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PRAWARISA WASUTRASAWAT : FORMATION AND PHYSICOCHEMICAL
PROPERTIES OF NON-IONIC OIL-IN-WATER NANOEMULSIONS CONTAINING
LIQUID AND SOLID TRIGLYCERIDES. ADVISOR : ASST. PROF. WARANGKANA
WARISNOICHAROEN, Ph.D., CO-ADVISOR : PROF. JAYNE LAWRENCE, Ph.D.,
172 pp.

With the increasing attention in nanoemulsions (NE) formulation as drug delivery vehicles in
recent years, in this study, the formation and physicochemical properties of the oil-in-water NE
stabilized by the nonionic C g E,, surfactant containing either liquid triglycerides (soybean oil and
trioctanoin) or solid triglycerides (tripalmitin and trilaurin) were investigated. The extent of NE
formation was influenced by triglyceride molecular weight in that the intermediate molecular weight
triglyceride, trilaurin, which is approximate equal to molecular weight of surfactant formed NE over
the greatest range of compositions followed by the higher molecular weight triglycerides, (tripalmitin,
soybean oil) and a lower molecular weight triglyceride (trioctanoin), respectively. The NE existence was
divided into Regions A, B and C based on their appearances which were clear, translucent and cloudy,
respectively. The results showed that the properties of NE in Regions A and B were similar and had
advantages on improved solubilisation of lipophilic drug, testosterone proprionate (TP), while NE in
Region C had different properties and had no advantages on drug solubilisation. Phase inversion
temperature and small angle neutron scattering studies suggested that soybean oil, tripalmitin and
trilaurin formed a core in the NE droplets, while trioctanoin both formed a core in droplet and penetrated
through the surfactant hydrophobic tail. The solubility of TP in NE was influenced by the nature and
melting point of triglyceride. The drug would solubilise to the greater extent in NE containing either
liquid triglycerides (soybean oil and trioctanoin) or a lower melting point solid triglyceride (trilaurin)
which was in “liquid-like” state in NE. In contrast, solubilisation of TP was limited in NE containing
higher melting point solid triglyceride, tripalmitin, owing to “solid-like” state of triglyceride inside NE.
Conclusively, the information obtained from this study will help ultimately design NE as drug carrier as
well as provide more understanding about the effect of the triglyceride nature on the properties and drug

solubilisation capacity of NE.
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CHAPTER |

INTRODUCTION

Nanoemulsions (NE) are defined as the emulsion systems consisting of oil and
water stabilised by surfactant with or without cosurfactant with the size ranging from
2 to 200 nm (Fryd and Mason, 2012; Solans and Solé, 2012). NE are considered to be
different from microemulsions (ME) in that, for ME, they are spontaneously formed,
thermodynamically stable and transparent. For NE, they require energy for
emulsification, are kinetically stable and are not necessary to be transparent. In the
present study, the clear NE will be defined instead of ME when the emulsions formed
using some amounts of energy were previously defined as ME (Anton and
Vandamme, 2011). Oil-in-water NE have attracted considerable attention as drug
delivery vehicles for poorly-water soluble drugs (Date and Nagarsenker, 2007; Shah
et al., 2010, Ghai and Sinha, 2012). The oil phase of the emulsion system can act as
solubilizer for the lipophilic compound (Narang et al., 2007; Teo et al., 2010).

Even though NE are acknowledged to have considerable potential as drug
delivery vehicles, they are surprisingly yet to be widely commercially exploited. This
lack of commercial use is largely due to the complexity in formulating NE, in
particular the difficulty in finding pharmaceutically acceptable materials for their
preparation and also by the need for cosurfactant that can lead to the destruction of the
NE upon dilution due to the partitioning of the cosurfactant out of the interfacial

region into the continuous phase (Tadros, 1984). The choices of surfactant selection



for NE formation based on critical packing parameter (CPP) and hydrophilic
lipophilic balance (HLB) are limited, since the parameters do not take into account;
for the CPP, the addition of oil and environment of surfactant at the interface (Solans
et al., 2002) and for the HLB, the surfactant concentration and the oil to water ratio
(Attwood, 1994, Lijuan et al., 2009). Therefore, the experimental work is needed in
order to formulate NE (Wang et al., 2009; Maali and Hamed, 2012).

Recently, the non-ionic polyoxyethylene ether (POE) surfactants have been
reported as a choice for formulating NE for pharmaceutical use due to their
biocompatibility, rather low toxicity and ability to produce NE without the need for
any cosurfactants (Matsuyama et al., 2006; Jiao, 2008; Feng et al., 2009). Moreover,
NE containing POE surfactant can be prepared by low energy emulsification such as
the phase inversion temperature method (Izquierdo et al, 2004, Anton and
Vandamme, 2009). For the pharmaceutical choices of oils, triglycerides are
considered to be acceptable since they are from natural sources. Triglyceride-
contained NE are of great interest within the last years for solubilization of lipophilic
compounds (Kunieda ef al., 2001; Engelskirchen et al., 2007).

In general, the small molecular volume oils can be more solubilized by the
surfactant than the larger molecular volume oils (Warisnoicharoen et al., 2000a;
Djekic and Primorac, 2008). It seemed to be true for oil solubilization by most of the
POE surfactants. Surprisingly, however, for the polyoxyethylene-10-oleyl ether
(POE-10 or Cys.E ¢) surfactant, the reverse trend was found in that the larger
molecular volume oils especially triglyceride oils were able to be solubilised to the
greater extent and provided the larger area of NE existence compared to those of

smaller oil (Malcolmson et al., 1998). From the previous study, POE-10-stabilized



NE can solubilise the larger molecular volume oil; for triglycerides, such as soybean
oil to much greater extent than Miglyol and tributyrin; and for ethyl ester oils, such as
ethyl oleate to much greater extent than ethyl caprylate and ethyl butyrate
(Warisnoicharoen et al., 2000a). For the solubilization of lipophilic drug, POE-10-
stabilized NE exhibited a significant increase in solubilization of testosterone
propionate over the corresponding micellar solution (Malcolmson ef al., 1998).

In the present study, the oil-in-water NE stabilized by the nonionic POE-10
surfactant containing either liquid triglycerides, consisting of C8 acyl chain length
(trioctanoin or TON) and mostly C18 acyl chain length (soybean oil or SBO), or solid
triglycerides, consisting of C12 acyl chain length (trilaurin or TLN) and C16 acyl
chain length (tripalmitin or TPN) were studied. The difference in the nature of
triglycerides in term of phase behaviour was determined since there were no reports
on the comparison the area of NE existence between those using solid and liquid
triglycerides. Although, the solid triglycerides have been used for the formulation of
solid-lipid nanoparticles (SLN) (Windbergs et al., 2009); however, there were several
studies reported that some triglycerides in the nanoparticles can exist in a supercooled
state at room temperature and the triglycerides could remain liquid for long time.
Hence, in this case, the SLN containing solid triglycerides can be considered as o/w
emulsions instead of the SLN (Bunjes and Westesen, 2001; Bunjes and Unruh, 2007).

The NE containing solid and liquid triglycerides were investigated for the
amount of drug solubilzation using the testosterone propionate as the model drug. The
characterization of the NE was required since the understanding of physico-chemical
properties of NE is important in order to see whether there is any correlation between

molecular structure and drug solubilisation capacity. The NE were characterized for



phase inversion temperature and the size determination using dynamic light
scattering. The differential scanning calorimetry (DSC) analysis was used to study the
state of triglycerides in the NE. Moreover, the details of some NE structure would be
supported using small angle neutron scattering (SANS) in combination with contrast
variation. The information obtained from this study would help ultimately design NE
as a drug carrier as well as provide the more understanding on the effect of the

triglyceride nature on the properties and drug solubilisation capacity of the NE.



CHAPTER I

LITERATURE REVIEW

1. Nanotechnology and nanoparticles

1.1 Definition

Nanotechnology is the engineering and manufacturing of materials by
controlling the shape and size at nanometer scale. Nanotechnology for medical use
generally involves the use of nanomaterials, which for this purpose is described as
materials with one or more components, which have at least one dimension in the
range 1-100 nm. For the drug delivery system, nanoparticles come onto the scene as a
type of drug delivery vector. Nanoparticles are a sub-set of nanomaterials and are
generally defined as single particles with a diameter less than 100 nm, although
sometimes particles of dimensions less than 1000 nm are also classified as

nanoparticles (Farokhzad and Langer, 2009).

1.2 Classification of nanoparticles

The pharmaceuticals developed on the basis of nanotechnology are termed as

“nanopharmaceuticals”. When considering their application as drug delivery vehicles,

commonly defined nanoparticle vectors include liposomes, micelles, solid lipid



nanoparticles, polymeric micelles, microemulsions and nanoemulsions (Liggins and
Burt, 2002; Gabizon, 2003; Paciotti et al., 2006; Klumpp et al., 2006; Dong et al.,
2009). Figure 1 shows a range of the different types of nanoparticulate-based systems
that have been explored as drug delivery systems along with their particle size range.
The main components used to formulate these systems are polymers and lipids. Each
of these carriers has its own individual physicochemical characteristics and differs in

their stability, drug loading capacity, drug release rate and targeting ability.
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CARBON ASSEMBLIES

Figure 1 The main types of nanotechnology used for drug delivery system. The major
components are either lipids or polymers. (Modified from Couvreur and Vauthier,
2006).



2. Micelles and nanoemulsions

2.1 Definition

Micelles are defined as an aggregation of amphiphilic surfactant molecules,
which occurs in solution at a well-defined concentration called the critical micelle
concentration (cmc). In polar media such as water, the hydrophobic part of the
amphiphiles forming the micelle tends to locate away from the polar phase while the
polar parts of the molecule (head groups) tend to be in contact with surrounding polar
solvent, sequestering the hydrophobic tail regions in the micelle center. Inverse
micelles by contrast have their surfactant molecules orientated such that their head
groups are at the micelle center and their hydrophobic chains are on the exterior of the
aggregates. Inverse micelles are formed in non polar media such as organic solvent
(Husseini and Pitt, 2008). Micelles, particularly normal micelles are used in
pharmaceutical because of their ability to increase the apparent aqueous solubility of
poorly water soluble substances. Micelles have the potential to play a vital role in the
pharmaceutical industry as drug delivery vehicles. However this role is presently
limited, as many of the commercially available surfactants do not possess sufficient
drug solubilising capacity to be practically useful (Croy and Kwon, 2005).

Nanoemulsions (NE) are emulsions with an extremely small droplet size
which sometimes the definition can overlap with microemulsions (ME) (Gutierrez et
al., 2008; McClements, 2012). Although there are many similarities between ME and
NE, namely they both are comprised of oil, water and surfactant and sometimes a co-

surfactant and contain small (~ 5-100 nm for ME, and 20-200 nm for NE) surfactant-



stabilized droplets of narrow size distribution. There is one major difference between
ME and NE in that ME are thermodynamically stable while NE are only kinetically
stable (Anton and Vandamme, 2011). As a consequence, while ME are spontaneously
formed by simply admixing the required ingredients, high-energy emulsification
procedures, such as high-pressure homogenizers (Schultz et al., 2004), sonicators and
ultrasound generators (Kentish et al., 2008; Gaikwad and Pandit, 2008) are generally
needed to produce NE. In addition, low energy-emulsification procedures (e.g. phase
inversion temperature, phase inversion composition and self-emulsifying methods
(Izquierdo et al., 2004; Maestro et al., 2008) are also used to produce NE. As stated
above that ME are clear in their appearance, however, NE can be clear, translucent
and cloudy. The potential ability of NE to increase drug solubilising capacity, along
with their stability, have been amongst some of the reasons why NE are a particularly
attractive drug delivery system (Brime et al., 2002; Shafiq et al., 2007; Date and
Nagarsenker, 2007). The ability of NE to increase drug solubilisation is considered
over that of corresponding micelles due to the oil core inside the NE, supposing that

the drug is soluble in the oil.

2.2 Choices of composition

Non-ionic surfactants are used in variety of pharmaceutical formulations
including micelles, ME and NE (Matsuyama et al., 2006; Feng et al., 2009; Maali and
Hamed Mosavian, 2012) since their advantages with respect to compatibility,
stability, and toxicity are quite significant compared to cationic, anionic, or

amphoteric counterparts. The nonionic molecules are comprised of both polar and



non-polar segments acquiring a wide range of interfacial activity and versatile
functions as emulsifiers. Due to the uncharged nature of the head group, these
surfactants are less sensitive than charged surfactants to salt, changes in pH and ionic
strength of the aqueous phase. However, they are quite sensitive to temperature
changes (Li et al., 2009). The non-ionic are generally better tolerated than their
anionic and cationic counterpartes; the cmc of non-ionic surfactants is generally much
lower than the cmc in the corresponding hydrocarbon chain length charged surfactants
(Tan et al., 2010; Inoue and Yamakana, 2011). The interfacial tension that
polyethoxylated nonionic surfactants produce at the concentration they form
aggregates is usually higher compared to that of ionic surfactants, making the
nonionic surfactants less destructive on cell membranes and thus less irritating. The
nonionics are usually more bulky in size, less polar and less preferentially adsorbed at
the surface, therefore, having a tendency to associate together at much lower
concentration to reduce the surface free energy (Jiao, 2008). In addition, they are less
likely to undergo destruction upon introduction into the body and remain in their
micellar form, even after administration into the blood stream where a large dilution
occurs.

Polyoxyethylated nonionic surfactants are widely employed in various
pharmaceutical applications among the nonionics and had shown the promising
results, polysorbates, polyoxyethylene sorbitan, Tyloxapol, and Poloxamers are well
known examples (Anton et al., 2007; Date et al., 2010; Djekic et al., 2012). These
surfactants contain a common hydrophilic moiety of the molecules, polyethylene
oxide which has a repeated (CH,CH,O0), ether structure with n generally in a range of

10 to 100 units. Even though, it is commonly accepted that the polyoxyethylene head
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group serves as the hydrophilic region while the rest of the molecules serves as the
lipophipic one. The hydrophilic polar head or the lipophilic alkyl tail may not be
completely elucidated from the molecular structure owing to the amphiphilic nature of
these nonionics which part of the molecule exhibiting dual nature with both
hydrophilicity and lipophilicity (Jiao, 2008). The aqueous solubility of these
nonionics depends both on the alkyl chain length and the number of ethylene oxide
units in the molecule. According to the HLB system, the higher the polyethylene
oxide in the molecule, the higher HLB value of surfactant and as consequence more
soluble in aqueous solution (Tadros, 2005). The non-ionic surfactant used in this
context contains an ethylene oxide alkyl ether type, C,,E, ,where m is the chain length
of the hydrocarbon, and n is the number of ethylene oxide units that make up the
hydrophilic head group (Morales ef al., 2006, Engelskirchen ef al., 2007).The use of a
non-ionic surfactant polyoxyethylene 10-oleyl ether (Cis.1Ej¢) to stabilize the NE is
attractive as it is possible to produce NE without the need for a cosurfactant and is
favorable for the emulsification with various oils (Malcolmson et al., 1997; Ko et al.,
2003; Morales et al., 2006).

In formulation of NE which will be used as drug delivery, it is very important
to determine which oils would form NE at a given surfactant. The choice of the oil
phase is sometimes difficult because it is important for both the area of existence of
NE and the solubilisation capacity (Djekic and Primorac, 2008). The amphiphilic oils
such as medium- or long-chain triglycerides and fatty acid ester are regularly used in
the pharmaceutical formulation because they are compatible with biological systems

and environmental friendly compared with ordinary hydrocarbon oils. These oils
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influence the surfactant layer curvature in aggregates or self organized structures
when solubilised (Kunieda et al., 2001).

Medium-chain and long-chain triglycerides from vegetable oil are commonly
selected in commercial application because these oils could provide desirable physical
and drug absorption properties (Hauss, 2007). Lymphatic transport could be promoted
by long chain triglyceride which delivers drug into lymph before entering the
systemic circulation while avoiding hepatic first-pass metabolism (Khoo et al., 2003).
Triglyceride is made up of three fatty acids and glycerol backbone (Figure 2). The
three fatty acids can be all the different, all the same or only two the same. Fatty acids
vary in the length of their carbon atom chain and the number of double bonds they
contain. Medium chain triglycerides are shown to be solubilised with lower
concentration of PEG-8 caprylic/capric glycerides surfactant than long chain
triglycerides (Djekic and Primorac, 2008). In contrast to the previous study which had
shown that the POE-10 can solubilise long chain triglycerides to a greater extent than
its medium or short chain (Warisnoicharoen et al., 2000a). Hence, the formation of

NE depends on both the structure of oils and surfactants.

H2COH HaC — 0 —CO—HCHz)n—CH3
| 3 HOOC-(CH32)r-CH3
_ - »  HC —0—CO—HCHz2)n—CH
H fl:'DH fatty acids B hn 3
Hal—OH HzC—ﬂ—CD—ECHIJn—CHE
Glycerol Triglyceride (MNeutral fat)

Figure 2 The formation and structure of triglyceride.
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3. Formation of micelles and nanoemulsions

3.1 Formation of micelles

The process of micelle formation is known as micellisation which can form a
variety of aggregates, dependent upon surfactant molecular structure and
concentration. The concentration at which aggregation occurs is traditionally known
as the ,,omc", irrespective of the type of aggregate formed. During the micellisation
process, the hydrophobic part of a surfactant associates to form the core region and
the hydrophilic part is facing outwards into the external aqueous medium assemble
between the core and aqueous phase (Figure 3) (Pasquali, 2010). Below the cmc, the
number of individual surfactant molecules adsorbing at the air-water interface
increase with increasing concentration of surfactants. The spontaneous aggregation of
micelles can be understood by considering the thermodynamics of the system;
micelles can form spontaneously because of a balance between the entropy and
enthalpy of the system. In water, the hydrophobic effect is the driving force for
micelle formation, despite the fact that assembling of the surfactant molecules
together reduces their individual entropy (Chevalier and Zemb, 1990). Micelles only
form when the concentrations of surfactant reach the ,,omc™ of the surfactant, driven
entropically via the expulsion of ordered water molecules into bulk aqueous phase.

The change in free energy is expressed by (Attwood et al., 1974):


http://www.nature.com/nmat/journal/v9/n5/full/nmat2761.html#auth-1
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AG = RT In(CMC) (1
where;

AG= free energy (J mol'l)

R = the gas constant (8.314 J K' mol™)

T= the temperature of the system (K)

In general, the cmc value of polyoxyethylated nonionic surfactants is about
two folds lower than the corresponding anionics surfactant with the same alkyl chain
length. The assembly of the surfactants into micelles can be largely explained by the
relative interactions between the hydrophilic and hydrophobic segments with one
another and the surrounding medium (Adams et al., 2003). The enthalpy such as the
electrostatic interactions that occur between the charges of surfactants head groups
(ionic surfactant) and hydration forces (non-ionic surfactant) are important to take in
considerations (Chen, 1986; Zdziennicka ef al., 2012).

The shape of the micelle formed is influenced to a large extent by the
geometry of the surfactant molecule based on packing considerations of surfactants
which is called the critical packing parameter (CPP) and is defined as
CPP=v ()

aol;
where;

v= the volume of the hydrocarbon chain (nm®)

a,= the cross-sectional area of the surfactant head group (nm?)

1= extended length of the surfactant alkyl chain (nm)
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This parameter provides a simple geometric characterization of the surfactant
molecule which is useful when considered the structure of aggregate forming in
solution which can be used to indicate the structure of the surfactant system as
illustrated in Figure 4. Consideration of the packing of molecules into spheres shows
that when CPP < 1/3, which is the case for surfactants having a single hydrophobic
chain and a simple ionic or large nonionic head group, a spherical micelle will be
formed. Most surfactants of pharmaceutical interest fall into this category. It is easily
seen that if increasing the htdrophobic volume of surfactant tail then the value of CPP
will exceed 1/3 and nonspherical structures such as bilayers (CPP = 1) will form
(Stuart and Boekema, 2007). One important factor not considered in this simple

geometrical model is the interaction between the head groups in the aggregate.

Hydrophilic heac

Aqueous
solution

Hydrophobic tail

Figure 3 A schematic diagram of a spherical micelle of surfactant molecules in

aqueous solution (Pasquali, 2010).
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Figure 4 Packing properties of surfactant aggregate and the critical packing parameter
(Stuart and Boekema, 2007).

3.2 Formation of nanoemulsions

The formation of NE can be easily explained using a simplified
thermodynamic rationalization. The free energy of NE formation is considered to
depend upon both the extent to which the surfactant lowers the interfacial tension at

the oil-water interface and the change in entropy of the system upon NE formation

such that (Tadros et al., 2004):



16

AGr=vyAA4- TAS 3)
where;

AG= the free energy of nanoemulsion formation (J mol™)
y = the interfacial tension of the oil-water interface (mN m™)
AA = the change in interfacial area on emulsification (m?)

AS = the change in dispersion entropy (J K™'mol™)

T= temperature (K)

An extreme lowering of interfacial tension is a key factor in the formation and
stability of NE systems. The interfacial tension between the oil and aqueous phases
must be small enough to compensate for the increase in entropy resulting from the
dispersion of one phase in another (Bellare et al., 1999). For a spontaneous process to
occur AGy must be negative. In order to achieve a negative value of AGy v should
usually be extremely low (10°-10° mN m™) (Kunieda and Friberg, 1981). From a
stand point of entropy a large number of small droplets are favoured over a small
number of large ones. When NE is formed there is a large, unfavourable change in A4
due to the large number of small droplets formed, at least in part, counterbalanced by
the ultra low interfacial tension present in NE (Ruckenstein and Krishnan, 1980).
There are also favourable, entropic contributions arising from the processes of
dispersing the oil in water and other processes such as surfactant diffusion in the
interfacial layer and monomer-micelle surfactant exchange (Solans et al., 2002).
Overall, if a negative free energy of formation is achieved when large reduction in
interfacial tension is accompanied by a significant favourable entropic change, ME is
formed spontaneously and the resulting dispersion is thermodynamically stable. For

NE, as there is more oil incorporating in the droplet resulting in the less negative free



17

energy and leading to the kinetically stable system. The advantage of ME over NE is
the thermodynamic stable; however, the NE which exhibit sufficiently high kinetic
stability can be exploited as a delivery vehicle in pharmaceutical use (Girard et al.,

1997, Tadros et al., 2004).

4. Structure of nanoemulsions

Nanoemulsions are classified into oil-in-water (o/w), water-in-oil (w/0) and
bicontinuous types (Figure 5). Evidence appears to suggest that when a small amount
of oil is present, o/w nanoemulsion droplets are likely, and when only a small amount
of water is present, w/o droplets occur. If there are comparable amount of oil and
water, bicontinuous systems are most possible (Hall, 1987). In addition, the type of
NE stabilized by nonionic surfactants is highly dependent on temperature. If the
temperature is below the phase inversion temperature (PIT) the surfactant is
preferentially soluble in the water and the o/w type is formed. In contrast, at the
temperatures above the PIT, the surfactant prefers to reside in the oils favoured the

formation of w/o droplets (Izquierdo et al., 2004; Morales et al., 2006).
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Figure 5 Schematic representation of the most commonly encountered nanoemulsion

structures: (a) oil-in-water and (b) water-in-oil (c) bicontinuous types.

5. Pharmaceutical application of nanoemulsions

The interest in nanoemulsions in terms of their drug delivery potential has
experienced a continuous increase in the last years, as evidenced by the numerous
publications on the subject (Gutiérrez ef al., 2008; Date ef al., 2010). The attraction of
nanoemulsions for pharmaceutical applications is a consequence of: (i) their very
small droplet size and high surface area which are suitable for efficient delivery of
active ingredients through the membrane, (ii) their high kinetic stability offering a
number of advantages over traditional, unstable dispersions, (iii) high solubilizing
capacity for a wide range of drug molecules and (iv) ease of preparation and
sterilization by filtration (Kentish et al., 2008; Maestro et al., 2008; Shah et al., 2010).

Oil-in-water NE have been widely employed for the solubilisation and
increased bioavailability of hydrophobic molecules. NE have been shown to enhance

the oral bioavailability of a range of drugs (Shafiq ef al., 2007; Singh and Vingkar,
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2008). NE also provide protection to the drug against oxidation and enzymatic
hydrolysis (Solans and Kuneida, 1997). There were a number of reports on the use of
NE as drug carriers for a whole range of administration routes including transdermal
(Dixit et al., 2008), pulmonary (Bivas-Benita et al., 2004) and intravenous (Ahmed et
al., 2008). The phenomenon of drug solubilization in NE has been investigated
(Tiwari and Amiji, 2006; Talegaonkar et al., 2008). In o/w NE, hydrophobic
molecules are solubilised within the oil core; while hydrophilic molecules are located
at a position between the hydrophobic chains of the surfactant and the surfactant head
group dependent upon its hydrophilicity (Torchilin, 2001). The primary locus of drug
solubilisation depends on drug hydrophobicity and its interaction with the oil,
surfactant and/or cosurfactant. The examples of commercial NE formulations as drug

delivery are shown in Table 1.

Table 1 Commercial nanoemulsions formulation (Tiwari and Amiji, 2006).

Drug therapeutic Brand Manufacturer Indication
Propofol Diprivan® Astra Zeneca Anesthetic
Dexamethasone Limethason® Mitsubishi Steroid

Pharmaceutical, Japan

Palmitate Liple® Mitsubishi Vasodilator platelet
Alprostadil Pharmaceutical, Japan inhibitor
Flurbiprofen axetil Ropion® Kaken Pharmaceuticals, Nonsteroidal
Japen analgesic

Vitamin A,D,E,.K Vitalipid® Fresenius Kabi, Europe Parenteral nutrition
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6. Physicochemical characterization of micelles and nanoemulsions

As NE have attracted attention as potential drug delivery systems, the
relationship between their solubilisation capability and physico-chemical properties
are still needed to be fully elucidated. There are a wide range of different techniques
that can be used to characterize NE. A number of researchers have characterised NE
with respect to the effect of the composition, for examples, the phase behavior, the
size and shape of the NE droplets (Rube et al., 2005; Yuan et al., 2008; Kuntsche et
al., 2011, Sharma and Warr, 2012). A full understanding of the influence of the
physico-chemical properties of the internal microemulsion droplets is required. It is
generally recognized that at least two complementary methods are required to fully

characterize NE.

6.1 Phase behaviour

The study of phase behaviour is used to determine the types of NE formed and
their stability which is related to the composition of the three main components; oil,
surfactant (or surfactants) and water. Phase diagrams are simple to be prepared and
can convey a large amount of information on the phase behaviour of a system. Each
apex of the triangle represents 100% of that particular component (Kumar and Mittal,
1999). Figure 6 illustrates some of the possible structures that are commonly formed
by a ternary mixture of oil, surfactant and water (Talegaonkar et al., 2008). It appears
clearly that micelles and bilayers are the building blocks of the self-assembled

structures commonly formed. In relevance to the present study is the fact that the area
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in phase diagram between microemulsion and coarse emulsion are of interest. The
formations of this area are referred as nanoemulsion in which the formation and

stability will be observed.

S

(Surfactant + cosurfactant)

Aquid crystal)
Percolated or
Bicontinuous
structure

W/O

microemulsion

O/W

microemulsion

¥

Inverse
Micellar
solution

Micellar
solution

Macroemulsion

W o
Water Oil

Figure 6 Schematic diagram illustrating the phase behaviour of oil/water/surfactant

systems. (modified from Talegaonkar et al., 2008).

6.2 Phase inversion temperature

The transition from an o/w to w/o NE may occur with certain non-ionic
surfactants upon altering either phase volume and/or temperature. It is well known
that most of non-ionic surfactants, especially the polyoxyethylene types, form

aqueous micellar solutions which exhibit a phase inversion temperature (PIT) upon
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heating (Corti et al., 2002). Once the system reaches the PIT, the solution turns from
clear to cloudy and vice versa, as the solution temperature is increased and decreased.
However, it is not possible to observe the PIT of the cloudy NE as the temperature
where the solution turns cloudy cannot be determined with cloudy solutions. The
interactions between the surfactant monomers in the aggregate change from repulsive
to attractive forces at higher temperature. For instant, increasing the temperature of
aqueous polyoxyethylene ether surfactants causes the ethylene oxide units to become
dehydrated leading to a decrease in the effective surfactant head group area and, then,
the changes of aggregate shape to be more elongated or even bicontinuous in nature
and finally inverted to form water in oil structure (Tadros, 2005). The information
obtained from the PIT experiment indicates the arrangement of the oil in the
surfactant aggregate. The observed changes in PIT are typically explained in terms of
the way in which oils of different molecular volume/weight are solubilized into the
droplets (Schuber and Kaler, 1996). When there is a drop in PIT from their
corresponding micelle, it means that the micellar aggregates are originally slightly
asymmetric. In contrast, PIT increases when the oil concentration increases indicating
that the oil forms a core in the centre of the NE droplet (Aveyard and Lawless, 1986;
Malcolmson et al., 1998). If there is no increase in the PIT once oil concentration
increases; this will suggest that the oil chains intimately mix with the surfactant

chains rather than forming a substantial core in the centre of the NE droplet.
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6.3 Dynamic light scattering

In dynamic light scattering (DLS) or photon correlation spectroscopy (PCS)
study, time-dependent fluctuations of the light intensity from NE droplets are
measured. These fluctuations, due to Brownian motion of the aggregates in solution,
can be analyzed in terms of the scattered intensity which contains information about
the dynamics of the scattering particles. Large particles will move more slowly and
hence result in lower intensity fluctuations. Analysis of the autocorrelation function is
obtained over a period of time and with sufficient data points the diffusion coefficient
of the particles can be determined. The information about the diffusion coefficient
(Do) can then be used to calculate size, hydrodynamic radius (Rj) using the Stokes-

Einstein equation (Miller, 1924):

Ry=_ksT “4)
6mn Dy

where;
R;= hydrodynamic radius (nm)
kg = Boltzmann constant (1.38065x10% J K™)

T= absolute temperature (K)

Do= diffusion coefficient (nmzs'l)

1= viscosity of the medium (Nm™s)

The DLS or PCS has been widely used to determine the size distribution

profile of small particles in solution (Anton et al., 2007; Nobbmann and Morfesis,
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2009) as well as to assess the stability profile of systems by measuring droplet
diameters as a function of time. For example, Izquierdo ef al. (2005) used this method
to investigate the stability of o/w NE containing water/mixed nonionic
surfactants/isohexadecane. The results showed that the mechanism that led to
instability of the NE were Ostwald ripening. Moreover, the droplet size determination
can determine the effect of the components in the systems. For example, Sadurni et al.
(2005) reported that the droplet size increased from 14 to 39 nm when the
oil/surfactant ratios were varied from 10/90 and 40/60 respectively. Some limitation
in light scattering studies of NE is that in many cases the systems need to be diluted
before testing which is likely to modify the structure and composition of the different

domains and possibly result in the disappearance of NE droplets (Tadros, 1984).

6.4 Small angle neutron scattering

Neutron scattering is one of the most powerful and versatile experimental
methods to study the structure and dynamics of materials on the nanometer scale.
Small angle neutron scattering (SANS) is a diffraction technique which exploits the
wave particle duality of a neutron and its unique nuclear properties to provide
information about the size and shape of molecules and their assemblies (Chen, 1986;
Bergstrom and Pedersen, 1999). Although SANS is a great technique, it is also slow
and expensive; the experiment takes several days and is performed at large
international facilities. Here, the running costs correspond to thousands of Euros per
instrument day. Hence, neutron scattering should be used only where other methods

are inadequate.



25

There are two common ways of producing neutrons; one is by the fission of a
heavy atom such as uranium-235 in a nuclear reactor which is known as a continuous
source (Lindner and Zemb, 1991). The neutron source at the Institute Laue Langevin
(ILL), Grenoble, France and at the National institute of Standards and Technology
(NIST), Gaitherburg, USA are examples of reactor sources. The other way to produce
neutrons is by using a spallation source where the neutrons are produced by
bombarding a target of heavy elements with high-energy particles resulting in the
production of protons, muons, and neutrons as illustrated in Figure 7 (King, 2004).
The Rutherford-Appleton Laboratory (RAL), Didcot, UK is an example of a

spallation source. The neutron source at RAL is used exclusively in the present study.

Spallation
intra-nuclear cascade
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Figure 7 Protons accelerated into the Giga electronvolt regime can split heavy nuclei

with a large neutron surplus, creating free neutrons as a part of the reaction products

(King, 2004).
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Neutrons are being moderated to thermal velocities close to the source and
then transported to the neutron scattering instruments in neutron guide systems. When
neutrons pass through a sample, they collide with nuclei and are scattered. The results
of the SANS studies provide complimentary and more detailed information about NE
than the light scattering studies. The neutron scattering differs from the light
scattering and X-ray scattering in which the light scattering and X-ray are both
scattered by electrons whereas neutrons are scattered by the nucleus. The interaction
of a neutron with the nucleus of an atom is weak, although not negligible, making
them a highly penetrating probe and allowing the study of solutions (Hayter and
Penfold, 1983). As neutron scatters from materials by interacting with nucleus of an
atom rather than the electron cloud, this means that the scattering power of an atom is
not strongly related to its atomic number. In fact, hydrogen and deuterium which have
different and opposite scattering length density are an essential property in a neutron
scattering experiment (Figure 8). Owing to this difference of scattering length, part of
the structure of interest can be highlighted by selective deuteration or conversely can
be rendered invisible to neutron by contrast-matching which makes it possible to
highlight or hide different parts of the systems (Riibe ef al., 2005). The hydrogenated
and deuterated chemicals used are selected to highlight specific components
(surfactants, oils and water) in the nanoemulsion droplets. Typically, both deuterated
(D) and protonated (H) oils and water are used with the normal protonated version of
the surfactant, as D/H/H, D/H/D and H/H/D combinations of water/surfactant/oils for
the drop, shell and core contrast respectively (Figure 9). The drop, shell and core part
represent the whole NE droplet, the surfactant part and the triglyceride that

incorporated in the centre of NE droplet, respectively (Figure 10).
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Figure 8 Neutrons are scattered from the nuclei whereas X-rays are scattered from
electrons. Negative neutron scattering lengths are represented by a black circle

(Hsieh, 2010).

By combining all three contrasts that are studied for NE composition study and
simultaneously analyzing the data, it is possible to obtain structural information about
NE droplets with a high degree of confidence. The time-of-flight technique is used to
obtain the energy and wavelength of each neutron allowing fixed scattering
geometries to be used. Briefly the initial position and velocity of a pulse of neutrons
are fixed, and their final position and the time after the pulse that the neutrons
detected are measured (Summers et al., 2001).

The SANS studies allow a better understanding of the relationship between the

microstructure of the NE droplets and the amount of oil solubilised. In comparison to
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PCS, SANS covers length scales which are associated with the internal structure of
NE droplets. The advantages of using neutrons as the scattering source include their
ability to interact through short-range nuclear interactions due to the fact that they do
not possess a charge and are very penetrating which in turn do not destroy the sample.
Also, they interact differently with hydrogen and deuterium, making it possible to
highlight parts of system under study. In most cases, neutron scattering is performed
in combination with other experimental techniques.

Recently, Hsieh (2010) studied the NE systems containing ethyl butyrate (EB)
and ethyl caprylate (EC) formed by 3-N, N-dimethyl dodecyl ammonio propane-
sulfonate (DDAPS). The results showed the advantage of SANS over DLS in that
SANS can be used to obtain detailed structural information on the droplets by
selective deuteration of various components. For example, the DLS result only
indicated an increase in droplet size when the EC content increased where the size of
droplet containing EB content did not increase but similar to the corresponding
DDAPS micelles. The SANS results further explained that at least 90% of EB resided
in the surfactant shell of the ME whereas only 50% of EC resided in the surfactant
shell in DDAPS-stabilised ME. It is clear from the results that the smaller molecular
volume oil, EB, does not form a core in the centre of the NE droplet but rather is
dispersed throughout the NE. In contrast, the larger molecular volume oil, EC, forms
at least in part a distinct core, which provides an extra locus for drug solubilisation

(Hsieh, 2010).
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Figure 9 Schematic representation of a SANS experiment of an oil-in-water

nanoemulsion exploiting contrast matching.

Figure 10 Schematic representation of drop, shell and core part of oil-in-water

nanoemulsion.
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6.5 Differential scanning calorimetry

The differential scanning calorimetry (DSC) is one of the most commonly
used technique of thermal characterization of physico-chemical transformations of
substances. It is an analytical instrument designed to monitoring the heat exchanges
between the sample and a reference either versus time at constant temperature or
versus temperature during a heating or cooling program. The heat capacity and
changes in heat capacity as a function of temperature are measured. Chemical
processes such as crystal structure transitions, phase changes (e.g. melting), and
biopolymer denaturation can be initiated by elevating the temperature of the sample
(Clausse, 1998; Dalmazzone et al., 2009).

For the study of the emulsion, DSC is permittied to study various phenomena
that are accompanied by either a release or an adsorption of energy, the obvious one is
freezing and melting of the dispersed phase (Clausse, 2010). The multi-cell DSC can
measure the apparent change in heat capacity involved in the solidification and
melting properties of these complex fluids. The surfactant molecules are capable of
partitioning between continuous aqueous phase or interior of dispersed oil droplets or
interface and they have effects not only on the initial temperature of crystallization
but also on the rise of solid fat content (Hindle et al., 2000, Relkin and Sourdet,
2005). The energy released during the droplets melting is evidenced on the obtained
thermogram as an endothermic peak and the energy released during the droplets
solidifying is evidenced on the obtained thermogram as an exothermic peak
(Coupland, 2002). The emulsification procedure and ingredients complexity have a

dominate role in characteristics of oil droplets, such as particle size diameters and size
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distributions, compositions and physical properties of surrounding surface layers and
also crystallization of oil content and polymorphism (Arima et al., 2007). The DSC
technique has been proposed for following the evolution of emulsion, for example, the
previous research reported the differences in freezing curve of water in oil emulsions
from -39°C to -12°C obtained at different times showing that the emulsion is
separated into two distinct phases (Clausse et al., 2008). In addition, several studies
indicated that the addition of vitamin E was shown to protect oil-in-water NE against
storage degradation and the effects of vitamin E addition depended on the lipid
composition (Relkin et al., 2008, Relkin et al., 2009). Moreover, studies performed on
fat thermal transitions showed that crystallization temperature of dispersed fat
droplets in nanoparticles was lowered, compared to bulk fat, and the degree of
supercooling temperature was different depending on triglyceride composition, mean
droplet size and lipophilic or hydrophilic nature of emulsifiers (Westesen and Bunjes,
1995; Bunjes, 2011).

Oil in water NE is useful for enhancing the hydrophobic molecules in which
depending on the NE compositions, for example, type of oils incorporated in NE.
Therefore, in the present study, oil-in-water NE stabilised by the nonionic
polyoxyethylene 10-oleyl ether containing series of triglyceride either liquid
triglycerides, soybean oil (SBO) and trioctanoin (TON) or solid triglycerides,
tripalmitin (TPN) and trilaurin (TLN) are investigated. The effect of triglyceride on
NE formation is examined. The physico-chemical properties of oil-in-water NE are
observed by various characterization techniques which will all be described in next

chapters.
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CHAPTER IlI

MATERIALS AND METHODS

1. Materials

Testosterone propionate (TP), polyoxyethylene-10-oleyl ether (Cis.1E, Brij
96, PEO-10) are all purchased from Sigma Chemicals Ltd. (Dorset, UK). Trilaurin
(TLN, purity>90%), C;, triglyceride, and soybean oil (SBO), a mixture of
predominately (i.e. > 75%) Cig.; and Cys., triglycerides, were from ACROS Organic
(New Jersey, USA). Tripalmitin (TPN, purity >85%), C16 triglyceride in both
protonated (4-) and deuterated (d-) forms was purchased from Sigma Chemicals Ltd.
(Dorset, UK). Trioctanoin (TON, purity>90%), h-C8 and d-C8 triglycerides,
trioctanoin (TON, purity>90%) was purchased from Fluka Chemicals (St. Gallen,
Switzerland). Isopropanol was purchased from Fisher Scientific (Leicestershire, UK).
D,0 (99.9 atom% D) was obtained from Aldrich Chemical Company (Dorset, UK).
All chemicals were used as received. Double distilled, spectroscopically pure water,
obtained from a well-seasoned glass apparatus was used throughout the experiments.
Figure 11 and Table 2 show the chemical structures of TON, TPN and TLN and the
molecular weight and molecular volume of SBO,TON,TPN and TLN. It is noted that
the chemical structure of SBO is varied due to the natural sources of the raw material.

The chemical structure of C;g.1E ¢ is illustrated in Figure 12.
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Figure 11 The chemical structures of a) tripalmitin (TPN), b) trilaurin (TLN) and c)
trioctanoin (TON).

Hydrophilic headgroup Hydrophobic tail

BIRKY —~
| e
’C‘f\/\“‘\.‘\;‘x

Figure 12 The chemical structure of polyoxyethylene 10-oleyl ether (Cis.1Eio)

surfactant.
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Table 2 Molecular weight and molecular volume of the triglycerides

Triglyceride Molecular weight Molecular
(g/mole) volume (A%
Soybean oil 885.5 1563
Tripalmitin 807.3 1492
Trilaurin 639.0 1168
Trioctanoin 470.7 844

2. Preparation of nanoemulsions and determination of phase diagrams

2.1 Preliminary study of preparation method

2.1.1 Phase inversion temperature method

A number of individual samples are prepared based on the phase inversion
temperature (PIT) or heating and cooling method (Brooks et al., 1998, Anton ef al.,
2007). Briefly, nanoemulsions (NE) were individually prepared by weighing the
required amount of triglyceride, surfactant (C;g.1E;¢) and water at room temperature.
For each sample a total of 5 g was prepared. A small magnetic stirrer was placed into
the sample vial and the samples were heated to 70-75°C for ten minutes and cooling to
22 + 2°C with vigorous stirring throughout. After preparation the samples were placed
in tightly sealed containers and stored at room temperature (22 + 2°C). The overall

procedure was depicted in Figure 13.
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Weigh required amount of triglyceride/ Cs.1Ejo/water into a vial
Heat to 70-75°C for 10 minutes with stirring
Cool to 22 + 2°C with vigorous stirring throughout

Place in tightly sealed containers and store at 22 + 2°C

Figure 13 Preparation of oil-in-water (o/w) nanoemulsions stabilised by the nonionic

surfactant polyoxyethylene 10-oleyl ether, C;g.E19, and containing a triglyceride.

2.1.2 Sonication method

Samples were individually prepared by weighing the required amount of
triglyceride, surfactant (Cig.1E19) and water at room temperature. For each sample a
total of 5 g is prepared. Samples were subjected to emulsify by ultrasonication using
20 kHz ultrasonicator equipped with an ultrasonic probe with a 3-mm diameter, in
which case the required amount of triglyceride, Cs.1Eo and water were mixed and the
resulting mixture was sonicated until the solution homogeneously mixed (Kentish et
al., 2008, Cucheval and Chow, 2008). After the sonication the mixtures were stirred at
room temperature. The samples were placed in tightly sealed containers and stored at

room temperature (22 + 2°C) after preparation.

From the results, it was found that both methods produced the NE (see
Appendix). However, the phase inversion temperature method was preferred over the

sonication method due to ease of preparation, less time consuming compared to the
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sonication method, economic reason and the avoidance of contamination of the metal

precipitation that may occur during sonication.

2.2 Determination of phase diagrams

As mentioned earlier, the phase inversion temperature method was used to
prepare the NE and subsequently determined for area of NE formation. After
preparation, the samples were routinely examined visually immediately for stability
after preparation, 24 hours, one week, two weeks and one month. A range of
compositions were visually examined for any physical change i.e. the change from
clear to cloudy or phase separation. NE were said to have been formed when samples
were one-phase fluid, non-birefringent and stable for at least one month. Non-
birefringent systems that did not change their meniscus after tilting to an angle of 90°
were classified as NE gels and would not be further studied. Stable formulations were
plotted on a triangular phase diagram in 3-component systems (triglyceride/surfactant
(SAA)/water) where each apex of the triangular plot represents 100% of one of the
three ingredients (Figure 14a). Each point within the triangle represents different
combinations of the three components. Determination of the area of NE existence was
performed at least in duplicate to ensure an accuracy of better than £ 1 wt%
triglyceride. Clear NE would be plotted in the triangular phase diagram and described
as Region A, bluish or translucent NE was denoted as Region B and cloudy or milky
NE as Region C. The partial triangular diagram in Figure 14b represents an example

of the Regions A, B and C of NE.
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Figure 14 Tertiary phase diagram (a) and partially tertiary phase diagram (b)
representing Regions A (clear), B (bluish or translucent) and C (cloudy or milky) of
NE.

3. Characterization of nanoemulsions

3.1 Analysis of hydrodynamic droplet size

Photon correlation spectroscopy (PCS) was employed to investigate the size
distribution of o/w NE samples when the concentrations of oil phase were varied. PCS
measurement was made on dilute samples using a Brookhaven light scatterer
(Brookhaven Instruments Corporation, Holtsville, USA) at a scattering angle of 90°
and temperature of 22 + 2°C. The samples were clarified by ultra-filtration through a
0.45 um cellulose acetate filter (Millipore, Goettingen, Germany) immediately prior
to examination by PCS. The average diameter and polydispersity of each sample were

determined assuming that the hydrodynamic size of NE was the size of the equivalent
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spherical particle (Malcolmson et al, 2002). All samples were stored in the
concentrated form and diluted to 1 wt% of surfactant before PCS measurement in
order to to avoid the effects of multiple scattering. To observe their stability profile
within 1 month, samples were measured after equilibrated for 24 hours, 1 and 2 weeks
and 1 month at 22 £ 2°C and were reported as the average of three measurements. The
relationship between the visual appearance and the light scattering study was
observed. The changes in hydrodynamic size with different triglyceride and C;s.1Eq9
contents and different weight ratios of Cjs.1E to triglycerides and the size changes in

different NE Regions were determined.

3.2 Phase inversion temperature determination

The phase inversion temperatures (PIT) of the clear NE, i.e. compositions within
Region A, and the corresponding micellar solution were determined by repeatedly
heating the samples until the temperature at which they become cloudy and cooling
the samples to ambient, at a rate of ~ 1°C min” with stirring throughout. The
temperatures at the onset of turbidity (upon heating) and the appearance of clarity
(when cooling) were noted. The recorded PIT quoted were the mean of 3 separate

determinations of the clouding temperature.

3.3 Differential scanning calorimetry study

A multi-cell differential scanning calorimeter (MC-DSC, TA Instruments,

Lindon, USA) and thermal analysis system, equipped with NanoAnalyze software
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(TA Instruments, Lindon, USA), were used to determine the state of the triglyceride
incorporated into the NE. Pure triglyceride systems (SBO, TPN, TLN and TON),
water, Ci5.1E1o and 10 and 20 wt% micellar solution were first determined to observe
the melting point of the solid triglycerides and any thermal event, if any, occurred in
water, C;g.1Ej0 and the micellar solution. Then, the thermal behaviours of NE in
regions A, B, C formulated with 10 and 20 wt% C,g.;E o were observed. The DSC
measurements were carried out as follows: 0.4 mg of sample was weighed, using a
microbalance (OHAUS, Nanikon, Switzerland), into a standard 1-mL MC-DSC
stainless steel cell which was immediately closed with a lid. A cell containing 0.4 mg
distilled water was used as a reference. All DSC measurements were performed in the
temperature scanning mode. NE were routinely cooled to 0°C and left for 30 minutes
at this temperature before heating to 80°C at a constant scanning rate of 1°C min™".
Notably, the NE were cooled to 0°C to avoid any phase transition being masked due
to thermal lag. NE were examined at 24 hours and 1 month after preparation and at
least two fresh samples of each composition were tested. Moreover, the effect of
different rates of heating, 0.25°C min™' and 1°C min™ was also investigated. A number
of samples were heated from 20 to 80°C to ensure that cooling the samples to 0°C

would not alter the results of the DSC experiment.
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4. The incorporation of testosterone propionate in nanoemulsions

4.1 Testosterone proprionate solubilisation

The amount of testosterone propionate (TP) incorporated in 10% and 20%
micellar solution and NE formulated with 10 and 20 wt% Cs.1E;¢ and triglycerides
concentration in Regions A, B, C was determined by adding an aliquot
(approximately 50 mg) of TP to 4 microcentrifuge tube, each containing 1 mL of the
micellar solution or NE (Regions A, B, C). The microcentrifuge tubes were tightly
closed and covered in foil to prevent the possibility of any photosensitive reaction
(Porkka-Heiskanen et al., 1992). The samples were equilibrated at room temperature
on a circular rotating wheel for 4 or 7 days to ensure that TP have reached the
maximum solubility potential. The excess drug (TP) was removed by centrifugation
(16,000 g Biofuge pico, Heraeus, Osterode, Germany) for 10 minutes. A blank sample
(i.e. the corresponding micellar/ NE without drug) was treated in the same way. A
calibration curve for TP was obtained by dissolving an accurately known quantity of
TP (approximately 40 mg) in 20 mL isopropanol. This stock solution was then serially
diluted by taking 50, 100, 150, 200, 250 and 300 pl aliquots and making up to 25 mL
with isopropanol. The UV spectra of the TP containing standard solutions in 1-cm
path length cuvette was then determined with the absorbance reading at 240 nm
(UV/Vis Spectrophotometer LAMBDA 35, Perkin-Elmer, USA). The concentration
of TP in the NE samples was assessed from calibration curve after correction with the

absorbance of the blank. The levels of TP incorporation into the corresponding
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micellar solution, o/w NE formed in Regions A, B and C were compared. The

experiment was done in four measurements.

4.2 Characterization of drug-loaded nanoemulsions

The effects of the incorporation of maximum saturated drug in each NE system
on the size and stability of the NE droplets formulated with 10 and 20 wt% Cs.1E
were examined by visual observation and light scattering (PCS) as previously
described. In addition, the effects of drug on the NE droplet were examined by DSC

(as mentioned in 3.3) to observe any changes in the thermal behaviour.

5. Statistical analysis

The data were expressed as means + S.D. from at least three independent sets
of experiments, unless otherwise indicated. Data shown in the Figures were from the
representative set of experiments. Differences between groups were statistically
analyzed using the one-way analysis of variance (ANOVA) with the posthoc test for
repeated measures and the p-value of < 0.05 are acceptable to be statistically

significant.
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6. Small-angle neutron scattering

6.1 Experimental set up

Small angle neutron scattering (SANS) studies were performed on the LOQ
beam line at the ISIS pulsed neutron source (ISIS, Rutherford-Appleton Laboratory,
STFC, Didcot, Oxford). The LOQ instrument gives a scattering vector, Q= (4n/A) sin
(6/2), range of 0.008 to 0.22 A™. Due to the limited beam time allowance, only some
compositions in Region A of the liquid triglyceride (TON) and the solid triglyceride
(TPN) were chosen for SANS experiment. All the samples are measured in disc-shape
quartz cuvettes of 1 mm path length. SANS measurements were made at 25°C using a
12-nm diameter neutron beam. The pattern of scattering of neutrons after passage
through the sample were recorded on *He-CF, filled ORDELA 64 cm’ two-
dimensional detector of resolution of 5 mm, positioned at 4.1 m from the sample.
Wavelength dependent corrections were made to allow for the incident spectrum,
detector efficiencies and measured sample transmissions in order to create a
composite SANS pattern. The transmission and scattering runs of pure H,O or D,O
were measured for the same length of time as the samples and were subtracted from
all the corresponding sample runs in order to obtain the scattering from the surfactant
aggregates. A schematic of the basic set up of SANS measurements is shown in

Figure 15.
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Figure 15 Schematic representation of a small angle neutron scattering experiment.

Scattering data were corrected for wavelength-dependent transmission factors,
as well as cell, background, and any incoherent scattering. The overall NE droplet
contrast was generated with triglceride-h/ C;s.1E;o-h/ D,O, and the external surfactant
shell and core contrast were highlighted with triglyceride-d/Cig.1E 0-h/D,O and
triglyceride-d/ C,g.1E10-h/H,0, respectively. The program FISH is used to analyze the
data (Heenan, 1989) which will be interpreted the location of triglyceride

solubilization in the NE droplet.

6.2 SANS sample preparation

Nanoemulsions were individually prepared by weighing the required amount
of h- or d-triglyceride, surfactant and either doubled distilled water (H,O) or
deuterated water (D,0) at 22 £+ 2°C. For each sample, a total of 1 g was prepared. A
small magnetic stirrer was placed into the sample vial and the samples were heated to

70-75°C for ten minutes and cooling to 22 + 2°C with vigorous stirring throughout. In
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all experiments using deuterated material, the weight of the deuterated material added
was corrected for the difference in density to ensure that the same volume of each
component was present in the final samples. Table 3 shows the density differences
between the hydrogenated and deuterated forms of the compounds studied. The
terminology used in the present study to describe the contrasts was explained further.
Typically, both deuterated and hydrogenated triglycerides and water were used with
the normal hydrogenated version of the surfactant, as D/H/H, D/H/D and H/H/D
combinations of triglyceride/surfactant/water for the core, shell and drop contrast,
respectively (Table 4). The hydrogenated and deuterated chemicals used were

selected to highlight specific components in the NE droplets.

Table 3 Physicochemical parameters of the chemicals for SANS.

Chemicals Molecular weight (g/mol) Density (g/cm®)
Hydrogenated

h-Brij 96 708.94 1.03
h-TON 470.65 0.90

h-TPN 807.29 0.92

H,0 18.01 1.00
Deuterated

d-TON 521.05 0.99

d-TPN 906.07 1.03

D,0 20.03 1.11
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Table 4 Composition of hydrogenated and deuterated chemicals for contrast

matching.

Compositions Core Shell Droplet
@ Hydrogenated
1 Deuterated o .
Solwvent H:0 D:0 D:0

Surfactant h-Brij%6 h-Brij%6  h-Bmj96
Triglyceride d-TG d-TG bh-TG

When preparing NE for neutron scattering study, a stock solution was freshly
prepared and then diluted immediately prior to use to the required final surfactant
concentration. It was necessary to produce a stock solution as it was often not possible
to prepare the required (low surfactant) NE compositions directly. Table 5a-b lists the
stock NE compositions used in the study and indicates the codes by which these stock
solutions are referred to in the results. Samples for SANS measurements were
individually ten-fold diluted from a stock solution. Hence, Concentrations of TON
were from 0.1% up to 0.5% w/v and those of TPN were from 0.1% up to 0.7% w/v,

stabilized by 2.4% w/v of surfactant concentration.



Table 5 Composition of stock nanoemulsion formulation

a) Tripalmitin
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Nanoemulsion TPN-1  TPN-24  TPN-3.2 TPN-4 TPN-55 TPN-7
composition (Yow/w)
Surfactant
POE (Ci5.E o) 24 24 24 24 24 24
Triglyceride
Tripalmitin (TPN) 1.0 2.4 3.2 4.0 5.5 7.0
Aqgueous phase 75.0 73.6 72.8 72.0 70.5 69.0
Ratio of Cg.1E1o/TPN 24 10 7.5 6 4.4 34
b) Trioctanoin
Nanoemulsion TON-1 TON-2.1 TON-24 TON-3.0 TON-3.6 TON-5
composition (Yow/w)
Surfactant
POE (C5.E10) 24 24 24 24 24 24
Triglyceride
Trioctanoin (TON) 1.0 2.1 24 3.0 3.6 5.0
Aqgueous phase 75.0 73.9 73.6 73.0 72.4 71.0
Ratio of Cyg.1E10/TON 24 11.4 10 8.0 6.7 4.8

6.3 Analysis of SANS data

The SANS data were analysed using solid-body models of the scattering

species. This method allows for the construction of many kinds of geometrical models

(e.g. spherical particles, ellipsoid and rod-shape structures etc.). The program FISH




47

was used for this purpose (Heenan, 1989). The structures of the micelles and
microemulsions were established by analyzing the scattering data using a standard
and well-established model for the interparticle structure factor S (Q), the hard sphere
model (Percus and Yevick, 1958). Figure 16 shows schematics of the form factors

used in this study.

Ellipsoid
Sphere
v
R
Prolate (a/b >1) Oblate (ab <1)
R = radius a = major radius a = minor radius
b = minor radius b = maior radius

Figure 16 Schematic of form factors for SANS data fitting.

6.3.1 Description of SANS model

ox
The absolute SANS intensity of scattering, a—Q(Q) , for N discrete particles per

unit volume, in solution is given by (Heenan,1989):

oz
Q) =NPO)S5Q) )

where the form factor P(Q) = [ |F(O)* ] is a function that describes how 9%/0Q is

modulated by interference effects between radiations scattered by different parts of
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the same scattering body. It describes the scattering observable from an isolated body
in the absence of interference effects and depends on the particle size and shape. S (Q)
is the interparticle structure factor which represents the effect of interference due to
neighbouring scatterers. For very dilute systems S(Q) tends to unity, and is often

ignored.

Micelles and nanoemulsions can be described by core/shell model where the
micelle core consists of the tails of the surfactant and the shell consists of the
surfactant head group. The NE core consists of the oil or with some of surfactant tails
and the shell consist of the whole surfactant. The contribution to scattering intensity
from the structure factor for the ellipsoidal core-shell particles was modeled assuming
hard-sphere interactions. This approach was found to describe scattering of

microemulsions quite well (Nagao et al., 2005).

For the core/shell particles studied here F(Q) is a sum of terms for a core

(radius R.), a shell (thickness 6) and a surfactant head group region, thickness 4, as

FOQ =] (p=p Ve f Q. R) J+[ (o5 - )V V) F(Q. R +6) [+] (0, - p Wi f(Q.R) ] (6)

where pc, ps, pn, and py are the neutron scattering length densities of the particle
core, shell, head group and solvent, respectively. V7, Vj, and V. are the volumes of the

whole particle, head group region and core, respectively and total radius of particle Rr

isRc+ 0 +h.
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For a spherical particle, the following expression can be used to calculate

F(Q, R), the form factor for a sphere of radius R:

3(sin( OR) — OR cos(OR))
(OR)’

F(O.R) = (7)
For an ellipsoid with axial ratio X (prolate if X >1, oblate if X < 1), both F(Q)

and F’(Q) require numerical integration over angle y between Q and the axis of the

ellipsoid to include a random distribution of orientations. The particle form factor of a

monodisperse ellipsoid is given by:

FAQ) =)’V [ 1> wsin(y)dy o

where ffu) is F(Q,R=u) in equation (7), u=QR(sin’>y+X*cos’y)" *and

V:%’TXIP
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6.3.2 Model fitting of the simultaneously fit SANS data

Before fitting the data, parameters such as the scattering length density (SLD)
of the different components, volume of the core (Vcore) and volume of the shell
(Vshell) etc., were calculated. These parameters are listed in Table 6. According to
the experiments performed in this study, the core-shell spherical and ellipsoidal shape
models were fitted to the experimental scattering curves. The preliminary fits showed
that the best model was the oblate ellipsoid form factor. The SANS data of the NE
with three different contrasts were then fitted by the simultaneous model in order to
evaluate the inner structure of the NE droplets simultaneously using a monodisperse,
core-shell ellipsoid model together with a hard-sphere structure factor. Useful results
have previously been obtained for oil/surfactant/water systems by simultaneous fit
(Lugo et al., 2010; Toth and Madarasz, 2006; Wang et al., 2008).

For each NE composition studied in the SANS experiments, three separate
SANS experiments were performed. In the first experiment, the NE was prepared
using D0, A-oil, and A-surfactant (i.e. the drop contrast), in the second using D,0, d-
oil and A- surfactant (i.e. the shell contrast) and in the third using H,O, d-oil and 4-
surfactant (i.e. the core contrast). The first experiment yields information primarily
about the size and shape of the whole NE droplet, the second experiment about the
surfactant shell, and the final experiment predominantly gives information about the
location of oil in the nanoemulsion droplet. All three sets of scattering data obtained
for each composition were simultaneously analysed to give a self-consistent model,
thereby giving a high level of confidence in the final results. The sample codes used

for the contrast matching samples for SANS measurements are shown in Table 7a-b.



Table 6 Scattering length densities and related physicochemical parameters of the compounds used for SANS measurements

Neutron-scattering-length

Compositions Mol wt* Bulk density” Molar volume” density (x10'° cm™)
(g/mol) (g/cm™) (A% Hydrogenous® Deuterated”
Water H,O 18.01 1.00 29.99 -0.56 6.33
Cis.1E10 whole C;3sH7601; 708.94 1.03 1143.34 0.28 n/a
Cig.1Eqo tail CigHss 251.47 0.75 556.97 -0.20 n/a
Cis.1E1o head CyH4104; 457.47 1.30 586.38 0.74 n/a
TON (trioctanoin) Cy7H500¢ 470.65 0.90 868.68 0.31 6.27
TPN (tripalmitin) Cs1HggO4 807.29 0.92 1457.62 0.05 6.21

2 All parameters except those in the last column are for hydrogeneous species. ” Deuterated assumes 99% and 85% replacement of H
for TON and TPN respectively, and the same molar volume as /-species.
n/a= not applicable

IS



Table 7 Sample list of nomenclature for SANS contrast matching experiments.

(a) Tripalmitin

Contrast TPN-1 TPN-24  TPN-3.2 TPN-4 TPN-5.5 TPN-7

Core TPN-1c TPN-2.4c | TPN-3.2¢c TPN-4¢ TPN-5.5¢ TPN-7¢c

Shell TPN-1s TPN-2.4s | TPN-3.2s TPN-4s TPN-5.5s TPN-7s

Droplet TPN-1d | TPN-2.4d | TPN-3.2d TPN-4d TPN-5.5d TPN-7d

(b) Trioctanoin

Contrast TON-1 TON-2.1 TON-2.4 TON-3.0 TON-3.6 TON-5
Core TON-1c¢ TON-2.1¢c TON-2.4¢c TON-3.0c TON-3.6¢ TON-5¢
Shell TON-1s TON-2.1s TON-2.4s TON-3.0s TON-3.6s TON-5s
Droplet TON-1d TON-2.1d TON-2.4d TON-3.0d TON-3.6d TON-5d

[4S
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CHAPTER IV

RESULTS AND DISCUSSION

1. Sample appearance and phase behavior

In order to understand the phase behavior of the nanoemulsion formulations (NE),
the area of NE existence was determined by varying the amount of each of the
component and plotted on a weight basis on a ternary phase diagram. The phase diagram
assemblies have been used regularly to observe the microemulsions formation (clear
samples) (Prince, 1975; Spernath and Aserin, 2006; Djekic et al., 2011; Lawrence and
Rees., 2012). In this study, the samples that were stable for 1 month were plotted on
phase diagram. Figure 17a-d shows the ternary phase diagram for systems composed of
Cis:1E 10 (Brij 96), water and either liquid triglyceride, soybean oil (SBO) and trioctanoin
(TON), or solid triglyceride tripalmitin (TPN) and trilaurin (TLN) after one month
preparation. The appearances of 1 month stable samples prepared by heating and cooling
method are shown in Figure 18. It can be seen that the sample appearances altered from
optically transparent samples which were described as Region A, bluish/translucent
samples denoted as Region B and cloudy/milky samples as Region C on ternary phase
diagram. It was noted that their stability was also observed by their appearance together
with their hydrodynamic droplet size as described in next session. Moreover, the NE

appearances observed were found to be the same after storage for 24 hours, one week,
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two weeks and one month with the exception of the NE containing TON. The appearance
changed from clear to milky as the triglyceride concentrations increased at steady
surfactant concentration. As can be seen from Figure 17a-d, samples prepared with SBO,
TPN and TLN could form the NE in all Regions A, B and C with the biggest formation
area at region A. Reassuringly, the extent of Region A established for SBO is similar to
the Region of existence of one phase, clear microemulsions as previously reported

(Warisnoicharoen et al., 2000a; Flanagan et al., 2006).

a) Soybean oil (SBO)

Soybean oil

0 10 20 30 40 50 60 70 80 920 100 .
Water Brij96



b) Trioctanoin (TON)

Trioctanoin

80

20
Unstable after 24

0 10 20 30 40 50 60 70 80 90 100 Brij 96
Water

c) Tripalmitin (TPN)

Tripalmitin
0

100

Brijo6

55
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d) Trilaurin (TLN)

Trilaurin

¥ 7 7 - 7 7 7 7 7 + 0

10 20 30 40 50 60 70 80 90 100 Brij 96

Figure 17 Triangular phase diagrams for o/w nanoemulsions formed with C;s.1Ejo, either
a liquid triglyceride oil (a) soybean oil or (b) trioctanoin or solid triglycerides (c)
tripalmitin or (d) trilaurin and water after 24 hours and one month storage at 22 + 2°C. On
the abscissa, surfactant concentration (in wt%) is increasing from left to right while on

the ordinate, oil concentration (in wt%) is increasing from bottom to top.
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“:B'IUIsh ﬁhsluoen !
] l Ll

Region A Region B Region C

Figure 18 Appearance of nanoemulsions within Regions A (clear), B (bluish or

translucent) and C (cloudy or milky).

The Cjs.1E ¢ concentration range over which micelle are formed maps on to the
concentration range over which Cig.;E;o forms NE. In all instances, NE were formed
between minimum and maximum C;s.;E;o concentration ranges of 5-10 and 25-30 wt%,
respectively. In addition, regardless of the nature of the triglyceride added, the maximum
level of triglyceride incorporation occurred at a Cs.1E ;o concentration was in between 20
and 25 wt%. While in Region A, the maximum oil solubilisation occurred at 25 wt%
Cis:1E10. Gel formation was frequently observed at C,s.;E o concentrations above 30 wt%
and when high amounts of triglyceride (i.e. outside the NE area) were incorporated into
systems containing 25 and 30 wt% of C;g.1E o similar to the results obtained by Flanagan
et al. who reported the phase diagram of a similar microemulsion system comprising of

water, polyoxyethylene oleyl ether, and soybean oil (Flanagan et al., 2006) Samples
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containing triglyceride levels greater than those recorded for Region C were either gels
(at high surfactant concentrations) or exhibited two phases and were therefore not studied
further.

Significantly, once the NE in all Regions had been formed it was possible to
dilute the NE to very much lower C,g.;E o concentrations without any phase separation,
this is an important result for the use of the NE as delivery vehicles. These observations
are consistent with previous reports which suggest that the NE droplet structure is mainly
controlled by the phase behavior of the initial concentrate. And it is largely independent
of dilution when NE were formed with the oil completely dissolved in a single phase
(Izquierdo et al., 2004; Morales et al., 2006; Wang et al., 2008). The excess water is
performed as dilution medium and not participating in NE droplet. As expected, the
molecular weight and molecular volume of the triglycerides used influenced the amount
of triglyceride incorporated. Thus samples containing the triglyceride of intermediate
molecular weight, TLN, exhibited a larger total stable NE area (i.e. Regions A+ B+C).
For example TLN-containing samples prepared with 20 wt% C;s.;E ;o could incorporate a
maximum of 10 wt% oil in the clear, one phase Region A, whereas samples containing
either SBO or TPN could only incorporate 8 wt% oil at the same surfactant
concentration. For ease of comparison Table 8 lists the upper limit of the amount of each
triglyceride incorporated into each Region at 10 and 20 wt% Cg.1Ejo. It is of note that
there was little difference, over a period of 1 month at least, between the level of
incorporation of the liquid triglyceride, SBO and the solid triglyceride of similar

molecular weight, namely TPN. The smallest triglyceride, TON, exhibited the smallest
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NE region with a very small Region A with a maximum level of TON incorporation of
only 4 wt% at 20 wt% Cjs.1Ejp and with no Regions B and C being observed.
Interestingly, immediately after preparation, TON did produce the largest Region A in
fact the largest total NE formation area with a maximum level of TON incorporation of
up to 10 wt% and 20 wt% at 10 wt% Cjs.1Ejp and 20 wt% Cs.1E;¢ respectively as
indicated by the dotted line in Figure 17b. However, after 24 hours these initially clear
NE became cloudy, milky or phase separated into 2 phase system consisting of a lower
clear and upper turbid phase, leaving the small Region A reported in Figure 1b and
leading to the smallest NE region formed with Cs.1E ;. For the purposes of the present
study, the very unstable nature of the majority of the TON-contained NE makes them of
little interest for drug delivery purposes and therefore only NE that were stable for 1
month would be considered here. The extent of the area of NE existence obtained for
TON was slightly larger than that of the small, C4 liquid triglyceride, tributyrin, that was

previously reported (Warisnoicharoen ef al., 2000a).
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Table 8 Upper limit of amount of triglyceride incorporated into nanoemulsions denoted
in Regions A, B and C at 10 and 20 wt% Cs.1Eo.

10 wt% Clg;lE]O 20 wt% C18:1E10
Triglyceride | Region A | RegionB | Region C | Region A | Region B | Region C
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%0)
Soybean oil 4 6 9 8 12 16
Tripalmitin 4 7 9 8 13 18
Trilaurin 5 8 10 10 15 20
Trioctanoin 1 N/A N/A 4 N/A N/A

Region A = optically transparent NE, Region B = bluish or opalescent NE, Region C = cloudy/milky NE.
N/A = not applicable, TON did not exhibit Regions B or C

Many researchers have reported that the smaller the oil molecular volume in the
ethyl esters and triglycerides group, the greater the level of incorporation into
alkylamine-N-oxide surfactants, polyoxyethylene-10-dodecyl ether surfactant and PEG-8
caprylic/capric glycerides surfactant stabilized oil-in-water dispersion due to the greater
interaction between the hydrophobic chains of the surfactant comprising the interfacial
region and the disperse oil phase (Malcolmson and Lawrence, 1995; Djekic and
Primorac, 2008). Similar findings suggested that if the alkane chain length of the oil is
less than the surfactant chain length, the oil acts like surfactant penetrating the interfacial
layer and thus increasing the effective chain volume of the surfactant which result in
bigger ME formation (Chen ef al., 1986). In addition, the short chain oils increased the
surfactant head group area to the greatest extent favoring an o/w droplet structure where

the longer chain oils served to increase the effective volume of the core and decreased the
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surfactant head group resulting in the increase in the droplets size and eventually could
reduce the chances of o/w droplet formation (Tchakalova et al., 2008; Hsieh, 2010).
Conversely, it has been also previously reported that samples prepared using liquid
triglycerides of varying molecular volume and stabilised by Cis.;E ;o tended to unusually
exhibit the reverse trend, with the largest and smallest region being formed in systems
containing large molecular volume triglycerides (SBO) and small molecular volume
triglyceride (Miglyol 812 and tributyrin), respectively. (Malcolmson et al., 1998;
Warisnoicharoen et al., 2000a). The reason for the reverse trend is possibly due to the
long alkyl chain surfactant which may assist the incorporation of the longer chains oil;
and the relative differences in length of the short chain oil and the long hydrophobic
chains of a surfactant. The long hydrophobic chain of a surfactant might not be able to
interact with short oil chain strongly, thus the way oil incorporated in surfactant did not
favour NE formation. As agreed with previously reported, the result obtained in this
study showed that the NE existing area was smallest in the smallest triglyceride studies
here (TON). It is interesting that in the present study samples containing TLN exhibited
the larger area of NE existence than the NE containing the higher molecular weight
triglycerides, SBO and TPN. The reason for the differences may be a consequence of
differences in triglycerides chain length study depending upon the molecular volume of
the triglycerides which is clearly the important factor for NE formation (Kunieda et al.,
2001; Djekic and Primorac, 2008). It is noted that the molecular volume of TLN is 1168
A® which is slightly bigger than the molecular volume of C;g. E; (1143 A3) where the

molecular volume of Miglyol 812 (Co) is 1019 A® (Malcolmson ef al., 1998). According
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to the molecular volume of TLN, Miglyol 812 and the length of the hydrocarbon chains
that it contains, the TLN is expected to be surrounded by the oleyl hydrocarbons of
Cis:1E1p and by a mantle of EO chains and does not significantly penetrate into the
hydrocarbon chains of the surfactants as anticipated for SBO and TPN while Miglyol 812
does. TLN represented the biggest NE existence was probably the consequences of the
molecular volume of TLN were comparable to Cjs. Ejo. Nevertheless beside the oil
molecular volume, the NE formation as well depends to great extent on others factors
such as chemical structure of oils, the hydrophilic-lipophilic balance of surfactants and

oils used, the surfactant structure and the original shape of micellar solution.

2. Hydrodynamic droplet size determination

The variation in hydrodynamic droplet size (Dy) of the NE with increasing
triglyceride concentrations was investigated for five concentrations of Cig.1Eo (5, 10, 15,
20 and 25 wt%) at 25°C. Results are shown in Figures 19-22. For all four triglycerides,
the Dy, of the NE droplets increased as the amount of triglyceride increased, the addition
of the triglycerides to the aqueous Cjs.1E;¢ solution resulted in an increase in the apparent
hydrodynamic size of 11 = 1.2 nm obtained for micellar solution. Significantly, once the
NE had been formed it was possible to dilute the NE to very much lower Cs.1Ej
concentrations without any phase separation, or indeed any obvious increase in size of the
NE droplets. It can be seen from Figures 19-21 that for SBO-NE, TPN-NE and TLN-NE
respectively, the variation in Dy with varied triglyceride concentrations tended to increase

in an approximately linear fashion with no obvious break in size being observed for
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samples in Regions A and B with the Dy, between about 10-40 nm suggesting that the
bigger triglyceride core formed with an increase in triglyceride concentration.
Interestingly for NE in Region C, the Dy, were sharply increased from about 40 nm to 130
nm. The dramatic change in size of the NE between Regions B and C is indicative of a
change in the structure of the droplets found in Region A to upper limit of Region B. It is
most probably a consequence of a large amount of triglyceride present, which resulted in
the formation of a large triglyceride core in the centre of the NE droplet packed loosely
with surfactant or the NE might totally form in different way. It might reasonably be
expected that in the larger NE in which the interfacial surfactant region represents only a
small proportion of the NE volume, the triglyceride will behave more-like the bulk
triglyceride.

In agreement with visual observation, the dynamic light scattering measurements
showed that with the exception of the TON-NE (Figure 22), the samples were generally
stable for at least 1 month as the Dy, did not produce any significant change over this time
period (Figures 19-21). The Dy of TON-NE that were unchanged in 1 month were NE
consisting of 10 wt% Cs.1E0 and 1 wt% TON, 15 wt% Cis.1Ej9 and up to 2 wt% TON,
20 wt% Cs.1E10 and up to 4 wt% TON and 25 wt% Cis.1Ej9 and 5 wt% TON, matching
with the upper limit on the ternary phase diagram. The Dy, of those samples that were not
on phase diagram were significantly increased from 24 hr to 1 week after preparation and

eventually were phase separated completely within 1 month.
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Figure 19 Variation in the mean hydrodynamic droplet sizes of the nanoemulsions
containing soybean oil over a period of a month stabilized by Cis.1E;¢ at different

concentrations (mean + S.D., n=3).
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Figure 21 Variation in the mean hydrodynamic droplet sizes of the nanoemulsions

containing trilaurin over a period of a month stabilized at by C;s.E;¢ at different

concentrations (mean + S.D., n=3).
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Figure 22 Variation in the mean hydrodynamic droplet sizes of the nanoemulsions

containing trioctanoin over a period of a month stabilized by Cis.1E;o at different

concentrations (mean + S.D., n=3).
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Regardless of the nature and amount of triglycerides in the preparation, the Dy, of
the NE droplets fell well within the size range quoted for NE (200 nm) with sizes of up to
~130 nm being recorded for NE with a triglyceride content just within the upper
boundary of Region C. (Solan et al., 2005; Gutierrez et al., 2008). It is of note that the NE
droplets in Region A tended to be less than 20 nm in size while those that were in the
approximate range of 20 — 40 nm were either bluish or translucent (i.e. in Region B). For
example, the Dy, of 1- month-old samples prepared using 10 wt% Cjs.1E ;o and containing
the greatest amount of triglyceride in Region A were 17.5 £ 0.3 nm (4 wt% SBO), 16.0
0.3 nm (4 wt% TPN), 19.2 £ 0.5 nm (5 wt% TLN) and 10.9 + 0.4 nm (1 wt% TON),
respectively. While samples prepared using the same concentration of C;s.1E;¢ and
containing the highest amount of oil in Region B were 26.2 = 0.3 nm (6 wt% SBO), 27.2
+ 0.4 nm (7 wt% TPN) and 33.3 + 0.6 nm (8 wt% TLN), respectively. Correspondingly,
samples containing the highest amount of oil in Region C were 112.9 + 1.1 nm (9 wt%
SBO), 122.4 + 3.3 nm (9 wt% TPN) and 80.9 £ 1.0 nm (10 wt% TLN), respectively.
Results exhibiting a similar trend were seen for Dy of NE in Regions A and B prepared
using the others tested Cg.1E o concentrations, although the Dy, was varied upon different
Cis:1E10 concentrations for Region C. Furthermore, the Dy of the dilute NE droplets
containing the various triglycerides were of comparable size for the same concentration
of triglyceride in Regions A and B range. For example, the droplet sizes of samples
prepared using 10 wt% Cis.1E;j¢ and containing the 5 wt% triglyceride were 20.0 £ 0.2 nm

(SBO), 20.1 £ 0.2 nm (TPN) and 19.3 = 1.3 nm (TLN). It was noted that no TON-NE
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were formed at this composition. This suggests that the structures of the droplet are not
much altered when either triglycerides SBO/TPN/TLN is incorporated in NE.

In addition, the Dy, of the NE differing in starting compositions within Regions A
and B at the same triglyceride to surfactant weight ratios were generally very similar in
size as shown in Figure 23. The graph shows a fairly straight line for the composition at
different triglyceride: surfactant weight ratios in Regions A and B; ratios of 0.2-0.6 for
SBO-NE and TPN-NE, ratios of 0.2-0.8 for TLN-NE and ratio of 0.1 for TON-NE. For
examples, Dy, of samples with ratio 0.6 initially prepared using 5 wt% C;s.1E o and 3 wt%
SBO, 10 wt% C;s.1E19 and 6 wt% SBO, 15 wt% Cjs.1E19 and 9 wt% SBO, 20 wt%
Cig.1E10 and 12 wt% SBO and 25 wt% C;s.1Eip and 14 wt% SBO were 27.1 = 0.95 nm,
264 £ 0.71 nm, 26.8 £ 0.3 nm, 28.4 £ 0.4 nm and 27.3 = 0.72 nm, respectively. In
comparison, however, the Dy, of samples in Region C containing the same weight ratio of
triglyceride to C;g.1E o were differed; the Dy, were either sharply increased or decreased.
For example, D, of samples at a ratio of 0.8, NE contained (1) 10 wt% Cs.1Ejo and 8
wt% SBO, (2) 15 wt% Cis:1E10 and 12 wt% SBO and (3) 20 wt% Cis.1E10 and 16 wt%
SBO (all within Region C), were 75.3 £ 1.0 nm, 114.4 £ 1.4 nm and 122.5 £ 1.4 nm,
respectively. The results showed that twice the initial amount of the Cig.E;o and
triglyceride within the composition range in Regions A and B did not double the size but
gave the similar in droplet sizes. These imply that the amounts of droplet were possibly
two-fold in solution instead of increasing the size of droplet. At region C, there was no
correlation found between the droplet size of the initial amount of the C;g,E;y and

triglyceride and the doubled amount of these composition suggesting that the way the
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droplets pack or arrange themselves in region C is not in the same manner as those in

Regions A and B.
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Figure 23 Variation in the mean hydrodynamic droplet sizes of the nanoemulsions
containing SBO, TPN, TLN or TON at different weight ratios (0.2-1, shown as legend) of
Cis:1E o to triglycerides (mean + S.D., n=3).
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3. Cloud point and phase inversion temperature

The presence of a cloud point (CP) and phase inversion temperature (PIT) may
limit the potential physical properties and performance of micelle (C;s.1Ejo/water system)
and NE as a drug delivery vehicle especially if the CP and PIT are within or close to the
temperature range in which the micelle and NE will be used. It is therefore essential to
study the existence of a CP and PIT occured in this C;s.1E;¢ system. Moreover, the
changes in CP and PIT could lead to indication of the physicochemical of the NE
structure. The CP of a nonionic surfactant system is the temperature at which the total
effective force between micelles changes from being repulsive to attractive (Sadaghiania
and Khan, 1991; Mukherjee et al., 2011). This change is generally considered to be due
either to an increase in the attractive forces due to van der Waals forces and hydrophobic
interactions between hydrophobic surfaces or to a decrease in repulsive forces owing to
hydration forces at higher temperature, or combination of the two effects in addition to
interrelated changes in micelle size and shape (Aveyard et al., 1990). With ethylene oxide
surfactants in particular, an increase in temperature results in dehydration of the ethylene
oxide chains causing a reduction of surfactant head group area (a,) hence an increase in
the critical packing parameters (CPP), and the formation of more elongated aggregates
of reduced curvature and a higher aggreagation number (Kjellander, 1982; Aveyard and
Lawress, 1986). This phase change is reversible. When the system is cooled to a

temperature below the cloud point, the two phases merge into a clear solution again.
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The PIT of a surfactant solution may be raised or lowered by the presence of
various additives including a number of oils (Shigeta et al., 2001; Schott, 2001). Results
of the CP found for C;s.1E ¢/water system and the PIT of NE (triglyceride/ Cs.1E;o/water)
in Region A as a function of the type and amount of triglyceride and concentration of
Cis:1E 1o are shown in Figure 24. The CP of the 10, 15, 20 and 25 wt% micellar solutions
were recorded as 57.4 £ 0.4°C, 59.7 + 0.4°C, 60.0 + 1.0°C and 59.7 £ 1.2°C respectively
which were very close to the temperatures recorded for Cig.1E 9 by Warisnoicharoen et

al. (2000a).
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Figure 24 Variation in phase inversion temperature of nanoemulsions prepared using
either 10, 15, 20 or 25 wt% Cjs:1E ;o and containing either varying amounts of SBO, TPN,
TLN or TON (mean + S.D., n=3).

The study on CP of micelle solution with increasing surfactant concentration in
dilute regimes has been reported elsewhere for other nonionic surfactants. The previous
report showed the dependence of CP of the mixtures of nonionic ethoxylated surfactants
on their concentrations in water with increasing surfactant concentration. The CP

decreased or, subsequently, increased after the decrease and eventually remained the
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same (Li et al., 2009). In contrast with the current result where the CP was independent
of surfactant concentration, however, their tested concentrations (0.1 - 7 wt%) were really
low compared to the concentrations used in this study (10 - 25 wt %).

The values of PIT found to illustrate the complex and concentration-dependent
way in which the addition of triglyceride affects the CP. In all cases, the addition of 1
wt% of triglyceride to the Cig.1E o /water system resulted in a decrease in temperature
from the CP of corresponding micelles, and this reduction was greatest when the largest
amount of surfactant was used or, in other word, the weight ratio of oil to surfactant was
lowest. At higher concentrations of SBO, TPN and TLN, an increase in the PIT of the NE
was observed upon increasing triglyceride content whereas the addition of increasing
amounts of TON did not result in any increase in the PIT. For NE containing the same
triglyceride content, a decrease in the PIT was observed with increasing Cis.1Eio
concentration. For example, at lowest Cs.1E o concentration tested in this study, 10 wt%
Cis:1E10 for NE containing 3 wt% triglyceride, the PIT was higher than the CP of
corresponding Cjg. Ejo/water system. On the other hand, at higher surfactant
concentration, 15-25 wt% C;s.1E}¢, the PIT of the NE containing 3 wt% triglyceride was
lower than CP of corresponding C;g. E;o /water system and was lowest at 25 wt%

Cig:1E10.

A possible explanation for the effect of the triglyceride on CP is based on the
shape of the aggregates formed; transformation of rodlike micelles into globular
aggregates by solubilisation of hydrocarbon has been suggested for some ionic

surfactants (Hoffmann and Ebert, 1988). For non-ionic surfactants it has been postulated
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that if the hydrocarbon forms a core in the micelles interior, and if the micelles are
originally asymmetrical thus the addition of the oil phase results in more spherical shape
and the CP will be subsequently raised (Aveyard et al., 1990). Moreover, the changes in
PIT are typically explained in terms of the way in which oils of different volume/weight
are solubilized into the droplets. For example, triglyceride with a large molecular volume
is considered to form a core in the centre of the droplet and the smaller molecular volume
triglyceride may act as a co-surfactant located in the surfactant hydrophobic tail and does
not form a core. Obviously the definition of a ,,small* and ,,large” molecular volume oil is
relative to the surfactant being studied, although it is generally considered that a small oil
is one that has a chain length less than that of the hydrophobe of the surfactant, while oils
with alkane chain lengths beyond that of the surfactant are considered to be large (Chen
et al., 1986; Evans et al., 1986). It would not be unreasonable to consider the
triglycerides used in the present study as “small” (TON), “medium” (TLN) and “large”

(TPN and SBO).

The interpretation of PIT results depends upon the initial shape of the micelle; this
can cause one of two effects. If the initial micelle droplet is spherical, the addition of a
small amount of a large molecular volume oil does not significantly alter surfactant head
group area and the hydrophobic volume of the surfactant, thereby allowing the droplet to
maintain nearly the same degree of curvature and consequently exhibiting a PIT similar
to the CP of the original micellar solution (Aveyard and Lawless, 1986). If, however, the
micellar aggregate is initially slightly asymmetric, the addition of large molecular volume

oil encourages a change in micelle shape from asymmetric to spherical, thereby
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increasing the PIT of the system. In both instances the addition of higher amounts of the
“large” molecular volume oils results in a further increase in PIT. In contrast, the addition
of a low concentration of ,,small* molecular volume oil acts in much the same way as a
cosurfactant, increasing the effective hydrophobe volume (and decreasing the effective
length of the hydrophilic head group) of the surfactant, thereby encouraging the
formation of more asymmetric aggregates with lower spontaneous curvature and higher
interparticulate interactions, and finally lowering the PIT (Monduzzi et al., 1997). In
some cases the addition of a higher concentration of “small” molecular volume oil may
result in some of the oil going into the core of the droplet, transforming the asymmetric

droplets to more symmetrical aggregates and thereby increasing the PIT.

In the current study, with the exception of TON, the PIT of the NE initially
decreased and then increased as the concentration of oil was increased. This suggests that
the micellar aggregates were originally asymmetric, a fact confirmed in a light scattering
study (Warisnoicharoen et al., 2000b; Malcolmson et al., 2002) and most likely became
spherical upon addition of a larger amount of oil due to the oil forming a core in the
centre of the NE droplet. The fact that the addition of TON reduced the PIT of the NE
compared to the CP recorded for the C;s.1E ;o micelles and the PIT did not increase to the
CP temperature of the C;s.1Ejo micelles suggest that the oil chains might intimately mix
with the surfactant hydrophobic tails. Furthermore, the PIT slightly increased as TON
concentration increased suggesting that the aggregates probably encourage spherical

aggregate otherwise the PIT would be lowered as the TON concentration increased. The
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results here supported the hypothesis discussed earlier that the way TON incorporated in

NE was different from the other three triglycerides.

On the basis of the change in PIT it would seem that TPN caused the largest
increase in the PIT and therefore probably formed the largest triglyceride core in the
center of the droplet, followed by SBO and then TLN. The largest core in the NE droplet
is thought to provide more site of drug solubilisation. Comparison in PIT of systems
prepared using either 10, 15, 20 or 25 wt% C;g.1E ;o is shown on Figure 25. On the basis
of these results it might be reasonably expected that if the solubility of the drug,
testosterone propionate, was similar in the various triglycerides then the TPN-contained
NE would exhibit the greatest solubilisation of drug and TON-contained NE would
exhibit the lowest solubilisation. While this explanation is plausible, it must be realized

that it is based purely on phenomenological observation.
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4. Testosterone propionate solubility study

The level of solubilisation of the drug, testosterone propionate into triglyceride-
in-water NE stabilized by C;s.1E ;¢ and containing both the liquid and solid triglycerides,
has been determined at 22 + 2°C. From the information obtained from the phase diagram,
compositions within Regions A to C were selected for solubility studies. The results of
the solubilisation study of testosterone propionate (TP) in NE are given in Figure 26. As
can be seen, all the NE, regardless of triglyceride, exhibited a significant increase in
solubilisation of TP over the corresponding micellar solution suggesting that the presence
of triglyceride has a positive effect on the level of incorporation of TP (Figure 26). The
micellar solubility recorded in the present study for Cis. Ej¢ is very similar to that
reported by Malcolmson et al. (1998) as were the results obtained for the
NE containing 2 wt% SBO and prepared using 10 wt% Cis.;E 9. Encouragingly, the
results obtained in the present study were far more extensive than the limited
solubilisation study performed by previous study. The drug solubility of NE produced by
solid triglycerides has never been reported anywhere else, however, the solid lipid
nanoparticles consisted of solid triglycerides has been reported as drug carrier (Wissing et

al., 2004; Dong et al., 2009; Lopes et al., 2012).

As can be seen, for systems prepared using 10 wt% C,g.1E 0, the solubility of TP
increased in an approximately linear fashion with increasing triglyceride concentrations
up to 5 wt% SBO, 2 wt% TPN and 7 wt% TLN followed by a level off prior the

remarkably decreased at 6 wt% SBO, 7 wt% TPN and 8 wt% TLN. This levelling off of
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drug solubility corresponded to added triglyceride concentrations just below the

maximum level of incorporation of triglyceride in Region B (at the boundary between

Regions B and C) and the decrease corresponded to the NE in Region C.
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Figure 26 Solubilization of testosterone propionate in micelles and nanoemulsions
stabilised using either a) 10 and b) 20 wt% Cis.1Ej9 and containing either varying
amounts of SBO, TPN, TLN or TON at 22 + 2°C (mean + S.D., n=4).
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In the case of 20 wt% Cis.1E 0, the variation in the solubility of TP showed the
same trend as was seen for the NE stabilized by 10 wt% Cg.1E o in that solubilisation
significantly increased in an approximately linear fashion up to triglyceride
concentrations of 11 wt% SBO, 4 wt% TPN, 15 wt% TLN and 4 wt% TON. After this
point TP solubilisation of SBO-NE and TLN-NE rapidly decreased until the end of
Region C. The levelling off of solubilsation was seen in the TPN-NE after 4 wt% TPN to
the nearly maximum oil concentration (12 wt%) in Region B and greatly decreased at
Region C. Interestingly, the concentrations of SBO, TPN and TLN where there was the
linear increase in drug solubility of 20 wt% Cis.1E0 approximately doubled the
concentrations of SBO, TPN and TLN stabilized by 10 wt% C;s.;E;o (compared at about
the same triglyceride: C;s.1Ej¢ ratio). Also, these triglyceride concentrations were all
within Regions A and B. These results were in line with the apparent hydrodynamic sizes
which suggest the similar droplet size for the NE with the same triglyceride: surfactant
ratio and that the NE stabilized by 20 wt% C;s.1E;¢ contained double amount of droplet of
NE stabilized by 10 wt% Cjs.1Ejo. The significant decrease in solubility from Regions B
to C may suggest a change in structure of the NE droplets as this is the concentration
which corresponds to the large increase in the apparent hydrodynamic size and suggests
that these changes are not advantageous for drug solubilisation. Relationships between
solubility and lipid microstructure have been reported (Sagar ef al., 2007) for instance,
the solubility of lycopene changes dramatically with the different microstructures of the

same mixture along the dilution line (Spernath et al., 2002).
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Previous work has shown that most drugs, even lipophilic drugs such as TP, are
most likely to be solubilised in the interfacial region of a surfactant aggregate.
Therefore, if the apparent aqueous solubility of a drug is to increase when an oil is
present in the aggregate then the drug must have solubility in the oil and the oil must
form a core in the aggregate (Malcolmson and Lawrence, 1993; Malcolmson et al.,
1998). If the oil behaves more like a cosurfactant and sits in the interfacial region of the
surfactant aggregate then it will be expected to reduce solubilisation as it will disrupt the
major site of solubilisation in the surfactant aggregate, offering no central core of oil in
which the drug can dissolve. PIT studies clearly showed that the SBO, TPN and TLN did
form a core in the centre of the NE droplet and it would be expected that the NE
containing these triglycerides would exhibit an increase in testosterone solubility
assuming that the triglyceride was present in a ,liquid-like” state. The NE containing
TON might be expected to result in no increase in TP solubility according to the PIT
result, however, solubilisation of TP did in fact increase in TON-NE. This result suggests
that the TON could form partly an oil core and partially mixed with the surfactant tails
interpreted from PIT result where the slight increase observed as TON concentration

increased.

Particularly for the present study, the level of solubilisation obtained was
comparable for SBO, TLN and TON at the same triglyceride concentration with slightly
greater solubilisation being obtained for the TON-NE, TLN-NE and SBO-NE
respectively. This results is encouraging as the TP solubility in bulk oil followed this

order (the shortest chain triglyceride shows the greatest solubility) (Malcolmson et al.,



&3

1998), though it is impossible to measure the TP solubility on bulk solid triglyceride.
Significantly, opposite from the finding from PIT study, the increase in TP solubility in
TPN-NE was lower than that obtained for SBO-NE, TLN-NE and TON-NE (P < 0.01),
and obviously provided lowest solubility though the solubility was comparable at 1 wt%
triglyceride prepared using 10 and 20 wt% Cjs.1Ejo. It is probable that the lower
solubilisation recorded for the TPN-NE is a consequence of the triglyceride existing, at
least partially, in the solid state in the NE droplets. The solubilisation capacity of TP in
NE was also measured in 1-month-old NE where no significant change in solubilisation
capacity was noted. This was despite the fact that TPN-NE appeared to show some
instability in the form of a precipitate. The precipitation occurred at samples contained

high TPN concentrations suggesting that TP affects the way TPN arrange in NE droplet.

5. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was used to obtain an insight into the
melting behaviour of triglyceride in the NE to aid in more understanding of the
solubilisation experiments. DSC experiments on raw materials (water, Cig.E;9 and
triglycerides) were performed to observe their thermal behavior and employed as the
control against the NE. Figure 27 shows that the DSC experiments on water did not
exhibit any thermal event as expected due to the freezing and melting point of water

(0°C).
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Figure 27 DSC thermogram of water heated at 1°C min™".
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Figure 28 DSC thermogram of Cs.1E o heated at 1°C min™.

As illustrated in Figure 28, the melting endotherm of Cis.1E19 was observed at
20°C and 37°C; the endothermic peak showed the melting point of the C;g. E ;o due to
their semisolid nature at room temperature (22 = 2°C) and it is not surprising that C;s.1Eo

is required to heat to 50 = 5°C prior the NE preparation.
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DSC experiments on the bulk triglycerides showed that neither SBO nor TON
exhibited a melting endotherm when the temperature of the sample increased from 0 to
80°C while TLN exhibited a single endotherm, corresponding to the melting of the f-
form, at ~50°C and TPN at ~65°C (Figure 29). These measurements were in good
agreement with previous DSC measurements made on bulk TLN and TPN (Hagemann,
1988; Heurtault et al., 2003). The micellar solutions of 10 or 20 wt% C;g.1E¢ were also
examined and showed none of melting endotherm within the 0-80°C temperature range
(Figure 30). These results suggest that the melting endotherm may be expected for TLN-
NE and TPN-NE but not TON-NE and SBO-NE and if there is any thermogram shown

on TON-NE and SBO-NE it would be the influences of other phenomenon.
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Figure 29 DSC thermograms of bulk triglycerides (SBO, TPN, TLN and TON) heated at

1°C min™.
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It has been widely reported that when solid triglycerides are incorporated into
solid lipid nanoparticles it undergoes a series of endothermic and exothermic events upon
heating which are typically assigned to particular lipid phase transitions (Himawan et al.,
2006). It is worth noting that the DSC experiments were performed by cooling the NE to
0°C and holding at this temperature for 30 minutes prior to heating the sample to 80°C.
The DSC experiments were performed in this manner to see if any endothermic events
were observable at temperatures below ambient. However, in order to ensure that cooling
the NE to 0°C and holding at this temperature for 30 minutes did not induce any
additional crystallization events, DSC experiments were also performed by starting the
heating run at 20°C. Significantly, no differences were observed between the

thermograms obtained using the two experimental conditions, most probably because the
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re-crystallisation temperature of the NE did not happen at the temperature between 0-
20°C. Table 9 gives the melting temperature of the bulk (B-form) triglyceride and their
recrystallisation temperature (a-form). It has also been reported that the re-crystallisation
temperature decreases when a triglyceride is present in a SLN and that this decrease in
the re-crystallisation temperature increases as the particle size of the SLN decreases
(Unruh et al, 1999; Bunjes and Unruh, 2007). Therefore, it is expected that the
recrystallization temperature of NE containing triglycerides would be lower than the

recrystallization temperature of bulk triglyceride shown on Table 9.

Table 9 The melting and recrystallisation temperature of the bulk triglyceride.

Triglyceride Melting temperature (°C) Recrystallization temperature' (°C)
(B-form) (o-form)

Soybean oil <0 <0

Tripalmitin ~65 ~42

Trilaurin ~50 ~11

Trioctanoin <0 <0

"'Heurtault et al., 2003

The DSC results of NE containing liquid triglycerides, TON-NE and SBO-NE
prepared using either 10 or 20 wt% Cis.E;o are shown in Figures 31-32. DSC
thermograms of TON-NE and SBO-NE showed that there were no any thermal events
seen in any of the concentrations thus followed the physical behavior of their bulk

triglycerides. On the other hand, the DSC results of NE containing solid triglyceride,
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TLN-NE, did not exhibit the endothermic peak shown as bulk TLN. In fact, they did not
exhibit any thermograms event; the flat lines occurred throughout the temperature range
(Figure 33). Similar findings were reported by others researchers which indicated that
TLN stabilized by phospholipid in combination with tyloxapol or bile salt was difficult to
crystallize after processing into nanoparticles via a melt dispersion process. And the
resulting dispersions could remain as supercooled melt (liquid-like) for several months if
no special measures were taken to crystallize the nanoparticles (Westesen and Bunjes,
1995; Bunjes et al.; 1996, Heurtault et al., 2003). Consequently, NE prepared from
triglycerides which were solid at room temperature did not necessarily crystallize on

common storage temperatures.
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The results above indicated that regardless of the triglycerides and surfactant
concentrations, none of the NE containing SBO or TLN or TON exhibited any
thermograms event over the temperature range studied suggesting that these triglycerides
were incorporated into the NE in a ,liquid-like™ state at experimental temperature
(22+ 2°C). This suggested that, at least under the conditions of the experiment, SBO,
TLN and TON did not crystallize in the NE droplets. These support well with the
solubility study as well as previous reports by others researchers for system containing
TLN (Bunjes et al., 1996; Heurtault et al., 2003). However, in recent publication, it was
found that TLN nanoparticles transferred into the solid state by storing the TLN
dispersion stabilized with egg yolk lecithin or fully saturated phospholipids for 24 hours
at 0°C leading to virtually complete crystallization (Bunjes and Koch, 2005). These
results proposed that in order to maintain the dispersion containing solid triglyceride in
liquid-like state, the storage temperature must be above the critical recrystallization
temperature. The recrystallization for different dispersion depends on many factors such
as the production method, type of surfactant, surfactant concentration and storage
condition (Robb and Stevenson, 2000; Bunjes and Koch, 2005).

In contrast to other NE, only in the TPN-NE was any thermal event recorded
(Figure 34). It should be noted that regardless of concentrations of surfactant and
triglycerides, the melting endotherms observed for the TPN-NE all occurred at
temperatures lower than the PIT of the NE. This is a very important observation as it

confirms that the observed thermal events are due to the NE and not a consequence of
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any gross change in the nature (size and shape) of the NE droplet or any phase separation

that may have occurred upon heating the NE above their PIT.

a)
/’d—‘_‘_‘—_"“‘-—-._._,_ 10 wits Cog:1Eqn, 1 wite TPN
10 wita C1z:1E10, 2 wita TPN
@\ 10 wite Ciz:1Eq0, 3 witta TPH
__'_'_'__,_,__....--“‘"/\ 10 wits C1zaEo, 4 wits TPN
g TN
Ef___‘_‘___._,__—-—-—*"'" e 10wt CiziEao, 5wt TPN
g 10 wits Cz:1E 10, 6 wita TPH
=
w
10 witts C1gaEro, 7wits TPN
10 witta Cig:1Ew, 8 wita TPN
f"“'h-,_‘_‘h_‘-‘_‘_\_'_'_'_'_'_'_'_'we._‘_,_ﬂ"‘f' ’\_/';
b 10 wit% Ciz:1E 10, 9 wita TPH
0 20 40 60 o
Temperature (°C)
b)
20 witda C1z:1Eq0, 1 witte TPN
e e 20wt C1a1Ero, 2 witt TPN
; L . mETTEEEmmmmem——
PN L 20 wis Ciz:1Eqn, 3 wita TPN
] d_,_,_o--""'--'_‘-‘.L-"-‘“"—--'\--.T'-\— ————— — R —— T T
e ey, 20 wits CiziEo, 4 witte TPN
T T e
(%] _..-""'-'_- =
B e mwhiCeiEeSwieren
% ‘_I_,..—r-""'rr - f-}l.
Sp /O 2wtk Craib, 6 Wik TPH
o 4 . T
-~ !
™ = —— 20 wit¥% Cig1Ew, TwtTPN
“, #_‘_._,.--“"' T e e
e
20 wite CigEn, Swita TPH
0 20 4 80 ' 80

Temperature (°C)



93

\‘_‘_ 20 witta Ciz:1E10, 10 witta TPN

e
e s A ——y

"‘“E’\_// 20 wtth C12:1E s, 12 Wit TPN
E 2
E :_u 1
=] \
=] ’
[ = 1 -'.I o
w / “-\ ,fd"i.%
F N W
)
. DWRCEEEWRTI " I
o e ’/ e \'-..
i P4 s e
-
(™. 20wt%CigiEn, 18 wWt%TPN E
H"""-.‘___ e .__,_,_.——_'_--_ -
0 20 e &0 80

Temperature (*C)

Figure 34 DSC thermograms of TPN-NE stabilised by a) 10 wt% C;s.1E¢ and b) 20 wt%
Cis:1E10 (1-8 wt% TPN) and c) 20 wt% Cig.1E10 (10-18 wt% TPN). The samples were

heated at 1°C min™.

In DSC, TPN-NE displayed differences in thermal transition depending on the
TPN concentration used to prepare NE (Figure 34a-c). DSC thermograms of TPN-NE
stabilized with 10 or 20 wt% Cg.1E o recorded 24 hours after preparation showed that the
complexity of thermal transitions increased with increasing TPN concentrations. TPN-NE
consisting 10 wt% Cig.1E1o with 1 wt% TPN and 20 wt% C;g.1E1o with up to 2 wt% TPN
had no melting peak occurring at experimental temperature (22 + 2°C.), while 10 wt%
Cis:1E10 with 2 wt% TPN-NE and 20 wt% Cis.1E o with up to 4 wt% TPN-NE had the
melting peak occurred at temperature around 22 + 2°C. The results suggested that NE

prepared containing these amount of triglycerides were mostly if not all in liquid state at
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22 + 2°C supporting the solubility results where there was the significantly increase in TP
solubility up to these composition. With TPN concentrations up to 5 and 10 wt%
stabilized by 10 and 20 wt% C;s.1E ;o respectively, the melting peak occurred at around
39-44°C (above experimental temperature, 22 + 2°C), which can be attributed to the
melting of a-modification form (Siekmann and Westesen, 1994; Helgason et al., 2009).
At higher TPN concentration, DSC thermograms showed evidence of two polymorphic
forms of TPN-NE upon heating with endothermic transition peaks at 44-46°C, 53-56°C
and at highest TPN the extra endothermic peak at 61-62°C were displayed, which can be
attributed to the melting of a, B and [ crystal forms, respectively (Himawa et al., 2006;
Awad et al., 2008; Wingbergs et al., 2009). The lower melting point and the difference in
transition kinetics are different from that described for bulk material due to the very small
size of the particles and the high amount of surfactant molecules stabilized the NE
(Unruh ef al., 1999; Mehnert and Mader, 2011; AL-Haj and Rasedee, 2009). Notably, the
TPN-NE melted at about 3-4°C lower than the bulk TPN. These melting peaks agreed
well with previously reported melting peaks observed in TPN nanoparticles (Bunjes and
Koch, 2005; Helgason et al., 2008), although for the thermogram obtained in the present
study is far more complex than those reported. These results indicated that most of
incorporated TPN exist in solid like state at 22°C in agreement with the solubility result
where the TP solubility were not increased in NE consisting of these composition.

Bunjes et al. suggested that polymorphic transition in triglyceride nanocrystals
was not only associated with molecular rearrangements but might also lead to alterations

in general matrix structure and overall shape of the nanoparticles (Bunjes et al., 2003;
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Bunjes, 2011). Transition into a more stable triglyceride polymorph is accompanied by a
rearrangement of the triglyceride molecules and an increase in lattice density (Sato and
Ueno, 2011). Other authors suggested that the lipid matrix transforming from o to f3
polymorphic structures was driven the change of solid lipid nanoparticles from spherical
to needle-shape (Jenning et al., 2000; Bunjes et al., 2007). Indeed, the size measurement
study indicated that there was a sharp increase in size of NE in Region B where the
thermal events of TPN-LN were complex and consisted of different polymorphic
transitions indicating that the TPN might be incorporated into the NE in a variety of
different ways. Despite of the confusion of the NE term where are universally known as
the mixture of two immiscible liquids, the TPN stabilized by C;s.1E ¢ that are in solid-like
state are more appropriately classified as solid lipid nanoparticles.

DSC scans made on 1-month-old NE for all triglycerides showed no difference
from those obtained from 24-hour-old samples, confirming that the NE were still stable at
this stage after their preparation, A result was in agreement with the visual and dynamic
light scattering experiments. Finally, repeated measurements on ,fresh® NE and
month- old samples of identical composition yielded identical thermograms suggesting

that the internal structure of the NE had not changed over this time period.
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6. Effect of drug incorporation

NE cannot be considered to be inert carriers of drug because the presence of drug
may alter their size, shape and stability of the NE, particularly if the drug exhibits some
surface activity (as indeed many do) and sits in the interfacial surfactant region where it
will disrupt the packing of the surfactant (Narang et al, 2007). While testosterone
propionate (TP) is not surface active, it is considered to be at least partially located at the
boundary between the hydrophobic and hydrophilic portions of the surfactant and so its
presence may affect NE stability. Although Malcolmson (1992) has reported that C;g.1Ej
microemulsions containing SBO were unaffected by the presence of an excess of TP drug
(Malcolmson, 1992). Effect of drug loading on mean globule size has been reported and
showed that drug incorporation can have significant influence on mean globule size and
may precipitate upon dilution (Borhade et al., 2008; Lijuan et al., 2009). The effect of the
addition of TP on the stability of the NE containing varying amounts of triglyceride was
investigated in the present study by saturating NE prepared using 10 and 20 wt% Cjg.1Ejo.
The excess drug was removed from the NE after 7 days by centrifugation. It is important
to note that, from visual observation, there was no evidence of the centrifugation
precipitating in any NE, either in the presence and absence of TP after centrifugation. The
TP saturated NE prepared with SBO, TLN and TON were all stable for at least 2 months.
The area of NE existence was the same; the clear, translucent and milky NE remained
essentially the same. By way of contrast, however, samples containing TPN were

unstable. For example, TP-loaded NE prepared with 10 wt% C;s.1E;¢ and containing 7-9
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wt% TPN were precipitated by third week, while those prepared with 4-6 wt% oil were
unstable by fourth week and those with only 2-3 wt% oil by sixth week. Similar results
were obtained for NE prepared using 20 wt% Cjs.1Ej¢ and containing 14 — 18 wt% TPN
were unstable by third week, while those prepared with 8 - 12 wt% lipid were unstable by
fourth week and those with only 5 - 7 wt% lipid by sixth week. The drug-loaded TPN-NE
generally manifested their instability more quickly than the corresponding TP-free NE.
The only exceptions to this were the samples containing relatively small amounts of TPN,
namely 1 wt% TPN and 10 wt% C;g.1E1o and 2-3 wt% TPN and 20 wt% C;s.1E}o, which
remained stable for at least 2 months, suggesting that the NE containing the lower
concentrations of triglyceride were more stable. And that, at higher triglyceride
concentrations, the NE could not re-arrange themselves to accommodate both the TP and
the triglyceride within their structure. These results were supporting the DSC results in
which 10 wt% and 20 wt% C,g.,E o containing 1 wt% and 2-3 wt% TPN were in liquid-

like state under the experimental conditions.

An interesting observations made during the study was that the blank (i.e. drug-
free) TPN-NE, which were treated in the same way as their TP-contained counterparts
and as a consequence were centrifuged, were more unstable than those samples used for
preparation of the phase diagrams which were not centrifuged (centrifugation being a
common method of stressing emulsions to determine their stability). Centrifugation had
no affect on the stability of the TP-contained and TP-free SBO, TLN and TON samples.
These studies showed that the NE containing the fluid-like triglycerides (SBO, TON) and

TLN exhibited more long term stability both in the absence and presence of the lipophilic
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TP drug, whereas the stability of the NE containing the solid-like triglycerides, TPN, is
less, particularly when high amount of TPN were used as the dispersed phase and loaded
with TP. The high stability of the SBO-NE and TLN-NE, coupled with the relatively
large NE region they exhibited suggested that the NE offer potential as drug delivery

vehicles.

The effect of the addition of saturation amounts of TP on the apparent
hydrodynamic size of TPN-NE and TLN-NE was measured 7 days after the addition of

drug, with excess TP removed by centrifugation.
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Figure 35 The comparison of the mean hydrodynamic sizes at 22 + 2°C of the
nanoemulsions with and without saturated amount of testosterone propionate prepared
using a) SBO b) TPN c) TLN and d) TON and stabilised by 10 wt% Cg.1E;¢ (mean +
S.D., n=3).

In all cases the presence of the TP resulted in an increase in the apparent
hydrodynamic size (Dy) of the droplets. This increase in Dy, was small for all SBO-NE,
TLN-NE and TON-NE (a maximum increase of about 2-5 nm was observed) but tended

to be much larger for some TPN-NE (Figures 35-36).
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Figure 36 The comparison of the mean hydrodynamic sizes at 22 + 2°C of

nanoemulsions with and without saturated amount of testosterone propionate prepared
using a) SBO b) TPN c¢) TLN and d) TON and stabilised by 20 wt% Cg.1Ejo (mean +
S.D., n=3).

The droplet sizes were different only about 2-5 nm as observed by the Dy, of TP-

contained SBO-NE, TLN-NE and TON-NE suggesting that TP did not have any effect on

these NE structure. Figures 35b and 36b show that droplet size of the drug-loaded TPN-

NE prepared with 10 wt% C;s.1E1o with up to 4 wt% TPN and 20 wt% Cg.;E;o with up to

8 wt% TPN (Region A) were comparable to their corresponding TP-free NE. However,
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the Dy of drug-loaded TPN-NE at high TPN concentrations (10 wt% Cig.1Eo with
5-9 wt% TPN and 20 wt% C;s.1E;o with 10-18 wt% TPN) were sharply increased from
their corresponding TP-free samples; the Dy of TP-contained TPN-NE were at least 3
times higher than Dy, of TP-free TPN-NE. This result agreed with the phase behavior
study where the samples that sharply increased in Dy manifested their instability more
quickly than the corresponding TP-free TPN-NE. According to the limitation of TP
solubility in TPN-NE, beside this result, it is reasonable to consider that TP was unable to
solubilize in TPN-NE that were considered to be mostly in solid state (high TPN
concentration) and mainly in the core part of the structure. Subsequently, TP attempts to
solubilize at the boundary between the hydrophobic and hydrophilic portions of the
surfactant, affecting the arrangement in aggregate structure. NE cannot re-arrange
themselves to accommodate both the TP and the TPN within their structure, affecting the
way TPN arranges in NE droplet at these compositions.

The patterns of the CP and PIT of both drug-loaded micellar solution and NE
were followed those of their corresponding TP-free samples, nevertheless, both CP and
PIT reduced in comparison with the corresponding TP-free samples (Figure 37)
suggesting that TP were partly located at the boundary between the hydrophobic and
hydrophilic portions of the surfactant. The differences in PIT were least in TON-NE
which were around 1-2°C followed by SBO-NE and TLN-NE in which the differences
were around 3-5°C equivalent to the differences in CP of TP-free micellar solution and
TP-loaded micellar solution. The finding indicated that TP was solubilised in the

surfactant boundary of SBO-NE and TLN-NE similar to the micellar solution. For TON-
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NE, TP might not solubilise at the surfactant boundary to the same extent as micellar
solution since the TON might intimately mixed with the surfactant hydrophobic tails as
mentioned in previous sessions and occupied the potential solubilising site of TP. In the
case of TPN-NE, the PIT change seemed to be more in drug-loaded TPN-NE around
6-10°C implying that the TP was attempted to solubilise at the boundary between the
hydrophobic and hydrophilic portions of the surfactant in TPN-NE. The decrease in PIT
increased as the TPN concentrations increased hence the core of NE containing higher
amount of TPN were more solid as supported by the DSC experiment, consequently, the

ability of TP to solubilise in the core were decreased as TPN amount increased.
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Figure 37 The comparison of the phase inversion temperatures of the nanoemulsions
prepared using either 10 or 20 wt% C;s.1E1o and containing either varying amounts of a)
SBO, b) TPN, ¢) TLN or d) TON with and without the presence of a saturated amount of

testosterone propionate at 22 + 2°C (mean + S.D., n=3).

For DSC experiment, the effect of the presence of a saturation amount of TP on
the thermal behaviour of the 10 and 20 wt% C;g.1E;o micellar solutions showed that there
were no differences in thermograms observed between the micellar solutions with and

without the presence of TP (Figure 38a).
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Figure 38 DSC heating curves (1°C min‘l) of a) 10 or 20 wt% C,g.1E o micellar solutions
containing drug, and drug-loaded nanoemulsions stabilized using either 10 or 20 wt%

Cis:1E10 and containing varying amounts of b) SBO and ¢) TON.

Also, the presence of saturation amount of TP had no discernable effect on the
thermal behaviours of SBO-NE, TON-NE, TLN-NE and TPN-NE (Figures 38-40). Their
DSC thermograms were the same as those of 24-hour-old samples (Figures 31-34)
suggesting that TP was completely solubilized in these triglycerides. Even though TP
notably affected the stability of NE stabilized by 10 wt% C;g.1E;o and 20 wt% C;g.1Eo
containing 5-9 wt% TPN and 10-18 wt% TPN respectively as shown in droplet size
measurement, the presence of TP clearly did not accelerate the solidification process on

NE samples.
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amount of testosterone propionate and various amounts of TLN stabilized using either a)
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7. Small angle neutron scattering (SANS) study

7.1 SANS studies of Cig:1E10/D,0 binary system

The micellar aggregate of Cis.Ejp in D,O were modeled using SANS data
assuming monodispersed core-shell ellipsoidal shape. The model for the micelle adopted
in the present study was assumed that a core was composed of the C;g hydrocarbon
chains of the surfactant and a shell was made up by the polar heads and some solvent
molecules. The interparticle structure factor was modeled based on hard-sphere
interactions solved by the Percus-Yevick approximation. A series of fits for the C;s.1E
micelles at various concentrations are shown in Figures 41 and 42. Dash lines were the
structure factor S (Q). Q and I(Q) are scattering vector and scattering intensity

respectively.
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Figure 41 Three contrasts (core, drop and shell) of SANS data for 1.2% w/v, 2.4% w/v
and 4.8% w/v Cs.1E ;¢ micelles (from top to bottom) at 25°C simultaneously fitted to the

core-shell ellipsoid model with a hard sphere.

As can be seen in Figure 41, the curves of SANS data were similar for micelles
containing surfactant concentrations 1.2- 4.8% w/v. At 12% w/v and 24% w/v surfactant
concentrations, a peak appeared at a high Q value (0.06 A™") in the SANS profile (Figure
42), which indicated the presence of strong interparticle interactions as the best fit to the
experimental scattering data and the hard sphere volume parameter increased as the
Cis:1E10 concentration increased (Table 10). The dimensions of micelles obtained from
the fits, namely core radius (Reqr), axial ratio (X), shell thickness, minor radius (b) and

major radius (a) are listed in Table 10.
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Figure 42 Three contrasts of SANS data for 12% w/v (top) and 24% w/v (bottom) of

Cis:1E 0 micelles at 25°C simultaneously fitted to the core-shell ellipsoid model with a

hard sphere.

From the SANS studies, no remarkably different results were observed among the
different surfactant concentrations. The fitted parameters were as follows: the radius of
the core (Reore) Was 37.4-38.6 A with axial ratio of core of 0.47-0.48, the head group
thickness was 10.42-11.00 A, a minor axis of the droplet was 28.37-29.42 A, a major axis
of the droplet was 47.82-49.60 A. The results was similar to those reported for C;2E o
micelles at 30°C in which the minor axis and major axis were 26.8 + 1.3 A and 41.5 £ 2.1
A respectively (Sharma et al., 2004). The SANS results were in line with the PCS results
in which hydrodynamic droplet sizes of micelles at different C;s.1E;¢ concentrations were

similar.
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Thus, the structure of the Cis.;E;o micelle did not affect by the Cis.Ej
concentrations. The schematic of Cig.1Ejo micelle is shown in Figure 43. The surfactant
aggregation number was around 187.37-206.36 and 34-36% of the outer shell consisted
of D,O where the equivalent hard sphere (SPH) radius was 46.40-48.60 A similar to the
major semiaxis of the ellipsoid droplet. From the result, volume of one droplet of Cs.1Ej
in D,0 was around 271-302 nm® comparable to the volume (324 nm?) at 20°C reported

by Prak et al. (Prak et al., 2011).

Due to the limited excess on the SANS experiment together with economically
reason, a number of samples within Region A of TPN-NE and TON-NE were chosen to
perform on this study. The results from previous experiments suggested that the
structures of TPN-NE, SBO-NE and TLN-NE were in the same line while TON-NE

structures were different.



Table 10 Summary of the individual fitting parameters for micellar solutions containing different C,g.;E;¢ concentrations using
a core-shell ellipsoid model and a hard sphere structure factor.

Head group Droplet Droplet Axial ratio Hard Equivalent Surfactant
Cig:1E10 Reore Axial ratio Headgroup hydration major (b) minor (a) of droplet sphere SPH radius  aggregation
(YoW/v) A of core (X) thickness (A) (%) A A X) volume A number
1.2 38.00 0.48 10.87 36 48.87 29.11 0.59 0.01 46.40 196.01
2.4 38.40 0.48 10.99 36 49.39 29.42 0.59 0.03 47.96 206.36
4.8 38.60 0.47 11.00 36 49.60 29.14 0.59 0.05 47.53 203.98
12 37.40 0.48 10.42 34 47.82 28.37 0.59 0.14 48.60 187.44
24 37.40 0.48 10.60 35 48.00 28.55 0.59 0.32 46.41 187.37
Head group
thickness

Figure 43 Schematic representation of the shape and molecular architecture

of 2.4% w/v Cis1E;o micellar droplet.

48!
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7.2 SANS studies of TON-NE

After fitting all 3 contrasts (core, drop and shell) of TON-NE individually, it was
clear that the model that consistently provided the best fit to the data was an oblate
ellipsoid. The three contrasts measured for each composition were therefore fitted
simultaneously using core-shell ellipsoid with assuming that the core only consisted of
the oils and the shell consisted of the surfactant, water and probably some oil. In this
simultaneous modeling, the scattering length density (SLD), volume fraction of each
components and the thickness of the shell were constrained, while the core radius (Reore),
the axial ratio of core (X), equivalent SPH radius and the volume fraction of the hard
sphere droplets were all adjusted to obtain the best fit to the experimental scattering data,
The fit of SANS data yielded two values for the radius, Reore and Rgpey or shell thickness;
the first corresponded to the size of the oil droplet and the second is the distance between
the edge of the oil droplet and a position of the outer surfactant film. Since there is
extensive hydration of the hydrophilic chains of the surfactant containing large
hydrophilic head group (Borbely, 2000; Pederson and Gerstenberg, 2003), the parameter
known as shell hydration was concerned. Base on the PIT study, short alkyl chain oil,
TON, might penetrate into the hydrophobic layer of the interfacial film. Consequently,
another parameter which called partition of oil in shell (the volume fraction of the oil
penetrating into the surfactant shell) was also introduced to estimate the starting point of
the TON in hydrophobic chains. Figures 44 to 49 show the results obtained from

simultaneous fit of the three contrasts measured for TON-1.0, TON-2.1, TON-2.4, TON-
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3.0, TON-3.6 and TON-5.0 described by core-shell ellipsoid model. The dash line in

Figures 44-49 represents the structure factor S(Q).

10

0.1
0.01
1E-3

10

0.1

0.01
1E-3

I(Q) (cm™)

0.1
0.01
1E-3

Figure 44 SANS data of TON-1.0 nanoemulsions with three contrasts (core, drop, shell)
at 25°C, simultaneously fitted to the core-shell ellipsoid model with a hard sphere.
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Figure 45 SANS data of TON-2.1 nanoemulsions with three contrasts (core, drop, shell)
at 25°C, simultaneously fitted to the core-shell ellipsoid model with a hard sphere.
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Figure 46 SANS data of TON-2.4 nanoemulsions with three contrasts (core, drop, shell)
at 25°C, simultaneously fitted to the core-shell ellipsoid model with a hard sphere.
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Figure 47 SANS data of TON-3.0 nanoemulsions with three contrasts (core, drop, shell)
at 25°C, simultaneously fitted to the core-shell ellipsoid model with a hard sphere.

QR

Figure 48 SANS data of TON-3.6 nanoemulsions with three contrasts (core, drop, shell)
at 25°C, simultaneously fitted to the core-shell ellipsoid model with a hard sphere.
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Figure 49 SANS data of TON-5.0 nanoemulsions with three contrasts (core, drop, shell)
at 25°C, simultaneously fitted to the core-shell ellipsoid model with a hard sphere.

A summary of the parameters obtained by simultaneous fit of the SANS data is
given in Table 11. The best fits of TON-NE at different oil concentrations gave a
consistent surfactant shell thickness (with some oil and some water) at ~26 A, despite an
increase in the core radius from 19.90-33.94 A with increasing TON concentrations. The
partitioning of TON in surfactant shell for the TON-NE was consistent at approximately
0.3. The calculated number of TON molecules both in core and shell were increased from
7.14 to 68.41 (core) and 2.92 to 26.61 (shell) respectively upon increasing TON
concentrations. The results reveal that as the TON concentrations increased not only the
core part contained more TON molecules (forming a bigger core) but the TON molecules

also penetrated more through the surfactant hydrophobic tail. This might be a reason why
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the PIT results showed no significant increase as the TON amounts increased. The
particle sizes of the TON-NE increased with increasing surfactant concentration as
agreed with PCS experiments. The droplet major and minor radius increased from 46.28
to 59.47 A and from 30.36 to 37.75 A, respectively, with increasing TPN concentrations.
Both the droplet major and droplet minor radius became more elongated resulting in the
consistent axial ratio of droplet at 0.66 £ 0.02. The shell hydration was highest at the
lowest TON concentration. At TON-1.0 NE, the shell hydration occupied 30% of the
shell and the hydration decreased to 21% afterward as the TON level increased to 0.21%
w/v (TON-2.1) and remained constant at even highest TON concentration. The hard
sphere volume of TON-NE was found to be 0.04 for all TON concentrations suggesting

the fairly small interaction between droplets.



Table 11 Parameters obtained by simultaneously fitting the SANS data from the three contrasts examined for nanoemulsions
prepared using 2.4% w/v Cis.1E o and containing varying amounts of TON at 25°C using the core-shell ellipsoidal model together
with a hard-sphere structure factor.

Shell Droplet Droplet = Axial ratio Shell hard sphere ~ Equivalent  Partition of  Surfactant

ore xial ratio ickness  major minor (a of droplet ydration volume radius  oil in she aggregation
TON R. Axial rati Thickn jor (b) inor (a) f dropl hydrati \ SPH radi il in shell i
(%w/v) (A of core Rypent (A) A (A) X) (%) A number
0.10 19.90 0.20 26.38 46.28 30.36 0.66 30 0.04 59.00 0.29 159.74
0.21 24.50 0.30 25.79 50.29 33.14 0.66 21 0.04 61.71 0.32 221.02
024  25.00 0.34 25.64 50.64 34.14 0.67 20 0.04 63.27 0.28 230.59
0.30  27.56 0.34 25.83 53.39 35.20 0.66 20 0.04 64.38 0.28 259.84
036  29.00 0.35 25.89 54.89 36.04 0.66 21 0.04 64.91 0.27 277.86
0.50 3394 0.36 25.53 59.47 37.75 0.64 20 0.04 68.12 0.28 326.44

611
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7.3 SANS studies of TPN-NE

The SANS data of TPN-NE were also fitted with core-shell ellipsoid model and
the adjusted parameters used were identical to the parameter adjusted for TON-NE.
Figures 50-55 show the best fit of SANS data with dashed lines representing the
structure factor S (Q). The parameters obtained from the fit of SANS spectrum are
summarized in Table 12. As expected, the Ry increased as the TPN concentrations
increased in agreement with PCS and phase inversion temperatures experiments. The
shell thicknesses obtained from the fits were about 24.00 + 1.50 A which were slightly
smaller than those of TON-NE (26.00 + 0.50 A) probably due to the lower hydration of
TPN-NE. Accordingly, the shell hydration of TPN-NE was found to be decreased from
20% (TPN-1.0) to 10 % (TPN-3.2) and remained at 10% at other higher TPN
concentrations. The axial ratio of TPN-NE droplet was constant at 0.65 = 0.01 which was
comparable to that of TON-NE. The cores of the TPN-NE became more spherical as the
TPN concentrations increased which shown by the increase in core axial ratio from 0.22
to 0.46 as TPN concentrations increased agreeing with the suggestion from PIT study.
The droplet major and minor radius increased from 47.90 to 70.60 A and from 30.43 to
44.95 A, respectively, with increasing TPN concentrations. The surfactant aggregation
number increased from 196.38 to 572.87 as TPN concentrations increased, hence TPN-
NE required more surfactant molecules than TON-NE to stabilize the droplets. The hard
sphere volume of 0.04 was found for TPN-NE at all TPN concentrations which were

identical to TON-NE. The results suggested that no high interaction between droplets was
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occurred as expected with the dilute NE system. Moreover, the data suggested that the
TPN even at lowest concentration (TPN-1.0) did not penetrate into the hydrophobic

surfactant shell once more supported the PIT results.
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Figure 50 SANS data of TPN-1.0 nanoemulsions with three contrasts (core, drop, shell)

at 25°C, simultaneously fitted to the core-shell ellipsoid model with a hard sphere.
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Figure 51 SANS data of TPN-2.4 nanoemulsions with three contrasts (core, drop, shell)
at 25°C, simultaneously fitted to the core-shell ellipsoid model with a hard sphere.
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Figure 52 SANS data of TPN-3.2 nanoemulsions with three contrasts (core, drop, shell)
at 25°C, simultaneously fitted to the core-shell ellipsoid model with a hard sphere.
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Figure 53 SANS data of TPN-4.0 nanoemulsions with three contrasts (core, drop, shell)
at 25°C, simultaneously fitted to the core-shell ellipsoid model with a hard sphere.
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Figure 54 SANS data of TPN-5.5 nanoemulsions with three contrasts (core, drop, shell)

at 25°C, simultaneously fitted to the core-shell ellipsoid model with a hard sphere.
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Figure 55 SANS data of TPN-7.0 nanoemulsions with three contrasts (core, drop, shell)

at 25°C, simultaneously fitted to the core-shell ellipsoid model with a hard sphere.



Table 12 Parameters obtained by simultaneously fitting the SANS data from the three contrasts examined for nanoemulsions
prepared using 2.4% w/v C;s.1E ;¢ and containing varying amounts of TPN at 25°C using the core-shell ellipsoidal model together

with a hard-sphere structure factor.

Axial Shell Droplet Droplet Axial ratio Shell Hard Equivalent Surfactant

TPN Reore ratio thickness major (b) minor (a)  of droplet  hydration sphere SPH radius  Parition of  aggregation
(%w/v)  (A)  ofcore  Rge(A) (A) (A) X) (%) Volume (A) oil in shell number
0.10 2240 0.22 25.50 47.90 30.43 0.64 20 0.04 55.08 ~0 196.38
024  29.20 0.34 24.20 53.40 34.13 0.64 15 0.04 58.25 ~0 275.42
0.32 32.20 0.40 23.80 56.00 36.68 0.66 10 0.04 62.04 ~0 332.54
0.40 35.10 0.42 23.50 58.60 38.24 0.65 10 0.04 65.46 ~0 371.15
0.55 40.70 0.45 23.40 64.10 41.71 0.65 10 0.04 69.61 ~0 461.29
0.70  47.50 0.46 23.10 70.60 44.95 0.64 10 0.04 70.28 ~0 572.87

¢l
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The simultaneous fit of the data allowed the information about the inner structure
of the NE droplets. The parameters obtained from SANS experiment of both TON-NE
and TPN-NE showed that the particle size increased with increasing triglyceride content
while the triglyceride core became less ellipsoid as indicated by the increased in axial
ratio of core. Overall, it can be concluded that the TON penetrated into surfactant chain
region or shell of the NE droplet (oil partitioning in shell~0.3), resulting in the formation
of smaller core droplet. In contrast, TPN formed a central core of oil in the NE droplets
(oil partitioning in shell~0). A schematic representation of the molecular architecture of
TON-2.4 or TPN-2.4 NE droplets is shown in Figure 56a-b. Even though there were
some reports suggesting the effect of different molecular volume of oil on the NE
formation, it should be noted these propositions were made based on indirect
experimental data. In contrast to SANS experiments, as those reported here, provided
detailed information of the inner structure by using contrast-matching technique. The
results obtained in SANS study supported and clarified the results obtained earlier from
phase behavior study, hydrodynamic droplet size measurements and the phase inversion
temperature in that the internal structure of TPN-NE was different from TON-NE
droplets. Moreover, the presence of TPN core with no penetration into the shell as
opposed to TON-NE supported the hypothesis that the TPN were mostly in solid state
and TP drug attempted to solubilize in the surfactant hydrophobic chain region, resulting

in an increase in droplet size of NE especially at the higher TPN concentrations.
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Figure 56 A schematic representation of the molecular architecture of a) TON-2.4 or b)

TPN-2.4 nanoemulsion droplets.
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CHAPTER V

CONCLUSION

The formation of nanoemulsions (NE) formation was influenced by triglyceride
molecular weight in that the NE containing intermediate molecular weight triglyceride,
TLN-NE, which has the molecular weight (of 639) similar to that of C;s.1E;¢ surfactant
(Mwt=709) exhibited largest total NE area followed by higher molecular weight SBO
(Mwt=885.5), TPN (Mwt=807.3) and the smaller molecular weight TON (Mwt=471)
which formed the smallest NE Region with Cjs.1Eo. The findings in this study suggest
the formation of NE containing solid triglycerides (TPN and TLN) are possible and are
comparable to liquid triglycerides (SBO and TON). All NE samples were stable for at
least 1 month with the exception of the data recorded for the TON-contained systems in
which some samples were unstable after storage for 24 hours. For all four triglycerides,
the apparent hydrodynamic droplet size (Dy) of the NE droplets increased as the amount
of triglyceride increased; there were essentially linear increase in Dy with increasing
triglycerides content in Regions A and B. In contrast, The Dy, of droplet with triglycerides
concentration was sharply increased in Region C suggesting that NE droplets in Region C
possibly organized in different way from NE in Regions A and B. Both solid and liquid
triglycerides could form an oil core required for solubilisation of the lipophilic drug as
suggested by phase inversion temperature (PIT) in which the addition of a greater amount
of triglycerides (SBO, TPN and TLN) for the same C;g. E;o concentration resulted in

higher PITs. This observation may similarly be due to the formation of a larger oil core
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which encourages more spherical shape in agreement with droplet size measurement
which shows linear increase in Dy with increasing triglyceride content. The PITs of the
lower molecular weight TON neither decreased nor increased when increased the amount
of TON suggesting that the TON incorporated in NE in different way from other
triglycerides. The formation of the core was influenced by the triglyceride molecular
weight as demonstrated by the SANs results revealing that the TPN formed a distinct core
in the centre of TPN-NE droplet and the radius of the core increased as the TPN amount
increased. Conversely, the increase of TON concentrations not only resulted in a bigger
oil core but the oil also penetrated more through the surfactant hydrophobic tail.

The solubility studies showed that all NE exhibited a significant increase in
solubilisation of lipophilic steroidal drug, testosterone proprionate (TP), over the
corresponding Cs.1Ej9p micellar solution. The solubility of TP increased in an
approximately linear fashion with increasing triglyceride concentrations in NE (Regions
A and B) containing SBO, TON and TLN which could be the oil core formation at
increasing triglyceride concentrations. In addition, the PIT experiments suggested that TP
was partly located at the boundary between the hydrophobic and hydrophilic portions of
the surfactant. Though the NE containing TPN were expected to solubilise TP in the same
manner as others triglyceride (i.e. due to the formation of oil core), the solubility of TP
increased to some extent and were level off even with increasing the TPN amount further.
The DSC experiments indicated that the solubility phenomenon was influenced by
triglyceride melting point and concentration. The TPN (melting point of 65°C) was

partially or mostly incorporated into the NE in a “solid-like” state at higher TPN
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concentrations hence limited the TP solubilising capacity of the TPN-NE. In contrast, the
lower melting point (50°C) solid triglyceride, TLN, did not solidify in the NE under the
conditions of use. Accordingly, the solubility of TP in TLN-NE was not limited due to
the “liquid-like” state of TLN. All NE in Region C showed no advantage on TP
solubilisation, hence the way triglycerides incorporated in Region C were different from
Regions A and B. The presence of TP caused no instability as observed in SBO-NE,
TLN-NE and TON-NE; however, the drug affected the stability of NE prepared using
high TPN concentrations as TP was unable to solubilize in the core of TPN-NE droplet
that was in solid state. Consequently, TP attempted to solubilize more at the boundary
between the hydrophobic and hydrophilic portions of the surfactant affecting the
arrangement in TPN-NE structure, resulting in much reduction in PIT, an increase in Dy,
of droplet and finally destabilization of some TPN-NE.

Conclusively, NE prepared using a high melting point solid triglyceride such as
TPN are less likely to be useful as drug delivery vehicles than NE containing liquid

triglycerides and low melting point solid triglycerides.
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APPENDIX



Table 13 The comparison of hydrodynamic droplet sizes of the NE containing SBO

prepared by PIT method and sonication method.

Size (nm) from Size (nm) from
Cis1E10 SBO PIT method sonication
(% wiw) (% wiw) (mean£S.D.,n=3) | (mean+S.D.,n=3)
5 1 12.70+0.40 13.24+0.15
5 2 16.27+0.55 17.17£0.71
5 3 25.67+0.47 25.40+0.50
5 4 59.47+0.60 60.57+1.20
10 1 11.80+0.26 12.20+0.30
10 3 14.700.62 14.90+0.40
10 4 17.33£0.49 17.97+0.38
10 6 25.93+0.67 27.47£0.71
10 7 45.97+1.50 47.10+0.62
10 8 76.20+0.70 74.43£0.57
10 9 113.37+2.34 116.20+2.04
15 4 13.27+2.15 14.10+0.20
15 5 15.60+0.79 16.07+0.12
15 7 18.47+0.86 19.00+0.26
15 8 21.93+0.93 22.67+0.50
15 9 26.50+0.30 26.67+0.32
15 11 68.00+0.60 66.73x1.30
15 12 108.27+1.61 109.07+1.14
15 13 130.3+0.70 134.00+2.95
20 5 14.23+0.50 15.02+0.10
20 7 15.77+£0.55 16.07+0.25
20 9 18.50+1.10 19.87+0.74
20 11 23.63+0.55 24.97+0.06
20 13 33.90+0.40 33.20+0.66
20 14 60.07+0.23 58.20+0.52
20 15 88.20+0.70 86.60+0.89
20 16 116.87+1.50 123.400.84
25 6 13.80+0.72 13.57+0.35
25 8 15.33+0.23 16.11£0.15
25 10 16.53+0.21 17.07+0.40
25 12 19.83+1.10 20.73+0.15
25 14 26.93+0.76 26.67+0.42
25 16 39.50+0.90 39.03+0.50
25 18 78.40£1.50 77.03+0.81
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Table 14 The comparison of hydrodynamic droplet sizes of the NE containing TPN

prepared by PIT method and sonication method.

Size (nm) from Size (nm) from
Cis1E10 TPN PIT method sonication
(% wiw) (% wiw) | (mean£S.D.,n=3) | (meanzS.D.,n=3)
5 1 14.72+0.23 15.31+0.41
5 2 16.90+0.32 17.72+0.22
5 3 19.91+0.22 20.13+0.21
5 4 30.00+0.31 32.84+0.70
10 1 11.14+0.49 11.92+0.42
10 2 12.95+0.31 13.11£0.31
10 3 14.04+0.42 14.52+0.31
10 4 16.12+0.27 16.42+0.63
10 5 20.1240.22 20.64+0.32
10 7 27.43+0.52 30.62+0.14
10 8 51.27+0.81 53.93+0.30
10 9 118.24+2.70 120.52+2.17
15 5 16.22+0.32 16.63+0.90
15 7 19.84+0.24 20.11+1.24
15 8 21.81£0.27 22.41£0.42
15 9 22.62+0.31 23.14+0.24
15 11 32.47£0.42 36.04+0.19
15 12 57.71x0.73 55.20+0.93
15 14 127.24+0.82 130.42+1.42
20 5 16.24+0.40 15.51+0.82
20 7 17.32+0.81 18.21£1.62
20 8 18.61+0.31 18.64+0.53
20 10 22.54+0.22 23.91£0.73
20 12 28.23+0.54 27.15+0.22
20 13 31.31£0.62 30.18+0.20
20 14 37.42+0.53 36.2440.35
20 16 71.82+0.32 71.12+0.67
20 18 118.14+1.96 113.41+0.86
25 6 16.84+0.22 17.22+0.36
25 8 17.83+£0.93 18.71+0.42
25 10 18.24+0.42 19.92+0.56
25 12 20.41+0.19 21.61£0.65
25 14 26.30+0.21 26.92+2.82
25 16 29.62+0.56 31.17+1.34
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Table 15 The comparison of hydrodynamic droplet sizes of the NE containing TLN

prepared by PIT method and sonication method.

Size (nm) from Size (nm) from
Cis1E10 TLN PIT method sonication
(% wiw) (% wiw) | (mean£S.D.,n=3) | (meanzS.D.,n=3)
5 1 11.82+0.17 13.11£0.42
5 3 21.31£0.42 22.50+0.72
5 4 32.00+0.27 32.05+0.60
5 5 59.15+0.31 60.32x1.41
10 1 9.21+2.55 11.00+£0.91
10 3 15.62+0.82 15.71x0.31
10 5 19.30+0.43 19.224+0.23
10 6 21.21£0.52 21.41£0.35
10 7 26.13+1.12 26.16+0.29
10 8 33.34+0.56 33.92+0.75
10 9 47.73+0.62 47.92+0.41
10 10 79.91£0.40 79.310.90
15 5 14.50+1.41 15.22+0.82
15 7 19.11+1.22 19.83+0.51
15 9 22.53+0.70 22.52+0.32
15 11 28.1240.32 29.42+0.43
15 12 36.10+0.39 37.00£0.32
15 13 45.52+0.28 46.62+1.12
15 14 65.91£0.30 67.45+0.73
15 15 105.7240.43 107.42+1.12
20 5 14.19£0.42 15.20+0.22
20 7 15.21+0.72 16.63+0.40
20 9 17.93+0.50 19.00+0.32
20 11 20.43+0.33 21.21+0.71
20 12 21.52+0.81 22.93+0.23
20 13 24.00+0.42 25.54+0.81
20 14 28.11£0.10 28.73+0.42
20 16 36.82+0.63 37.72+0.73
20 17 45.93+0.53 45.91+0.51
20 18 66.31x0.95 66.30£0.42
20 19 89.22+0.49 86.62+0.27
20 20 113.40+1.21 109.11+1.56
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Table 16 The comparison of hydrodynamic droplet sizes of the NE containing TON
prepared by PIT method and sonication method.

Size (nm) from Size (nm) from

Cis:1E10 TON PIT method sonication
(% wiw) (%o wiw) | (meanS.D.,n=3) | (mean£S.D.,n=3)

10 1 11.46+0.41 10.89+0.52

15 1 10.71+0.30 10.64+0.40

15 2 13.32+0.48 12.70+0.63

20 3 12.83+0.11 12.81+0.38

20 4 17.79+1.69 16.20+0.11

25 5 13.62+0.20 14.13+0.62

The mean average size obtained from Sonication method are not significant difference from the mean

average size obtained from PIT method, p > 0.05 determined by One-way ANOVA.

Table 17 The variation in the mean hydrodynamic droplet size (mean+S.D., n=3) of the

NE containing TON at different weight ratios of Cs.1Ej to triglycerides

0.1 size(nm) SD 0.2 size (nm) SD
10%1% 10.9 0.4 | 10%2% 78.4* 21
15%2% 10.2 1.8 | 15%3% 13.6 1.4
20%4% 17.8* 1.7
25%5% 13.6 0.2

The mean average sizes of 0.1 weight ratios of Cy5.E, to triglycerides are not significant difference, p >
0.05 determined by One-way ANOVA. The mean average sizes of 0.2 weight ratios of CigE; to
triglycerides are significant difference,* p < 0.05 determined by One-way ANOVA.



Table 18 The variation in the mean hydrodynamic droplet sizes (mean+S.D., n=3) of the NE containing SBO at different
weight ratios (R) of Cys.1Ej to triglycerides.

R=0.2 size (nm)  SD R=0.3 size (nm) SD R=0.4 size (nm) SD

5%:1% 13.2 0.20 10%:3% 14.8 0.58 5%:2% 17.8 0.46
10%:2% 13.4 0.67 15%:4% 13.9 0.53 10%:4% 17.5 0.40
20%:4% 13.2 0.40 20%:6% 14.9 0.63 15%:6% 17.2 0.69
25%:5% 13.6 0.23 25%:7% 14.5 0.55 20%:8% 17.4 0.58

25%:10% 17.1 0.35

R=0.5 size (nm) SD R=0.6 size (nm) SD

10%5% 20.2 0.60 5%3% 27.1 0.95
15%7% 19.0 0.59 10%6% 26.4 0.71
20%10% 20.6 0.61 15%9% 26.8 0.30
20%12% 28.4 0.40

25%14% 27.3 0.72

R=0.7 size (nm)  SD R=0.8 size (nm) SD R=0.9 size (nm) SD

10%7% 46.3* 1.08 5%4% 61.3* 0.6 10%9% 113* 0.70
15%11% 68.2% 0.60 10%8% 74.6* 0.5 15%13% 124.3* 0.70
20%14% 61.3* 0.60 15%12% 110.9* 0.6 20%18% P/S -
25%18% 84.8%* 0.90 20%16% 120.5* 1.1

25%20% Gel -

The mean average sizes of 0.2-0.6 weight ratios of C;s./E o to triglycerides are not significant difference, p > 0.05 determined by One-way
ANOVA. The mean average sizes of 0.7-0.9 weight ratios of C,g.,E to triglycerides are significant difference,* p < 0.01 determined by one-
way ANOVA.
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Table 19 The variation in the mean hydrodynamic droplet sizes (mean+S.D., n=3) of the NE containing TPN at different
weight ratios (R) of Cys.1Ej to triglycerides.

R=0.2 size (nm) SD R=0.3 size (nm) SD R=0.4 size (nm) SD

5%:1% 12.2 0.64 10%:3% 13.9 0.31 5%:2% 17.0 0.59
10%:2% 12.0 0.56 15%:4% 15.9 0.42 10%:4% 16.0 0.44
20%:6% 15.4 0.30 15%:6% 17.1 0.55
25%:8% 16.7 0.40 20%:8% 18.0 0.30
25%:10% 18.6 0.30
R=0.5 size (nm) SD R=0.6 size (nm) SD
10%5% 20.1 0.52 | 5%3% 20.5 0.69
15%8% 20.9 0.59 | 10%6% 21.9 0.74
20%10% 20.9 0.10 | 15%9% 21.2 0.67
20%12% 26.0* 0.52
25%14% 25.0%* 0.31
R=0.7 size (nm) SD R=0.8 size (nm) SD R=0.9 size (nm) SD
10%7% 27.2% 0.93 5%4% 31.3* 0.85 10%9% 102.3* 1.21
15%11% 32.1% 0.75 10%8% 46.8% 1.33 15%14% 132.2% 1.52
20%14% 37.4% 0.60 | 15%12% 58.0% 0.70 | 20%18% 115.2% 1.10
25%18% gel 20%16% 74.4%* 1.52
25%20% gel

The mean average sizes of 0.2-0.5 weight ratios of C;g,E, to triglycerides are not significant difference, p > 0.05 determined by one-way
ANOVA. The mean average sizes of 0.6-0.9 weight ratios of Cig.,1E¢ to triglycerides are significant difference,* p < 0.01 determined by one-
way ANOVA.
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Table 20 The variation in the mean hydrodynamic droplet sizes (mean+S.D., n=3) of the NE containing TLN at different
weight ratios (R) of Cys.1Ej to triglycerides.

R=0.2 size (nm) SD R=0.3 size (nm) SD R=0.4 size (nm) SD R=0.5 size (nm) SD

5%1% 11.2 0.32 10%3% 15.2 0.61 5%2% 16.8 0.73 10%5% 18.7 0.41
10%2% 13.6 0.20 15%5% 15.0 0.56 10%4% 17.5 1.00 15%7% 18.0 0.41
20%6% 14.7 0.40 15%6% 16.0 0.24 20%10% 18.9 0.13

20%8% 16.3 0.40 25%12% 18.9 0.22

R=0.6 size (nm) SD R=0.7 size (nm) SD R=0.8 size (nm) SD

5%3% 21.3 0.52 10%7% 26.7 0.72 5%4% 325 0.45
10%6% 21.5 0.90 15%11% 28.1 0.63 10%8% 33.9 0.70
15%9% 22.1 0.31 20%14% 27.5 0.15 15%12% 36.8%* 0.65
20%12% 223 0.12 25%17% 27.0 0.47 20%16% 37.1%* 0.21
25%15% 22.6 0.30

R=0.9 size (nm) SD R=1 size (nm) SD

10%9% 48.0 0.48 5%5% 60.6* 1.31
15%14% 46.6 0.90 10%10% 80.9* 1.72
20%18% 67.0% 0.52 15%15% 106.3* 0.80

20%20% 113.7* 1.69

The mean average sizes of 0.2-0.7 weight ratios of C;g,E, to triglycerides are not significant difference, p > 0.05 determined by one-way
ANOVA. The mean average sizes of 0.8-1.0 weight ratios of C,g.1E1 to triglycerides are significant difference,* at least p < 0.05 determined by
one-way ANOVA.
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Table 21 Variation in phase inversion temperature (mean+S.D., n=3) of systems prepared

using either 10, 15, 20 or 25 wt% Cg.1E ¢ and containing either varying amounts of SBO

or TPN.

SAA (%) SBO (%) PIT(°C) SD | SAA(%) TPN (%) PIT (°C) SD
10 0 57.40 0.40 10 0 57.40 0.40
10 1 54.40 0.38 10 1 55.70 0.47
10 3 65.20 0.45 10 3 66.80 0.50
15 0 59.70 0.35 15 0 59.70 0.35
15 1 53.20 0.61 15 1 53.40 0.40
15 3 57.30 0.30 15 3 60.10 0.35
15 5 64.70 0.95 15 5 70.10 0.89
20 0 60.00 1.00 20 0 60.00 1.00
20 1 53.00 0.25 20 1 52.80 0.93
20 3 54.50 0.21 20 3 56.00 0.55
20 5 57.70 0.35 20 5 61.90 0.81
20 7 62.10 0.31 20 7 69.90 0.81
25 0 59.70 1.22 25 0 59.70 1.22
25 1 49.40 0.51 25 1 51.80 0.26
25 2 49.90 0.10 ) 2 52.80 0.72
25 4 51.60 0.58 25 4 56.30 0.36
25 6 55.00 0.35 25 6 58.90 0.55
25 8 59.20 0.56 2 8 62.00 1.17
25 10 63.10 1.18 25 10 67.30 0.61
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Table 22 Variation in phase inversion temperature (mean+S.D., n=3) of systems prepared

using either 10, 15, 20 or 25 wt% Cg.1E ¢ and containing either varying amounts of TLN

or TON.

SAA (%) TLR (%) PIT(°C) SD | SAA(%) TON (%) PIT(°C) SD
10 0 57.43 0.40 10 0 57.43 0.40
10 1 51.83 1.18 10 1 46.23 0.68
10 3 63.13 0.12

15 0 59.73 0.35
15 0 59.73 0.35 15 1 43.13 0.32
15 1 49.37 0.81 15 2 4427 0.65
15 3 54.83 1.14
15 5 63.47 0.35 20 0 60.00 1.00
15 7 68.40 0.78 20 1 42.57 0.40
20 3 43.87 0.12
20 0 60.00 1.00 20 4 45.00 0.17
20 1 48.87 0.32
20 3 52.63 0.47 25 0 59.73 1.22
20 5 58.37 0.12 25 1 43.93 0.12
20 7 62.87 0.32 25 3 42.60 0.72
20 9 67.40 0.53 25 5 43.90 0.10
25 0 59.73 122
25 1 49.30 0.66
25 3 50.17 0.21
25 5 53.20 0.20
25 7 58.40 0.26
25 9 62.30 1.13
25 11 64.30 0.56
25 13 67.63 0.81




Table 23 Solubilization of testosterone propionate in micelles and NE stabilised using 10 wt% Cg.1E( and containing either

varying amounts of SBO, TPN, TLN or TON at 22 + 2°C (mean + S.D., n=4).

Drug solubilisation (%)

Oil wt% | Soybean Qil SD Tripalmitin SD Trilaurin SD | Trioctanoin SD
0 0.24 0.02 0.24 0.02 0.24 0.02 0.24 0.02
1 0.33* 0.01 0.30%* 0.01 0.33* 0.04 0.30%* 0.03
2 0.37* 0.02 0.34%* 0.01 0.42%* 0.05 - -
3 0.41%* 0.02 0.35 0.02 0.46 0.02 - -
4 0.48* 0.03 0.37 0.01 0.50%* 0.01 - -

5 0.55%* 0.04 0.40 0.04 0.58%* 0.02 - -
6 0.56 0.02 0.41 0.05 0.63* 0.02 - -
7 0.49 0.05 0.41 0.03 0.71%* 0.01 - -
8 0.41%* 0.065 0.30%* 0.02 0.71 0.05 - -
9 0.32%* 0.04 0.28%* 0.03 0.55% 0.03
10 0.41%* 0.04

The mean TP solubility in all nanoemulsions are significantly increased from the mean TP solubility in micelle and are significantly increased as the
triglycerides concentrations increased except for the tripalmitin,* p < 0.05 determined by one-way ANOVA. The mean TP solubility in nanoemulsions

in Region C are significantly decreased from the mean TP solubility in Region B,* p < 0.05 determined by one-way ANOVA.
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Table 24 Solubilization of testosterone propionate in micelles and NE stabilised using 20 wt% Cg.1E}( and containing either

varying amounts of SBO, TPN, TLN or TON at 20 + 2°C (mean + S.D., n=4).

Drug solubilisation (%)

Oil wt% Soybean Qil SD | Tripalmitin SD Trilaurin SD | Trioctanoin SD
0 0.45 0.03 0.45 0.03 0.45 0.03 0.45 0.03
1 0.60%* 0.05 0.54* 0.02 0.59%* 0.01 0.55% 0.02
2 0.64 0.02 0.59* 0.01 0.65%* 0.03 0.68* 0.07
3 0.69%* 0.03 0.62%* 0.01 0.72%* 0.05 0.75% 0.06
4 0.73* 0.02 0.64 0.01 0.75 0.02 0.82%* 0.08
5 0.76 0.04 0.63 0.04 0.80%* 0.07
6 0.80%* 0.02 0.63 0 0.84* 0.01
7 0.90* 0.02 0.62 0.01 0.89%* 0.01
8 0.95%* 0.06 0.63 0.08 0.97* 0.02
9 0.99* 0.03 0.64 0.04 1.03* 0.02
10 1.08 0.07 0.65 0.04 1.09%* 0.01
11 1.12%* 0.02 0.64 0.07 1.16* 0.02
12 1.12 0.01 0.59 0.08 1.22%* 0.02
13 0.90* 0.10 0.40%* 0.05 1.27* 0.01
14 0.63* 0.13 - - 1.32% 0.03
15 0.50%* 0.06 0.27* 0.06 1.40% 0.02
16 0.42%* 0.03 0.29 0.04 1.00%* 0.05
18 - - 0.27 0.05 0.60* 0.07
20 - - 0.40* 0.14

The significant in the mean TP solubility are the same as stated for Table 23.

891



Table 25 The comparison of the mean hydrodynamic size (mean = S.D., n=3) at 22 + 2°C of the NE with and without saturated

amount of testosterone propionate prepared using SBO, TPN, TLN and TON and stabilised by 10 wt% Cg.1E1o.

TLR Size (nm) Size (nm) TPN Size (nm) Size (nm)

without drug SD  withdrug SD without drug SD with drug SD

1 9.17 2.57 10.00 0.74 1 11.10 0.50 12.80 0.20

2 15.27 0.64 16.27 0.64 2 12.90 0.30 16.60 0.20

3 15.63 0.76 17.63 0.76 3 14.00 0.30 17.20 0.30

4 16.97 1.26 17.97 0.58 4 16.00 0.30 17.90 0.20

5 19.33 1.27 20.33 0.66 5 20.10 0.20 72.50% 3.30

6 21.20 0.46 21.90 0.46 6 22.10 0.20 103.20* 4.20

7 26.13 0.35 27.13 0.83 7 27.40 0.50 175.00% 5.20

8 33.30 0.62 35.30% 0.44 8 51.20 0.80 224.40% 5.90

9 47.67 0.55 49.87* 0.53 9 122.40 3.20 255.40% 6.40

10 79.93 0.40 83.33* 0.50

SBO Size (nm) Size (nm) TON Size (nm) Size (nm)

without drug SD  withdrug SD without drug SD  withdrug SD

1 12.00 0.56 12.70 0.42 1 11.50 0.40 13.30 0.40

2 13.60 0.25 14.20 0.31

3 14.90 0.27 15.50 0.24

4 17.80 0.17 18.40 0.41

5 20.00 0.21 20.50 0.33

6 26.20 0.25 27.30 0.71

7 46.40 0.49 49.20* 0.50

8 75.30 1.00 80.00%* 0.55

9 112.90 1.10 117.30* 0.40

The mean average sizes of the NE with TP are significant different from the mean sizes of the NE without TP,* p < 0.05 determined by one-way

ANOVA.
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Table 26 The comparison of the mean hydrodynamic size (mean = S.D., n=3) at 22 + 2°C of the NE with and without saturated

amount of testosterone propionate prepared using SBO, TPN, TLN and TON and stabilised by 20 wt% Cg.1E1o.

TLR Size (nm) Size (nm) TPN Size (nm) Size (nm) SBO Size (nm) Size (nm)

without drug SD withdrug SD withoutdrug SD withdrug SD withoutdrug SD withdrug SD

1 10.10 0.40 12.70 0.20 1 11.70 0.40 16.53 0.57 1 10.50 0.30 13.20 0.12

3 12.50 0.30 14.80 0.25 3 15.50 0.30 20.70 0.30 3 13.20 0.40 15.10 0.24

5 14.17 0.35 16.30 0.25 5 16.20 0.40 21.60 0.40 5 15.00 0.15 16.20 0.27

6 14.87 0.76 16.40 0.29 6 17.10 0.50 22.60 0.50 6 14.60 0.32 17.00 0.19

7 15.23 0.65 17.60 0.46 7 17.30 0.80 22.60 0.40 8 17.10 0.10 18.20 0.3

8 16.57 0.35 17.90 0.26 8 18.60 0.30 22.80* 0.40 10 21.80 0.35 22.40 0.32

9 17.90 0.46 19.00 040 | 10 22.50 0.20 56.00* 3.00 12 29.00 0.50 29.80 0.44

10 18.50 0.10 20.70 0.30 | 12 28.00 0.50 84.80* 4.60 13 34.30 0.50 40.40* 0.53

11 20.40 0.26 21.10 040 | 13 31.00 0.60 98.00* 5.00 14 60.20 0.80 69.30* 0.48

12 21.47 0.80 22.20 025 | 14 37.40 0.50 109.90* 5.10 15 89.40 1.20 94.80* 1.17

13 23.97 0.40 25.90 0.38 | 16 71.80 0.30  183.33* 3.80 16 122.50 140  127.20% 1.43

14 27.97 0.12 28.00 029 | 18 118.00 1.96  240.40* 5.20

15 31.50 0.10 32.40 0.82

16 36.80 0.56 40.33* 0.42 | TON Size (nm) Size (nm)

17 45.87 0.50 53.97* 0.75 withoutdrug SD withdrug SD

18 66.27 0.95 72.57* 0.51 1 9.80 0.50 11.50 0.32

19 89.20 0.46 95.40* 1.86 3 12.80 0.10 14.30* 0.21

20 113.37 1.19 115.77* 166 | 4 17.80 1.70 20.10* 0.40

The mean average sizes of the NE with TP are significant difference from the mean sizes of the NE without TP,* p < 0.05 determined by One-way

ANOVA.
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Table 27 The phase inversion temperatures (mean + S.D., n=3) of the NE prepared using either 10 or 20 wt% C;s.1E19 and
containing either varying amounts of SBO, TPN, TLN or TON with the presence of a saturated amount of testosterone

propionate at 22 + 2°C.

SAA(%) TPN(%) PIT(°C) SD |SAA(%) SBO(%) PIT(°C) SD

10 0.00 53.17 0.21 10 0.00 53.17 0.21
10 1.00 49.77 0.25 10 1.00 49.03 0.57
10 3.00 58.50 0.50 10 3.00 58.10 0.26
20 0.00 55.30 0.26 20 0.00 55.30 0.26
20 1.00 48.57 0.40 20 1.00 48.63 0.40
20 3.00 50.17 0.35 20 3.00 50.13 0.31
20 5.00 54.93 0.31 20 5.00 54.97 0.55
20 7.00 60.07 0.60 20 7.00 59.27 0.49

SAA(%) TLR(%) PIT(°C) SD | SAA(%) TON(%) PIT(°C) SD

10 0.00 53.17 0.21 10 0.00 53.17 0.21
10 1.00 48.33 0.76 10 1.00 44.70 0.30
10 3.00 58.00 0.20

20 0.00 55.30 0.26 20 0.00 55.30 0.26
20 1.00 46.33 0.42 20 1.00 41.10 0.26
20 3.00 48.70 0.53 20 3.00 42.13 0.40
20 5.00 54.13 0.71 20 4.00 43.50 0.44
20 7.00 60.17 0.58

20 9.00 64.17 0.76
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