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ABSTRACT

Malaria is a grave concern globally, however, in sub-Saharan Africa it remains an even more severe
problem due to the fact that more than 90% of all malaria cases caused by Plasmodium falciparum
reside in this region. The World Health Organisation (WHO) set an international goal to eliminate
malaria by 2018, however, even though a steady decline in the amount of deaths was noticed, the
number of reported cases still increase at an alarming rate. The fight against malaria is
disadvantaged by the limit in drug availability, nonetheless, this is not the only concern. Resistance
against malaria treatment by the parasite is slowly becoming a more serious issue compared to drug
availability. The WHO recommended Coartem®, a fixed-dose combination of artemether and
lumefantrine, as first line treatment. However, there have been cases reported of treatment failure
which is possibly due to sub-optimal lumefantrine levels available in the systemic circulation,
indicating that attention needs to be focussed on attempting to rectify increase the bioavailability of

Coartem®.

Artemether and lumefantrine are both classified as poorly aqueous soluble drugs and lumefantrine
was found more effective when provided with a highly fatty meal. For this reason, formulating highly
lipophilic antimalarial drugs into lipid dosage forms has become a topic of interest as it is postulated
that the additional lipophilic delivery system properties may assist in enhancing drug absorption even
more. One such formulation being investigated is self-emulsifying drug delivery systems (SEDDSS),
which have proven to be physically stable emulsions that are able to be distributed in the
gastrointestinal tract. The digestive motility of the stomach and small intestine initiates the self-
emulsifying mechanisms, which in turn solubilise the drug(s) incorporated; and this will consequently

have a positive effect on the bioavailability of the incorporated drug(s) due to improved absorption.

The main objective of this study is to investigate the effect that the fixed-dose combination of
artemether and lumefantrine has on the stability of SEDDS formulations as well as to establish the
extent to which artemether and lumefantrine are released from this particular dosage form. The effect
of the use of natural oils (avocado-, castor-, coconut-, olive-, and peanut oil) in combination with a
surfactant (Sodium lauryl sulphate (SLS) and Tween® 80) and co-surfactant (Span®60 and
Span® 80) was also investigated. Solubility of both artemether and lumefantrine was tested in the
selected oils, after which pseudo-ternary phase diagrams were constructed to identify the most
optimum ratio of oil to surfactant and co-surfactant in order to produce the most ideal SEDDS
formulations. Subsequently, certain SEDDS formulations were chosen due to their emulsion range
characteristics and these formulations were tested to determine the physical stability of each of the
selected SEDDS formulations together with the incorporated fixed-dose combination of artemether
and lumefantrine. Following, dissolution experiments were conducted to conclude the rate and extent

of release of the artemether and lumefantrine from the selected SEDDS formulations.

XVi



In this study it was identified that the oils improved the solubility of both artemether and lumefantrine
exponentially when compared to their individual solubility in water. The combination with the selected
oils chosen, the surfactant Tween® 80 in conjunction with the co-surfactant Span® 80 produced the
most stable SEDDS formulations. Moreover, the surfactant and co-surfactant combinations that
contained SLS either formed no emulsion area, or formed a very small emulsion area that could not
be used for further studies. Consequently, the SEDDS formulations that were considered optimal
are: avocado oil (4:6) (4 being the surfactant and 6 being the co-surfactant used), castor oil (2:8)
S80, castor oil (3:7) S60, coconut oil (6:4), olive oil (3:7), and peanut oil (6:4). Furthermore, these
selected SEDDS formulations were subjected to physical stability testing and all of these
formulations displayed adequate stability. Droplet size measurements of the selected SEDDS
formulations indicated that avocado oil (4:6), castor oil (2:8) S80, castor oil (3:7) S60, coconut oil
(6:4), and olive oil (3:7) could be deemed as being in the nano-range, whereas peanut oil (6:4)

portrayed an average droplet size that classifies it as being in the micro-range.

Both artemether and lumefantrine were satisfactorily released from the SEDDS formulations; though
release was only observed when the pH of the dissolution media was increased. The release of
artemether was noted when the pH was increased to 6.8 and lumefantrine was released only when
the pH was increased to 7.4. Artemether displayed a superior release from the SEDDS formulations
compared to lumefantrine that displayed only moderate release. Both active ingredients displayed
Fickian diffusion when released from the SEDDS formulations, as all of their drug release profiles

could be fitted to the Peppas Sahlin 2 equation.

Due to the abovementioned results obtained, it could be concluded that the SEDDS formulations:
avocado oil (4:6), castor oil (2:8) S80, castor oil (3:7) S60, coconut oil (6:4), olive oil (3:7), and
peanut oil (6:4), which comprised the surfactant Tween® 80and the co-surfactant Span 80®,
produced physically stable SEDDS formulations that displayed adequate release of both artemether
and lumefantrine. Considering the physical stability and the SEDDS formulations that displayed
superior release of both artemether and lumefantrine, the avocado oil (4:6) and olive oil (3:7) SEDDS
are regarded as being the most optimal SEDDS formulations for the fixed-dose combination of
artemether and lumefantrine. However, these dosage forms will need to be investigated further in
order to determine the bioavailability of both artemether and lumefantrine from these drug delivery

systems.
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CHAPTER 1

INTRODUCTION, AIM AND OBJECTIVES

1.1 INTRODUCTION

1.1.1 Malaria, a life-threatening mosquito borne blood

disease
Malaria continues to be a devastating widespread infectious disease, therefore, placing

immense pressure on world health (Benelli et al., 2017; Cohen et al., 2012; Feng et al., 2015;
Mehlhorn, 2008; Sherrard-Smith et al., 2017). Daniel Vasella, the chief executive of Novartis
stated in 2006 that: “The fight against malaria is a complex one. Availability of the drug is only
one element” (Spar & Delacey, 2006). Currently, drug availability is not the only concern
anymore; resistance towards malaria treatment by the parasite is now additionally of global
concern (WHO, 2017). The mosquito, depicted in Figure 1.1, has been classified as one of
the world’s most deadly creatures, doing more harm to humans than most animals (NDoH,

2017).
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Figure 1.1: Number of people killed by animals per year (NDoH, 2017)



Most recent statistics indicate that nearly half of the world’s population is at risk of contracting
malaria (WHO, 2017). The World Health Organisation (WHO) stated, in their latest malaria
report, that the incidence of malaria worldwide has decreased (WHO, 2017). In 2010 there
were 237 million cases of malaria reported and in 2016 a clear downward trend was identified,
as only 216 million cases were reported (WHO, 2017). However, since 2016 a major setback
in malaria control has been experienced by a few countries; South Africa in particular (NDoH,
2017). Table 1.1 portrays the latest statistics of malaria incidences for 2016 and 2017 in South
Africa. From this table it can be predicted that the drive to eliminate malaria remains a
challenging task, because the amount of newly reported cases has increased in the past year
by an astronomical rate. Hence, it is important to remain vigilant and keep up to date with the
latest treatment and prevention regimes (NDoH, 2017; NDoH, 2018). According to the WHO,
Sub-Saharan Africa has a disproportionately high (90%) incidence of malaria; and
approximately 92% of people die once they have contracted this disease (WHO, 2017). This
is of an alarming concern for the inhabitants residing in Africa, many who reside in third world/
poverty conditions without access to basic healthcare and lack of access to high fatty meals,
thus an answer needs to be found (Chotivanich et al., 2012). South Africa alone has had a
sudden increase in seasonal malaria (from September to the end of May); which is possibly
due to the recent heavy rains, increase in ambient temperatures, and high humidity (NDoH,
2017; Wits Communications, 2017). Another concern is that people who are born in a malaria
area build “semi-immunity” to this disease due to surviving a number of malaria infections
which they have contracted, however, when they commute to a non-malaria area they lose
their “immunity” within 3-6 months, rendering them just as vulnerable as the rest of the
population to contracting malaria (NDoH, 2018). Similarly, when they travel from their
hometown to their place of work, mosquitoes can travel with them (NDoH, 2017; NDoH, 2018).
In the Western Waterberg district around Lephalale and Thabazimbi, at least 46 cases of
malaria have been reported. Although these incidents were not classified as a malaria
outbreak, they are particularly distressing as this is an area that has not had many cases of

malaria in the past (Tandwa, 2017).

Table 1.1: Incidences of malaria in South Africa for the period of 2016-2017 (NDoH, 2017)

2016 2007 inoreased (3
Local cases 11 507 4509
Imported cases 246 945 284
Reported cases 227 438 93




Recently two patients from Doornpoort, a suburb in the northern part of Pretoria, as well as
two patients from Swartruggens in the North-West Province contracted malaria, despite these
patients not traveling to a malaria area; and more importantly, these parts are not classified
as malaria areas. This particular malaria has been labelled ‘Odyssean’, ‘mini-buses’ or
‘suitcase’ malaria; indicating that the mosquito travelled in a vehicle or suitcase from a malaria
area to these parts. Cases similar to those mentioned are becoming more and more disturbing,
because malaria is not expected in these regions, and medical professionals do not link the
symptoms to malaria, which in turn leads to fatal consequences (NDoH, 2017; NDoH, 2018;
Wits Communications, 2017). The symptoms that patients experience when contracting
malaria can be linked to various different illnesses, which renders the diagnosis of malaria
challenging, particularly in areas where malaria is not expected. Patients who contract malaria
initially display flu-like symptoms, such as fever, sore muscles, general weakness, and
symptoms of acute respiratory tract infections (Bell & Perkins, 2012). This can potentially
cause an increase in the mortality and/or morbidity rates of patients who are not correctly
diagnosed with malaria in the early stages of the parasite’s life cycle (Barnes, 2012; Bell &
Perkins, 2012).

Malaria has caused immense concern in world health, causing havoc in endemic countries,
many of which are third world countries, such as Sub-Saharan Africa, as mentioned before
(WHO, 2017). Malaria remains a continuous distress, especially with patients still being
infected with the disease on a daily basis even though preventative measures are
implemented in an attempt to avert the spread of this disease (e.g. insecticide, bed nets, insect
repellents, etc.). When considering the use of antimalarials and its effects against the
transmission of the parasite, the following three components must be taken into consideration,
namely:

¢ the effect of the drug on the early gametocytes and asexual stages,

¢ the sporontocidal effects which occur in the mosquito, and

e the effect the drug has on the mature infectious gametocytes (Barnes, 2012).

It remains advantageous for the patient to receive treatment in the early stages of malaria, as
this will hopefully eliminate the parasite while it is still in its asexual stages. However,
investigation into drugs that can eliminate the parasite in its sexual (gametocyte) stages should
not be ignored as this plays an integral part in the treatment of malaria (Barnes, 2012).
Research has shown that Plasmodium falciparum has, for example, grown resistant to
artemisinin and its derivatives, when used as monotherapy (Balikagala et al., 2017). This
pushed the WHO to consider alternative dosage regimes that could effectively combat this
worldwide endemic disease (WHO, 2015). Novel chemical entities/drugs/compounds are

being developed, but due to a lack of funding and the time it takes to develop, new treatments



have not yet reached the market. Researchers are now also investigating new methods to
improve existing drugs as well as their dosage forms (Feng et al., 2015). Combination therapy,
for example, has become a field of interest and is widely used. This type of therapy combines
for instance an artemisinin derivative, which is a short acting antimalarial, with a long acting
antimalarial (e.g. lumefantrine, which is used in this study). This combination therapy against
malaria has a dualistic effect in eliminating the parasite from the blood, thereby minimalising
resistance (WHO, 2015). The combination of artemether and lumefantrine has been classified
by the WHO as first line treatment against uncomplicated P. falciparum malaria (WHO, 2017).
A commercially available example of combination therapy against uncomplicated malaria is a
product called Coartem®, which consists of a fixed-dose combination of artemether and
lumefantrine. The manufacturers developed both a conventional tablet formulation, as well as
a dispersible tablet formulation containing this fixed-dose combination of the aforementioned
drugs that became the first-line of treatment for uncomplicated malaria (Abdulla & Sagara,
20009).

Furthermore, there has been an immense growth in the development of lipid-based
formulations (e.g. by means of hot-melt extrusions, nanostructured lipid carriers, Pheroid™
technology, emulsions, self-emulsifying drug delivery systems, solid emulsions, etc.) to
establish whether the dissolution as well as absorption of various antimalarial drugs can be
improved (Bhandari et al., 2017; du Plessis et al., 2015; Jain et al., 2014; Joshi et al., 2008b;
Kate et al., 2016). Another novel dosage form that is being investigated, is a sublingual spray
of the antimalarial drug, artemether. This formulation is being considered in terms of the
percentage of drug that has been absorbed into the circulatory system via the buccal and
sublingual routes; and to study whether possible side effects may appear (Salman et al.,
2015). Nonetheless, this compound is highly lipophilic and transport through these routes are
limited. Another clinical problem that has been observed upon administration of various
antimalarial therapies is specifically: a fatty meal is required to improve the solubility and
consequently the absorption of lipophilic drugs, particularly when artemether and lumefantrine

are utilised as first-line therapy (Mwebaza et al., 2017).

1.1.2 Artemether

Artemether (Figure 1.2) is a B-methyl derivative of dihydroartemisinin (Shu-Hua, 2005).
Cytochrome P450 3A4 (CYP3A4) and cytochrome P450 3A5 (CYP3A5) rapidly metabolise
artemether to dihydroartemisinin, which is responsible for the antimalarial activity observed
(Aderibigbe, 2017). Dihydroartemisinin, in turn, is classified as the principal bioactive
metabolite and the activity of this drug is thought to be due to the endoperoxide bond (Shu-

Hua, 2005). Artemether proves an effective antimalarial compound, however, it is more



lipophilic than other artemisinin compounds (Jelinek, 2013). Its mechanism of action is fast,
and an effect is seen almost immediately; even though this compound is rapidly eliminated
from the blood (WHO, 2015). Dihydroartemisinin is inactivated by glucuronidation and
eliminated in the bile (Aderibigbe, 2017). Due to the rapid onset of action of artemether, the
symptoms of malaria can swiftly be alleviated providing the patient with faster symptomatic
relief (Prabhu et al., 2016).
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Figure 1.2: Chemical structure of artemether. The arrow indicates the endoperoxide that is
common in all artemisinin derivatives. The box indicates the C10 group that is
unique to each artemisinin derivative and determines its water-solubility. In
artemether the methyl ether causes the drug to be practically insoluble in
aqueous environments (Karunajeewa, 2012)

Artemether is furthermore classified as a class Il drug according to the Biopharmaceutical
Classification System (BCS), indicating that the compound has a low aqueous solubility and
high permeability (Patil et al., 2013). The high lipophilic character of artemether complicates
the formulation of a suitable dosage form which can be effectively administered to eliminate
the parasites from the blood. Presently artemether is being administered orally. However, as
stated the compound has poor solubility, signifying that the drug is not dissolved appropriately,
which in turn limits absorption and subsequently prevents optimal circulatory drug
concentrations (Ansari et al., 2014). Another route that is frequently used to administer this
compound is the intramuscular route, though the injection is painful, the absorption is slow
and also unpredictable (Patil et al., 2013; Prabhu et al., 2016).



1.1.3 Lumefantrine

Lumefantrine (Figure 1.3) is classified as a fluorene derivative belonging to the aryl amino-
alcohol group of antimalarials and is not used as monotherapy in the treatment of malaria
(WHO, 2015). This drug is not utilised as monotherapy due to its low intrinsic value (the ability
of the drug-receptor combination to produce an effect) when compared to other antimalarials
(Ezzet et al., 2000). According to the BCS, lumefantrine can be categorised as a class IV drug,
specifying that the drug has low aqueous solubility as well as low permeability (Patil et al.,
2013). It is a highly lipophilic compound and consequently drug absorption is improved when
administered with fatty foods or dairy products (WHO, 2015). It has erratic behaviour in
different individuals and the rate of absorption can vary due to its fat dependant absorption
(Borrmann et al., 2010; Mwebaza et al., 2017; WHO, 2015).

T
Figure 1.3: Chemical structure of lumefantrine

1.1.4 Fixed Dosing with Artemether-Lumefantrine

The WHO declared the artemether-lumefantrine combination as a strongly recommended
treatment option for uncomplicated malaria (WHO, 2015). Consequently, the combination of
artemether-lumefantrine is marketed as Coartem® in a ratio of 20 mg : 120 mg by Novartis
(Spar & Delacey, 2006). The rationale behind this combination therapy is that the artemisinin
derivative (in this study artemether) rapidly removes the parasite from the blood, thus,
reducing the parasite load in the blood by an exponential factor. Artemether also has an effect

on the sexual stages of the parasite; the parasite cannot be transferred to the mosquito



therefore, preventing the spread of malarial parasites (WHO, 2015). As mentioned, the
artemisinin derivative has a short half-life and the combination drug (in this study lumefantrine)
has a longer half-life. Lumefantrine eliminates any parasites that remain; this in turn protects
artemether from becoming ineffective towards the malarial parasites. The longer half-life of

lumefantrine also provides a post-treatment prophylaxis (WHO, 2015).

Recent treatment failures started to become more evident in some patients who were using
Coartem®. It has been speculated that these treatment failures are due to sub-optimal
lumefantrine concentrations (Férnert et al., 2012; Mizuno et al., 2009). Lumefantrine is highly
protein bound (>99%) and, as stated previously, is mainly metabolised by CYP3A4. The
absorption of lumefantrine, however, is improved after a small amount of fat has been ingested
(du Plessis et al., 2015; Mizuno et al., 2009). Since lumefantrine is highly protein bound,
metabolised by CYP3A4, and the absorption is fat dependent, a high variability of drug plasma
concentration in patients who are on this treatment, has been observed. Moreover, the
bioavailability of lumefantrine is vital in determining the efficacy of the fixed-dose combination
(du Plessis et al., 2015; Farnert et al., 2012; Mizuno et al., 2009). The challenge arose to
formulate a preparation which is able to improve the solubilisation of both these drugs. This
formulation needs to be designed in order to overcome the metabolism of artemether in the
gastrointestinal tract as well as improve the permeability of lumefantrine (Patil et al., 2013).
Hence, since fat intake is a vital component in the absorption of this fixed-dose combination,
investigations can be conducted into lipid-based formulations that may be beneficial in
ensuring sufficient delivery and absorption of this combination therapy. Various lipid
formulations produced by means of numerous methods have been tested to establish whether
the delivery and absorption of a fixed-dose combination will be improved, namely:
nanostructured lipid carriers, Pheroid™ technology, hot-melt extrusion, lipid emulsions for
parenteral administration, and solid self-emulsifying drug delivery systems (SEDDS) to name
a few (Fule et al., 2015; Jain et al., 2014; Ma et al., 2014; Patil et al., 2013).

1.1.5 Lipid-based formulations

As is very well-known and regularly stated, the oral route is still one of the most popular routes
for the delivery of numerous medicines; and patients still mostly prefer this route of
administration (Agrawal et al., 2015). Many of the drugs that are orally administered are
hydrophobic in nature; i.e. the drug exhibits poor water-solubility. Low solubility may lead to
sub-therapeutic plasma concentrations, owing to a decrease in the dissolution of the drug
(Sprunk et al., 2012). Many approaches have been studied, for example, tablets, injections,
dispersible tablets, and capsules, to name a few. However, each method poses its own
limitations (Feeney et al., 2016; Fule et al., 2015; Jain et al., 2014; Prajapat et al., 2017; Singh



et al., 2011; Sprunk et al., 2012), especially when considering lipophilic drugs. This led to the
incentive to formulate lipid-based formulations due to the ability of lipids to solubilise in the
small intestine, forming a more lipophilic microenvironment that surrounds the drug particles,
allowing them to dissolve more easily into the gastrointestinal secretions. Solubilisation is
enhanced by using natural and synthetic lipids to improve the dissolution of poorly water-
soluble drugs (Humberstone & Charman, 1997). Extensive research in lipids is due to the
effect fatty meals have on enhancing the absorption of poorly water-soluble drugs; it has
provided sufficient evidence on the benefits lipids bring to absorption (Borrmann et al., 2010;
Humberstone & Charman, 1997). The versatility of lipids offers a large variety of formulations
such as: solutions, suspensions, emulsions, self-emulsifying systems as well as micro-

emulsions (Humberstone & Charman, 1997; Nanjwade et al., 2011).

Studies have shown that the solubility and absorption of artemether and lumefantrine can be
increased by lipid-based formulations due to the fact that fatty meals increase the absorption
of both these drugs (Mwebaza et al., 2017). The following lipid-based formulations have been
investigated: hot-melt extrusion, where both the drugs are stabilised during extrusion inside
the polymeric network of the lipid, where after tablets can be formed. A significant
improvement was noted in the in vitro dissolution and solubility of both drugs when compared
to the pure drugs as well as marketed products (Fule et al., 2015). Another approach identified
was nanostructured lipid carriers which proved to increase the solubility of both drugs as well
as selectively targeting the parasite-infected red cells (Jain et al., 2014). Emulsions were
examined as a suitable lipid-based formulation for artemether and lumefantrine, however, the
emulsions were found to be sensitive and metastable which negatively affected the delivery
of both drugs (Patil et al., 2013). Lipid-based formulations are of clinical importance for the
administration of artemether and lumefantrine as a fixed-dose combination, because as
mentioned earlier, fatty compounds assist in the absorption of this type of fixed-dose
combination and many patient groups do not have access to high fatty meals (du Plessis et
al., 2015; Mizuno et al., 2009; Mwebaza et al.,, 2017). A novel approach that is being
investigated in order to improve the solubility of lipophilic drugs is SEDDS. SEDDS have
proven significantly effective for poorly soluble drugs (Agrawal et al., 2015; Balata et al., 2016;
Chudasama et al., 2015). However, studies have not yet been conducted on artemether and

lumefantrine as a fixed-dose drug combination.

1.1.6 Self-emulsifying drug delivery systems

As stated above, poor solubility is exhibited by many commercial medicinal products; this is
mainly due to the high lipophilicity of these compounds. High lipophilicity leads to poor

aqueous solubility of the drug, which in turn leads to poor bioavailability and variability in the



release of drug particles from the dosage form (Rahman et al., 2013). In order to overcome
this problem, novel formulations have been investigated, of which lipid-based formulations are
showing promising results. One such type of formulation is emulsions; however, emulsions
are sensitive and metastable, causing a problem in the effective delivery of a drug. Thus,
SEDDSs were developed, generating a physically stable formulation, which is easier to
manufacture (Patil et al., 2013). SEDDSs spread in the gastrointestinal tract and the self-
emulsifying mechanism is activated by the digestive motility of the stomach and small
intestine. It has been concluded that these formulations improve the rate and extent of
absorption of the drug molecules as well as the bioavailability of the drug tested (Patil et al.,
2013). Nonetheless, SEDDS have not been investigated or evaluated before as an effective

delivery system for artemether and lumefantrine in a fixed-dose combination.

Due to the fact that numerous combinations of various excipients exist for lipid-based
formulations, a classification system was established. This classification system is known as
the Lipid Formulation Classification System (LFCS) that categorises lipids into four types of
lipid-based formulations in accordance with the composition of the formulation and the effect
on preventing the drug from precipitating from the formulation (Rahman et al., 2013). Type |
formulations include drugs in solutions comprising triglycerides and/or mixed glycerides.
Type Il formulations are classified as SEDDS. These formulations are isotropic mixtures of
lipids and lipophilic surfactants, which self-emulsifies into fine oil-in-water emulsions when the
SEDDS come into contact with an aqueous medium (Rahman et al., 2013). SEDDS are
designed to dissolve poorly-water-soluble drugs and are advantageous in overcoming delayed
dissolution (Porter et al., 2008). In this study natural oils will be utilised in formulating SEDDS,
because these oils are more readily accessible, safe for oral consumption and the
solubilisation of artemether and lumefantrine may be improved. In in vivo studies, SEDDS
showed superiority over other dosage forms due to rapid drug release and an increase in drug
solubilisation in the gastrointestinal lumen, which improved the bioavailability of the
formulation. Furthermore, the rapid release of the drug is accounted for by the finely dissolved

drug particles present in the SEDDS (Rahman et al., 2013).

Type lll lipid-based formulations are classified as self-microemulsifying drug delivery systems
(SMEDDS) and these formulations are formulated with a hydrophilic surfactant and co-
surfactant. The term self-nanoemulsifying (i.e. self-nanoemulsifying drug delivery systems or
SNEDDS) is also used interchangeably. Type Ill formulations are further divided into two
classes namely; Type IlIA and Type IlIB. This classification is used to distinguish between the
hydrophilic and lipophilic character of the formulations. A more hydrophilic system (Type 1IB)

comprises more hydrophilic surfactants and co-surfactants and contains a lower lipid



concentration (Porter et al., 2008). Relating Type IlIA and Type IlIB; Type llIB displays higher
dispersion rates compared to Type IlIA, however, the risk of premature drug precipitation on
dispersion is higher due to the low lipid content found in Type IlIB (Rahman et al., 2013).

There is still confusion regarding the use of the terminology SEDDS, SMEDDS and SNEDDS.
The main difference between SEDDS and SMEDDS transmits to the particle size and the
optical clarity of the dispersion. A SEDDS formulation has a particle size larger than 100 nm
and the dispersion presents with an opaque appearance. Typically, SMEDDS have a smaller
particle size (smaller than 100 nm) and the dispersion has an optically clear appearance
(Porter et al., 2008). The composition of SMEDDS might include co-surfactants which SEDDS
typically do not consist of. A distinction can also be made on mixing of the various ingredients;
i.e., SNEDDS will only form when the surfactant and oil are mixed first, after which the water
is added. With SMEDDS, the order in which the ingredients are mixed is not a crucial factor
(Chatterjee et al., 2016; Dokania & Joshi, 2015). The input of energy required to form an
emulsion is also a distinguishing factor between SNEDDS and SMEDDS. SMEDDS are
isotropic and classified as thermodynamically stable, this is due to the co-surfactants that
reduce the interfacial tension needed for the SMEDDS to form (Dokania & Joshi, 2015).
Typically, SNEDDS, on the other hand, require an input of energy, either by mechanical
interference or the chemical potential found within the components. SNEDDS are furthermore
classified as thermodynamically unstable, but kinetically stable systems (Chatterjee et al.,
2016; Dokania & Joshi, 2015).

1.2 RESEARCH PROBLEM

The commercial product, Coartem®, which contains artemether and lumefantrine in a fixed-
dose combination, has been declared as a first-line therapy against uncomplicated malaria.
However, this product is a conventional tablet formulation that displays erratic drug release,
dissolution, and absorption (Abdulla & Sagara, 2009). A fatty meal is needed to increase the
bioavailability of both these drugs (Mizuno et al., 2009; Mwebaza et al., 2017; WHO, 2015).
Furthermore, patients that have malaria experience amongst other symptoms: nausea,
stomach cramps and vomiting, which discourages them from eating, especially fatty foods,
which many of the target patients also do not have access to highly fatty meals (Ribera et al.,
2016). Thus, the development of a SEDDS containing a fixed-dose of artemether and
lumefantrine may prove vital in improving the solubilisation of these lipophilic drugs and

consequently the absorption thereof.
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1.3 AIMS AND OBJECTIVES

This study is aimed at developing an oral SEDDS containing a fixed-dose combination of
artemether and lumefantrine as well as a selected natural oil (peanut oil, coconut oil, olive oil,
avocado oil, or castor oil). Surfactants (Tween® 80and SLS) and co-surfactants (Span® 80and
Span® 60) were included in the formulations to decrease the interfacial tension, thus,
decreasing the input of energy required, rendering the emulsion thermodynamically stable
(Dokania & Joshi, 2015). These natural oils were utilised in this study due to them being safe
for oral use, relatively accessible, and they may improve the solubilisation of both these drugs.
Pseudo-ternary diagrams were used to determine the appropriate concentrations of the
various ingredients included in the SEDDS. By determining the appropriate concentrations of
oil, surfactants and water needed to formulate SEDDSs, the dissolution or pharmaceutical
availability of the fixed-dose combination may be improved (Czajkowska-Kosnik et al., 2015,
Wang et al., 2015).

The objectives of this study are to:

e Determine the solubility of artemether and Iumefantrine individually, and in
combination, in the pre-selected oils (i.e. avocado-, olive-, castor-, peanut- and
coconut oil) utilised in this study.

e Construct pseudo-ternary diagrams to determine the correct concentrations and ratios
of ail, surfactant and co-surfactant needed to formulate SEDDSs.

e Formulate artemether/lumefantrine combination SEDDSs containing one of the
selected oils (avocado-, olive-, castor-, peanut- and coconut oil), surfactant (SLS and
Tween® 80) and co-surfactant (Span® 60and Span® 80) using the pseudo-ternary
diagrams to determine the correct concentrations and ratio.

e Evaluate the artemether/lumefantrine combination SEDDSs by means of appearance,
droplet size, zeta-potential, assay of the sample, viscosity, thermodynamic stability and
phase separation.

e Evaluate the formulated SEDDS release profile by means of dissolution studies

conducted in biorelevant media.
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Abstract

Neglected tropical diseases (NTDs) have been around for centuries and are predominantly
found in poverty-stricken areas. Due to lack of funding, the research on developing new
formulations able to restrict NTDs has to some extent stagnated. Rather, a new approach
needs to be implemented in order to combat this immense burden that has been placed on
the world’s healthcare system. Some approaches are to modify the drugs that are already
being used to treat NTDs or their dosage forms. Drugs generally used in NTD treatment
display poor aqueous solubility, where most of the drugs fall within class Il and IV when
classified according to the biopharmaceutical classification system (BCS). Lipid-based
formulations have recently moved to the forefront of the research field and have proven to
display promising developments in the bioavailability of lipophilic drugs. This review aims to
highlight the possible mechanisms of lipid dosage forms that may improve the solubility of
the lipophilic drugs, which in turn will probably increase the absorption of these said drugs.
Lipid based drug formulations have already displayed immense potential when other highly
lipophilic drugs have been incorporated into these formulations, rendering this type of

dosage form a viable option in aiding in the elimination of NTDs.

Keywords:

Neglected tropical diseases (NTD); Poverty; Lipid-based formulations; SEDDS; SMEDDS,;

SNEDDS
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1.1 Introduction

Neglected tropical diseases (NTDs) are nothing new; in fact, these diseases have
been around for thousands of years. Hippocrates and the ancient Egyptians wrote accurate
accounts of symptoms observed which later were linked to NTDs (Hotez, 2010). The Public
Library of Science for Neglected Tropical Diseases (PLoS NTD) defines NTDs as a group of
chronic infectious diseases, that ultimately promote poverty due to their impact on child
health and development, pregnancy, and the productivity of workers (di Procolo & Jommi,
2014; PL0S, 2006). NTDs signify a manifold of heterogeneous infectious diseases which the
World Health Organization (WHO) has classified under diseases of poverty (Lu et al., 2017,
WHO, 2015). Diseases of poverty can be divided into two groups namely; the ‘big three’,
which consist of malaria, HIV/AIDS, and tuberculosis. The second group, which is listed in
Table 1, comprises of the 17 NTDs that prevail mainly in tropical and subtropical countries
(Islan et al., 2017). Table 1 represents the 17 NTDs listed by the WHO and the impact they
have on populations mainly residing in Sub-Saharan Africa (SSA) as well as their causative
agents, their mode of transmission, and their burden on the global populations. Pathogens
normally responsible for NTDs have intricate life-cycles, population dynamics, infection
processes and epidemiologies, leading to diverse diseases and pathologies which
complicate the treatment regimen (WHO, 2013). As aforementioned, NTDs target poverty-
stricken areas which lead to further devastation of billions of lives (Crompton & Peters, 2010;
Stolk et al., 2016; Verrest & Dorlo, 2017). In 2017, there were over 1.4 billion people affected
by at least one NTD; and the mortality rate is estimated at 35 000 deaths per day (Aerts et

al., 2017; Hotez & Kamath, 2009; Verrest & Dorlo, 2017).

Table 1: Summary of neglected tropical diseases as well as the endemic areas, causative
agents, transmissions, and deaths per year (adapted from Hotez & Kamath, 2009;
Verrest & Dorlo, 2017)

In 2003 it became evident that a change was needed to control, and even eliminate,

NTDs as 149 countries were already struggling with these diseases. Approximately 100 of
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these countries are endemic to 2 or more NTDs and 30 countries are endemic to 6 or more
NTDs (Crompton & Peters, 2010). This caused the WHO to refocus their attention on these
specific illnesses and to initiate a paradigm shift. The shift included the WHOs report; ‘Global
plan to combat neglected tropical diseases 2008-2015’, which was a bold approach in
eradicating NTDs by providing care and delivering treatment to poverty-stricken populations.
Effective use of limited resources as well as the alleviation of illnesses due to poverty were
implemented, in order to enable weak health care systems in rural and urban areas
(Crompton & Peters, 2010).

Figure 1 represents the burden that NTDs have on society as well as on the
surrounding areas. NTDs mainly concentrate in poverty-stricken regions and rarely travel to
different districts, therefore presenting a minor threat to high income countries, which
resulted in little or no attention being paid to these diseases. The likelihood of NTDs
becoming a prominent problem is directly linked to the amount of people living in a rural
area. If a rural area experiences a higher influx of people; either by population growth or
refugees, the region stands a higher chance of an increased NTD incidence rate (WHO,

2013).

Figure 1: Common features of neglected tropical diseases (Crompton & Peters, 2010; Hunt
et al., 2007)

The disfigurement and disability caused by NTDs, as well as the fact that these
diseases are mainly found in low income countries, has led to stigma and social
discrimination; especially for women, whose marriage prospects may lessen, or they are left
vulnerable to abuse and abandonment (Crompton & Peters, 2010; Hotez & Kamath, 2009;
Hunt et al., 2007; Islan et al., 2017). Moreover, a connection has been established between
NTDs and human rights. It has been identified that NTDs are either a cause, or
consequence of human rights that have been violated (Hunt et al., 2007). Individuals and

communities are vulnerable to NTDs because their basic human rights are not being met,
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i.e., right to clean water, adequate housing, education, health, non-discrimination, privacy,
work, and to benefit from scientific progress (Hunt et al., 2007; WHO, 2010; WHO, 2015).

In order to quantify the burden that NTDs has on communities, the disability-adjusted life
year (DALY) is used as a measuring tool. DALY measures the relative impact of permanent
or severe deformities as well as disabilities found in local and global populations due to
NTDs (Hotez et al., 2014; Hunt et al., 2007). DALYs can be divided into two groups, namely;
years of life lost (YLLS) due to early deaths, or years lived with disability (YLDs) (Hotez et al.,
2014). Most of the prominent NTDs (intestinal nematode infections, schistosomiasis, food-
borne trematodiases, onchocerciasis, cysticercosis, and trachoma) affect people in terms of
disability and not death (YLDs). The burden on the communities’ health can therefore be
guantified, however, the impact these diseases have on child development, school
attendance, agriculture, the cost of treatment and preventative measures; and the overall
productivity of the workers are not considered when calculating DALYs. Despite these
limitations, DALYs provide a relative estimate on the impact that the NTDs have locally and
globally (Hotez et al., 2014). Hotez et al., (2014) added the estimated DALY values of the 17
NTDs classified by the WHO to approximately 48 million. This number is comparable to
tuberculosis which has a DALY value of 49 million and is nearly half the value of the world’s
two major diseases, namely; malaria (83 million) and HIV/AIDS (82 million). These values
prove that NTDs are a major concern and affect numerous individuals, thus, controlling

these diseases need to become a priority (Hotez et al., 2014; Hunt et al., 2007).

1.1.1 The drive to eliminate neglected tropical diseases
NTDs contribute to an overall 12% of the global disease burden, nonetheless out of all
the drugs approved over the past decade a mere 1% was developed for NTDs (Verrest &
Dorlo, 2017). This prompted the WHO and pharmaceutical companies to explore developing
lipid-based formulations in order to improve the absorption of the drugs already being used

to treat NTDs (Hotez & Aksoy, 2017; WHO, 2010; WHO, 2013).
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The drive to eliminate NTDs has been somewhat successful, and the WHO and PLoS
NTD have collaborated their efforts into eliminating the 17 NTDs, as listed in Table 1, in
order to improve the overall global health care system (Hotez & Aksoy, 2017; PLoS, 2006;
WHO, 2010; WHO, 2013). The battle against NTDs has been a challenging and tedious
journey, however, a drop in the number of new cases has become evident. For example,
from 1989 till 2009 the number of new dracunculiasis cases decreased with more than 99%
and the containment of the disease was reduced from 12 to 4 countries (WHO, 2010). The
WHO started to endorse preventative chemotherapy in countries that were in dire need and
this led to 75 countries and approximately 670 million people benefiting from this initiative
(WHO, 2010). However, the situation is still dire, thus emphasizing the importance of

exploring new dosage forms in order to treat and ultimately eliminate NTDs (WHO, 2010).

1.2 Lipid formulations and nanopharmaceuticals as new

dosage forms

Many new chemical drug entities are highly lipophilic and display extremely poor
water-solubility thus prohibiting any further development despite them having favorable
pharmacological activity (Ali et al., 2008; Dahan & Hoffman, 2007; Sunitha et al., 2011).
Lipophilic drugs display poor bioavailability because these drugs exhibit poor solubility in
gastrointestinal fluid. The poor solubility then further limits the rate at which the drug
dissolves in the gastrointestinal tract, which causes only a fraction of the drug to be
absorbed, thus very little drug is found systemically (O’Shea et al, 2015). Various different
approaches have been employed in an attempt to improve the solubility of these drugs so
that drug bioavailability will improve (Fatouros et al., 2007; Feeney et al., 2016; Kalepu et al.,
2013; Sunitha et al., 2011; Wang & Pal, 2014). The absorption of poorly water-soluble drugs
is erratic and unpredictable, which results in slow dissolution of the drug into the
gastrointestinal fluid. This has led to the incentive to develop novel formulations which

possibly could improve the bioavailability of the drug, which will aid in improving the
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absorption of the drug and subsequently the dissolution of the drug (Dahan & Hoffman,
2007; Desai et al., 2009; O’Shea et al., 2015).

One such an approach is to maodify the physicochemical properties of a drug, e.g.,
reduce drug particle size and/or salt formation; however, these methods proved to have their
own limitations. Salt formation is restricted to synthesizing weak acidic and basic salts that
are able to convert back to their original forms, causing aggregation to occur in the
gastrointestinal tract which, in turn, results in poor absorption. Particle size reduction is not
always desirable since handling difficulties, poor wettability, and agglomeration are
experienced with very fine powders (Aulton, 2018; Rahman et al., 2013). Novel formulations
such as cyclodextrins, nanoparticles, solid dispersions and permeation enhancers have also
been investigated and found to be somewhat successful, though mostly significantly
expensive. More recently, the focus has shifted to lipid-based drug formulations (Rahman et
al., 2013).

New drugs are in the process of being developed for some of the NTDs; however,
these drugs will still have to undergo clinical trials and could take a long time to reach the
commercial market. Additionally, when these drugs reach the market, they might be too
expensive for individuals living in rural settings (Vermelho et al., 2017). Whilst new drugs are
being developed possible changes in current formulations consisting of lipophilic drugs could
be made that may provide more acceptable drug release profiles. Lipophilic dosage forms
can have many beneficial outcomes on the absorption of lipophilic drugs (Kale & Deore,
2017; Porter et al., 2007). Lipophilic formulations attribute to the drug being more stable in
the lipid-based dosage form. These types of formulations can be very versatile, and both
lipophilic and hydrophilic drugs can be incorporated into lipid-based formulations, which
present more targeted and controlled release of the drug. They are easy and relatively
inexpensive to formulate, and the bioavailability of a lipophilic drug has been proven to
increase signifying that lipid-based dosage forms are able to increase absorption of a
lipophilic drug (Mishra et al., 2018; Morgen et al.,2017). Changes made to these
formulations may similarly be more affordable for the greater majority of people who suffer
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from NTDs. Most of the drugs used for NTDs are poorly soluble, thus improvements in the
formulation and/or the method of administration could possibly be beneficial to the
bioavailability of the drug. This could further lead to improved efficacy of the drug as well as
decreased toxicity (Fatouros et al., 2007; Sunitha et al., 2011).

The drugs that have been used to date have all been classified according to the
biopharmaceutical classification system (BCS), as either class Il or class IV indicating that
most, if not all, of the drugs used to treat NTDs display poor water-solubility (Cavalcanti et
al., 2012; Dawre et al., 2018; Diaz-chiguer et al., 2012; Kumar, 2013; Rodrigues et al., 2011,
Siqueira et al., 2017; Spar & Delacey, 2008). Most of the older regime drugs used to treat
NTDs have been identified as an effective treatment regime, however, their toxicity profile is
often unbearable to patients. The toxicity is generally due to high doses given in order to
ensure that an appropriate therapeutic response is achieved (Diaz-Chiguer et al., 2012;
Padré et al., 2013; Skiba-Lahiani et al., 2015). Therefore, it is worth investigating the benefits
lipid formulations may have in reducing the toxicity as well as increasing the solubility, of the
drug which would lead to enhance the absorption of the drug. If the solubility of the drug is
improved, lower dosages can be given to achieve the same therapeutic effect as before,
subsequently possibly reducing toxic effects of these drugs which, in turn, can increase
patient compliance (Kalepu et al., 2013).

Fatty meals are known to have a significant impact on the absorption of poorly-water-
soluble, lipophilic drugs. Two basic principles can be linked to this phenomenon, namely; the
effect of the contents present in a meal and the postprandial changes in the gastrointestinal
environment. When fatty meals are co-administered with a poorly water-soluble lipophilic
drug; a noticeable difference has been observed in the bioavailability of the drug. This is due
to how the gastrointestinal tract responds to the ingested lipid (Custodio et al.,2008). When a
drug is administered together with a lipid into the gastrointestinal tract, there is a
considerable increase in the release of tri-, di-, monoglycerides and free fatty acids. The
increase in triglycerides is important as this assist with the transport of lipids, leading to the
absorption of a lipid drug and therefore, resulting in enhanced absorption of the poorly-
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water-soluble drug. After a meal has been ingested, one of the routes lipids follow is to form
chylomicrons, which consist of large triglyceride-rich lipoproteins. These chylomicrons
transport the ingested lipid to various tissues; distributing the lipids throughout the body
(Julve et al., 2016). This has led to researchers noticing that lipid-dosage forms and meals
that are high in fat, improve the bioavailability of poorly water-soluble, lipophilic drugs by
increasing the distribution of the lipids via various routes in the body (Custodio et al.,2008;
Julve et al., 2016; Randolph & Miller, 2014). Consequently, investigations are being
conducted into the use of lipids as vehicles to identify robust and effective techniques to
improve the bioavailability and ultimately the absorption of these lipophilic drugs (Basalious
& Ahmed, 2017; Dahan & Hoffman, 2007; Porter et al., 2007). Moreover, it has become
apparent that some exogenous components, such as surfactants and co-surfactants may
also alter the gastrointestinal fluids, leading to an increase in drug solubilization.
Furthermore, lipids have the ability to influence the gastrointestinal solubilization by
increasing the solubilization capacity (Porter et al., 2007).

Lipids have the ability to self-assemble into bilayers where they form fluid membranes
that are fairly impermeable to most water-soluble molecules (Tresset, 2009). Upon oral
administration the physical and chemical nature of most of the lipid-based formulations
change remarkably. The lipid interacts with biliary and pancreatic secretions in the small
intestine, in a similar way to the digestion of food-based lipids (Kauss et al., 2018; Williams
et al., 2012). The residence time of the formulation in the stomach plays an important role in
the vastness of any effect that will aid digestion (Porter et al., 2007). Upon ingestion of the
lipid, the lipid emulsifies and enters the duodenum; the duodenum secretes pancreatic
lipases and esterases which mediates the digestion of the lipid at the oil-water interface,
forming lipid digestion products (Kauss et al., 2018; Porter et al., 2007; Williams et al., 2012).
These products formed are solubilized by salt-phospholipid-cholesterol-mixed micelles which
are secreted in the bile, forming a colloidal structure in the gastrointestinal fluids. These
colloidal structures aid in the solubilization of the administered lipids and the co-administered
poorly water-soluble drugs, by preventing the lipophilic drug from prematurely precipitating
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from the formulation (Porter et al., 2007; Williams et al., 2012). The drug, which has been
incorporated into the lipid, is relocated into the aforementioned colloidal structure which then
acts as a shuttle for the drug, as well as digestion products to the area of absorption,
encouraging the absorption of the drug by manipulating the lipid digestion and absorption
cascade, as illustrated in Figure 2 (Dahan & Hoffman, 2007; Kauss et al., 2018; Williams et

al., 2012).

Figure 2: A schematic representation of the lipid digestion and absorption cascade

The following formulations have been proven effective in the delivery of poorly water-
soluble drugs, namely;
e liposomes,
e mixed micelles,
e solid lipid nanoparticles,
e micro- and nanoemulsions,
¢ self-emulsifying emulsions, and
e hot melt extrusion (Deshmukh, 2014; Fricker et al., 2010; Hauss, 2007; Katteboina et
al., 2009; Miller et al., 2007; Pattni et al., 2015).

Most lipids are not able to withstand high temperatures due to their low melting points,
which could indicate that formulations, prepared by means of for example hot-melt extrusion,
might not be ideal for treatment of NTDs. If the lipid matrix tablet, formulated from hot-melt
extrusion, starts to melt the integrity of the tablet is compromised and the tablet is of no
worth to the patient (Chen, 2008; Miller et al., 2007). Most NTDs are present in tropical areas
and it is important that the integrity of the formulation is not compromised by these high and
humid conditions, therefore, the lipids used must be able to withstand these hot and humid
climates (WHO, 2013).

Liposomes, mixed micelles, and self-lipid nanopatrticles introduce an alternative lipid

carrier structure and have been proven to enhance the solubility of lipophilic drugs. Self-lipid
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nanoparticles encapsulate the drug which allows a controlled drug release and the solid
lipid-based colloidal carriers support improved stability of the drug (Islan et al., 2017). Self-
lipid nanoparticles are also small in size and have a narrow size distribution which is
beneficial as it provides the potential to create a dosage form that is able to deliver a

220  lipophilic drug to a specific cell (Deshmukh, 2014). Unfortunately, like most dosage forms,
self-lipid nanoparticles present with side effects, including; substandard drug loading,
expulsion of drug upon storage, fluctuating gelation tendencies, and possible particle growth
which could affect the targeted release of the drug (Deshmukh, 2014). Liposomes on the
other hand, are also unique in the sense that they are formulated in a way that they promote

225 targeted release of the drug in the disease cells present. What makes liposomes even more
appealing is that these dosage forms are able to deliver the drug safely, and it is able to
deliver a trigger-like release at the site of action (Pattni et al., 2015). Liposomes have
already proven effective in the administration of amphotericin B, however they present with
certain limitations which include; that the drug content can leak from the liposomes which

230 could lead to potential cytotoxicity, the trigger release offered by liposomes requires a
stimulus and if the stimulus is not present the drug will not be released. Moreover, the
production of liposomes proves challenging as batch-to-batch reproducibility is often a
problem and drug loading into the liposome has found to be erratic and low (Akbarzadeh et
al., 2013; Islan et al., 2017; Pattni et al., 2015).

235 Furthermore, these formulations are perceived as difficult and expensive to formulate:
the problem lies in the upscaling of these formulations as this is time consuming and, with
upscaling, there could possibly be more room for error. Due to the fact that these
formulations take time to manufacture, time and money play important roles in the
distribution of these drugs, and therefore donations will need to be provided to aid in

240  distributing the drug to lower income areas that require the specific treatment (Akbarzadeh et
al., 2013; Pattni et al., 2015). Lipid formulations normally used for the purpose of formulating

emulsions can be classified into 4 types as depicted in Figure 3.
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Figure 3: Lipid formulation classification system (Rahman et al., 2013)

Lipid-based formulations can be manipulated into a large variety of formulations for
example solutions, suspensions, emulsions, self-emulsifying drug delivery systems and
microemulsions. Moreover, blends of several excipients can be formed such as; pure
triglyceride oils, blends of various triglycerides, diglycerides and monoglycerides, various
surfactants (hydrophilic or lipophilic), and hydrophilic co-solvents can be used in the
formulation process (Dahan & Hoffman, 2007; Mishra et al., 2018; Rahman et al., 2013).

Emulsions can be divided into micro- and nano-emulsions, and self-emulsifying
emulsions. Self-emulsifying drug delivery systems (SEDDS) are classified according to
Pouton and Porter (2008) as a type Il or Il lipid delivery system (Figure 3) and can further be
divided into micro-self-emulsifying drugs (SMEDDS) and nano-self emulsifying drugs
(SNEDDS) (Kauss et al., 2018). The formulation is mainly made up of an oil and surfactant
mixture which upon contact with peristalsis (gentle aggregation) and water or gastric media
spontaneously forms a fine emulsion (oil-in-water) (Bernkop-Schnirch & Jalil, 2018;
Nikolakakis & Partheniadis, 2017; Rohrer et al., 2018). The reason behind formulated
SEDDS is that they are said to improve the permeability as well as the solubility of BCS
class Il and IV drugs. The rationale behind improving the permeability of the drug is that
upon administration, the SEDDS is degraded by gastrointestinal enzymes and is absorbed
via enterocytes (Kauss et al., 2018; Nikolakakis & Partheniadis, 2017; Rohrer et al., 2018).
Lymphatic absorption is favored, because the lipids are absorbed by the micelles, thus
improving permeability and consequently absorption (Kauss et al., 2018). Furthermore,
SNEDDS have been found to bypass first pass metabolism due to lymphatic absorption
(Kauss et al., 2018).

SEDDS have proven to be an effective formulation in improving drug solubility.
However, a problem that may exist is that at high temperatures the emulsions might break
causing aggregation, flocculation, changes in pH, changes in color, changes in particle size

and zeta potential, Ostwald ripening, and phase inversion, which could compromise the
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integrity of the emulsion leading to a decrease in the efficacy of the drug (Khan et al., 2014;
Weigel et al, 2018). SEDDS are formulated on a trial and error basis, which means the
process can often be time consuming (Rohrer et al., 2018; Planchette et al., 2017).
However, the advantages of SEDDSs render this type of formulation desirable. Due to the
particles in the SEDDSs being finely dispersed, dissolution of the drug is promoted which
leads to improved drug bioavailability. This proves advantageous to the drugs used to treat
NTDs, as most of them display poor solubility and thus have poor dissolution (Rahman et al.,
2013). SEDDS can also be administered via various routes, allowing for a wide variety of
formulations which allows for treatment of various age groups as well as targeted treatment
in certain areas of the body, e.g. a topical formulation can be developed to help treat lesions
caused by leprosy (Rohrer et al., 2018; Planchette et al., 2017).

In recent years the focus of emulsions has shifted from SEDDS to SMEDDS and
SNEDDS. These lipophilic dosage forms form a protective environment for drugs that are
water labile, thus these dosage forms are ideal for poorly water-soluble and water labile
drugs. Upon ingestion SMEDDS and SNEDDS undergo a mild agitation in the
gastrointestinal tract and an oil-in-water emulsion is formed which initiates the lipid cascade
prior to absorption, as stated earlier (Xue et al., 2018). The rationale behind focusing on
SMEDDS and SNEDDS is due to these emulsions having a decreased globule size, and
these drug delivery systems are isotropic in nature and they have a high thermodynamic
stability (Dokania & Joshi, 2014). Micro-emulsions generally comprise water, oil, surfactant,
and co-surfactant. The surfactant and co-surfactant create a low interfacial tension allowing
the drug to easily move from the SMEDDS to the area of absorption in the gastrointestinal
tract (Dokania & Joshi, 2014). The oil droplets present in the SMEDDS also falls within the
micro range rendering this particular dosage form ideal, as the smaller oil droplets have a
larger surface area and thus the drug particles can easily cross from the dosage form to the
area of absorption (Kauss et al., 2018). The advantages and disadvantages of SMEDDS are

summarized in Table 2.
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Table 2: Advantages and disadvantages of SMEDDS

SNEDDS are very similar to SMEDDS and therefore they display similar advantages
and disadvantages however, the mean oil droplet size is less than 100 nm, classifying them
in the nano range making this dosage form a sought after delivery system. However, the key
differences between SMEDDS and SNEDDS are that the SNEDDSs typically have a smaller
droplet size than SMEDDSs. SNEDDS are also different due to their high solvent capacity
and their exceptional stability. The smaller oil droplet size enhances the bioavailability of the
drug, which is due to an increased surface area which enhances the permeation through the
intestinal membrane, as well as SNEDDSs display characteristics that eliminate food effects
and improves the dissolution rate of the incorporated drug (Mishra et al., 2018; Syuksri et al.,

2018; Xue et al., 2018).

1.3 Conclusion

NTDs are not homogeneous in nature, however they share similar characteristics. One
such characteristic is that, in order to prevent a population from contracting NTDs, we need
to ensure that the population has adequate clean water and food, proper sanitation, and
good hygiene (Hunt et al., 2007). There are five strategies that the WHO has recommended
as intervention for NTDs, namely; preventative chemotherapy, intensified case management,
vector control, provision of safe water, sanitation and hygiene, and veterinary public health.
These strategies are relatively low in cost and therefore feasible in controlling, preventing,
and possibly eliminating NTDs (Crompton & Peters, 2010). The fight against NTDs is still a
long and difficult battle which, more often than not, requires a large sum of money to combat
these diseases. People in rural settings cannot afford expensive treatment, thus it is
important to try and improve old regimes in the hope that this battle would dissolve and that
NTDs can become a problem of the past. Sadly, NTDs will remain a major burden until basic

human rights are met worldwide.
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Current chemotherapy has proven to be flawed, and thus improvements need to be
made to these formulations. Lipid formulations are a viable option and one that should be
considered in improving the solubility of the various drugs used to treat NTDs. By improving
the solubility of the drug, inevitably the bioavailability of the drug will also be improved. Many
poorly aqueous soluble drugs have been tested in lipid-based formulations and displayed
improved bioavailability of the drug (Hauss et al., 1998; Julianto et al., 2000; Kang et al.,
2004; Kauss et al., 2018; Mueller et al., 1994; Shehatta, 2002; Trull et al., 1994; Yap and
Yuen, 2004). These formulations are often inexpensive to manufacture, thus making them a

desirable and sought after formulation (Planchette et al., 2017).
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Table 1:

(adapted from Hotez & Kamath, 2009; Verrest & Dorlo, 2017)

Summary of neglected tropical diseases as well as the endemic areas, causative agents, transmissions, and deaths per year

Disease

Causative agent

Endemic areas

Estimated
population infected
in SSA

Transmission

Deaths per year
(Global estimate)

Protozoal infection

Chagas disease Trypanosoma cruzi Latin America 20 000 Triatomine bug 10 300
. Trypanosoma brucei
Human African X . . 50 000-70 000
trypanosomiasis gamb|e_nse, T. brucei Africa (17 000 annually) Tsetse fly 9100
rhodesiense
Visceral: Leishmania donovani,
L. infantum Indian subcontinent, Asia, 19 000-24 000 new
Leishmaniasis Cutaneous: L. major, L. tropica, Africa, Mediterranean cases annually in Phlebotomine sandflies 51 600
L. brazilliensis, L. Mexicana and  basin, South America Sudan and Ethiopia
other Leishmania spp.
Malaria Plasmodium spp. Africa 212 million Fema“? Anopheles 429 000
mosquito
Bacterial infection
Buruli ulcer Mycobacterium ulcerans Africa, South. Amen.ca, >4000 Unknown Unknown
Western pacific regions
Africa, America, South east
. Asia, Eastern 30 055 (registered
Leprosy Mycobacterium leprae Mediterranean, Western prevalence) Unknown Unknown
pacific
Trachoma Chlamydia trachomatis Alrica, M'dd!e East, AS'.a’ 30 million D!rect or indirect contact Unknown
South America, Australia with an infected person
Endemic treponematoses Treponema pallidum, T. Global distribution Unknown Skin contact Unknown

carateum

Helminthes
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Taenia solium, Taenia Saginata, Worldwide, mainly Africa,

Cysticercosis/ taeniasis diphyllobothrium latum Asia. and Latin America Unknown Ingestion of infected pork 1200
Dracunculiasis Dracunculus medinesis gsgghEth'Op'a’ Mali, South 9585 Contaminated water Unknown
Echinococcosis ECh!nOCOCCUS gran.ulosus,. Worldwide Unknown Feces of carnivores 1200
Echinococcus multilocularis
Clonorchis spp., Opisthorchis
spp.,and Paragoniums spp.,
. Echinostoma spp., Fasciolopsis ~ South-east Asia, Central .
Foodborne trematodiases buski, Metagonimus, and South America Unknown Contaminated food Unknown
Metagonimus spp.,
Heterophyidae
e . Wuchereria bancrofti, Brugia Africa, Asia, Central and - .
Lymphatic filariasis malayi, B. timori South America 46-51 million Mosquitos Unknown
Onchocerciasis Onchocerca volvulus Africa, Latin America, 37 million Black flies Unknown

Yemen

Schistosona haematobium, S.

guineensis, S. intercalatum, S.

Japonicum, S. mansoni, S.

mekongi

Ascaris lumbricoides, Trichuris

Soil-transmitted helminthiases trichiura, Necator americanus, Worldwide Unknown Human faeces 2700
Ancylostoma duodenale

Africa, South-America,
Middle East, East-Asia. 192 million Contaminated water 11 700
Laos, Cambodia

Schistosomiasis

Viral infection

Dengue fever virus (genus:

Dengue Flavivirus)

Asia and Latin America >50 million annually Mosquito 14 700
Worldwide, mostly Africa,

Rabies Rabies virus (genus: Lyssavirus)  Asia, Latin America and Unknown
western pacific

Animals, mostly domestic

26 400
dogs




Table 2:

Advantages and disadvantages of SMEDDS

Advantages

Disadvantages

¢ Storage is easy and simple, due to
SMEDDS being thermodynamically
stable

e SMEDDS are often very stable, because
they are not formulated with water

e The SMEDDS formulation can be
formulated either as a capsule or a tablet
and thus patients are more compliant

¢ Food has no effect on the SMEDDS and
the lipid in the SMEDDS aids with
absorption

¢ SMEDDS can be filled in capsules, thus
making the drug more palatable

e SMEDDS are easy to manufacture and
to scale-up

¢ Drug can precipitate upon dilution

¢ The lipids present in the SMEDDS can
undergo oxidation and polymorphism
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Figure Captions

Figure 1: Common features of neglected tropical diseases (Crompton & Peters, 2010; Hunt

et al., 2007)
Figure 2: A schematic representation of the lipid digestion and absorption cascade

Figure 3: Lipid formulation classification system (Rahman et al., 2013)
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e Oils without surfactants

¢ Non- dispersing

¢ Poor solvent capacity, except for highly
lipophilic drugs

¢ Requires digestion to release drug

e Oils and water insoluble surfactants

e SEDDS

o Turbid oil-in-water dispersion

¢ Coarse oil-in-water dispersion

¢ Particle size greater than 100 nm

¢ Dispersion has an opaque appearance

Figure 3:

¢ Qils, water soluble surfactants and co-
surfactants

e SMEDDS/ SNEDDS

o Slightly bluish to clear dispersion

¢ Digestion not necessary for absorption

¢ Possible loss of solvent capacity on
dispersion and/ or digestion

o Particle size smaller than 100 nm

e Type 3A

e When compared to
type 3B there is a
decrease in
hydrophilic
surfactants and co-
surfactants and;

e Increase in lipid
content

Type 1
Type 2
Lipid
Formulation ||
Classification
Type 3
Type 4

e Water soluble surfactants and co-
surfactants (oil free)

e Forms a clear micellar solution on
dispersion

* Good solvent capacity for many drugs

o Likely loss of solvent capacity on dispersion

¢ Digestible

e Type 3B

e Increase in
hydrophilic
surfactants and co-
surfactants

e Decrease in lipid
content

¢ Risk of drug
precipitation upon
dispersion is higher

Lipid formulation classification system (Rahman et al., 2013)
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CHAPTER 3

METHODOLOGY AND MATERIALS

3.1 RESEARCH METHODOLOGY

3.1.1 Introduction

The formulation of a self-emulsifying drug delivery system (SEDDS), for the most part, requires
precise mixing of the surfactant phase and oil phase, as well as dissolving the active
ingredients in the correct quantities into the delivery system. Thus, a selection of various oils
and surfactants were made, and the oils were chosen to compliment the poor solubility of both
artemether and lumefantrine. The surfactants chosen, were selected to compliment the

hydrophilic-lipophilic balance (HLB) of the oils.

With lumefantrine it is well known that a fatty meal must be taken to assist in enhancing the
absorption of this highly lipophilic drug (Borrmann et al., 2010). Hence, natural oils such as
olive-, castor-, avocado-, peanut-, and coconut oil were utilised, as these oils will mimic the
fatty meal and initiate the same lipophilic pathway as a fatty meal would have, subsequently
enhancing the absorption of lumefantrine (Nanjwade et al., 2011). Moreover, the oils chosen
are natural oils and are therefore rich in dietary supplements essential for a number of key
biological functions, including growth and development. Not only do these oils improve the in
vivo lipophilic profile of a patient but they could, in addition, possibly reduce cardiovascular
morbidity. Most patients that do contract malaria in Africa are often residing in a rural setting
where there is immense poverty and thus a lack in receiving proper dietary fats. These oils
are therefore a beneficial choice as they will be able to contribute to the dietary health of the
patient as well as promote proper absorption of lumefantrine and artemether (Ribeiro-Santos
et al., 2018).

This chapter motivates the choice of excipients chosen for the various SEDDS formulations of
this study. It also deals with the experimental procedures followed to determine the physical
properties, stability profile, drug content, as well as the dissolution profiles of the SEDDS

containing both artemether and lumefantrine.

3.1.2 Materials

The materials that were utilised in this study are listed in Table 3.1.
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Table 3.1: Materials and manufactures used in this study

Material Manufacturer
i . .
Lumefantrine :\(/Iigﬂﬁgogt?ti?dtm;?: MRC Flagship Programme — Cipla
Olive oil Pick ‘n Pay Retailers (Pty) Ltd
Coconut oil Lifestyle Food, Dis-Chem Pharmacies
Castor oil Allied Drug Company (Pty) Ltd
Avocado oil Wes_tfalia Fruit Products, Oil Refinery, Everdon Estates,
Howick, KZN
Peanut oil Allied Drug Company (Pty) Ltd
Tween® 80 Associated Chemical Enterprises (Pty) Ltd
SLS Merck Chemicals (PTY) LTD
Span®60 Sigma Aldrich Chemistry GmbH, Steinheim, Switzerland
Span® 80 Industrial Analytical (Pty) Ltd

3.2 Preformulation studies

3.2.1 Infrared spectrum for artemether and lumefantrine

For the purpose of this study, infrared (IR) spectroscopy was used to identify whether the
artemether and lumefantrine powders received did not have any impurities present. This was
done by comparing the batches of artemether and lumefantrine used in this study to a known,
pure reference standard of both lumefantrine and artemether. An aliquot of each powder
sample of either artemether or lumefantrine received was measured, and individually placed
on the machine where the wavelength of each powder sample was determined. The
wavelengths of the individual samples were subsequently compared to the reference standard

samples’ wavelengths.

An Alpha sample compartment RT-DLaTGS IR (ATR) spectrometer was employed, and the
samples were measured at a wavelength between 400-4000 nm. These ATR units are
designed with a clamping utility, ensuring good contact of the powders and fine powders. This
good clamping utility ensures that respectable reproducibility is achieved. The ATR unit is
advantageous as it ensures faster sampling without any preparation of the sample required,

the reproducibility is excellent, and there is minimal room for operator error (AzoM, 2014).
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3.2.2 High performance liquid chromatography method
validation for artemether and lumefantrine

3.2.2.1 Analyses of samples

In order to determine the solubility, concentration, and/or degradation of the different samples,
an HPLC method was used, which in turn assisted in identifying and quantifying the analytes.
Da Costa César et al., (2007) simultaneously conducted HPLC methods for both artemether
and lumefantrine, however, these methods were validated in this study according to the
International Conference of Harmonisation (ICH) guidelines (Afosah, 2010; Branch, 2005; da
Costa Ce’sar et al., 2008). For the validation of the HPLC method the following parameters
were considered: linearity, specificity, range, repeatability, accuracy, limit of detection and limit

of quantification (Laxmi et al., 2015).

HPLC analysis was carried out utilising a Hitachi chromatographic system. The system
consists of a 5410 UV detector, an auto-sampler (5260) with a sample temperature controller
and a solvent delivery module (5160). This system was equipped with a Luna C18-2 column,
150 x 4.6 mm, 5 um, (Phenomenex, Torrance, CA) and it was used to conduct a concentration
assay. The column temperature and flow rate were maintained at 30°C and 1.0 ml/min,
respectively. UV detection was conducted at 210 nm and the mobile phase included
acetonitrile and water in a 75:25 ratio (Joshi et al., 2008b). For injection into the HPLC system,
20 ul of each sample tested was used and a standard calibration curve was subsequently

constructed.

3.2.2.2 Standard and sample preparation

Accurate amounts of 5 mg artemether and 30 mg lumefantrine were weighed and transferred
to a 100 ml volumetric flask. To ensure complete solubilisation of both artemether and
lumefantrine, 1 ml octane sulphonic acid was added to the dry powder, after which methanol
was added up to the 100 ml mark. This solution was ultrasonicated for 3 min. The final solution
presented a concentration of 50 ug/ml artemether and 300 pg/ml Lumefantrine (da Costa
César et al., 2008).

3.2.2.3 Validation
3.2.2.3.1 Specificity

Specificity is a test for interference by determining whether the analytical method employed is
capable of delivering responses that have no interference and the results given are true (Rozet
et al., 2007).
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The peaks of artemether and lumefantrine were determined separately as well as the peaks
of hydrochloric acid and phosphate buffer, which were employed during the dissolution
experiments in order to determine whether any signs of interference occurred between the
active ingredients and dissolution media (da Costa César et al.,, 2008). First, a standard
solution, which consisted of 30 mg lumefantrine and 5 mg artemether respectively, was
weighed and transferred into a 100 ml volumetric flask. Octane sulphonic acid (1 ml) was
added to the volumetric flask to aid in the dissolution of lumefantrine. Next, methanol was
added to constitute the rest of the volume. The flask was ultrasonicated for 3 min to warrant a
uniform dispersion of both drugs in the methanol. This solution was transferred to an HPLC
vial and labelled as the standard. Hydrochloric acid and phosphate buffers were each added
to their own HPLC vials and labelled accordingly for further analyses. Additionally, two
samples were prepared. The first sample consisted of 5 ml placebo (oil and surfactant phase)
that was added to a 20 ml flask and filled to volume with tetrahydrofuran (THF). The sample
was then ultrasonicated for 3 min and transferred to an HPLC vial and labelled as “the
placebo”. The second sample contained 5 ml of the placebo, with 30 mg lumefantrine and
40 mg artemether respectively, in a 20 ml volumetric flask. This was also filled to volume with
THF. The sample was ultrasonicated for 3 min, transferred to an HPLC vial, and labelled as

“the active”. All of the HPLC vials were consequently analysed on the HPLC.

3.2.2.3.2 Linearity

Linearity is an analytical procedure where a relationship exists, within a specified range
between the response (e.g. the area under the curve) and the concentration of the analyte
being measured. The range is classified as the interval between the upper and lower limits of
the analyte that are determined with accuracy, precision and linearity (Rozet et al., 2007).
According to the ICH an R squared (R?) value of at least 0.99 should be yielded when
analysing the linear regression between the response and concentration of the analyte
(Branch, 2005).

An aliquot of 25 mg for both artemether and lumefantrine was individually weighed and each
transferred to a 100 ml volumetric flask, after which 1 ml orthophosphoric acid (85%) was
added to the dry powder in order to assist in the solubilisation of lumefantrine. Methanol was
added to the flask to constitute the rest of the 100 ml and the flask was ultrasonicated for
3 min. From this solution 5 ml was reserved and added to a 50 ml volumetric flask. The volume
was reconstituted with methanol and, from this second solution 5 ml was withdrawn and added
to a different 50 ml volumetric flask. The volume of the flask was made-up with methanaol.
From these three different volumetric flasks, the concentration of both artemether and

lumefantrine ranged from 2.5 pg/ml, 25.0 pg/ml, and 250.0 pg/ml, respectively. Three HPLC
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vials were filled, each containing one of the three concentrations and the vials were injected
in duplicate at 2.5, 5.0, 7.5, and 10.0 pg/ml, respectively. All data obtained from each
compound were used to plot a calibration curve for concentration versus response and the R?

value calculated (da Costa César et al., 2008).

3.2.2.3.3 Accuracy

Accuracy is defined as the proximity between a test result and the true or accepted reference
value that should be perceived across its range (Rozet et al., 2007). The ICH recommends
that the mean percentage recovery should be within 98 and 102%, with a %RSD (relative
standard deviation) of less than 15% for the method to be considered accurate (Branch, 2005;
da Costa César et al., 2008).

A reference standard of 5 mg artemether and 30 mg lumefantrine were accurately weighed
and injected as the standard sample. Both active ingredients were weighed at three different
concentrations, 33, 66 and 133 ug/ml for artemether and 77, 155 and 310 pg/ml for
lumefantrine, respectively. For each concentration the samples were prepared in triplicate and

the recovery percentage of each mean value was calculated.

3.2.2.3.4 Precision

Precision is a vital component in a robust analytical method to ensure repeatability and
reproducibility of multiple measurements of homogenous samples under specified conditions
(Araujo, 2009; Rozet et al., 2007). Therefore, both intra-day and inter-day precision were

measured.

Intra-day precision

Intra-day precision requires a minimum of three samples to be injected over the period of one
day. Three different concentrations of lumefantrine (240, 300 and 360 pg/ml) and artemether
(40, 50 and 60 pg/ml) were individually injected. The end result is normally expressed as the
standard deviation (SD) or the %RSD of a statistically significant number of samples (Araujo,
2009; Rozet et al., 2007; Stockl et al., 2009). The %RSD value should be less than 15% to be
of an accepted standard when determining both intra-day and inter-day precision (da Costa
César et al., 2008; Rozet et al., 2007).

Inter-day precision

During the determination of inter-day precision, the experiments are normally conducted over
a span of 3 days under the same conditions, thus, the analyst and the equipment must remain
constant variables (Araujo, 2009; Rozet et al., 2007; Stockl et al., 2009).
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Lumefantrine (300 ug) and artemether (50 pg), were respectively injected over a period of 3
consecutive days, after which the %RSD for the three measurements was determined (da
Costa César et al., 2008).

3.2.2.3.5 Limit of quantification and limit of detection

The lowest concentration, or amount of analyte, that can be measured with an acceptable
level of precision and accuracy is known as the limit of quantification (LOQ) (Araujo, 2009).
There are various approaches to evaluating the LOQ and limit of detection (LOD). However,
for the purpose of this study LOQ and LOD were evaluated using the signal/noise ratio
approach. This approach is when signals of samples, with known analytical concentrations,
are compared to blank samples up to an analytical concentration that produces a signal

equivalent to 10x the standard deviation of the blank sample (Araujo, 2009).

Standard solutions of artemether and lumefantrine were prepared by dilution and injected into
the HPLC. The standard solutions were prepared in decreasing concentrations, with the final
concentration of artemether and lumefantrine being, 10.51 pg/ml and 1.05 pg/ml, respectively.
These final concentrations were placed into an HPLC vial and injected seven times at different
concentrations (2.5-, 5.0-, 7.5-, and 10.0 pug/ml), in order to determine the LOD and LOQ of
the sample. The LOD was considered when a signal/noise ratio of 3, or a %RSD of 30 was
obtained. Similarly, the LOQ was considered when a signal/noise ratio of 10, or a %RSD of
10 was obtained (da Costa César et al., 2008; ICH Q2(R1), 2005; Katsidzira et al., 2016).

3.2.3 Isothermal microcalorimetry

The foundation on which isothermal microcalorimetry is based on is that all physical and
chemical processes coincide with heat exchanges within their surroundings. In the thermal
activity monitor (TAM) the sample is maintained at isothermal conditions (Phipps & Mackin,
2000). During this process heat flows between the sample and its surroundings, causing a
reaction to occur which creates a temperature gradient between the sample and its
surroundings. The heat flow between the sample and its surroundings is measured as a
function of time (Phipps & Mackin, 2000). Since heat flow is being measured, it is vital to know
the melting points of each component (Table 3.2) as this will determine the temperature at

which the TAM will be maintained for the duration of the experiment.
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Table 3.2:

Denaturing/melting points of the components used in the study

Components Melting/Denaturing points
Artemether 86-90°C
Lumefantrine 125-130°C
Olive oil 193°C

Coconut oil 175°C
Castor oil 229°C
Avocado oll 249°C
Peanut oil 232°C
Tween® 80 >100°C
SLS 170°C
Span® 60 55°C
Span® 80 113°C

Isothermal microcalorimetry was used to determine whether interactions occurred between
the various components to be formulated in the SEDDS. A Thermal Activity Monitor (TAMIII)
apparatus (TA Instruments, New Castle, Delaware, USA) equipped with an oil bath with a
stability of £100 uK over a period of 24 h was employed in this study. The temperature was
maintained at 50°C as this is below the melting points of each of the components. A sample
mass of 70 mg was retained for each sample for the duration of the experiment. In order to
identify any reactions between the components, a baseline first has to be established, i.e. the
heat flow was measured for each component individually. Once a baseline had been
recognised, the heat flow of the various combinations of the components constituting the
SEDDSs were measured. The calorimetric output observed by the individual component was
summarised as a hypothetical response. This hypothetical response is the expected
calorimetric output if the two components do not interact with one another. If the components
do however interact with one another, the measured calorimetric response will differ from the
hypothetical response. An observed change in heat flow higher than 100 uW/g was
considered a significant difference; indicating that an interaction between the components was

indeed detected.

3.3 Preparation of SEDDS

3.3.1 Solubility studies

The solubility of each of the individual active compounds (artemether and lumefantrine), as

well as the fixed-dose combination utilised in the selected solvents (oils, surfactants and co-
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surfactants) was determined employing the shake flask method, described by Joshi et al.
(2008a). A surplus amount (approximately 500 mg) of the specific sample was added to 5.0 ml
of a selected oil in a screw capped tube. The opening of the tubes was covered with Parafilm®
before the cap was screwed back on. Each of the mixtures were vortexed for approximately
1 min to enable a uniform dispersion. These mixtures were placed in a temperature-controlled
bath (37 £ 2°C) and agitated for 48 h to ensure that equilibrium solubility was achieved (Joshi
et al., 2008b). The samples were then centrifuged at 3 000 rpm for 15 min. The supernatant
was collected and diluted with tetrahydrofuran (THF), and the concentration of the dissolved
sample was determined by means of HPLC as discussed in the following section (Czajkowska-
Kosnik et al., 2015; Joshi et al., 2008a).

3.3.2 Pseudo-ternary phase diagram

SEDDS will form oil-in-water emulsions with only moderate agitation, once these systems are
introduced into an aqueous media. The selected surfactant and co-surfactant(s) adsorb at the
interface with subsequent reduction of the interfacial energy. Consequently, the
thermodynamic stability of the formulation is improved by means of a decrease in the free
energy required to form the emulsion. The selection of the oil phase and surfactant therefore
plays a vital role in the design of SEDDS (Czajkowska-Kosnik et al., 2015). Pseudo-ternary
phase diagrams of drugs, oils, surfactant, co-surfactants, and water may be extremely
supportive in determining the most appropriate composition of SEDDS. These diagrams
identify the self-emulsifying regions and furthermore determine the optimum concentrations
and ratios of oil, surfactant and co-surfactant when used in a combination. Once the region of
the SEDDS is determined, the feasibility of forming an emulsion can be determined
(Czajkowska-Kosnik et al., 2015; Wang et al., 2015).

In order to find an appropriate concentration range for all of the components (fixed-dose
combination, oil, surfactant, co-surfactant and water) at room temperature (approximately
25°C) in which they form emulsions, pseudo-ternary phase diagrams were constructed
utilising the water titration method (Boonme et al., 2006; Czajkowska-Kosnik et al., 2015;
Wang et al., 2015). First, the surfactant and co-surfactant were mixed together. This mixture
is referred to as the “surfactant phase”. Kang et al. (2004) determined that the ratio of
surfactant and co-surfactant should be 1:1 as they found that higher concentration ratios
improved the emulsion range, however, a decrease in stability was noted which could lead to
precipitation of the incorporated drug. Next, mixtures of the oil and surfactant phase at certain
weight ratios (w/w) of 10:0, 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, 1:9 and 0:10, in different glass
vials, were moderately agitated by means of vortexing for 5 min to form homogenous mixtures.

Each mixture was titrated with water in a dropwise fashion until the first sign of turbidity was
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noted so as to identify the end-point of the emulsion range. Post equilibrium, if the system
became clear, the addition of water was continued. Once equilibrium of the mixture was
achieved the mixtures were visually inspected, by means of polarised lenses, for transparency
and for optical isotropicity. Inspection of the SEDDS through a polarized lens is a simple way
to generally classify the SEDDS. If the observed solution is black, the SEDDS is classified as
being in the microemulsion range. However, particle size analysis, utilising a Zetasizer Nano
ZS (Malvern Instruments, Worcestershire, UK), was performed to undoubtedly classify the
SEDDS (Boonme et al., 2006; Czajkowska-Kosnik et al., 2015; Joshi et al., 2008b; Wang et
al., 2015; Wang & Pal, 2015).

3.3.3 Appearance

All of the formulations were visually examined, and their microscopic appearance was noted
utilising cross-polarised light microscopy (Nikon® Optiphot PFX Microscope, Thailand,
Bangkok).

3.3.4 Formulation of SEDDS

Results obtained from the constructed pseudo-ternary phase diagrams were used to prepare
the SEDDS by means of aqueous phase titration. The fixed-dose combination was first
dissolved in the chosen oil and subjected to sonication. A selected surfactant phase was mixed
separately and added to the oil and fixed-dose combination according to the ratios determined
by the pseudo-ternary phase diagram. The ratio of surfactant to co-surfactant was fixed at 1:1
as mentioned previously. Subsequently, deionised water was added in small increments (less
than 5% w/w) to the surfactant-oil mixture at room temperature (approximately 25°C) while
continuously stirring until a clear emulsion was formed. All samples were stored at room
temperature for at least 24 h to achieve equilibrium prior to additional analysis (Aparna et al.,
2015; Boonme et al., 2006; Fernandez et al., 2004; Wang & Pal, 2014).

3.4 Characterisation of SEDDS

3.4.1 Assay

In order to determine the drug content present in the SEDDS a 5 ml sample from each batch
was filtered through a 0.45 um membrane filter. Next, the filtrate was diluted with THF, after
which it was further diluted by withdrawing 5 ml and diluting it with methanol to obtain a final
volume of 10 ml; this was done in triplicate. The final sample was placed in HPLC vials and
analysed by means of HPLC as described in Section 3.3.1. This experiment was conducted

in triplicate.

51



3.4.2 Droplet size and zeta-potential

Droplet size is a crucial factor in self-emulsification performance as it determines the rate and
extent of drug release, the absorption rate into the systemic circulation, as well as the stability
of the emulsion or SEDDS. Zeta potential measurement, on the other hand, is used to classify
the charge of the droplets. The charge on an oil droplet in conventional SEDDS is negative
due to the presence of free fatty acids however, incorporation of a cationic lipid, such as
oleylamine, at a concentration range of 1-3% will yield cationic SEDDS (Balata et al., 2016;
Gursoy & Benita, 2004; Mahapatra et al., 2014).

Mean droplet size and size distribution were measured utilising a Malvern Mastersizer 2 000,
equipped with a wet cell Hydro 2000 SM dispersion unit (Malvern Instruments,
Worcestershire, UK), and the Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK)
employing photon correlation spectroscopy, was used to determine the zeta potential.
Dynamic light scattering analyses of the Brownian motion of the particles, which is due to the
fluctuations in light scattering, was furthermore conducted. The light scattering was measured
at an angle of 90°, while the temperature was regulated at 25°C (Chudasama et al., 2015;
Mahapatra et al., 2014).

3.4.3 Determination of self-emulsification

The mechanism of action of self-emulsification is not yet fully understood. However, it has
been suggested that self-emulsification occurs when the entropy change favouring dispersion
is significantly higher than the energy required to increase the surface area of the dispersion.
Emulsification occurs spontaneously with SEDDS due to the free energy required, this is either
classified as low and positive, or low and negative. It is however compulsory for the interfacial
structure to display no resistance against surface shearing in order for emulsification to occur.
The ease of emulsification is suggested to be related to the simplicity of water penetration into
the various liquid crystal structures or gel phases formed on the surface of the droplet (Gursoy
& Benita, 2004).

The self-emulsification times of the different SEDDSs were assessed through testing in a type
Il Distek 2500 dissolution system apparatus (2501049, North Brunswick, New Jersey, USA,
in-house: NWU). A sample from each formulation (1 ml) was added to 100 ml distilled water,
maintained at 37°C (x 0.5°C), with the paddle speed set to rotate at 50 rpm for gentle agitation.
The time taken for each formulation to form a clear homogenous system after dilution was
noted and recorded utilising the following grading system (Basalious et al., 2010, Czajkowska-
Kosnik et al., 2015, Dangre et al., 2016):

¢ Grade 1: Rapidly forming (within 1 min) emulsion, with a clear or bluish appearance;
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e Grade 2: Rapidly forming (within 1 min), slightly less clear emulsion, with a bluish white
appearance;

e Grade 3: Fine milky emulsion that formed within 2 min;

e Grade 4: Dull, greyish white emulsion having a slightly oily appearance that is slow to
emulsify (longer than 2 min);

e Grade 5: Formulation exhibiting either poor or minimal emulsification with large oil

droplets on the surface.

3.4.4 Cloud point determination

The cloud point of a SEDDS is defined as the temperature above which an aqueous solution
of a water-soluble surfactant, particularly non-ionic, becomes turbid or unclear. This point is
an indication of the effective formation of a stable emulsion. Once the temperature to which a
SEDDS is exposed to is higher than the cloud point, an irreversible phase separation will
occur, and the cloudiness of the preparation will have a detrimental effect on drug absorption
due to dehydration of the hydrophilic moiety (i.e. surface active component). Therefore, the
cloud point for SEDDS should be higher than 37°C in order to avoid phase separation

occurring in the gastrointestinal tract (Agrawal et al., 2015; Chudasama et al., 2011).

Each fixed-dose combination SEDDS was diluted (1:100) with purified water and the sample
was placed in a water bath where the temperature was gradually increased at 5°C increments
(or 2°C intervals upon approaching the cloud point). Once the sample became cloudy in
appearance, the cloud point was classified (i.e. photos were taken for record purposes)
(Agrawal et al., 2015; Chudasama et al., 2011).

3.4.5 Thermodynamic stability studies

Thermodynamic stability tests are conducted to assess the physical stability of SEDDS. All of
the fixed-dose combination SEDDSs were subjected to the following thermodynamic stability
tests (Aparna et al., 2015, Czajkowska-Kosnik et al., 2015):

e Freeze-thaw cycles: Three cycles between refrigerator temperature (i.e. 4°C) and 45°C,
with the storage at each temperature for 24 h were conducted. The SEDDS formulations
were visually inspected for any physical instability at all of these temperatures.

e Centrifugation test: The SEDDS formulations were centrifuged at 3 500 rpm for 30 min,
where after they were examined for phase separation.

¢ Dilution test: The SEDDS formulations were diluted 100-fold with distilled water and stored
at 25°C for 24 h prior to visual inspection for phase separation and precipitation of the

active compounds.
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3.4.6 Viscosity

Viscosity of the SEDDS formulations was measured without dilution of the samples (10 ml)
using a Brookfield® Viscometer model DV-lI+ (Stoughton, United States of America). The
temperature of the water circulating in the water bath was maintained at 25°C by a Brookfield®
temperature controller. A SC4-34 LV spindle and helipath was chosen to ensure optimum
torque depending on the consistency of the formulations. The Helipath stand D20733 slowly
raises and lowers the viscometer at a rate of 7/8-inches per minute, during which a T-bar
spindle rotates in the formulation. The LV spindle was immersed in the formulation without
causing a disturbance. Viscosity readings were taken every 10 sec for 5 min at different shear
rates (5; 10; 20; 30; 50; 60; and 100 rpm) and approximately 32 measurements were provided
at each shear rate from which an average was determined. The rheological behaviour of the
dispersed system was analysed by construction of rheograms of shear stress vs. shear rate
(Jain & Soni, 2012).

3.4.7 Dissolution studies

A Distek® dissolution system, model 2500, (Distek® Inc, North Brunswick, New Jersey), which
was connected to the Distek® Evolution 4300 auto sampler, was implemented to determine
the pharmaceutical availability of both artemether and lumefantrine from the different SEDDS
formulations at a regulated temperature of 37°C (x 0.5°C), and a paddle speed of 100 rpm.
This experiment was extended over a period of 12 h and each formulation was tested in 6 fold
(Bashaiwoldu et al., 2011). The dissolution media initially consisted of 600 ml hydrochloric
acid (0.1 M) for the first 120 min in order to maintain a pH value of 1.2. This 120 min period
mimics the typical gastric emptying time of the stomach (Obitte et al., 2010). A 1.5 ml sample
was removed using a syringe attached to a 0.45 um membrane filter and placed into test tubes
at specified time intervals of 5, 13, 21, 30, 60, 90 and 120 min. This volume was immediately
replaced with fresh dissolution media of the same temperature (Vertzoni et al., 2004).
Subsequently, after the 120 min had elapsed, a 0.2 M phosphate buffer (300 ml) was added
to increase the pH of the dissolution media to 6.8. The dissolution media volume added up to
900 ml; where 5 min was allocated for adjusting the pH. All pH adjustments were conducted
using either a 2 M hydrochloric acid solution or a 2 M sodium hydroxide solution. Further
samples were withdrawn at time intervals of 150, 180, 240, 300 min. Lastly, a third dissolution
media, containing phospholipids and bile salts, was prepared by dissolving the phospholipids
and bile salts in fresh dissolution media. The third dissolution media was added after five and
a half hours to achieve a pH of 7.4, this mimicked the ileocecal pH. The increased pH and the
fact that the phospholipid acts as a natural surfactant should create desirable conditions to

release the remainder of the lumefantrine and artemether in the SEDDS (Obitte et al., 2010).
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The samples were then withdrawn at the time intervals of 360, 420, 480 and 500 min, replacing
the dissolution media after every withdrawal. Once the last sample was taken, the paddle
speed was adjusted to 150 rpm (infinity sample) and stirred for an additional 30 min to ensure
maximum drug release. The artemether and lumefantrine concentrations in the samples were

measured utilising a validated HPLC method (Section 3.3.1).

3.5 Statistical analysis

A one-way analysis of variance (ANOVA) was used to statistically analyse the collected data
in order to indicate whether any significant differences and variations were found (p < 0.05).
From the data obtained in the dissolution studies, the parameters described in the following

sections were calculated.

3.5.1 Mean dissolution time

The average time it takes for the entire drug dose to be released into the solution from the
dosage form is classified as the mean dissolution time (MDT). The mean dissolution time for

both artemether and lumefantrine was calculated, using Equation 3.1.

D7t

MDT = &2t M7 (3.1)

Z?Zl AX,

From the equation 3.1 the following can be deduced: j is the sample number, n, is the total
number of samples, tmig, is the midpoint between j and j-1, and Dxy, is the additional mass of
drug dissolved between j and j-1 (Costa & Lobo, 2001).

3.5.2 Fit factors

Fit factors were used as a way to compare the dissolution profiles of the sample formulations
and a control formulation. The fit factor, fi, is classified as the difference factor, which
determines the percentage error between the two curves. Curves that are indistinguishable
from one another were represented with a value of 0, and as the value increases so does the
variation between the two curves. Ideally, the fi-value should be < 15, as this indicates that
the amount of time taken to dissolve the drug correlates for both the sample and control
formulations. Fit factor, f,, is an indication of the similarity factor between the two curves and
if the value is > 50 it indicates that both the sample and control formulations are fairly similar.

If the value obtained for f; is equal to 100, this indicates that the two curves are identical. The
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following equations (Equation 3.2 and 3.3) were used to calculate the fit factors, f; and f»
(Moore & Flanner, 1996).

fo Z:=1|RJ _TJ|
1= n
(R -T2

-0.5
1\
f250xlog{{1+(ﬁjzjl|RJ —Tﬂ xlOO} (3.3)

x100 (3.2)

Where: R; is the reference assay at time point. T;, is the test assay at time point., and n is the

number of pull points.

3.5.3 Mathematic modelling

The purpose of mathematic modelling is to simplify an already complex drug release profile,
and to understand the release mechanisms of both artemether and lumefantrine from the
SEDDS formulations used in this study. A computer program, namely DDSolver, was used to
fit the release kinetics of both artemether and lumefantrine to a specific model (Zhang et al.,
2010).
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CHAPTER 4

RESULTS

4.1 Introduction

Successful application of self-emulsifying drug delivery systems (SEDDSs) depends on the
appropriate selection of oils and surfactants in which lumefantrine and artemether are soluble
and chemically compatible, i.e. stable in. This chapter deals with the results obtained from the
various experiments that were executed in order to determine the drug content, stability and
dissolution properties of the different SEDDSs. The solubility of lumefantrine and artemether,
in the various selected oils chosen, were first off established. These experiments were
followed by determining the optimal ratio of oil to surfactant, in order to formulate the most
optimal SEDDSs for the fixed-dose combination of artemether and lumefantrine. After the most
optimal SEDDS formulations were chosen, they were characterised utilising the following
tests: zeta potential and droplet size; viscosity; cloud point; self-emulsification time; assay;
and pharmaceutical availability of the two drugs. The physical stability of the SEDDS
formulations was also determined through these experiments. The surfactant and co-
surfactant combinations used are: Tween® 80 and Span® 80; Tween® 80 and Span® 60; SLS
(SLS) and Span® 80; and SLS and Span® 60. These surfactant/co-surfactant mixtures were
combined in a set ratio of 1:1 and termed the “surfactant phase”. The different surfactant
phases were subsequently tested in various ratios with the selected oils (i.e. coconut-, olive-,

peanut-, avocado-, and castor oil).

4.2 Preformulation studies

4.2.1 Infrared spectrum for artemether and lumefantrine

IR spectroscopy is used to identify various functional groups as different functional groups
have different IR spectra. These differences include changes in frequency, intensity, band
contours and the number of bands present on the IR spectrum (Hachula, 2018). Thus, IR
spectroscopy is a reliable method of identifying different samples by comparing their

subsequent wavelengths and intensities.

Figure 4.1 depicts the IR spectra of a standard reference of artemether as well as the sample

artemether utilised in this study. From this figure it is clear that the peaks as well as the
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intensity of the peaks between the two samples are similar, thus confirming that no impurities
were present in the study sample during analysis. The IR spectra of a standard reference of
lumefantrine and a sample of the lumefantrine used in this study were also compared as
depicted in Figure 4.2. Again, it was found that the lumefantrine contained no impurities as the

peaks elucidated at approximately the same wavelength with approximately the same
intensity.
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Figure 4.1: IR spectra of artemether and the reference standard utilised
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Figure 4.2: IR spectra of lumefantrine and the reference standard utilised

4.2.2 High performance liquid chromatography method
validation of artemether and lumefantrine

4.2.2.1 Introduction

The word validation is derived from the Latin word validus; denoting: strong; and implies that
through various tests something has to be proved to be of adequate standard, true and useful
(Araujo, 2009; Rozet et al., 2007; Stockl et al., 2009). The ICH requires that the validation is
confirmed through examination and objective evidence that the set requirements were fulfilled
(Stockl et al., 2009). Therefore, the chromatographic method described in chapter 3.2.1 was
validated, in order to verify whether this analytical method is reliable and sensitive.

4.2.2.2 Specificity

Specificity for lumefantrine and artemether was determined by comparing the chromatograms
of the active ingredients with chromatograms obtained for hydrochloric acid and phosphate
buffer, respectively. This was done to determine whether any interference occurred between
these products (Figure 4.3).
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Figure 4.3: High performance liquid chromatography (HPLC) chromatogram of artemether
(B) and lumefantrine (A) in the presence of hydrochloric acid (E) and phosphate
buffer (C)

From the chromatogram it is evident that the active ingredient, artemether, does not seem to
display any interference with hydrochloric acid or the phosphate buffer. No interference was
noted between lumefantrine and the phosphate buffer. However, a slight interference is seen
between the active ingredient, lumefantrine, and the hydrochloric acid. Nonetheless, the
experiment is still deemed acceptable due to the fact that it is a negligible small difference in
interference, and thus should not have any significant effect on the dissolution experiments
conducted.

4.2.2.3 Linearity

The peak areas for both lumefantrine and artemether were determined by preparing a
standard solution containing both these active ingredients and injecting them in three different
concentrations and at three different injection volumes, as described in the method section
(Chapter 3, Section 3.2.4.3.2). Each solution was injected in duplicate. The peak areas for

lumefantrine and artemether are presented in Tables 4.1 and 4.2, respectively.
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Table 4.1: Peak areas obtained for a series of lumefantrine standard solutions

Standard Injection Final Average Peak
Solution volume Concentration | Peak Area (mAu) Area (MAU)
(ng/ml) (ul) (ng/ml)
2.5 0.628 0.308 0.293 0.300
5.0 1.255 0.606 0.619 0.613
251 7.5 1.883 0.945 0.000 0.473
10.0 2.510 1.272 1.260 1.266
2.5 6.275 3.098 3.075 3.086
5.0 12.550 6.326 6.297 6.312
>4 7.5 18.825 9.463 9.453 9.458
10.0 25.100 12.701 12.675 12.688
2.5 62.750 31.205 31.291 31.248
5.0 125.500 63.483 63.545 63.514
2ot 7.5 188.250 95.303 95.080 95.192
10.0 251.000 126.972  126.767 126.869

The chromatographic results attained were utilised to establish if a linear relationship exists

between peak area and concentration when employing the suggested HPLC method. A clear

trend could be observed in both Tables 4.1 and 4.2 indicating that, as the peak areas

increased, the artemether and lumefantrine concentrations subsequently increased. The peak

area values acquired for the duplicate injections at each injection volume did not display any

significantly large variations; therefore, indicating that a high level of repeatability existed.

Additionally, a linear regression graph of both artemether (Figure 4.4) and lumefantrine

(Figure 4.3) could be constructed by plotting the peak area versus concentration values.
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Table 4.2: Peak areas obtained for a series of artemether standard solutions

Peak area (mAU)
o
L]

40+

20+

Standard | Injection Final Average Peak
Solution volume | Concentration Peak area (mAu) Area (mAU)
(Hg/ml) (ul) (Hg/ml)
2.5 0.625 0.000 0.000 0.000
5.0 1.250 0.010 0.010 0.010
25 7.5 1.875 0.000 0.000 0.000
10.0 2.500 0.000 0.000 0.000
2.5 6.250 0.060 0.063 0.062
5.0 12.500 0.123 0.123 0.123
25 7.5 18.750 0.176 0.179 0.178
10.0 25.000 0.231 0.235 0.233
2.5 62.500 0.560 0.555 0.557
5.0 125.000 1.113 1.119 1.116
220 7.5 187.500 1.672 1.659 1.665
10.0 250.000 2.215 2.210 2.213
140 -
1207 y = 0.506x - 0.1205
100- R?=0.9999
80

50

100 150 200 250 300
Concentration (Hg/ml)

Figure 4.4: Linear regression curve for lumefantrine standard solutions
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Figure 4.5: Linear regression curve for artemether standard solutions

In order for any data to be considered linear, the linear regression analysis should yield an R?
value as close to 1 as possible, however, a 0.995 R? value is also deemed acceptable (Araujo,
2009). From Figures 4.4 and 4.5 it is evident that both lumefantrine and artemether depicted

R? values of 0.9999, thus meeting the required criteria.

4.2.2.4 Accuracy

Standard solutions of lumefantrine and artemether were prepared and consequently diluted
(133, 66, and 33 ug/ml for artemether; and 309, 155, and 77 ug/ml for lumefantrine) in order
to compare the results to a sample solution containing the active ingredients and excipients to
be used in the study. Accuracy is determined to establish how reliable the test results are to
that of the true value. The acceptable criteria for accuracy, according to the Food and drug
administration (FDA), is that the percentage recovery should be between 98-102%. The
%RSD should be lower than 15 (FDA, 2001; ICH, 2005). Results obtained for lumefantrine
and artemether are tabled in Table 4.3 and Table 4.4, correspondingly. From these tables it
could be concluded that the %RSD for artemether and lumefantrine are 5.8% and 1.0%,

respectively.
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Table 4.3:

Accuracy results for artemether

Concentration Spiked Recovery
Standard Mean peak
Solution Peak area (mAu) b pg/ml %
area (mAu)
(Hg/ml)
133.900 136.145 139.234 137.745 136.434 101.927
132,700 137.000 133.183 135.177 133.837 100.976
132.500 140.884 130.735 135.863 134.574 101.565
66.900 64.841 65.371 65.164 64.568 96.316
66.300 71.774 80.411 76.116 75.434 113.636
66.250 67.113 63.721 65.435 64.875 97.886
33.425 29.447 33.524 31.535 31.278 93.376
33.175 38.253 33.154 35.718 35.353 106.577
33.125 36.722 36.455 36.679 36.245 109.443
1. Standard deviation (SD) Mean 101.547
2. Relative standard deviation (%RSD)
sp?t 5.943
%RSD? 5.811
Table 4.4:  Accuracy results for lumefantrine
Concentration Spiked Recovery
Standard Mean peak
Solution Peak area (mAu) P pg/ml %
area (mAu)
(Hg/ml)
309.100 17997.333 18128.913 18063.112 309.747 100.253
310.400 18131.854 18065.324 18098.646 310.357 100.057
310.900 18089.647 18124.143 18106.937 310.439 99.957
154.550 9064.085 9027.147 9045.657 155.146 100.395
155.200 8990.746 8986.327 8988.536 154.196 99.336
155.450 9040.943 9057.643 9049.327 155.362 99.846
77.275 4402.000 4382.336 4392.238 75.354 97.400
77.600 4418.046 4426.016 4422.035 75.825 97.754
77.725 4438.948 4502.234 4470.612 76.675 98.600
1. Standard deviation (SD) Mean 99.256
2. Relative standard deviation (%RSD)
SD 1.000
%RSD 1.000

64



4.2.2.5 Precision

Intra-day variation

Precision determines the repeatability or reproducibility of the HPLC method used. The

requirements remain the same as for accuracy, where the %RSD should be lower than 15

(FDA, 2001; ICH, 2005). Intra-day precision was determined for both artemether and

lumefantrine by injecting three samples over a period of a day and calculating the %RSD for

each active ingredient. Tables 4.5 and 4.6 display the intra-day precision results for artemether

and lumefantrine, respectively, where it is clear that both the active ingredients’ results

adhered to the stated criteria.

Table 4.5: Intra-day precision results for artemether
Concentration Spiked Recovery
Sstand'ard Mean peak
olution Peak area (mAu) area (MAu) pg/ml %
(Hg/ml)
60.000 393.500 437.240 415.371 62.023 103.370
60.942 379.717 384.650 382.185 58.167 95.450
59.770 469.087 471.519 470.303 68.407 114.450
50.000 418.224 402.271 410.248 61.428 122.860
50.599 435.200 428.000 431.601 63.909 126.310
50.819 311.273 311.400 311.337 49.934 98.260
39.947 300.801 274.731 287.765 47.194 118.140
39.9147 172.181 128.501 150.341 31.225 78.230
42.248 201.462 200.519 200.990 37.110 87.840
Mean 104.990
SD 15.580
%RSD 14.840

Artemether contains chromophores that display poor absorption of UV light and lack functional

groups, rendering it difficult to detect reliable peaks on the chromatogram (White et al., 1999).
Thus, the FDA states that in such a case, the %RSD can be lower than 15 (FDA, 2001; ICH,

2005).
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Table 4.6: Intra-day precision results for lumefantrine

Concentration Spiked Recovery
Stand.ard Mean peak
solution Peak area (mAu) area (mAU) pg/ml %
(Hg/ml)
359.000 10187.223 10099.367 10143.339 350.454 97.600
358.000 9359.532 10027.759 9693.645 334.837 93.523
358.500 9398.865 9376.001 9387.412 324.253 90.423
298.000 8621.541 8025.109 8323.346 287.387 96.457
299.000 8050.377 8100.376 8075.337 278.748 93.276
298.000 7708.381 7710.587 7709.457 266.108 89.300
239.000 7468.9 7454.590 7461.734 257.500 107.768
238.500 6529.311 6490.123 6509.744 224.576 94.100
238.000 6661.929 6753.899 6707.911 231.436 97.234
Mean 95.512
SD 5.122
%RSD 5.343

Inter-day variation

Inter-day variation needs to be conducted over a three day time period, where the repeatability
of the data is determined. In order for this test to prove repeatability of the method used, it is
vital that the same conditions are maintained during the entire testing period and thus, the
same equipment is also used. A fresh batch of samples was prepared each day, as previously
described in intra-day variation, and the samples were injected into the HPLC in duplicate.
Table 4.7 portrays the results acquired for the two active ingredients, individually. Both

artemether and lumefantrine adhered to the set requirements (%RSD<15).
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1 Table 4.7:

Inter-day precision results for artemether and lumefantrine

Concentration spiked Recovery
Stand_ard Mean peak Mean peak
solution Peak area (mAu) area (MAU) pg/mi % area (MAU) SD %RSD
(ng/ml)
50.000 233.800 241.880 237.842 45.542 89.912
;?‘ 46.150 227.498 249.202 238.354 45.135 97.635 99.050 8.080 8.160
% 50.000 292.417 287.135 289.781 54.832 109.600
gl 50.000 558.621 581.164 569.893 51.675 103.387
% 50.000 523.234 510.981 517.182 46.825 93.799 98.230 3.920 3.990
46.000 505.344 486.174 495.784 44.957 97.700
305.000 5647.102 5676.933 5662.032 320.125 104.976
" % 320.750 5691.424 5623.822 5657.643 319.824 99.700 101.507 2.500 2.400
E 325.000 5712.522 5755.034 5733.711 324.176 99.747
d
g 319.500 5787.074 5810.094 5798.551 334.254 104.647
- ;%" 320.700 5791.153 5797.086 5794.111 333.979 104.132 103.300 1.500 1.500
325.100 5679.388 5736.625 5708.000 328.953 101.254
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4.2.2.6 Limit of quantification (LOQ) and limit of detection (LOD)

The LOD and LOQ are deemed acceptable for an active ingredient if the %RSD is below 30
for the LOD and if the %RSD is below 10 for LOQ (da Costa César et al., 2008; ICH Q2(R1),
2005; Katsidzira et al., 2016). Results obtained for LOQ and LOD experiments conducted for
both artemether and lumefantrine are listed in Tables 4.8 and 4.9, respectively. Artemether
produced a LOQ of 2.628 ug/ml (%RSD<10) and a LOD of 1.051 yg/ml (%RSD=<30); whereas
lumefantrine displayed a LOQ of 0.105 pg/ml (%RSD <10) and a LOD of 0.525 pg/ml
(%RSD=<30). Therefore, in conclusion, both active ingredients adhere to the set criteria for
LOD and LOQ.

Table 4.8: LOD/LOQ results obtained for artemether

{;‘g‘f&:ri]oe”(m) 1.000 2.500 5.000 7.500
a%')rﬁ)””a“"” 1.051 2,628 5.255 7.883
0.490 1.272 2.337 4.000
0.488 1.186 2.432 3.600
Peak area 0.437 1.194 2.163 4.000
(mAu) 0.490 1.289 2.416 3.900
0.441 1.268 2.560 4.600
0.406 1.195 2.365 4.195
Mean 0.460 1.230 2.380 4.050
SD 0.030 0.040 0.120 0.300
%RSD 7.130 3.460 5.010 7.500
LOQ = 2.628 pg/ml (%RSD<10)
LOD = 1.051 pg/ml (%RSD<30)
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Table 4.9: LOD/LOQ results obtained for lumefantrine

{;‘glegrtri]‘;”(ul) 1.000 2.500 5.000 7.500
Concentration 1.000 2.500 5.000 7.500
(Mg/ml)
0.105 0.263 0.525 0.788
3.200 8.500 17.100 25.600
Peak area 3.200 8.500 16.900 25.600
(mAu) 3.600 8.400 17.200 25.600
3.300 8.600 17.100 25.900
3.400 8.800 17.300 25.700
Mean 3.400 8.520 17.120 25,650
SD 0.190 0.160 0.120 0.130
%RSD 5.630 1.850 0.710 0.490
LOD = 0.105ug/m| (%RSDS10)
LOQ = 0.525ug/ml (%RSD=<30)

4.2.3 Isothermal microcalorimetry

Compatibility studies between artemether and lumefantrine, and the different excipients used
in the SEDDS formulations were performed by means of isothermal microcalorimetry.
Calorimetry refers to measuring techniques that are used for direct determination of the rate
of heat production, heat, and heat capacity as a function of temperature and time (Wadso,
2010). Microcalorimetry is a robust method for determining incompatibilities and instabilities
between active pharmaceutical ingredients and/or excipients. This method is a credible way
of detecting incompatibilities, because almost all physical and chemical processes are
accompanied by heat exchange. Therefore, it is sensitive to all physical and chemical
processes associated with heat flow. The high sensitivity of this method renders it possible to
conduct measurements at temperatures close to real conditions and to detect noticeably slow
reactions. Heat flow data will contain contributions from either one process, or several

processes. To be able to distinguish specific contributions, careful experimental planning is
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required, as well as sufficient background knowledge pertaining to the sample being analysed
(Wadso6, 2010).

When calculating the heat flow of the various components in order to determine whether any
interactions were detected, it is of utmost importance to first establish a baseline. The baseline
is calculated by individually measuring the heat flow of each component. Subsequently,
artemether, lumefantrine and the various oils and surfactants used were weighed and mixed
ina 1:1:1:1:1 ratio. The various combinations were then placed in the Thermal Activity Monitor
(TAMIIl) apparatus (TA Instruments, New Castle, Delaware, USA) for 24 h and the
temperature was maintained at 50°C. Subsequently, each of the combinations were compared
to the baseline values. The calorimetric output of the individual components is summarised as
the hypothetical response. This hypothetical response is the anticipated calorimetric output if
the two components measured do not interact with each other. If an interaction is observed,
the observed calorimetric output will differ remarkably from the hypothetical response.
Moreover, an interaction between the two components will be detected if the change in heat
flow from the observed heat flow, compared to the hypothetical response is higher than
100 uWi/g.

Figures 4.6—4.9 depict the observed heat flow versus the hypothetical response for olive oil in
combination with artemether, lumefantrine and the selected surfactants. The interaction heat
flow for the various graphs are: 5.37 £ 6.55 pW/g; 1.15 + 1.49 pW/qg; 24.75 + 21.52 yW/g; and
7.12 £ 6.58 pW/g, respectively. All of the acquired interaction heat flow results are below
100 uW/g. It can therefore be concluded that no interaction was observed between olive oil

and the various components.
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Figure 4.6: Heat flow data obtained with the combination of artemether, lumefantrine, olive
oil, Tween® 80 and Span® 60 in a 1:1:1:1:1 ratio
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Figure 4.7: Heat flow versus time graph obtained for an artemether, lumefantrine, olive olil,

Tween® 80 and Span® 80 in a 1:1:1:1:1 ratio
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Figure 4.8: Heat flow versus time graph obtained for a combination of artemether,
lumefantrine, olive oil, SLS and Span® 60 in a 1:1:1:1:1 ratio
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Figure 4.9: Heat flow versus time graph obtained for a combination of artemether,

lumefantrine, olive oil, SLS and Span® 80 in a 1:1:1:1:1 ratio
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In a similar fashion, avocado oil's heat flow measurement was compared to artemether,

lumefantrine, and the selected surfactants to ascertain whether any interactions coexist

between these various components. Figures 4.10—4.13 exhibit the observed normalised heat

flow versus the hypothetical response. The interaction heat flow values attained for the
different combinations are: 4.78 £ 4.15 pW/g; 9.58 £ 3.85 uyW/g; 14.12 + 1.42 yW/g; and
19.91 £ 19.52 yW/g, individually. These interaction heat flow values are, according to

compatibility studies, noted as slightly high values. However, because all of the interaction

heat flow values remain below 100 pW/g; and due to the fact that no trough is seen on the

interaction curve, no incompatibilities could be identified, and the combinations are considered

compatible.
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Figure 4.10: Heat flow versus time graph obtained for artemether, lumefantrine, avocado oll,

Normalised heat flow (p\Wig)

Tween® 80 and Span® 80 combination in a 1:1:1:1:1 ratio
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Figure 4.11: Heat flow versus time graph obtained for artemether, lumefantrine, avocado oil,

Tween® 80 and Span® 60 combination in a 1:1:1:1:1 ratio
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Figure 4.12: Heat flow data obtained for artemether, lumefantrine, avocado oil, SLS and
Span® 60 combination in a 1:1:1:1:1 ratio
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Figure 4.13: Heat flow data obtained for artemether, lumefantrine, avocado oil, SLS and
Span® 80 combination in a 1:1:1:1:1 ratio

The interaction heat flow results for combinations of castor oil, artemether, lumefantrine, and
the selected surfactants are illustrated in Figures 4.14-4.18. Interaction heat flow values
achieved for Figures 4.16-4.18 are 9.70+11.4uW/g, 20.58 +27.06 uyW/g, and
1.29 + 4.02 pW/g, respectively, which indicated that no incompatibilities were detected. Data
obtained for the castor oil, artemether, lumefantrine, Tween® 80 and Span® 60 combination
indicated that some degree of incompatibility exists between the various components
(Figure 4.14) as the average interaction heat flow measured is 3.99 + 5.36 mW/g. In
microcalorimetry this is considered a relatively high value, however, this experiment was
deemed inconclusive. Thus, in order to confirm whether any incompatibilities truly do exist
between any of the aforementioned components, various combinations of the original
mixtures’ components were further investigated. This combination was also repeated to

ensure the accuracy of the initial results. Figure 4.15 depicts the repeated heat flow
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experiment where the interaction heat flow was calculated as 4.92 yW/g with an interaction

error of 9.93 yW/g, thus signifying that no incompatibility exists between the various

components.
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Figure 4.14: Heat flow data obtained for artemether, lumefantrine, castor oil, Tween® 80 and
Span® 60 combination in a 1:1:1:1:1 ratio
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Figure 4.15: Heat flow data obtained for artemether, lumefantrine, castor oil, Tween® 80 and
Span® 60 combination in a 1:1:1:1:1 ratio
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Heat flow data obtained for artemether, lumefantrine, castor oil, Tween® 80 and
Span® 80 combination in a 1:1:1:1:1 ratio
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Figure 4.17: Heat flow data obtained for artemether, lumefantrine, castor oil, SLS and
Span® 60 combination in a 1:1:1:1:1 ratio
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Figure 4.18: Heat flow data obtained for artemether, lumefantrine, castor oil, SLS and Span®
80 combination in a 1:1:1:1:1 ratio

The various combinations of peanut oil, artemether, lumefantrine, and selected surfactants
are exhibited in Figures 4.19—-4.22. No incompatibilities were detected as the interaction heat
flow values calculated for each combination are: 698.1 nW/g £ 9.24 nW/qg,
16.91 + 17.31 yW/g, 21.57 + 24.54 uyW/g, and 8.77 £ 9.34 uW/g, respectively. These values
are once again below 100 uW/g, thus confirming that these components are compatible with

one another.

75



Measured ——— Theoretical Interaction

Hormalised heat flow (u\WVig)
& IS
= =

LB UL LU LU RN L
,

-100

dn
-]
[
LB
(=
=1
L
L —]

+
s

Time (h)
Figure 4.19: Heat flow data obtained for artemether, lumefantrine, peanut oil, Tween® 80
and Span® 60 combination in a 1:1:1:1:1 ratio
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Figure 4.20: Heat flow data obtained for artemether, lumefantrine, peanut oil, Tween® 80
and Span® 80 combination in a 1:1:1:1:1 ratio
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Figure 4.21: Heat flow data obtained for artemether, lumefantrine, peanut oil, SLS and
Span® 60 combination in a 1:1:1:1:1 ratio
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Figure 4.22: Heat flow data obtained for artemether, lumefantrine, peanut oil, SLS and
Span® 80 combination in a 1:1:1:1:1 ratio

The interaction heat flow data of coconut oil, artemether, lumefantrine, and selected surfactant
combinations were measured and are portrayed in Figures 4.23-4.26. The interaction heat
flow values for these combinations are: 12.67 +12.78 uyW/g, 11.99 + 12.40 uW/qg,
15.32 £ 16.60 pW/g, and 5.44 £ 6.42 uW/g, respectively. The calculated interaction heat flow
values of the said combinations are below 100 pW/g, hence, proving that the different
components are compatible with one another. There is a small endothermic event visible in
both Figure 4.25 and Figure 4.26, respectively; nonetheless, these events are not an
indication that an incompatibility was detected, as these changes in heat flow may be
considered relatively small (15.32 + 16.60 yW/g and 5.44 * 6.42 uW/g) and therefore seen as

negligible.
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Figure 4.23: Heat flow data obtained for artemether, lumefantrine, coconut oil, Tween® 80
and Span® 60 combination in a 1:1:1:1:1 ratio
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Figure 4.24: Heat flow obtained for artemether, lumefantrine, coconut oil, Tween® 80 and
Span® 80 combination in a 1:1:1:1:1 ratio
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Figure 4.25: Heat flow data obtained for artemether, lumefantrine, coconut oil, SLS and

Span® 60 combination in a 1:1:1:1:1 ratio
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Figure 4.26: Heat flow data obtained for artemether, lumefantrine, coconut oil, SLS and

Span® 80 combination in a 1:1:1:1:1 ratio
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From the results obtained it is evident that no incompatibilities were detected for any oil, drug,
and surfactant combination, which may be considered ideal for the purpose of formulating
SEDDS formulations containing a fixed-dose of artemether and lumefantrine. When
formulating emulsions, it is vital that the components are compatible with one another due to
incompatibilities having the potential to influence the stability of a given formulation, which
could further compromise the integrity of emulsions. Invariably the particle size of drug
particles plays a dynamic role in the stability of an emulsion. Unstable particles can aggregate,
thus creating a smaller surface area, which in turn will inhibit the particles from moving freely
through the emulsion, causing phase separation or creaming to occur. If the components are
incompatible with one another, the overall zeta potential of the emulsion will most probably
also be affected, causing oil droplets to aggregate which can cause flocculation or
coalescence (Fustier et al., 2010). Polymorphism of the crystalline structure of drug particles
may also occur when the physical chemical properties of the components in an emulsion are
influenced. The change in crystalline structure of drug particles can negatively influence the
solubility of these drug particles, therefore decreasing the absorption and thus the potency of
the drug. Furthermore, a change in the physicochemical properties of the components can
affect the pH of an emulsion, which may lead to a change in the colour of the emulsion as well
as the emulsion becoming rancid (Rousseau, 2000). All of these aforementioned factors can
cause instability within an emulsion, causing: flocculation, creaming, phase separation,
Ostwald ripening (this phenomenon is when smaller particles dissolve in solution and
aggregate to the larger particles, creating an inhomogeneous solution which is unstable in
nature) , and coalescence; hence, emphasising the importance that all the components should
be compatible in order to maintain the integrity of the given emulsion (Fustier et al., 2010;
Khan et al.,2014).

4.3 Preparation of SEDDS
4.3.1 Solubility studies

Solubility, dissolution rate and the permeability of pharmaceutical compounds are vital
parameters in achieving oral therapeutic efficiency (Ujhelyi et al., 2018). Solubility may be
defined as the maximum mass or volume of a solute that dissolves in a given mass or volume
of solvent at a specific temperature and at equilibrium. The United Sates Pharmacopoeia
(USP) and European Pharmacopoeia (EP) have provided terms for describing solubility as
listed in Table 4.10 (Aulton, 2018). Artemether and lumefantrine are classified according to
the BCS classification system as having low aqueous solubility (Patil et al., 2013). The
solubility results obtained for both artemether and lumefantrine are displayed in Table 4.11. In

this study, it was determined that the aqueous solubilities of artemether and lumefantrine are
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2 mg/ml and 0.13 mg/ml, respectively, at 25°C £ 0.5°C. According to Table 4.10 it can be
derived that artemether is slightly soluble in water; whereas lumefantrine is practically
insoluble in water. The results attained are therefore corresponding with what the literature

has concluded concerning these two drugs (Patil et al., 2013; Rivelli et al., 2018).

Table 4.10: Expressive solubility: USP and EP terms for reporting solubility of substances at
a temperature between 15-25°C (adapted from Aulton, 2018)

Describing term Solubility range in water (mg/ml)
Freely soluble 100-1000
Soluble 33-100
Sparingly soluble 10-33
Slightly soluble 1-10
Very slightly soluble 0.1-1
Practically insoluble <0.1

For the purpose of this study, it is crucial to establish whether the inclusion of artemether and
lumefantrine into an oil will increase their solubility. This is essential to be able to ascertain if
it is possible to formulate a dosage form capable of releasing the drugs in their solubilised
form so that it can be considered a viable option to pursue further. According to Patil et al.
(2013) and Rivelli et al. (2018) both these drugs are highly lipophilic and thus should display
significantly higher solubility in lipophilic vehicles. Overall, artemether displayed a
conspicuously higher solubility in the oils compared to lumefantrine. (Table 4.11). The
solubility of both artemether and lumefantrine in coconut oil is considered highest compared
to the other oils tested. Nonetheless, the solubility of the drugs was notably higher in all of the
lipophilic vehicles tested, and the following rank order in terms of lipophilic vehicle solubility
may be considered: coconut oil >> avocado oil >> olive oil = peanut oil >>> castor oil. Castor
oil comprises a dominant fatty acid, namely Cig1 acid, which contains numerous hydroxy
functional groups. Literature states that castor oil demonstrates an increase in solute solubility
due to the presence of these specific hydroxy functional groups. However, for the solubility of
the solute to be increased in castor oil, the solute must possess hydrogen donor and accepting
properties. Artemether and lumefantrine present with poor hydrogen donor and accepting
properties; this may be the reason why the solubility of both drugs in castor oil is deemed
poorer compared to the other oils. However, the solubility of both artemether and lumefantrine
increased exponentially when introduced to castor oil (Goke & Bunjes, 2017; Larsen et al.,
2002). Lumefantrine solubility changed according to the descriptive solubility terms

(Table 4.10) from being practically insoluble in water to slightly soluble in the various oils;
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whereas the solubility of artemether improved from being slightly soluble in water to freely
soluble in the various oils tested. These results are considered highly positive for this study,
and thus, SEDDS formulations comprising one of the selected oils tested in combination with

artemether and lumefantrine should be investigated further.

Table 4.11: Solubility of artemether and lumefantrine in the oils used in this study

Artemether Lumefantrine

Vehicle Solubility (mg/ml)* | Solubility (mg/mIl)*
Water 2+0.260 0.13+ 0.015
Olive oil 118 £ 0.577 1+0.057
Peanut oll 113 +0.577 1+0.057
Coconut oll 135+ 0.577 2 +0.000
Castor oil 74 £ 1.000 0.7 £ 0.064
Avocado oll 127 +1.000 1+ 0.000

*Data is presented as mean + standard deviation

4.3.2 Pseudo-ternary diagrams

Following the solubility determination, pseudo-ternary diagrams were constructed for all the
various selected oil and surfactant combinations. The ratios of oil to surfactant phase utilised
in this study were; 0:10, 1:9, 2:8, 3:7, 4.6, 5:5, 6:4, 7:3, 8:2, 9:1, and 10:0, respectively. All of
the different ratios oil/surfactant phases were mixed according to these aforementioned ratios
after which, water was added in a drop wise fashion until the first signs of turbidity in the
emulsion was visually observed. The emulsion range was consequently determined as the

area in the pseudo-ternary phase diagram were no turbidity was observed.

Pseudo-ternary diagrams are a different approach to a factorial design; this is due to the fact
that, in the pseudo-ternary diagram a range is highlighted where the particular oil and
surfactant in conjunction with water formulates a stable SEDDS. Figure 4.27 is an example of
one of the pseudo-ternary diagrams constructed for one of the oils, water and surfactant ratios
that formed a stable SEDDS. The pseudo-ternary diagram consists of three well-defined
regions: the uncoloured region representing the coarse dispersion region; the light green area
indicating the liquid crystal region; and the dark green region signifying the nano-emulsion
area. The pseudo-ternary diagrams for the six chosen SEDDS formulations are presented in
Figures 4.29, and the resultant pseudo-ternary diagrams for all of the different SEDDS

formulations that were considered unstable are presented in Annexure A.
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Figure 4.27: Pseudo-ternary phase diagram for the olive oil/Tween®80/Span®80 system.
The green area represents the single phase emulsion region. The uncoloured
region represents the coarse dispersion region; the light green area indicates
the liquid crystal region; and the dark green region signifies the nano-emulsion
area. All compositions are shown as weight ratios

Post construction of the pseudo-ternary phase diagrams, systems that constituted SLS as
surfactant were disregarded from the study as these systems, containing either Span®80 or
Span®60 as co-surfactant, produced either a relatively stable range that was too narrow to
experiment with; or no stable or clear SEDDS formulations developed upon preparation. The
reason for SLS not forming a proper emulsion range can most likely be attributed to the
hydrophile lipophile balance (HLB) value of the surfactant. The choice of surfactants plays an
imperative role in the emulsification of the SEDDSs, moreover, the HLB value of the oil has
also been acknowledged as a vital component in the emulsification process (AboulFotouh et
al., 2017; Costa et al., 2014; Wang et al., 2009). The HLB system acts as a scientific approach
in predicting the best surfactant and co-surfactant required to produce an optimal emulsifying
system. An optimal emulsifying system is formed when the HLB values of the oil phase and
surfactant phase match (AboulFotouh et al., 2017; Costa et al., 2014; Fernandes et al., 2012;
Wang et al., 2009; Wang & Pal, 2014). Consequently, if the HLB values of the surfactant phase
coincide with the HLB values of the oil phase, a stable emulsion will form. SLS has an HLB
value of 40 (significantly hydrophilic), which is notably higher than the values of the oils, having
HLB values in the range of 6-12 (Fernandes et al., 2012). SLS was chosen because of its
high HLB value; according to Wang & Pal (2014), who stated that the higher the HLB value

the more hydrophilic the surfactant is. Subsequently, the more hydrophilic surfactant will lead
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to an easier formation of an oil-in-water emulsion (Wang & Pal, 2014). However, apart from
the advantage of SLS displaying hydrophilic characteristics, the HLB value did not match the
HLB values of the different oils used in this study, thus concluding that SLS was, for the

purpose of this study, not the optimum choice of surfactant.

Surfactant phase
00
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oil 20 80 70 60 50 a0 30 0 10 Water

Figure 4.28: Pseudo-ternary phase diagram for the peanut oil/SLS/Span®80 system. The
green area represents the single phase emulsion region. The uncoloured
region represents the coarse dispersion region; the light green area indicates
the liquid crystal region; and the dark green region signifies the nano-emulsion
area. All compositions are shown as weight ratios
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Figure 4.29:

Pseudo-ternary phase diagrams for (A) the peanut oil/Tween®80/Span®80 system; (B) the castor oil/Tween®80/Span®80 system; (C) the
coconut oil/Tween®80/Span®80 system; (D) the avocado oil/Tween®80/Span®80 system; and (E) the castor oil/Tween®80/Span®60
system. The green area represents the single phase emulsion region. The uncoloured region represents the coarse dispersion region;
the light green area indicates the liquid crystal region; and the dark green region signifies the nano-emulsion area. All compositions are
shown as weight ratios
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After each addition of water, the SEDDS formulations were visually examined under a
microscope, with a polarised lens, to visually ascertain if the emulsion is in the micro- or
nano-range; as well as to inspect if any impurities were included in the emulsion. Emulsions
appearing clear and which fell within the emulsion range, were chosen as optimal and stability
experiments were conducted on these SEDDS formulations. Figure 4.30A depicts an example
of a SEDDS formulations chosen due to it being visually clear; whereas Figure 4.30B portrays

an example that was deemed visually unacceptable under the microscope.

A B C

Figure 4.30: Examples of SEDDS formulations that were visually inspected where (A) is
considered an acceptable SEDDS formulations possibly in the micro-emulsion
range; (B) an unacceptable SEDDS formulation containing crystallisation of the
surfactant phase; and (C) a possible nano-emulsion due to the addition of more
water

In Figure 4.30B it seems as though the surfactant phase precipitated when the emulsion
reached the edge of the emulsion range. Thus, even though to the naked eye the SEDDS
formulation may seem clear, when examined under the microscope, it is obvious that this
SEDDS formulation ratio is not within the nano-range and cannot be considered stable.
Moreover, for this specific SEDDS formulation, the emulsion ranges seem to be notably
narrow. The droplet size of the SEDDS formulation displayed in Figure 4.30A is visible under
the microscope. This is an indication that this emulsion will probably fall within the micro-range.
However, upon further addition of the water phase, in a dropwise fashion, the emulsion
became more clear and the droplets were no longer microscopically visible. The addition of
water to the SEDDS formulation seems to decrease the droplet size, and move the emulsion
from the micro-range into the nano-emulsion range (Figure 4.30C). This conclusion needs to
be confirmed upon droplet size measurement discussed in the characterisation section of this
chapter.
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Based upon the pseudo-ternary phase diagrams and visual inspection, the SEDDS
formulations that adhered to the set criteria, and in which the amount of oil phase completely
solubilised the fixed-dose artemether and lumefantrine, were selected for further stability
investigation. These SEDDS formulations were prepared and left to stand for 24 h in order to
establish whether phase separation occurred within these formulations. All of the SEDDS
formulations, except for the castor oil SEDDS, that contained a surfactant phase consisting of
the surfactant Tween® 80 and co-surfactant Span® 60, displayed phase separation. Therefore,
the SEDDS formulations that consisted of a selected oil and the surfactant phase comprising
Tween® 80 and Span® 80; as well as the castor oil/Tween® 80/Span® 60 system was further
characterised. These formulations are listed in Table 4.12 where the different oil/surfactant

phase ratios that formed acceptable SEDDSs are defined.

Table 4.12: SEDDS formulations that were further characterised

Selected oil phase O:)'{]Sal;g?;:ﬁ)m Surfactant phase (1:1) Abbre\::ae;te??aISEDDS
Avocado oll 4.6 Avocado oil (4:6)
Castor oil 2:8 Castor oil (2:8) S80
Coconut oil 6:4 Tween® 80/Span® 80 Coconut oil (6:4)
Olive oil 3.7 Olive ail (3:7)
Peanut oil 6:4 Peanut oil (6:4)
Castor oil 3.7 Tween® 80/Span® 60 Castor il (3:7) S60

4.4 Characterisation of SEDDS

4.4.1 Assay

The HPLC method described in section 3.3.1 was employed to determine the respective
artemether and lumefantrine drug content in the chosen SEDDS formulations. The
International Pharmacopoeia (IP) states that oral dosage forms containing artemether and
lumefantrine should have a drug content between 90-110%, respectively (IP, 2008). None of
the other Pharmacopoeia provided any guidelines as to what the artemether and lumefantrine
content should be within a dosage form. Artemether typically displayed a higher percentage
drug content compared to the lumefantrine content acquired in the SEDDS formulations
(Table 4.13). However, generally the percentage drug content of both lumefantrine and
artemether still fell within the parameters set by the IP; and the drug content remained fairly

constant within the SEDDSs comprising the different oils. Only the peanut oil (6:4) SEDDS
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depicted an artemether content of 112.375% which is slightly higher than the prescribed IP
criteria. From the various SEDDS formulations, it is evident that the SEDDSs containing castor
oil (castor ail (3:7) S60 and castor oil (2:8) S80) exhibited an overall lower drug content of both
lumefantrine and artemether compared to the other SEDDSs. This could possibly be attributed

to the poorer solubility of both artemether and lumefantrine in the castor oil.

Table 4.13: Assay of the percentage lumefantrine and artemether solubilised in the selected

SEDDS formulations
Artemether (%) SEDDS Lumefantrine (%)

105.513 Avocado oil (4:6) 96.553

(1.963)* ' (0.070)*

95.493 95.200
Castor oil (2:8) S80

(2.449)* astor oil (2:8) (0.591)*

96.723 95.735
Castor oil (3:7) S60

(1.710)* astor oil (3:7) (0.040)*

105.600 96.310

Coconut oil (6:4

(0.431)* (6:4) (0.400)*

107.588 Olive oil (3:7) 96.000

(2.580)* ' (0.010)*

112.375 Peanut oil (6:4) 96.211

(1.263)* ' (0.010)*

*Castor S80= Castor oil, Tween® 80, and Span® 80; Castor S60= Castor oil, Tween® 80, and Span® 60

*The %RSD is displayed in parenthesis

The drug content obtained for artemether in the SEDDS formulations is in the range of 95.493—
112.375%; similarly, the drug content for lumefantrine present in the SEDDS formulations
ranged from 95.200-96.553%. The %RSD for artemether ranged from 0.431-2.580%;
whereas lumefantrine ranged from 0.010-0.591%, signifying that these SEDDS formulations

probably display a uniform dispersion of droplets due to the narrow deviation range.

4.4.2 Droplet size and zeta potential

Droplet size distribution ensuing self-emulsification is an important element when assessing
a self-emulsifying system. The smaller the droplet size, the larger the interfacial surface area
that is available, which in turn leads to faster drug release into an aqueous medium for drug
absorption (Chudasama et al., 2011; Czajkowska-Ko snik et al., 2015; Gershanik & Benita,
2000; Kang et al., 2004; Pouton, 2000; Rao et al., 2013). Gershanik et al. (1998) investigated
the effect of emulsion droplet size on the penetration ability of the dosage form through

intestinal mucosa. They concluded that the optimal droplet size range is between 100—
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500 nm. From the six SEDDS formulations (all containing both active ingredients artemether
and lumefantrine) tested in this study, the SEDDS formulations containing olive-, avocado-,
coconut-, and castor oil all displayed droplet sizes that fell within the nano-range (Figure 4.31);
and their %RSD regarding droplet sizes are relatively narrow as it resides below 5% for all of
the SEDDS formulations (Annexure B). Only the SEDDS formulation comprising peanut oil is
defined as being a SMEDDS formulation, having an average droplet size of 1452.667 nm
(16.305%RSD). Therefore, according to the results obtained by Gershanik and co-workers
(1998), the SMEDDS containing peanut oil will not be able to permeate the intestinal mucosa
to the same extent as the SEDDS constituting the other oils phases. The coconut oil (6:4)
SEDDS, although it depicted a droplet size that fell within the nano-range (Figure 4.31), will
also not be able to permeate the intestinal mucosa to the same extent as the SEDDS
constituting the other oil phases. The olive ail (3:7), castor oil (3:7) S60 and avocado oil (4:6)
SEDDS all display a droplet size smaller than 250 nm, indicating that these formulations will

probably easily transverse the intestinal mucosa.

Increased droplet sizes attained for the peanut oil (6:4), coconut oil (6:4) and castor oil (2:8)
S80 SEDDS could presumably be attributed to the ratio oil phase/surfactant phase. Generally,
as the oil phase increased, and the surfactant phase decreased, the droplet increased.
Therefore, the less oil phase included in the SEDDS, the higher the probability of the SEDDS
diffusing the gastrointestinal tract. Moreover, the small %RSD values indicate that the droplet
size in each of these emulsions were fairly uniform. A uniform droplet size is more acceptable
as it can play a major role in the stability of an emulsion (AboulFotouh et al., 2017). Literature
states that the smaller and the more relatively uniform the droplet size is, the more robust the
SEDDS formulation is to any kind of instabilities, for example: flocculation or coalescence,
thus indicating that the SEDDS formulation is kinetically stable (AboulFotouh et al., 2017). On
the other hand, and as stated, the peanut oil (6:4) SEDDS displayed an average droplet size
that fell within the micro-range, however, the %RSD was 16.3%, signifying that the droplets
formed in this SEDDS are not of a uniform size. This may thus affect the stability of the
SEDDS. To clarify whether the droplet sizes influenced the stability of these formulations,
additional thermodynamic stability tests were conducted, which are discussed in the following

sections.
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Figure 4.31: Average droplet size (nm) obtained for the selected SEDDS formulations

Zeta potential identifies the charge on a droplet of an emulsion. The value obtained for zeta
potential defines the degree of electrostatic repulsion between the droplets in a dispersion.
Literature states that a higher zeta potential value is indicative of a more stable dispersion
where aggregation is prevented. A value above 30 mV or below -30 mV typically indicates that
the specific emulsion is highly stable. In addition, traditional SEDDS formulations normally
depict an oil droplet charge that is negative due to the presence of free fatty acids in the oil
phase (Eid et al., 2014; Silva et al., 2012). As demonstrated in Figure 4.32 all of the SEDDS
formulations, except the castor oil (3:7) S60 SEDDS, portrayed a zeta potential value below -
30 mV (i.e. higher than a value of 30), which is indicative of highly stable SEDDS formulations.
From these results it is postulated that the type of co-surfactant included may play a role in
the zeta potential obtained. Although the castor oil (3:7) S60 presented with a lower zeta
potential (-20.8 mV), the software of the Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, UK) still indicated that this SEDDS may be considered stable. A stable
emulsion has often been linked in literature to a high zeta potential, typically a value of higher
than 30 mV, regardless of the sign; and inherently a lower zeta potential value, usually ranging
between -11 to -20 mV, would approach the verge of agglomeration (Losso et al., 2005; Wang
et al., 2009). However, Roland et al. (2003) identified that no direct relationship existed
between the overall physical stability and zeta potential. According to the experiments they
conducted, emulsions with lower zeta potential values could be classified as more stable
during stability testing. Thus, it could be concluded that a zeta potential value not differentiating
by more than 10 mV during stability testing is required to be able to predict the absolute

stability of an emulsion. Hence, the zeta potential value observed for castor oil (3:7) S60 (-
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20.8 mV) is seen as an acceptable value and this SEDDS formulation typically may be

classified as being relatively stable.

457 Peanut oil (6:4)
547 Olive oil (3:7)
6.6 Coconut oil (6:4)

44.6 Castor oil (2:8) S80
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Figure 4.32: Average zeta potential (mV) obtained for the selected SEDDS formulations

4.4.3 Determination of self-emulsification

The mechanism of self-emulsification is not completely understood, nonetheless, this
mechanism is thought to occur when the dispersion is favoured due to entropy changes, which
requires more than the dispersions surface area. Self-emulsification time of SEDDS mimics in
vivo agitation that the dosage form is exposed to in the gastrointestinal tract. The self-
emulsification time of the SEDDS can be divided into 5 groups, namely; Group A, B, C, D, and
E, as described in section 3.4.3 (Czajkowska-Kosnik et al., 2015, Dangre et al., 2016).

It was found that the less time the SEDDS takes to self-emulsifying the more positive the result
is. This is because if the SEDDS emulsifies quickly a small amount of energy was required for
emulsification, meaning that emulsification of the emulsion occurred spontaneously which is
very desirable for this specific dosage form (Basalious et al., 2010, Czajkowska-Kos$nik et al.,
2015, Dangre et al., 2016). Table 4.14, summarises the emulsification time of the different
SEDDS.
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Table 4.14: Determining and grading the emulsification time

Oil Emulsification time (s) Grade
Avocado oil (4:6) 35 A
Castor oil (2:8) S80 59 B
Coconut oil (6:4) 55 A
Olive ail (3:7) 40 A
Peanut oil (6:4) 50 A
Castor oil (3:7) S60 120+ C

Group A and B were deemed as acceptable; group C, D, and E were deemed as a failed
result. avocado oil (4:6), castor oil (2:8) S80, coconut oil (6:4), olive oil (3:7), and peanut oil
(6:4) were classified in either group A or B, indicating that these SEDDS formulations
displayed acceptable self-emulsification mechanisms. The SEDDS formulations comprising
castor ail (3:7) S60 interestingly displayed a slightly milky emulsion after 2 min. This possibly
has to do with the HLB value of the chosen oil, surfactant, and co-surfactant. The HLB value
is a vital component when choosing the right surfactant and co-surfactant to match with the
oil phase utilised in the SEDDS formulation. If the HLB values are close to one another it can
safely be assumed that a stable emulsion will form, however this is based on theory and upon
making the emulsion, the emulsion can still present as stable, even if the HLB values of the
surfactant phase differ dramatically from the oil phase. In this study, the ratio of surfactant to
co-surfactant used was 1:1, therefore the HLB value of Tween®80 is 15 and Span® 60 is 4.7.
Because the ratio of 1:1, 50% of Tween® 80 and Span® 60, is used and the respective HLB
values are 7.5 and 2.35, thus making the total HLB of the surfactant phase 9.85. Castor olil
has an HLB value of 14, thus the surfactant phase’s HLB values is lower than the HLB value
of the oil phase, allowing a safe assumption to be made that the surfactant phase was not
efficient enough to lower the interfacial tension, thus the energy required to spontaneously
emulsify the emulsion favoured the dispersion surface area and not the entropy changes of

the emulsion (Fernandes et al., 2012).

4.3.1 Cloud point determination

Cloud point is defined as the temperature at which the emulsion’s clarity becomes cloudy. This
pointis of specific interest in especially SEDDS utilising non-ionic surfactants. At temperatures
higher than the identified cloud point, irreversible phase separation occurs due to the
dehydration of the included ingredients; and this may severely affect drug absorption. It is
therefore of utmost importance that the cloud point of the SEDDS must be higher than body
temperature (i.e. £37°C); if lower, phase separation of the SEDDS may transpire in the

gastrointestinal tract, leading to poor absorption of the incorporated drug (AboulFotouh et al.,
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2017; Agrawal et al., 2015). The cloud point of each of the selected SEDDS formulations are
summarised in the Table 4.15.

Table 4.15: Cloud point values of the various SEDDS

Oil Cloud point (°C)
Avocado oil (4:6) 62
Castor oil (2:8) S80 55
Coconut oil (6:4) 45
Olive ail (3:7) 60
Peanut oil (6:4) 60
Castor oil (3:7) S60 55

All of the selected SEDDS formulations portrayed a cloud point above 37°C, thus implying that
the SEDDS should remain stable in the gastrointestinal tract and no phase separation will

ensue.

4.3.2 Thermodynamic stability studies

SEDDS formulations experience in situ solubilisation with the purpose of forming
microemulsion systems. These systems should have stability in order to avoid precipitation of
the drugs including; creaming; phase separation; flocculation; Ostwald ripening; and/or
cracking of the said formulations. Most often, sustained storage might cause the solubilised
drugs to precipitate from these systems; seed crystals may start to appear; and it might grow
to larger crystalline materials that will precipitate on the bottom of the container that the specific
SEDDS formulation was stored in (Agrawal et al., 2015). For these reasons, the selected

SEDDS formulations were exposed to various thermodynamic stress experiments.

The first thermodynamic stress test was the heating and cooling cycle experiment. The
avocado oil (4:6), castor oil (2:8) S80, olive oil (3:7), and castor oil (3:7) S60 SEDDS
formulations did not depict any physical instabilities during this test. Upon placing the coconut
oil (6:4) SEDDS in the fridge, the coconut oil solidified due to its relatively low melting point
(24°C). Nonetheless, solidification of this SEDDS formulation was not considered a
thermodynamic instability due to the fact that when this formulation was placed in the oven
and, when the temperature increased, the coconut oil returned to its original liquid state and
no physical instabilities such as phase separation, cracking, or creaming occurred. The peanut
oil (6:4) SEDDS also solidified during storage in the fridge and also liquefied during the heating
cycle but, on day 6 (the last test day), apparent phase separation transpired. However, to

confirm the results acquired, this SEDDS was stirred post testing and was left for 24 h, after
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which it was observed that no phase separation occurred. The peanut oil (6:4) SEDDS

seemed physically stable when not exposed to varying temperature.

Following, the selected SEDDS formulations were subjected to centrifugation to ascertain if
phase separation might develop during exposure to high rotational speed. These formulations
were subsequently placed in centrifuging tubes and centrifuged at 3 500 rpms for 30 min. After
centrifugation the SEDDS formulations were visually examined. No phase separation was

noted with any of the selected SEDDS formulations.

The last thermodynamic stress test conducted was dilution of the SEDDS formulations as this
mimics’ similar conditions that may occur in the gastrointestinal tract. Therefore, this dilution
experiment tests the robustness of the formulation, providing an estimate at how stable the
SEDDS will be after oral administration (Agrawal et al., 2015). Again, post testing, the selected
SEDDS formulations were visually inspected for any physical instabilities. No physical
instabilities could be observed for any of the SEDDS formulations. In conclusion, none of the
formulations tested showed any form of physical instability and thus passed the

thermodynamic stability stress test.

4.3.3 Viscosity

The internal friction present in a fluid or its tendency to resist flow is known as viscosity (Jain
& Soni, 2012; Viswanath et al., 2007). If an emulsion has strong attraction forces between its
molecules, the viscosity of the emulsion increases. Inversely, the viscosity of an emulsion will
be low if the attraction forces of the molecules in the emulsion are weak (Jain & Soni, 2012).
Furthermore, temperature has a notable effect on the viscosity of an emulsion; at high
temperatures the attraction forces between the molecules in the emulsion decrease, which
causes the emulsion to be less viscous, and vice versa (Jain & Soni, 2012). Viscosity is an
important parameter during dispersion of a SEDDS formulation in the aqueous phase. The
higher the viscosity the slower the emulsification rate, which in turn may affect the in vivo drug
release and subsequent bioavailability profiles. It moreover affects handling of SEDDS. The
lower the viscosity of the SEDDS formulations, the easier filling of this dosage form into hard

or soft gelatin capsules will be (Agrawal et al., 2015; Nasr et al., 2016).

The rheological properties of fluids can be divided into two categories;
1. Newtonian: These fluids have the same viscosity at different shear rates (rpms) and
are classified as Newtonian over the shear rate range they are measured at.
2. Non-Newtonian: These fluids have different viscosities at different shear rates.

Non-Newtonian fluids can further be divided into two groups;
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e Time dependent, and;

¢ Time independent
The rheological properties of a fluid that is dependent on time, changes when the spindle
speed changes and different viscosities are observed. Time dependent rheological properties
are classified as thixotropic; meaning the fluid’s viscosity decreases when maintained under
a constant shear rate. Time independent rheological properties are classified as
pseudoplastic; displaying a decrease in viscosity when the shear rate is increased. This term
is also known as ‘shear thinning’. Most fluids are found to be Non-Newtonian. Representations

of Newtonian and non-Newtonian rheological properties are seen in Figure 4.33.

Pseudoplastic
Hewtonian fluid

Shear rate

Thixotropic fluid

Shear stress

Figure 4.33: Various types of rheological properties of different fluids

The viscosity results obtained for the selected SEDDS formulations differed noticeably
between the different formulations (Tables 4.17-4.22 and Figures C1-C6, Annexure C).
Table 4.16 exhibits results found for the castor oil (2:8) S80 SEDDS. Initially, the castor oil
(2:8) S80 SEDDS displayed an increase in viscosity as the shear rate increased; however,
when the shear rate was increased to 30 rpm, the viscosity of the emulsion started to decrease
upon increase in speed. This indicates that the castor oil (2:8) S80 SEDDS exhibits a time
independent rheological behaviour, known as pseudoplastic behaviour, as variation in the

shear rate cause a differentiation in the viscosity.
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Table 4.16: Viscosity and shear rate of the castor oil (2:8) S80 SEDDS

Speed (rpm) Shear rate (1/s) | Viscosity (cP) Temperature (°C)

5 1.4 360.0 23.3

10 2.8 372.0 234

20 5.6 372.0 23.2

30 8.4 388.0 23.4

50 14.0 385.2 23.3

60 16.8 384.0 23.3
100 28.0 381.0 23.4

Itis evident from Table 4.17 that when the viscosity of the castor oil (3:7) S60 SEDDS is tested,
this SEDDS formulation appears fairly viscous at 5 rpms. As the rotational speed is increased,
the viscosity of the castor oil (3:7) S60 SEDDS decreases, typically indicating that this SEDDS

demonstrates pseudoplastic rheological behaviour.

Table 4.17: Viscosity and shear rate of the castor oil (3:7) S60 SEDDS

Speed (rpm) Shear rate (1/s) | Viscosity (cP) | Temperature (°C)

5 6.6 544.8 23.2

10 2.8 312.0 23.3

20 5.6 312.0 23.2

30 8.4 311.0 23.2

50 14.0 2814 234

60 16.8 312.0 23.3
100 28.0 300.0 23.2

In Table 4.18 it is apparent that the viscosity of coconut oil (6:4) SEDDS increases as the
rotational speed is increased, and only once the stirring rate was increased to 100 rpm did the
rheological properties of the SEDDS present with pseudoplastic behaviour. The phenomenon
where the viscosity of the SEDDS increases as the stirring rate increases is termed dilatancy.
Dilatancy is defined as the tendency of a liquid, in this case the SEDDS, to almost “solidify”
as the stirring rate is increased, in other words as the stirring rate increases the emulsion
becomes more viscous. Dilatancy ensues due to rapid shearing of the emulsion which forces
particles out of their close packing and a void space is formed between the particles. This
whole formation can be defined as the system dilates. These newly formed void spaces remain

as the system has insufficient liquid to fill the spaces, resulting in a noticeable resistance with
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further shearing. Dilatancy is not a positive flow property for an emulsion; and it can also occur
when flocculation arises during storage. The sediment that forms is then classified as a
dilatant, resisting any attempts at stirring or shaking to form a uniform emulsion, which could
lead to caking (Jain & Soni, 2012; Rognon et al., 2011).

Coconut oil normally solidifies at room temperature (+25°C). Upon conduction of this
experiment, room temperature was below 25°C and the water bath of the viscometer could
not be controlled (+23°C). For these reasons the coconut oil (6:4) SEDDS might have
portrayed tendencies of dilatancy. However, once the rotational stirring speed was increased
to 100 rpm, the increased speed must have created an increase in temperature, causing a
decrease in viscosity, and thus possibly pseudoplastic behaviour was observed. In Figure C3,
Annexure C, the dilatancy behaviour can clearly be detected from 5-60 rpm; and at 100 rpm

the viscosity starts to decrease, displaying possible pseudoplastic behaviour.

Table 4.18: Viscosity and shear rate of the coconut oil (6:4) SEDDS

Speed (rpm) Shear rate (1/s) | Viscosity (cP) | Temperature (°C)

5 14 192.0 23.2

10 2.8 180.0 23.3

20 5.6 200.0 23.2

30 8.4 202.0 23.2

50 14.0 206.1 23.4

60 16.8 216.0 23.3
100 28.0 213.2 23.2

Observing results obtained for the olive oil (3:7) SEDDS (Table 4.19), it is evident that the
rheological behaviour is pseudoplastic in nature due to the fact that the viscosity of the olive
oil (3:7) SEDDS increases up to 30 rpm and then it starts to decrease from there on. This
observation is confirmed with Figure C5 (Annexure C) where a typical pseudoplastic curve

with an initial increase and decrease may be seen.
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Table 4.19: Viscosity and shear rate of the olive oil (3:7) SEDDS

Speed (rpm) Shear rate (1/s) | Viscosity (cP) Temperature (°C)

5 1.4 492.0 23.2

10 2.8 503.9 23.3

20 5.6 510.0 23.2

30 8.4 512.0 23.2

50 14.0 507.6 234

60 16.8 505.0 23.3
100 28.0 499.3 23.2

The peanut oil (6:4) SEDDS likewise depicted pseudoplastic behaviour, as tabled in
Table 4.20. This SEDDS formulation displayed pseudoplastic behaviour early on during an
increase in the rotational stirring speed (i.e. 10 rpm). On the other hand, the avocado oil (4:6)
SEDDS presented a typical non-Newtonian, time independent rheological behaviour, and at
30 rpms the emulsion displayed shear thinning as the viscosity of the oil started to decrease

at 30 rpms. In Table 4.21 the rheological behaviour of the emulsion can clearly be identified.

Table 4.20: Viscosity and shear rate of the peanut oil (6:4) SEDDS

Speed (rpm) Shear rate (1/s) | Viscosity (cP) Temperature (°C)

5 1.4 279.7 23.2

10 2.8 282.0 23.3

20 5.6 278.8 23.2

30 8.4 278.0 23.2

50 14.0 276.0 23.4

60 16.8 275.0 23.3
100 28.0 273.5 23.2

97



Table 4.21: Viscosity and shear rate of the avocado oil (4:6) SEDDS

Speed (rpm) Shear rate (1/s) | Viscosity (cP) Temperature (°C)

5 1.4 372.0 23.2

10 2.8 398.5 23.3

20 5.6 402.0 23.2

30 8.4 400.0 23.2

50 14.0 399.6 234

60 16.8 397.9 23.3
100 28.0 393.6 23.2

In conclusion, it was generally observed that the viscosity increased with an increase in the
surfactant phase ratio in the selected SEDDS formulations. These results can be attributed to
the surfactant phase displaying a higher viscosity than the selected oils. All the above-
mentioned SEDDS formulations furthermore displayed plastic rheological properties. Most
pharmaceutical preparations are pseudoplastic in nature; this is because this particular flow
holds numerous advantageous aspects for pharmaceutical dosage forms. The rationale is that
the high viscosity of pseudoplastic flow at a lower shear enables the emulsion to stabilise the
insoluble particles present in the SEDDS formulations, which subsequently will prevent these
particles from rapidly sedimenting from the SEDDS formulations. Additionally, pseudoplastic
flow has a shear thinning characteristic which allows for easy flow when pouring the emulsion
(Jain & Soni, 2012). Therefore, this particular rheological behaviour is beneficial for the
purpose of this study, as not only will this type of behaviour allow for a more stable SEDDS
formulation during storage, but it will also assist with easy handling and pouring of the dosage

form.

4.3.4 Dissolution studies

SEDDS are said to promote dissolution of a drug due to a phenomenon known as the negative
interfacial tension theory. Negative interfacial tension theory can be defined as the entropy
change that occurs during self-emulsification, which is higher for the dispersion than the
energy needed to increase the surface area of the dispersion. Another positive of SEDDSs is
that the homogeneity of the emulsion droplet size, as well as the polarity of the droplet size,
aid in the rapid release of the drug from the SEDDS (Xue et al., 2018). Artemether and
lumefantrine are well-known for their poor solubility profiles, thus when the selected SEDDS
formulations proved to increase the solubility of both these drugs, it was important to determine

whether these SEDDSs are furthermore able to noticeably improve the drug release properties

98



of both drugs from a given dosage form, as it pertains to the absorption and bioavailability of
a drug (Conti et al., 2007). Consequently, the dissolution characteristics of the six chosen
SEDDS formulations were analysed to establish both the artemether and lumefantrine release
profiles. Due to the already known fact that both artemether and lumefantrine are poorly
soluble, phospholipids and bile salts were introduced into the dissolution media after 5.5 h
with the intent to mimic the gastrointestinal tract more closely. The addition of bile salts and

phospholipids increased the pH to 7.4, imitating the ileum pH (Lipert et al., 2015).

Mean dissolution time (MDT) is a term that may be defined as the average dissolution time of
the amount of drug released at all the tested time intervals during dissolution studies. MDT
values naturally tend to increase with time and it is more evident when a formulation displays
prolonged release. In other words, it is a measure of the rate of the dissolution process. Thus,
a higher MDT value is indicative of a slower drug release profile due to a drug-retarding ability
of the formulation (Esterhuizen-Rudolph, 2015; Qiu, 2009). The MDT values for both drugs
released from the various SEDDS formulations are presented in the following sections.
Furthermore, the f1- and f>-values for both artemether and lumefantrine released from each of
the selected SEDDS formulations were calculated (Table 4.24 and Table 4.26) to conclude
whether the artemether and lumefantrine release profiles exhibited a significant difference
comparative to each of the SEDDS formulations. No statistical difference is observed when
the fi-value is less than 15% and fz-value is higher than 50% (Costa & Lobo, 2001; Moore &
Flanner, 1996).

4.3.4.1 Dissolution properties of artemether

Dissolution profiles were constructed from the average percentage drug in solution as a
function of time. Figure 4.34 illustrates the different dissolution profiles of artemether from the
selected SEDDS formulations. Log P is defined as the partition coefficient of a drug, and is
the ratio of concentrations of the said drug in a mixture of two immiscible phases
(predominantly water and octanol) at equilibrium (Amin et al., 2103; van Zyl et al., 2016). The
log P value of artemether is 3.48, rendering it as having a higher affinity for the lipid phase,
which is confirmed by the solubility experiments conducted in this study. Artemether will
consequently prefer to reside within the lipid phase of the SEDDS formulations. This, however,
creates a concern as the gastrointestinal media is hydrophilic. Therefore, surfactants are
added to the highly lipophilic formulations, as this will lower the interfacial tension between the
emulsion and the gastrointestinal media, allowing artemether to diffuse more easily from a

formulated SEDDS into the surrounding media (Amin et al., 2103).
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Figure 4.34: Dissolution profiles of artemether as a function of time from the optimised

SEDDS formulations. The horizontal black line indicates the 75% drug release
set by the IP (2008)

From Figure 4.34 it is apparent that all of the selected SEDDS formulations displayed an initial
delayed release profile up until approximately 120 min. This was confirmed by the fact that all
of the selected SEDDS formulations illustrated high MDT values (Table 4.22), proving that
prolonged release was observed during dissolution. Artemether was only released when the
pH was increased from 1.2 to 6.8. This is due to the higher pH creating a more favourable
environment for artemether to be more highly ionised and therefore becoming more soluble in
the dissolution media. Artemether possesses a pKa value of -3.9, indicating that the drug has
strong basic properties, which explains why a correlation can be seen in the release of
artemether as the pH increases (Amin et al., 2013). In addition, the two SEDDS formulations
comprising castor oil as the oil phase portrayed a slower onset of release, where the castor
oil (2:8) S80 SEDDS started releasing the artemether at only 180 min. This observation might
be due to the castor oil having a higher viscosity compared to the other oil phases of the
selected SEDDS formulations, and first had to be diluted by the dissolution media and/or the

artemether first had to slowly diffuse through these SEDDS formulations.
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Table 4.22:

MDT values of artemether from the various SEDDS formulations

Avocado Castor oil Castor oil | Coconut Olive oil Peanut oil
oil (4:6) (2:8) S80 (3:7) S60 oil (6:4) (3:7) (6:4)
MDT
(min) 411.828 332.745 310.876 366.417 412.135 385.094
i

Once the artemether started to release from the selected SEDDS formulations a relatively
constant release rate is observed for all of these formulations (r? 2 0.982). The castor oil (3:7)
S60 SEDDS and castor oil (2:8) S80 SEDDS displayed a relatively faster artemether release
rate compared to the other SEDDS formulations; and artemether was completely released
(i.e. 100%) from these formulations. The MDT values for these castor oil SEDDS also indicate
that these SEDDS formulations were able to release the artemether faster, as these values
are relatively lower comparatively. Moreover, the only other SEDDS formulation that was able
to fully release artemether (100%), is the avocado oil (4:6) SEDDS. The coconut oil (6:4), olive
oil (3:7) and peanut oil (6:4) SEDDSs, however, did depict artemether release profiles higher
than 80%. The avocado oil (4:6) SEDDS and olive oil (3:7) SEDDS presented the highest
MDT values indicating a higher artemether retarding ability. A rank order could be established
for the artemether release rate from the selected SEDDS formulations (slowest to fastest
release rate): olive oil (3:7) = avocado oil (4:6) >> peanut oil (6:4) > coconut oil (6:4) >>
castor oil (2:8) S80 > castor il (3:7) S60.

Considering the fit-factors (Table 4.23) in order to ascertain whether significant differences
concerning the release profiles of the selected SEDDS could be observed, it could be
concluded that only the castor oil (2:8) S80 and castor oil (3:7) S60 SEDDS formulations
differed statistically significantly from the other SEDDS formulations. This observation
confirmed that these two formulations depicted longer delayed release profiles of artemether
from the SEDDS, as well as higher and faster artemether release once drug release was

initiated. The resultant SEDDS formulations thus released artemether in a similar manner.
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Table 4.23: Fit factors displaying the statistical similarities and differences of the SEDDS
formulations with artemether

Comparison No statistical Statistical
P difference difference
S - 0o f1: 38.579
Avocado oil (4:6) : Castor oil (2:8) S80 f,: 42.101
; . . : . fi1: 36.041
Avocado oil (4:6) : Castor oil (3:7) S60 0 44.454
. . fi: 12.197
Avocado oil (4:6) : Coconut oil (6:4) '
f2: 64.662
f1: 14.840
Avocado oil (4:6) : Olive oil (3:7) !
f2: 63.111
. . f1: 9.104
A 1 (4:6):P | (6:4
vocado oil (4:6) : Peanut oil (6:4) f,: 72.216
oy _ . f1: 15.067
Castor oil (2:8) S80 : Castor oil (3:7) S60 t): 52.472
oy : . f1: 30.583
Castor oil (2:8) S80 : Coconut oil (6:4) f,: 43.773
. . . fi: 45.315
Castor oil (2:8) S80: Olive ail (3:7) '
f,: 41.869
_ _ f1: 35.166
Castor oil (2:8) S80 : Peanut oil (6:4) '
f2: 44,503
Castor oil (3:7) S60 : Coconut oil (6:4) f1: 39.220
' ' ' f2: 44.282
. : : f1: 49.511
I (3:7 : Ol I (3:7
Castor oil (3:7) S60 : Olive oil (3:7) 0 41.2565
. . f1: 33.574
Cast 1 (3:7) S60 : P t oil (6:4
astor oil (3:7) eanut oil (6:4) t,: 46,702
f1: 16.883
Coconut oil (6:4) : Olive oil (3:7) !
f2: 62.575
. . fi: 7.576
Coconut oil (6:4) : Peanut oil (6:4) '
f2: 76.321
. . . fi1: 18.791
Ol 1(3:7): P t oil (6:4
ive oil (3:7) : Peanut oil (6:4) f,: 61.081

One of the reasons for the differences in the artemether release profiles is possibly that, as
stated previously, the solubility of artemether in the various oil phases differed notably.
Artemether is less soluble in the castor oil, whereas similar solubility profiles were achieved in
the avocado-, coconut-, olive-, and peanut oils. Poor solubility can lead to faster release of the

drug from a formulation, where increased solubility in the dispersed phase may lead to
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reluctance of the drug to diffuse from the formulation (Xue et al., 2018). Likewise, the viscosity
values of the different oil phases were nearly identical for the avocado-, coconut-, olive-, and
peanut oils, which again differed markedly from the values obtained for castor oil; explaining
why the aforementioned SEDDS formulations demonstrated similar drug release profiles
compared to the SEDDS comprising castor oil and displaying longer lag times (Costa et al.,
2014).

4.3.4.2 Dissolution properties of lumefantrine

Considering the dissolution profiles constructed for lumefantrine from the selected SEDDS
formulations, as depicted in Figure 4.35, it is again clear that lumefantrine was only released
after the biorelevant media, containing phospholipids and bile salts, was added and the pH

increased to 7.4.
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Figure 4.35: Dissolution profiles of lumefantrine as a function of time from optimised SEDDS
formulations. The horizontal black line indicates the 75% drug release set by
the IP (2008)

Lumefantrine has a log P value of 9.19, indicating that it has an expressively higher affinity
towards the oil phase (Amin et al., 2013). Phospholipids and bile salts meaningfully influence
the solubility and bioavailability of poorly soluble drugs. This is due to the phospholipids and
bile salts being physiologically relevant surfactants. Hence, the combination with the synthetic
surfactants added to the SEDDS formulations, seemed to markedly decrease the interfacial

tension between the SEDDS and the surrounding media, almost forcing the lumefantrine into
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the surrounding media (Lipert et al., 2015). The interfacial tension could be reduced due to

the entropy changes favouring the dispersion.

However, the biorelevant media used in this study was only a basic composition to simulate
conditions in the small intestine and not to improve the dissolution of the two drugs utilised.
Most biorelevant media normally contain oleic acid which aids in the solubilisation of lipids,
however when adding oleic acid, the biorelevant media becomes more complex. There are
generally two types of biorelevant media, namely, type | and type Il. Type | mimics’ the fasting
state of the gastrointestinal tract and type Il simulates the fed state. For the purpose of this
study type | was used, due to many patients who contract malaria being located in rural areas,
and a proper nutritious (fatty) meal while taking their medication is not always possible
(Andreas et al., 2016). However, this can be detrimental to the efficacy of the release of
lumefantrine during dissolution studies. Type Il dissolution media, on the other hand, includes
lecithin which facilitates the digestion of lipids. In the gastrointestinal tract there are also
various enzymes found which will additionally facilitate in the digestion of lipids, probably
improving the release of lumefantrine from the SEDDS formulations (Andreas et al., 2016).
There are also lipid transport systems in the gastrointestinal tract where micelles and

chylomicrons assist in the transport of lipids to the area of absorption (Kauss et al., 2018).

Thus, there are many additional mechanisms present in the gastrointestinal tract that are able
to contribute to improving the bioavailability of lumefantrine. Therefore, although the release
profiles of lumefantrine obtained in this study indicate relatively poor lumefantrine release, the
study was still deemed successful as lumefantrine was indeed released from all of the SEDDS
formulations. Moreover, lumefantrine was released more slowly (delayed release of
approximately 300 min for all of the selected SEDDS formulations and the MDT values are
comparatively higher) from the SEDDS formulations compared to the artemether as expected,
and it seems from Figure 4.35 that, given additional analysis time, more lumefantrine may still
be released from these formulations. This statement is justified by the higher MDT values

obtained for lumefantrine (Table 4.24).

Table 4.24: MDT values of lumefantrine from the various SEDDS formulations

Avocado Castor oll Castor oil | Coconut Olive oil Peanut oil
oil (4:6) (2:8) S80 (3:7) S60 oil (6:4) (3:7) (6:4)
MDT 499.684 419.952 412.001 499.515 500.348 458.927

Lumefantrine displays delayed absorption and elimination (Garg et al., 2017). However, this
is beneficial because lumefantrine targets the blood schizontocide stages of the disease, and

exhibits no antimalarial activity against the pre-erythrocytic liver stages. Thus, when used in
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conjunction with artemether, lumefantrine will remove any of the remaining parasites after
artemether has reduced the initial parasite load (Garg et al., 2017; Prabhu et al., 2016).
Therefore, the delayed release of lumefantrine observed in this study coincides with the
delayed working mechanism of this anti-malarial. What is more, unless in vivo studies are
conducted on these dosage forms, the true bioavailability of the lumefantrine cannot be

accurately predicted.

The avocado oil (4:6); coconut oil (6:4); olive ail (3:7); and peanut oil (6:4) SEDDS formulations
displayed similar release profiles (Table 4.25) up to approximately 600 min. Interestingly, the
castor oil (2:8) S80 and castor oil (3:7) S60 SEDDS formulations exhibited similar delayed
lumefantrine release (f1 = 3.995; f, = 96.554), however, the lumefantrine release from these
formulations was significantly lower compared to the other selected SEDDS formulations
(Table 4.23) which also depicted delayed lumefantrine release. Once again, a rank order could
be recognised for the lumefantrine release rate from the selected SEDDS formulations
(slowest to fastest release rate): olive oil (3:7) = avocado oil (4:6) = coconut oil (6:4) >>>
peanut oil (6:4) >>> castor oil (2:8) S80 > castor oil (3:7) S60. The rationale behind castor oil
(3:7) S60 and castor oil (2:8) S80 SEDDS formulations showing lower MDT values, is due to
the similar poor solubility of lumefantrine in castor oil as explained in section 4.3.1.1. The
lumefantrine will tend to reside within the lipid phase of these SEDDS formulations restricting
drug release (Xue et al., 2018). In addition, the SEDDS formulations comprising castor oil
exhibited higher viscosity that could have limited fast lumefantrine release (Costa et al., 2014).
A rank order for cumulative percentage lumefantrine released up to 750 min could be
constructed: avocado oil (4:6) (59.1%) > olive oil (3:7) (54.5%) > peanut oil (6:4) (46.2%) >
coconut oil (6:4) (33.1%) > castor oil (2:8) S80 (24.5%) = castor oil (3:7) S60 (24.4%).
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Table 4.25: Fitfactors determining the similarities and differences of the SEDDS formulations
with lumefantrine

Comparison No statistical Statistical
P difference difference
S - 0o f1: 45.553
Avocado oil (4:6) : Castor oil (2:8) S80 f,: 53.277
o . f1: 44.299
Avocado oil (4:6) : Castor oil (3:7) S60 f,: 53.535
. . f1: 23.703
Avocado oil (4:6) : Coconut oil (6:4) '
f2: 63.949
f1: 7.253
Avocado oil (4:6) : Olive oil (3:7) '
fo: 85.537
. . f1: 9.264
A 1 (4:6):P | (6:4
vocado oil (4:6) : Peanut oil (6:4) f,: 82.649
. . f1: 3.995
Castor oil (2:8) S80 : Castor oil (3:7) S60
1(2:8) 13D f,: 96.554
. _ f1: 40.131
Cast [(2:8)S80: C t oil (6:4
astor oil (2:8) oconut oil (6:4) ,: 69.844
fi: 41.424
Castor oil (2:8) S80: Olive ail (3:7) '
f2: 55.720
. . f1: 39.043
Castor oil (2:8) S80 : Peanut oil (6:4) '
f,: 58.709
Castor oil (3:7) S60 : Coconut oil (6:4) f1:26.995
' ' ' f2: 71.210
. : : f1: 40.075
I (3:7 : Ol I (3:7
Castor oil (3:7) S60 : Olive oil (3:7) f,: 56.114
. . f1: 40.416
Castor oil (3:7) S60 : Peanut oil (6:4
13:7) ut oil (6:4) f,: 58.196
fi: 17.917
Coconut oil (6:4) : Olive oil (3:7) !
f,: 66.854
: . f1: 16.504
Coconut oil (6:4) : Peanut oil (6:4) '
fo: 73.354
i A . ) i ) f1: 7.420
Olive ail (3:7) : Peanut oil (6:4) - 86.100

To summarise, all of the selected SEDDS formulations were able to release both artemether
and lumefantrine. Artemether portrayed an average lag time (ALT) of 135 min and an average
MDT value of 369.849 min from the selected SEDDS formulations, which indicated a faster

release rate compared to lumefantrine release (ALT = 300 min; average MDT = 465.071 min).
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Artemether release further varied between the different SEDDS formulations, as it was
released more slowly from the castor oil (2:8) S80 and castor oil (3:7) S60 SEDDS
formulations. Although the release rates of the two drugs differed, a similar trend was followed
where the castor oil (3:7) S60 SEDDS formulation released both drugs the fastest; and the
olive ail (3:7) followed by the avocado oil (4:6) SEDDS formulation depicted a slower release
rate for both artemether and lumefantrine. The selected SEDDS formulations were able to
release artemether (95.0%) to a meaningfully higher extent compared to lumefantrine (40.3%).
However, no clear comparative trend could be established between the %drugs released from
the selected SEDDS formulations. Interestingly though, it was noticed that as the surfactant
phase of the SEDDS increased, the percentage artemether released subsequently also
increased. Therefore, due to the fact that the avocado oil (4:6) and olive oil (3:7) SEDDS
formulations portrayed the highest %drug release for lumefantrine; showed exceptional
artemether release (100% and 91.6%, respectively); and displayed acceptable modified drug
release, these formulations may be considered the most optimum when formulating a SEDDS

that comprises a fixed-dose of artemether and lumefantrine.

4.3.4.3 Pharmacokinetics of the release profiles of the SEDDS

In vitro dissolution analysis is not only utilised to supervise the reliability and stability of drug
delivery systems, but it can furthermore be used as a reasonably fast and inexpensive
procedure to predict in vivo absorption of a said drug. For these reasons, quantitative
assessment of drug dissolution properties is of immense interest; and although a wide variety
of mathematical models exist in order to fit drug release results, all of these are obtained by
means of nonlinear equations. DDSolver is a menu-driven add-in program for Microsoft Excel
written in Visual Basic for Applications and may be employed to ease drug release model
fitting. The purpose of fitting the dissolution profile to mathematic modelling is to simplify the
complex release profile of the drug and gain an insight into the release mechanism of a specific

dosage form (Zhang et al., 2010).

The release kinetics of both artemether and lumefantrine were fitted with DDSolver to all of
the models implemented in the programme and lag time release properties are considered.
The DDSolver programme offers various statistical principles for analysing the goodness of fit
of a model. These include the correlation coefficient, the coefficient of determination, the
adjusted coefficient of determination, the mean square error, the standard deviation of the
residuals, sum of squares, weighted sum of squares, the Akaike Information Criterion, and the
Model Selection Criterion (MSC). For the release kinetics of the two drugs assessed in this
study and to identify the best fitted model, the correlation coefficient (r?) and the MSC were

employed. The best fit of the drug release profile is the model where the calculated r?
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approaches avalue of 1, in other words, the highest r2 value; and also, where the largest MSC
value is obtained. In general, a MSC value of more than two to three designates a good fit
(Mayer et al., 1999; Zhang et al., 2010).

Both artemether and lumefantrine displayed release properties from all of the selected SEDDS
formulations that best fitted the Peppas-Sahlin 2 model (Table 4.25; Equation 4.1). The
Peppas-Sahlin model explains the release profile of a drug, fitting the release profile of the
drug to either Fickian diffusional release or case- Il relaxational release. Fickian diffusion can
be described as the solute transport process where the polymer relaxation time is greater than
the solvent diffusion time. Fickian release ensues by molecular diffusion of the drug from the
dosage form to the gastrointestinal media due to a chemical potential gradient. If the Fickian
diffusion constant (ki) value is higher than 1, it can safely be assumed that Fickian diffusion
transpired. Case- Il relaxational release, conversely, can be transcribed to the release of drug
due to stresses and state-transition in hydrophilic glassy polymers which swell upon contact
with biological fluids or water, in a similar fashion the lipid swells upon contact with biological
fluids (Fu & Kao, 2010).

F =k (t-Tlag)"® +k,(t—Tlag) 4.1)

Where: F, is the fraction of drug released; ks, is the Fickian diffusion constant; ko, is the Case-

Il relaxational constant; Tiag, is the lag time; and, t, is time.

In Table 4.26 the r> and MSC values of all of the selected SEDDS formulations are tabled.
Note that all of the values are higher than 0.990 and 3, respectively; thus, implying that the
Peppas-Sahlin 2 model is the best fit for all of the formulations considered. It may also be
observed that the k; values are above 1, signifying that Fickian diffusion occurred from all of
the SEDDS formulations analysed. The graphs depicting the best fitted model for the selected

SEDDS formulations can be seen in Annexure D.
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Table 4.26: The pharmacokinetic release profiles of the selected SEDDS formulations

SEDDS Model R? MSC K1

Avocado oil (4:6) 0.997 5.028 1.030

= Castor oil (2:8) S80 0.996 4.710 6.578
= | castor ail (3:7) S60 0.997 5.037 5.414
EJ Coconut oil (6:4) 0.997 4.867 3.338
< Olive ail (3:7) 0.994 3.374 2.378
Peanut oil (6:4) 0.995 4.576 2.794

Peppas-Sahlin 2

Avocado oil (4:6) 0.991 4.021 2.035

2| castor il (2:8) S80 0.999 6.991 2.386
% Castor oil (3:7) S60 0.999 8.005 2.003
g Coconut oil (6:4) 0.999 6.359 2.874
3 Olive oil (3:7) 0.995 3.586 1.708
Peanut oil (6:4) 0.996 4.882 2.506
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CHAPTER S

SUMMARY AND FUTURE PROSPECTS

5.1 Summary

As stated, malaria remains a distressing widespread infectious disease that is extremely
complex and it places enormous pressure on world health (Benelli et al., 2017; Cohen et al.,
2012; Feng et al., 2015; Mehlhorn, 2008; Sherrard-Smith et al., 2017; Spar & Delacey, 2006).
Moreover, resistance towards malaria treatment is now also a global threat (WHO, 2017).
Although new chemical entities are being developed, progress is slow due to a lack of funding,
and the time it takes to develop novel dosage forms is torturous. For these reasons, scientists
are now researching methods to improve existing drugs as well as their dosage forms (Feng
et al., 2015).

Combination therapy has become a field of interest and is currently widely used. For example,
artemether and lumefantrine are not newly synthesised compounds; but they have been
formulated into a fixed-dose combination named Coartem®. Artemether is a short acting
compound, whereas lumefantrine is a longer acting antimalarial drug. This combination has
been classified by the WHO as first line treatment against uncomplicated P. falciparum malaria
(WHO, 2017) and the efficacy of this combination therapy has been proven effective
(Besufikad, 2017; Makanga et al., 2011; Makanga & Krudsood, 2009; Nega et al., 2016;
Vaughan et al., 2004).

However as explained, these drugs are highly lipophilic and formulation of them into an
effective dosage form remains challenging. Therefore, it has been prescribed that when taking
Coartem®, it must be accompanied by a fatty meal (Mwebaza et al., 2017), which is very
difficult for patients residing in a third world country, that are not only constantly nauseous, but
who live in poverty-stricken areas and do not have the means to obtain proper nutrition
(Oldewage-Theron et al., 2006). Pharmaceutical formulation scientists are regularly faced with
the problem of insufficient drug solubility as it directly affects the therapeutic ability of a drug.
Currently, most novel drugs synthesised are similar to artemether and lumefantrine, i.e. highly
lipophilic in nature, highlighting the predicament we are in (Mahapatra et al., 2014). Thus, poor

bioavailability, poor-water-solubility and often the short half-life of drugs have driven
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researchers to advance delivery systems that are able to improve the therapeutic efficacy of
these types of drugs (Aderibigbe, 2017).

Lipid-based formulations, such as SEDDSs, is a promising strategy to formulate lipophilic
composites. This may be an alternative approach to improve orally absorbed drugs, as they
have shown to significantly improve oral bioavailability. Literature has indicated that these
systems are able to avoid the dissolution step upon oral administration and may even bypass
the first pass effect. Researchers have suggested that several mechanisms exist through
these systems, which may improve the bioavailability of hydrophobic drugs, including:

¢ increased membrane fluidity facilitating transcellular absorption;

the opening of tight junctions, allowing paracellular transport;
¢ inhibition of P-glycoprotein-mediated drug efflux and/metabolism by gut membrane-
bound CYP450 enzymes;
e improved lymphatic transport in combination with stimulation of lipoprotein/chylomicron
production;
o facilitation of in vivo dispersion through supplementary surfactants; and
¢ lipolysis of constituent lipids, to name a few.
Due to the fact that SEDDSs are the most dispersed lipid-based formulations, these systems
appear to be most favourable. However, the effectiveness of a SEDDS formulation is ordinarily
incident-explicit; consequently, the composition of a SEDDS formulation should be very
carefully determined (Gursoy & Benita, 2004; Porter & Charman, 2001; Zanchetta et al.,
2015). This study therefore aimed to formulate SEDDSs comprising a fixed-dose combination
of artemether and lumefantrine, to not only improve the solubilisation of these lipophilic drugs
but to also attempt to enhance the erratic drug release, dissolution, and subsequent
absorption (Abdulla & Sagara, 2009) of the commercial product, Coartem® which
necessitates the inclusion of a fatty meals upon administration (Mizuno et al., 2009; Mwebaza
etal., 2017; WHO, 2015).

From the isothermal microcalorimetry experiments conducted it was evident that the selected
natural oils (avocado-, castor-, coconut-, olive-, and peanut oil), surfactants (Tween® 80 and
SLS) and co-surfactants (Span® 80 and Span® 60) chosen for this study were indeed
compatible with one another. Furthermore, solubility studies indicated that the solubility of both
artemether and lumefantrine were exponentially enhanced. Following, the selected natural
oils and surfactant phase, which comprised one of the surfactants and co-surfactants (1:1
ratio), were employed to prepare SEDDSs. Not only is appropriate selection of components
vital, but the amount of each component included is also deemed important in the development

of a robust self-dispersible lipid formulation to be delivered orally (Ahmad et al., 2013).
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Pseudo-ternary phase diagrams, which are significant assessment tools, were utilised to
assess the effect of the selected formulation components on in-vitro performance as it
provides a scientific basis for the selection of the different constituents in the various

concentrations (Wang & Pal, 2013).

The pseudo-ternary diagrams where successfully constructed for the following systems:
avocado oil (4:6), castor oil (2:8) S80, coconut oil (6:4), olive oil (3:7), peanut oil (6:4), and
castor oil (3:7) S60. The nano-emulsion area of each of the SEDDS formulations was carefully
identified as the clear area upon visual assessment of the various ratios of oil phase to
surfactant phase. Additionally, the impact that the selected oil phases and surfactant phases
ratios had on the nano-emulsion area was identified, and it was noted that the stability of the
SEDDS formulations and the nano-emulsion area was dependent on the type of surfactant
phase used (Wang & Pal, 2013). In this study it was established that SEDDSs are physically
stable formulations when the correct surfactant and co-surfactant are chosen to match the
HLB values of the oils incorporated (AboulFotouh et al., 2017; Costa et al., 2014; Fernandes
et al., 2012). It was evident that, with the natural oils used, that the combination of Tween® 80
and Span® 80 used as surfactant phase, proved to display the most physical stable
formulations as well as more clearly defined nano-emulsion areas. However, the SEDDS
formulation comprising castor oil, Tween® 80, and Span® 60 displayed only adequate physical
stability and a well-defined nano-emulsion area. The loading of the fixed-dose combination
artemether and lumefantrine in the oil phase had no significant effect on the nano-emulsion

area.

Gastrointestinal absorption is significantly influenced by the charge and size of the oil droplet
formed in an emulsion. The size of the oil droplet required to ensure optimal absorption
through the intestinal mucosa is generally between 100-500 nm. This is due to smaller oil
droplets displaying a decrease in the tendency of the droplets to agglomerate to the intestinal
membrane’s surface. Thus, concluding that the smaller the oil droplets, the higher the
absorption of the oil droplet (Gershanik et al., 1998; Gursoy and Benita, 2004; Tummons et
al., 2016). Both the droplet size and zeta potential of emulsions plays an integral part in the
stability of these dosage forms. The higher the uniformity of the oil droplets, the more stable
the emulsion. Furthermore, if an emulsion displays a zeta potential not differentiating more
than 10 mV during stability testing, the emulsion can be assumed as stable (AboulFotouh et
al., 2017; Roland et al., 2003). This study demonstrated that the selected SEDDS formulations
displayed adequate stability, with avocado oil (4:6), castor oil (2:8) S80, coconut oil (6:4), olive

oil (3:7), and castor oil (3:7) S60 presenting with oil droplets sizes that fell within the nano-
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range, which could possible conclude that these emulsions would probably display a superior

absorption from the gastrointestinal tract.

Cloud point determination and self-emulsification time are experiments to determine the
physical stability of SEDDS in the gastrointestinal environment. Cloud point determination
indicates the temperature at which the aqueous solution of the water-soluble surfactant
displays signs of turbidity. If the temperature is higher than the cloud point of a SEDDS
formulation, irreversible phase separation of the formulation will occur, which in turn will lead
to poor absorption of the drug. Ideally, the cloud point temperature of a SEDDS should be
higher than 37°C (body temperature). In this study all of the SEDDS formulations depicted a
cloud point higher than 37°C, thus safely assuming that the selected SEDDS will remain stable
in the gastrointestinal environment (Chudasama et al., 2015). In a similar fashion, self-
emulsification time determines the efficacy of the emulsification of a SEDDS when the SEDDS
is introduced into the gastrointestinal media (Balata et al., 2016). The self-emulsification time
of avocado oil (4:6), castor oil (2:8) S80, coconut oil (6:4), olive oil (3:7), and peanut oil (6:4)
proved that these systems displayed effective emulsification, indicating that the entropy

changes of these systems were favoured.

Thermodynamic stability tests evaluate SEDDSs ability to become instable after being stored
for a period of time. After an extended storage period, SEDDSs may start to display physical
instabilities such as seed crystals that begin to form and agglomerate to one another, causing
precipitation, as well as cracking and creaming (Agrawal et al., 2015). The selected SEDDS
formulations in this study did not display any physical instabilities, rendering these

formulations stable during prolonged storage periods.

All of the selected SEDDS formulations exhibited pseudoplastic rheological behaviour. Ideally
a pharmaceutical preparation must display pseudoplastic flow, due to this flow being able to
stabilise insoluble particles in SEDDS formulations, which prevents sedimentation of particles
(Ujhelyi et al., 2018). Determining the viscosity of SEDDSs identifies if the system is an oil-in-
water or water-in-oil SEDDS. If the system displays a lower viscosity, it is regarded as an oil-
in-water system; similarly, if the system displays high viscosity, it can be classified as a water-
in-oil system. All of the SEDDS formulations demonstrated high viscosity, rendering them
water-in-oil systems. Moreover, water-in-oil systems are considered ideal, because these
SEDDSs are isotropic in hature and contain a mixture of lipids and surfactants, which when in
contact with gastric medium, self-emulsify into an oil-in-water system, allowing enhanced
dissolution, transport, and subsequent absorption of the fixed-dose combination of artemether

and lumefantrine (Rahman et al., 2013).
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Succeeding the physical stability tests, the selected SEDDS formulations were subjected to
dissolution studies. All selected SEDDS formulations exhibited release of both artemether and
lumefantrine. However, artemether displayed a superior %drug release from the selected
SEDDS formulations when compared to lumefantrine. Release of lumefantrine was only
detected once the biorelevant media was added to the dissolution media which subsequently
increased the pH of the media to 7.4. Interestingly, the release profiles of both artemether and
lumefantrine could be fitted to the Peppas-Sahlin 2 model, and thus the release of both drugs
can be explained by Fickian diffusion. Fickian diffusion describes the release of artemether
and lumefantrine as drug particles moving from an area of a high concentration in the SEDDS

formulation to an area of low concentration in the surrounding gastric medium.

Considering the overall physical stability of the selected SEDDS formulations as well as the
dissolution profiles obtained for both drugs, it may be concluded that avocado oil (4:6) and
olive oil (3:7) SEDDS formulations may be considered the optimal formulations for the fixed-
dose combination of artemether and lumefantrine. This study confirms that the use of
artemether and lumefantrine in conjunction with natural oils to formulate SEDDSs, are
potentially a viable drug delivery system that should be further investigated in order to treat

uncomplicated Plasmodium falciparum malaria more effectively.

5.2 Future prospects

SEDDS formulations are advantageous as they protect the incorporated drug in the
gastrointestinal environment. This type of dosage form is able to provide targeted drug
release, enhance oral bioavailability, provide a more constant absorption profile, offer
controlled drug delivery profiles, and protect sensitive drug molecules. These advantages
render this a versatile dosage form, making these SEDDSs easy to manipulate into different
dosage forms, such as capsules, tablets, suppositories, etc. This particular drug delivery
system is therefore a desired system, which can be custom made to fit particular needs in
order to treat a particular disease or group of people. Tablets can be produced from SEDDS
through the addition of a highly absorbent carrier, namely, silicates and cellulose derivatives.
These absorbent carriers are able to provide increased content uniformity and allow for an
even more stable dosage form compared to liquid dosage forms. Although solid SEDDSs are
similar to an amorphous solid dispersion, these systems remain entirely unique due to the fact
that the drug remains in the adsorbed non-volatile solvent or lubricant state (O’Reilly Beringhs
et al., 2018). Solid SEDDSs furthermore afford a wider range of dosage forms that can be

explored, thus making the addition of an adsorbent something to investigate for future use.
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Oils often utilised in formulating SEDDSs are normally medium and long chain triglycerides
that vary in their degree of saturation. Natural oils are frequently considered for their less toxic
profiles and are generally more cost effective; however, these oils are restricted due to their
low self-emulsification time and the drugs incorporated are often not as soluble in natural oils
compared to more modified oils (Sapra et al., 2012). Hence, modified vegetable oils may be
investigated further to determine whether the fixed-dose combination of artemether and
lumefantrine, or any poorly soluble artemisinin drug will depict higher solubility and an

enhanced self-emulsification time.

A stable, more optimal SEDDS can be manufactured if the HLB values of the oil- and
surfactant phases are matched (AboulFotouh et al., 2017; Costa et al., 2014). For this reason,
it is suggested that a larger variety of different surfactants and co-surfactants that portray HLB
values close to that of the selected oils should be investigated. Also, the incorporation of
different hydrophilic surfactants, in order to ensure that an oil-in-water SEDDS is formulated,
should be considered (AboulFotouh et al., 2017; Costa et al., 2014; Fernandes et al., 2012).

From the dissolution studies conducted it was evident that there was a noticeable drug release
of lumefantrine from the selected SEDDS formulations. However, less than 70% of
lumefantrine was released, hence, dissolution studies over a longer time period, for example
18-24 h, should be considered in order to establish the complete drug release profile of
lumefantrine from the drug delivery system. Furthermore, in vivo studies are encouraged in
order to establish whether this dosage form will aid in the transport of this fixed-dose
combination across cell membranes. This will also provide insight into how the enzymes in the

membranes will react to the SEDDSs.

Given the fact that most artemisinin-based combination therapies are poorly soluble in water
(WHO, 2015), the various different artemisinin-based drugs can be tested in SEDDSs in order
to determine the physical stability as well as the percentage drug release from this dosage
form. Subsequently, the effect that SEDDSs have on the physical stability and release profiles

of other poorly-water-soluble drugs should be investigated.
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Annexure A

Pseudo-ternary phase diagrams of the
different oils and surfactants and co-

surfactants tested

Figure A.1:

Figure A.2:

Figure A.3:

Figure A.4:

Figure A.5:

Pseudo-ternary phase diagrams for the avocado oil/Tween® 80/Span® 60

system

Pseudo-ternary phase diagrams for the coconut oil/Tween® 80/Span® 60

system
Pseudo-ternary phase diagrams for the olive oil/Tween® 80/Span® 60 system

Pseudo-ternary phase diagrams for the peanut oil/Tween® 80/Span® 60

system

Pseudo-ternary phase diagrams for (A) the avocado oil/SLS/Span® 80
system, (B) the castor oil/SLS/Span® 80 system, (C) the coconut
0il/SLS/Span®80 system, (D) the olive 0il/SLS/Span® 80 system, and (E) the
peanut oil/SLS/Span® 80 system
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Figure A.1: Pseudo-ternary phase diagrams for the avocado
oil/Tween®80/Span® 60 system
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Figure A.3: Pseudo-ternary phase diagrams for the olive
oil/Tween®80/Span® 60 system
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Figure A.2: Pseudo-ternary phase diagrams for the coconut
oil/Tween®80/Span® 60 system
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Figure A.4: Pseudo-ternary phase diagrams for the peanut
oil/Tween®80/Span® 60 system
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Figure A.5: Pseudo-ternary phase diagrams for (A) the avocado oil/SLS/Span®80 system, (B) the castor 0il/SLS/Span®80 system, (C) the
coconut 0il/SLS/Span®80 system, (D) the olive oil/SLS/Span®80 system, and (E) the peanut oil/SLS/Span®80 system
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Annexure B

Droplet size and zeta potential

Table B.1:

Table B.2:

Table B.3:

Table B.4:

Table B.5:

Table B.6:

Figure B.1:
Figure B.2:
Figure B.3:
Figure B.4:
Figure B.5:
Figure B.6:

Average droplet size and %RSD obtained for the avocado oil (4:6) SEDDS
formulation

Average droplet size and %RSD obtained for the castor oil (2:8) S80 SEDDS
formulation

Average droplet size and %RSD obtained for the castor oil (3:7) S60 SEDDS
formulation

Average droplet size and %RSD obtained for the coconut oil (6:4) SEDDS
formulation

Average droplet size and %RSD obtained for the olive oil (3:7) SEDDS
formulation

Average droplet size and %RSD obtained for the peanut oil (6:4) SEDDS
formulation

Zeta potential obtained for the avocado oil (4:6) SEDDS formulation
Zeta potential obtained for the castor oil (2:8) S80 SEDDS formulation
Zeta potential obtained for the castor oil (3:7) S60 SEDDS formulation
Zeta potential obtained for the coconut oil (6:4) SEDDS formulation
Zeta potential obtained for the olive oil (3:7) SEDDS formulation

Zeta potential obtained for the peanut oil (6:4) SEDDS formulation
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TableB.1: Average droplet size and %RSD obtained for the avocado oil (4:6) SEDDS

formulation

Particle size (nm)

Average particle size (nm)

%RSD

239.5

2449

238.8

237.9

2442

242.5

241.3

3.0

Table B.2:  Average droplet size and %RSD obtained for the castor oil (2:8) S80 SEDDS

formulation

Particle size (nm)

Average particle size (nm)

%RSD

522.9

524.8

529

522.5

522.1

523.4

524.1

2.6
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Table B.3:  Average droplet size and %RSD obtained for the castor oil (3:7) S60 SEDDS

formulation

Particle size (nm)

Average particle size (nm)

%RSD

251.3

247.7

251.7

253.3

243

249.2

249.4

3.7

Table B.4:  Average droplet size and %RSD obtained for the coconut oil (6:4) SEDDS

formulation

Particle size (nm)

Average particle size (nm)

%RSD

779.6

772.5

778.6

766.9

780.4

778.9

776.2

5.3
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Table B.5:  Average droplet size and %RSD obtained for the olive oil (3:7) SEDDS

formulation

Particle size (nm)

Average particle size (nm)

%RSD

239.5

2449

238.4

237.9

244 .2

242.2

241.2

3.0

Table B.6:  Average droplet size and %RSD obtained for the peanut oil (6:4) SEDDS

formulation

Particle size (nm)

Average particle size (nm)

%RSD

1473.0

1429.0

1443.0

1448.0

1468.0

1455.0

1452.7

16.3
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Conductivity (mS/em): 0.00137 Peak 3: 0.00 | 0.00
Result quality
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Figure B.2: Zeta potential obtained for the castor oil (2:8) S80 SEDDS formulation
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Figure B.3:

Sample Details
SampleMame: Olive cil TBD and 580 2
S50F Name: manssttings.nano
General Motes: DRUPPEL: drop in 200mi water
FileName: Castorcil TBD 580.dts Dispersant Mame: Water
Record Number: 2 Dispersant R 1.330
Date and Time: 17 April 2018 051713 PM Viscosity (cP): 08872
Dispersant Dielectric Constant: 78.5
System
Temperature (*C}: 250 Zeta Runs: 12
Count Rate (keps): 2065 Measurement Position (mm): 2.00
Cell Description: Clesr dis posable zeta cell Attenuator:
Results
Mean (mV} Area (%) Width (mV}
Zeta Potential (mV): -20.8 Peak 1: -208 100.0 503
Zeta Deviation (mV}: 503 Peak 2= 0.00 ] 0.0o0
Conductivity (m5/em]): 0.00182 Peak 3: 0.00 0o 000
Result quality
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Zeta potential obtained for the castor oil (3:7) S60 SEDDS formulation
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Figure B.4:

Sample Details
S5ample Hame: Clive oil T80 and 580 1
S0P MName: manssttings.nano
General Motes: DRUPPEL: drop in 200mi water
FileName: Coconut TED S580.dE Dispersant Mame: Water
Record Number: 7 Dispersant RE  1.330
Date and Time: 17 Apeil 2018 05:18:28 PM Viscosity (cP): 08872
Dispersant Dielectric Constant: 78.5
System
Temperature (*C}: 250 Zeta Runs: 13
Count Rate [keps): 5E.0 Measurement Position (mm): 2.00
Cell Description: Clesr dis posable zeta cell Attenuator:
Results
Mean [mV} Area (%) Width [mW}
Zeta Potential {mV}: -25.8 Peak 1: -358 100.0 482
Zeta Deviation (mV): 482 Peak 2 0.00 0o 000
Conductivity (mSiem): 0.0102 Peak 3: 0.00 0o 000
Result quality
ZBta Potential Distrbution
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Zeta potential obtained for the coconut oil (6:4) SEDDS formulation
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Figure B.5:

sample Details
Sample Name: Clive cil TBD and 580 1
S0P Hame: mansettings.nano
General Notes: DRUPFEL: drop in 200mi water
FileMame: Clive oil TB) 580.dE Dispersant HName: Water
Record Number: 1 Dispersant RE  1.330
Date and Time: 18 April 2018 02:10:38 PM Viscosity [cP}: 0.8872
Dispersant Dielectric Constant: 78.5
System
Temperature (*C}: 250 Zeta Runs: 12
Count Rate (keps): 1728 Measurement Position (mm}): 2.00
Cell Description: Clesr dis posable zeta cell Attenuator:
Results
Mean {mV} Area (4} Width [mW}
Zeta Potential {mV): -54.7 Peak 1: -547 100.0 582
Zeta Deviation (mV): 582 Peak 2 0.00 | .00
Conductivity (mS/em): 0.0148 Peak 3: 0.00 0o .00
Result quality
Zfa Potenilal Distribuiion
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Zeta potential obtained for the olive oil (3:7) SEDDS formulation
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Sample Details
Sample Name: Olive cil TBD and 580 2
S0P Name: mansettings.nano
General Notes: DRUPPEL:A drop in 200mil water

FileMame: Peanutcil T80 S80.dE Dispersant Name: Water
Record Number: & Dispersant RE  1.330
Date and Time: 17 April 2018 05:50:50 PM Viscosity (cP): 08872

Dispersant Dielectric Constant: 78.5

Sy stem
Temperature (*C}: 250 Zeta Runs: 12
Count Rate (keps): 1525 Measurement Position (mm):  2.00
Cell Description: Clesr dis posable zeta oell Attenuator: &
Results
Mean (mV} Area [} Width (mW}
Zeta Potential {mV): 257 Peak 1: -457 100.0 445
Zeta Deviation (mV}: 4.48 Peak 2 0.00 0o 000
Conductivity (mS/cm): 0.00872 Peak 3: 0.00 0o 000
Result quality
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Figure B.6: Zeta potential obtained for the peanut oil (6:4) SEDDS formulation

140



Annexure C

Viscosity results for the selected SEDDS

formulation

Figure C.1:
Figure C.2:
Figure C.3:
Figure C.4:
Figure C.5:

Figure C.6:

Diagram of the viscosity of avocado oil (4:6) at different rotational speeds
Diagram of the viscosity of castor oil (2:8) S80 at different rotational speeds
Diagram of the viscosity of castor oil (3:7) S60 at different rotational speeds
Diagram of the viscosity of coconut oil (6:4) at different rotational speeds
Diagram of the viscosity of olive oil (3:7) at different rotational speeds

Diagram of the viscosity of peanut oil (6:4) at different rotational speeds
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Figure C.1:  Diagram of the viscosity of avocado oil (4:6) at different rotational speeds
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Figure C.2: Diagram of the viscosity of castor oil (2:8) S80 at different rotational speeds
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Figure C.3: Diagram of the viscosity of castor oil (3:7) S60 at different rotational speeds

250 r
200 |-
% 150 |
2 [
2
» 100 |
> i —+—20 rpm
- 30 pm
50 . —&—50 rpm
i =+—60 rpm
s —8—100 rpm
0 -_l M 1 N N M N 1 N N N N 1 N N N N 1 M N N N 1 N M N N ]
0 5 10 15 20 25 30

Time (s)
Figure C.4: Diagram of the viscosity of coconut oil (6:4) at different rotational speeds
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Figure C.5: Diagram of the viscosity of olive oil (3:7) at different rotational speeds
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Figure C.6: Diagram of the viscosity of peanut oil (6:4) at different rotational speeds
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Annexure D

Pharmacokinetics results for the selected

SEDDS formulation

Figure D.1:

Figure D.2:

Figure D.3:

Figure D.4:

Figure D.5:

Figure D.6:

Figure D.7:

Figure D.8:

Figure D.9:

Figure D.10:

Figure D.11:

Figure D.12:

Diagram of the best fit line for the Peppas-Sahlin 2 model of avocado oil (4:6)

for artemether

Diagram of the best fit line for the Peppas-Sahlin 2 model of castor oil (2:8) S80

for artemether

Diagram of the best fit line for the Peppas-Sahlin 2 model of castor oil (3:7) S60

for artemether

Diagram of the best fit line for the Peppas-Sahlin 2 model of coconut oil (6:4)

for artemether

Diagram of the best fit line for the Peppas-Sahlin 2 model of olive oil (3:7) for

artemether

Diagram of the best fit line for the Peppas-Sahlin 2 model of peanut oil (6:4) for

artemether

Diagram of the best fit line for the Peppas-Sahlin 2 model of avocado oil (4:6)

for lumefantrine

Diagram of the best fit line for the Peppas-Sahlin 2 model of castor oil (2:8) S80

for lumefantrine

Diagram of the best fit line for the Peppas-Sahlin 2 model of castor oil (3:7) S60

for lumefantrine

Diagram of the best fit line for the Peppas-Sahlin 2 model of coconut oil (6:4)

for lumefantrine

Diagram of the best fit line for the Peppas-Sahlin 2 model of olive oil (3:7) for

lumefantrine

Diagram of the best fit line for the Peppas-Sahlin 2 model of peanut oil (6:4) for

lumefantrine
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Figure D.1:

Figure D.2:
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Diagram of the best fit line for the Peppas-Sahlin 2 model of avocado oil (4:6)

for artemether
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Diagram of the best fit line for the Peppas-Sahlin 2 model of castor oil (2:8)

S80 for artemether
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Figure D.3: Diagram of the best fit line for the Peppas-Sahlin 2 model of castor oil (3:7)
S60 for artemether
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Figure D.4: Diagram of the best fit line for the Peppas-Sahlin 2 model of coconut ol

(6:4) for artemether

147



Figure D.5:

Figure D.6:
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Diagram of the best fit line for the Peppas-Sahlin 2 model of olive oil (3:7) for

artemether
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Diagram of the best fit line for the Peppas-Sahlin 2 model of peanut oil (6:4)

for artemether
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Figure D.7:

Figure D.8:
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Diagram of the best fit line for the Peppas-Sahlin 2 model of avocado oil (4:6)

for lumefantrine
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Diagram of the best fit line for the Peppas-Sahlin 2 model of castor oil (2:8)

S80 for lumefantrine
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Figure D.9: Diagram of the best fit line for the Peppas-Sahlin 2 model of castor oil (3:7)
S60 for lumefantrine
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Figure D.10: Diagram of the best fit line for the Peppas-Sahlin 2 model of coconut oil (6:4)
for lumefantrine
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Figure D.11: Diagram of the best fit line for the Peppas-Sahlin 2 model of olive oil (3:7) for
lumefantrine
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Figure D.12: Diagram of the best fit line for the Peppas-Sahlin 2 model of peanut oil (6:4)
for lumefantrine
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INTRODUCTION

The International Journal of Pharmaceutics publishes innovative papers, reviews, mini-
reviews, rapid communications and notes dealing with physical, chemical, biological,
microbiological and engineering studies related to the conception, design, production,
characterisation and evaluation of drug delivery systems in vitro and in vivo. "Drug" is
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should be in line with the Recommendations for the Conduct, Reporting, Editing and
Publication of Scholarly Work in Medical Journals and aim for the inclusion of representative
human populations (sex, age and ethnicity) as per those recommendations. The terms sex
and gender should be used correctly.

Authors should include a statement in the manuscript that informed consent was obtained
for experimentation with human subjects. The privacy rights of human subjects must always
be observed.
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redundant or concurrent publication' for more information), that it is not under consideration
for publication elsewhere, that its publication is approved by all authors and tacitly or
explicitly by the responsible authorities where the work was carried out, and that, if
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Preprints

Please note that preprints can be shared anywhere at any time, in line with Elsevier's
sharing policy. Sharing your preprints e.g. on a preprint server will not count as prior
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the beliefs or commitments of any reader, should contain nothing which might imply that one
individual is superior to another on the grounds of race, sex, culture or any other
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by making use of job titles that are free of stereotyping (e.g. ‘chairperson' instead of
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original draft; Writing - review & editing. Authorship statements should be formatted with the
names of authors first and CRediT role(s) following. More details and an example

All authors should have made substantial contributions to all of the following: (1) the
conception and design of the study, or acquisition of data, or analysis and interpretation of
data, (2) drafting the article or revising it critically for important intellectual content, (3) final
approval of the version to be submitted.

Authors are expected to consider carefully the list and order of authors before submitting
their manuscript and provide the definitive list of authors at the time of the original
submission. Any addition, deletion or rearrangement of author names in the authorship list
should be made only before the manuscript has been accepted and only if approved by the
journal Editor. To request such a change, the Editor must receive the following from the
corresponding author: (a) the reason for the change in author list and (b) written
confirmation (e-mail, letter) from all authors that they agree with the addition, removal or
rearrangement. In the case of addition or removal of authors, this includes confirmation from
the author being added or removed.

Only in exceptional circumstances will the Editor consider the addition, deletion or
rearrangement of authors after the manuscript has been accepted. While the Editor
considers the request, publication of the manuscript will be suspended. If the manuscript has
already been published in an online issue, any requests approved by the Editor will result in
a corrigendum.

Avrticle transfer service

This journal is part of our Article Transfer Service. This means that if the Editor feels your
article is more suitable in one of our other participating journals, then you may be asked to
consider transferring the article to one of those. If you agree, your article will be transferred
automatically on your behalf with no need to reformat. Please note that your article will be
reviewed again by the new journal. More information.

Upon acceptance of an article, authors will be asked to complete a 'Journal Publishing
Agreement' (see more information on this). An e-mail will be sent to the corresponding
author confirming receipt of the manuscript together with a ‘Journal Publishing Agreement’
form or a link to the online version of this agreement.
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Subscribers may reproduce tables of contents or prepare lists of articles including abstracts
for internal circulation within their institutions. Permission of the Publisher is required for
resale or distribution outside the institution and for all other derivative works, including
compilations and translations. If excerpts from other copyrighted works are included, the
author(s) must obtain written permission from the copyright owners and credit the source(s)
in the article. Elsevier has preprinted forms for use by authors in these cases.

For gold open access articles: Upon acceptance of an article, authors will be asked to
complete an 'Exclusive License Agreement' (more information). Permitted third party reuse
of gold open access articles is determined by the author's choice of user license.

Author rights

As an author you (or your employer or institution) have certain rights to reuse your work.
More information.

Elsevier supports responsible sharing

Find out how you can share your research published in Elsevier journals.

You are requested to identify who provided financial support for the conduct of the research
and/or preparation of the article and to briefly describe the role of the sponsor(s), if any, in
study design; in the collection, analysis and interpretation of data; in the writing of the report;
and in the decision to submit the article for publication. If the funding source(s) had no such
involvement then this should be stated.

Funding body agreements and policies

Elsevier has established a number of agreements with funding bodies which allow authors to
comply with their funder's open access policies. Some funding bodies will reimburse the
author for the gold open access publication fee. Details of existing agreements are available
online.

This journal offers authors a choice in publishing their research:
Subscription

» Articles are made available to subscribers as well as developing countries and patient
groups through our universal access programs.

* No open access publication fee payable by authors.

» The Author is entitled to post the accepted manuscript in their institution's repository and
make this public after an embargo period (known as green Open Access). The published
journal article cannot be shared publicly, for example on ResearchGate or Academia.edu, to
ensure the sustainability of peer- reviewed research in journal publications. The embargo
period for this journal can be found below. Gold open access

* Articles are freely available to both subscribers and the wider public with permitted reuse.
* A gold open access publication fee is payable by authors or on their behalf, e.g. by their
research funder or institution.
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Regardless of how you choose to publish your article, the journal will apply the same peer
review criteria and acceptance standards.

For gold open access articles, permitted third party (re)use is defined by the following
Creative Commons user licenses:

Creative Commons Attribution (CC BY)

Lets others distribute and copy the article, create extracts, abstracts, and other revised
versions, adaptations or derivative works of or from an article (such as a translation), include
in a collective work (such as an anthology), text or data mine the article, even for commercial
purposes, as long as they credit the author(s), do not represent the author as endorsing their
adaptation of the article, and do not modify the article in such a way as to damage the
author's honor or reputation.

Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

For non-commercial purposes, lets others distribute and copy the article, and to include in a
collective work (such as an anthology), as long as they credit the author(s) and provided
they do not alter or modify the article.

The gold open access publication fee for this journal is USD 3700, excluding taxes. Learn
more about Elsevier's pricing policy: https://www.elsevier.com/openaccesspricing.

Green open access

Authors can share their research in a variety of different ways and Elsevier has a number of
green open access options available. We recommend authors see our green open access
page for further information. Authors can also self-archive their manuscripts immediately and
enable public access from their institution's repository after an embargo period. This is the
version that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and in editor-author
communications. Embargo period: For subscription articles, an appropriate amount of time is
needed for journals to deliver value to subscribing customers before an article becomes
freely available to the public. This is the embargo period and it begins from the date the
article is formally published online in its final and fully citable form. Find out more.

This journal has an embargo period of 12 months.
Elsevier Researcher Academy

Researcher Academy is a free e-learning platform designed to support early and mid-career
researchers throughout their research journey. The "Learn" environment at Researcher
Academy offers several interactive modules, webinars, downloadable guides and resources
to guide you through the process of writing for research and going through peer review. Feel
free to use these free resources to improve your submission and navigate the publication
process with ease.

Language (usage and editing services)

Please write your text in good English (American or British usage is accepted, but not a
mixture of these). Authors who feel their English language manuscript may require editing to
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eliminate possible grammatical or spelling errors and to conform to correct scientific English
may wish to use the English Language Editing service available from Elsevier's WebShop.

Our online submission system guides you stepwise through the process of entering your
article details and uploading your files. The system converts your article files to a single PDF
file used in the peer-review process. Editable files (e.g., Word, LaTeX) are required to
typeset your article for final publication. All correspondence, including notification of the
Editor's decision and requests for revision, is sent by e-mail.

Authors must state in a covering letter when submitting papers for publication the
novelty embodied in their work or in the approach taken in their research. Routine
bioequivalence studies are unlikely to find favour. No paper will be published which does not
disclose fully the nature of the formulation used or details of materials which are key to the
performance of a product, drug or excipient. Work which is predictable in outcome, for
example the inclusion of another drug in a cyclodextrin to yield enhanced dissolution, will not
be published unless it provides new insight into fundamental principles.

Note:

The choice of general classifications such as "drug delivery" or "formulation" are rarely
helpful when not used together with a more specific classification.

Please submit, with the manuscript, the names, addresses and e-mail addresses of at least
four potential reviewers. Good suggestions lead to faster processing of your paper. Please
note:

Reviewers who do not have an institutional e-mail address will only be considered if their
affiliations are given and can be verified. Please ensure that the e-mail addresses are
current. International reviewers who have recently published in the appropriate field should
be nominated, and their areas of expertise must be stated clearly. Note that the editor
retains the sole right to decide whether or not the suggested reviewers are contacted.

To aid the editorial process when suggested reviewers are not chosen or decline to review,
ensure that the classifications chosen as the field of your paper are as detailed as possible.
It is not sufficient to state "drug delivery" or "nanotechnology" etc.

PREPARATION
Use of word processing software

It is important that the file be saved in the native format of the word processor used. The text
should be in single-column format. Keep the layout of the text as simple as possible. Most
formatting codes will be removed and replaced on processing the article. In particular, do not
use the word processor's options to justify text or to hyphenate words. However, do use bold
face, italics, subscripts, superscripts etc. When preparing tables, if you are using a table
grid, use only one grid for each individual table and not a grid for each row. If no grid is used,
use tabs, not spaces, to align columns. The electronic text should be prepared in a way very
similar to that of conventional manuscripts (see also the Guide to Publishing with Elsevier).
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Note that source files of figures, tables and text graphics will be required whether or not you
embed your figures in the text. See also the section on Electronic artwork.

To avoid unnecessary errors you are strongly advised to use the 'spell-check' and 'grammar-
check' functions of your word processor.

Subdivision - numbered sections

Divide your article into clearly defined and numbered sections. Subsections should be
numbered 1.1 (then 1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not included in section
numbering). Use this numbering also for internal cross-referencing: do not just refer to 'the
text'. Any subsection may be given a brief heading. Each heading should appear on its own
separate line.

Introduction

State the objectives of the work and provide an adequate background, avoiding a detailed
literature survey or a summary of the results.

Material and methods

Provide sufficient details to allow the work to be reproduced by an independent researcher.
Methods that are already published should be summarized, and indicated by a reference. If
guoting directly from a previously published method, use quotation marks and also cite the
source. Any modifications to existing methods should also be described.

Results

Results should be clear and concise.

Discussion

This should explore the significance of the results of the work, not repeat them. A combined
Results and Discussion section is often appropriate. Avoid extensive citations and
discussion of published literature.

Conclusions

The main conclusions of the study may be presented in a short Conclusions section, which
may stand alone or form a subsection of a Discussion or Results and Discussion section.

Appendices

If there is more than one appendix, they should be identified as A, B, etc. Formulae and
equations in appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; in a
subsequent appendix, Eq. (B.1) and so on. Similarly for tables and figures: Table A.1; Fig.
A.l, etc.
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* Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid
abbreviations and formulae where possible.

* Author names and affiliations. Please clearly indicate the given name(s) and family
name(s) of each author and check that all names are accurately spelled. You can add your
name between parentheses in your own script behind the English transliteration. Present the
authors' affiliation addresses (where the actual work was done) below the names. Indicate
all affiliations with a lower- case superscript letter immediately after the author's name and in
front of the appropriate address. Provide the full postal address of each affiliation, including
the country name and, if available, the e-mail address of each author.

» Corresponding author. Clearly indicate who will handle correspondence at all stages of
refereeing and publication, also post-publication. This responsibility includes answering any
future queries about Methodology and Materials. Ensure that the e-mail address is given
and that contact details are kept up to date by the corresponding author.

* Present/permanent address. If an author has moved since the work described in the
article was done, or was visiting at the time, a 'Present address' (or 'Permanent address’)
may be indicated as a footnote to that author's name. The address at which the author
actually did the work must be retained as the main, affiliation address. Superscript Arabic
numerals are used for such footnotes.

A concise and factual abstract is required. The abstract should state briefly the purpose of
the research, the principal results and major conclusions. An abstract is often presented
separately from the article, so it must be able to stand alone. For this reason, References
should be avoided, but if essential, then cite the author(s) and year(s). Also, non-standard or
uncommon abbreviations should be avoided, but if essential they must be defined at their
first mention in the abstract itself.

The abstract must not exceed 200 words.

A Graphical abstract is mandatory for this journal. It should summarize the contents of the
article in a concise, pictorial form designed to capture the attention of a wide readership
online. Authors must provide images that clearly represent the work described in the article.
Graphical abstracts should be submitted as a separate file in the online submission system.
Image size: please provide an image with a minimum of 531 x 1328 pixels (h x w) or
proportionally more, but should be readable on screen at a size of 200 x 500 pixels (at 96
dpi this corresponds to 5 x 13 cm). Bear in mind readability after reduction, especially if
using one of the figures from the article itself. Preferred file types: TIFF, EPS, PDF or MS
Office files. See http://www.elsevier.com/graphicalabstracts for examples.

Immediately after the abstract, provide a maximum of 6 keywords, using American spelling
and avoiding general and plural terms and multiple concepts (avoid, for example, 'and’, 'of").
Be sparing with abbreviations: only abbreviations firmly established in the field may be
eligible. These keywords will be used for indexing purposes.

Abbreviations
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Define abbreviations that are not standard in this field in a footnote to be placed on the first
page of the article. Such abbreviations that are unavoidable in the abstract must be defined
at their first mention there, as well as in the footnote. Ensure consistency of abbreviations
throughout the article.

Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the
references and do not, therefore, include them on the title page, as a footnote to the title or
otherwise. List here those individuals who provided help during the research (e.g., providing
language help, writing assistance or proof reading the article, etc.).

Formatting of funding sources
List funding sources in this standard way to facilitate compliance to funder's requirements:

Funding: This work was supported by the National Institutes of Health [grant numbers xxxx,
yyyyl]; the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the United
States Institutes of Peace [grant number aaaa).

It is not necessary to include detailed descriptions on the program or type of grants and
awards. When funding is from a block grant or other resources available to a university,
college, or other research institution, submit the name of the institute or organization that
provided the funding.

If no funding has been provided for the research, please include the following sentence:

This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Units

Follow internationally accepted rules and conventions: use the international system of units
(SI). If other units are mentioned, please give their equivalent in SI.

Math formulae

Please submit math equations as editable text and not as images. Present simple formulae
in line with normal text where possible and use the solidus (/) instead of a horizontal line for
small fractional terms, e.g., X/Y. In principle, variables are to be presented in italics. Powers
of e are often more conveniently denoted by exp. Number consecutively any equations that
have to be displayed separately from the text (if referred to explicitly in the text).

Footnotes

Footnotes should be used sparingly. Number them consecutively throughout the article.
Many word processors can build footnotes into the text, and this feature may be used.
Otherwise, please indicate the position of footnotes in the text and list the footnotes
themselves separately at the end of the article. Do not include footnotes in the Reference
list.

Image manipulation
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Whilst it is accepted that authors sometimes need to manipulate images for clarity,
manipulation for purposes of deception or fraud will be seen as scientific ethical abuse and
will be dealt with accordingly. For graphical images, this journal is applying the following
policy: no specific feature within an image may be enhanced, obscured, moved, removed, or
introduced. Adjustments of brightness, contrast, or color balance are acceptable if and as
long as they do not obscure or eliminate any information present in the original. Nonlinear
adjustments (e.g. changes to gamma settings) must be disclosed in the figure legend.

Electronic artwork

General points

* Make sure you use uniform lettering and sizing of your original artwork.

* Embed the used fonts if the application provides that option.

* Aim to use the following fonts in your illustrations: Arial, Courier, Times New Roman,
Symbol, or use fonts that look similar.

* Number the illustrations according to their sequence in the text.

* Use a logical naming convention for your artwork files.

* Provide captions to illustrations separately.

* Size the illustrations close to the desired dimensions of the published version.

» Submit each illustration as a separate file.

A detailed guide on electronic artwork is available.

You are urged to visit this site; some excerpts from the detailed information are given
here. Formats

If your electronic artwork is created in a Microsoft Office application (Word, PowerPoint,
Excel) then please supply ‘as is' in the native document format.

Regardless of the application used other than Microsoft Office, when your electronic artwork
is finalized, please 'Save as' or convert the images to one of the following formats (note the
resolution requirements for line drawings, halftones, and line/halftone combinations given
below):

EPS (or PDF): Vector drawings, embed all used fonts.

TIFF (or JPEG): Color or grayscale photographs (halftones), keep to a minimum of 300 dpi.
TIFF (or JPEG): Bitmapped (pure black & white pixels) line drawings, keep to a minimum of
1000 dpi. TIFF (or JPEG): Combinations bitmapped line/half-tone (color or grayscale), keep
to a minimum of 500 dpi.

Please do not:

» Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); these typically
have a low number of pixels and limited set of colors;

* Supply files that are too low in resolution;

» Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or
PDF), or MS Office files) and with the correct resolution. If, together with your accepted
article, you submit usable color figures then Elsevier will ensure, at no additional charge, that
these figures will appear in color online (e.g., ScienceDirect and other sites) regardless of
whether or not these illustrations are reproduced in color in the printed version. For color
reproduction in print, you will receive information regarding the costs from Elsevier
after receipt of your accepted article. Please indicate your preference for color: in print or
online only. Further information on the preparation of electronic artwork.

Figure captions

Ensure that each illustration has a caption. Supply captions separately, not attached to the
figure. A caption should comprise a brief title (not on the figure itself) and a description of
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the illustration. Keep text in the illustrations themselves to a minimum but explain all symbols
and abbreviations used.

Please submit tables as editable text and not as images. Tables can be placed either next to
the relevant text in the article, or on separate page(s) at the end. Number tables
consecutively in accordance with their appearance in the text and place any table notes
below the table body. Be sparing in the use of tables and ensure that the data presented in
them do not duplicate results described elsewhere in the article. Please avoid using vertical
rules and shading in table cells.

Citation in text

Please ensure that every reference cited in the text is also present in the reference list (and
vice versa). Any references cited in the abstract must be given in full. Unpublished results
and personal communications are not recommended in the reference list, but may be
mentioned in the text. If these references are included in the reference list they should follow
the standard reference style of the journal and should include a substitution of the
publication date with either 'Unpublished results' or 'Personal communication'. Citation of a
reference as 'in press' implies that the item has been accepted for publication and a copy of
the title page of the relevant article must be submitted.

Reference links

Increased discoverability of research and high quality peer review are ensured by online
links to the sources cited. In order to allow us to create links to abstracting and indexing
services, such as Scopus, CrossRef and PubMed, please ensure that data provided in the
references are correct. Please note that incorrect surnames, journal/book titles, publication
year and pagination may prevent link creation. When copying references, please be careful
as they may already contain errors. Use of the DOI is highly encouraged.

A DOl is guaranteed never to change, so you can use it as a permanent link to any
electronic article. An example of a citation using DOI for an article not yet in an issue is:
VanDecar J.C., Russo R.M., James D.E., Ambeh W.B., Franke M. (2003). Aseismic
continuation of the Lesser Antilles slab beneath northeastern Venezuela. Journal of
Geophysical Research, https://doi.org/10.1029/2001JB000884. Please note the format of
such citations should be in the same style as all other references in the paper.

Web references

As a minimum, the full URL should be given and the date when the reference was last
accessed. Any further information, if known (DOI, author names, dates, reference to a
source publication, etc.), should also be given. Web references can be listed separately
(e.g., after the reference list) under a different heading if desired, or can be included in the
reference list.

Data references

This journal encourages you to cite underlying or relevant datasets in your manuscript by
citing them in your text and including a data reference in your Reference List. Data
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references should include the following elements: author name(s), dataset title, data
repository, version (where available), year, and global persistent identifier. Add [dataset]
immediately before the reference so we can properly identify it as a data reference. The
[dataset] identifier will not appear in your published article.

References in a special issue

Please ensure that the words 'this issue' are added to any references in the list (and any
citations in the text) to other articles in the same Special Issue.

Reference management software

Most Elsevier journals have their reference template available in many of the most popular
reference management software products. These include all products that support Citation
Style Language styles, such as Mendeley and Zotero, as well as EndNote. Using the word
processor plug-ins from these products, authors only need to select the appropriate journal
template when preparing their article, after which citations and bibliographies will be
automatically formatted in the journal's style. If no template is yet available for this journal,
please follow the format of the sample references and citations as shown in this Guide. If
you use reference management software, please ensure that you remove all field codes
before submitting the electronic manuscript. More information on how to remove field codes.

Users of Mendeley Desktop can easily install the reference style for this journal by clicking
the following link:
http://open.mendeley.com/use-citation-style/international-journal-of-pharmaceutics

When preparing your manuscript, you will then be able to select this style using the
Mendeley plug- ins for Microsoft Word or LibreOffice.

Reference formatting

There are no strict requirements on reference formatting at submission. References can be
in any style or format as long as the style is consistent. Where applicable, author(s) name(s),
journal title/ book title, chapter title/article title, year of publication, volume number/book
chapter and the article number or pagination must be present. Use of DOI is highly
encouraged. The reference style used by the journal will be applied to the accepted article
by Elsevier at the proof stage. Note that missing data will be highlighted at proof stage for
the author to correct. If you do wish to format the references yourself they should be
arranged according to the following examples:

Reference style

Text: All citations in the text should refer to:

1. Single author: the author's name (without initials, unless there is ambiguity) and the year
of publication;

2. Two authors: both authors' names and the year of publication;

3. Three or more authors: first author's name followed by 'et al." and the year of publication.
Citations may be made directly (or parenthetically). Groups of references can be listed either
first alphabetically, then chronologically, or vice versa.

Examples: 'as demonstrated (Allan, 2000a, 2000b, 1999; Allan and Jones, 1999).... Or, as
demonstrated (Jones, 1999; Allan, 2000)... Kramer et al. (2010) have recently shown ...'
List: References should be arranged first alphabetically and then further sorted
chronologically if necessary. More than one reference from the same author(s) in the same
year must be identified by the letters 'a’, 'b’, 'c', etc., placed after the year of publication.
Examples:

Reference to a journal publication:
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Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2010. The art of writing a scientific article.
J. Sci. Commun. 163, 51-59. https://doi.org/10.1016/j.S¢.2010.00372.

Reference to a journal publication with an article number:

Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2018. The art of writing a scientific article.
Heliyon. 19, e00205. https://doi.org/10.1016/j.heliyon.2018.e00205.

Reference to a book:

Strunk Jr., W., White, E.B., 2000. The Elements of Style, fourth ed. Longman, New York.
Reference to a chapter in an edited book:

Mettam, G.R., Adams, L.B., 2009. How to prepare an electronic version of your article, in:
Jones, B.S., Smith , R.Z. (Eds.), Introduction to the Electronic Age. E-Publishing Inc., New
York, pp. 281-304. Reference to a website:

Cancer Research UK, 1975. Cancer statistics reports for the UK.
http://www.cancerresearchuk.org/ aboutcancer/statistics/cancerstatsreport/ (accessed 13
March 2003).

Reference to a dataset:

[dataset] Oguro, M., Imahiro, S., Saito, S., Nakashizuka, T., 2015. Mortality data for
Japanese oak wilt disease and surrounding forest compositions. Mendeley Data, v1.
https://doi.org/10.17632/ xwj98nb39r.1.

Journal abbreviations source

Journal names should be abbreviated according to the List of Title Word Abbreviations.

Elsevier accepts video material and animation sequences to support and enhance your
scientific research. Authors who have video or animation files that they wish to submit with
their article are strongly encouraged to include links to these within the body of the article.
This can be done in the same way as a figure or table by referring to the video or animation
content and noting in the body text where it should be placed. All submitted files should be
properly labeled so that they directly relate to the video file's content. . In order to ensure that
your video or animation material is directly usable, please provide the file in one of our
recommended file formats with a preferred maximum size of 150 MB per file, 1 GB in total.
Video and animation files supplied will be published online in the electronic version of your
article in Elsevier Web products, including ScienceDirect. Please supply 'stills' with your files:
you can choose any frame from the video or animation or make a separate image. These
will be used instead of standard icons and will personalize the link to your video data. For
more detailed instructions please visit our video instruction pages. Note: since video and
animation cannot be embedded in the print version of the journal, please provide text for
both the electronic and the print version for the portions of the article that refer to this
content.

Include interactive data visualizations in your publication and let your readers interact and
engage more closely with your research. Follow the instructions here to find out about
available data visualization options and how to include them with your article.

Supplementary material such as applications, images and sound clips, can be published
with your article to enhance it. Submitted supplementary items are published exactly as they
are received (Excel or PowerPoint files will appear as such online). Please submit your
material together with the article and supply a concise, descriptive caption for each
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supplementary file. If you wish to make changes to supplementary material during any stage
of the process, please make sure to provide an updated file. Do not annotate any corrections
on a previous version. Please switch off the "Track Changes' option in Microsoft Office files
as these will appear in the published version.

This journal encourages and enables you to share data that supports your research
publication where appropriate, and enables you to interlink the data with your published
articles. Research data refers to the results of observations or experimentation that validate
research findings. To facilitate reproducibility and data reuse, this journal also encourages
you to share your software, code, models, algorithms, protocols, methods and other useful
materials related to the project.

Below are a number of ways in which you can associate data with your article or make a
statement about the availability of your data when submitting your manuscript. If you are
sharing data in one of these ways, you are encouraged to cite the data in your manuscript
and reference list. Please refer to the "References” section for more information about data
citation. For more information on depositing, sharing and using research data and other
relevant research materials, visit the research data page.

Data linking

If you have made your research data available in a data repository, you can link your article
directly to the dataset. Elsevier collaborates with a number of repositories to link articles on

ScienceDirect with relevant repositories, giving readers access to underlying data that gives
them a better understanding of the research described.

There are different ways to link your datasets to your article. When available, you can
directly link your dataset to your article by providing the relevant information in the
submission system. For more information, visit the database linking page.

For supported data repositories a repository banner will automatically appear next to your
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