 £ 1.112 98.28 £0.23
Recrystallization

R 0.6 0.3 0.1 0.3 8.7 82.11 +£0.14° 0.2623 +0.00 -50.47 £ 0.40° 99.82+0.01

Values are presented as mean SD + (n=3). Values within a row with different letters are significantly (p < 0.05).
[1] shows no significant differences among samples (p > 0.05). SD, Standard deviation; GMS, Glyceryl monostearate; T80, Tween 80; DW,

Distilled water.
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4.6. Freeze Drying of optimized NLCs and Their Properties

Formed powders are easier to handle, store and transport than the bulk liquid forms for
further applications in food and pharmaceuticals (Nowak & Jakubczyk, 2020). Drying
converts liquid to solid and is widely used in the food industry to transfer dehydrated
emulsions to lipid particles. This method decreases the water content to a level that can
inhibit the growth of microorganisms, extending the shelf life. Freeze-drying, also known as
lyophilization, is an excellent method for storing nanoparticles since it preserves them from
hydrolysis and Ostwald ripening while facilitating transport (Zhu et al., 2015). Lyophilization
was hypothesized to have advantages for sensitive components because of its low
temperature and vacuum condition during the drying process, and thus, retain the quality of

the dried product in terms of biological safety, nutritional and organoleptic properties.

The lyophilization method aimed to produce good quality NLCs. The optimum conditions for
freeze-drying emulsions were selected from the orthogonal optimisation experimental design.
They were lyophilized to verify the suitability of our produced nanocarriers to use in the solid
foodstuff. The physical properties of the lyophilized NLCs can be analyzed by differential
scanning calorimeter (DSC) analysis. The interaction of the components in wall materials

was investigated using Fourier transforms infrared (FT-IR) spectroscopy.

4.6.1 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry is widely used to provide information on the physical
properties of a compound or formulation by detecting the heat loss or gain resulting from
physical or chemical changes inside a sample (Averina et al., 2011). DSC provides qualitative
and quantitative information on lipid particles' melting and crystallization behaviour, which
may affect the bioavailability in the delivery system (Talebi et al., 2021). Due to a continuous
crystallisation process, solid lipid nanoparticles formulated based solely on solid lipids or a
blend of solid lipids have limited bioactive component loading and its release during storage.
When the liquid lipids are incorporated into the solid lipids, the particles have a less
crystalline structure (Shahparast et al., 2019). Furthermore, the advantages of NLCs over

other traditional colloidal systems are essentially due to the liquid state of the lipid in the
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nanoparticle system that improves the physical stability of the systems and the protection of
the loaded drugs (Gonzalez-Mira et al., 2010). For these reasons, it is essential to conduct a
DSC study to examine the thermal properties of the formulated NLCs in this research. Fig. 15
shows the thermal behaviour of incorporated NA-TAG oil, an optimized formulation of NA-
TAG nanostructured lipid carriers (NLCs), unloaded NLCs and the GMS at the temperature
of 10 - 300 °C.

The NA-TAG oil exhibited an endothermic peak at 150.4 °C, when the NA-TAG oil
fabricated into the NLCs, the melting peak reduced to 53.00 °C (Fig. 15). Moreover, the
characteristic peaks of NA-TAG oil completely disappeared in NLCs. A similar DSC study
with the progesterone (PG)-loaded NLCs was reported (Elmowafy et al., 2018a). The absence
of the main endothermic peak of PG confirmed the existence in the amorphous state, which
enhanced PG solubility (Elmowafy et al., 2018a). Talebi and coworkers (2021) had similar
results - the absence of a vitamin D3 melting peak and only one melting peak in the DSC
curve of nano-niosomes containing vitamin D3. Similarly, the niosomes containing
Candesartan showed that the Candesartan melting peak was absent from the DSC curves
comparing to the loaded niosomes, indicating that the active drug was encapsulated inside the

nanoparticles in an amorphous state (Sezgin-Bayindir et al., 2014).

Comparing the lyophilized NPs with or without NA-TAG (Fig. 15), the DSC thermograms
indicated that the melting peak in the NLC without NA-TAG showed a slight shift from
53 °C to 52.09 °C. The incorporation of NA-TAG increased the enthalpy and the melting
peak slightly (0.91 °C, 5.74 J/g, respectively, Table 12). This might be attribute to the
physical interaction between NA-TAG structure and other NLCs compounds such as
surfactants, the interactions may change their thermal properties. Similar interactions were
reported for omega-3 fish oil/ a-tocopherol-loaded NLCs to improve the stability of the fish
oil, where the peak melting point in the NLCs loaded without a-tocopherol showed a shift
from 54.66°C to 53.02°C (Shahparast et al., 2019). In addition, the increased melting
temperature of the NA-TAG-loaded NLCs could indicate an increase in crystallite size and
order compared with the unloaded NLCs sample (Elmowafy et al., 2019) due to forming of a
more imperfection crystal structure with the addition of NA-TAG oil.
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Figure 15. Differential scanning calorimetry thermogram of NA-TAG oil, NA-TAG
nanostructured lipid carrier (NLCs), unloaded NLCs and the solid lipid GMS. GMS, Glyceryl
monostearate; NA, Nervonic acid; TAG, triacylglycerol.

The melting behaviour of the lipid core in NLCs as measured by DSC was also useful in
understanding the mixing state of GMS with the NA-TAG oil. From Table 12, GMS as a
solid lipid has an onset temperature of 55.61 °C and a sharp endothermic peak at 59.73 °C
indicating crystalline transition (Huang et al., 2017). When the GMS was formulated in the
inner phase of the NA-TAG-loaded NLCs, the onset temperature and melting peak exhibited
at 42 °C and 53 °C, respectively, lower than those of GMS. There was an almost 7°C drop in
melting peak from that of GMS to NA-TAG-loaded NLCs. When solid lipid GMS was
present in NLCs matrix, the lipid core surface contributed to this reduction in melting peak.
Similar results reported a drop in the DSC melting temperature around 12 °C from GMS to
when they were present in nanoparticles (Rai et al., 2021). Other similar dropping results also
found that around 4 °C from the solid lipid Precirol ATO 5 to the NLCs formulations, which
was potentially explained by the Precirol ATO 5 interaction or surface-active effect of NLCs

(Elmowatfy et al., 2019).

The width of the peak shoulders was measured by the difference between the onset
temperature and melting point. From Fig. 15 and Table 12, the peak shoulders of solid lipid
GMS shifted to broader peaks in the NA-TAG-loaded NLCs, which have further confirmed
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concurrent melting and consequent interaction between the NLCs lipid matrix. As a result of
the presence of complex glycerides in NLCs, DSC thermograms usually exhibited broader
peak shoulders (Elmowafy et al., 2019). Elmowafy and coworkers (2018a) reported similar
findings when studying the effect of fatty alcohol containing NLCs for oral progesterone
delivery, where they observed the shift into broader peaks comparing to the solid lipid stearic
acid. A broader peak indicates massive crystal order disturbance (lattice defects) and forms
less ordered of NLC structure. The less ordered structures in NLC may provide more space
for drug/bioactive molecules, improving overall drug/bioactive loading capacity (Hu et al.,

2006).

Table 12. Melting temperature and enthalpy of the NA-TAG oil, NA-TAG-loaded NLCs,
unloaded NLCs and the solid lipid GMS.

Sample Onset temperature (°C) Melting Peak (°C) Enthalpy AH (J/g)
NA-TAG Oil 148.4 +2.51 150.4 + 3.51 20.55+3.26
NA-TAG Loaded 42.00 +0.78 53.00 £ 0.07 81.78 £0.25
NLCs
Unloaded NLCs 41.22+0.07 52.09 £ 0.08 76.04 £ 0.14
GMS 55.61 +1.51 59.73 £0.79 172.8 +£2.71

Values are presented as mean SD + (n=3). SD, Standard deviation; GMS, Glyceryl monostearate; NLCs,
nanostructured lipid carrier; TAG, Triacylglycerol; NA, Nervonic acid.

Since DSC is valid for studying the degrees of crystallinity of nanoparticles, this information
could help explain the encapsulation efficiency as indicated by the other author (Rai et al.,
2021). Moreover, a larger temperature differential indicates a greater lipid crystal disorder,
and this leads to a maximum encapsulation efficiency (EE) for the NLCs (Shahparast et al.,
2019). Furthermore, the peak depression of nanoparticles can also be correlated to the amount
of added liquid lipid, as a higher concentration of liquid lipid would induce a broader solid
lipid peak (Hu et al., 2006; Fang et al., 2013). The crystallinity degree of nanoparticles
decreases with increasing liquid lipid ratio in the particles (Hu et al., 2006; Fang et al., 2013).

Thus, the liquid oil was the main factor in lowering the crystallinity and enhancing the less-

120



ordered structure of NLCs, allowing for more spaces to encapsulate the drug/bioactive with

high loading (Hu et al., 2006; Fang et al., 2013).

Thermodynamic parameters such as enthalpy and melting temperature are critical because
they indicate the complexation and kinetics of active material release, and also potentially
reflect the stability of the nanoliposomes during storage (Talebi et al., 2021). The degree of
crystallinity of NLCs could be calculated from the ratio of NLCs enthalpy to bulk lipid
enthalpy, which was calculated based on the total weight used (Fang et al., 2013). From
Table 12, the reduction in melting enthalpy from 172.8 J/g in GMS to 81.78 J/g in the NA-
TAG loaded NLCs could be associated with the deformity in the crystal structure of lipid.
Similar findings were reported in a study involving the encapsulation of Omega-3 fish oil in

NLC (Shahparast et al., 2019).

DSC provides an useful insight into the melting and recrystallization behaviour of the solid
lipids from NLCs (Fang et al., 2013). The disappeared of the endothermic peak of NA-TAG
oil in NA-TAG-loaded NLCs has confirmed that the NA-TAG oil was successfully
encapsulated in NLCs lipid matrix. NLCs without NA-TAG oil showed a depression of the
melting peaks from 53 °C to 52.09 °C. The results suggested that there was physical
interaction between the NA-TAG oil and NLCs. The loading of NA-TAG in NLCs leads to
crystal order disturbance, resulting in more space to include drug molecules in the
applications. The results present the evidence that the components in the optimized NLCs
have good compatibility with the NLCs lipid matrix and created a new composition with new

thermal properties.

4.6.2 Fourier-Transform Infrared (FT-IR) Spectroscopy Analysis

Fourier transforms infrared (FT-IR) spectroscopy is an appropriate technique for determining
the interaction between components and rheological properties in the nanocarrier structure
(Hashemi et al., 2020). The FT-IR studies were carried out for the soybean oil, purified NA-
TAG oil, solid lipid GMS, and the NLCs with and without NA-TAG to understand the
possible chemical interactions between NA-TAG and other carrier components in the NLCs
formulation.
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The structural characteristics of the five samples were confirmed by FT-IR spectroscopy in
the range of 400 to 4000 cm™', as shown in Fig. 16 and Table 13. The characteristic peaks of
soybean oil (line I) and NA-TAG oil (line IT) were well captured and exhibited different IR
bands. The peak at 3008.66 cm™! for soybean oil and at 3006.73 ¢cm™! for NA-TAG oil were
both attributed to =C-H stretching, which indicates the presence of unsaturated fatty acids in
oils (Man & Rohman, 2013; Morris et al., 2021). The soybean oil was rich in the total
unsaturated FAs at 83.76 %, while the NA-TAG oil was higher in unsaturated fatty acids at
90.42 % (Table 7). The bands at 2921.87 cm™! and 2852.44 cm™! were attributed to stretching
vibrations of -CH groups. However, the two oils revealed some differences in peak intensities,
which can be observed in the ester stretching region around 1700 - 1750 cm-1 and in
carbonyl stretching 1085 - 1200 cm™'. The soybean oil had only one peak during the region
around 1700 — 1750 cm™! at 1743.48 cm™'; no bands were observed for soybean oil at 1708.00
cm!'. Whereas NA-TAG oil revealed two peaks, one at 1745.41 cm™ due to C=0 stretching of
the carboxylic acids (ester) with strong intensity, the other at 1708.00 cm™! indicated the C=C
with low weak intensity (Lumakso et al., 2015; Morris et al., 2021). This result might be
attributed to the alkene (-C=C-) that came from the monounsaturated nervonic acid in the
incorporated NA-TAG oil. The FT-IR distinguishes the two oil types and accounts for their

structure difference.
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Figure 16. Fourier transform infrared (FTIR) spectroscopy of different materials. (I) soybean
oil, (II) NA-TAG oil, (IIT) NA-TAG loaded NLCs, (IV) unloaded NLCs without NA-TAG,
and (V) solid lipid GMS as surfactant in the NLCs.
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Furthermore, the NA-TAG-loaded NLCs (line III) and unloaded NLCs (line IV) showed all
characteristic peaks related to the functional groups (hydroxyl, methyl, ester) of NA-TAG oil.
Similar results were also observed for the turmeric encapsulation in NLCs (Karimi et al.,
2018). In addition, line III, IV and V showed strong hydroxy stretching at 3309.52 cm,
3311.45 ecm! and 3301.81 cm!, respectively. These O-H stretching confirmed a stable
intermolecular hydrogen bonding (between NA-TAG oil and NLCs components. The
hydrogen bondings enhance NA-TAG solubility in the NLCs formulation (Elmowatfy et al.,
2018a).

Table 13. The frequency ranges, vibration and absorptions of functional groups for soybean oil, NA-
TAG oil, NA-TAG-loaded NLCs, unloaded NLCs and solid lipid GMS.

Wavenumber (cm™)

Common NATAG NA-TAG Blank Structural Characteristics
Name Soybean Oil i loaded an GMS
Oil NLCs
NLCs
Hyd(r)(;;()yl (- ) ) 3309.52 3311.45 330181 Hydroxyl groups stretching
= C-H (cis) stretching
=C-H (cis) 3008.66 3006.73 - - - vibrations
Alkyl group
-CH»- 2923.80 2921.87 2914.85 2916.09 2914.15 Alkanes (-CHa-) asymmetric
stretching
Ketone
(RCOR) 1743.48 1745.41 1729.98 172098 172998 OO stretching of carboxylic
-C=0- acids (esters), strong
intensity
Alkene C=C
(cis) - 1708.00 - - - C=C stretching vibrations,
Weak intensity
Alkyl group - 1458.04 1458.04 1469.61 1469.61 1469.61 Bending
CH»-
Ether (-C-0O-) 1159.11 1159.11 1178.39 1176.46 1178.39 C-O-C covalent stretching
vibration, two bands or more
Group-CH-CH- ) ) 1101.24 1097.39 ) Bending atnd Defomatlon
Vibrations
Alkyl group 719.38 721.31 719.38 719.38 719.38 CH: bending
-CH»-

According to the present results, FT-IR analysis showed no chemical bonding or interactions
among the NA-TAG oil in the NLCs system; only physical interactions occurred. Other

discussions on FT-IR analysis also confirm the current findings. Hashemi et al. (2020)
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reported that CLA encapsulated in the NLCs system showed no chemical bonding. Karimi et
al. (2018) stated that the production of NLCs-containing turmeric extract was compatible
without the chemical reaction within the lipid matrix. Also, Pezeshki et al. (2019), in their
study on the presence of beta-carotene in the NLCs system, demonstrated that there were no
chemical reactions between the components of the system and the active ingredient. Similarly,
no chemical reaction was observed between the lipid phase and resveratrol in the NLCs,
according to the FT-IR results of Sun et al. (2014). Ghate et al. (2016) also reported that the
FT-IR spectra indicated no interactions between tretinoin with the NLCs formulation

excipients.
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4.7. Storage Stability of Lyophilized NA-TAG-Loaded NLCs

For most commercial applications, emulsion-based delivery systems must maintain stability
throughout their shelf life (Change & McClementsm, 2014; Puglia et al., 2014). The stability
test ensures the product will maintain its desired chemical, physical and microbiological
quality. Lyophilized powder is a freeze-dried powder. A short-term stability test was
conducted for the lyophilized NA-TAG-loaded NLCs. Three storage temperatures were
selected: at high temperature (45 °C), room temperature (25 °C) and refrigerator temperatures
(4 °C). Factors affecting the shelf life of NLCs were determined to include the
physicochemical properties of nanoparticles (i.e., particle size, polydispersity index, zeta
potential), encapsulation efficiency, primary and secondary oxidative stability and water

activity.
4.7.1 Physical Stability

Short-term physical stability is essential for NLCs during storage. Photon correlation
spectroscopy (PCS) and laser diffraction are the most powerful methods for routine
measurement of particle size. PCS is also known as dynamic light scattering yielding the
particle size and the polydispersity index (PDI). It measures the fluctuation of the scattered
light intensity produced by particle movement. As shown in Fig. 17 to 19, the particle size
and PDI of liquid optimized NLCs at day 0 have a relatively small value compared to the
powder form after lyophilization. Even though the nanocarrier size increased from 82.11 +
0.14 to 252.5 £ 1.76 nm after freeze-dried, they were well within the required size to enhance
bio-accessibility and bioavailability (Najjar & Stubenrauch, 2009). After lyophilisation, the
PDI of the NLC slightly increased from 0.2623 to 0.39, indicating its ability to disperse
uniformly (Aditya et al., 2014).

4.7.1.1 PS, PDI and Zeta Potential

The particle size of NLCs showed a gradual growth trend in the three storage temperatures.
The particle size of the lipid carrier dispersions increased sharply when they were stored at
45 °C (Fig. 17). Only a slight increase to 328.1 + 1.95 nm in particle size (PS) was observed
when the sample was stored at 4 °C. At 25 °C, there was a negligible increase in particle size

to 463.0 + 2.13 nm. It seems that the NLCs were fit for storage at 25 °C and 4 °C as no signs
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of instability in the form of phase separation or creaming and no significant change of PS
(p > 0.05) were detected during the storage period. The results suggested that the NLCs
containing NA-TAG were stable against Ostwald ripening, flocculation, and coalescence at
room and refrigerated temperatures. The concentration gradient to the environment is
minimised by a narrow particle size distribution, which inhibits the Ostwald ripening process
(mass transfer from small particles to larger particles) (Tian et al., 2015; Hashemi et al., 2020;
Talebi et al., 2021). However, due to the kinetic energy depression of nanoparticles at lower

temperatures, NLCs stored at 4 °C were more stable than those stored at 25 °C.

In contrast, NLCs stored at high temperatures such as 45 °C showed a slower increase in
particle size for the first 25 days or so. After that, the PS increased rapidly from 252.5 + 1.76
to 1351 = 10.76 nm at the end of 42 days’ storage. These results suggested that some droplet
growth occurred due to either coalescence or Ostwald ripening during storage (Change &
McClementsm, 2014). Also, the structure of NLCs might be impaired, and bioactive
entrapped were unstable (described later in Section 4.7.2). A similar stable trend of particle
size was observed in other NLCs preparations stored at 4 or 25 °C (Wang et al., 2014;

Soleimanian et al., 2018).
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Figure 17. Changes of lyophilized NLCs in the particle size during storage at 4 °C, room

temperature (25 °C) and 45 °C throughout 42 days of stability study. Experiments were
performed in triplicate (n = 3).
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The polydispersity index (PDI) was used to measure the broadness of molecular weight
distribution. The PDI value provides a measure of particle size distribution, which ranges
from 0 (monodisperse) to 1.0 (very broad distribution) (Azmi et al., 2020). The change of
PDI values can be observed in Fig. 18, that all the temperatures indicated an increasing trend.
However, the PDI value remained above 0.200, implying a relatively broad sample particle
distribution (Azmi et al., 2022). On day 0, the PDI of NA-TAG NLCs remained at 0.39
(above 0.3), which indicates the poor physical stability of this colloidal system and relatively
homogeneous nanocarriers among all the temperatures. These results would be in agreement

with the zeta potential results.
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Figure 18. Changes of lyophilized NLCs in the polydispersity index during storage at 4 °C,
room temperature (25 °C) and 45 °C throughout 42 days of stability study. Experiments were
done in triplicate (n = 3).

The electrical charge on the droplets affects the functional performance and stability of
emulsions. As shown in Fig. 19, the (-potential on NA-TAG NLCs did not change
significantly (around - 50 mV) at refrigerator temperature (4 °C) for 6 weeks (p > 0.05). At
low temperatures, the high stability of developed nanoparticles against particle aggregation
could be related to their high zeta potential value (Soleimanian et al., 2018). The good
stability could be attributed to the small particle size, the slow lipid transition, and the steric
effect in the NLCs system (Sun et al., 2014; Azmi et al., 2022).
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At storage of 25 °C and 45 °C for 42 days, the particle size and PDI were increased, and the
absolute electrical charge was significantly decreased to - 41.6 and - 30.12 mV (p < 0.05),
respectively. On the same storage day, samples at 4 °C and 25 °C did not show a significant
difference (p > 0.05) during the storage time. The reduced electrical charge value was
associated with physical instabilities such as agglomeration, aggregation, and gelation (Sun et
al., 2014). Hence, these results indicate that electrostatic interaction could be one of the main
factors determining the stability of the NA-TAG-loaded NLCs. In addition, storage at high
temperatures can cause the breakdown of hydrogen bonds in surfactant, resulting in

decreased NLCs stability at 25 °C and 45 °C.
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Figure 19. Changes of lyophilized NLCs in electrical characteristics during storage at 4 °C,
25 °C and 45 °C throughout 42 days of stability study. Experiments were done in triplicate (n
= 3). Error bars represent the standard deviation. Different letters (a-c) indicate the significant
difference between the different temperatures at the same storage day (one-way ANOVA,
Tukey’s HSD, p < 0.05).

4.7.1.2 Entrapment Efficiency of NA-TAG-loaded NLCs

From the results (Table 14), the ratio and concentration of 3% Tween 80 and 3% GMS in this
experiment were adequate to stabilize the NLCs. The data showed that the NA-TAG loaded
NLCs had high stability throughout the storage period. for storage at 4 °C, EE% decreased
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from 95.89 to 91.96%. There was no substantial change in the attributes studied for 42 days
storage. At 25 °C and 45 °C, the EE% was reduced to 90.22% and 81.24%, respectively.
However, there is no significant difference in the EE% at different temperatures during the
storage time (p > 0.05). The NLCs developed showed high EE% values irrespective of
storage temperature and time. At the end of 42 days of storage, over 81% of NA-TAG
remained in the NLCs stored at 45°C and ~ 90-92% at room and refrigerated temperatures,
indicating that the fabricated NLCs effectively protected the loaded NA-TAG oil. Samples
stored at 45 °C always had the lowest EE% among all the storage temperatures. In contrast,
sample at 4 °C had the highest EE%. Given that the high temperature may disturb the
structural molecules, a more logical explanation may be that at 45 °C, less ordered lattice
defects will form with more space for molecules (Aditya et al., 2014). In an earlier study, a
similar reduction in EE % was observed (Kumer et al., 2016). From Table 14, caking or
clumping occurred during the storage of powders at 45 °C. Caking produces permanent
clumps due to particle stickiness, resulting in a loss of functionality and lower quality (Bell &

Labuza, 2000), reducing the product's shelf-life.

Overall, storage at 4 °C was favoured for enabling the good physicochemical stability of the
lyophilized NLCs. It was concluded that higher temperatures increase the incidences of
particle coalescence, leading to aggregation and more kinetic energy, and thus the rapid
increase of particle size by accelerating the collision of particles (Talebi et al., 2021). During
the study duration of 6 weeks, the developed nanocarriers were found to be substantially
stable at 4 °C. Therefore, the refrigerated condition (4 °C) were considered the optimum
storage conditions for lyophilized NLCs samples. Keeping the products at refrigerated
temperature (4 °C) is suggested to prolong the encapsulated NLCs products' shelf-life. Good
physical stability of lipid nanoparticles at 4 and 25 °C, with no significant modification in the
particle size, was also found by other researchers (Li et al., 2015; Zhu et al., 2015;
Soleimanian et al., 2018; Razak et al., 2018). There was also no noticeable change in the PDI,
zeta potential and EE% of formulations during the storage period (p > 0.05) at refrigerated
temperature, which was in agreement with results reported for other NLCs preparations

(Wang et al., 2014; Zhu et al., 2015).
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Table 14. The entrapment efficiency (%) of lyophilized NLCs for 42 days of storage trials.

4°C + 1°C/ RH 60 + 5% 25°C +2°C/ RH 60 + 5% 45°C + 1°C/ 75 + 5%
Time (day) Physical Entrapment efficienc Physical Entrapment Physical Entrapment
y p y
appearance + SD (%) appearance efficiency = SD (%) appearance  efficiency + SD (%)

0 95.89 +0.12° 95.89 +0.12° 95.89 +(.12°

1 95.56 +0.11° 94.83 +0.03° White-fine 94.22 +0.01°

3 95.51 £0.16¢ 94.62 +0.01° powders 93.28 + (.342
with bright

5 95.23+0.01° 94.44 + 0.42° erystal 92.15+0.13°

hite-fi hite-fi o
7 White-fine 95.12 +0.22° White-fine 94.36 +0.12 initially; 91.36 + 0.28°
powders with powders with i

10 bright crystal 94.83 +0.13¢ bright crystal 93.22 +0.56° fa 1ne, 90.23 +0.17°
clumping

14 throughout 94.01 +0.32¢ throughout 93.01 +0.32° and 89.28 + 0.63"

t t .

21 Storage 93.89 = 0.63¢ SloTage 92.46 + 0.62° aggregation 87.94 + 0.56°

28 92.73 £ 0.56° 91.25+0.41° occurred at 85.12 + 0.45°
) the end of

35 92.41 +0.33 90.87 +0.51 the storage 83.89 + 0.65
42 91.96 + 0.65° 90.22 +0.15° 81.24 +0.712

Values are presented as mean SD + (n=3). Values within a row with different letters are significantly (one-way ANOVA, Tukey’s HSD, p < 0.05). Values

within a column with same letters are insignificantly different (p > 0.05). RH: Relative humidity, SD: Standard deviation.
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4.7.1.3 Water Activity (a )

Water activity is an important means of predicting and controlling the shelf-life of food
products. It is crucial to determine critical water activity levels for a product and how
sensitive it is to changes in water activity to ensure the microbiological safety of a product.
This part of the study evaluated the lyophilized NA-TAG-loaded NLCs during storage at 4,
25 and 45 °C for 6 weeks.

As shown in Fig. 20, the initial aw of the lyophilized NA-TAG loaded NLCs was 0.435,
indicating the water in the product has 43.5% of the energy that pure water would have at day
0. The overall ay in all temperatures was lower than 0.5, which suggested that
microorganisms are not likely to have the potential growth for microbial spoilage (Wason et
al., 2022). However, products in this range do not have an unlimited shelf life. Chemical

degradation, textural alterations, and moisture migration are the most likely failure modes

between ay of 0.40 and 0.70 (Wason et al., 2022).

At refrigerated temperature (4 °C), the aw was stable until the last day of the storage.
However, for samples with low aw between 0.20 and 0.40, texture alterations, caking, and
clumping of powders are the most likely failure reasons in the deterioactive reactions (Wason
et al., 2022). NLCs samples stored at 25 °C had aw range of 0.364 to 0.227 from day 3 to day
21. At 45 °C, the NLCs had awranged from 0.375 to 0.226 from day 1 to day 10. When the
aw was less than 0.2, the chemical instability characterized by a higher rancidity rate would be
the major failure. The samples stored at 25°C had the ay of 0.191 after day 28. At 45 °C, the
sample’s aw was 0.197 after day 14. These changes in aw values explained the caking and
clumping of powders (Bell & Labuza, 2000). At 45 °C storage, the ay of the NLCs
significantly decreased at the end of 42 days compared to the samples stored at lower

temperatures. This could be due to the loss of moisture at a higher temperature.
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Figure 20. Water activity (aw) of lyophilized NA-TAG loaded NLC stored at 4 °C, room
temperature (25 °C) and 45 °C for 6 weeks. Data points and error bars represent means (n=3)
+ standard deviations.

Changes in water activity influence both structure and texture of food products. To extend
shelf life, any product must be manufactured to its ideal water activity during transport and
storage.-Therefore, monitoring the influence of water activity and storage temperature on the
freeze-dried NA-TAG-loaded NLCs will help design an effective thermal process control to

ensure a better product shelf-life.

4.7.2 Chemical Stability

Lipid oxidation process involves a complex series of chemical reactions between fatty acids
and oxygen, which results in oxidative degradation of lipids to produce off-flavours in the oil,
such as rancidity (Tura et al., 2022). Thus, it is essential to ensure that the NLCs are of good
quality during storage, as oxidative stability is essential in determining its use in food and
pharmaceuticals. This section aimed to investigate the oxidative stability of NA-TAG-loaded
NLCs during storage at 4 °C, 25 °C and 45 °C for 6 weeks. The peroxide value (PV) and

thiobarbituric acid value (TBA) were monitored during the storage.
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4.7.2.1 Primary Lipid Oxidation Products

Peroxide value (PV) is an indication of primary oxidation and detection of the initial evidence
of rancidity in unsaturated fat and oil deterioration. The results (Fig. 21) show that changes in
primary oxidative extent in different temperatures of the loaded NA-TAG oil had a similar
increasing trend during storage. At day 0, all the temperatures were insignificant (p > 0.05)
and presented the lowest PV with 5.624 mEq/kg of oil, indicating high protection of oil
oxidation in the NLCs system. The temperature was one of the most important factors
influencing the product’s quality during storage. Higher PV values would indicate a shorter
shelf life and be unsuitable for consumption (Chew, 2020). Thus, to assure food safety and
quality during storage, it was crucial to develop models to describe and predict the quality of

the product in a wide range of temperatures (Kaczmarek & Muzolf-Panek, 2021).

The current results suggested that storage of NA-TAG loaded NLCs at 4 °C and 25 °C
exhibited insignificantly differences in the change of peroxide values (p > 0.05), which
indicated that these two temperatures have better inhibition against the formation of primary
lipid oxidation products compared to 45 °C. The peroxide value of NA-TAG-loaded NLCs at
4 °C ranging from initial to 12.469 mEq/kg after 6 weeks. At 25 °C, the peroxide value
increased gradually to 14.003 mEq/kg. The oxidation process at 45 °C exhibited a
significantly high peroxide value at 24.44 mEq/kg (p < 0.05), causing a decrease in oxidative
stability. A high PV value could indicate the increased hydroperoxide radical formation or
reduced decomposition (Gordon, 2004). Moreover, during the same storage day, PV for
samples stored at 45 °C was significantly different to those stored at 25 and 4 °C (p < 0.05).
Primary oxidative degradation can be accelerated at higher temperatures. Storage temperature
at 45 °C promoted the primary oxidation to give higher PV values, which might be due to the
unsaturated compounds in the NLCs formulation being susceptible to autoxidation at higher
temperatures (Chandran et al., 2016). Hence, the NLCs produced should not be stored at
45 °C.
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Figure 21. The peroxide value of lyophilized NLCs stored at 4 °C, room temperature (25 °C)
and 45 °C for a period of 6 weeks. Error bars represent the standard deviation. Different
letters (a-c) indicate the significant difference between the different temperatures at the same
storage day (one-way ANOVA, Tukey’s HSD, p < 0.05).

At 4 °C, the PV steadily increased from an initial 5.624 to 9.209 mEq/kg during the storage
time of 21 days. The PV had a steady increase indicating the formation of hydroperoxides
during fat oxidation. At 25 °C, the PV gradually increased to 9.434 mEq/kg on day 14 while
at 45 °C, the PV significantly increased to 9.543 mEq/kg on day 5 (p < 0.05). Generally, the
PV of fresh oil is less than 10 mEq/kg oil and this could be related to a chemically protective
effect of the solid core of the nanoparticles that inhibited the oxygen from reaching the oil
(Chew, 2020). The results agreed with the findings reporting the high oxidative stability of
fish oil at high preparation temperatures (Soleimanian et al., 2018). If the PV was greater
than 10 meq/kg, the oil was considered bad (Banks, 2007) and the product should be placed
on quality hold pending comprehensive analysis and quality assessment before being directed
to disposal (Liu & Wu, 2010). During the storage time of 35 days, the PV had reached 22.133
mEq/kg at 45 °C. The rancid taste could be predictable with higher PV. According to the
literature (Gordon, 2004), a rancid taste was usually noticeable when PV was between
between 20 and 30 mEq/kg. The NLCs at 45 °C with higher PV will have a shorter shelf life

and be unsuitable for consumption.
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Generally, high temperature will promote primary oxidation, which increases the PV. The
inappropiate storage temperature would affect the quality of the NLCs. In addition, the oils
with higher PV might have adverse health effects, such as stimulating cardiovascular and
inflammatory diseases by increasing reactive oxygen species and secondary oxidation

products (Chew, 2020).

4.7.2.2 Secondary Lipid Oxidation Products

Although the PV measurement was a helpful approach to monitoring the oxidative
deterioration of fats and oils, it is usually combined with a method of secondary lipid
oxidation products to provide more specific evaluation of lipid oxidation (Gordon, 2004).
Reaction with thiobarbituric acid (TBA) has been one of the most extensively accepted
assays for measuring the secondary products of lipid peroxidation in emulsions (Wang et al.,
2015). The thiobarbituric reactive substances (TBARs) assay was used to monitor
malondialdehyde (MDA), a marker of secondary oxidative products (Wang et al., 2015;
Reitznerova et al., 2017). The objective of this section was to compare the methods of MDA

detection in lyophilized NLCs in various storage time and temperature conditions.

As shown in Fig. 22, the initial content of TBARs was 1.034 + 0.044 mol/kg oil (p > 0.05).
The NLCs composition, such as the presence of solid lipid GMS, might affect the most
effective oxidative stability at the initial storage. This shell might function as a physical
barrier that prevents oxidation by restricting oxygen access (Shahparast et al., 2019).
Materials with good emulsifying capacity could surround the core materials, providing
superior oil oxidation protection in processing (Fildt & Bergenstdhl, 1994). During the
storage time, the protective shell might be missing so that the oxygen could interact to a
greater degree of TBARs content, such as higher MDA concentrations. Shahparast (2019) et

al. generated the same results by encapsulating fish oil in the NLCs.

Furthermore, the MDA increased to 4.498 mol/kg after 42 days of incubation at 4 °C, which
was insignificant (p > 0.05) for the change of MDA. The incorporation of NA-TAG oil at
4 °C in the dispersed lipid phase retards the lipid peroxidation via the mainly chain-breaking
mechanism of NA-TAG targeting radicals formed inside the lipid core during lipid

autoxidation. The formation of the antioxidant interface at lower temperatures appears to be a
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promising strategy to preserve emulsified oil against oxidation rather than admixing
antioxidants into the oil core (Wang et al., 2015). At 25 °C, it had been varied to 6.879
mol/kg (p > 0.05). The MDA content was increased to 7.826 mol/kg at 45 °C till the end of
storage (p < 0.05). The higher values obtained with the TBA test have been attributed to
several other lipid oxidation products, such as alkenes, alkadienals, aldehydes, and ketones,
which would not be suitable for feed (Gordon, 2004). In addition, the changes of TABRs
between the different temperatures at the same storage day were not as significant as those of
PV. For example, at day 1, there was not a significant difference between 25 and 45 °C (Fig.
27). This suggests that the storage stability condition, NLCs had a more substantial influence
on the generation of primary oxidation products measured by PV, than on the production of
secondary oxidation products measured by TBARs. This result can be attributable to the
protective shell created by encapsulation, inhibiting oxygen from reaching the lipid surface of

NLCs (Shahparast et al., 2019).
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Figure 22. Formation of thiobarbituric acid reaction substances (TBARs) in lyophilized
NLCs during storage at 4 °C, room temperature (25 °C) and 45 °C for 42 days. Data points
represent means (n=3) + standard deviations. Error bars represent the standard deviation.
Different letters (a-c) indicate the significant difference between the different temperatures at
the same storage day (one-way ANOVA, Tukey’s HSD, p <0.05).
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The current results show that lipid oxidation accumulated significantly during a storage time
of 42 days at the three storage temperatures under investigation. Again, the oxidation changes
in the NLCs were lower at 4 °C than the 25 °C and 45 °C (p < 0.05). In addition, the PV and
TBARSs values were correlated with the storage period's length and temperature. The results
indicated that encapsulation of NA-TAG oil in the NLCs reduced the primary oxidative
products more effectively than the secondary products. Adding an antioxidant might prevent
the increase in both primary and secondary products, which could be investigated in future
studies. A study by Shahparast et al. (2019) had confirming this point. They reported that
omega-3 fish oil encapsulated with an antioxidant, i.e., tocopherol, in NLCs has achieved

good oxidative stability for the oil.
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4.8. In vitro Digestion of Lyophilized NA-TAG-loaded NLCs

The digestion behaviour of the lyophilized NLCs was investigated using an in vitro model to
simulate the stomach and the upper small intestine in a fasting state. This section expressed
the extent of lipolysis obtained by titrating the fatty acids released as a percentage of total
digestible fatty acids. In sequence, the lipolysis of core materials was conducted using either
simulated gastric fluid (SGF) or simulated intestinal fluid (SIF). The objective of the
experiment was to establish the application of the in vifro digestion model for characterizing
the profiles of FFA release generated by the pH-stat method. In addition, we also wanted to
use the in vitro digestion model to quantify the influence of lipid droplet characteristics on

the rate and extent of digestion.

4.8.1 Physical Stability of NLCs

The physical stabilities of the NA-TAG NLCs were examined as they passed through the
simulated GIT. The mean droplet size, particle size distributions (PSDs) and (-potentials of
the emulsions were determined after each GI phase. It is known that the particle size and size
distribution are critical characteristics for the evaluation of the physical stability of colloidal

systems (Babazadeh et al., 2017).
Initial phase

Initially, the mean particle diameter and particle size distribution measured by light scattering
remained relatively small (261.2 + 7.02 nm, Fig. 23). The mean particle size was appreciably
smaller for the NA-TAG loaded NLCs, which could be attributed to more efficient droplet
disruption during homogenisation. It was suggested that NLCs could be stable to droplet
aggregation at relatively high pH values (pH 6 and 7) but exhibited a significant increase in
particle size when stored under more acidic conditions (pH 2.5) (Mao & McClements, 2012).
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Gastric/Stomach phase

After passing through the stomach phase, the particle size distribution of the emulsions are
maintained monomodal but the mean particle diameters increased slightly to 290.37 + 6.89
nm (Fig. 23). These results suggest that some droplet aggregation or flocculation occurred

within the gastric fluids.

Moreover, several reasons might have contributed to the aggregation under gastric conditions.
Firstly, the combined effects of various SGF constituents, such as pepsin, could be attributed
to droplet aggregation during the gastric stage (Mao & McClements, 2012). The pepsin
would induce a reduced steric and electrostatic repulsion, which contributed to the
aggregation effect (Liang et al., 2018). Secondly, the increasing particle size suggested that
coalescence and aggregation phenomena occurred when the pH was reduced from 7 to 2.5 in
the gastric stage. These findings suggest that incubating the emulsions within the highly
acidic environment of the stomach might destabilize the lipid carriers and not break down the
aggregates formed in the initial stage, which may even have encouraged further droplet
aggregation as a consequence of attractive forces, such as Van der Waals and hydrophobic
interactions (Choi et al., 2011; Rao et al., 2013; Cirri et al., 2018). As shown in Fig. 23, the
particle size distributions (PSDs) of the emulsions stored at pH 7 did not change appreciably
and maintained a single narrow peak centred with a growth of the broad size-distribution tails
skewed toward large particle size. The broadening for the emulsions stored at pH 2.5 in the
stomach phase suggested that these emulsions were highly unstable to droplet growth and
likely caused coalescence formation (Anarjan et al., 2011). The oil molecules diffusing from
small to large droplets cause droplet development (Tian et al., 2015; Change &
McClementsm, 2014). Thus, the PSD data indicated an increased fraction of larger particles
in those samples that aggregated.

The small intestine phase

At the end of the gastric digestion phase, the pH of samples were adjusted to neutral to mimic
the small intestine. The presence of pancreatic lipases at pH 7.0 helped to hydrolyse the
triacylglycerol molecules (Singh et al., 2009).
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At this stage, the NA-TAG-loaded emulsions contained larger particles, giving a mean
droplet size of 300.4 + 2.32 nm (Fig. 23). The large particles observed might be attributed to
the lipid carriers that were not fully digested by the intestinal enzymes that formed mixed
micelles composed of lipid degradation products (Aditya et al., 2014). Moreover, increasing
droplet coalescence and flocculation might have taken place to form larger particles. Any
sedimentation or flocculation brought on by lipid disintegration in the stomach may delay the
delivery of nutrients to the small intestine, reducing satiety and increasing food intake. The
lipid droplet size impacted stomach motility and the release of gut hormones, which might
contribute to obesity (Li & McClements, 2010; Aditya et al., 2014; Zhang et al., 2015).
Furthermore, some droplet coalescence may occur throughout the lipid digestion process due
to alterations in the composition of the interfacial or oil phase, resulting in an overall increase
in oil droplet size. The NA-TAG molecules present within the oil droplets might be converted
into long-chain free fatty acids due to the hydrolysis by pancreatic lipase. Long-chain FFAs
are known to accumulate at the surfaces of lipid droplets during lipid digestion (Rao et al.,

2013).

On the other hand, the PSDs of the emulsions changed from monomodal under the stomach
digestion phase to a broad and bimodal distribution in the small intestinal phase (Fig. 23).
This suggested that more bigger particles presenting in the small intestine stage, presumably
due to the action of the digestive enzymes. As the digestion products that leave the lipid
phase might be assembled into other types of colloidal structures, such as mixed micelles
(tiny), vesicles (large), insoluble calcium salts (large), undigested protein aggregates or
undigested lipid droplets in the small intestine stage. The similar result had been reported by
Rao et al., (2013) and Wang et al., (2019). It is challenging to ascertain their precise nature in
such a compositionally complex system (Zhang et al., 2015; Wang et al., 2019).
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Figure 23. Influence of in vitro digestion on the particle size distribution of NA-TAG loaded
NLCs emulsions as they passed through different regions of a simulated GIT: (a) initial; (b)
stomach; (c) small intestine.

In general, the initial and stomachs play a small role in this digestive process, as the
enzymatic digestion of lipids primarily occurs within the small intestine. The above results
suggest that the particle size within the human GI tract was important because it might have

an influence on the rate and extent of lipid digestion.

4.8.2 Surface Charge Characterization

The changes in the electrical charge characteristics of the particles in the emulsions were
measured as they passed through the different stages of the GIT model to provide information

about alterations in the droplets’ interfacial properties (Hur et al., 2009; Zhang et al., 2015).

Initial phase

The stability and interactions of the droplet surface charges with other components are

determined by their magnitude (Liang et al., 2018). We measured the electrical charges at the
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surface of the lipid droplets before and after passage through the simulated GIT model. As
shown in Fig. 24, the initial phase had relatively high negative charges at -50.2 mV. The
electrical charge on the lipid droplets might be attributed to the emulsions stabilized by the
nature of the surfactant tween 80 that had absorbed into the oil droplet surfaces (Rao et al.,
2013; Liang et al., 2018). Thus, the initial electrical charges of tween 80-stabilized emulsions
containing different droplet sizes showed relatively high negative charges. Several studies
have found that lipid droplets stabilized by Tween 80 are negatively charged at neutral pH
(Hur et al., 2009).

Gastric/Stomach phase

After exposure to the stomach region, there was an appreciable reduction in the magnitude of
the electrical charge on the particles to -11.7 + 3.39 mV (Fig. 24). The observed change in
electrical charge on the droplets within the stomach mimics the highly acidic conditions at pH
2 and high ionic strength, which would change the droplets' electrical characteristics (Hur et
al., 200; Mao & McClements, 2012). The relative low magnitudes of the electrical charges on
the lipid droplets would be insufficient to create strong electrostatic repulsion between them,
which would then contribute to the instability of the emulsions under acidic conditions and
partly explain the fact that extensive droplet aggregation occurred (Choi et al., 2011; Liang et
al., 2018).

Moreover, the NaCl, as the salt ions present in the SGF can cause electrostatic interactions or
bind to droplet surfaces causing charge neutralisation or bridging effects. Thus, salt ions
promote droplet flocculation in digestion emulsions (Mao & McClements, 2012). In addition,
SGF contained pepsin, an enzyme capable of catalyzing the hydrolysis of proteins under
acidic conditions. A similar study explored the gastric digestibility of an O/W emulsion
stabilized by a globular protein (B-lactoglobulin) (Singh et al., 2009). However, in some
studies, the surface potentials of the samples were slightly positive after passing to the
stomach stage. The positive (-potential would be expected at +0.9 mV as the pH of the acidic
gastric fluid (pH 2.5) was fairly below the isoelectric points (Liang et al., 2018).
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The small intestine phase

The electrical charge at -28.77 mV on the particles after incubation in the small intestine
phase was much higher than after the gastric stage but still lower than the initial stages. The
observed change in electrical charge on the lipid droplets can be attributed to similar factors
as mentioned earlier: changes in solution conditions (pH and ionic strength). Generally, the
emulsion with a zeta potential > 30 mV is physically stable (Huang et al., 2017). Although
the zeta-potential charges in the stomach are less than 30 mV, they are still above the
required zeta potential to stabilize the nanoparticles by electrostatic and steric interactions
(Aditya et al., 2014). In this study, steric stability is reported to be provided by surfactant
Tween 80 (Kumar et al., 2016).

Furthermore, the high negative charge in the small intestine stage might be attributed to the
presence of impurities after digestion. For instance, anionic or cationic impurities in the lipid
phase could adsorb to the oil-water interface and contribute to the overall interfacial charge,
including bile salts, undigested lipid droplets, mixed micelles, vesicles, and calcium salts,
free fatty acids produced by hydrolysis (Mao & McClements, 2012; Rao et al., 2013; Zhang
et al., 2015; Liang et al., 2018). These anionic colloidal species might have come from the
initial phase (e.g., peptides, free fatty acids, or phospholipids) or the gastrointestinal fluids
(e.g., bile salts and phospholipids) (Mao & McClements, 2012; Zhang et al., 2015). It would
be predicted to reduce the strength of the electrostatic repulsion between the oil droplets,
thereby promoting aggregation (McClements, 2004). Several other studies have found a
change in negative charge in the particles present in the digestion after incubation in
simulated small intestine conditions (Hur et al., 2009; Li & McClements, 2010; Mao &
McClements, 2012; Rao et al., 2013; Zhang et al., 2015; Liang et al., 2018; Santos et al.,
2019; Wang et al., 2019).

Due to electrostatic screening and ion binding effects, the bile salts in SIF would decrease the
{ -potential on the droplets (McClements, 2004). Consequently, the hydrolysis of lipids is
enhanced. This could decrease the rate of digestion since bile salts are required to solubilise

lipid digestion products for continuous lipase activity (Beysseriat et al., 2006).
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Figure 24. Influence of in vitro digestion on the droplet surface charge characteristics (C-
potentials) of NA-TAG-loaded NLCs emulsions at different GIT stages. Error bars represent
standard deviation. Bars represent the standard deviation. Different letters (a-c) indicate the

significant difference between the different phase (one-way ANOVA, Tukey’s HSD, p <
0.05).

4.8.3 Lipid Digestion

It is well-known that pancreatic lipases will produce free fatty acids (FFA) during the lipid
hydrolysis of the droplet core in the small intestine. After the emulsions were subjected to
simulated digestion, the rate and extent of lipid digestion was examined using an automatic
titration (“pH-state”’) method. The volume of NaOH (0.1 M) titrated into the samples to

maintain a constant pH (7.0) was measured as a function of digestion time (120 min) during

the small intestine stage (Fig. 25).

As described previously (Section 3.11.1), the amount of free fatty acids released was
calculated from the titration curves (Li & McClements, 2010). The release profiles of NA-
TAG from the NLCs formulation were compared with NA-TAG oil as a control. The amount

of FFA released from the NA-TAG structure lipid over time was then calculated from these
profiles (Fig. 25).

145



5.00

—@— NA-TAG Loaded NLC —— NA-TAG Oil

4.50
4.00
3.50
3.00
2.50
2.00

NaOH Volume (mL)

1.50
1.00
0.50

0.00 T T T T T
0.00 20.00 40.00 60.00 80.00 100.00 120.00
Digestion Time (min)

Figure 25. The volume of NaOH (0.1 M) required to maintain a constant pH (7.00) in the
NA-TAG-loaded NLCs emulsions after passing through different GIT stages as measured
using a pH-stat. Data points and error bars represent means (n=3) + standard deviations.

From Fig. 26, the purified NA-TAG oil exhibited a fast release pattern with approximately
70% release amount of FFA dissolved during the duration of 2 h. On the other hand, NLCs
containing NA-TAG showed a sustained release property with a slower release rate. In the
initial stage, approximately 30 % of FFA was released in the first 40 min of the digestion.
The NA-TAG near the surface of NLCs could be quickly released into the surrounding liquid,
accounting for the initial burst release (Sun et al., 2014). In some of these systems, the
addition of bile salts can remove the surface-active components from the emulsion droplet
surfaces, promoting lipase binding to the interfacial layer and accelerating the lipolysis rate
through the removal of FFA digestion products from the droplet surface rapidly by
solubilization in mixed micelles (Singh et al., 2009; Hur et al., 2009; Li & McClements,
2010). In addition, unentrapped NA-TAG might be present in the NLCs dispersion, which

could also lead to the initial burst release (Azmi et al., 2020).
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Furthermore, around 32 to 46 % of FFA have a sustained release at a longer time of 60 min.
In vitro slow diffusion of encapsulated NA-TAG in the hydrophobic core of NLCs might
partially result in sustained release of NA-TAG in the later phase (Liu & Wu, 2010; Sun et al.,
2014). This might be due to the in vitro release of the active component from the NLCs
dispersion being biphasic, with the first burst action followed by a steady release of the active
ingredient (Mishra et al., 2010; Huang et al., 2015). These findings suggested that the unique
structure of NA-TAG might regulate the release of free fatty acids and maintain a relatively
steady amount throughout a prolonged digestion time. A similar release trend with the in
vitro release study of virgin coconut oil based NLCs loaded with ficus deltoidea (FD) extract
was reported by Azmi et al. (2020). Another study (Kumer et al., 2016) also observed a

similar in vitro release pattern for quercetin from NLCs.

Overall, the FFA release from NLCs was retarded, containing a substantial surface area to
which a part of NA-TAG might be dissolved in the liquid shell composed of surfactants, and
the remaining parts of NA-TAG might be located in the skeletal structure (Sun et al., 2014;
Huang et al., 2017). A relatively constant final value of 46.8% of FFA released was attained.
The lower FFA% released in NLCs compared to NA-TAG oil might be attributed to the fact
that the digestion products of emulsions (long chain FFAs) tend to accumulate at the oil-
water interface, thereby limiting the lipase access to the droplet surfaces (Zhang et al., 2015).
Similar results were obtained in B-carotene emulsions using a simulated gastrointestinal tract
model (Rao et al., 2013). Moreover, there are several possible reasons for this. Firstly, it is
likely that some digestion of the NA-TAGs had already occurred within the stomach before
entering the small intestine, or it could have been because the presence of long-chain fatty
acids at the droplet surfaces inhibited lipid surface hydrolysis (Porter et al., 2007). Secondly,
the low fatty acid released might also be attributed to the small intestine colloidal particle
structure that may have been resistant to digestion. In addition, in the NLCs system, the NA-
TAG molecules were surrounded by soybean oil molecules, which might prevent the lipase
from reaching the ester bonds in the NA-TAGs. In a similar study by Rao (2013) et al., lemon
oil inhibited TAG digestion in the lipid phase.
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Figure 26. The cumulative fatty acids released profile from the NA-TAG-loaded NLCs
compared to the NA-TAG oil (n=3) after passing through different GIT stages as measured
using a pH-stat. Data points and error bars represent means (n=3) + standard deviations.
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Chapter Five

Summary, Conlcusion and Future work

5.1. Summary

This is the first study investigating the synthesis of triacylglycerol and nervonic acid via
acidolysis reaction and its optimization. Furthermore, the physicochemical properties of NA-
TAG-loaded NLCs were characterized to understand their influences on the formation and
stability, followed by an in vitro digestion to provide information on the release
characteristics of NA from the NLCs. The following summarises the research of different

sections and drawn conclusions based on the data obtained.
o Enzymatic acidolysis reaction to obtain optimized NA-TAG oil

Lipozyme TL IM immobead 150 from Rhizomucor miehei offered the highest catalytic
efficiency, specificity and selectivity than the other four immobilized lipases under the same
optimal conditions. The lipase successfully catalyzed the incorporation of nervonic acid into
the specific sn-1 and sn-3 positions of TAG. The modified TAG with nervonic acid is named

NA-TAG oil in this study.

The acidolysis reaction was optimized according to an orthogonal experimental design to
obtain the maximum incorporation of NA into TAG. The following are optimum conditions
for the maximum incorporation of NA into TAG: enzyme type, Lipozyme TL IM immobead
150; enzyme-to-substrate ratio, 1:4; enzyme loading, 10 w/w%; reaction temperature, 60 °C;

and reaction time, 4 hours.
e Separation of purified NA-TAG oil by Column Chromatography

149



The recovery of purified structured lipid was performed by column chromatography. After
chromatographic separation, the lipid factions were identified by TLC plates consisting of
silica gel. The TLC developed showed TAG, FFA, DAG and MAG bands after acidolysis,
confirming that NA was successfully incorporated into the TAG molecules to release FA
from the glycerol backbone. The TLC plates also showed the presence of a certain number of

purified NA-TAG, which were collected for Fatty acid composition and further NLCs study.

e Fatty acid composition

The fatty acid composition analysis showed that the purified NA-TAG oil constituted 65.57 +
0.99 w/w% NA after the optimized acidolysis reaction. The faty acid composition of the
soybean oil and the purified NA-TAG oil samples were deternined. Comparing to the
soybean oil and NA-TAG oil, the total saturated fatty acids (SFA) decreased from 16.24 to
9.583 w/w%, while the total unsaturated fatty acid increased from 83.76 to 90.42 w/w%.
Among the unsaturated FA, the monounsaturated fatty acid (MUFA) in the purified NA-TAG
oil increased from 22.21 to 72.69 w/w% as the nervonic acid was incorporated and
constituted the majority of MUFA, but the polyunsaturated fatty acid (PUFA) reduced from
61.55 to 17.73 w/w%.

e Preparation of optimized NA-TAG-loaded NLCs

NLCs have been successfully produced from the hot high-shear homogenization followed by
the hot melt probe sonication method. Based on the preliminary experimental data, Tween 80
was chosen as the surfactant, and the solid to liquid lipid ratio selected was 2:1. Then, the
formulation was optimized using a L9 orthogonal design to obtain NLCs with the highest NA
incorporation, examining the effects on particle size, polydispersity index, zeta potential and
entrapment efficiency. The best formulation was determined as follows: aqueous surfactant
concentration of 3%, NA-TAG concentration of 1%, and lipid phase to aqueous phase ratio of
10:90. In addition, during the preparation of NLCs, the sonication and recrystallization
methods are necessary as it was significantly decreased the particle size and enhanced the

physical stability.
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e Preparation of lyophilized NLCs and evaluation of their properties

The lyophilized NLCs was obtained via freeze-drying. The lyophilized NLC’s physical
property was studied using differential scanning calorimetry (DSC), while Fourier examined
the interaction of the NLCs components transforms infrared spectroscopy (FT-IR). From
DSC, the characteristic peaks of purified NA-TAG oil completely disappeared when NA-
TAG oil was fabricated in the NLC formulations, indicating that the molecule of NA-TAG
was encapsulated. The NA-TAG oil has good compatibility with the matrix of NLCs. The
loading of NA-TAG oil in NLCs causes crystal order disturbance, resulting in more space for
the incursion of bioactive molecules. FT-IR demonstrated that the NA-TAG oil has a
different chemical structure from the soybean oil, as reflected by the alkene group (-C=C-)
from the monounsaturated nervonic acid incorporated in the NA-TAG oil. Only physical
interaction was observed, and no chemical bonding between NA-TAG oil and the NLCs

components formed.

o Storage stability of lyophilized NLCs

The storage short-term stability test was carried out for 6 weeks at high temperatures (45 °C),
room temperature (25 °C) and refrigerator temperatures (4 °C). Higher temperature storage at
45 °C would significantly damage the physical stability of the NLCs system (p < 0.05), as
indicated by the dramatic increase of particle size from 252.5 + 1.76 to 1351 £+ 10.76 nm at
the end of the storage. This might be due to some droplet growth during the storage. Similarly,
the PDI of lyophilized NLCs indicated poor physical stability (above 0.70). The {-potential
was reduced to -30.12 mV which was associated with the aggregation. Moreover, the
entrapment efficiency of lyophilized NLCs did not show significantly difference among the
temperature during the six weeks storage time (p > 0.05). Over 81% of NA-TAG remained in
the NLCs stored at 45 °C and ~ 90-92% at room and refrigerated temperatures, indicating that
the fabricated NLCs effectively protected the loaded NA-TAG oil. At 45 °C, caking or
clumping of the lyophilized powders occurred at the end of storage time, which might lead to
a loss of functionality and lower the quality. For chemical stability, the peroxide value
increased significantly to 24.44 mEq/kg (p < 0.05), while the MDA content significantly
increased to 7.826 mol/kg (p < 0.05) at 45 °C. On the other hand, storage at 4 °C and 25 °C

showed better inhibition against the formation of primary and secondary lipid oxidation
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products. The water activity of the NLCs was stable at around 0.40. Hence, the refrigerated
conditions (4 °C) were considered the optimum storage conditions for lyophilized NLCs

samples.

e Invitro digestion of lyophilized NLCs

At the initial phase, the particle size was 261.2 + 7.02 nm, and the electrical charge was
relatively high at -50.2 mV. After passing through the stomach phase, the particle size
increased to 290.37 + 6.89 nm and the electrical charge was reduced to -11.7 mV. In the
small intestine phase, the emulsions contained larger particles at 300.4 + 2.32 nm, and the
electrical charge was at -28.77 mV. The particle size distribution of the emulsions changed
from monomodal under the stomach phase to broad and bimodal under the small intestinal
phase. The particle size of the samples increased after exposure to simulated GIT conditions,
which was attributed to droplet aggregation. The electrical properties of the particles in the
sample changed through the GIT, which was attributed to pH changes and formation of other

types of colloidal particles (such as mixed micelles).

Moreover, the purified NA-TAG oil exhibited a fast release at approximately 70% of FFA in
lipid digestion. In contrast, the NA-TAG-loaded NLCs exhibited a slower release pattern.
Initially, around 30% of the FFA had been released quickly. After that, a sustained and
steadily release of FFA was observed, which might be due to the slow diffusion of
encapsulated NA-TAG in the hydrophobic core of NLCs. At the end of the digestion at 65
mins, 46% of FFA was released and remained constant. The results suggested that entrapped
NA-TAG oil in NLCs changed the FFA release behaviour, which can further influence the

cellular uptake and its bioactivities.
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5.2. Conclusion

To conclude, the current study has provided scientific data for a comprehensive
understanding of the synthesis and modification of structured lipid (NA-TAG oil) using the
immobilize lipase Lipozyme TL IM immobead 150 as the enzymes. The NA-TAG oil was
entrapped into nanostructured lipid carriers (NLCs) derived from oil/water (O/W) emulsions.

This study leads to the following significant findings:

A new modified fat or structure lipid (i.e., NA-TAG oil) was produced for the first time, and
the fatty acid composition was analyzed by gas chromatography. An orthogonal optimization
design was applied by considering the reaction conditions during the lipase-catalyzed
acidolysis reaction and successfully achieved the highest NA incorporation at 65.57 + 0.99

w/w% in the structure lipid.

This study successfully entrapped the NA-TAG oil in the nanostructured lipid carriers (NLCs)
by hot high-shear homogenization, followed by sonication and recrystallization. Lipid
screening and an orthogonal optimization were applied to achieve NLCs with the particle size
of 82.11 + 0.14 nm and polydispersity index of 0.2623, the zeta potential of -50.47 + 0.4 mV
and encapsulation efficiency of 99.82 + 0.01 %.

This study evaluated the physical and chemical stability of NLCs in short-term storage trials.
The study showed encapsulation efficiency for the NA-TAG loaded NLCs was from 81% to

95.89% among different storage temperatures and was stable for at least 42 days.

The current study also explained the gastrointestinal fate of the optimized NLCs. A total of
46% of cumulative free fatty acids were released from NLCs after intestinal digestion. The
results have important implications for the design of food products to control lipid absorption

and the bio-accessibility of bioactive components within the GIT.
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5.3. Future work

The following are proposed for future works building on the results of this thesis:

1) Selection of the substrate oil

Soy oil was used as the substrate in the enzymatic acidolysis reaction. Other oil, such as
sunflower oil, olive oil, avocado oil and fish oil, can be considered as the substrate of the
acidolysis reaction catalyzed by commercial immobilized lipases for incorporating NA in the

TAGs in future.

2) Determination of other compounds in the lipid mixture from the TLC

The lipid mixtures were determined in Section 4.3. In the current study, the identification of
the bands was based on literature (Caballero et al., 2014). The NA-TAG appear in first place
of the chromatogram was scraped from the TLC plate, and their fatty acid composition
identified by GC-FID. Further knowledge of the other bands, such as FFA, DAG and MAG,
can be carried out using a suitable separation and quantification methodology such as the one
reported in Narvéez-Rivas & Ledn-Camacho (2016) using acidity followed by gas-

chromatographic method.

3) Identifying the purity of NA-TAG oil

From Section 4.2 and Section 4.3, column chromatography separated the optimized NA-
TAG oil from the acidolysis from the free fatty acid. The purity of the NA-TAG oil obtained

from the TLC can be double-checked by nuclear magnetic resonance (NMR) spectroscopy.

4) Morphology characteristics of the lyophilized NLCs powder

Several key properties, including particle size, polydispersity index, zeta potential, and
encapsulation efficiency of the lyophilized NLCs, were confirmed in Section 4.6. Scanning

electron microscopy (SEM) can be used to get information regarding the morphology (shape
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and surface characteristics) (Hashemi et al., 2020). SEM can be used to observe the crystal
behaviour of the lyophilized NLCs powder. Also, the SEM can confirm the size of

lyophilized powder and their changes during storage trial.

5) Improvements of the storage stability trials for the NLCs

For storage trials in Section 4.7, there are a few improvements can be made: 1) determination
of PV using the standard AOCS procedure and compare with the values ontained by the
current method used in this study; 2) use an antioxidant in the NLCs formulation and
investigate the storage stability; 3) extend the storage trials to a longer period; and 4) obtain

the kinetics data for mathematical modelling and estimate the shelf life of the NLCs.

6) The role of NA-TAG-loaded NLCs in industry applications

Application of NLCs for bioactive delivery have some advantages, but how these advantages
are achieved is not entirely clear. Section 4.8 discusses the digestion behaviour of the
lyophilized NLCs using an in vitro digestion model to simulate the stomach and the upper
small intestine in a fasting state. Research into these pathways can be extended to
incorporate the NA-TAG-loaded NLCs in the food systems and study their properties. It
might be advantageous to use ex vivo oral microbiota tests in future studies as LCs have been

shown to affect gut microbiota in vivo and in vitro (Utembe et al., 2022).
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Appendix 1. Standard curves for quantitation of the optimized NA-TAG oil in encapsulation
efficiency.
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Appendix 2. Standard curves for quantitation of the lyophilized NLC in encapsulation
efficiency.
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Appendix 3. Standard curves of Fe(Ill) for quantitation of peroxide value in lyophilized
NLC.
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Appendix 4. Standard curves of MDA concentrations for quantitation of TBARs value in
lyophilized
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NLC.
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Appendix 5. Orthogonal optimization for the preparation of NLC.

Solid lipid .
Liugid %%w, /\5) NATAG Liquid to Surfactant type (%ow/w) Aqueous Response variables
Formulation lipid(soybean (owiw) aqueous Water
oil) (%ow/w) Stearic ? phase Tween  Poloxamer (Yow/w) Particle Size Zeta potential
Acid M8 Tween20 g 407 (nm) PDI (mV)
NLC 6 6 3 1 10:90 1 - - 89 6268 + 8.485 - -23.9+0.2
0.72 +
NLC 7 9.33 4.67 1 15:85 - 2 - 83 2446 £+ 163.9 0.269 -31.7+£0.208
NLC 8 12.67 6.33 1 20:80 - - 3 77 - - -
NLC 9 5.67 2.83 1.5 10:90 - - 2 88 - - -
NLC 10 9.0 4.5 1.5 15:85 3 - - 82 5913 +£611.0 - -253+0917
0.678 =
NLC 11 12.33 6.17 1.5 20 : 80 - 1 - 79 8920+ 611.0 0.004 -27.4+0.896
0.602 +
NLC 12 5.333 2.67 2 10:90 - 3 - 87 2670 +452.8 0.189 -16.8 £ 0.808
NLC 13 8.67 4.33 2 15:85 - - 1 84 - - -
NLC 14 1.2 6.0 2 20: 80 2 - - 78 6793 £ 667.9 - -25.7+£1.46
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