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ABSTRACT

The feasibility of incorporating efavirenz (EFV), an antiretroviral agent against HIV into a
lipid-based self-emulsifying drug delivery system (SEDDS) containing vegetable oils was
investigated. EFV has poor aqueous solubility and is classified under the Biopharmaceutical
Classification System (BCS) as a class II compound with highly permeability, its aqueous
solubility is less than 10 mg/ml and is defined as a practically insoluble compound with a
consequent poor bioavailability of approximately 40%, and erratic dissolution behaviour.
SEDDS formulations have been shown to improve the aqueous solubility and consequently the
bioavailability of BCS II compounds such as EFV. EFV is a first line antiviral agent used in
combination with other agents in antiretroviral therapy (ART). Among the number of NNRTIs

approved for use in HIV treatment, EFV is one of the most commonly prescribed drug.

Statistical methods and Design of Experiments (DoE) using Response Surface Methodology
(RSM), specifically a Central Composite Design (CCD), were used to facilitate the
development of a reversed-phase high performance liquid chromatographic (HPLC) method
for the quantitation of EFV during formulation product and process development studies. A
rapid, accurate, precise and sensitive HPLC method with ultraviolet (UV) detection was
developed, optimised and validated for the in-vitro analysis of EFV in a total run time under
10 minutes for the elution of both EFV and loratidine which was used as the internal standard
(IS). The method was then successfully applied to the determination of EFV in commercially

available tablets.

Excipient screening was undertaken using solubility studies and revealed that EFV had highest
solubility in flaxseed oil in comparison to soybean, macadamia, grapeseed, sunflower and olive
oils. The non-ionic Tween® 80 and Span® 20 were selected as surfactant and co-surfactant,
respectively with ethanol co-solvent as they exhibited improved miscibility with co-solvent.
Pre-formulation studies were undertaken to investigate the compatibility of the API with
excipients and to identify a nano-emulsion region and other emulsion types using pseudo-
ternary phase diagrams. The phase behaviour of crude cold pressed flaxseed oil with the
selected non-ionic surfactants revealed an area within pseudo-ternary phase diagrams for
different surfactant-mixtures formed gels/semisolid structures which can be exploited for other

drug delivery strategies that require such properties.

Fourier transform infrared spectroscopy (FT-IR), powder x-ray diffraction (XRD) and Raman

spectroscopy were used to identify and assess the compatibility of EFV with chosen excipients.
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A reduction in the peak intensity was observed for EFV when combined with each
hydrophobic/lipid excipient evaluated revealing that there was a marked reduction in the
crystallinity of the EFV. A decrease in crystallinity in comparison with the bulk API may
indicate that EFV were amorphous or sequestered in a molecular dispersion and exhibited an

increased solubility for the molecule.

Flaxseed oil was used as the oil phase in studies for the optimization of surfactant mixtures
undertaken using DoE, specifically a D-optimal mixtures design with the flaxseed oil content
set at 10% m/m was performed. Solutions from the desired optimization function were
produced based on desirability and five nanoemulsion formulations were produced and
characterized in terms of in vitro release of efavirenz, drug loading capacity, Zeta Potential,
droplet sizes and polydispersity index (PDI). Kinetically stable nanoemulsions containing
10% m/m flaxseed oil were successfully manufactured and assessed. Droplet sizes ranged
between 156 and 225 nm, Zeta Potential between —24 and —41 mV and all formulations were

found to be monodisperse with polydispersity indices < 0.487.

SEDDS formulations of EFV in nano-sized carriers were developed and optimised, in vitro
drug release varied with varying amounts of ethanol in the formulation producing formulations
that exhibited differently modulated drug in-vitro release profiles that may be further
manipulated for better performance and therapeutic outcomes in terms of solubility and
possibly bioavailability of EFV when delivered using SEDDS rather than using tablets which

in turn may lead to better therapeutic outcomes for patients with HIV.
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STUDY OBJECTIVES

The human immunodeficiency virus (HIV) remains a global health burden, but the highest
mortality rate is observed in children particularly in Sub-Saharan Africa. Currently EFV among
other antiretrovirals in combination are used as first line treatment for HIV infections and the
use of combination therapy has improved the mortality rate. However, both EFV among other
similar compounds of BCS II exhibit low oral bioavailability due to poor aqueous solubility.
The absorption of EFV can be enhanced by administration with a high fat meal. BCS Class II
compounds maybe typically lipophilic (oil/lipid soluble) and thus are good candidates for
delivery using self-emulsifying drug delivery systems (SEDDS). The development of a dosage
form of EFV that has improved aqueous solubility and likely bioavailability and may reduce
the need for administration with a high fat meal and allow for improved modulation of drug
release and better therapeutic possibilities. The objective of this study was to develop a lipid

based SEDDS formulation to enhance the solubility of EFV through,
The specific objectives of this study were:

1. To review and interpret information relating to the pharmacological, biopharmaceutical
and physicochemical properties of EFV to facilitate the development of SEDDS.

2. To develop and validate a reversed-phase high performance liquid chromatographic
method for the quantitation of EFV with the aid of DoE and response surface
methodology.

3. To assess the solubility of EFV in various chosen vegetable oils, characterise and
investigate the compatibility of EFV and excipients and to investigate emulsion types
and the formation of nano-emulsion using pseudo-ternary phase diagrams.

4. To conduct pre-formulation studies to assess the compatibility of Efavirenz and selected
excipients.

5. To design, develop and optimise EFV loaded SEDDS using a D-optimal mixtures
design of vegetable oil and surfactant mixtures.

6. To characterize the manufactured SEDDS with respect to in vitro release of EFV,

droplet sizes, polydispersity index and Zeta Potential.
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CHAPTER 1

EFAVIRENZ AND ANTIRETROVIRAL THERAPY

1.1 Introduction

Approximately 25.4 million people were accessing antiretroviral therapy in 2019, with at least
31.6 million people globally living with the human immunodeficiency virus (HIV) in the same
year [1]. HIV continues to be a major global public health issue, having claimed almost 33
million lives so far according to the World Health Organization (WHO) with the regions most
affected being Sub-Saharan Africa including South Africa [2]. South Africa has the largest
population of people living with HIV in the world with an estimated 7.1 million people with
HIV and the country has the world’s largest Antiretroviral Therapy (ART) program [3]. As a
response to this disease burden, concerted efforts by the country and the international
community at large has resulted in an increase of access to health services and essential
medicines used for ART. Approximately 90% of people living with HIV were aware of their
status in 2018 in South Africa, in 2019, 68% of adults and 53% of children living with HIV
globally were receiving ART [4]. Despite improvements on access to essential medicines,
African healthcare systems continue to face severe challenges which negatively impact access
to affordable quality healthcare leading to morbidity and mortality from easily treated
conditions. The challenges include a high infectious disease burden, a growing burden due to
chronic disease, a shortage of human resources and infrastructure to deliver healthcare services
in addition to significant funding and budgetary constraints amongst others [5,6]. In efforts to
improve access to HIV drugs, simplification of process chemistry, reformulation, dose
reduction, inclusion of new drug classes and new therapeutic strategies have been developed

and used as tools to contribute to the reduction of the HIV burden [7].

HIV belongs to a class of viruses called retroviruses and a subgroup of retroviruses known as
lentiviruses with the course of infection with such viruses characterized by a long interval
between initial infection and the onset of serious symptoms [8]. There are two types of HIV,
HIV-1 and HIV-2, and both can cause acquired immune deficiency syndrome (AIDS) however
most AIDS infections are due to HIV-1 strains, while HIV-2 represents a significant minority

of all HIV infections in some countries, such as Guinea-Bissau and Portugal [9].
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HIV can replicate only inside cells using the enzyme reverse transcriptase to convert their
ribonucleic acid (RNA) into deoxyribonucleic acid (DNA), which can be incorporated into the
human cell’s genes through integration between viral DNA and human DNA and results in the
replication of the virus [10]. Upon transmission to a new host, HIV targets CD4+ effector
memory T cells, resulting in acute, massive depletion of these cells from mucosal effector sites
and over time, HIV weakens an individual’s immune system and the patient becomes at risk to
opportunistic infections and AIDS [11,12]. CD4+ cells play a major role in mediating immune
response through the secretion of specific cytokines and a higher count measured in cells per
cubic milliliters of blood provides a picture of the immune system health, with higher CD4+
counts typically signifying healthier immune systems [13,14]. Since CD4+ lymphocytes are a
primary target of HIV, CD4+ counts are therefore one of the factors used to measure disease
progression in HIV-positive individuals [15]. CD4+ effector memory T cell counts vary in
uninfected individuals and across populations due to a variety of demographic, environmental,
immunological and genetic factors that probably persist throughout however, in HIV infected

individuals initiation of ART is recommended at CD4+ cell counts <400 cells/uL [16,17].

1.1.1 Antiretroviral therapy

ART is a treatment regimen typically comprised of a combination of antiretroviral drugs for
the treatment of HIV. The goals of ART are to provide maximum and long term suppression
of the viral load, restore and preserve immune function, reduce HIV-related infectious and non-
infectious morbidity, prevent onward transmission of HIV, prolong life expectancy and
improve quality of life [18]. With prolonged viral suppression, the CD4+ lymphocyte count
usually increases, which is accompanied by a restoration of pathogen-specific immune
function. For most patients, this results in a dramatic reduction in the risk of HIV-associated
morbidity and mortality. For patients who start ART with preserved CD4+ counts, ART can
prevent the decline in CD4+ count which has been observed in untreated patients and prevent
clinical complications of HIV infection. Long-term cohorts show that patients who adhere well

to ART have a near-normal life expectancy [19,20].

There are seven classes of antiretroviral agents currently in use and the classes are, nucleoside
reverse transcriptase inhibitors (NRTI), non-nucleoside reverse transcriptase inhibitors
(NNRTI), protease inhibitors (PI), fusion inhibitors, integrase strand transfer inhibitors
(INSTIs), post-attachment inhibitors and CCRS5 inhibitors [21,22].
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International HIV treatment guidelines recommend first-line use of a combination of three
drugs usually two NRTIs with an NNRTI, a boosted PI or an integrase inhibitor in order to
achieve sufficient HIV RNA suppression with unique patient circumstances e.g., concomitant
diseases and conditions, potential for pregnancy, cost guiding the treatment choice [23]. ART
co-administration of different drugs inhibits viral replication by several mechanisms so that
propagation of a virus with resistance to a single agent becomes inhibited by the action of the
other two agents [24]. CD4+ cell count, HIV RNA level, genotype, and other laboratory tests
for general health and co-infections are recommended at specified points before and during
ART [25]. In April 2013, South Africa began initiating eligible first-line patients on a once-
daily, single-tablet fixed dose combination (FDC) regimen of tenofovir (TDF), emtricitabine
(FTC) and efavirenz (EFV) [26]. TDF and FTC are NRTIs with especially TDF becoming an
integral part of several ARV drug regimens [27]. Currently, there are a number of NNRTIs
approved for use in HIV treatment, with EFV being one of the most commonly prescribed drug

[28].

1.1.2 Biopharmaceutical Classification System (BCS)

With a large number of candidates of active compounds from diverse sources, the classification
of active compounds and understanding their biopharmaceutical behavior in classes can be a
useful approach for accelerated drug development activities. The biopharmaceutical
classification system (BCS) has become an increasingly important tool for regulation of drug
products world-wide since its inception in 1995 [29]. The BCS is a prognostic tool for assessing
the potential effects of formulation on the human drug oral bioavailability used in conjunction
with in vitro dissolution tests, the BCS can support the prediction of in vivo product
performance and the development of mechanistic models that support formulation assessments.
[30]. Identification and classification of API may provide insight into a formulation strategy,
Table 1.1 shows the classification of antiretroviral compounds on the 22" and latest WHO
essential medicines list [31]. Atazanavir is highly permeable but poorly soluble in aqueous
media and is thus BCS II [32]. Ritonavir is a BCS IV compound with low solubility and low
permeability [33]. Ideal oral dosage forms should produce both a reasonably high
bioavailability and low inter and intra subject variability in absorption therefore BCS II
compounds may be better suited in formulations that increase solubility and BCS IV
compounds may be better suited for formulation strategies that increase both solubility and

provide permeability enhancement [34].
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Table 1.1 Antiretroviral drugs on the 22" WHO essential medicines list and their BCS classification [35-37].

Class I Class 11
High solubility and high permeability Low solubility and high permeability
e.g. Emtricitabine, e.g. Efavirenz, Atazanavir, Duranavir, Raltegravir, Nevirapine
Class III Class IV
High solubility and low permeability Low solubility, low permeability
e.g. Tenofovir, e.g. Etravirine, Ritonavir, Lopinavir

1.2 Physicochemical properties of EFV

1.2.1 Nomenclature and structure

Efavirenz, chemically 2H-3, l-benzoxazin-2-one, 6-chloro - 4- (cyclopropylethnyl) -1, 4-
dihydro-4-(tri-fluoromethyl)-(4S) and is a white crystalline no hygroscopic powder [38]. The
chemical structure of EFV is depicted in Figure 1.1 and the molecular formula of EFV is

C14HoCIF3NO- [39].

Figure 1.1 Chemical structure of EFV

1.2.2 Solubility

Efavirenz is practically insoluble in water having a solubility of approximately 0.01 mg/ml

[40]. This drug is classified as a BCS II with high permeability and low solubility. The poor
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aqueous solubility and wettability of EFV gives rise to difficulties in pharmaceutical
formulations for oral delivery, which may lead to a low bio-availability currently reported to

be 40 % [41].

1.2.3 Dissociation constant (pKa)

The acid-base dissociation constant (pKa) of a drug is a key physicochemical parameter
influencing various biopharmaceutical characteristics such as the ionization state of the API
which is controlled by both solution pH and therefore exists in different states in different pH
environments [42]. These different ionization states cationic, anionic or neutral often have
different properties with respect to water solubility, UV absorption, and reactivity. The ionized
form is usually more water soluble, while the neutral form is more lipophilic and has higher
membrane permeability [43]. Efavirenz pKa value is 10.2 and is a weakly acidic drug and
therefore in acidic conditions it is largely unionized and in alkaline environments it is ionized
and practically insoluble at physiological pH (7.4), therefore enabling formulations such as
SEDDS may influence the solubility and in turn bioavailability of EFV may yield better
therapeutic performance [44-46].

1.2.4 Partition coefficient (LogP)

The partition coefficient (Log P) of a compound is a value defined as ratio of unionized drug
distributed between aqueous and organic phase or how a solute is distributed between two
immiscible solvents [47,48]. The oil and water partition coefficient helps determine the ability
of a compound to cross the lipid bilayer membrane [49]. LogP values can be obtained

experimentally using Equation 1.1.

Coir

LogP = ( )equilibrium

water

Equation 1.1
Where,
Coil = Concentration of compound in oil and

Cwater = Concentration of compound in water.
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A value of Log P of zero indicates that the drug has equal distribution in water and partition
solvent while values of Log P less than one indicate higher aqueous solubility and values
greater than one are indicative of higher lipid solubility [50]. Due to the hydrophobic nature of
the biological membrane, the amount of drug absorbed depends heavily on its lipophilicity
[51]. The unionized form of the EFV molecule has greater lipophilicity and hence it has
received so much importance and has a logP value of approximately 4.6, Caco-2 and intestinal
permeability studies suggest EFV is highly permeable and the clinical efficacy may be limited
by low solubility [52—54].

1.2.5 UV absorption spectra

Ultraviolet (UV) visible absorption spectroscopy involves the valence electrons of a molecule
and is dependent on the nature and type of chemical bonds in a molecule [55]. The UV spectrum
is used to determine API concentrations, characterize chemical reactions and kinetics thereof.
UV spectroscopy has been used as detection systems when monitoring chromatographic
separations. Identification of the maximum and minimum absorption in a spectrum due to
different chromophore functional groups is valuable when selecting a wavelength applicable
for detection using HPLC as a mode of analysis [56,57]. EFV has a UV absorption maximum
of 246-247 nm and has a chromophore and therefore can be detected and quantified using

methods such as UV high pressure liquid chromatography UV-HPLC [58,59].

1.2.6 Melting range

The melting point of EFV is reported to be between 138-141 °C [60]. The melting point range
was determined using as Stuart” SMP 30 melting point instrument from Bibby Scientific
Limited, Stone, Staffordshire, STISOSA, United Kingdom. The melting point range was

observed to be from 137-141 °C for the raw material which is similar to that reported [61].

1.2.7 Polymorphism

Polymorphism is the ability of solid materials to exist in two or more crystalline forms with
different arrangements or conformations of the constituents in the crystal lattice [62]. These
polymorphic forms of a drug differ in the physicochemical properties such as dissolution and
solubility, chemical and physical stability. These forms also differ in various important drug
outcomes like drug efficacy, bioavailability, and even toxicity [63]. Polymorphic studies are

important as a particular polymorph can be responsible for a particular property which might
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not be exhibited by any other form [64]. EFV has more than 23 polymorphs reported in
literature, but very little information has been reported on them [65]. It is claimed that Form I
is the thermodynamically stable form and has the highest melting point of +137° C and
exposure to high temperatures convert all other known forms into Form I [66]. Although Form
I of EFV may have erratic dissolution behavior, compared to other known forms, it is claimed

to be the preferred form in the pharmaceutical industry, due to its thermodynamic stability [67].

1.3 Structure activity relationships

EFV like most NNRTIs has been identified to have high accommodation capacity in the
binding pocket of the reverse transcriptase enzyme (RT) which is hydrophobic in nature. When
the interactions occur, this leads to conformational changes on the RNA sequence of the reverse
transcriptase. These conformation changes, induced by the binding of the NNRTIs to the RT
are thought to be at the basis of their inhibitory action against the enzyme [68]. NNRTIs display
a common pharmacophoric model, which contains an aromatic ring capable of participate the
n-n stacking interactions, amides or thioamides that can form hydrogen bonds and
conformation that could be capable to help the drug to maintain its activity against strains of
HIV-1 [69]. Most EFV interactions with HIV reverse transcriptase involve hydrophobic
contacts and hydrogen bonding is formed between the NH group of the benzoxazin-2-one
nucleus and the carbonyl oxygen atom of the main chain of lysine (Lys101) of the reverse
transcriptase enzyme, furthermore, there is an interaction between the carbonyl oxygen atom

of the main chain of Lys103 and the nitrogen atom of the benzoxazin-2-one ring of EFV [70].

1.4 Synthetic pathway

EFV was first developed in 1992 by Merck in eight linear steps of a medicinal chemistry route
with an overall yield of 12% with the starting material as 4-chloro-3-cyanoanline [71]. Various
other methods with less steps and greater yield have been developed for the synthesis of EFV
such as the asymmetric synthesis of EFV by an organocatalyzed enantioselective
trifluoromethylation of nonfluorinated aryl alkynyl ketone 1-(5-chloro-2-nitrophenyl)-3-
cyclopropylprop-2-yn-1-one with Ruppert—Prakash reagent, (trifluoromethyl- trimethylsilane
(Me3SiCF3) has been reported to yield up to 99 % EFV, however, extra steps to protect then
de-protect p-Methoxybenzyl groups which are chemically sensitive and could hinder
selectivity in the synthesis process have been sighted as major drawback [72,73]. A second

generation asymmetric addition of zinc-cyclopropylacetylide to amino ketone in the presence
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of amino alcohol (1R, 2S)-1-Phenyl-2-(1-pyrrolidinyl) propan-1-ol is part of most currently
used manufacturing routes with overall process from amino ketone in a two-step process to
yield EFV up to 87% reported and quite high purity of the isolated compound, the reaction

scheme is shown in Figure 1.2 [74].

Figure 1.2. Synthesis of EFV through the asymmetric addition of zinc-cyclopropylacetylide to amino ketone [74].

1.5 Clinical pharmacology

1.5.1 Mechanism of action (MOA)

The mechanism of action of EFV is by inhibiting HIV-1 replication directly by binding
noncompetitively to HIV-1 reverse transcriptase [75]. EFV has unique specificity for HIV-1
and is not active against other viruses [76]. The drug binds to a hydrophobic region of the HIV-
1 reverse transcriptase through an allosteric mechanism that alters the enzyme conformation
and prevents access to the substrates and prevents or slows down the process of reverse
transcription which is the method the virus uses to translate its RNA onto host cell’s DNA for

replication [77,78].
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1.5.2 Dosage and administration

Efavirenz is available as 600 mg tablets, 50, 100 or 200 mg capsules. Standard adult dosage of
efavirenz is 600 mg once daily for those over 40 kg taken when fasting, preferably at bedtime.
Pediatric dosing for children 3 months of age and older is weight based with target dose of 15
mg/kg/day once daily recommended by the WHO [79,80]. For geriatrics, with aging, hepatic
and kidney function typically decline, suspected in part due to loss of functional tissue of these
organs as a result of aging resulting in altered metabolism [81]. As a result, older patients will
often have increased drug exposure and consequently increased adverse effects. The
therapeutic window between an effective drug level and a toxic level for many drugs is often
reduced in the older population owing to increased drug sensitivity associated with aging,
which further heightens the need to monitor for toxicity and adverse effects in this patient

population [82].

1.5.3 Overdose

The overdose of EFV in reported in various case reports with a reported greatest amount of 3
grams ingested at once and some prominent effects reported were aggravated depression,
apathy, emotional lability, euphoria, burning sensation in the throat immediately after
ingestion, visual impairment and motor deficits in lower limbs [83,84]. In general overdose

effects of EFV are its severe already known side effects [85].

1.5.4 Contraindications and drug interactions

The use of efavirenz is contraindicated in patients with previously documented hypersensitivity
to EFV and patients with a history of mental illness and those concurrently receiving co-
administered drugs that are cytochrome P450 (CYP) 3A4 substrates due to a (CYP) 3A4
interaction which is the most abundant hepatic and intestinal phase I enzyme that metabolizes
approximately 50% of marketed drugs [86—89]. EFV is therefore contraindicated with several
drugs although the mechanism of the apparent increase in (CYP) 3A4 activity by efavirenz and
the magnitude of change relative to other known inducers are not known [90,91]. This
interaction results in the increased systemic clearance of contraindicated and co-administerd
drugs that are cytochrome P450 (CYP) 3A4 substrates [91,92]. EFV may also substantially
slow the elimination of drugs predominately cleared by (CYP) 2B6, (CYP) 2C19 or by both

enzymes and may also lower the area under the plasma concentration time curve (AUC) of
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active metabolites of some pro-drugs such as clopidogrel and proguanil by up to 30% [93-95].
Commonly contraindicated drugs with EFV are listed in Tablel.2.

Table 1.2. Drugs that are contraindicated with EFV [96,97].

Drug class Examples of drugs within class Clinical comment

contraindicated with EFV

Benzodiazepines midazolam, triazolam Potential for serious or life-threatening reactions such as prolonged or
increased sedation or respiratory depression.

GI Motility Agents cisapride Potential for serious or life-threatening reactions such as cardiac
arrhythmias.

Anti-Migraine ergot derivatives Potential for serious or life-threatening
(dihydroergotamine, ergonovine, reactions such as acute ergot toxicity
ergotamine) characterized by peripheral vasospasm and

ischemia of the extremities and other tissues

Neuroleptic pimozide Potential for serious or life-threatening reactions such as cardiac
arrhythmias.

Herbal Products St. John’s wort (Hypericum May lead to loss of virologic response and possible resistance to efavirenz

or to the class of non-nucleoside reverse transcriptase inhibitors (NNRTISs).
perforatum)

1.5.5 Pregnancy and breastfeeding

The administration of antiretroviral agents during pregnancy and around delivery has been
shown to be effective in reducing mother-to-child transmission of HIV, EFV is categorized as
a category D drug by the Food and Drug Administration (FDA) with positive evidence of
human fetal risk from case reports, nevertheless, potential benefits may outweigh the potential
risks [98,99]. However, drugs are commonly assigned high-risk FDA categories based on
limited information, evidence of teratogenicity linked to the use of EFV in pregnancy has been
limited and current evidence suggests that the risk is lower than previously thought [100,101].
Current WHO guidelines recommend avoiding EFV in the first trimester only, but also note
that overall rates of birth defects in infants exposed to EFV, NVP and TDF are similar to those
in the general population [101]. The WHO guidelines on antiretroviral therapy recommend that
EFV can be included as part of first-line therapy in adults regardless of sex, and that it can be
used throughout pregnancy after the first trimester with surveillance warranted, however some
reports suggests findings that favored dolutegravir over EFV in ART regimens for pregnant

women [102,103].

While the transmission of HIV from mother to child after birth via breast milk remains a major

concern in areas of the world where formula feeding is not safe, affordable, or practical, EFV
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is widely used during breastfeeding and is excreted into breastmilk and small amounts are
found in the serum of some infants and treatment of HIV-positive mothers with EFV does not
appear to affect growth and development of their HIV-negative breastfed infants [104—106].
The extension of maternal ART through the period of breast feeding has been proposed as one
strategy to reduce breast milk HIV transmission by reducing plasma and breast milk HIV
concentrations and/or by providing prophylaxis to the infant through ingestion of
antiretrovirals present in breast milk [107]. The extent of antiretroviral transfer from mother to
infant via breast milk and the resulting infant antiretroviral drug exposure have not been well
delineated however other reports suggest that most breastfed infants are exposed to <10% of
the weight-adjusted therapeutic pediatric dose, the safety threshold for exposure to maternal

drugs from breast milk [108,109].

1.5.6 Renal impairment

Although the use of EFV has been associated with the development of renal stones, data
suggest however that EFV carries a low risk [110,111]. The available limited data on patients
with renal impairment suggests that 1% of efavirenz is excreted unchanged in urine therefore,
dosage adjustment does not appear necessary due to the demonstrated safety renal profile in
controlled trials although instances of case reports linked efavirenz to renal toxicity on the basis
of a hypersensitivity reaction involving pneumonitis, hepatitis, and interstitial nephritis to

which symptoms recurred after a re-challenge [112].

1.5.7 Hepatic impairment

EFV has been associated with hepatotoxic effects and alterations in lipid and body fat
composition, however data is very limited with reports that suggest that the frequency of grade
3-4 transaminase elevations associated with EFV-based ART combinations under clinical
practice conditions is low and similar to that found in patients receiving protease inhibitors
currently used as substitutes in ART regimens, however, mitochondrial function has been
reported to be undermined in vitro by EFV to varied extents depending on concentration in
particular, respiration and intracellular adenosine triphosphate (ATP) levels were reduced

whereas reactive oxygen species production increased [113,114].
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1.5.8 Adverse effects

Despite the widespread use of EFV, patients receiving EFV containing therapy frequently
report central nervous system (CNS) disturbances [115]. Symptoms of efavirenz-associated
adverse drug reactions occur at a high frequency and can include impaired concentration,
anxiety, abnormal dreams, suicidal ideation, hallucinations, nausea, and vomiting [116,117].
The majority of patients report symptoms which typically arise in the first few days of treatment
and decline within a few weeks of continued therapy with a minority of patients continuing to
experience symptoms for the duration of efavirenz use [118]. As with other NNRTIs, efavirenz
can also cause rash and hepatotoxicity [119]. In addition to the negative impact on the quality
of the patient’s life, EFV side effects may also lead to a decrease in patient adherence and most
clinicians tend to avoid efavirenz in patients with a psychiatric history [120,121]. EFV is
effective as a once-a-day dose and reaches therapeutic levels in the CNS and may potentially
be used to manage HIV in the CNS, however, EFV levels in the CNS are generally high due to
dose-dumping that is associated with the use of conventional dosage forms and can lead to

severe psychiatric side effects [122].

1.5.9 Resistance

Despite high levels of treatment success, resistance to efavirenz can develop. EFV as most
NNRTIs are prone to rapid development of resistance stemming from mutations in the drug-
binding pocket of the enzyme [28]. EFV resistance mutations development have been reported
in some clinical reports finding 6%-8% of patients treated with efavirenz plus two NRTIs for
2-3 years developed resistance which suggest a high risk of resistance of EFV [123]. Emulsion
based combinatorial nano-formulations explored to overcome the drawbacks of EFV have also
been reported to overcome the problem of drug resistance owing to their ability to provide
controlled release profile and targeted drug delivery which augments bioavailability,
therapeutic efficacy and reduce the side effects of the EFV through convenience of dosing and
improving patient adherence to antiretroviral medication which is a major concern, in particular

for drugs displaying a low genetic barrier to resistance [124].
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1.6 Clinical pharmacokinetics

1.6.1 Absorption

EFV exhibits a relatively low intra-individual variability of pharmacokinetics although some
reports find high inter-individual variability but a dosing regimen of 600 mg a day for adults
assures plasma concentrations that are adequate for inhibition of viral replication [118,125].
EFV is readily absorbed and achieves peak serum concentration (Cmax) of in approximately 3
to 5 hours following a 600 mg standard adult oral dose with increases in Cmax and area under
the plasma concentration-time curve (AUC) have been reported to be dose proportional for
200, 400, and 600 mg EFV doses except proportional for a 1,600 mg EFV dose, suggesting
reduced absorption at higher doses [126]. EFV has a long serum half-life of 45 hours and
reaches steady-state plasma concentrations in 6 to 10 days. The bioavailability of EFV is

increased by a high-fat/high-caloric meal when compared to fasting [127].

1.6.2 Distribution

EFV is widely distributed into the liver, brain, and heart following administration.
Additionally, hydroxylated EFV, which is a cytochrome P450-dependent mono-oxygenated
metabolite of EFV, has been detected in the liver, brain, spleen, and heart tissue [128]. An oral
volume of distribution of 252 L has been reported at an absorption rate constant of 0.3 per hour
meaning the drug has a propensity to leave the plasma and enter the extravascular
compartments of the body, therefore, a high dose of the drug is required to achieve a given
plasma concentration [129,130]. The drug is highly protein bound up to 99%, predominantly
to albumin, and has a low CNS to plasma ratio for total drug and food increases the systemic
exposure to EFV, however, higher exposure results in higher rates of adverse events and

efavirenz may be taken when fasting to reduce the dose dumping effect [79].

1.6.3 Metabolism (metabolic pathway)

Efavirenz (EFV) is principally metabolized by (CYP) 2B6 to 8-hydroxy-efavirenz (8OH-EFV)
and to a lesser extent by (CYP) 2A6 to 7-hydroxy-efavirenz (7OH-EFV) up to 23% of overall
EFV metabolism [93,131]. EFV-N-glucuronide has also been reported in other literature even
though it represents a minor percentage of EFV metabolites present in vivo [132]. The (CYP)
2B6 is also the major enzyme involved in formation of the secondary metabolite 14-dihydroxy-

EFV [133,134].
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1.6.4 Elimination

About 16-61% of EFV is eliminated in the feces primarily as parent drug and 14-34% in the
urine primarily as metabolites [79,94]. The predominant mode of EFV excretion is as
glucuronides due to the (UGT) 2B7 enzyme in the urine, with 8-hydroxy-EFV-N-glucuronide
as the major metabolite found [135]. The formation rate of EFV-N-glucuronide shows large
variability between human microsomal samples, whereas formation of 7-hydroxy-EFV-G, 8-

hydroxy-EFV-G and 8, 14-hydroxy-EFV-G does not [131].

1.7 Conclusions

The great need for improved access to medicines for effective ART especially those on the
essential drug list of the WHO remains a focus for sub—Saharan Africa. Recommended ART
regimens for first-line use are a combination of three drugs usually two NRTIs with an NNRTI
with EFV being the most prescribed NNRTI and included in the FDC combination with
tenofovir and emtricitabine. Efavirenz is available as 600 mg tablets, 50, 100 or 200 mg

capsules and is part of the 22nd and latest WHO essential medicines list.

EFV is an NNRTI which is practically insoluble in water having a solubility of approximately
0.01 mg/ml other physicochemical properties of EFV such as the logP reveal that it is highly
lipophilic with a log P =4.6. It is weakly basic and readily dissolves in non-polar and/or aprotic
organic solvents and has distribution across cellular membranes which is favorable however
the rate limiting step is dissolution necessitating biopharmaceutical modification of the
molecule within its dosage form. EFV is effective as a once-a-day dose and reaches therapeutic
levels in the CNS and may potentially be used to manage HIV in the CNS, however, EFV
levels in the CNS are generally high due to dose-dumping that is associated with the use of
conventional dosage forms and can lead to severe psychiatric side effects, therefore more
enhanced drug delivery strategies may enhance the therapeutic effect of EFV or reduce side

effects.

EFV is contraindicated with several drugs particularly those that are cytochrome P450 (CYP)
3A4 substrates therefore the prescription of EFV must be done with the complete knowledge
of the patient history and any co-administered drugs. EFV widely used during breastfeeding
and is excreted into breastmilk, however the risk to breastfeeding infants is relatively low.
Although EFV has been associated with the development of renal stones, clinical data reveals

that the risk is very low as only 1% of efavirenz is excreted unchanged in urine therefore,
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dosage adjustment does not appear necessary due to the demonstrated safety renal profile in
controlled trials. The frequency of grade 3-4 transaminase elevations associated with EFV-
based ART combinations under clinical practice conditions is also reported to be very low

despite case reports with positive association.

Based on the physicochemical properties, BCS class, clinical pharmacology, and clinical
pharmacokinetics of EFV, a nano-lipid-based formulation approach in the form of self-
emulsifying drug delivery systems (SEDDS) will be investigated to increase the surface area
available for aqueous dissolution of EFV. The lipid-based formulation could facilitate API
availability through self-emulsification as droplets that may be manipulated for droplet sizes
with an ability to penetrate intracellular membranes from the systemic circulation or via the
lymphatic system distributions that provide sufficient viral suppression in all tissues with
minimum side effects. This approach may ensure a consistent temporal profile with reduced
frequency of dosing and dose levels which is of particular importance for the use of
combination formulations of ART to promote adherence and patient outcomes. Furthermore,
reduced frequency of dosing may play role in mitigating for the shortcoming of a low genetic

barrier to resistance of EFV.

28



CHAPTER 2

MICRO-, NANOEMULSIONS AND SELF EMULSIFYING DRUG DELIVERY
SYSTEMS (SEDDS).

2.1 Introduction

Over 30% of commercially available drugs and 90% of the molecules in the discovery pipeline
exhibit poor aqueous solubility presenting pharmaceutical and formulation scientists with
challenges when developing effective formulations for such API [136-138]. The rate and
extent of absorption of API that exhibit poor aqueous solubility is largely dependent on the rate
of dissolution particularly if conventional solid oral dosage forms which must disintegrate and
dissolve in the gastrointestinal tract before absorption is possible [139]. The formulation
approach plays an important role in overcoming the shortcomings of API that exhibit poor
aqueous solubility [140]. Lipid-based drug delivery systems (LBDDS) which are self-micro
emulsifying drug delivery systems (SMEDDS) and self-nano emulsifying drug delivery
systems (SNEDDS) have recently been the focus as an approach for overcoming the poor
solubility and oral bioavailability of API particularly those classified as BCS II and IV
compounds [141-143]. LBDDS deliver an API dissolved in a mixture of one or more excipients
which may include mono, di and tri-glycerides, lipophilic and hydrophilic surfactants and or
co-surfactant/s [144—146]. When an API is administered via the oral route using lipid
formulations, it remains in a dissolved state throughout transit along the gastrointestinal tract
(GIT) and absorption of the compound may be enhanced as dissolution step prior to absorption
is avoided [147]. LBDDS in which nano-size droplets occur may lead to an increase in AUC
or drug exposure by increasing the gastric residence time through mucosal adhesion or by

increasing cell or tissue entry [148—150].

Among the many classes and types of LBDDS reported, micro- and nano-emulsions comprised
of water, oil and surfactant are some of the simplest forms of LBDDS. Their inherent stability,
ease of manufacture and suitability for different applications has attracted attention in a variety
of fields and industries including the nutraceutical, colouring and flavouring, antimicrobial,
cosmetic and drug delivery industries [151,152]. Micro- and nano-emulsion drug delivery
systems enhance intestinal lymphatic transport of API and may circumvent the hepatic first
pass effect. Mechanisms of transport include increasing membrane fluidity thereby facilitating

transcellular absorption and inhibition of cytochrome P450 (CYP) 450 enzymes increasing
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intracellular concentrations and residence time by surfactants [153]. Due to their unique
performance and interest in drug delivery strategies, a number of LBDDS drug formulations
have been approved for the commercial market. Table 2.1 contains a list of commercial

products approved by regulatory authorities and their listed excipients.

Table 2.1 Commercially available approved LBDDS products [154,155].

Water -
Product/ Dosage form Oils insoluble Water soluble surfactants Hydrophilic co-
compound solvents
surfactants
Norvir®/ Ritanovir Soft gelatine . .
USA and Europe capsules Oleic acid Polyoxyl 35, castor oil Ethanol
Prometrium™/ Soft gelatine .
Progesterone Peanut oil
USA capsules
Neoral® / Ethanol 11.9%,
. Soft gelatine Corn oil mono- Polyoxyl 40, hydrogenated glycerol,
Cyclosporin A . . .
USA capsules triglycerides castor oil propylene
glycol
Gengraf®/
Cyclosporin A Oral solution Polyoxyl' 40, hydrogenated Propylene
castor oil, Polysorbate 80 glycol
USA
Sandimmune® / .
Cyclosporin A Oral solution Olive oil Polyoxyethy}ated oleic Ethanol 12.5%
glycerides
USA
Sirolimus Oral solution gy ? Polysorbate 80 ethanol,

soy fatty acids,

ascorbyl palmitate propylene glycol

USA and Europe

2.1.2 Micro- and nano-emulsions

Micro- and nano-emulsions may exist as oil in water (o/w) or water in oil (w/0) emulsions
depending on the continuous and dispersed phases in dynamic equilibrium and may differ in
respect of droplet size, shape and morphology [156]. Schematic representation of an o/w
emulsion in which oil droplets are dispersed in and aqueous phase or a w/o emulsion in which
water droplets are dispersed in an oil phase are depicted in Figures 2.1 (A) and 2.1 (B)

respectively.
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Figure 2.1. Visual representation of (4) oil in water (o/w), (B water in oil (w/o), (C) water in oil in water (w/o/w) (D) oil in
water in oil (o/w/o).

Emulsions may exist in a state in which a second degree of continuous phase and dispersed
phase classification is introduced and produces water in oil in water (w/o/w) emulsions as
depicted in Figure 2.1 (C) or oil in water in oil (o/w/0) emulsions as depicted in Figure 2.1 (D)

[157,158].

Micro-emulsions were first reported by Hoar and Schulman in 1943 [159]. Micro-emulsions
are thermodynamically stable and usually transparent due to the fact that the droplet size is
smaller than the wavelength of visible light at A =150 nm [160]. These emulsions are single
optically isotropic liquids with droplets ranging in size from Snm to 100 nm which form
spontaneously and are therefore inherently thermodynamically stable [161,162]. Although
micro- and nano-emulsions are prepared using similar components there is considerable
confusion relating to the use of the term micro-emulsion and nano-emulsions in the scientific
literature [163]. In fact these systems are a distinct type of colloidal dispersion with the most
significant difference being stability or state of equilibrium where micro-emulsions are
thermodynamically stable, whereas nano-emulsions are generally not and a summary of critical
parameters and differences listed in Table 2.2. [164,165]. The disadvantages of micro-emulsion
based systems however include the need to use high concentrations of surfactant and co-
surfactant to stabilize nano-sized droplets and the limited solubilizing capacity for high-melting

point substances [166].
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Table 2.2. Differences between micro- and nano-emulsions.

Parameter Micro-emulsion Nano-emulsion
Droplet size 10— 100 nm 10 - 1000 nm
Stability Thermodynamically stable Kinetically stable
Manufacture methods Spontaneous High energy methods
Advantages Low energy for formation, high stability Lower surfactant concentration used
Disadvantages High surfactant concentration needed Lower stability

Phase behaviour studies using equilibrium phase diagrams for polar/amphiphilic/non-polar
systems provides essential information relating to the formation and structure of a micro-
emulsion. Winsor suggested four types of equilibrium systems exist and was later proved

experimentally as depicted in Figure 2.2.

0il

(o)1 Emulsion

Emulsion Emulsion

Emulsion Water

Water

Winsor 1 Winsor 11 Winsor 111 Winsor IV

Figure 2.2. Winsor type of emulsion.

Winsor [ systems are oil-in-water (o/w) emulsion system in which the surfactant-rich aqueous
phase coexists with an oil phase in which the surfactant is only present as a monomer(s).
Winsor II systems are  water-in-oil (w/0) emulsions in which the surfactant rich oil phase
coexists with a surfactant deficient aqueous phase. Winsor III or middle phase systems are
three-phase system in which a bi-continuous middle-phase emulsion, rich in surfactant, co-

exists with excess water and oil phases. Winsor IV systems are single-phase or isotropic
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micellar solutions or micro-emulsions that form spontaneously on addition of sufficient

surfactant with little or no agitation [167].

2.2 Formulation components of micro- and nano-emulsions

2.2.1 Aqueous phase

The aqueous phase may be the continuous or dispersed phase of an emulsion system in which
a hydrophilic API and other components such as preservatives, electrolytes such as sodium
chloride (NaCl), hydrophilic polymers and/or minerals are dissolved and which may affect or
alter and in some cases be used for the control of pH, ionic strength, rheological characteristics
and, phase behaviour and other physicochemical properties of the system [168,169]. The
aqueous phase exists in an optimum proportion within a micro- or nano-emulsion system and
an excess or too little may lead to phase inversion or separation of the system thereby

compromising stability of the emulsion [168,170].

2.2.2 Oil phase

The oil phase of micro and nano-emulsions may be comprised of vegetable oils, vegetable oil
derivatives and/or some commonly used dietary oils such as grapeseed, sunflower, soybean
and olive oil, amongst others [171]. The common chemical components of oils are triglycerides
although these may differ in type, structure, chain length, saturation and/or purity. The selection
of an oil is a vital aspect in the development process particularly in the context of ensuring
safety and minimizing toxicity and for which the route of administration dictates which oil(s)
may be preferred. For food-grade materials or orally administered API oils that are generally
recognised as safe (GRAS) according to the Food and Drug Administration (FDA) can be used
such as for example of corn oil in the commercially available product Neoral® for the
administration of cyclosporine [172]. However, there is a paucity of information relating to
the phase behaviour, formation and microstructure of nano-emulsions produced using food
grade materials which may, in part, be due to the fact that crude edible oils are known to be

difficult to solubilize in o/w nano-emulsion systems [173,174].

Vegetable oils are comprised of mono, di and triglycerides and are classified according to the
chain length of the fatty acids viz., as short chain triglycerides (SCT), medium chain
triglycerides (MCT) and long chain triglycerides (LCT). MCT usually have fewer double bonds

33



in the fatty acids compared to LCT and therefore MCT are not as susceptible to oxidation.
Triglycerides containing unsaturated or short-chain fatty acids exhibit better dispersion
properties in micro-emulsions than triglycerides with saturated or long-chain fatty acids [175].
However the solubilisation capacity of micro-emulsions increases as the chain length of
surfactant molecules used increase [176]. In some cases, oils derived from aromatic plants that
exhibit pharmacological effects have been used for their preservative and medicinal properties

and have been delivered using micro or nano-emulsion systems [177—-179].

2.2.3 Surfactants and co-surfactants

Surfactants are usually amphiphilic compounds which exhibit two characteristic behaviours
viz., and ability to preferentially locate at an interface between a polar and a non-polar phase
such as an aqueous and oil phase as depicted in Figure 2.3 (A and B) or an ability to self-

associate in aqueous or non-aqueous solutions as depicted in Figure 2.3 (C and D) by forming

micelles [180,181].
O oil

Figure 2.3 Schematic representation of the preferential orientation of surfactants between bipolar phases (4) (water and
surfactant system) and (B) (oil and water system, self-association of surfactants to form micelles (C) (o/w) system and (D)
(w/o) system.

‘ Water

Adsorption which is a phenomenon determining which molecule moves from the bulk solution
to the interface in a specific orientation is a well-known characteristic of amphiphilic molecules
such as surfactants [182]. Since the surfactant molecule has a lower free energy when it is
adsorbed at the interface than in the bulk solvent phase, the equilibrium in the system will tend

towards an adsorbed state where the molecules are arranged in a specific pattern driven by an
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energy reduction process which is largely dependent on structural, geometric and prevailing
thermodynamic conditions [183,184]. When the surfactant concentration in the aqueous phase
increase surfactant molecules initially saturate the interface after which they accumulate in
the bulk solution to a point where self-associating surfactant molecules form micelles in which
the hydrophobic tail of the molecule is oriented away and the hydrophilic heads oriented
towards the aqueous phase in that system (Figure 2.3 (C and D) [185,186].

The concentration of surfactant at which the micelles first form is the Critical Micelle
Concentration (CMC) which is specific for a specified temperature and pressure [187]. At this
concentration the factors which favour micelle formation dominate the effects which oppose
micelle formation. The CMC can be experimentally determined by plotting the surface tension
of a solution versus log of the bulk phase concentration for an aqueous solution of a surfactant
[188]. In solutions in which the concentration of surfactant is high but lower than the CMC the
lower the surface tension of the system however, at concentrations > CMC the surface tension
of the solution is essentially constant [189]. In most cases, single-chain surfactants used alone
are unable to reduce the interfacial tension between the aqueous and oil phase sufficiently, to
enable a micro-emulsion to form spontaneously [190]. Medium chain length alcohols which
are commonly added as co-surfactants have the effect of further reducing the interfacial tension
between the phases and increase the mobility of the hydrocarbon tail whilst increasing the
fluidity of the interface thereby increasing the entropy of the system and an example of a

surfactant and co-surfactant stabilized micelle is depicted in Figure 2.4 [191].

‘ Water
O o

.—Surfactant
. Co-surfactant

Figure 2.4 Schematic representation of a micelle formed using a surfactant and co-surfactant in an o/w system.
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2.2.3.1 Surfactant type

Surfactants are classified according to the nature of the polar head group resulting in anionic,
cationic, amphoteric or Zwitterionic and non-ionic surfactants [192]. lonic surfactants
dissociate in aqueous environments to form surface-active anions or cations [193]. Some
examples of anionic surfactants include sodium dodecyl sulphate (SDS) and sodium bis-2-
ethylhexylsulphosuccinate (AOT) and examples of cationic surfactants include quaternary
ammonium alkyl salts such as cetyltrimethylammonium bromide (CTAB) and the twin-tailed
surfactant didodcecyl ammonium bromide (DDAB) [194]. Generally, ionic surfactants exhibit
greater surface activity at lower concentrations than non-ionic surfactants and are generally
more effective [195]. A combination of ionic and non-ionic surfactant can be effective at
increasing the extent of the micro-emulsion region of a phase system particularly when ionic
surfactants such as sodium dodecyl sulphate which have HLB values > 20 are used as these
require the presence of a co-surfactant to reduce the effective HLB to a level suitable for micro-

emulsion formation [196].

Non-ionic surfactants may be homologous structures comprised of different lengths of alkyl
chains with at least one hydrophobic or water insoluble and one oxygen containing functional
group which generally do not ionize but dissolve in water [197]. Examples of non-ionic
surfactants include polyoxyethylene surfactants such as Brij 35 (C12E35) or sugar based esters

® 80, sorbitan monolaurate or Span® 20 and

such as sorbitan monooleate or Span
polyoxyethylene sorbitan mono-oleate or Tween® 80 [198]. Since non-ionic surfactants do not
contain ionisable functional groups, they are less sensitive to changes in the pH of the
dispersion medium or the presence of electrolytes and therefore tend to exhibit fewer
interactions with cell membranes when compared to anionic and cationic surfactants resulting
in formulation scientist preferably using non-ionic surfactants for oral and parenteral

formulations because due to low tissue irritation and toxicity effects [199].

The structure of Zwitterionic surfactants include a dipolar head group in the molecule, one of
which is positively and the other negatively charged [200]. Phospholipids are an example of
Zwitterionic surfactants which exhibit excellent biocompatibility and other examples include
3-(1-alkyl-3-imidazolio)propane-sulfonate (ImS3-n), betaine and sulfo-betaine [201].
Zwitterionic surfactants can be separated into pH-sensitive and insensitive materials [202].
These surfactants usually exhibit low irritant potential and minimize the irritation potential of

anionic surfactants although large quantities of the surfactant may cause gastrointestinal and
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skin irritation when administered orally or topically requiring careful consideration when

selecting surfactants for use in dosage forms [203,204].

2.2.3.2 Co-solvents

Co-solvents may be added to lipid-based systems improve formulation quality and
performance characteristics. Some commonly used co-solvents include ethanol, propylene
glycol, and polyethylene glycol of different molecular weight [205]. The inclusion of a co-
surfactant and co-solvent to solubilise a multi-component oil phase or crude cold pressed oil
may be necessary to form a system that resembles a Winsor IV system [206,207]. Specific
attention must be paid to safety consideration when using organic solvents in dosage forms
intended for paediatric patient use [208]. Ethanol is the only permissible second most
commonly used solvent in oral dosage forms and can also be used as a microbial preservative
in oral liquid medicines. The American Academy of Paediatrics Committee on Drugs has
recommended that the amount of ethanol used in any preparation must not result in a blood
alcohol concentration >25 mg/ dL after a single dose, whereas the European Medicines Agency
(EMA) has recently proposed that blood ethanol levels should not exceed 1 mg/dL after a single
dose or a dose of 6 mg/kg) in children < 6 years of age [209].

2.3 Development of SEDDS

The development of micro- and nano-emulsions commences with an understanding of the type
of emulsion to be produced viz., o/w or w/o as this facilitates selection of appropriate
surfactants, co-surfactants and/or co-solvents for the emulsion to be produced. Several
approaches can be used to rationalize the selection of each excipient and includes use of the

HLB system, Bancroft’s rule in addition to phase behaviour studies.

2.3.1 Hydrophilic-Lipophilic Balance (HLB) system

The hydrophilic-lipophilic balance (HLB) system was created in the late 1940s to describe and
rationalize surfactant behaviour and assist in making decisions about the amount and type of
surfactants to be used to form stable emulsions [210]. Surfactants are characterized according
to the balance between the hydrophilic and lipophilic constituents of the molecules. The HLB
number reflects the polarity of the molecules over a range of 1-40, with the most common

emulsifiers falling in the range of 1-20, some examples of which are listed in Table 2.3.
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Table 2.3. Some commonly used compounds and associated HLB values [211-213].

Surfactant Uses Examples Type HLB value
HLB Value
1-3 Anti-foaming agents/ Vegetable oils, hydrocarbon waxes Non-ionic <3
surface films
3-6 Water in oil emulsifier Span® 60 (sorbitan monostearate) Non-ionic 4.7
7-9 Wetting agents Span® 20 (sorbitan monolaurate) Non-ionic 8.6
8-15 Oil in water emulsifiers Tween® 80 (polyoxyethylene sorbitan mono-oleate) Non-ionic 15
13-15 Detergents PEG 400 monolaurate Non-ionic 9.7
15-18 Solubilizers Tween® 20 (polyoxyethylene sorbitan mono-laurate) ~ Non-ionic 16.7

HLB values >10 reflect emulsifiers that are comprised of a large number of hydrophilic groups
and are therefore more hydrophilic and water miscible whereas HLB values <10 reflect the
molecules are lipophilic or oil miscible (Table 2.3) [214]. Specific oils will require
incorporation of emulsifiers with a specific HLB to be effectively emulsified and produce an
emulsion that exhibits maximum stability, usually surfactants with similar HLB values to that
of the respective oils will ensure better stabilization than when those of divergent HLB are
used [215]. It is generally accepted that HLB values between 3 and 6 favour the formation of
w/0 micro-emulsions whereas surfactants with HLB values between 8 and 18 are preferred
when producing o/w micro-emulsion systems and for a specific oil, the required HLB value of
surfactant to produce an o/w emulsion is usually higher than that required HLB to produce a

w/0 emulsion [216].

2.3.2 Bancroft’s Rule

Bancroft developed a set of empirical rules to describe the nature of an emulsion that can be
stabilized using a specific emulsifier and the rule specifies for both micro- and macro-
emulsions, the phase in which the surfactant is most soluble is the continuous phase [217]. The
rule implies that o/w emulsions are likely formed by addition of a water-soluble emulsifier
whereas w/o emulsions are formed when an oil-soluble emulsifier is used, however, there are
limitations and some cases the type of emulsion formed is dependent on a number of factors
other than solubility and include the ratio of oil to water used and thermodynamic conditions

in which the system is formed [218].
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2.3.3 Phase behaviour and diagrams

Phase behaviour studies using equilibrium phase diagrams for three component systems
containing water, oil and surfactant or mixture of surfactants can provide information essential
to understanding the formation and structure of micro-emulsions. Phase diagrams or pseudo
ternary phase are called Gibbs triangle plots and have been used to describe and optimize three
component surfactant, oil and aqueous solution systems that form micro- and nano-emulsions

and a typical representation of such a diagram is depicted in Figure 2.5.

(Smix) surfactant + co-surfactant

Liquid crystal, or bi-continous structure

w/o emulsions

o/w emulsions

Macro-emulsion

Inverse micellar
solution

Micellar solution

Water (W) (0) Oil

Figure 2.5. Schematic of a typical phase diagram depicting the regions in which different types of emulsions from [219].

Pseudo-ternary phase diagrams take the form of an equilateral triangle sub-divided into a set
of smaller equilateral triangles which may be further be sub-divided. Each of the sides of the
largest equilateral triangle represent the proportion as a percentage of each of the three
components used in the micro-emulsion, viz., oil, water and surfactant or surfactant mixture
with each vertex representing 100 % of each of the individual components whereas the smaller

divisions reflect are a more accurate and precise composition of the ternary mixture [220,221].

39



Pseudo-ternary plots are used to identify the boundaries and distinct areas in which the ternary
mixture exits in biphasic, mono-phasic, non-isotropic, or liquid crystalline and co-existing
regions in a state of dynamic equilibrium [222,223]. When the proportion of oil and surfactant
in combination is greater than the aqueous phase reverse micelles which are capable of
solubilising low volumes of water in the hydrophilic core, are formed due to the orientation of
surfactant molecules in the system. On addition of more water in hydrophilic core w/o micro-
emulsions, in which water occurs as droplets of the dispersed phase stabilized by an interfacial
layer of the surfactant /co-surfactant mixture, are formed [224]. At very low concentrations of
surfactant along the water and oil baseline as depicted in the phase diagram (Figure 2.5), macro-
emulsions form due to the surface tension and bipolar nature of the system. Emulsions with
smaller droplets form at high surfactant concentrations but usually occur on opposite sides of
the phase diagram in terms of the classification as o/w and w/o micro- or nano-emulsions. In
general along the water and surfactant mixture baseline where minimal oil is included, o/w
emulsions form whereas and on the opposite side of the diagram along the oil and surfactant

mixture baseline where minimal water is present w/o emulsions generally form [225,226].

2.4 Methods of manufacture of micro- and nano-emulsions

Different techniques can be used to manufacture micro- and nano-emulsions which may
involve a single or series of consecutive steps, depending on the type of emulsion to be
produced, the starting materials and methods used. The methods of manufacture of emulsions
can be grouped as low- or high-energy methods and are mechanical or chemical in nature. Low
energy methods do not require input of mechanical energy input, result in spontaneous
formation of small oil droplets as a result of intrinsic chemical energy whereas high energy
methods require energy in mechanical, chemical and/or thermodynamic form to be applied to

produce an emulsion.

2.4.1 Low energy methods

2.4.1.1 Spontaneous Emulsification

Spontaneous emulsions formed when an aqueous phase and oil phase are mixed in the presence
of an emulsifier with gentle stirring at a pre-defined temperature. Mixing of the phases with

gentle agitation by magnetic stirring results in distribution of the emulsifier in r the aqueous
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phase leading to an increase in interfacial oil-water area resulting in oil droplet, formation. A
major disadvantage of this approach is that highly synthetic surfactants are required on a large
scale which may not be economically feasible economically or may have regulatory constraints
in the food industry as a consequence of the usually high surfactant concentrations used

[227,228].

2.4.1.2 Phase Inversion

Phase inversion makes use of phase inversion properties molecules, which, in this is the change
in hydrophilicity or lipophilicity of emulsifiers as a function of temperature when prepared in
specific ratios [229]. At low temperatures oil-in-water emulsions are formed and at high
temperatures water-in-oil emulsions are formed as the aqueous solubility of emulsifier(s)
decreases as the temperature of the systems increase. Phase inversion is a consequence of
solubility behaviour with changes in temperature and as temperature increases, o/w emulsions
may change to w/o emulsions. Phase inversion can be exploited to produce emulsions
characterized by fine droplet size and long-term emulsion stability [230]. The phase inversion
temperature (PIT) is the temperature at which an oil-in-water emulsion becomes a water-in-oil
emulsion and is a critical process parameter to monitor. The higher the PIT and the more stable
the resultant oil-in-water emulsion is at ambient temperatures. The PIT depends on the relative
concentrations of the emulsifier mixture used, the nature of the emulsified oils in addition to

the individual HLB values of the excipients used [231,232].

2.4.2 High energy methods

High energy methods are used extensively to manufacture nano-emulsions as the use of high
mechanical energy levels creates strong disruptive forces, which break up large droplets to
form nano-sized droplets resulting in the formation of nano-emulsions with high levels of
kinetic energy. The disruptive forces are imparted to the system using mechanical devices such
as ultrasonic baths/probes, microfluidizers or high-pressure homogenizers [233]. The use of
high energy methods permit greater control over the resultant droplet for a formulation

composition in addition to control of the stability and rheology of the resultant emulsion.
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2.4.2.1 High pressure homogenization

High-pressure homogenizers are used to impart high energy into a system by applying
homogeneous flow to a system through a small orifice to reduce droplets to a small size.
Initially a coarse emulsion is passed through a small with high pressure usually of 500 to 5,000
psi and turbulence, hydraulic shear and cavitation forces are applied simultaneously during this
process, to produce a nano-emulsion of extremely small droplet sizes [234]. In some cases a
combinations of high pressure homogenization (HPH) and ultrasound (US) or high shear

homogenization can o be used to produce nano-emulsions [235].

2.4.2.2 Membrane emulsification

Membrane emulsification has emerged as a relatively new energy-efficient approach for the
preparation of micro and nano-emulsions of tuneable droplet size. Membrane technologies
function primarily on the principle of size exclusion and is a promising technological approach
to nano-emulsion production as membrane pore size can be tailored within a range of 50-
220 nm [236]. Direct membrane emulsification involves formation of droplets following mixing
of two immiscible liquids by injecting the intended dispersed phase under pressure through a
microporous membrane made usually from polymers such as porous glass (SPG) membrane
which are the most commonly used membrane for the preparation of emulsions, ceramic

(titanium oxide) membranes have also been used [237-239].

2.4.2.3 Micro-fluidization

Micro-fluidization is an approach that follows mixing an aqueous and oily phase together in an
inline homogenizer to produce a coarse emulsion which is then is forced through an interaction
chamber comprised of micro-channels using a high-pressure positive displacement pump at
pressures between 200 and 500 psi [240]. The process forces the two liquid phases through
the micro-channels into an impingement area forming droplets in the submicron size range

[241].

2.4.2.4 Ultrasonication

In this approach emulsions are formed following ultrasonic agitation of the system using sound

waves generated at > 20 kHz which disrupts the integrity of coarse droplets into nano-sized
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droplets to form a nano-emulsion [242]. Sound waves are applied using a sonotrode to produce
mechanical vibration and acoustic cavitation which subsequently collapse and the resultant
shock waves generated disrupt the coarse droplets, at high mHz frequencies nano-emulsions

can be produced without an emulsifier [243-245].

2.5 Quality assessment and characterization of SEDDS

2.5.1 Droplet size

Quantitative data and measurements of droplet size, size distribution and Polydispersity index
(PDI) can be obtained using Dynamic Light Scattering (DLS) or Photon Correlation
Spectroscopy (PCS) which is commonly used for the determination of particle size of micro-,
nanoparticles, micro- and nano-emulsions [246]. This approach is based on the assumption
that all particles/droplets in a system are very small, spherical and display Brownian motion
when in a solution/suspension [247]. The scattering of laser light occurs when light rays hit
particles their size can be determined based on the physical properties of scattered light such
as the angular distribution. Laser light irradiated onto macromolecules in DLS scattering the
incident light in all directions the intensity of which is recorded by the detector [248]. Although
PCS is used as a complementary tool to determine particle size and the PDI of micro and nano-
emulsions, this technique cannot provide information relating to the shape and surface
morphology of nanoparticles or nano-droplets. Transmission electron microscopy (TEM) is a
powerful technique used to characterize the size, shape and morphology of droplet or
aggregates in micro-emulsions which is commonly used in conjunction with DLS as a
confirmatory analytical technique to provide information relating to the shape and size of nano

or micro-particles and droplets [249,250].

2.5.2 Polydispersity index (PDI)

The successful formulation and production of stable and efficient nano-carrier drug delivery
systems requires the preparation of homogenous or monodisperse nano-carriers of specific
size. The polydispersity index (PDI) is a measure of the extent of uniformity of the size
distribution of particles, is dimensionless and scaled such that values < 0.05 are observed for
highly monodisperse analytical standards. Values for PDI > 0.7 indicate that the sample has a

broad particle size distribution and it is likely that the formulation cannot be analysed using
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dynamic light scattering (DLS) [251]. High PDI values also mean that the size uniformity of
the formulation is not guaranteed, and equal volumes of the product may not contain the same
amount of API indicating that adequate control of the formulation, manufacture and

administration process may not be guaranteed.

2.5.3 Zeta Potential

The Zeta potential (ZP) of a system describes electro- kinetic potential and is a measure of
surface charge in colloidal systems. In other words the ZP is a measure of the potential
difference between a dispersion medium and the stationary layer of that dispersion medium
adjacent to dispersed particles in that medium [252]. Several factors such as pH of the medium,
ionic strength, concentration of solutes and temperature affect the ZP of a system. Furthermore,
the ZP may influence the stability of systems, cellular uptake and intracellular trafficking of
emulsion droplets. In general, emulsions with a high negative or positive ZP are stabilized
whereas emulsions with a low ZP tend to coagulate or flocculate which may lead to poor
physical stability. High positive or negative values for the ZP > + 30 mV tend to reflect
monodisperse systems [253], whereas ZP < +5 mV of show agglomeration and poor PDI. In
some cases the ZP is not a directly relevant parameter for establishing stability particularly
when the differences in ZP between emulsions is small [254]. Laser Doppler Anemometry
(LDA) can be used to determine the electrophoretic mobility of particle in aqueous dispersion,
which in turn can be used to establish the ZP using Smoluchowski’s formula (Equation 2.1)

[255].
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Equation 2.1
Where,
§ = electrophoretic mobility
{ = Zeta Potential
er = relative permittivity
€0 = permittivity of a vacuum

n = viscosity of dispersion fluid
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2.5.4 Drug loading capacity and encapsulation efficiency

Drug-loading capacity (DLC) and encapsulation efficiency (EE) are two important parameters
to characterize when assessing the quality of nanomedicines. The two parameters are useful for
establishing the fill volumes of capsules which is required to identify capsule size in order to
assure that the required dose of API is in each capsule with a general desirability of lower EE
and DLC values [256]. The DLC is affected by the structure, physical and chemical properties
of the vehicle of the carrier material and is a measure of the mechanism of loading, mass of
API in the feed process during manufacture, the DLC is defined as the ratio of the weight of
incorporated API to the total weight of the lipid composition, and can be calculated using
Equation 2.2 and reflects the mass ratio of API to nanomedicine during the manufacture of
nanomedicines [257].

Wa_VVs

— x 100
Wy —Ws+ W,

Drug loading capacity =

Equation 2.2
Where,
W. = weight of API added
W, = weight of API in supernatant (after centrifugation)

WL = weight of lipid added

EE which is an indicator of loading efficiency of the API in the carrier technology [258]. The
EE is the ratio of weight of incorporated API to total weight of API and it is calculated using
Equation 2.3.

Encapusaltion ef feciency = x 100

Equation 2.3
Where,
Wa = weight of API added

W, = weight of API in supernatant (after centrifugation)
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Compared to conventional drug-delivery systems, the size of the reservoir in which the API is
loaded is extremely small nano-sized carriers [259]. Consequently, a high entrapment
efficiency is preferred as this reduces the total size of the dosage form to be administered to

the patient which may, in turn, increase adherence.

2.5.5 In vitro release

Although nano-particulate systems are a promising approach for the treatment of a variety of
human disease issues of toxicity, loss of or altered efficacy may occur if unanticipated changes
in product quality or performance occur [260]. Consequently, there is a need to develop
standardized test methods for novel drug delivery systems to ensure product performance and
quality which should as far as possible be simple, reliable and reproducible and in vitro release
testing is necessary for all novel dosage forms, irrespective of intended route of administration
[261]. Product quality and performance may be characterized using in vivo and/or in vitro
experiments however due to cost, time, labour and need for human and/or animal subjects for
in vivo drug release kinetic studies the use of in vitro release is used as a surrogate assessment

of in vivo product performance [262].

API release from nanoparticle matrices in vivo, occurs by diffusion of API and/or the digestion
of lipids by lipase, colipase or other enzymes [263]. The initial rapid release of API from
nanoparticles may be due to an improvement in solubility of the APIL, or due to high API
concentrations near the particle surface in the case of drug-enriched shell technologies. Factors
that affect or control API release from nanoparticles include the physicochemical properties of
the API and lipid, API to lipid ratio, method of incorporation of API, type and concentration
of surfactant, type and concentration of co-surfactant used. Consequently, drug release from
nano-sized dosage forms may be assessed using sample and separate (SS), continuous flow

(CF) or dialysis membrane (DM) methods [264].

When using the SS approach the nano-particulate dosage form is introduced into the in vitro
release test medium maintained at a constant temperature, after which API release is monitored
by sampling the medium or the nanoparticles [265]. USP Apparatus I (basket) or II (paddle)
are commonly used and the pH of the dissolution medium used in in vitro release studies should
as far as possible mimic in vivo conditions [266,267]. Floating, swelling, beads, coated and
uncoated tablets, suppositories, immediate and modified release formulations can be evaluated

using USP Apparatus [ and solid dosage forms such as tablets and capsules or particulate
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dosage forms such as suspensions and powders can be evaluated using USP Apparatus II
provided the dosage forms do not float [261,268]. The USP III and IV have also been used and
reported to demonstrate superior discriminatory power for a testing formulations containing

drug nanoparticles [269].

2.5.6 Stability

During the emulsification process, emulsifying agents adsorb onto freshly formed interfacial
films, which weaken interfacial forces and permit partial mixing of the immiscible phases of
the system. Following formation of the first drop the initial emulsion changes due to different
time-dependent processes such as Ostwald ripening, coalescence, flocculation, sedimentation,
and creaming or phase separation which important and of interest to the pharmaceutical and
food industry [270]. Depending on prevailing thermodynamic conditions these processes may
occur at different rates and some may reversible and others irreversible. The formation of flocs
or floccules by the phenomenon flocculation is depicted in Figure 2.6 which is usually induced

by the presence of excess surfactant and may be reversible [271].

Coalescence Flocculation

Figure 2.6. Visual representation of emulsion coalescence and flocculation redrawn from [272].

Coalescence in emulsions is an irreversible process in which two or more droplets merge on
contact to form a single daughter droplet as depicted in Figure 2.6. The driving force for
coalescence is thinning and disruption of the liquid film between droplets which occurs if
emulsion droplets are in close proximity in the cream layer, in floccules or as a consequence
of Brownian motion and diffusion. As the droplets converge the liquid film between them
undergoes thermal fluctuation and when the film thickness approaches a critical value the film

collapses resulting in rupture and coalesce [273]. Flocculation occurs when attractive
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interaction forces arise following depletion of surfactant micelles which leads to a fluid-solid
phase transition. The formation of droplet flocs in the emulsion has an impact on the creaming
rate and increased flocculation promotes creaming [274]. In dilute emulsions, flocs which do
not or exhibit limited interaction with each other, tend to increase the creaming velocity, since
bigger particles are subject to gravitational effects and the presence of flocs tends to increase
the viscosity of emulsions [275]. Emulsions maybe susceptible to kinetic instability which
manifest as sedimentation and creaming resulting suspended or emulsified particles or droplets

settling or rising in the continuous phase as depicted in Figure 2.7 [276].

W/O

Sedimentation Creaming Phase separation

Figure 2.7. Visual representation of sedimentation, creaming and phase separation of emulsions.

Creaming, as depicted in Figure 2.7 is essentially mass migration of emulsion droplets to the
surface of the emulsion and is driven by the buoyancy of the emulsion droplets in the
continuous phase and the velocity of creaming velocity increases as flocculation increases or
decreases with increasing droplet concentrations [270,277]. Sedimentation or creaming occur
due to gravitational effects and depends on the relative densities of the dispersed and
continuous phase. If the density of dispersed phase is lower than that of the continuous phase
the droplets will tend to move upwards and separate from continuous phase resulting in the
formation of a separate layer at the top of the continuous phase whereas the converse occurs
during sedimentation (Figure 2.7). The dispersion droplets of the creamed layer do not normally
coalesce and are generally re-dispersed with gentle shaking [278]. Phase separation may or
may not be evident visually however creaming, coalescence and flocculation occur prior to
phase separation making identification and quantitation of this phenomenon difficult to
evaluate. By centrifugation of samples or establishing a creaming index permits

characterization and quantitative evaluation of this phenomenon [279].
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2.5.7 Crystallization, polymorphism, and compatibility

Crystalline polymorphs of compounds may have the same chemical composition, but different
internal crystal structures, and therefore possess different physicochemical properties such as
energy, melting point, density, stability, and in particular solubility, may offer an improvement
on the original form due to different lattice structures and/or different molecular conformations
[280]. The phenomenon of polymorphism is quite common among organic molecules, and
many drugs can crystallize into different polymorphic forms as they interact with their
excipients [281,282]. Polymorphic forms of drugs can prove interesting for drug development,
generally, the solubility of metastable polymorphs is kinetically higher than that of a
thermodynamically more stable polymorph, offering, at least in theory, a solution to

bioavailability problems [283,284].

Conducting APl compatibility evaluation with potential excipients are important pre-
formulation and early product development studies for any dosage form. Potential physical and
chemical interactions between an API and excipients may have an impact on the chemical
nature, stability, and bioavailability of the API. Consequently, the therapeutic efficacy and
safety of an API must be evaluated prior to commercialisation of a product. Fourier Transform
Infrared spectroscopy (FTIR), Raman spectroscopy and X-ray Powder Diffractometry (XRD)
are rapid analytical approaches commonly used to evaluate potential API-excipient interactions

and to detect different polymorphs [285,286].

2.5.8 Electrical conductivity and emulsion classification

Ion movement or transport in micro- or nano-emulsions can provide information relating the
internal dynamics of the system. For o/w emulsion the continuous phase is aqueous in nature
and conduction of electrical inputs occurs with limited influence of the dispersed oil
concentration. Conversely for w/o systems, where conduction is dependent on dispersed
aqueous phase. Ion transport in w/o micro-emulsion systems may occur by a hopping
mechanism in which droplets associate and surfactant ions hop from droplet to droplet resulting
in an increase in conductance or droplet fusion and subsequent fission occurs with transfer of
ions resulting in electrical conduction [287]. The ion conductance of Winsor I o/w systems is
reasonably high and resembles that of aqueous solutions since water is the dispersion medium
whereas conductance in Winsor Il w/o systems is very low since the dispersion medium is oil.

In Winsor III systems where o/w and w/o dispersions are simultaneously present in a bi-
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continuous system electrical conduction is reasonably large. Conductance increased sharply
after a threshold concentration of the aqueous phase at a constant temperature. This
phenomenon is known as percolation and the concentration or temperature at which the change
occurs is the percolation threshold [288]. For w/o micro- and nano-emulsion systems two

percolation thresholds may be observed due to composition and/or temperature [289].

2.6 Conclusions

SEDDS such as micro- and nano-emulsions have been developed to minimize the challenges
associated with the administration and delivery of compounds of poorly aqueous solubility
such as EFV. The advantages of nano sized SEDDS is that they provide a large surface area
which facilitates absorption which may improve bioavailability of these API. The design of
SEDDS focusses on ensuring API release is independent of gastrointestinal tract physiology
and the fed/fasted state of the patient possibly resulting in more consistent formulation
performance for all patients. SEDDS are generally isotropic mixtures of API, oil, surfactant
and/or co-surfactant with or without addition to a co-solvent with a droplet size ranging from
10 nm up-to 100 nm for micro-emulsions and up to 1000 nm or several pm in diameter for the
broad category of nano-emulsions, SNEDDS or SEDDS. The API is dispersed or dissolved in
oil droplets which are protected from gastrointestinal conditions with an ability to penetrate
intracellular membranes from the systemic circulation or via the lymphatic system
distributions. Non-surfactants usually exhibit low irritant potential and are preferred in
pharmaceutical formulation development studies. Co-solvents such as propylene glycol and
ethanol are permissible for oral applications with however maximum recommended amounts

per single dose varying in different countries.

Investigation of phase behavior of LBDDS components using pseudo-ternary phase diagrams
and Winsor phase behavior is useful for optimization of formulations and pre-formulation
studies assist in defining appropriate proportions of each component to use and the facilitation
of decisions in relation to manufacturing processes such as whether high pressure or high shear
homogenization can be used. Such decisions are required to ensure that an optimum product
with predefined quality attributes is produced together with exploitation of the potential
advantage of manufacturing SEDDS using facile manufacturing procedures which are simple

and readily scalable.
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During SEDDS formulation development studies, critical quality attributes (CQA) of nano-
emulsions include droplet size (DS), polydispersity index (PDI), zeta potential (ZP) and drug
loading capacity (DLC) are monitored for optimization. Droplet size may influence
physiological processes such as hepatic uptake and accumulation, tissue diffusion, tissue
extravasation and renal excretion. Nano carriers of diameter between 100 and 150 nm
circulating in blood vessels do not easily leave the capillaries that perfuse tissues such as the
kidney, lung, heart and brain. In contrast smaller droplets between 20 and 100 nm may
distribute into the bone marrow, spleen and liver sinusoids and may leave the vasculature via
fenestrated capillaries in the perfused organs. Tailored droplet sizes may provide preferential
distribution into specific organs such as the CNS but provide sufficient viral suppression with

minimum side effects.

Successful formulation of safe, stable, and efficient nano-carriers requires the preparation of
homogenous (monodisperse) populations of nano-carriers of a certain size. Therefore, it is
important to consider the composition of the nano-carriers and the nature of the solvents and
co-solvents used during their preparation to control the droplet size distribution for more
tailored design approach of SEDDS and desirably those with a low PDI < 0.7. The ZP of a
system describes electro- kinetic potential and is a measure of surface charge in colloidal
systems, it may influence the stability of systems, cellular uptake, and intracellular trafficking
of emulsion droplets. In general, emulsions with a high negative or positive ZP are stabilized
whereas emulsions with a low ZP tend to coagulate or flocculate which may lead to poor
physical stability. High positive or negative values for the ZP > + 30 mV tend to reflect
monodisperse systems, the migration or change in CQA over periods of time is also used for
assessing the stability of SEDDS and their ability to resist changes in the physicochemical

properties over time.
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CHAPTER 3

DEVELOPMENT AND VALIDATION OF A HIGH-PRESSURE LIQUID
CHROMATOGRAPHIC (HPLC) METHOD FOR THE QUANTITATION OF
EFAVIRENZ

3.1 Introduction

High-Performance Liquid Chromatography (HPLC) is one of the most versatile, dependable
and rapid chromatographic techniques used for qualitative and quantitative analysis of
pharmaceutical and biological samples [290]. HPLC is commonly used for quality control of
pharmaceutical formulations, for therapeutic drug monitoring and life sciences research
including food and flavour analysis and forensic evaluation of non-volatile compounds [291].
Rapid progress in the use of HPLC has been facilitated by the development of reliable,
reasonably priced equipment and efficient stationary phases [292]. HPLC can be used to
analyse samples of a wide range of polarity, ionic and thermally unstable compounds. The
technique is also adaptable and compatible with the analysis of a wide range of molecular
weight of compounds, ranging from <2000 Daltons to large proteins presenting with molecular

weight > 2000 Daltons when used in size exclusion mode [293].

3.2 Principles of HPLC

In HPLC, a liquid phase (mobile phase) is used to transport soluble analytes along a stationary
phase usually in the form of a column of known dimension and material including silica, cyano
and Cis based amongst others [294,295]. The stationary phase may be a solid, gel, or liquid
and if liquid, it may be sequestered on a solid material that may or may not contribute to the
separation [296]. The liquid may be covalently bonded to the solid or support particles of the
column to produce a bonded phase which may improve column selectivity for specific
analytical methods. The mobile phase may be a binary, ternary or quaternary mixture of
solvents, aqueous and some organic compound such as include methanol, ethanol and/or
acetonitrile which are moved along the column. The separation of compounds can be
successfully achieved through differences in mass transfer of an analyte between the stationary
and mobile phase. The difference in mass transfer leading to separation is a result of specific
and nonspecific interactions amongst which partitioning, adsorption, ion exchange, and size

exclusion are common mechanisms [297-299]. The mobile and stationary phases are usually

52



materials of different hydrophobicity chemically bonded to the solid support. The chemical
nature of the stationary phase governs the strength of analyte retention, therefore HPLC
separations are driven by the selectivity achieved using the two interacting phases as

summarized in Table 3.1.

Table 3.1 Modes of HPLC, their common stationary phase material and applications in analysis characterization of
stationary phases [300,301].

Mode Stationary phase Typical compounds Mobile phase
Normal phase Cyano, Silica, Amino, Diol Compounds insoluble in water ~ Organic
Reversed phase C4, Cs, Ci3, Cyano, Amino Neutrals, weak acids, weak Aqueous buffers with organic
bases modifiers
Size exclusion Polystyrene Silica High molecular weight  Aqueous gel filtration

compounds, polymers, proteins
Organic gel permeation

Ion exchange Anion or Cation ITonics/Inorganic ions Aqueous buffers

exchange resin Counter Ion

HPLC can be operated in several modes which is primarily determined by the type of stationary
phase used. A polar stationary and non-polar mobile phase are used in normal phase HPLC in
which the most common substituents attached to the silicone backbone of a stationary phase
diol, amino, cyano, inorganic oxides, and dimethyl amino substituents [302,303]. Non-polar
compounds elute early in normal phase HPLC whereas in reversed phase HPLC where the
mobile phase is polar, and the stationary phase is non-polar polar compounds in the sample
elute early. Reversed phase HPLC is the most common liquid chromatographic mode used and
common stationary phases include Cs, Cig, or other hydrocarbons. Reversed-phase
chromatography can also use water as the mobile phase, which is advantageous since water is
more economical, nontoxic, and invisible in the UV region of the electromagnetic spectrum

when using UV detection [304].

Column selection is a critical step in HPLC method development and is a process driven mainly
by considering factors such as the type of HPLC system, compound to be analysed and
performance requirements of the analysis used. Columns are usually packed with pellicular or
porous particles. Pellicular particles are usually polymers or glass beads ranging between 30
pm and 40 um in diameter [305]. A thin uniform layer of silica, polystyrene synthetic resin,
alumina or other types of ion-exchange resin are included to surround the pellicular particles
[306]. Porous particles are more commonly used and exhibit diameters between 3 pm to 10 pm
with stationary phases that exhibit different physical and chemical properties such as porosity,

specific area, particle size and shape and length [307]. The choice of an analytical column is

53



dependent on physicochemical properties such as solubility, molecular weight and ionic nature
of the analyte to be monitored. The retention of an Active Pharmaceutical Ingredient (API) by
a stationary phase is also a function of the packing material and column dimensions used. The
efficiency of columns increases as the particle size of the stationary-phase decreases and
therefore, the smaller the particles used, the better the resolution and sensitivity that can be
achieved with that column. However smaller particle sizes often result in higher back pressures
on the system resulting in greater risk of blockage by buffers when recrystallization in the
mobile phase occurs [308]. The resolution of a column is proportional to column length i.e. the
longer the column, the more efficient it is however increasing column length also increases
analysis time and therefore for each HPLC method column suitability must be performed to
assess the number of theoretical plates and column efficiency. The mobile phase composition
and column temperature are also constitute important experimental conditions that can be
altered when a mixture of several compounds is separated [309]. An increase in temperature is
usually predicted to increase the rate of the interphase mass transfer and thus one can operate
at much higher linear velocities with improved column efficiency and faster analysis times

[310].

3.2.1 Distribution constant

The separation of analytes in HPLC is a function of the difference in equilibrium between the
stationary and mobile phase and distribution constant (K) which is calculated using Equation

3.1
Equation 3.4
Where,
K = distribution constant
Cs = concentration of analyte in the stationary phase

Cm = concentration of analyte in the mobile phase

The distribution constant is the ratio of analyte concentration in either the stationary and mobile
phases at equilibrium within the he HPLC column. Compounds that are well retained by the

stationary phase or that exhibit long retention times have high distribution constants [311]. The
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extent of retention of compounds along a stationary phase is an important factor to consider
during HPLC method development, long retention times maybe unnecessarily costly on the
amount of mobile solvents used and the run time of the system. A good balance of adequate
retention to separate a compound and its internal standard with adequate resolution is desirable
in a short run time preferably below 10 minutes under various specified conditions such as

temperature, flow rate, column length and solvent used.

3.2.2 Column efficiency

Column efficiency is a measure of how a column performs through calculating the number of
theoretical plates (N) or more often, the height equivalent of theoretical plates (HETP or H)
[312]. The parameter N is a widely used approach for assessing the efficiency of separation of
a chromatographic system. The greater the number of theoretical plates the better the efficiency
of the column under investigation. The number of theoretical plates can be calculated using
Equations 3.2 and 3.3. The longer columns exhibit greater numbers of theoretical plates
whereas short columns produce separations with shorter retention or separation times.
Although the value of N depends on elution time, the Food and Drug Administration (FDA)
recommends generally an N value > 2000 [313,314].

w=16 (Z)
B wb
Equation 3.5
N = 5.54 ( il )2
ST w12
Equation 3.6

Where,
N = the number of theoretical plates
tr = retention time of the analyte
wp = peak width at baseline

wy, = peak width at one half the maximum height of the peak

The height equivalent of a theoretical plate (HETP) expresses the height (H) of a single
theoretical plate and is a ratio of efficiency per unit length (L) of a column that is calculated

using Equation 3.4. [315]. The greater the efficiency of a column the smaller the value of the
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theoretical height will be. Measuring H is necessary when comparing the efficiency of columns
of different length or stationary phase [316].
H = £
N
Equation 3.7
Where,
H = height of one theoretical plate
L = length of column
N = the number of theoretical plates
The number of theoretical plates was used to determine the suitability of columns for a
separation by evaluation of a sample mixture containing uracil, acetophenone, benzene and
naphthalene dissolved in acetonitrile (ACN). The chromatographic separation conditions used
a mobile phase of ACN and H>O in a 65: 35 v/v ratio at 22 °C. The injection volume was 20
uL and the flow rate was 1 mL/min with the detection wavelength set at 247 nm. The average
theoretical plate number of the column tested was 9784 £+ 0.085. The column was therefore

considered suitable for use in the development of an analytical method for the quantitation of

EFV.

3.2.3 Resolution factor

The resolution factor (Rs) provides an indication of the degree of separation between adjacent
peaks in a chromatogram and is a function of the column, operating conditions and instrument

variables of a system [317]. The Rs is calculated using Equation 3.5.

thh— 4

Rs = 050w, = wy)

Equation 3.8

Where,
Rs = peak resolution

t> = retention time of second eluting peak
t1 = retention time of first eluting peak
w; = width of first eluting peak at base

w2 = width of second eluting peak at base
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A resolution factor > 1.5 is considered desirable as the resultant separation is suitable for
accurate integration and quantitation of individual peaks. A Rs < 1.5 indicates poor resolution
and is unacceptable since inaccurate results may be produced [317]. A Phenomenex Luna® Cis
150mm x 4.6mm i.d. stationary phase of 5um particle size (Separations®, Randburg, South
Africa) was used and exhibited an Rs of 6.1 when evaluated using the conditions described in
§ 3.2.2, indicating that the peaks of interest were well resolved and the column was therefore

suitable for these studies.

3.2.4 Asymmetry factor

When calculating the efficiency of a column it is assumed that the peak(s) of interest will be
symmetrical, or Gaussian as depicted in Figure 3.1A. Where the peak is not symmetrical and

tailing occurs, the peak will be asymmetrical as depicted in Figure 3.1B.

Figure 3.1. Schematic representation of (A) Gaussian or symmetrical peak shape and (B) Asymmetrical chromatographic
peak.

Symmetrical peaks are ideal for chromatographic separations and quantitation, for which a
constant, o, is assigned and equal to 5.45 when peak width is measured at half peak height.
This is the easiest and often used peak width to measure. The symmetry factor (As) is a measure

of peak shape and can be calculated using Equation 3.6 [318].

Equation 3.9
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Where,
As = peak symmetry factor
Wo.os = is width at one-twentieth peak height

d = the distance between ta perpendicular line drawn from the peak maximum and the
front of a peak corresponding to one-twentieth of the peak height.

A value for As value of 1 signifies peak symmetry, whereas when peak tailing occurs (Figure
3.1B) the value for As becomes > 1 and if peak fronting occurs the asymmetry factor is < 1.
Asymmetry factor of between 0.8 and 1.2 is recommended as appropriate for HPLC analyses

[319,320].

3.2.5 Method of detection

In any HPLC system the component responsible for turning a specific physico-chemical
property of the analyte into a measurable signal corresponding to concentration or identity is
the detector [321]. The most common detectors used in liquid chromatography are ultraviolet
(UV) detectors, electrochemical detectors (ECD) are also to a lesser extent but more often than

nuclear magnetic resonance detectors (NMR) [322].

3.2.6 UV-Visible detectors

Standard UV detectors for HPLC separations measure absorbance of monochromatic light
produced by a tungsten lamp of fixed wavelength in the visible wavelength range of the
electromagnetic spectrum between 190 nm and 400 nm against that of a reference beam
[323,324]. The magnitude of the absorbance observed is correlated to the concentration of
analyte in the eluent passing through the flow cell of the instrument, prior to using a UV-Vis
detector the maximum UV absorbance of the compound of interest should be identified to
select an appropriate wavelength of detection for that compound. Sample concentration
reflected as absorbance is determined by the fraction of light transmitted through the detector
cell in accordance to the Beer Lambert law and only compounds with chromophores are
detected [325]. Typically such molecules contain unsaturated bonds, aromatic or functional
groups containing heteroatoms with n* and 6* nonbonding orbitals into which electrons are
promoted and absorb incident energy. If the molar absorptivity coefficient for the analyte is
unknown, the use of standard solutions of known concentration can be used to calibrate the
instrument for a concentration versus absorbance response through a calibration curve or

response factor. The analyte concentration can be determined with the aid of the Beer-Lambert
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law reported in Equation 3.7 [326]. According to the Beer-Lambert law, the light intensity
transmitted from the detector is directly proportional to analyte concentration in dilute

solutions.

A= ¢ Xc X1
Equation 3.10

Where,

& = molar absorptivity coefficient in dm> mol! cm™,
¢ -= concentration in mol dm?,
A = the absorbance, and

1 = path length of the light through the flow cell in cm.

Diode array detectors are a sub-set of UV detectors in which the tungsten lamp is combined
with a deuterium lamp which emits radiation in the 190 nm - 850 nm range of the
electromagnetic spectrum. These detectors are used to detect absorption at multiple or a single
wavelength and acquire spectra for peak purity analysis dynamically. Photodiode array
detectors (PDA) are used to monitor a sample at more than one wavelength which is especially
useful when the wavelength maximum absorption of the components of a mixture are different.
The wavelengths to monitor can be selected to analyse each compound at a setting reflecting
the highest sensitivity of that system [327]. In this research a diode array detector was used for
the initial identification of the UV maximum absorbance of efavirenz (EFV) between a ranges

of 210 — 600 nm. A simple UV was used for method development and validation studies.

3.2.7 Mobile phase and buffer considerations

The components of the mobile phase are selected in a manner to ensure sample solubility,
extent of ionization of analyte and the stability of the analyte and stationary phase are
maintained [328]. It is recommended that HPLC-grade solvents are used in order to optimise
the reproducibility of a separation and to minimise contamination. The solvents used to prepare
the mobile phase must be miscible with one another in binary or ternary mixtures and produce
a solution without high column backpressures, furthermore the solvents must have a low UV
cut off to minimise noise when low wavelength UV detection is required [329]. The most
commonly used HPLC solvents and relevant chromatographic properties are summarised in
Table 3.2. For the purposes of this research, analytical grade acetonitrile was selected for use

as it has a low viscosity and only absorbs UV light at a wavelength of 190 nm. Methanol is
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slightly more viscous than acetonitrile and forms more viscous solutions with water than

acetonitrile (ACN) and absorbs UV light at 205 nm [330,331].

Table 3.2 Commonly used HPLC solvents with relevant properties [332,333].

Solvent Viscosity UV-cut off Refractive Boiling Point Miscibility with
Index water

cP nm °C
Acetonitrile 0.358 195 1.341 82 Miscible
Methanol 0.584 205 1.326 65 Miscible
Ethanol 1.19 205 1.359 78 Miscible
Isopropanol 2.39 205 1.375 82 Miscible
Tetrahydrofuran 2.20 215 1.404 66 Miscible
Water 1.00 185 1.333 100

For the purposes of formulation development activities and assay of dosage forms it is
recommended to that a mobile phase in which the excipients used in the products are soluble
be used in the solvent system in order to avoid increasing column backpressure during analyses.
This approach permits the peaks of active pharmaceutical ingredients (API) and those of the
excipients to be separated if they are detected at the wavelength used. Both acetonitrile and
methanol were investigated for use in the mobile phase for the assaying of EFV. Crude cold
pressed vegetable oils are insoluble in acetonitrile and methanol but are soluble in ethanol,
therefore ethanol was used for the dissolution of samples during sample preparation for

injection into HPLC.

To minimise retention time variability and peak distortion of weak acids and bases mobile
phase pH must be strictly controlled and buffers are commonly used for this purpose in
reversed-phase liquid chromatography to control the ionization state of analytes [334]. Changes
in pH may affect the elution of acid/base compounds which has a strong dependence of their
degree of ionization at any time [335]. The non-ionized form of a compound is less polar than
the ionized form and is thus more strongly retained by the reversed-phase system delaying
elution to beyond the solvent front. Consequently at low pH, acids are better retained than bases

and the converse occurs at more alkali pH [336].

As the polarity of a molecule increases the retention time decreases as when an acid or base
ionizes the molecule becomes polar or hydrophilic and retention time is reduced [334]. The pH
of the buffer selected is primarily based on the pKa of the analyte(s) of interest. Rapid analysis

can be achieved if analytes are predominantly in their ionised form in which they interact with
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the mobile phase and will thus travel at a similar velocity to the mobile phase during the
separation. EFV is a weak acid with a pKa of 10.1 £ 0.1 and at a pH of 4 the compound is
largely unionised and therefore will be retained by the stationary phase. In this way
chromatographic retention times can be controlled [53,337]. Since EFV is largely unionized
close to a neutral pH such as that of water and an organic solvent alone without the presence
of a buffer. The analysis of EFV using a non-buffered mobile phase has also been achieved
[338].

3.2.6 Internal standard

In order to improve the accuracy and precision of this method, an internal standard (IS) was
used to compensate for variable injection volumes and day-to-day instrumental variability [33].
The major criteria used when selecting an internal standard are that the physicochemical and
analytical properties of the compound are similar to those of the analyte of interest. In other
words the standard must be sufficiently soluble in the mobile phase and exhibit a similar
mechanism of retention to the analyte by the stationary phase [340]. In order to identify and
select an IS for the analysis of efavirenz, four compounds viz., carbamazepine, indomethacin,
loratidine and emtricitabine were evaluated using preliminary conditions with a mobile phase
of ACN and HPLC grade water in a 60:40 % v/v ratio at a flow rate of 1 mL.min"! and
temperature of 25 °C. The results observed are summarized in Table 3.3. Loratidine was
selected as the IS as the peak resolution, symmetry and retention time was ideal. A typical

chromatogram is depicted in Figure 3.2.

Table 3.3 Results of internal standard suitability selection studies

Compound Retention time Comments
minutes
Carbamazepine 2.05 Too close to solvent front
Emtricitabine 1.52 Too close to solvent front
Loratidine 8.50 Ideal for IS, narrow symmetrical peak
Indomethacin 247 Broad peak with peak tailing, Too close to

solvent front
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Figure 3.2. Typical chromatogram for the separation of EFV 250 ug/mL and LRT 100 pug/mL using the optimized conditions

3.3 Method development

The development of an HPLC method commences by considering factors such as the nature of
the analyte and sample matrix to be analysed and subsequently identifying the best initial
conditions to be applied [341]. Prior to the development of the HPLC method for the analysis
of EFV, a literature review was undertaken and published conditions used for the analysis of
EFV are summarised in Table 3.4 from which the initial conditions used for the development

of a method for this research were elucidated.

Table 3.4 Published methods of HPLC quantitation of efavirenz.

Column Sample Mobile phase Detection Reference
material % vIv
Ci5 (100A 4.6 mm Blood plasma 75 % ACN and 25% water with pH adjusted UV at 247 [342]
i.d.) KinetexW, to 3.2 using 0.1% formic acid. nm
PhenomenexW,

Torrance CA, USA
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Shim-packVP- Efavirenz raw 50% ACN and 50 % ammonium acetate UV at 246 [343]

ODS. 150 x 4.6mm material buffer, pH 7.4. nm
id
C,5 Waters X-Terra ACN and phosphate aqueous buffer pH 3.5 UV at 260 [344]
Shield, RP18 50 x nm
4.6 mm, 3.5 um
Nova-Pak® Tablets 55% ACN and 45% phosphate buffer at pH ECD [345]
cartridge 4.5 detector at

+1400 mV

and 1.0 pA
Cis,250 mm x 3.9 Tablets 70% ACN and pH adjusted aqueous phase 252 nm [346].
mm i.d, 10 pm orthophosphoric acid (0.1%).
Zorbax SB CN, 250 Methanol (A) and buffer at pH 4.5(B) using UV at 260 [58]
x 4.6 mmid,5 pm the gradient: 0—10 min (90% B), 10-22 min nm

(35% B), and 22-25 min (90% B).

C,s Waters Polymer-lipid 70% ACN and 30% 10 mM phosphate UV at 246 [347]
Spherisorb® 5 um nanoparticles buffer at pH 6.8. nm
ODS

The methods of analysis of EFV have been reported in raw material, tablets, plasma, and
polymer-based lipid nanoparticles among many other types of materials not listed in the table.
Of the methods described in literature, a significant number used a hydrophobic Cig column
with a mobile phase of an acidic buffer with > 50 % organic solvent of either acetonitrile or
methanol. Most methods were isocratic with UV detection at 246, 247 or 260 nm. Preliminary
experiments were performed to select an internal standard, mobile phase composition,
determine system and column suitability. Method optimization was then undertaken using
response surface and statistical analysis to locate an optimal point for the analysis. During
optimization, retention time, peak resolution and peak tailing responses were monitored to
ensure that the analysis time was short, peak resolution was greatest and that the peaks had
lowest peak tailing. A CCD was developed using Design-Expert version 12.0 software (Stat-
Ease Inc., Minneapolis, MN, United States of America). The method was validated according
to the ICH guidelines for accuracy, precision, linearity and range, limits of detection (LOD)

and quantitation (LOQ) [348,349].

3.3.1 Statistical design of experiments

The use of statistical design of experiments (DoE) is an efficient approach for planning and
conducting experiments in order to make valid, objective conclusions to be derived from the
data generated thereby preventing false assumptions [350]. Well-chosen experimental designs
maximizes the information that can be generated for defined experimental effort. DoE
commences with determination of the objectives of an experiment and selecting input factors
to be evaluated in that study. Experimental design involves assessment and multivariate
optimization of the experimental conditions for, in this case a reversed phase HPLC analytical

method for EFV. The factors derived using DoE can easily be optimized using a Quality by

63



Design (QbD) approach. QbD is a systematic approach that includes evaluation of multi-
dimensional combinations of input variables using DoE to define the optimum conditions to
meet predetermined goals whilst assuring quality by selecting and identifying critical quality

attributes that can be optimized [351].

In the context of HPLC method development, factors that can be monitored then manipulated
to produce the desired efficient HPLC method result in the input factors. These factors can be
either be categorical or numerical, an example of factors for example is the type of organic
solvent used in the mobile phase while numerical examples include temperature, pH of mobile

phase and composition of organic solvent in the mobile phase.

The statistical theory underlying DoE generally begins with the concept of process models as
to describe the dynamics of an experiment, a collection of all factors that may affect the output
can be described by a Black Box Process model depicted in Figure 3.3 defined with k input
factors and r outputs or responses which may be considered as critical quality attributes [352].
The process is a matrix of statistical and mathematical approaches that permits elucidation of
the factors that have an impact on the response monitored (Y) and the influence on changes in
the levels of input factors in an experimental domain or the process and design matrix. This
approach facilitates an understanding of the relationship(s) between one or more measured
responses viz., Y1 (retention time), Y2 (peak tailing) and Y3 (peak resolution) and input
factors, X1 (% ACN), X2 (column temperature) and X3 pH of mobile phase. The primary
purpose of using a sequential strategy is that first or second order polynomial mathematical

relationships that describe the system can be elucidated.

K number of factors

Numerical or categorical factors, e.g. type

of organic solvent used, ACN, methanol etc.

l

—> —>

Uncontrolled discrete factors e.g. different R output responses, retention time, peak

HPLC system or different operator. Process matrix resolution, peak tailing.

—>

Uncontrolled or controlled continuous

factors e.g. temperature, flow rate.

Figure 3.3. A "Black Box' Process Model Schematic, with k = number of factors, r = number of output responses.
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When the experimental data are analysed, all unknown parameters are identified and estimated,
and the coefficients of the terms are tested to see determine those that are significantly different
from zero. The most common empirical models to which experimental data are fitted take either
a linear form or quadratic form and an example of a linear model with two factors viz., X1 and

X2 is shown as Equation 3.8 [353].

Equation 3.11
Where,

€ = experimental error

B = coefficient of term(s)

X1 =% ACN

X2 = column temperature
A more complicated example of a linear model with three factors viz., X1, X2, X3 and one
response, Y, is presented as Equation 3.9 [353]. if all possible terms were to be included in the
model. Y is the defined response for given levels of the effects of the inputs X1 and X2 and the
term X1X2 is included to account for possible interaction effect between X1 and X2 just as for

X1X2X3 combined. The constant Po is the response of Y when both inputs are zero.

Y = Bo+ 1 X1+ BrX2 + f3X3 + L12X1X2 + [13X1X3 + [23X2X3 + [1,3X1X2X3 + €
Equation 3.12
Where,
€ = experimental error
B = coefficient of term(s)
X1 =% ACN
X2 = column temperature

X3 = pH of buffer

3.3.2 Response surface methodology

The most relevant multivariate approaches used for in analytical method optimization is

response surface methodology (RSM), RSM is a collection of mathematical and statistical
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techniques based on the fitting of experimental data to linear or polynomial models to
determine which best describes the data set with the objective of making statistical predictions
[354]. RSM can be applied when a response or a set of responses of interest are influenced by
multiple variables, the objective of RSM is to simultaneously optimize the input levels of
variables to define optimum system performance, this can be exploited in the development of
HPLC methods [355]. An optimized HPLC method is defined by independent and dependent
categorical or numerical factors which will contribute to repeatable and reliable HPLC
analyses. Categorical factors include the type of organic solvent in the mobile phase, column
type and buffer type used. Numerical factors include amount of organic solvent and aqueous
phase, pH and molarity of the buffer and temperature. The optimum separation is achieved
when the levels of input variables used are located within maximum and minimum levels and
can be modified to enhance the separation of analytes of interest. This approach is more
efficient at achieving an optimized separation with fewer experiments than the use of the

traditional approach of changing one variable at a time during method development [356].

RSM is generally performed to achieve a specific target, to maximize or minimize a response,
reduce variability by locating the region where a process is easier to manage or ensure a process
robust. Popular experimental designs are two-level designs since they are ideal for use for
screening, are simple and result in economic approaches to data generation, the most popular
approach used is based on a full factorial central composite design (CCD), which enables one
to estimate the coefficients for second-order models [357]. The CCD contains an embedded
factorial or fractional factorial design with centre points that is augmented with a group of axial

points that allow estimation of curvature of the system [352].

3.3.3 RSM notation for 2-level designs

The standard layout for a 2-level design uses a +1 and -1 notation to denote the high and low
level for each factor. The centre points determine the experimental error and how well the data
can be reproduced. The axial points are taken in a way to ensure repeatability, and the model
prediction variance is constant at every point equidistant from the centre of design [358]. By
way of example an experiment in which 4 trials (or runs) are conducted with each factor set to
high or low levels during a run according to whether the matrix has a +1 or -1 set for the factor
during that trial is depicted in Table 3.5. A 2° design matrix with three factors and consequently
eight trial runs is shown in Table 3.6 [359]. If an experiment had more than three input factors,

there would be an additional column in the matrix for each additional factor therefore
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increasing the number of design points to 2* (16) experimental runs, consequently, the number
of runs rises exponentially as the number of factors evaluated in the design increases. This
gives rise to the need for screening of the most relevant factors through literature and robust

preliminary experiments to augment statistical DoE techniques.

Table 3.5 Central Composite Design for two factors, two-level full factorial design matrix (2°) with two input factors (X1,
X2)

Run x1 X2
1 - -
2 +1 -1
3 -1 +1
4 +1 +1

Table 3.6 Central Composite Design for three factors, two-level full factorial design matrix (23) with three input factors (X1,
X2 and X3)

Run X1 X2 X3
1 - -1 -1
2 -1 -1 +1
3 -1 +1 -1
4 -1 +1 +1
5 +1 1 -1
6 +1 -1 +1
7 +1 +1 -1
8 +1 +1 +1

3.4 Experimental
3.4.1 Materials and methods

All chemicals were at least of analytical reagent grade and were used without further
purification. Efavirenz was donated by Adcock Ingram® Limited (Wadeville, Gauteng, South
Africa) and loratadine (LRT) which was used as the internal standard (IS) was donated by
Aspen Pharmacare (Port Elizabeth, Eastern Cape, South Africa). Romil HPLC-grade
acetonitrile UV cut-off of 195 nm acetonitrile was purchased from Microsep (2 Saturn Cres,
Linbro Business Park, Gauteng, South Africa). Potassium triacetate, citric acid, potassium
dihydrogen phosphate was purchased from Associated Chemical Enterprises (Southdale,
Gauteng, South Africa) and sodium hydroxide pellets from Merck® Chemicals (Midrand,
Gauteng, South Africa). HPLC-grade water was produce using a Direct-Pure® Ultrapure and
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RO Water system, (RephiLe Bioscience, Ltd, Boston, United States of America) and consisted
of a three-stage pre-filtration kit, RO membrane, tank vent filter with CO> remover, two
RephiDuo pack cartridges and a 0.2 um capsule filter. EFV tablets were purchased from a local
pharmacy and the manufactures included, Adco-Efavirenz (Adcock Ingram Limited, Midrand,
South Africa), (Cipla Medpro, Cape Town South Africa), Efavirenz (Aspen Pharmacare
Limited, Woodmead, South Africa) and Erige by (Aurobindo Pharma Limited, Alberton, South
Africa).

3.4.2 System and Instrumentation

The HPLC separation was achieved using a Waters® Alliance 2695 separation module
equipped with an autosampler, an online degasser and a model 2489 UV-Vis Detector
(Waters®, Milford, MA, USA). Data was acquired, processed and reported using Waters®
Empower™ 3 software version 3.6.0. The separation of efavirenz and the internal standard
loratidine was achieved under isocratic conditions using a Phenomenex® Luna 5 um Cis (2)

250 x 4.6 mm i.d column.

3.4.3 Preparation of stock solutions

The standard stock solutions of efavirenz and the inter al standard were prepared by accurately
weighing approximately 25 mg efavirenz and 10 mg loratidine using a Mettler® Model AE 163
analytical balance (Mettler® Inc., Zurich, Switzerland) into separate 100 mL A-grade
volumetric flasks and the adding mobile of ethanol and water phase 70: 30 v/v solvent. The
stock solutions were sonicated using a Model B12 Branson® ultrasonic bath (Branson Inc.,
Shelton, Conn, USA) for 5 minutes after which the solutions were made up to volume to
produce a 250 pg/mL efavirenz and 100 pg/mL loratadine solution. The mobile phase was
ACN and HPLC water in a 65:35 v/v ratio. The standard stock solutions were serially diluted
to produce concentrations of 250, 150, 100, 75, 35, 17.5, 2.5 and 1.5 pg/mL. The internal
standard was added to all calibration standards prior to analysis in concentration of 10 pg/mL.
All solutions were protected from light using aluminium foil and stored at 4 °C in a refrigerator

prior to use. The standard solutions were used within two days of preparation.

3.4.4 Preparation of buffer and mobile phase

0.15 M acetate buffer solutions were prepared by accurately weighing 1.002 g potassium

triacetate and 0.784 g citric acid into a 500 mL A-grade volumetric flask and making up to
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volume with HPLC grade water. The pH of the buffers was monitored using a model GLP 21
pH-meter (Crison Instruments, Barcelona, Spain at 25 °C and was adjusted to 4.5 using a 0.05
M potassium hydroxide solution or 0.05 M hydrochloric acid. Mixing and degassing of the
buffer solution under vacuum was undertaken using a Model A-2S Eyela Aspirator degasser
(Rikakikai Co., Ltd, Tokyo, Japan) and filtering through a 0.45 pm HVLP Durapore®
membrane filter (Millipore® Corporation, Bedford, MA, USA) prior to use. Buffers we freshly

prepared and used when HPLC analysis was performed.

3.5 Statistical modelling and optimization.

Three independent factors viz., percent acetonitrile in the mobile phase, pH of buffer and
column temperature were the input factors used to build mathematical models for the responses
monitored. A central composite (CCD) experimental design was used to study the response
surface for the effects of these independent factors on the responses monitored. A desirability
function was applied for simultaneous optimization of retention time, peak tailing, and peak
resolution of EFV. Fisher’s test for Analysis of Variance (ANOVA) was applied to assess the
significance of differences, if any, of factors under investigation. The design space for three
factors was set to a minimum and maximum for the numerical factors listed in Table 3.7. The
variables and ranges initially selected were identified from literature and preliminary
experiments. The ACN concentration (A) was kept at a minimum 65 % v/v and maximum 90
% v/v with respect to buffer content. The minimum value for column temperature (B) was set
at 25° C and the maximum at 50° C. The minimum and maximum values for buffer pH (C)
were 3 and 6 respectively. The influence of these factors on retention time, peak tailing and

resolution were monitored and described using different plots.

Table 3.7 Design constraints for three percent organic phase, pH and temperature and associated levels with actual
responses for minimum and maximum values obtained.

Variable/Response Units Factor/Response Std. Dev. Low High
ACN % vIv Factor 0 65 90
Column °C Factor 0 25 50
temperature

Buffer pH Factor 0 3 6
Retention time minutes Response 0.812102 3.285 14.009
Resolution Response 0.476482 1.59 8.688
Tailing factor Response 0.0337216 1.002 1.155
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A CCD design consisting of 20 experimental runs, with 14 axial points and 6 centre points was
generated for these studies and the order and combination of variables is summarised in Table

3.8.

Table 3.83 Experimental conditions for the CCD with actual design values used and observed responses.

Input factors Response factors
Run ACN Column Buffer pH Retention time  Resolution Peak tailing
% vIv temperature °C minutes

1 717.5 375 4.5 5.086 6.44 1.002
2 717.5 375 4.5 5.074 6.46 1.096
3 717.5 375 4.5 5.082 6.46 1.09
4 717.5 58.5224 4.5 4.46 6.76 1.091
5 717.5 375 1.9 5.167 1.59 1.1002
6 77.5 375 4.5 5.081 6.46 1.089
7 717.5 375 4.5 5.095 6.48 1.086
8 65 25 3 8.118 1.76 1.024
9 65 50 3 6.205 6.273 1.13
10 65 50 6 7.766 8.688 1.099
11 77.5 37.5 7.0 5.185 6.559 1.104
12 77.5 16.4776 4.5 5.094 6.471 1.093
13 717.5 375 4.5 5.088 6.423 1.105
14 90 25 6 3.994 6.191 1.107
15 65 25 6 7.981 5.345 1.113
16 56.4776 37.5 4.5 14.009 6.511 1.106
17 90 50 3 3.285 2.178 1.054
18 98.5224 37.5 4.5 3.82 4.844 1.155
19 90 25 3 3.994 5.559 1.1
20 90 50 6 4.02 4.926 1.117

3.5.1 Analysis of statistical data

The responses recorded for the CCD experiments were analysed. The retention time and peak
resolution followed quadratic polynomial models, whereas peak tailing followed a mean model
later discussed the specific response analysis section. Higher polynomial models were
investigated only after simple linear polynomial models produced inadequate description and
analysis of the experimental data. The predicted residual sum of squares (PRESS statistic
value) is used to establish the suitability of each model in terms of data fitting and the model
with the lowest PRESS is considered suitable for that response. The PRESS value analyses the
prediction ability of models and the model with a minimum PRESS is usually considered the
best predictive model for a specific set of data and is automatically suggested by the software

[360].

Prior to analysis of the suggested model, residual analysis was undertaken to confirm that the
assumptions for ANOVA analysis were met. For this purpose, diagnostic plots viz., Box-Cox
and normal plots of residuals are generated to assess whether data transformation is necessary.
Data transformation may be necessary to improve the applicability and usefulness of a applied

statistical test [361]. ANOVA was used to evaluate model adequacy and fitness of the model.
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The probability (p) value is used to establish if the responses monitored are statistically
significant. The p-value is used to determine whether to accept or reject the null hypothesis,
where a p-value < 0.05 implies that the model used is significant, and that the model term/s or
in this case the input or combination of input factors) has a coefficient significantly different
from zero and can be estimated [362]. The model F-value is used to determine the utility of a
model and establish if that model best fits the data set in question. The F-value is a ratio of
explained to unexplained variability where the explained variability is based on the value for
R? and that for unexplained variability is based on 1 - R?> and each is divided by the
corresponding degrees of freedom. The larger the F-value, the more useful the model [363].
The R? value for responses indicates the quality of the model and R? values approaching 1
reflect a good correlation between the observed experimental data and the model predicted
response. Adjusted (Adj) R? values in close agreement with predicted R? values indicate
reliability of a model [364,365]. Adequate (Adeq) precision is a comparison of the range of
predicted values at the design points and the average prediction error. Adequate precision is
also defined as the signal-to-noise ratio, where a ratio > 4 is desirable, and indicates that there

is adequate model discrimination with that model [366].

3.5.1.1 Retention time

One of the objectives of any HPLC method is short analysis times, the retention time is one of
the most important factors as it determines the run time of a method where shorter run times
are preferred as solvent use is limited as is wear and tear of the HPLC system [367]. Following
modelling and understanding of all input factors can assist in selecting a short analysis time. The
retention time of EFV followed a transformed quadratic model which exhibited the lowest
PRESS in comparison to those for the linear, cubic, and quartic models. The experimental data
were automatically fitted to models by the software to linear, quadratic, cubic, special cubic,
quartic and special quartic models. The best fit mathematical model was identified based on
the comparison of statistical parameters of R?, adjusted R? and PRESS. The predicted residual
sum of squares (PRESS) was used to establish the suitability of each model in respect of data
fitting and the model with the lowest PRESS was identified as suitable for that response. The
PRESS value analyses the prediction ability of models and the model with the minimum
PRESS is usually considered the best predictive model for a set of data [368,369]. Based on

this data therefore, retention time followed a quadratic model.
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The R? value is a measure of the variance of the response variables and the closer the R? value
is to one or > 0.9, the smaller the standard deviation therefore the more accurate the response
predicted by the model. The predicted R? is in reasonable agreement with the adjusted R? i.e.,
< 2 % difference and therefore the model is adequate to navigate the design space. The Fit
statistics summary is given in Table 3.9 for the suggested transformed quadratic model for
retention time. The statistics summarized in Table 3.9 reveal a predicted R? value of 0.9080

which is in reasonable agreement with the Adjusted R? of 0.9770 with a difference < 0.2.

Table 3.9 Fit Summary for retention time, transformed inverse Sqrt Constant: -0.5.

Source Sequential p- Lack of Fit p- Adjusted R* Predicted R?
value value
Linear <0.0001 <0.0001 0.9014 0.8493
2FI (2 factor 0.4020 <0.0001 0.9023 0.8573
interactions)
Quadratic 0.0005 <0.0001 0.9770 0.9080 Suggested
Cubic 0.2184 <0.0001 0.9834 -0.1519 Aliased

Prior to ANOVA analysis of the model terms, diagnostic plots to determine if power
transformations were required were reviewed and the Box-Cox plot at A = 1 is depicted in
Figure 3.4. This procedure finds the appropriate Box-Cox power transformation for a data set
containing a response value divided among two or more groups. The data were eventually
analyzed by a one-way ANOVA F-test (two or more groups). This procedure is often used to
modify the distributional shape of the data so that the residuals are more normally distributed
and/or the within-group variances are closer to equality. This is done so that tests and
confidence limits that require normality can more appropriately be used. It cannot correct every
data ill. For example, data that contain outliers may not be properly adjusted by this technique
[370]. Without transformation at A = 1 the blue line fell outside the 95 % confidence interval

(red lines) which is the optimum range of the parabola where the estimated A = -0.37.
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Figure 3.4. Box-Cox plot for the non-transformed quadratic model for retention time.

Analysis of the Box-Cox revealed that an inverse square root (sqrt) transformation with A = 0.5
was necessary to fitting to the 95 % confidence interval between 0.8 and 0.26 for the statistical
analysis [371]. An inverse sqrt transformation (A = - 0.5) was performed and the resulting Box-
Cox depicted in Figure 3.5 was produced allowing for the A = - 0.5 to fall within the 95 %
confidence interval of - 0.8 and 0.26. For a model to be adequate for navigating the design
space, the A must fall in the 95 % confidence interval, if not a transformation is recommended
so as to ensure that the model provides an adequate approximation to the optimization process.
After transformation the ANOVA analysis produced a Lack of Fit F-value of 90.7 implying

that the Lack of Fit was not significant which is desirable for design space navigation.
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Figure 3.5. Box-Cox plot for the inverse square root transformed quadratic model for retention time.

The residual versus predicted response plots also did not show an obvious pattern as depicted
in Figures 3.6. The plots reveal an almost equal scatter above and below the x-axis, implying
that the proposed models were adequate i.e. the normality of distribution for ANOVA was met
and there is no reason to suspect any violation of the independence or constant variance

assumption.
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Figure 3.6. Plot of residual versus predicted and externally studentized residuals for the transformed quadratic model for
retention time.

The normal plot of residuals for retention time is depicted is given Appendix 1 in Figure 7.1
was also used to confirm diagnostic testing. It was observed that data points generally fall on
roughly on a straight line, indicating that the errors are normally distributed after

transformation, thus supporting the fact that the model fits the data adequately.

The ANOVA data for the quadratic model for retention time are summarized in Table 3.10.
The model F-value of 90.71 implies the model is significant and there is only a 0.01% chance
that an F-value this large could occur due to noise. For each model term, p-values < 0.05
indicate that specific model term(s) are significant. In this case the terms A, B, C, BC, A? and
B? are significant in other words % v/v ACN (A), buffer pH (B), column temperature (C), the
combination of pH and column temperature (BC), A? and B? produced coefficients

significantly different from zero and therefore had a significant effect on retention time.

Table 3.4. ANOVA data for retention time quadratic model, transformed sqrt, constant = -0.5

Source Sum of Squares df Mean Square  F-value  p-value
Model 0.1080 9 0.0120 90.71 <0.0001 significant
A-% organic phase 0.0968 1 0.0968 73197  <0.0001
B-Column temp 0.0025 1 0.0025 18.83 0.0015
C-Buffer pH 0.0009 1 0.0009 6.95 0.0249
AB 3.512E-08 1 3.512E-08 0.0003 0.9873
AC 0.0001 1 0.0001 0.4504 0.5174
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BC 0.0017 1 0.0017 12.98 0.0048
A? 0.0043 1 0.0043 32.18 0.0002
B2 0.0012 1 0.0012 8.83 0.0140
C? 0.0000 1 0.0000 0.1558 0.7013
Residual 0.0013 10 0.0001
Lack of Fit 0.0013 5 0.0003 2012.00 <0.0001 significant
Pure Error 6.573E-07 5 1.315E-07
Cor Total 0.1093 19

Due to the number of insignificant model terms the model was reduced by excluding model
terms with p-values > 0.05 were excluded from ANOVA (Table 3.10) to produce a reduced
surface response model. The Lack of Fit F-value of 2012.00 implies the Lack of Fit is
significant and there is only a 0.01% chance that a Lack of Fit F-value this large could occur
due to noise. The significant lack of fit could result in model prediction inaccuracies; however,
this model was considered adequate to navigate the design space as it had an adequate precision
> 4 which is desirable. The relationship between input factors and retention time is described
mathematically using Equation 3.10.

1
Sqrt (Retention time — 0.50)

= —0.821694 + 0.024427A + 0.000241B + 0.030326C + 4.24E — 07AB

—0.000146AC — 0.000781BC — 0.0001104% + 0.00058B% + 0.000532C*>

Equation 3.13

The results suggest that all input factors influenced retention time and therefore multiple
interactions were observed. The effect of % ACN on retention time at pH 4.5 and column
temperature of 37.5 °C is depicted in Figure 3.7. The % v/v ACN exhibited the greatest effect
on retention time i.e. with the steepest slope of correlation. As the % v/v ACN was increased
from 65 % v/v to 90 % v/v the retention time decreased from approximately 8 minutes to 4

minutes at 37.5 column temperature and a buffer pH of 4.5.
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Figure 3.7. Effect of % ACN on retention time at pH 4.5 and 37.5°C

As the column temperature was increased, the retention time decreased slightly and as the
buffer pH was increased from 3 to 6 the retention time increased slightly. Figure 3.8 shows a
3D response surface plot of the three factors and their effect on retention time. The longest
retention time is observed 25° C and a composition of ACN of 65 % in the mobile phase, while
higher temperatures and high composition of organic phase reduced the retention time
significantly. Due to the hydrophobic nature of EFV, reduced % organic phase resulted in more
aqueous phase in the mobile phase resulting in high retention times as the drug prefers

hydrophobic environments.

77



Factor Coding: Actual

Design Points: 3D Surface
@ Above Surface
O Below Surface

3.285 [ 14.009

—_
B / —
X1 = a: ACN A/
X2 = B: Column temperature —
Actual Factor 16 I
C: pH of buffer = 4.5 14 I—
12 T
10

Retention time (minutes)

25

35

80 40

B: Column temperature (degrees)

a: ACN (%)

65 50

Figure 3.83. 3D surface response plot for peak retention time

3.5.1.2 Peak tailing

Peak tailing was analysed using ANOVA which revealed that peak tailing data did not fit a
model and the mean estimate was adequate to represent peak-tailing with a factor of 1.093

which was, in this design space, a constant = 1.093 as reported in Equation 3.11.
Peak tailing = 1.09

Equation 3.14

The statistical data for this analysis are summarized in Table 3.11 and ANOVA data in Table
3.12. A negative value for Predicted R? implies that the overall mean might be a better predictor
of the peak tailing factor than the current model. In some cases, a higher order model may be

required for better prediction.
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Table 3.11. Fitting statistics for peak tailing.

Std. Dev. 0.0337 Adjusted R? 0.0000
Mean 1.09 Predicted R? -0.1080
CV.% 3.09 Adeq Precision NA
R? 0.0000

Table 3.12. ANOVA data for peak tailing factor for a mean model,

Source Sum of Squares df  Mean Square F-value  p-value
Model 0.0000 0
Residual 0.0216 19 0.0011
Lack of Fit 0.0144 14 0.0010 0.7209 0.7123 not significant
Pure Error 0.0072 5 0.0014
Cor Total 0.0216 19

A p-value < 0.05 indicates model terms that are significant and in this case, there are no
significant model terms and values > 0.05 indicate the model terms are not significant. The
Lack of Fit F-value of 0.72 implies the Lack of Fit is not significant relative to the pure error.
There is a 71.23% chance that a Lack of Fit F-value this large could occur due to noise. A non-
significant lack of fit is good as we want the model to fit. The mean peak tailing factor of 1.09
was sufficient for this chromatographic separation and well below the 1.2 recommended by the

ICH [372].

3.5.1.3 Peak resolution

Peak resolution data were best fitted by a quadratic model and the fit summary is given in Table
3.13. The fit statistics summarized in Table 3.13 reveals a predicted R? of 0.8941 which is in
reasonable agreement with the adjusted R? of 0.9734 in other words the difference is < 0.2.
Adequate precision measures the signal to noise ratio and a ratio > 4 is desirable and the
observed ratio of 37.009 indicates an adequate signal indicating the model could be used to

navigate the design space.

Table 3.13. Fitting statistics for the quadratic model for peak resolution.

Std. Dev. 2.66 Adjusted R* 0.9734
Mean 33.42 Predicted R* 0.8941
C.V. % 7.95 Adeq Precision 37.0093
R? 0.9860

Diagnostic testing for model suitability was undertaken using Box-Cox plots for power
transformation. The Box-Cox plot prior to model transformation is depicted in Figure 3.9 where
A =1 (blue line) falls outside the 95 % confidence interval of 1.5 and 2.7 (red lines) in the

optimum range of the parabola. A power transformation of A = 2.03 was recommended and
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when performed resulted the Box-Cox plot depicted in Figure 3.10 with the desired A within a

95 % confidence interval.

Figure 3.94. Box-Cox diagnostic plot for peak resolution quadratic model (non-transformed).

A power transformation (A = 2.03) was performed, and the resulting Box-Cox depicted in
Figure 3.10 was produced allowing for the A = 2.03 to fall within the 95 % confidence interval
of 1.54 and 2.52. The normal plot of residuals for retention time is depicted is given in Figure
3.11 also used to confirm diagnostic testing with that data points generally falling on roughly
a straight line, indicating that the errors are normally distributed after transformation, thus
supporting the fact that the model fits the data adequately. The residual versus predicted
response plots also did not show an obvious pattern and the Figure is shown in Figure 7.4 of

Appendix 1.
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Figure 3.105. Box-Cox diagnostic plot for peak resolution quadratic model (power transformed).
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Figure 3.116. Diagnostics normal plot of residuals for peak resolution quadratic model (transformed).

Normal Plot of Residuals

99 _|

AT TRRE

T T T T T T
-4.00 -2.00 0.00 2.00 4.00 6.00

Externally Studentized Residuals

8.00

81



ANOVA analysis of quadratic model data was undertaken and revealed a Model F-value of
78.35 which implies the model was significant and there was only a 0.01% chance that an F-
value this large could occur due to noise. A p-value < 0.05 indicates significant model terms
showing that all these factors influenced peak resolution. In this case the terms % ACN (A),
column temperature (B) and pH of buffer (C), had significant model terms as summarized in
Table 3.14. A value for p > 0.1000 indicates the model terms are not significant. Due to the
number of model terms that were not significant, the model was reduced and model terms with
p-values > 0.05 were excluded to produce a reduced response surface model for which the
relationship between input factors and retention time is described mathematically using an

actual equation.

Table 3.14. ANOVA quadratic model for peak resolution power transformed with lambda 2.03.

Source Sum of Squares df Mean Square F-value p-value
Model 4984.48 9 553.83 78.35 <0.0001 significant
A-% ACN 426.87 1 426.87 60.39 <0.0001
B-Column temp 161.89 1 161.89 22.90 0.0007
C-Buffer pH 1654.58 1 1654.58 234.08 <0.0001
AB 1745.65 1 1745.65 246.97 <0.0001
AC 136.08 1 136.08 19.25 0.0014
BC 57.92 1 57.92 8.19 0.0169
A? 163.62 1 163.62 23.15 0.0007
B? 1.29 1 1.29 0.1825 0.6783
c? 674.26 1 674.26 95.39 <0.0001
Residual 70.68 10 7.07
Lack of Fit 70.40 5 14.08 244.40 <0.0001 significant
Pure Error 0.2880 5 0.0576
Cor Total 5055.16 19

A multiple interaction relationship was observed, % v/v ACN, buffer pH and column
temperature each resulted in a significant effect on resolution. The minimum value for the
resolution factor was 1.59 and the maximum 8.68 in the design space. The effect of % ACN
and column temperature interaction relationship at pH of 4.5 is observed with the 3D response
surface plot depicted in Figure 3.12. Specifically, resolution was observed to decrease with
increasing % v/v ACN and decreased from approximately 7 to as the % v/v ACN increased
from 65 % v/v to 90% v/v. Resolution increased from approximately 6 to 7 as the temperature
of column increased from 25°C to 50°C. Of all parameters buffer pH of the buffer had greatest
effect on resolution with an increase in pH from 3 to 6 resulting in the value for resolution
increasing from approximately 5 to 7. The overall equation for resolution in mathematical

terms is given in Equation 3.12.
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Resolution = —50.56 + 0.7504 + 0.770B + 5.585C — 0.0100024B — 0.01747AC
+ 0.0063BC — 0.0021354% — 0.000013B2 — 0.400176C?

Equation 3.15

Factor Coding: Actual

Design Points: 3D Surface
@ Above Surface
O Below Surface
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Figure 3.127. 3D Response surface plot showing the effect of % ACN and column temperature with a buffer of pH 4.5 on
peak resolution

3.5.2 Optimization and point prediction

The models generated provide an approximation of the true relationship between the input
variables and responses in the region of parameter levels known to affect the separation under
development. The models were used to optimize the chromatographic separation by specifying
the numerical values for each input factor investigated and these are listed in Table 3.15. The
goal was a retention time for EFV of between 3 and 8 minutes. Peak resolution was set to
maximise in the range 1.5 and 10. Similarly, peak tailing was set to minimise in the range

between 1 and 1.2.
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Table 3.15. Constraints for the optimization of the separation

Parameter Goal Lower Limit  Upper Limit Lower Weight Upper Weight  Importance
A: % v/v acetonitrile  in range 65 % 90 % 1 1 3
B: Column temp °C in range 25 50 1 1 3
C: Buffer pH in range 3 6 1 1 3
Retention time min in range 3 8 1 1 3
Resolution maximize 1.5 10 1 1 3
Tailing factor minimize 0 1.2 1 1 3

Twenty-one potential solutions were generated based on the numerical optimization constraints
set and a desirability value was associated with each and are listed in Appendix 1 in Table 7.1.
Of all solutions, solution 3 exhibited the largest value for peak resolution at a relatively short
retention time. Solution 3 conditions were therefore selected for validation and method
application studies. The conditions for the chosen optimised method were, 80 % ACN, a buffer
pH of 4.5 and column temperature of 40 °C at a flow rate of 1 mL/min. A retention time of 7.35
minutes was observed. Sharp symmetrical peaks were observed when using the optimized
conditions and typical chromatogram of the separation is depicted in Figure 3.13. The
prediction error of the model was calculated using Equation 3.13. The % RSD for retention
time of EFV in relation to the predicted retention time was -12.04%, peak resolution -3.69 %
and peak tailing value of 1.091. The low value for calculated prediction error indicates the
applicability and robustness of the mathematical model used to determine the optimized

conditions [373].

o (experimental value — predicted value)
Prediction error = - x 100
experimental value

Equation 3.16
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Figure 3.138. Chromatogram for the separation of EFV 250 ug/mL and LRT 150 ug/mL

There were many solutions produced from the optimization criteria and also the overlay plot
of the desired area where the optimization criteria were met is depicted in Figure 3.14 and the
area shown in yellow, this show that only a small region of the design space in grey where the

% ACN was < 67.5 % at pH 5.3 did not meet the criteria.
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Figure 3.14. Overlay plot of the desirable area (yellow) derived using the specified optimization criteria listed in Table 3.14

3.6 Method validation

Validation of an analytical method is a process used to ensure the performance of the method
meet the requirements of the method for its intended purpose [374]. Method validation includes
an assessment of the adequacy of the analytical procedure using statistics, linear regression
analysis and determination of the relative standard deviation. The method should be reliable,
precise, accurate and robust when used by all analysts when using similar or equivalent
instruments or conducting analysis on different days throughout the lifecycle of a product.
Therefore validation parameters include accuracy, precision, linearity, range, limits of
detection (LOD) and quantitation (LOQ), selectivity and be stability indication with system
suitability assessed on daily basis, therefore the optimized method was validated according to

ICH guidelines [375].

3.6.1 Linearity and Range

Linearity is defined as the ability of a method to produce test results that are directly

proportional to analyte concentration over a specific range [376]. The mean peak area ratio of
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EFV/LRT generated using the HPLC method was plotted against corresponding serially diluted
concentrations to produce a calibration curve. The linearity of the calibration curve is depicted
in Figure 3.15. To generate the calibration curve eight efavirenz standards over the
concentration range from 17.5, 35, 70, 105, 140, 175, 227.5 and 280 pg/mL were analysed in
triplicate, the table of results is reported in Appendix 1 in Table 7.2. Linear regression analysis
resulted in an equation for the line y=0.0144x - 0.0579, and the goodness-of-fit (R?) was
0.9988 indicating a linear relationship exists between the concentration of analyte and ratio of

area under the peaks.

w
W

y=0.0144x - 0.0579
R2=0.9988

EFV/LRT Peak area ratio

o
[

0 50 100 150 200 250
Concentration (ng/mL)

Figure 3.15. Typical calibration curve obtained by the chosen optimized HPLC conditions.

To establish the linearity of a method, a correlation coefficient > 0.99 is considered sufficient
over the tested range. The y-intercept should be < 2 % of the concentration closest to zero. For
this calibration curve the y-intercept was y 0.018 % of the response and therefore these data

satisfied the criteria for linearity [377].

3.6.2 Precision

The degree of scatter of a set of data around a point is known as precision and is assessed
using multiple injections of solutions of known concentration and evaluating the percent RSD
around each point [378]. There are three levels of precision viz., repeatability or intra-day
precision, intermediate or inter-day precision and reproducibility or robustness which evaluates
the analysis between laboratories or analyses conducted by different analysts. The percent RSD

tolerance level at all three levels of precision is set at <5 % for in vitro analysis [379,380].
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3.6.3 Intra-day precision

Intra-day precision or repeatability studies are conducted to establish if an analytical method
yields accurate and precise results when used under the same operating conditions or when
experiments are conducted on the same day [381]. According to the ICH guidelines at least
nine analyses are necessary for precision studies to be valid. For this study, repeatability was
determined by analysing three different concentrations viz., 5, 25 and 100 pg/mL each sample
prepared and analysed in triplicate, representing a low, medium and a high concentration
respectively and calculating the % RSD at each concentration. The % RSD at all levels was <
5 % and the results shown in Table 3.16 indicating that the method was repeatable, and the

intra-day precision of the method is adequate.

Table 3.16. Intra-day precision data for analysis of EFV.

Efavirenz Concentration Calculated concentration % RSD
pg/mL Mean + SD
pg/mL
Low 5 4.87+0.031 0.98
Medium 25 24.96 +£0.19 1.14
High 100 100.94 £ 0.077 1.10

3.6.4 Inter-day precision

Intermediate precision is the variability in data that may occur when a method is used in the
same laboratory at a different time or condition(s) [382]. The results of inter-day precision
studies are summarized in Table 3.17. Inter-day precision experiments were undertaken on
three consecutive days at three concentration levels, viz., low (5 pg/mL), medium (25 pg/mL)
and high (100 png/mL) as the average of 3 replicates. At all levels, the SD was < =+ 1.05, the %

RSD was < 5% indicating that the analytical method exhibited adequate intermediate precision.

Table 3.17. Inter-day precision data for EFV.

Day Theoretical Actual RSD %
concentration Concentration
pg/mL Mean + SD pg/mL

5 5.27+0.007 0.72

Day 1 25 26.03 +0.013 041
100 98.8 = 0.090 0.53

5 5.14+0.071 0.28

Day 2 25 23.7+0.101 1.09
100 101.8 +0.029 0.87

5 4.79 £ 0.075 0.36

Day 3 25 24.8+0.053 0.29
100 102.4 +£0.048 0.38
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3.6.5 Accuracy

The accuracy of an analytical method is a measure of closeness of experimental data to an
accepted reference [383]. The ICH recommends acceptance criteria for accuracy at % RSD <
5% determined at three different concentration levels. Three levels of EFV concertation
samples of 5, 50 and 100 pg/mL were prepared in triplicate and analysed by HPLC against
their theoretical concentrations. The resulting mean at each level and % RSD are given in Table
3.18.

Table 3.18. Accuracy results for RP-HPLC analysis of EFV (n=3)

Theoretical concentration pg/mL Actual concentration % RSD % Bias
mean + SD
5.0 4.94+0.18 1.07 -1.21
50 50.31 +0.09 0.52 0.616
100 101.47 £0.12 0.98 1.47

Bias is a calculated measure of the extent of deviation of an experimental data set from the true
value and is determined using Equation 3.14 [384]. The ICH acceptance criterion for % bias is
<2 %. The data summarized in Table 3.18 indicate that the method meets the criteria set for
accuracy and bias. The resultant % RSD values were all < 5%, indicating that the analytical
method is accurate and suitable for use, in addition, the largest value for % bias was 1.47 %,

which indicates that no value deviated by > 5% of the stated value or theoretical value.

) Actual value — Theorectical value
% Bias = X 100
Actual value

Equation 3.17

3.6.6 Limits of quantitation and detection

The limit of quantitation (LOQ) of an individual analytical procedure is defined as the lowest
concentration of analyte that can be reliably measured using the analytical procedure [385].
The limit of detection (LOD) is the lowest concentration of an analyte in a sample that can be
detected but not necessarily quantified using the experimental conditions of the analysis [386].
Signal to noise (s/n) ratios can be used to establish the LOQ and LOD, and ratios of 3:1 or 2:1
and 10:1 are used for these parameters, respectively [387]. The s/n ratio is calculated by
dividing the peak height of a signal by the range of the baseline noise observed for the analytical

method [375]. The LOQ is generally a compromise between the lowest concentration detected
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or the sensitivity and acceptable precision and accuracy for the method. UV detectors generally
exhibit diminished precision when monitoring low concentration samples due, in part, to a
gradual loss of sensitivity of detector lamps as they age or due to different for different makes
and models [388]. The LOQ can be determined based on the standard deviation of the response
and the slope. The limit of quantitation may be estimated using Equation 3.16. The LOD was
determined based on the standard deviation of the response and the slope of the calibration

curve using Equation 3.15.

LOO = 100
¢=-
Equation 3.18
LOD = 3.30
S
Equation 3.19

Where,
o = standard deviation of the response

S = slope of the calibration curve

The slope (S) is estimated from the calibration curve for the analyte and an estimate of o may
be determined by using a specific calibration curve with sample concentrations of the analyte
in the range of the LOQ and LOD. The y-intercept of the least squares linear regression line
may be used as the standard deviation [389]. The LOQ can be determined following sequential
injection of samples prepared from a standard stock solution with decreasing concentration of

the analyte of interest and the lowest standard concentration with a % RSD <5 % is the LOQ.

The LOQ and LOD were determined using the % RSD approach by analysing different
concentrations of EFV (n=6) and the LOQ data were generated are listed in Table 3.19. A %
RSD of <5 % was observed at 0.5 pg/mL, therefore this concentration was considered to be

the LOQ. The LOD calculated as a third of the LOQ which was therefore 1.5 ug/mL.

Table 3.19 LOQ data for HPLC analysis of EFV.

EFV Concentration SD % RSD
pg/mL
1 0.0418 0.85
0.75 0.0252 1.31
0.5 0.0143 2.86
0.25 0.0068 5.24
0.1 0.0170 6.07
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3.7 Forced degradation studies

Forced degradation or stress studies are a crucial step for validation of methods. A stability
indicating HPLC method must monitor changes in the chemical, physical, and microbiological
properties of a compound over time [390]. The HPLC method must also be able to accurately
quantitate the analyte without interference from degradation products and/or impurities [341].
Recommendations by regulatory authorities of analytical methods used in industry also
invariably call for forced degradation studies such as for example that listed in the ICH drug
stability test guidance Q1A (R2) where stress studies on a drug to establish its inherent stability
characteristics to support the suitability of the proposed analytical procedure(s) are
recommended [391]. In addition to establishing specificity, forced degradation studies also
provide information relating to degradation pathways of a compound, structural elucidation of
degradation products, determination of the intrinsic stability of a compound in a solution and
solid state. Stress studies are used to determine the thermolytic, hydrolytic, oxidative, and
photolytic degradation mechanisms of an active compound [392]. Forced degradation studies
were conducted by exposing EFV to acidic, alkaline, neutral hydrolytic, dry heat and
photolytic, conditions prior to analysis using the developed RP-HPLC method [393]. The
degradation of API up to 10 % of the original label claim is set as the limit of stability and
tolerance levels between 10 and 15 % degradation were set for this study [394]. HPLC analysis
of EFV was performed with pure EFV sample and the chromatogram is depicted in Figure 7.5

in appendix 1.

3.7.1 Dry heat degradation

To perform dry heat stress studies, 250 mg efavirenz powder was weighed then placed on a
glass petri dish, covered with aluminium foil then placed in an oven (Gallenkamp®,
Loughborough UK) set at 90 °C for 8 hrs after which a 100 pg/mL stock solution was prepared
by dissolving 10 mg of the EFV powder in 100 mL in an A-grade volumetric flask with 70: 30
ACN/H»o0 v/v and analysed using the HPLC conditions in section 3.5.2. Approximately 99.65
+0.102 % of EFV was recovered i.e., not degraded.

3.7.2 Neutral Hydrolysis

Neutral hydrolysis studies were performed by refluxing an aqueous solution of API for 12

hours. 50 mL of 100 pg/mL solution of efavirenz was mixed with 50 mL of HPLC grade water,
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the resultant mixture was refluxed at 70° C for 8 hours. The sample was allowed to cool down
to room temperature before HPLC analysis. The extent of degradation under these conditions
was determined and 98.89 + 0.273% of EFV was recovered suggesting that EFV is quite stable

under neutral degradation due to its nonpolar nature [395].

3.7.3 Acid degradation

As per ICH Q1A (R2) recommendation [372,396]. A 50 mL solution of 100 pg/mL efavirenz
was refluxed with 50 mL 0.1 M HCL at 90 °C for 8 hours. The solution was allowed to cool to
room temperature prior to HPLC analysis. The extent of degradation was somewhat slower in

acidic conditions with 97.9 + 0.73 % of EFV which was recovered.

3.7.4 Alkali degradation

A solution of 50 mL of 100 nug/mL efavirenz was refluxed with 50mL of 0.1 M sodium
hydroxide (NaOH) at 90 °C for 8 hours. The solution was allowed to cool to room temperature
(22 °C) prior to HPLC analysis. Degradation peaks observed on the chromatogram indicate
that EFV is susceptible to alkaline hydrolysis with a 3.69 +0.107 % quantity of EFV recovered.
Hydrolysis was rapid and the extent of degradation was more pronounced. At t = 0 hours only
8.3 % EFV was recovered with the resulting chromatogram, given in Figure 7.6 in appendix 1,

and at t = 1.5 hrs only 4.5 % of EFV was recovered.

3.7.5 Temperature stress studies

Temperature stress studies were performed by exposing 100 pg/mL solution of EFV in 70:30
v/v ACN and water to heat at 80 °C for 8 hours using a Colora Model NB-34980 Ultra-
Thermostat water bath (Colora, Lorch, Germany) and allowed to cool to room temperature (22
°C) prior to HPLC analysis. Degradation was observed with 46 + 0.89 % of EFV recovered,

the resulting HPLC chromatogram is given in Figure 7.7 in appendix 1.

3.7.6 Oxidative degradation studies

Oxidation stress studies were performed using hydrogen peroxide as the oxidising agent. A 50
ml solution of efavirenz 100 pg/ml was refluxed with 50 mL 3 % v/v hydrogen peroxide at 70

°C for 8 hours. The mixture was cooled to room temperature (22°C) prior to HPLC analysis.
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38.4 £ 1.34 % of EFV was recovered i.e., not degraded, the resulting HPLC chromatogram is
depicted in Figure 7.8 in appendix 1.

3.8 Application of method

3.8.1 Assay of efavirenz containing tablet dosage form

Branded efavirenz tablets 600 mg were used for the assay. Twenty tablets were weighed using
a Mettler Toledo balance (Mettler® Instruments Inc, Zurich, Switzerland) and crushed using a
mortar and pestle. An amount equivalent to 10 mg of efavirenz was weighed and dissolved in
100 mL of an ACN: Water mixture (35: 65) v/v in an A-grade 100 mL volumetric flask. The
resulting solution was filtered twice using Millipore® automation compatible 0.45-um PVDF
membrane syringe filters from (Merck Group, Darmstadt, Germany) then analysed using RP-

HPLC. A summary of the results is presented in Table 3.20.

Table 3.20. Assay data of efavirenz containing tablets.

Product Theoretical efavirenz Actual RSD % (n=3)
efavirenz
Aspen 10 9.92 1.021
Erige 10 9.98 0.965
Adcock 10 10.02 0.084
Cipla 10 9.94 0.994

3.9 Conclusions

A reversed phase HPLC method for the in vitro quantitation of EFV was successfully
developed, validated and subsequently applied to the assessment of commercially available
dosage forms. The linearity of the EFV/LRT peak area ratio versus EFV concentration was
demonstrated and statistical analysis proved that the method is repeatable for the analysis of
EFV as raw material drug and in pharmaceutical formulations producing a separation that was
free from interference by the excipients. The method was also linear and precise, and the total
chromatographic run time was under 8 minutes which permits the analysis of a large number
of samples in a short period of time. LRT was selected for use as the IS due to its retention time
relative to that of EFV. The chromatographic conditions yielded sharp, symmetrical peaks with
a high degree of resolution between EFV, and LRT were well separated and resolved, and the

retention times were approximately 4.4 and 6.3 minutes, respectively.
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RSM is a collection of mathematical and statistical techniques that are used to model and to
analyse problems in which input variables affect outputs or responses. Of the types of RSM
available, a CCD approach was adopted and used to evaluate several input variables that
affected analytical method performance. During method development, ACN content (X1),
buffer pH (X2) and column temperature (X3) were investigated as input variables in twenty
experiments. Their impact on three critical quality attributes of the separation viz. retention

time of EFV (Y1), resolution of EFV (Y2) and tailing of EFV (Y3) were investigated.

The results of statistical analysis revealed that the models used to fit the data are suitable to
navigate the design space. 3D response surface plots facilitated the explanation of the
interactive effects of input variables on the responses monitored and predicted values were in
good agreement with experimental values. The ACN content had a significant effect on the
retention time for EFV and the peak resolution between EFV and LRT. As ACN % increased,
the retention time decreased. The pH of the buffer had a significant impact on the retention
time for EFV. As the pH of the buffer increased, the retention time also increased. An increase

in column temperature resulted in a slight decrease in the retention time.

The solution chosen from optimization criteria had chromatographic conditions that required a
mobile phase of a mixture of ACN and 5SmM tri-acetate buffer (pH 4.5) in an 80:20 % v/v ratio
respectively delivered at a flow rate of 1 mL/min. The optimised method was validated
according to ICH, USP and FDA guidelines and forced degradation studies were performed.
EFV was observed to be relatively stable under dry heat stress, acid degradation and neutral
hydrolysis but significant amounts of EFV were degraded under alkali conditions, high
temperature in solution and oxidative stress studies. Commercially available EFV tablets were
successfully analysed. The main advantage of this method over existing methods is its
simplicity, low cost and speed which renders it applicable for use in low-income areas. This
method was applied to the evaluation of the API content and release of EFV SEDDS during

formulation development and assessment studies.
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CHAPTER 4

PREFORMULATION STUDIES FOR THE DEVELOPMENT OF EFAVIRENZ
LOADED SEDDS

4.1 Introduction

Pre-formulation studies are performed to identify incompatibilities between an Active
Pharmaceutical Ingredient (API) and potential excipients since incompatibilities such may
have significant implications for long term stability, dissolution and bioavailability of the API
[397,398]. Pre-formulation studies are an important component of risk management required
by regulatory agencies where understanding and identifying critical raw material attributes
necessary for the successful development of an optimised dosage form [399,400]. Pre-
formulation studies may minimize the risk of unexpected stability or incompatibility occurring
during product development thereby avoiding an increase in the time and cost of product

development activities [401].

Pre-formulation aim to detect and identify different types of interaction between an API and
potential excipients including but not ,limited to physical interactions which are usually
difficult to detect when formation or destruction of chemical bonds in a compound are not
evident [402]. Physical interactions may affect the manufacturing process or manifest as a
change in taste, colour, and smell of an API and may be due to crystallization and/or
segregation of a product following manufacture. Chemical interactions between an API and
potential excipients may affect the stability of a product and consequently result in degradation,
polymorphic transitions, oxidation, hydrolysis, dehydration, isomerization, photolysis or
esterification which are some of the common chemical interactions that have been observed
between an API and potential excipients [403,404]. During pre-formulation activities the
solubility, melting point and other physicochemical properties of excipients and API should be
identified as these may be used to elucidate potential incompatibilities or manufacturing
challenges as different molecular conformations of an API may exhibit different interactions
with excipients inducing different therapeutic activity or instability with reduced performance

of the formulation or product a direct consequence thereof [405].

Despite the importance of pre-formulation studies, no universally accepted protocol is
available. Several spectroscopic techniques have been used for such activities including Fourier

Transform Infrared Spectroscopy (FTIR), Raman spectroscopy and X-ray diffraction (XRD)
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for identification of amorphous, crystalline and polymorphic forms of an API [406—408].
Different crystalline, amorphous, and hydrate forms of a compound may display different
physical, thermal, dissolution and bioavailability characteristics to each other [283,409]. FTIR
spectroscopy detects vibrational changes, if any, and a reduction in peak intensity,
appearance of new absorption bands , or the disappearance of signal peaks may indicate the
existence of potential interactions between an excipient and API or be evidence of potential
intermolecular interactions between the components of a dosage form [410]. Raman
spectroscopy and XRD are valuable for distinguishing the presence of different phases or
polymorphs as a consequence of by their unique diffraction pattern. Since the choice of
polymorph is important in relation to properties such as solubility, bioavailability and stability

it is vital these be identified during pre-formulation activities [140,411].

4.2 Screening and selection of excipients

Excipients typically form the majority of a dosage form, consequently knowledge and
characterization of excipients is necessary to predict dosage form performance attributes [412].
The performance criteria to be met by excipients for different routes of administration are
outlined in the United States Pharmacopoeia (USP), European Pharmacopoeia (pH.Eur.) and
Japanese Pharmacopoeia (JP) including quality attributes and test procedures required to assure
the quality of pharmaceutical products in which they are used [413-415]. The guidelines
recommend that all materials must be non-toxic, safe and physiologically inert and must be

generally regarded as safe (GRAS) materials [416].

Knowledge of excipient performance can be used to justify selection of quality attributes of an
excipient, product and product specifications [417]. The solubility of an API in excipients is
an important factor that can be determined experimentally using thermodynamic and kinetic
solubility approaches, Since most API are developed for oral administration, adequate aqueous
solubility vital to ensure bioavailability and small unit doses are preferred from a patient
convenience and adherence perspective [418]. The selection of excipients for SEDDS
formulations is dependent on the ability of excipients to solubilise API in addition to their
capability to self-emulsify in with the surfactant used [419,420]. The intended target, dosage
form, route of administration and release profile must be considered when identifying and
selecting excipients [415,421]. The optimum combination and quantity of excipients are of

critical importance for the assurance of performance of a formulation or product. Furthermore
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the API and the excipients should exhibit no physical or chemical interactions with packaging

materials or the equipment to use during manufacture and quality control analyses [422].

4.2.1 Vegetable oil triglycerides

Crude edible vegetable oils are relatively cheap, readily available products of green chemistry
with functional food properties that exhibit numerous health benefits for patients and have been
used in LBDDS [423]. Grapeseed, flaxseed and soybean oil are rich in poly-unsaturated fatty
acids including a-linoleic acid which is positively associated with cardiovascular health due to
down-regulation of low-density lipoprotein cholesterol production [424]. Flaxseed oil is a
source of, viscous fibre and phytochemicals such as lignans and protein that have demonstrated
clinical activity and is one of the six plant materials currently under investigation of as a cancer-
preventive food [425]. Diets rich in a-linoleic acid inhibit lymphocyte proliferation and the
immune response in healthy humans and thus may be beneficial to individuals that present with
autoimmune disorders [426]. Epidemiologic studies reveal little evidence to suggest that
vegetable oils contribute to cardiovascular disease, cancer, or inflammation, nevertheless,
consumption of these in quantities higher than recommended must be carefully considered
since insufficient data to adequately evaluate adverse effects at higher levels of intake exists

[427].

Vegetable oils are primarily comprised of triglycerides which are classified according to the
fatty acid chain or hydrocarbon chain length which may range between 4 and 28 carbons. Fatty
acids of < 6 carbons are short chain, between 6 and 12 carbons are medium chain and from 13
to 21 carbons) are long chain compounds [428]. The typical compositions of some selected
vegetable oils are summarized in Table 4.1 as average amounts taken from various literature
where, saturated fatty acid (SFA), mono-unsaturated fatty acid (MUFA) and poly-unsaturated
fatty acid (PUFA) content are listed.
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Table 4.5 Typical composition of some common vegetable oils, * = < 2 % Adapted from [429—431].

SFA MUFA PUFA
Fatty acid composition (% w/w) Palmitic Stearic Palmitoleic Oleic Eicosenic Linoleic Linolenic
Cigo Cis:o Cie1 Cisu Cao:1 Cis2 Cis:s
Flaxseed oil 6 * * 19 * 14 50
Soybean 10 4 * 18 0 55 13
Macadamia oil 13 * 36 51 2 * *
Grapeseed oil 6 3 * 14 * 74 *
Olive oil 16 2 * 62 * 16 *
Sunflower oil 6 3 0 17 0 74 *
Canola oil 5 2 * 55 * 24 8

The distribution and fatty acid content of oils differs depend on the source plant and process
technology used for the production therefore chemo-metric and principal component analysis
was undertaken to evaluate oils [432]. Soybean oil is composed of five fatty acids viz., palmitic
(16:0), stearic (18:0), oleic (18:1), linoleic (18:2) and linolenic acids (18:3). The percent
composition of these fatty acids was 10%, 4%, 18%, 55%, and 13%, respectively on average
of which the principal component linoleic acid constitutes the largest proportion [433]. Olive
oil is constituted of oleic Cis.1 in compositions of between 55 % and 83 % [434]. Linoleic acid
is the predominant fatty acid in sunflower seed oil and grapeseed oil constituting > 60% of the
total composition with approximately 8-15% saturated fatty acids which is mainly palmitic and

stearic acid [435,436].

Vegetable oil triglycerides structures have three hydrocarbon chains linked to a glycerol
backbone by ester bonds and long chain saturated triglyceride stearic acid denoted Cigoi.c. 18

carbons and zero double bonds is depicted in Figure 4.1.
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Figure 4.19. Schematic representation of the structure of stearic acid triglyceride, saturated hydrocarbon chain with zero (o)

double bonds.

The chain length and saturation extent may play a crucial role in the characteristics of the
emulsion system, the effect of these differences in chain length and saturation in vegetable oil
may be confirmed as the reason why the oils may have varied dissolution capacity of each oil
to EFV, and the fluidity of the emulsion formed. It is important therefore to assess such
interaction of vegetable oil triglycerides with specific compounds for future reference in drug
formulation development studies. MCT and LCT may also present with different transport
routes where MCT are directly transported by the portal blood to the systemic circulation,
whereas the LCT are transported via the intestinal lymphatics. The LCT are likely to augment
the lymphatic transport of a lipophilic drug substance leading to enhance oral bioavailability

[437]. The structure of mono-unsaturated triglyceride oleic acid Cis.1 is depicted in Figure 4.2.
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Figure 4.210. Schematic representation of the structure of oleic acid triglyceride, mono-unsaturated hydrocarbon chain with
one (1) double bond.

The structures of poly-unsaturated linoleic triglycerides (Cis.2) and linolenic (Cis:3) acid are

depicted in Figures 4.3 and 4.4 respectively.

Figure 4.3. Schematic representation of the structure of the linoleic acid triglyceride, poly-unsaturated hydrocarbon chain
with two (2) double bonds.
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Figure 4.4. Schematic representation of the structure of linolenic acid triglyceride, poly-unsaturated hydrocarbon chain with

three (3) double bonds.

Vegetable oils may also contain a wide range of minor components such as sterols, tocopherols,
carotenoids, phenolic, chlorophyll, free fatty acids and other minor derivatives in addition to
trace metal ions [438]. The intensity colour of the bulk oil depends on the presence of colouring

pigments such as carotenoids and chlorophyll [439].

4.2.2 Surfactant mixture system

The surfactant system used is generally comprised of a surfactant and co-surfactant which
ensures maximum solubility and miscibility of the components of the formulation system and
are critical parameters to establish during pre-formulation activities as this translates to isotropy
and dispersity indexes as described § 2.6.2. Non-ionic surfactants specifically Tween® 80 and
Span® 20 are non-toxic profile and do not contain an ionisable group which makes these less
sensitive to pH changes and the presence of electrolytes whilst minimizing interactions with
cell membranes when compared to anionic and cationic surfactants [440,441]. Consequently
non-ionic surfactants are preferred for oral and parenteral formulations because of their low
tissue irritation and toxicity potential [204]. Polysorbates are emulsifiers used in
pharmaceutical, cosmetic and food preparations to solubilize essential components or oils into
water-based products. Polysorbates are oily liquids derived from ethoxylated sorbitan (a
derivative of sorbitol) esterified with fatty acids, Tween® 80 has an HLB value of 15 and is

water soluble whereas Span® 20 with a HLB value of 8.6 is oil soluble [442]. Organic solvents
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such ethanol and propylene glycol are often used to improve the solubility of compounds, are
readily available and easy to process however specific attention to safety issues, particularly
in paediatric patients is required and adherence to regulatory guidelines as described in Chapter
2 a necessity [208,443]. Some properties of co-solvents such as ethanol which make it an

antimicrobial preservative impart additional stability to emulsion systems [444].
4.3 Experimental

4.4 Materials

Cold pressed flaxseed, soybean, sunflower, olive, grapeseed and macadamia oils were
purchased from Escentia products (Johannesburg, Gauteng, South Africa). Span® 20 and
Tween® 80 were purchased from Merck (Johannesburg, Gauteng, South Africa). Ethanol was
purchased from Anatech (Olivedale, Gauteng, South Africa). EFV was donated by Adcock
Ingram® Limited (Wadeville, Gauteng, South Africa).

4.4.1 Solubility studies

The solubility of EFV in the different vegetable oils was determined by adding an excess of
efavirenz to 5 mL of flaxseed, sunflower, soybean, macadamia, grapeseed and olive oil in
Kimax® test-tubes sealed with a Teflon®-lined screw cap (DWK Life Sciences, Hattenbergstr,
Mainz, Germany). The tubes were agitated with the aid of cylindrical BRAND® (Wertheim,
Germany) PTFE 5 mm x 2 mm magnetic stirrer bars at 100 rpm for 48 hours at room
temperature (22 + 2°C) using an FMH STR-MH hot plate magnetic stirrer (Lasec® Group,
Cape Town, South Africa). Samples were removed and centrifuged using a Damon IEC HN-
SII centrifuge (Thermo Scientific, Waltham, MA, United States of America) at 3000 rpm for
15 minutes after which a 500 pL aliquot of the supernatant was collected and added to 50 mL
ethanol and water in a 3:2 v/v ratio prior to filtration through a Millipore® automation
compatible 0.45-um PVDF membrane syringe filter from (Merck Group, Darmstadt,
Germany). The concentration of EFV in the oils was determined using the validated HPLC

method described in Chapter 3.

4.4.2 Phase behaviour and pseudo-ternary phase diagram construction
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The water titration method was used to construct phase diagrams and identify the type of
emulsions that result following emulsification in addition to characterizing the behaviour of
mixtures along dilution paths [445]. Preliminary studies with mixtures of flaxseed oil and a
Tween® 80 and Span® 20 surfactant 1:1 m/m mixture in 9:1, 4:1, 7:3, 3:2, 1:1, 2:3, 3:7, 1:4
m/m ratios and Winsor type I products with no isotropic regions were produced at 22 + 2° C
following 48 hours of incubation. Therefore, a surfactant, co-surfactant and co-solvent mixture
was investigated for further phase behaviour evaluation. Surfactant solutions of Tween® 80,
Span® 20 and ethanol were mixed using a Genie two vortex mixer (Scientific Industries Inc.
™ Bohemia, New York, United States of America) at 800rpm for 30 + 2 seconds. Three
surfactant mixtures viz., S1, S2 and S3 comprised of combinations of ethanol: Tween® 80:
Span® 20 in 0.5:1:1, 1:1:1 and 1.5:1:1 m/m ratios were prepared and added to flaxseed oil to
produce pseudo-binary solutions in 9:1, 4:1, 7:3, 3:2, 1:1, 2:3, 3:7, 1:4, 1:9 m/m ratios to
produce surfactant and oil mixtures in Kimax® test-tubes (DWK Life Sciences, Hattenbergstr,
Mainz, Germany). The pseudo-binary pre-concentrates mixtures contained no additional water.
To minimize the effect of water, 500 mL > 98 % ethanol was placed in a Schott Duran bottle
(DWK Life Sciences, Hattenbergstr, Mainz, Germany) containing 300g of 3A and 4A ina 1:1
m/m ratio as molecular sieve pellets from (B & M Scientific, Cape Town, South Africa). The
bottle was sealed and kept at room temperature for 7 days [446,447]. The ethanol was then
degassed under vacuum with the aid of a Model A-2S Eyela Aspirator degasser (Rikakikai Co.,
Ltd, Tokyo, Japan) and filtered through a 0.45 pm HVLP Durapore® membrane filter
(Millipore® Corporation, Bedford, MA, United States of America) prior to use. Each of the
ratios tested represent a dilution line from one to nine on the Gibbs phase triangle depicted in
Figure 4.5 on which dilution line is depicted as red crosses. Water was added in 5 £ 1%
increments to each pseudo-binary mixture following the titration chart summarized in Table 2
and after 48-hour incubation at room temperature, 22 + 2° C the regions of the phase diagram
were identified and characterized visually for Winsor behaviour prior to further

characterization of pre-defined formulation attributes.

The titration chart and Gibb’s triangle plots were developed using Triplot version 4.1.2
software (Todd A. Thompson, LA, USA). Points located within the phase diagram were
observed and evaluated against Winsor phase behaviour descriptions viz., Winsor I, II, III and
IV as described in Chapter 2. The data were plotted as a phase diagram and graphical overlay

plot using a Triplot software spreadsheet. The resultant pseudo-ternary phase diagrams for
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surfactant mixtures S1, S2 and S3 are a representative sample of the types of structures that

form when different amounts of ethanol are used.

Surfactant mixture

70

oil 90 80 70 60 50 40 30 20 10 Water

Figure 4.511. Pseud-ternary phase diagram and dilution line (in red points) used to plot diagrams, points in red represent Pl

to P20 along dilution line 9 beginning from 10 % flaxseed oil using Table 4. 2.

The nine pseudo-binary solutions mixtures produced along the oil and surfactant mixture
baseline in Figure 4.5 from 10 % w/w flaxseed oil at P1 to 90 % w/w flaxseed oil were vortexed
using a Genie two vortex mixer (Scientific Industries Inc. ™, Bohemia, New York, United
States) and placed into a clear Falcon® 24-well cell culture microplate with a lid (Corning® Inc,
New York, United States). The bottom surface of the plate was placed onto a Xerox
WorkCentre 3655 scanner (Xerox™, Norwalk, CT, United States of America) with the top
surface lid and sides covered with clean white background paper. The transparency and
turbidity of the phase diagram dilution line ratio mixtures were visualized using the scanner in
addition to determining the droplet size, PDI and Zeta Potential. The images for each of the
pseudo-binary solutions and corresponding droplet size, PDI and ZP elucidated immediately

within 6 minutes of vortexing are reported given in the results in section 4.4.2.

The mixtures used to generate points P1 to P20 summarized in Table 4.2 and Figure 4.5

represent 5 % w/w increment points from 0 % water to 95 % water approaching the water
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vertex along dilution line 9 for surfactant mixture 1 (S1). The electrical conductivity was
measured using a FiveEasy™ F30 Conductivity meter (Mettler Toledo, Greifensee,
Switzerland) for these solutions and was used to classify emulsion microstructure and establish
if w/o or o/w emulsions had been formed as o/w systems exhibit higher electrical conductivity
than w/o emulsions [448]. Electrical conductivity measurements along dilution line nine from
the pseudo-binary solutions of the surfactant/oil phase to the water vertex suggest that phase-
inversion of system from a w/o to an o/w nano or micro-emulsion occurs at a specific point or
range of values between P7 and P12 highlighted and summarized in the titration chart in Table
4.2.

Table 4.2 Titration chart for each dilution line to generate data to plot phase diagrams with proportions of each component
in the nano-emulsion along dilution line 9.

Water
addition Oil S1 Water Total S1 Oil Water Conductivity
points on mg mg uL mg % % % pSem™!

dilution line

P1 250 2250 0 2500 90.00 10.00 0.00 0.18
P2 250 2250 133 2633 85.45 9.49 5.05 0.2
P3 250 2250 280 2780 80.93 8.99 10.07 0.28
P4 250 2250 440 2940 76.53 8.50 14.96 0.45
P5 250 2250 625 3125 72.00 8.00 20.00 0.96
P6 250 2250 835 3335 67.46 7.49 25.03 1.67
P7 250 2250 1075 3575 62.93 6.99 30.06 7.76
P8 250 2250 1350 3850 58.44 6.49 35.06 11.43
P9 250 2250 1675 4175 53.89 5.98 40.11 25.3
P10 250 2250 2050 4550 49.45 5.49 45.05 119.6
P11 250 2250 2500 5000 45.00 5.00 50.00 142.2
P12 250 2250 3050 5550 40.54 4.504 54.95 147.6
P13 250 2250 3750 6250 36.00 4.00 60.00 173.6
P14 250 2250 4625 7125 31.57 3.50 64.91 173.9
P15 250 2250 5875 8375 26.86 2.98 70.14 202
P16 250 2250 7500 10000 22.50 2.50 75.00 261
P17 250 2250 9950 12450 18.07 2.00 79.91 278
P18 250 2250 14275 16775 13.41 1.49 85.09 356
P19 250 2250 22500 25000 9.00 1.00 90.00 389
P20 250 2250 46600 49100 4.58 0.50 94.90 433

4.4.3 Fourier Transform Infrared S Spectroscopy (FTIR)
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Fourier-transform infrared spectroscopy is an analytical technique used to generate infrared
absorption or emission spectra of solid, liquid or gas and permits simultaneous collection of
high-resolution spectral data over a frequency specified to produce a vibrational spectrum
[286]. The FTIR spectrum of a molecule is used as a fingerprint for identification purposes as
it is a unique property of molecules based on the unique structural features of the backbone and
functional groups of the molecule which results in characteristic and reproducible absorption
bands in the IR spectrum of the compound [449]. The IR spectrum also permits identification
of the presence of specific unsaturated bonds and/or aromatic rings and functional groups

including their orientation and location in molecules [450].

The characterisation of EFV, potential excipients and mixtures of EFV and excipients was
investigated using FTIR. The infrared (IR) absorption spectrum of EFV and 1:1 mixtures of
EFV and flaxseed , olive , grapeseed, soybean, sunflower and sesame seed oils, Span® 20 and

Tween®

80 were generated using a Spectrum 100 FTIR attenuated total reflectance
spectrometer (Perkin Elmer® Ltd, Beaconsfield, United Kingdom) over the wave number range
650-4000 cm™!. The mixtures and samples were mounted onto a diamond crystal using an
applied force of approximately 100 N, the spectral data collected and subsequently were
processed using FT-IR Spectrum version 10.5.4 software (PerkinElmer®, Inc Pty Ltd,

Beaconsfield, United Kingdom).

4.4.4 X-ray diffraction (XRD)

XRD may be used to characterise SEDDS and facilitates identification of the state of an API
in a lipid matrix, degree and type of polymorphism and phase behaviour of the components of
the SEDDS, in this case [451,452]. X-ray diffractometers are comprised of an X-ray tube,
sample holder and X-ray detector. Detailed X-rays are generated in a cathode ray tube by
heating a filament to produce electrons, accelerating the electrons towards a target with the aid
of an applied voltage and bombarding the target material with the electrons [453]. When
electrons have enough energy to dislodge inner shell electrons in the target material,

characteristic X-ray spectra are produced.

The characterisation of EFV, potential excipients mixtures of API and excipient was
investigated using XRD. Powder XRD patters were generated using a Bruker D8 Discover
diffractometer (Bellirica, Massachusetts, USA) with a proportional counter and Cu-Ka

radiation and a nickel filter of 1.5405 A. The voltage and current used for the experiments were
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30 kV and 40 mA respectively. The data was collected in the 26 = 10 ° to 100 ° angle range at
a scanning rate of 1.5 °/min with a filter time constant of 0.38 s and a slit width of 6 mm.
Samples were placed onto a silicon wafer and the generated data treated and analysed using
Version 14.0 EVA (evaluation curve fitting) XRD Commander Version 2.61 software (Bruker-
AXS GmbH, Karlsruhe, Germany) with baseline correction performed by subtracting a spline

function fitted to the curved background.

4.4.5 Raman spectroscopy

Raman spectroscopy generates useful structural and property information of molecules from
vibrational transitions [454]. Raman spectra are generated by focusing monochromatic
radiation onto a sample and analysing the resultant scattered light as a function of frequency
and relies primarily on inelastic scattering of electromagnetic radiation by a molecular system
with the scattering effects providing a structural fingerprint which can be used to identify
molecules [455-458]. In general strong FTIR bands are related to polar functional groups
whereas strong Raman bands are a consequence of non-polar functional groups and vibrational
changes in the spectra of molecules serve as probe for potential intermolecular interactions

between the components of a mixture [459].

Raman spectroscopy was used to characterise EFV, excipients and EFV excipient mixtures to
determine if interaction between EFV and components of the emulsion occurred. A Bruker
Vertex 70-Ram II Raman spectrometer (Bruker Optics Inc., Billerica, Massachusetts, United
States of America) equipped with a 1064 nm Nd: YAG laser for excitation in the region of
3400-80 cm™! and liquid nitrogen cooled germanium detector was used to generate Raman
spectra that were acquired at 300 scans per minute. The instrument was set at 300 mW and the
sample was placed in a hemispheric bore of an aluminium sample holder. The spectral
resolution was 4 cm™! and the spectra were processed using OPUS version 6.5 spectroscopy

software (Bruker Optics Inc., Billerica, Massachusetts United States of America).

4.4.6 Differential scanning calorimetry (DSC)

Characterisation of EFV and potential interactions between the API and excipients were
investigated using DSC studies conducted using a Model 6000 Perkin Elmer® DSC

Beaconsfield, England) fitted with an RCS 90 refrigerated cooling system (New Castle, DE,
USA). Approximately 2.5-5 mg of EFV, pure and in 1:1 m/m mixtures of EFV and each
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excipient namely, flaxseed oil, Tween® 80 and Span® 20 and a ternary mixture including
ethanol. These samples were weighed using a Mettler AG 135 top loading balance (Mettler
Instruments, Zurich, Switzerland). An aliquot of the mixtures was placed into a 40 pL
aluminium pan that was covered and placed onto a disc inside the DCS cell of the instrument.
The studies were performed by heating the samples from 30 to 300 °C at a rate of 10 °C/ min
while purging the system with liquid nitrogen at 20 °C/min. The resultant data was analysed

using PyrisTM 6000 Manager Software for Windows (Perkin-Elmer® Ltd, Connecticut, USA).

4.5 Results and discussion

4.5.1 Solubility studies

The results of solubility studies are summarized in Table 4.3.

Table 4.63 Saturation solubility of EFV in vegetable oils.

Vegetable Oil Mean solubility (n=3) + SD

mg/ml
Flaxseed 89.41+£0.12
Soybean 81.53+0.18
Macadamia 71.31+0.12
Grapeseed 69.83+£0.16
Olive 69.55+0.09
Sunflower 55.99 £0.87

The highest solubility of 89.41 mg/ml for EFV was observed in flaxseed oil which was
therefore used as the oil phase for constructing pseudo-ternary phase diagrams for a self-
emulsifying nano-emulsion. In addition to the physicochemical properties of EFV the
molecular volume, polarity of the oil, chain length and saturation or unsaturation of triglyceride
chains of the vegetable oils also influence solubility [460]. Medium chain triglyceride (MCT)
containing oils are best for LBDDS as they are resistant to oxidation and exhibit high solvent
capacity when compared to long chain triglycerides (LCT) oils due to the high effective
concentration of ester functional groups in the oil [149]. However, most of the vegetable oils
selected for this study LCT and Cis chains. As the proportion of the unsaturated component
Cis:3 component or n-3 poly-unsaturated fatty acids of the vegetable oils increase so the
solubility of EFV increases. Flaxseed oil has approximately 50 % Cig3 soybean oil
approximately 9.5 % Cis:3, grapeseed, sunflower and olive oils contain < 2 % Cs:3 as reported

earlier in section 4.2.1.

108



4.5.2 Pseudo-ternary phase diagram construction

Binary solutions of surfactant and oil in all ratios for the surfactant mixtures for dilution line 1
to dilution line 8 exhibited two phases which exhibited Winsor I type phase behaviour on
standing for 30 minutes but formed turbid mixtures following vortex mixing for 30 seconds at
800 rpm. Dilution line 9 or ratio 9 resulted in formation of a transparent and kinetically stable,
isotropic system which exhibited Winsor IV type behaviour for up to 12 months at room
temperature (22°C). The droplet sizes of these ratio mixtures gradually increased as the
proportion of flaxseed oil increased and surfactant content decreased. The surfactant to oil ratio
for the 9:1 pseudo-binary solution resulted in emulsions with the smallest droplet size and
lowest PDI of all ratios tested. A micro- and nano-emulsion region was observed along dilution
line 9 for all three surfactant mixtures tested. The scanned image of binary mixtures of flaxseed
oil and surfactant mixture are depicted in Figure 4.6 with their associated droplet sizes (DS),
PDI and Zeta Potential. The 9:1 ratio mixture is clear and transparent, while the rest of the
ratios form turbid mixtures on vortexing and therefore Winsor type I behavior on standing for

>30 minutes.

Ratio
Sus. : Oil m/m S1 CQA S2 CQA S3 CQA
DS: 185.1 nm DS: 190.3 nm DS:156.8 nm
9:1 PDI: 0.408 PDI: 0.207 PDI.0.266
ZP: -354 mV ZP: -34.4 mV ZP:-43.9 mV
DS: 287.2 nm DS:209.1 nm DS:519.7 nm
4:1 PDI: 0.407 PDI: 0.305 PDI.0.307
ZP:-354mV ZP:-353 mV ZP:-31.0 mV
DS: 322.9 nm DS: 350.7 nm DS:1402 nm
7:3 PDI: 0.412 PDI: 0.72 PDI:0.58
ZP:-40.3mV ZP:-29.9 mV ZP:-33.1 mV
DS: 327.2 nm DS: 804.7 nm DS:829.7 nm
3:2 PDI: 0.277 PDI: 0.682 PDI.0.26
ZP: -349 mV ZP: -33.5mV ZP:-41.9 mV
DS: 436.6 nm DS: 860.5 nm DS:844.3 nm
1:1 PDIL: 0.214 PDI: 0.782 PDI.0.38
ZP:-35.0 mV ZP:-322 mV ZP:-43.8 mV
DS: 295.9 nm DS: 1441 nm DS:774.7 nm
2:3 PDIL: 0.316 PDI: 0.343 PDI.0.22
ZP: -45.8 mV ZP: -37.8 mV ZP:-40.7 mV
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DS: 451.9 nm DS: 2380.7 nm DS:667.2 nm

3.7 PDI: 0.363 PDI: 0.308 PDI:0.69
ZP:-41.0 mV ZP: -37 mV ZP:-40.4 mV
DS: 906.7 nm DS: 1617.7 nm DS:1253 nm

1:4 PDI: 0.236 PDI: 0.411 PDI.0.40
ZP: -47.8 mV ZP: -35 mV ZP:-28.7 mV
DS: 1149.0 nm DS: 1023.1 nm DS:1204 nm

1:9 PDI: 0.201 PDI: 0.709 PDI:0.68
ZP: -38.7 mV ZP: -41.7 mV ZP:-41.7 mV

Figure 4.6. Scanned image investigation of turbidity and transparency for phase identification studies and critical quality
attributes (CQA) droplet size (DS), polydispersity index (PDI) and Zeta Potential (ZP).

Five distinct regions were identified in the phase diagram including a nano-emulsion that is
transparent resembling Winsor IV behaviour, a milky Winsor IV or cloudy isotropic mixture,
a translucent Winsor I, II and III area, a milky Winsor I, II and III and a gel or semi-solid
region. Dilution line 9 formed clear isotropic and transparent nano-emulsions up to 35% v/v

water inclusion until turbidity was reached for surfactant mixture 1 as depicted in Figure 4.7.

Figure 4.712. Pseudo-ternary phase diagram of flaxseed oil with surfactant mixture SI in which a (0.5: 1: 1 m/m ratio of
ethanol: Tween® 80: Span® 20 is used.

Water was added up to 20% v/v for surfactant mixture 2 as depicted in Figure 4.8 and up to

5% v/v for surfactant mixture 3 as depicted in Figure 4.9. Whilst the area of the nano-emulsion
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decreases as ethanol content of the surfactant mixture increases, the milky isotropic and two or
three-phase regions of the o/w emulsion exhibited an increased area whereas the gel region
decreased in size with an increase in ethanol content more than likely due to the flexibility of
interfacial film resulting on disruption of solid structure with an increase in the dimensions of
the area of the fluid phase. The dilute aqueous isotropic regions of cloudy o/w emulsions may
be appropriate for achieving an immediate release effect, due to the ease of dispersion of this
phase in aqueous media [461]. Electrical conductivity measurements along dilution line nine
suggest that phase-inversion of system from a w/o to an o/w micro- or nano-emulsion occurs
at a specific point if not over a range of values as summarized in the titration chart used. The
surfactant mixture for the S1 mixture exhibited the largest nano-emulsion region in the phase
diagram and resulted in the production of the largest number of kinetically stable nano-

emulsions following addition of water.

Figure 4.813. Pseudo-ternary phase diagram of flaxseed oil with surfactant mixture S2 in which a (1: 1: 1 m/m of Ethanol:
Tween® 80: Span® 20).
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Figure 4.914. Pseudo-ternary phase diagram of flaxseed oil with surfactant mixture S3 in which a (1.5: 1: 1 m/m of Ethanol:
Tween® 80: Span® 20).

4.5.3 Fourier Transform Infrared Spectroscopy (FTIR)

The spectrum for EFV is depicted in Figure 4.10 and the data agrees with previously reported

data and a summary of the band assignments is listed in Table 4.4.
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Figure 4.1015. FTIR spectrum of EFV.
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Table 4.4 Observed and reported FTIR signals for EFV [462].

Reported Observed Functional group
cm’ cm’
3097 3095 -CH (Aryl)
2247 2250 C triple bond C
1741 1740 -C=0
1602 1600
1495 1500 -C-F
1396 1400 -CHN (ring)
1362 1362
1317 1318 -CO
1242 1241 -CF
1163 1163 -CF;
1039 1037 -C-Cl
978 976 -CF
923 919 -CCH
889 871 -CcC
850 848 HCCH

The FTIR spectrum for EFV revealed the characteristic signals of the drug with an intense band
due to C=0 stretching vibration of the amide group at 1740 cm™ and CF; stretching band at
1163 cm’!, alkyne C=C at 2250 cm™! with a relatively small intensity relative to other peaks, in

addition, to solvent bands in the 1003 to 720 cm! region [463,464].

The FTIR spectra of 1:1 m/m binary mixtures of EFV and flaxseed, soybean and macadamia

oil are depicted in Figures 4.11, 4.12 and 4.13 respectively.
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Figure 4.1217. FTIR spectrum of 1:1 m/m mixture of EFV and soybean oil.
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Figure 4.1318. FTIR spectrum a of 1:1 m/m mixture of EFV and macadamia oil.

FTIR spectra of 1:1 m/m binary mixture of EFV in vegetable oils revealed the presence of the
characteristic peaks of EFV in the same spectral regions for C=O stretching of the amide group
at 1740 cm’', a CF; stretching band at 1163 cm™, the alkyne C=C bond at 2250 cm™ was
diminished probably due to encapsulation of EFV resulting in obscured peaks of the molecular
drug. Triglyceride functional groups from the oil revealed peaks appearing at 2848 cm™! and
2917.38 cm! for alkane -CH> stretches, asymmetrical and symmetrical and the -CH=CH-

! which is characteristic of vegetable oils [465-467]. The vegetable oils

bending at 720 cm™
have similar functional groups although a different composition of triglycerides, consequently,
it is difficult to detect differences in composition of the oils in this class using FTIR. The spectra
for mixtures of EFV and grapeseed, olive and sunflower oils used are in reported in Appendix
2 in Figure 7.9, 7.10 and 7.11 respectively. No interaction between EFV and the vegetable oils

is evident, and all functional groups are present in all spectra.

The FT-IR spectra of 1:1 mixture of EFV with Span® 20 and with Tween® 80 are depicted in
Figures 4.14 and 4.15 respectively.
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Figure 4.1419. FTIR spectrum of 1:1 m/m mixture of EFV and Span® 20.
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Figure 4.1520. FTIR spectrum of a 1:1 m/m mixture of EFV and Tween® 80.

The FTIR of 1:1 binary mixture of EFV on solution of Span® 80 and of Tween® 20 revealed
the peaks for EFV were present in the molecular state and decreased in intensity and slightly

obscured by the excipients. A reduction in peak intensity is an indication of reduced
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crystallinity, studies were further confirmed by XRD and DSC in section 4.5.5 and section
4.5.6. The spectrum for Span® 20 exhibits a broad peak at 3500 cm™ due to OH groups, at 2918
cm’! for carboxylic acids, at 1732 cm™! for an aldehyde functional group and 1461 cm™ for
alkane and aromatic ring stretches [468]. The spectrum for Tween® 80 reveals the presence of
a number of intense, sharp peaks re due to the a methyl group -CHs at 2918 cm ™!, at 1740 cm™!
attributed to a C=0 and the peak at 1105 cm ™! due to stretching of C—O—C bond [469].

Although EFV peaks were reduced in intensity in 1:1 m/m combinations with Span® 20 and
with Tween® 80, the peaks were presently more intense when EFV was mixed with the ternary
mixture that contained ethanol, this suggests that the ethanolic solution of EFV emulsion
resulted in a predominantly crystalline form of EFV signals seen in XRD and FTIR, this could
possibly be due to predominantly EFV partitioning into the ethanol phase of the mixture with
higher solubility capacity and EFV existing mostly as a crystalline form. The FTIR spectrum
of EFV in a complete mixture with all excipients is depicted in Figure 4.16 and the molecular
peaks of the known and expected EFV functional groups with no shifting of peaks, no
formation of new peak or unexpected functional group was observed indicating that no
chemical interaction occurred between EFV and vegetable oils which suggests stable

formulations can be produced.
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Figure 4.1621. FTIR spectrum of a 1:1 m/m mixture of EFV and a ternary emulsion mixture (1:1:1 m/m of Tween® 80,
Span® 20 and ethanol).
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4.5.4 Raman Spectroscopy

The Raman spectrum for EFV is reported in Figure 4.17. The functional groups for EFV
detected using Raman spectroscopy revealed that all expected signals for pure efavirenz and
blank nano-emulsions were present and are in agreement with previously reported spectral data
[65]. The signal for the -CH> functional group at 3093 cm™!, the C=C bond at 2252 cm’!, the
C=0 bond at 1656 cm! reflect the presence of EFV [470,471]. A comparison of experimentally

determined vibrational wavenumbers to reported data for EFV is listed in Table 4.5.

0,12 4
Pure Efavirenz

0,10

0,08 — 2252

g 0,06 —

0,04

1275

000 | 1444
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T T T 1
1) 1000 2000 3000 4000

Raman Shift (cm-1)

Figure 4.17. Raman spectrum for pure EFV

Table 4.5 Theoretical (reported) and experimental vibrational wavenumbers for Raman spectrum of EFV [472].

Reported Observed Functional group
cm? cm?
3093 3093 -CH2
3071 3072 -CH
3027 3022 -CH
2250 2252 C=C
1752 1750 C=0
1655 1656 -C=C-
1615 1614 Cyclicring
1602 1606 Cyclicring
1500 1504 (-CH) + Ring
1455 1454 “NH
1445 1444
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1364 1367 (-CCH) + (-CH2)

1306 1307 Ring

1275

1170 1170 (-CCH)
1098 1099 -ccl

1032 1039 (HCCH) or (-COC)
977 931 -CCH, -C-C-C
565 564 C triple bond C
543 542 CF3

The Raman spectrum for EFV in flaxseed oil is depicted in Figure 4.18 and reveals the presence
of well-defined bands for EFV circled at 3093 cm™, 2252 cm™, 1656 cm™! and 1444 cm™
indicating that the molecular backbone of EFV remains unchanged in this mixture. Additional
peaks typical of the - CH> group at 2854 cm™' bonded to an unsaturated carbon atom ~CH>—
CH—CH- and 1656 cm™ for -C=C- bond are common in unsaturated fatty acid chains and

are possibly due to the flaxseed oil [473].
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Figure 4.1822. Raman spectrum of a 1:1 m/m mixture EFV and flaxseed oil

Binary mixtures of EFV and each of the surfactants tested are depicted in Figures 4.19 and 4.20
with Span® 20 and with Tween® 80. The characteristic peaks for EFV at 3093 cm™!, 1444 cm’
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"and 1656 cm™ were not present in the spectrum except the signal at 2252 cm™'. This may

indicate once again that EFV has been solubilized or encapsulated.
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Figure 4.1923. Raman spectrum of a 1:1 m/m mixture of EFV and Span® 20
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Figure 4.2024. Raman spectrum of a 1:1 m/m mixture of EFV efavirenz and Tween® 80

The spectrum of EFV and ternary mixtures of emulsion components depicted in Figure 4.21
exhibits all expected peaks of crystalline EFV and the excipients with no shift or formation any
new peaks implying no interaction between EFV and the lipids to use in the formulation.
Similarly, EFV 1:1 m/m mixtures with ternary mixtures of 1:1:1 of Tween® 80, Span® 20 and

ethanol showed the existence of the crystalline form of EFV.

120



0.016

0.014

0.012

o
=

Intensity
f=}
o
(=%
oo

0.006

0.004

0.002

854

500 1000

1500 2000 2500 3000

Raman Shift cm-1

4000

Figure 4.2125. Raman spectrum of 1:1 m/m mixture of EFV and components of a ternary emulsion mixture i.e. 1:1:1 m/m of
Tween® 80, Span® 20 and ethanol.

4.5.5 X-ray diffraction (XRD)

Crystalline material has well-defined edges and tend to have sharp melting points. In contrast,

amorphous material has irregular or curved surfaces, do not give well-resolved x-ray diffraction

patterns, and melt over a wide range of temperatures. EFV exists as Form [ and Form II

polymorphs and the patent literature reveals that all polymorphs revert to Form 1 which is

considered the most stable form [64]. The diffraction pattern for efavirenz depicted in Figure

4.22 reveals the present of peaks at 21.8°,25.1°,27.8°,31.9°,43.9°, and 54.0° that correspond

to the diffraction pattern of the stable crystalline Form I polymorph of efavirenz [464,474].
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The XRD of EFV in 1:1 binary mixtures with flaxseed oil and each surfactant revealed none

of the Form 1 signals, resulting in a single fused peak observed at 20.1° confirming complete

encapsulation of EFV into the molecular state or a possible change from crystalline to an

amorphous state [475]. Depicted in Figures 4.23, 4.24 and 4.25 are the spectra in 1:1 m/m

combination with flaxseed oil, Tween® 80 and Span® 20 respectively. The disappearance of all

EFV crystalline peaks maybe a result of the EFV being in solution and molecular state or

indicate that an amorphous nature of the drug is present in the mixture, other reports have

suggested this may also mask the bitter taste of EFV [476].
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Figure 4.2326. XRD pattern of 1:1 m/m mixture of EFV and flaxseed oil.
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Figure 4.2427. XRD pattern of 1:1 m/m mixture of EFV Tween® 80.
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Figure 4.285. XRD pattern of 1:1 m/m mixture of EFV Span® 20.

The XRD spectrum of EFV in a ternary mixture of surfactants and co-solvent is depicted in
Figure 4.26 reveals the presence of an x-ray pattern for crystalline efavirenz in the ternary
mixture of excipients. X-ray diffraction measurements reveal no evidence of any other
contaminants, phases or existence of different polymorphs within the emulsion mixture. The
X-ray diffraction pattern of EFV in ternary mixtures of API, surfactant and co-solvent reveals

multiple sharp peaks, indicating the presence of the crystalline form I stable polymorph of EFV
[477].
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Figure 4.2629. XRD pattern of 1:1 m/m mixture of EFV and ternary mixture of excipients (1:1:1 m/m of Tween® 80, Span® 20
and ethanol).
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4.5.6 Differential scanning calorimetry (DSC)

The melting behaviour, crystalline and polymorphic nature of EFV and its mixtures with
excipients was evaluated using DSC. The DSC data generated in these studies are depicted in
Figures 4.27 and Figure 4.28 which was identical in all binary mixtures of EFV and Tween®
80, EFV and Span® 20, EFV and surfactant mixture with ethanol (ternary mixtures). The Form
1 crystalline EFV exhibits a single and sharp endothermic peak onset at 136 ‘C and peak
temperature of 140 °C with an enthalpy approximately equal to 124 J/g, this peak is associated
with the melting point of the compound. After melting, an exothermic event is observed at

about 263 °C, characteristic of EFV decomposition [464,536].
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Figure 30.27. DSC thermogram of pure EFV.

The DSC thermogram of 1:1 m/m mixtures of EFV and ternary surfactant mixture of Tween®

80, Span® 20 and ethanol is shown in Figure 4.28, the peak for EFV melting almost
disappeared. This could be a result of interaction that may occur in the form of partial
amorphization, i.e., part of the drug loses crystallinity under analysis conditions or through the
emulsion carrier interacting with the drug, possibly solubilizing EFV with analysis heating or
as the system suffers degradation [537]. As the sample received heat, ethanol in the mixture
evaporated and EFV solubilized partition which is predominantly amorphous is detected by

DSC with result of no sharp peak as see with pure EFV.
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Figure 4.2831. DSC thermogram of 1:1 m/m mixtures of EFV and mixture of (Tween® 80, Span® 20, and ethanol)

4.6 Conclusions

Pre-formulation studies were conducted to characterize and determine the properties of EFV
and excipients that would facilitate the manufacture of SEDDS. The selection of an appropriate
oil, surfactant and co-surfactant for formulation activities was based on the results of solubility
studies conducted with EFV using different vegetable oils and surfactants. EFV exhibited the
greatest solubility in flaxseed oil which was selected as the vegetable oil component of the
SNEDDS formulations to be developed in combination non-ionic Tween® 80 and Span® 20

surfactants.

Pseudo-ternary phase diagrams with flaxseed oil and different combinations of Tween® 80,
Span® 20 and ethanol surfactant mixtures (Smix) Where constructed to guide the selection of oil
and Smix ratios to be used to ensure that nano-emulsions would form in situ when the
formulations were exposed to water. The pseudo-ternary phase diagrams suggest that low
amounts of the oil and high levels of surfactant would ensure the production of clear emulsions

in situ which are indicative of SEDDS of droplet size < 100 nm.

Phase behaviour investigations of component mixtures LBDDS are useful for optimization of
formulations and pre-formulation studies assist in defining appropriate proportions of each
component to use, in addition to facilitation decision making in relation to manufacturing
processes. In this case there is a need to determine whether high pressure or high shear

homogenization can be used. Such decisions are required to ensure that an optimum product
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with pre-defined quality attributes will be produced. The phase behaviour of crude cold pressed
flaxseed oil with non-ionic surfactants revealed an area within the pseudo-ternary phase
diagrams for surfactant mixtures S1 and S2 that formed gels/semi-solid structures which can
be exploited for other drug delivery strategies such as topical application. Extensive pre-
formulation studies are necessary to identify potential excipients for use in SEDDS to ensure
the most suitable excipients for optimum product performance. Complementary analytical
tools and their appropriate application will ensure complete characterisation of appropriate raw
materials and proportions thereof to use for the successful formulation manufacturing

investigated and described in Chapter 5 of this thesis.

The FTIR analysis of 1:1 binary mixture of EFV in solution of Span® 80 and of Tween® 20
revealed the peaks for EFV were present in the molecular state and decreased in intensity and
slightly obscured by the excipients. A reduction in peak intensity maybe an indication of
reduced crystallinity [479]. XRD data revealed that 1:1 m/m binary mixtures of EFV and each
excipient except for ethanol resulted in complete disappearance of the signals for the EFV for
XRD possibly due to a change of crystalline EFV to an amorphous form or the formation of a
complete molecular dispersion of the API in the lipids investigated [478]. The DSC
thermograms of 1:1 m/m mixtures of EFV and ternary surfactant mixture of Tween® 80, Span®
20 and ethanol resulted with the peak for EFV melting almost disappearing which could be a
result of interaction that may occur in the form of partial amorphization to confirm the XRD
result and also possibly due to improved solubility through functionality of self-emulsifying

systems that are readily dispersible in aqueous and/or physiological media [479].
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CHAPTERS

FORMULATION DESIGN, OPTIMISATION AND CHARACTERISATION OF
EFAVIRENZ LOADED FLAXSEED OIL SEDDS

5.1 Introduction

Pharmaceutical formulation development studies are aimed at facilitating the design of a high
performance and quality product. A simple, adaptable and scalable manufacturing process is
desirable to ensure sustainable production of a stable dosage form that exhibits consistent in
vitro and in vivo performance [480,481]. The information and knowledge generated during
pharmaceutical development activities and manufacture provides a rational scientific basis
and understanding to support the establishment of a design space, use clinically relevant
specifications and manufacturing controls for a particular product [482]. While the aqueous
solubility of an API presents formulation challenges as discussed in Chapter 2 once an API is
matched with compatible excipients in which the API is soluble, the proportions of each
excipient required become crucial to ensure the stability, in vitro and in vivo performance of a
SEDDS. Formulation development studies are aimed at producing a pharmaceutical product

with the optimum composition to ensure therapeutic outcomes are achieved [422,483].

The components of SEDDS are selected to achieve maximum API loading that small or
controlled droplet sizes form in the gastrointestinal tract to ensure maximal absorption.
Consequently API loading and droplet size are Critical Quality Attributes (CQA) that for this
formulation development process of SEDDS [150,484]. Other CQA of nano-emulsions include
the droplet size, polydispersity index (PDI) and Zeta Potential (ZP). For optimised drug
delivery, there is a need to understand physiological processes such as hepatic uptake and
accumulation, tissue diffusion, tissue extravasation and renal excretion as a function of droplet

size and/or other CQA.

Reports have shown that nano-carriers in the range 10 nm to 500 nm in size generate a greater
fold increase in surface area to volume ratio and show higher trans epithelial transport and oral
bioavailability compared to other formulation technologies with greater size particles
[153,485]. Mono-disperse nano-carriers of PDI < 0.7 were desired. The ZP has an impact of
particle stability, cellular uptake and intracellular trafficking of emulsion droplets [487].

therefore nano-emulsions with a high positive or negative ZP that are electrically stabilized are
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desired whereas those with a low ZP tend to coagulate or flocculate leading to poor physical
stability of emulsions, hydrophilic and negatively charged nano-carriers permeate rapidly
through the mucus barrier, whereas hydrophobic and less negatively or preferably positively

charged nano-carriers interact much more efficiently with the absorption membrane [253].

5.1.1 Design of experiments and mixtures designs

The optimization of emulsion mixtures to produce a product with predefined taget
specifications through estimation of the effects of formulation components on performance of
the mixture can be achieved using a Design of Experiments (DoE) approach. Experimental
designs such as a Box-Behnken or D-optimal mixture design in combination with Response
Surface Methodology (RSM) has been applied to product formulation development activities
in the food, pharmaceutical and cosmeceutical industries since a reduced number of
experiments are used to generate data for which interactions between input variables can be
identified using statistical tools thereby avoiding the shortcomings of using the traditional one
factor at a time approaches [488—490]. Since the introduction of concepts of Quality-by-Design
(QbD) the maxim that quality of pharmaceutical products should be designed and built into a
product during the development process rather than testing it into the product has been the approach
used for product development [359]. A factorial approach using a CCD was used to optimize an
HPLC method for the analysis of EFV (§ 3.5 in Chapter 3), However since we need to define
a design space mixed experimental designs are required to construct that design space. The
design space of a mixtures design experiment is essentially the set of possible combinations of
the relative proportion of each component in a formulation which must add to a total of one
[491,492]. The design space of a factorial experiment is a set of possible combinations of
independent input variables or components [493]. When the components of a mixture to be
produced are constrained that they must total 1 in a 3-component mixture, then a standard

mixture design is formed and it is depicted as a triangular design space in Figure 5.1.
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Figure 5.132. Schematic representation of standard simple linear and simplex lattice designs.

Simple linear, simplex-lattice and simplex centroid designs are the standard approaches used
for fitting data for mixtures and there is an increase in number of design points and complexity
progressing from simple linear to simplex lattice 2™ degree models [494]. When the
components of a mixture are subjected to additional constraints, such as requiring they fall
between a minimum and maximum for each component, designs other than the standard

mixture design or constrained mixture designs are constructed [495,496].

5.1.2 Surfactant mixture optimization

By way of example for a three-component surfactant mixture prepared using Span® 20 (A)
Tween® 80 (B), and ethanol (C) the input variables for optimization would be the proportion
of each of the components. Consequently, when using statistical modelling for data analysis
the input variables in a surfactant mixture can be considered the vertices of the triangular design
space. Reducing the terms to A, B and C, changing the composition would produce terms that
describe effects of a model viz., A, B, C, AB, AC, BC, A’BC, AB’C, ABC? which are
subsequently tested to identify which term(s) have a coefficient which is significantly different
from 0, in other words is > 0 and can be used to produce information relating to of the
correlation of predicted and observed responses [353]. The largest positive coefficient for a
model term(s) represents those terms that exert the largest effect on a specific response
monitored. The most common empirical models to which experimental data are fitted are
linear, quadratic or cubic models of which the linear model is the simplest and complexity of

the polynomial increased from 1st, 2nd, to 3rd degree respectively [366]. A 4th degree
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polynomial for systems involving composition, with the sum of the proportions by volume and

weight has also been applied and reported in when using mixture design of experiments [497].

5.1.3 Phase behaviour and exploitation of design spaces

Phase behaviour studies to investigate emulsion formation types for compositions containing
flaxseed oil, Tween® 80, Span® 20 and ethanol. Screening studies were undertaken to identify
points or regions of phase diagrams where emulsions with physicochemical properties such as
isotropy and transparency were produced and the associated droplet size and polydispersity
index were important parameters in formulation development activities, in this context. The
identified regions can be further exploited to produced products with appropriate characteristics
for routes of administration such as topical delivery, where gel regions were observed [498].
When < 10 % w/w flaxseed oil was used along dilution line 9 (Figure 5.2) the region in which
points marked in red fall from P1 to P20 was observed to be where transparent isotropic

emulsions formed.

Surfactant mixture (Tween® 80, Span® 20 and Ethanol)

oil (Flaxsee&o 80 70 60 50 40 30 20 10 Water

Figure 5.233. Phase diagram for screening for emulsion regions.

The region defines the optimum area for the facile production of transparent micro and nano-

emulsions with droplet sizes ranging between 10 nm and 500 nm with low energy use. By
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saturating nano-emulsions with EFV, the nano-emulsions remained isotropic and transparent
in nature and exhibited sufficient loading capacity for EFV so as enable the manufacture of
small dose units of 1.15 g formulation containing 600 mg of EFV. This dose unit size is lower
than that of 1.3 g of commercially available EFV tablet whilst still delivering 600 mg EFV.
This is particularly advantageous as there is the potential to produce child size SNEDDS

products for paediatric patients and enhance the ease of administration.

Following phase identification and location of an appropriate emulsion region, further
optimization of the composition of the surfactant mixture viz., Span® 20, Tween® 80 and
ethanol in nano-emulsions with 10 % w/w flaxseed oil was undertaken using a D-optimum
simplex constrained mixture design space. The actual contour polygonal area in the triangular
space is depicted in Figure 5.3. The design set the levels of Span® 20 (A) and Tween® 80 (B)
at a minimum of 5 % w/wand maximum of 90 % w/w with ethanol (C) content set to a
maximum of 20 % w/w. The minimum composition of each component was set at 5 % w/w to
ensure that the effects of ternary surfactant mixtures and not binary mixtures where non-

isotropic phase behaviour was observed.
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Figure 5.334. Real contour plot of the simplex lattice design applied to surfactant mixture optimization

5.2 Experimental (manufacture and characterisation of SEDDS)

5.2.1 Materials

Cold pressed flaxseed, soybean, sunflower, olive, grapeseed and macadamia oils were
purchased from Escentia products (Johannesburg, Gauteng, South Africa). Span® 20 and
Tween® 80 were purchased from Merck (Johannesburg, Gauteng, South Africa). HPLC grade
acetonitrile from Burdick and Jackson™ and ethanol were purchased from Anatech (Olivedale,
Gauteng, South Africa). EFV was donated by Adcock Ingram® Limited (Wadeville, Gauteng,
South Africa). HPLC-grade water was produced using a RephiLe Bioscience Direct-Pure®
Ultrapure RO water system, (Boston, MA, United States of America) which was purchased
from Microsep (Pty) Ltd, Johannesburg, South Africa).

5.2.2 Preparation of nano-emulsions
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Nano-emulsions were manufactured by initially placing approximately adding 1.2 g of excess
EFV into a test tube containing 1 g the nano-emulsion and stirring at 100 rpm with the aid of
an FMH-STR magnetic stirrer (Lasec®, Cape Town, South Africa) at a laboratory temperature
of 22 + 2° C for 48 hours. The saturated nano-emulsions were centrifuged at 3000 rpm for 15
minutes using a Model HN-SII IEC centrifuge (Thermo Scientific, Waltham, MA, United State

of America) to separate excess EFV from the nano-emulsion.

5.2.3 Droplet size and polydispersity index

The PDI and droplet size of the SEDDS a was determined using a Nano-ZS Malvern Zetasizer
(Malvern Instruments, Malvern, Worchester, United Kingdom) set in the Dynamic Light
Scattering (DLS) mode. The sample was prepared for analysis by dispersing a 500 pL aliquot
of the nano-emulsion prepared as described in § 5.4 in 50 mL HPLC grade water and placed
into a 12.5 x 12.5 x 45 mm BRAND® disposable cuvette (BRAND GMBH + CO KG,
Wertheim, Germany). The sample was analysed at a scattering angle of 90° at 25 °C and light
scattering data analysed using Mie theory, with real and imaginary refractive indices set at

1.456 and 0.01 respectively [499].

5.2.4 Zeta Potential

The Zeta Potential (ZP) of each dispersion was determined using a Nano-ZS Malvern Zetasizer
(Malvern Instruments, Malvern, Worchester, United Kingdom) set in the Laser Doppler
Anemometry (LDA) mode. The sample was prepared by dispersing a 500 pL aliquot of the
nano-emulsion with 50 mL HPLC grade water in A-grade volumetric flasks which were
sonicated using a Model B12 Branson® ultrasonic bath (Branson Inc., Shelton, Conn, USA) for
5 minutes. Samples were then transferred into a folded capillary cell using a glass pipette for
ZP measurements. All samples were prepared and analysed in triplicate (n = 3) at an applied
field strength of 20 V/cm and the Helmholtz-Smoluchowsky equation used to calculate the ZP
for each sample [500,501].

5.2.5 Transmission electron microscopy

Transmission Electron Microscopy (TEM) was used to visualise the shape and surface

morphology of the nano-emulsion droplets in aqueous dispersions. Briefly, a drop of the
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aqueous nano-emulsion dispersion was placed onto a 3.05 mm copper grid fitted with a
FORMVAR/Carbon support 300 mesh film (TAAB Laboratories Equipment Ltd, Alderson,
Berks, RG7 8NA, United Kindom). Excess liquid was removed using Whatman® 110
hydrophilic filter paper (Whatman® International Ltd, Maidstone, United Kingdom) after
which the sample was eallowed to dry at room temperature (22 °C) for 24 h. The sample was
visualized using a Zeiss® Libra Model 120 TEM (Zeiss, GmbH, Germany) operated at an
accelerating voltage of 80 kV.

5.2.6 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectrum of the EFV loaded nano-emulsion was captured using a Spectrum 100
Fourier transform-infrared attenuated total reflectance spectrometer (Perkin Elmer® Ltd,
Beaconsfield, United Kingdom) over the wave number range 650-4000 cm-1. A sample of
nano-emulsion samples were mounted onto a diamond crystal using an applied force of
approximately 100 N and spectral data was processed using FT-IR Spectrum version 10.5.4
software (PerkinElmer®, Inc Pty Ltd, Beaconsfield, United Kingdom). Manufactured samples
were characterised at the same time as EFV loaded nano-emulsions that were harvested after

in vitro dissolution testing and left to dry in an open petri dish at room temperature for 72 hours.

5.2.7 Raman spectroscopy

Raman spectroscopy was used to characterise loaded and blank nano-emulsions to determine
if the spectra signals were altered due to interaction of the components used in the EFV loaded
nano-emulsions. A Bruker Vertex 70-Ram II Raman spectrometer from (Bruker Optics, Inc.,
Billerica, MA, USA) equipped with a 1064 nm Nd: YAG laser for excitation in the region of
3400-80 cm—1 and liquid nitrogen cooled germanium detector was used to generate spectra
that were acquired at 300 scans per minute. The instrument was set at 300 mW and the sample
was placed in a hemispheric bore of an aluminium sample holder. The spectral resolution was
4 cm™! and the spectra were processed using OPUS version 6.5 spectroscopy software (Bruker

Optics, Inc., Billerica, MA, USA).

5.2.8 X-ray diffraction

X-ray diffractograms of EFV loaded nano-emulsions were generated using a Bruker D8

Discover diffractometer (Bellirica, Massachusetts, USA) with a proportional counter, Cu-Ka
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radiation and 1.5405 A nickel filter. The voltage and current used for data generation were 30
kV and 40 mA , respectively in the 20 = 10 ° to 100 ° angle range at a scanning rate of 1.5
°/min with a filter time constant of 0.38 s and slit width of 6 mm. Samples were placed onto a
silicon wafer slide and diffractogram data treated and analysed using Version 14.0 EVA
(evaluation curve fitting) XRD Commander Version 2.61 software (Bruker- AXS GmbH,
Karlsruhe, Germany) with baseline correction performed by subtracting a spline function fitted

to the curved background.

5.2.9 EFV loading capacity

The loading capacity of SEDDS was established for each batch of nano-emulsion produced.
Approximately 100 mg of each SEDDS formulation was weighed a using a Mettler Toledo
analytical balance (Mettler® Instruments Inc, Zurich, Switzerland) dispersed and dissolved in
mixture of 3/2 v/v ethanol and water in a 10 mL A-grade volumetric flask. The samples were
then sonicated using a Model B12 Branson® ultrasonic bath (Branson Inc., Shelton, Conn,
USA) for 5 minutes. The amount of EFV in each formulation was determined using the
validated RP-HPLC method described in 3.5.2 in Chapter 3. The amount of API in each batch

was interpolated from standard calibration curve for EFV produced on a daily basis.

5.2.10 In-vitro EFV release

In-vitro testing to characterise EFV release from SNEDDS were undertaken using USP 11
apparatus. The in-house method developed was initially based on the previously reported

methods summarised in Table 5.1 and the available dissolution apparatus in our laboratory.

Table 5.7. Published methods for in-vitro EFV release testing

Dosage form Apparatus Dissolution % EFV released Reference
medium

Capsules USP II 1 % m/v SLS 98.39 % at 4 hours [502]

Tablets USP II 0.l MHCI+ 0.5 % 100 % at 60 mins [503]
m/v SLS

Solid lipid nanoparticles (SLN) Dialysis tube Phosphate buffer 60.6 — 98.22% at 24 [504]
pH 7.4 hours

Capsules USP 11 0.1% m/v Tween® 70 % at 100 mins [505]
80

Tablets USP II 0.5 %, 1.0 %, and Up to 87.51% at 60 [506]
2.0 % m/v SLS s mins

Polymeric nanoparticles USP 11 Phosphate buffer 69.05 % over 24 [507]
pH 7.4 hours.

Lipid liquid solutions USP 11 1% m/v SLS Up to 90.2% over [508]

60 mins
Suspension Dialysis tube 0.l MHCIpH 1.2 91.21% at 24 hours [509]
Polymeric solid dispersions USP 11 0.25 % m/v SLS in >87 % at 120 [510]

FeSSIF pH 5.0

minutes
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The most common approach involves the use of sodium lauryl sulphate (SLS) in 0.5 - 2 % m/v
concentrations in acidic conditions. The FDA suggests the use of 1 % w/v SLS when testing
drug release testing of sparingly soluble compounds in capsules with a sinker with justification
if necessary [511]. Therefore a 0.1 M HCI with 1 % m/v SLS was used as the dissolution
medium in this research. On interaction with 1% m/v SLS in 0.1M (HC1) dissolution medium,
the nano-emulsion formulations formed a white edged crystalline semi-solid which sank in the
dissolution vessel. The dissolution time of nano-emulsion filled capsules (n = 6) at 37 + 1 °C
was approximately 8 + 1.03 min and the first sample was pulled at 15 minutes therefore,
sinkers were not necessary in this study. A 300 pL aliquot of EFV loaded nano-emulsion was
transferred into a size 00 hard gelatine capsule using a Gilson PIPETMAN® electronic
micropipette prior to in vitro EFV release studies. Such as a small amount was used so as to

maintain sink conditions with the 900 mL dissolution medium.

In vitro dissolution studies were conducted using a Hanson Vision® G2 Elite 8 USP apparatus
IT dissolution bath fitted with a Vision AutoPlus and DissoScan™ auto sampler (Teledyne
Hanson Research, Chatsworth, LA, United States of America). Testing was conducted at a
rotation speed of 50 rpm in 900 mL 0.1M hydrochloric acid pH 1.2 with 1 % w/v SLS at 37 +
1°C. A 10mL sample was withdrawn at 15, 30, 60, 120, 390 and 720 minutes with replacement
after sampling. Studies were performed in triplicate (n=3) and EFV determined using the

validated HPLC method described in Chapter 3 of this thesis.

5.2.11 Comparison of release profiles

EFV release following in vitro release testing of oral formulations were compared using the 2
similarity factor [512]. It is a logarithmic transformation of the sum-squared error difference
between a test and reference product at all-time points and is calculated using Equation 5.1.
The value of 2 may lie between 0 and 100, however the closer the value to 100 the more similar

the profiles are [513].

f2 =50« log{[l + (%) Sion(Ry — Tt)z]_O.5 * 100}

Equation 5.20

Where,
Rt = cumulative percent EFV released for the reference product (F5)
Tt = cumulative percent EFV released for the test product (F3)
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n = number of time points

5.2.12 Stability

Short term stability evaluation of nano-emulsions was undertaken using under different
conditions viz., phase separation, heat cool cycles, storage at room temperature (22°C) and 4
°C for 28 days. The droplet size, PDI and ZP were determined in triplicate (n=3) every week
over and the data compared °C o the data generate immediately after manufacture (To) [514].
Formulations were manufactured and tested on the day of manufacture and then packed prior

to storage in tightly sealed 50 g clear glass jars.

5.2.12.1 Phase separation

The nano-emulsions were tested for phase separation by centrifuging at 3500 rpm at room
temperature (22 °C) for 30 minutes at using an IEC Model HN-SII centrifuge (Damon,
Needham HTS, MA, USA). After centrifugation, the nano-emulsions were visually assessed
for any phase separation (formation of immiscible phases or sedimentation) as this is maybe a
manifestation of instability [515]. Samples were stored at various conditions for 28 days and

centrifuged each 7 days.

5.2.12.2 Heat cool cycles

Samples of EFV loaded SEDDS stored for 28 days at 22 °C were then assessed against heat
cool cycles after the whole period. The formulations were subjected to six cooling and heating
cycles between storage in a Fuchsware refrigerator (Fuchsware, Midrand, Gauteng, South
Africa) refrigerator at 4 °C and a Gallenkamp® Hotbox size one oven (Weiss Gallenkamp
Limited, Leicestershire, UK) set at 45 °C. The samples were stored at each temperature for 48

hours [516].

5.3 Results and discussion

5.3.1 Statistical design and analysis
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A single block D-optimal mixture design was launched using the constraints summarized in
Table 5.2 with the aid of Design expert software version 12.0 software (Stat-Ease Inc.,

Minneapolis, MN, United States of America).

Table 5.8. Input variable constraints for D-optimal design.

Lower Limit Component Upper Limit
% %
5 < Span® 20 (A) < 20
5 < Tween® 80 (B) < 90
5 < Ethanol (C) < 20
Total: A+B+C = 100

The purpose of the study was to evaluate the impact of Span® 20 (A), Tween® 80 (B) and
ethanol (C) content on emulsion behaviour. The constraints for the surfactants were set at a
minimum of 5 % minimum and maximum of 90 % maxima while ethanol (C) constraints were
set to between 5 and 20 %. The minimum composition of each component was set at 5 % in
order to assess the effects of a ternary surfactant mixture and avoid the use of binary mixtures

which resulted in non-isotropic emulsions in phase behaviour studies in (§ 4.4.2 in Chapter 4).

The design was a single block simplex-lattice design for which the composition of the
surfactant mixture viz., A + B + C =1 and were used for the manufacture of 10 % m/m flaxseed
oil nano-emulsions. The design required 16 experimental runs to evaluate the impact of

surfactant on emulsion formation and the runs which are reported in Table 5.3.

Table 5.3. Surfactant mixture composition for the D-optimal design and actual experimental responses for 10 % m/m
flaxseed oil nano-emulsions.

Input variables Responses
% m/m
Run Span® 20 Tween® 80 Ethanol Droplet size PDI Zeta Potential
A B C nm mV

1 47.5 47.5 5 88.43 0.75 -23.85
2 66.875 24.375 8.75 408.25 0.332 -22.8
3 24.375 66.875 8.75 68.9 0.461 -21.9
4 5 82.5 12.5 173.4 0.176 -16.5
5 7.5 5 20 507.2 0.26 =232
6 7.5 5 20 404.4 0.324 -23

7 47.5 47.5 5 138.7 0.587 -18.8
8 5 75.0 20 180.56 0.481 -25.5
9 24.375 59.375 16.25 92.5 0.51 -18.6
10 5 90 5 70.5 0.12 -14.7
11 90.00 5 5 362.6 0.265 -21.4
12 5 75 20 58.1 0.412 -17.2
13 90 5 5 364.6 0.285 -21.9
14 43.75 43.75 12.5 441.1 0.365 -23.4
15 82.5 5 12.5 290.1 0214 -23.4
16 5 90 5 70.75 0.119 -16.8

The experimental data were automatically fitted to models by the software to linear, quadratic,

cubic, special cubic, quartic and special quartic models. The best fit mathematical model was
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identified based on the comparison of statistical parameters of R?, adjusted R?> and PRESS. The
PRESS values of each tested model are listed in Table 5.4.

Table 5.4 PRESS statistic values for each applied and Sum of squares for all models applied to the data.

Model PRESS value for responses monitored
Droplet size Polydispersity Zeta Potential

Linear 1.601E +05 5.43 138.58
Quadratic 2.480E +05 0.551 187.28
Cubic 6.933E +09 4612.21 1.349E +06
Special cubic 3.536E +05 0.5776 226.48
Special quartic 1.002E +06 0.2666 558.01
Sum of squares of suggested model 3.484E +05 3.97 68.8

The predicted residual sum of squares (PRESS) was used to establish the suitability of each
model in respect of data fitting and the model with the lowest PRESS was identified as suitable
for that response. The PRESS value analyses the prediction ability of models and the model
with the minimum PRESS is usually considered the best predictive model for a set of data
[368,517]. The recommended models therefore were, a special quartic model for both droplet

size and PDI and a linear model for ZP.

The R? value is a measure of the variance of the response variables and the closer the R? value
is to one viz., > 0.9 and the smaller the standard deviation therefore the more accurate the
response predicted by the model [518]. A negative value for predicted R? implies that the
overall mean is a better predictor of the response. However, adequate precision measures the
signal to noise ratio and values > 4 indicate an adequate signal [519]. The ratio of Adjusted
R%to R? is a measure of model fit when the model is applied to new data and ratios > 20 %
difference between R? and adjusted R?, indicate that the model contains a substantial number
of predictors, relative to the amount of data used. When applied to new data sets the model is
not reliable and is compromised further as the number of predictors increases which is an
indication of a possible problem with the model due to a large block effect or data used by the

model [520].

ANOVA analysis data were generated following fitting of the data to the suggested models are
reported in detail in s Sections 5.5.1, 5.5.2 and 5.5.3 for droplet size, PDI and ZP, respectively.
It was observed that the R? of droplet size and PDI were at least > 0.9 and the adjusted R?
values of both were in close agreement with those of R? with a difference < 0.2 suggesting
model adequacy as reported in the fit statistics summary in Table 5.5. The R? for Zeta Potential
was low and not close to 0.9 and the difference between the R? and adjusted R? was > 0.2 which

is possibly indicative of a large block effect or problem with the model. However, the adequate
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precision was > 4 for all responses and was desirable showing that an adequate signal was
observed and that the model could be used to navigate the design space. Consequently, a

detailed analysis of each model was performed and is reported in the relevant sections.

Table 5.5. Fit statistics for responses using suggested models.

Response Predicted f- Degrees  p-value R? Adjusted Predicted Adequate
model value of R? R? precision
freedom
Droplet size Special quartic 891 8 0.0046 0.910 0.908 -1.618 7.205
Polydispersity Special quartic 86.11 8 0.0001 0.9899 0.9789 0.8335 29.195
Index
Zeta Potential Linear 5.09 2 0.0233 0.439 0.353 0.115 5.982

Following regression analysis and identification of suitable models using PRESS values
additional evaluation is required to establish if the data fits the model fits adequately. Residuals
may be used to establish if the model is able to predict and/or fit the data [366]. Residuals are
essential remainders of the response following fitting of data to a model and are used to identify
unexplained patterns in the data when fitted to a model [521]. Prior to point predicting using a
design space, composition residual analysis was undertaken to confirm that the assumptions
for Analysis of Variance (ANOVA) had been met. For this purpose, diagnostic plots viz., Box
Cox plots of residuals were plotted for all three responses monitored and it was confirmed
that data transformation was not required for droplet size, ZP and PDI and are depicted in

Figures 5.4, 5.5 and 5.6 respectively.
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Figure 5.35. Diagnostic Box-Cox plot non-transformed for the special quartic model for droplet size
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Figure 5.36. Diagnostic Box-Cox plot for non-transformed for the special quartic model for PDI
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Figure 5.637. Diagnostic Box-Cox plot for non-transformed for the linear model for ZP.

To determine if power transformations were required, the Box-Cox plot depicted in Figure 5.4
were reviewed at A = 1 (Lambda =1). The A = 1 is depicted by the blue line and falls within the
95 % confidence interval (red lines) which is the optimum range of the parabola and therefore
the untransformed model could be used to navigate the design space. At A=1 for PDI and Zeta
Potential, the blue line also fell within the 95 % confidence interval indicating the

untransformed was suitable for use to navigate the design space [522].

Normal probability plots of residuals and plots of residuals versus predicted responses were
also used to establish model adequacy [523]. For a model to be deemed adequate, all data points
should fall on a relatively straight line in a normal probability plot and should be scattered in
the residuals versus predicted response plot [524,525]. The residuals versus predicted response
plots was structure less and independent with almost equal scatter of data above and below the
zero-line of the plot. Implying s that the proposed models are adequate and the variance of
experimental measurements is constant for all values of responses monitored [526]. The
normal plots of residuals in all cases were observed to fall along the trend line as depicted in

Figures 5.7, 5.9 and 5.11 for droplet size, PDI and ZP.
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Figure 5.738. Normal plot of residuals for the special quartic model for droplet size.
The plots of residuals versus predicted reveal that the models were adequate, as the data meet
the criteria as can be observed in Figures 5.8, 5.10 and 5.12 in which the residuals versus

predicted plots for droplet size, PDI and ZP are depicted.
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Figure 5.839. Residuals vs predicted plot for the special quartic model for droplet size.
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Figure 5.940. Normal plot of residuals for the special quartic model for PDI.
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Figure 5.10. Predicted vs actual diagnostic plot for the special quartic model for PDI
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Figure 5.11. Normal plot of residuals for the linear model for ZP.

Zeta potential

Color points by value of
Zeta potential:

255 I -14.7

Externally Studentized Residuals

)
-]
o
O
70 o
O
(m}
50 o
[m]
)
30 @
' ]
]}
(]
|
1
T I I I I I I
-4.00 -3.00 -2.00 -1.00 0.00 1.00 2.00
Externally Studentized Residuals
Residuals vs. Predicted
4.00 _|
3.68415
2.00 _|
[} ]
o ]
]
8 20 ]
0.00 _|0
(]
8 ]}
)
-2.00 _|
|
-3.68415
-4.00 _ |
I I I I I I
-26 -24 =22 -20 -18 -16
Predicted

Figure 5.1241. Predicted vs actual diagnostic plot for the linear for ZP.
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5.3.1.1 Droplet size

The resultant droplet size of the dispersed phase ranged between 58.1 nm and 507.2 nm with
the smallest droplet sizes observed when Tween® 80 was used at the maximum level of 90 %
in the surfactant mixture whereas in contrast the droplet size increased as the Span® 20 content
was increased. A sharp increase in particle size was observed as the ethanol content was
increased in the region of the Span® 20 and ethanol vertices and can be observed as the red
region in the contour plot depicted in Figure 5.13. The 3D surface response is given in Figure

8 of Appendix 2.

Component Coding: Actual

@ Design Points A: Span 20
s58.1 [ 507.2 09
X1 =A:Span 20
X2 =B: Tween 80
X3 = C: Ethanol

0.9 0.05 0.9
B: Tween 80 C: Ethanol

Droplet size nm

Figure 5.1342. Contour plot depicting the impact of surfactant mixture content on droplet size

The model F-value of 8.91 (Table 5.6) indicates that the special quartic model for droplet size
was significant and that there is only a 0.46 % chance that a model F-value this large is due to
noise. A p-value < 0.05 implies that the coefficients of the model terms were significantly
different from zero or that the effect of the model terms or combination of terms exerts an effect
that can be estimated from the formulation composition. The model terms for the mixture A,
B, C and A’BC were significant. The terms AB, AC, BC, AB2C and ABC? were not significant.

i.e. Span 20 (A), Tween 80 (B) and ethanol (C) in combinations as in each term had significant
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influence on the resulting droplet size. From the model equation obtained in terms of coded
factors for droplet size reported as Equation 5.2., the coefficients of each mixture terms would
be able to suggest the largest negative effects or positive effects. By way of example for droplet
size, The first three terms of Equation 5.2 A, B and C are in indication that as single excipients
Span® 20, Tween® 80 and Ethanol all had a significant effect on droplet size with ethanol (C)

having the largest positive effect.

Droplet size = 342.004 + 90.75B + 3328.66C - 530.594AB — 2941.83AC — 3530.63BC +
52488.714°BC — 11742.82AB°C — 32873.13ABC?

Equation 5.21

Table 5.6. ANOVA data for the special quartic model for droplet size, df = degrees of freedom.

Source Sum of Squares df Mean Square F-value p-value
Model 3.618E+05 8 45222.05 8.91 0.0046 significant
Linear Mixture 2.675E+05 2 1.337E+05 28.89 0.0004 significant
AB 23590.52 1 23590.52 5.10 0.0586 significant
AC 845.21 1 845.21 0.1825  0.6820 significant
BC 1219.23 1 1219.23 0.2633  0.6236 significant
A’BC 75719.26 1 75719.26 16.35 0.0049 significant
AB?C 1434.95 1 1434.95 0.3099  0.5951  Not significant
ABC? 457.54 1 457.54 0.0988  0.7624  Not significant
Residual 32410.38 7 4630.05
Lack of Fit 19627.96 2 9813.98 3.59 0.0977  Not significant
Pure Error 12782.42 5 2556.48
Cor Total 3.942E+05 15

The lack of fit F-value of 3.59 implies that lack of fit was not significant. The predicted R? for
droplet size was negative implying that the mean data might be a better predictor for this
response than using the model. However, adequate precision was > 4 and was desirable
indicating that an adequate signal was observed and that the model could be used to navigate

the design space.
5.3.1.2 Polydispersity Index

The contour plot for the PDI of all the emulsions in the design space ranged between 0.119 and
0.75 in the design space with the lowest value for PDI observed at around the upper limit of

ethanol and Span® 20 in region in blue had very low PDI values close to 0.119. The equation
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in terms of coded terms shows that ethanol as single excipient (C) had the largest positive effect
on PDI, however the rest of the region showed no particular pattern with the 3D response
surface plot reported in Figure 7.9 of Appendix 3. As the amount of ethanol in the mixture
increases, it is expected that the solvent capacity of the system also increases therefore
sufficiently breaking down emulsion micelles into smaller mono-disperse droplets. The highest
PDI values of undesirable polydispersity > 0.7 was observed on the minim point of ethanol and
about 50 % of both Span® 20 and Tween® 80 shown as the almost yellow/orange region in the

contour plot depicted in Figure 5.14.

Component Coding: Actual

@ Design Points A: Span 20
0.119 [N 0.75 0.9
X1 = A:Span 20
X2 = B: Tween 80
X3 = C: Ethanol

0.9 0.05 0.9
B: Tween 80 C: Ethanol

Polydispersity index

Figure 5.14. Contour plot depicting the impact of surfactant mixture content on PDI.

The model F-value of 86.11 (Table 5.8) indicates that the special quartic model for PDI was
significant and that there is only a 0.01% chance that a model F-value this large is due to noise.
A p-value of probability > F < 0.05 implies that the coefficients of effect and relationship of
the model terms A, B, C, AB, AC, BC, A’BC, AB?C and ABC? were significantly different
from zero and can be estimated and ANOVA data and results for this special quartic model
are listed in Table 5.7. This information indicates that the amount of Tween® 80, Span® 20
and ethanol used in the surfactant mixture has an effect on the PDI for all polynomial model

terms listed. The model equation in terms of coded factors for PDI is reported as Equation 5.3.
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The predicted R? 0.8335 is in reasonable agreement with the adjusted R? 0.9789. The lack of
fit F-value 0.08 implies that lack of fit was not significant for the model and that there is a

56.02% chance that the lack of fit F-value this large is due to noise.

Polydispersity index = 0.28684 + 0.1155B + 10.85C + 2.194B - 12.934C - 10.78BC —
43.344°BC + 1.0164AB°C + 37.74ABC*

Equation 5.22

Table 5.7. ANOVA data for special quartic model for Polydispersity index, df = degrees of freedom.

Source Sum of Squares df Mean Square  F-value  p-value
Model 0.5429 8 0.0679 86.11 <0.0001 significant
WLinear Mixture 0.0004 2 0.0002 02235  0.8052
AB 0.4020 1 0.4020 503.39  <0.0001
AC 0.0158 1 0.0158 19.84 0.0030
BC 0.0114 1 0.0114 14.22 0.0070 significant
A’BC 0.0510 1 0.0510 63.83 <0.0001
AB*C 0.0000 1 0.0000 0.0133 09115
ABC? 0.0006 1 0.0006 0.7551 0.4137
Residual 0.0056 7 0.0008
Lack of Fit 0.0012 2 0.0006 0.6522 0.5602  not significant
Pure Error 0.0044 5 0.0009
Cor Total 0.5485 15

5.3.1.3 Zeta Potential

All the three components of the surfactant mixture have an effect on the ZP of the dispersion

according to the linear relationship described mathematically in equation 5.4.

Zeta Potential = -23.10A — 17.08B - 29.48C
Equation 5.23

The amount of ethanol used in the surfactant mixture has the largest effect on the ZP as
indicated by the large absolute value for the coefficient for (C) in the equation and the contour
plot depicted in Figure 5.15 when 20 % ethanol (C) exhibits largest ZP. The contour plot reveals
the presence of significant region in blue indicating that as the concentration of Span® 20 in
the surfactant mixture increases the ZP decreases and becomes more negative with the lowest
negative point occurring when ethanol is used at the upper limit tested and Tween® 80 at the

lowest level.
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Figure 5.15. Contour plot depicting the impact of surfactant mixture composition on ZP

The model F-value of 5.09 reported in Table 5.8 implies that the linear model for ZP is
significant and that there is only a 2.33% chance that a model F-value this large is due to noise.
The probability p-value < 0.05 implies the model terms are significant and the coefficients of
the effect of each model term is significantly different from zero and can be estimated for this
linear model. Only the model terms A (Span® 20), B (Tween® 80) and C (ethanol) are
significant within the formulation composition of these nano-emulsions. The predicted R?
value of 0.1152 is not in close agreement with the adjusted R? of 0.3530 suggesting a large
block effect or possible problem with the model although, the adequate precision > 4 is
desirable and this adequate signal indicates that the model can be used to navigate the design
space. The lack of fit F-value 0.49 implies that lack of fit is not significant for the model and

there is an 82.64% chance that a lack of fit F-value this large is due to noise.
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Table 5.8. ANOVA data for a linear model of Zeta Potential, df = degrees of freedom.

Source Sum of Squares df Mean Square F-value  p-value
Model 63.33 2 31.66 5.09 0.0233 significant
WLinear Mixture 63.33 2 31.66 5.09 0.0233
Residual 92.11 13 7.09
Lack of Fit 54.93 8 6.87 0.9237 0.5628  not significant
Pure Error 37.17 5 7.43
Cor Total 155.43 15

5.3.1.4 Statistical optimization

The optimization function was used to predict the levels for each of the components of the

surfactant mixture based on criteria and the specific constraints listed in Table 5.9.

Table 5.9. Constraints used for identifying the optimized composition.

Name Goal Lower Limit  Upper Limit Lower Weight Upper Weight Importance
Span® 20 (A) is in range 0.05 0.9 1 1 3
Tween® 80 (B) is in range 0.05 0.9 1 1 3
Ethanol © minimize 0.05 0.2 1 1 3
Droplet size is in range 100 150 1 1 3
Polydispersity index ~ minimize 0.119 0.75 1 1 3
Zeta Potential minimize -25.5 -14.7 1 1 3

The primary criterion used for the optimization process was that the amount of ethanol used in

the surfactant mixture should be as low as possible from a regulatory and safety perspective.

The second criterion used required that the emulsion droplet size be between 100 and 150 nm.

The e third and fourth criteria required that the PDI be as low and ZP as high as possible. Two

optimized surfactant solutions were produced based on the desirability function and the

formulation composition for the two solutions are reported as batches F4 and F5 in Table 5.10.

The desirability of significantly less than 1 show that the point prediction of the region in the

optimized criteria is very small in proportion to the region of non-conforming in the design

space.

Table 5.10. Solutions for specified optimization criteria.

Number/Formulation  Span® 20 Tween® Ethanol Droplet PDI zp Desirability
% 80 % % Size mV
nm
1/F4 58.1 36.0 6.0 198 0.641 -21.320 0.463
2/F5 32.2 58.3 9.5 159 0.484 -20.204 0.531
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The overlay plot that shows a yellow area in which the desired optimization criteria are met is
depicted Figure 5.16. Following manufacture and assessment of the batch F4 and F5 product

the percent prediction error for the D-optimum design was calculated using Equation 5.5.

Figure 5.16. Overlay plot of the desirable area (yellow) derived using the specified criteria listed in Table 5.10.

Vo=V,

Prediction error = [( ) X 100]

e

Equation 24.5

Where,
Ve = experimental value

Vp = predicted value

The prediction error for droplet size was 12 % for batch F4 and 8.33% for batch F5 revealing
that this experimental design was the best predictor for droplet size whereas the prediction error
for PDI was 31.6 % for batch F4 and -16.94% for batch F5. The model was not able to predict
ZP adequately with prediction errors of 249 % and 219% for batches F4 and F5, respectively.
As seen the overlay plot the region of optimization is narrow with respect to the design space

suggesting that optimization of this system using a D-optimal design may not be possible as
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relatively good predictability was only observed for droplet size. It is therefore necessary to

evaluate alternate experimental designs for future optimization investigations.

5.4.2 Characterization and in vitro assessment of optimized nano-emulsions

The five surfactant mixtures viz., batches F1, F2, F3, F4 and F5 the composition of which is
reported in Table 5.11 were evaluated. Three compositions were identified from phase
diagrams in Figure 4.7, 4.8 and 4.9 in section 4.5.2, and two were derived following numerical
optimization using the D-optimal design. Batches F1, F2 and F3 were nano-emulsion
formulations made using arbitrary surfactant mixture compositions identified when assessing
the phase behaviour for S1, S2 and S3 surfactant mixtures at point P1 point along dilution line
9 for each surfactant mixture in the phase diagram described in section 4.5.2. Batches F4 and
F5 were identified as solutions 1 and 2 from the statistical optimization data reported in section

5.74.

Table 5.9. Compositions of surfactant mixtures used for the manufacture and characterization of 10 % w/w EFV loaded
flaxseed nano-emulsions

Formulation  Span®20  Tween®80 Ethanol Droplet size PDI p EFV content
% m/m % m/m % m/m nm mV mg/mL

F1 40 40 20 185.1 +0.7 0.444 £0.003  -354+0.9 377+4.9

F2 333 333 333 190.3 +2.0 0.387+£0.016 -344+0.7 437 +13.1

F3 28.5 28.5 42.8 156.8+23.4  0.342+0.048 -41.0+09 571 +£18.7

F4 58.1 36.0 6.0 225.6+16.8  0.487 +0.003 319+ 329 +9.45
3.12

F5 322 58.3 9.5 146.7+£253  0.402+0.012 241+ 334+11.2
2.33

5.4.2.1 EFV loading

The ethanol content in the surfactant solution had the greatest effect on the EFV loading of the
nano-emulsions. The largest concentration of EFV of 571 mg/mL was observed for batch F3
indicating high ethanol levels enhance the solubility of EFV in the nano-emulsion. A decrease
in EFV loading was observed as the amount of ethanol used, decreased. To administer the
recommended maximum adult dose of 600 mg 1.09 g of the batch F3 nano-emulsion
formulation would need to be administered. The total mass of product required is considerably
less and more convenient than that of commercially available 600 mg EFV tablets produced
by Cipla, Erige, Adco and Aspen weighed 1.34 +0.09, 1.25+0.11 g, 1.20 £ 0.08 gand 1.106
+ 0.045 g (n=20), respectively suggesting that the nano-emulsion may be a more convenient

dosage form size for patients to use.
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5.4.2.2 Droplet size and PDI

The droplet size distributions of the five nano-emulsions ranged from 146 nm for batch F5 to
225 nm for batch F4 with results depicted in Figure 5.17. No obvious trend with regards to
surfactant mixture composition and droplet size was observed although a sharp increase in
particle size was observed as the amount of ethanol used increased in the region of the Span®
20 and ethanol vertices in the contour plot in Figure 5.13 in section 5.7.1. All batches except
for batch F4 exhibited mono-modal droplet size distributions which exhibited a bimodal size
distribution. The PDI for of the nano-emulsions for all batches ranged from a minimum 0.342
(F3) to a maximum 0.487 (F4). Batches F3 and F4 were manufactured using the extreme low
(5 %) and high (20 %) ethanol content. As the amount of ethanol used in the nano-emulsion a
more homogenous droplet size of the dispersed phase was observed with a corresponding low
PDI. All formulations exhibited values for PDI < 0.7 and were therefore considered mono-

disperse [527].

Figure 5.1743. Droplet size distribution for batches F1 - F5.

The bimodal droplet PS distribution observed for batch F4 may, in part, be due to the surfactant
mixture. Ethanol content had the largest effect on solvent capacity of the mixture for both
surfactants, the oil phase and EFV. Therefore, the bimodal distribution observed for batch F4
may be due to the solvent capacity of the system for the lipophilic phase Span® 20 which was
at its highest concentration, As batch F4 was manufactured with the lowest composition of
ethanol and the highest amount of Span® 20 (lipophilic) including the fixed 10 % flaxseed oil

which may have formed large agglomerates of their HLB of different sizes within the nano-
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emulsion due to the very low solvent capacity of the surfactant mixture [528]. In contrast high
concentration of ethanol used in batch F3 result in a more unimodal droplet size as
agglomeration in the nano-emulsion is minimized. Confirmed by D-Optimal analysis of PDI
in section 5.7.2, ethanol (as a single excipient) content had the largest effect on the solvent
capacity and miscibility of the mixture for both surfactants, the oil phase and the drug. The
more ethanol in the system, the more flexible the interfacial film between the immiscible

phases and rigid interfacial film has been reported to give rise to bimodal distributions [529].

5.4.2.3 Zeta Potential (ZP)

Although the surfactants used in these studies are non-ionic and do not ionize, changes in
polarity as adsorption of the surfactant molecules onto charged water molecules may lead to
the formation of an electric double layer similar to that observed when ionic surfactants are
used [122,207]. Ethanol as a component which is polar may have been the reason for a negative
Zeta Potential of the emulsion mixtures. For all batches, F5 which had the least amount of
ethanol had the largest value of ZP. F1, F2, F3 and F4 had ZP values more negative than -30
mV suggesting that the composition used may produce stable nano-emulsions over the long
term. Emulsion droplets with a ZP of approximately + 20 mV exhibit only short-term stability,
with the tendency for the droplets to flocculate and coalesce [530]. However, all five batches
produced in these studies exhibited ZP values < -20 mV (Table 5.12) suggesting the nano-
emulsions produced were likely to be stable [531-532].

5.4.2.4 Transmission electron microscopy

Transmission electron microscopy revealed the presence of largely spherical lipid droplets as
depicted in Figure 5.18 for F5. TEM images for F4, F3, F2 and F1 are given in appendix 3 in
Figures 7.15, 7.16, 7.17 and 7.18 respectively.
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Figure 5.18. Transmission electron micrograph of nano-emulsion F5.

The average droplet size determined using TEM data was in close agreement with that
determined using dynamic light scattering (Table 5.12). Some droplets in the size range 20—
100 nm was observed in the nano-emulsion dispersion albeit in low numbers as reflected in the

droplet size distribution [533].

5.8.5 FTIR

The FTIR spectrum of EFV loaded nano-emulsions depicted in Figure 5.19 reveals the
characteristic signals for EFV viz., an intense band due to the stretching vibration of the —-C—
F bonds at 1196 cm™!, C=0 stretching of the amide group at 1740 cm™!, CFj5 stretching band
at 1163 cm™' and C-C stretching due to an alkyne C=C at 2250 cm™' [462,534]. The spectral
data is in agreement with previously reported data and a summary of the band assignments

observed are listed in the discussion of pre-formulation studies in § 4.4.2 of this thesis. The
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spectra still contained all the expected bands and peaks of the reported EFV crystalline

polymorph.
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Figure 5.1944. FTIR spectrum of EFV loaded nano-emulsions.

5.4.2.5 Raman spectroscopy

The Raman spectra of EFV loaded nano-emulsion F1 is depicted in Figure 5.20, those of F2,
F3, F4 and F5 were completely identical to Figure 5.20. The stretching vibrations of EFV
remain unchanged and are were unaffected when loaded into the nano-emulsion indicating no
interaction between EFV and the excipients used in the formulation. However long-term real-
time stability studies will be required to ensure the system is indeed stable. Raman
spectroscopic spectrum reveals all expected signals for EFV present and were in agreement
with previously reported data with a table of comparisons of experimental vibrational
wavenumbers spectra as described in pre-formulation studies in Table 4.5 in section 4.5.4 of
this thesis [470]. The signal for the -CH> group at 3093 cm™!, the C=C bond at 2250 cm™!, the
C=0 bond at 1750 cm™! and the C-H stretch at approximately 1000 cm™! reflect that EFV is

present in crystalline form [463].
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Figure 5.2045. Raman spectrum of EFV loaded nano-emulsion F1.

5.4.2.6 X-ray diffraction

The X-ray diffraction pattern for an EFV loaded nano-emulsion F1 is depicted in Figure 5.21
reveals the presence of peaks at 21.8°,25.1°,27.8°,31.9°,43.9° and 54.0° that correspond to
the diffraction pattern of the stable crystalline form I polymorph of EFV [64,474]. The diffract
gram for F2, F3, F4 and F5 were completely identical to that of F1.
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Figure 5.2146. XRD signal of pure EFV loaded nano-emulsion F1-F35.
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5.4.2.7 In vitro EFYV release

Dissolution testing was conducted over 12 hours with samples pulled at 15, 30, 60, 120, 390
and 720 minutes and analysed by HPLC. A 0.1M HCI solution of 1 % w/v SLS was used with
a volume of 900 mL added to the vessels. An aliquot of 1.25 mL of the dissolution medium
was withdrawn at the specified time intervals and was replaced with fresh medium of similar
volume. Size 00 hard gelatine capsules were filled with 300 pL of each formulation tested, this
corresponded to HPLC determined EFV in each formulation approximately 113.1, 131.1,
171.3, 98.7, 100.2 pg/mL of EFV in F1, F2, F3, F4 and F5 capsules respectively tested in the
dissolution media if 100 % EFV was released. To ensure the same sink conditions (ultimate
EFV concentration was three times lower than the equilibrium concentration of the drug in the
dissolution media which was determined to be 683.3 pg/mL), The cumulative drug release

profile of the nano-emulsions was produced and reported in Figure 5.22.

100

% EFV released

Time/ hours

F1 F2 F3 pure EFV e F4 e |5

Figure 5.2247. Mean + SD (n = 3) dissolution profiles for batches F1, F2, F3, F4 and F5 and EFV powder.

In vitro release testing revealed that there was an initial burst of EFV released from batches F1,
F2, F4, F5 and when EFV raw material was tested within the first hour of commencement of
testing. The initial burst may suggest the presence of an EFV rich region in the exterior lipid

layer of the nano-emulsion. Batch F5 exhibited the greatest extent of EFV release at 12 hours
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whereas batches F1, F4, F5 and F3 exhibited a slower rate and lower extent of release as can
be observed in Figure 5.22. As the proportion of ethanol in the formulation is increased, the
percent EFV released at 12 hours decreased. As interaction of the nano-emulsion with the 1%
m/v SLS in 0.1M HCI dissolution medium occurred crystallization (formation of a semi-solid)
which had white edges that sank to the bottom of the dissolution vessel was observed. The F4
and F5 batches of nano-emulsion were prepared using the same amount of ethanol but different
proportions of Tween® 80 and Span® 20. The extent of EFV release from batch F5 was greater
than that for batch F4 at 12 hours possibly due to the different hydrophilic lipophilic balance
(HLB) value of the surfactants used. Tween® 80 is soluble in an aqueous environment, whereas
Span® 20 is not and therefore Tween® 80 interacts with the dissolution medium and contributes

to improved dissolution of EFV [535].

It is well known that APl may precipitate in vitro and in vivo due to sharp changes in pH,
dilution with body fluids or digestion of solubilizing excipients resulting in low API
concentrations in the aqueous phase and more drug trapped in the crystal structure
consequently, the saturation method of manufacture of these nano-emulsions may result in
nucleation which promotes crystallization once saturation of the system has been achieved
[536]. On visual observation, nano-emulsion F3 on contact with dissolution media formed a
semi-solid structure at a faster rate than F5 and to a lesser extent F2. This may be a
manifestation of crystallization or precipitation was observed for all batches tested and was
greatest for batch F3. Alternatively, EFV release from nano-emulsion F3 may be attributed to
solubilisation of EFV in the nano-emulsions droplets which retards release. Drug precipitation
described as crystallization that may occur during dissolution studies may be undesirable as
the compound is expelled from solution when entrapped in micelles before absorption, this
may reduce the extent of drug distribution immediately after administration, however in some
cases a drug release profile such as F3 may be useful for the reduction of the dose dumping
effect and the adverse effects thereof of EFV by providing more controlled drug release
however the eventual release of the drug may be aided by the presence of enzymes and

digestion of the lipids in the formulation.

5.4.2.8 Stability studies

These SEDDS were developed with the perspective of encapsulated oral dosage forms usually
stored at room temperature, stability samples were therefore focused on weekly migration of

samples at 22 °C for 28 days. Samples stored at 4 °C were sampled once at 4 weeks and samples
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for heat cool cycles were processed after 28 days of storage at 22°C and also assed for EFV
content. Samples stored at 22 °C were pooled each week and assessed for droplet size, PDI and
Zeta Potential. Some of the critical quality attributes (CQA) following stability studies results
are reported in Table 5.12 and reveal that the formulations were relatively stable at 4 °C were
CQA remained relatively constant when compared to those at TO measured immediately

following manufacture.

Table 5.12. CQA results of formulations assessed after various stability conditions.

CQA T022°C T1week T2weeks T3weeks T4weeks T 4weeks TMHTC) Sample
22°C 22 °C 22 °C 22°C 4°C
Droplet 146.6 150 151.67 160.54 198.72 148.90 182.40
size nm
PDI 0.40 0.41 0.40 0.42 0.417 0.39 0.79 F5
ZP mV -24.1 -26.0 -25.89 -25.05 -26.07 -244 -22.31
EFV 334 299
content
mg/ml
Droplet 225.6 233.7 250.1 267.8 287.5 232.4 389.6
size nm
PDI 0.487 0.457 0.415 0.47 0.42 0.46 0.81 F4
ZP mV -31.9 -32.4 -30.8 -29.77 -29.01 -30.3 -24.2
EFV 329 320
content
mg/ml
Droplet 156.8 175.05 174.5 168.9 157 194.05 216.5
size nm
PDI 0.34 0.41 0.39 0.44 0.42 0.33 0.63 F3
ZP mV -41.0 -38.6 -39.3 -36.7 -29.1 -42.3 -19.5
EFV 571
content
mg/ml
Droplet 190.3 194.8 210.1 217.6 2259 198.5 300
size nm
PDI 0.38 0.36 0.41 0.39 0.44 0.407 0.65 F2
ZP mV -344 -30 -32.6 -28.7 -29.8 -37.9 -16.4
EFV 437 429
content
mg/ml
Droplet 185.1 178.6 195.8 207.5 2194 194.7 287.1
size nm
PDI 0.44 0.39 0.40 0.46 0.47 0.507 0.70 F1
ZP mV -354 -36.3 -35.9 -33.6 -31.5 -37.8 -29.6
EFV 377 363
content
mg/ml

Generally, the nano-emulsions showed a droplet size and PDI increase over time. Samples that
were exposed to heat cycling (Tutc) exhibited the largest droplet size and PDI increases with
PDI values which were greater than 0.7 showing that the formulations became polydisperse

over time. The migration of Zerta potential over time did not show any specific pattern or trend.
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The least stable nano-emulsions were observed to be the ones exposed to heat cool heat cycles,
followed by those stored at 22 °C for 4 weeks then 3 weeks all the way to those on the day of
manufacture. At Taweeks, the nano-emulsions kept at 4 °C had a smaller increase of droplet size
compared to the formulation kept at 22 °C. Higher temperatures have been shown to increase
the kinetic energy of particles which in turn leads to collisions between particles and thus
particle size increase from particle agglomeration [122]. However, these formulations where
considered suitable and stable in enough in the short term for oral administration as they did
not present with any phase, separation, colour change or significant changes in CQA assessed

after 28 days of storage at 22 °C which is their expected storage conditions.

5.5 Conclusions

Kinetically stable (low energy nano-emulsions produced using flaxseed oil, Tween® 80 and
Span® 20 and ethanol were successfully manufactured. The EFV release profiles observed from
different nano-emulsions can be exploited for further optimization to produce formulations
suitable for undertaking in vivo pharmacokinetic studies. The side effects of EFV associated
with dose dumping may be reduced by using nano-emulsions to modulate release. The nano-
emulsion approach is promising however the stability of formulations in gelatine or other
encapsulated forms in which crystallization of EFV from solution is minimized, should be
explored. The use of flaxseed oil in dosage forms intended for oral delivery may be beneficial
to patients as there are health benefits associated with use of polyunsaturated fatty acids
containing oils. Furthermore, flaxseed oil is relatively economic and is a sustainable raw

material for dosage forms [425].

The recommended dose of EFV in adults is 600 mg administered once daily and the most
common dosage form available is a tablet, which is inconveniently large that may negatively
affect patient adherence. The design of LBDDS focused on making the release characteristics
independent of the gastro-intestinal physiology, the fed/fasted state of the patient and focussed
on producing a small dosage form convenient for the patient to use. The negative ZP observed
suggest the technology would be useful for macrophage targeting since macrophages identify
and take up negatively charged particles. Macrophages are key cells in HIV infection and are
significant reservoirs of the virus. The results of these studies reveal there is potential to use a
SEDDS as a carrier system for EFV that may exhibit increased bioavailability and may
modulate delivery. Furthermore, the dose and frequency of dosing may be reduced thereby

enhancing patient adherence. The method of manufacture used to manufacture the SEDDS is
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simple can be scaled for industrial production however scale up manufacture and proof of in-

vivo performance must be undertaken as the next phase of this research process.
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CHAPTER SIX

CONCLUSIONS

HIV is a disease prevalent in many countries around the globe with the highest mortality
observed in developing countries. In efforts to improve access to HIV drugs, simplification of
process chemistry, reformulation, dose reduction, inclusion of new drug classes and new
therapeutic strategies have been developed and used as tools to contribute to the reduction of
the HIV burden. Currently, there are several NNRTIs approved for use in HIV treatment, with
EFV being one of the most prescribed drug of this class.

The bioavailability of EFV is however very low due to poor aqueous solubility and as a result
current dosage forms may not perform with the best possible therapeutic outcomes. SEDDS
have recently been the focus as an approach for overcoming the poor solubility and oral
bioavailability of API particularly those classified as BCS II and IV compounds. SEDDS
approach may ensure a consistent temporal profile with reduced frequency of dosing and dose
levels which is of particular importance for the use of combination formulations of ART to
promote adherence and patient outcomes. Furthermore, reduced frequency of dosing may play
role in mitigating for the shortcoming of a low genetic barrier to resistance of EFV.
Consequently, it was deemed appropriate to attempt to develop, manufacture and assess the
release of EFV through self-emulsifying drug delivery system (SEDDS) formulations using
sustainable vegetable oils to mitigate for some of the challenges associated with the

performance of EFV dosage forms.

Different analytical techniques have been used for the characterisation of SEDDS. The loading
capacity (LC) and in-vitro release of EFV from SEDDS was monitored using a RP-HPLC
method developed and validated for use in these studies. This method was also used to
determine the solubility of EFV in several vegetable oils with highest solubility of EFV
observed in flaxseed oil. Future work could also examine the solubility of EFV in surfactants
to establish if the triglyceride or the surfactant is a dominant solubilizing factor although

ethanol was observed to have the highest impact on solubility of EFV.

Pseudo-ternary phase diagrams and Winsor phase behaviour were used for identification of
formulation phases that assisted in defining appropriate proportions of each component to use
and the facilitation of decisions in relation to manufacturing processes such as whether high or

low energy methods were suitable for combinations of flaxseed oil, Tween® 80, Span® 20 and
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ethanol co-solvent. Distinct regions of the phase diagrams revealed transparent isotropic
regions, gel regions and other Winsor I, IT and III with phases separated (non-isotropic) regions.
The transparent isotropic region proportions were chosen as an area of interest and further
analysed and optimized using statistical DoE due to their low energy formation and high

solubility capacity of EFV.

Particle size and PDI analysis was performed using a Nano-ZS Zetasizer and surface
morphology of the nano-dispersions was generated using transmission electron microscopy
(TEM). Crystallization and polymorphic transitions of SEDDS were investigated using DSC,
FT-IR, XRD and Raman spectroscopy. XRD data revealed that 1:1 m/m binary mixtures of
EFV and each excipient except for ethanol resulted in complete disappearance of the signals
for the EFV for XRD possibly due to a change of crystalline EFV to an amorphous form or the
formation of a complete molecular dispersion of the API in the lipids investigated. The FTIR
and Raman spectra revealed the disappearance of EFV in the presence of surfactants due to
EFV existing in the molecular state in the SEDDS dispersions with improved solubility through
functionality of self-emulsifying systems that are readily dispersible in aqueous and/or
physiological media. The data generated in these studies revealed no serious incompatibility

between the API and excipients.

The use of statistical design of experiments (DoE) was successfully applied on the development
and optimization of a RP-HPLC method using a CCD experimental design and the optimization
of formulation mixtures was done using a D-optimal mixtures design. Kinetically stable (low
energy nano-emulsions produced using flaxseed oil, Tween® 80 and Span® 20 and ethanol were
successfully manufactured. Desired and DoE optimized formulations based on CQA were
produced and characterized in terms of in vitro release of efavirenz, physical and chemical
stability. Stable nano-emulsions under the tested conditions containing 10% m/m flaxseed oil
were successfully manufactured. Droplet sizes ranged between 156 and 225 nm, zeta potential
between —24 and —41 mV and all formulations were found to be monodisperse with
polydispersity indices < 0.487. The EFV release profiles observed from different nano-
emulsions can be exploited for further optimization to produce formulations suitable for
undertaking in vivo pharmacokinetic studies. The nano-emulsion approach is promising and
appears to be a possible vehicle for the enhancement of solubility dissolution of EFV however,
further development and evaluation of the SEDDS formulation produced in these studies is
required including assessment of the short and long-term stability of the dosage form to

establish a shelf-life for the optimised formulation. The stability of formulations in gelatine or
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other encapsulated forms in which crystallization of EFV from solution is minimized, should

be explored.

There are underutilized opportunities that may assist and promote the development of
pharmaceutical manufacturing on the continent. For example, Trade Related Aspects of
Intellectual Property Rights (TRIPS) flexibilities are a step in this direction. These flexibilities
include the fact that most products on the Essential Medicines List (EML) are no longer
protected by patents and generic versions can be produced without the need for voluntary
licences from originator companies. National Medicines Regulatory Authorities (NMRA) such
as the International Conference on Harmonisation (ICH), the U.S. Food and Drug
Administration (FDA), the European Medicines Agency (EMA) and the South African Health
Products Regulatory Authority (SAHPRA) play a crucial role in the registration of medicines
and the promotion of and compliance to cGMP in the pharmaceutical development and
manufacturing process. However, the capacity of such regulatory authorities, especially in
Africa, still needs to be continuously developed through research into technical aspects and
analytical methods in research and manufacturing to ensure high quality, safe and effective

medicines are independently brought to market.
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APPENDIX 1

ANOVA, diagnostic and response surface plots for responses monitored following use of

CCD experimental design for optimization.
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Figure 7.48. Diagnostic Normal plot of residuals for the inverse transformed quadratic model for retention time.
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Figure 7.49. Diagnostic Box-Cox plot for peak tailing mean model.
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Peak tailing Normal Plot of Residuals
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Figure 7.51. Diagnostic plot of residual versus predicted and externally studentized residuals for the transformed quadratic
model for peak resolution.
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Table 7.10. Solutions produced by CCD optimization criteria in section 3.5.2 to produce the selected conditions solution 3.

Column H of Retention Peak Peak s
Number — ACN temperature Il))uffer time tailing resolution Desirability
1 85.412 40.000 4.483 4.769 1.093 7.890 0.691
2 85.154 49.999 4.476 4.769 1.093 7.888 0.691
3 80.187 40.998 4.471 4.874 1.093 7.888 0.691 Selected
4 72.040 50.000 5.499 5.769 1.093 7.892 0.691
5 71.966 49.999 5.456 5.769 1.093 7.886 0.691
6 72.076 50.000 5.519 5.769 1.093 7.894 0.691
7 72.163 50.000 5.569 5.769 1.093 7.899 0.691
8 71.793 49.993 5.357 5.769 1.093 7.869 0.691
9 72.214 50.000 5.580 5.763 1.093 7.897 0.691
10 72.291 50.000 5.623 5.763 1.093 7.900 0.690
11 71.595 50.000 5.243 5.769 1.093 7.845 0.690
12 72.642 50.000 5.842 5.769 1.094 7.910 0.688
13 71.196 49.999 5.013 5.769 1.093 7.779 0.686
14 73.161 50.000 5.671 5.624 1.092 7.815 0.682
15 73.258 49.999 5.863 5.666 1.094 7.843 0.682
16 70.888 49.994 4.834 5.769 1.093 7.711 0.681
17 73.561 49.999 5.941 5.639 1.094 7.819 0.678
18 73.927 50.000 5.962 5.584 1.093 7771 0.674
19 74.045 49.999 6.000 5.576 1.093 7.767 0.673
20 75.033 49.997 6.000 5.421 1.092 7.643 0.661
21 72.867 25.000 5.028 5.769 1.085 6.221 0.607
Table 7.11. Table of results obtained for producing the calibration curve using the optimized HPLC conditions.
Sample sample  Peak area Peak area Peak area ratio Mean peak area SD % RSD
conc png/ml # EFV LRT (EFV/LRT) ratio
1 381062 1738290 0,21921656
17.5 2 382305 1742068 0,21945469
3 382977 1749183 0,21894621 0,219205471 0,000254 0,11606
1 793942 1758078 0,45159657
35 2 788173 1747451 0,45104154
3 784734 1740090 0,45097322 0,451204901 0,000342 0,07577
1 1571105 1746095 0,89978208
70 2 1570239 1744932 0,89988549
3 1575270 1753189 0,89851693 0,899393541 0,000762 0,084729
1 2312929 1742792 1,32714001
105 2 2313089 1743118 1,32698360
3 2319006 1748749 1,32609425 1,326738571 0,000564 0,042515
1 3460761 1741541 1,98718319
140 2 3488900 1754134 1,98895865
3 3477603 1749490 1,98778101 1,987976355 0,000903 0,045442
1 4823622 1728132 2,79123469
175 2 4943656 1762496 2,80491757
3 4874296 1740678 2,80022841 2,798837231 0,009675 0,345782
1 5759447 1781114 3,23362064
227.5 2 5686648 1758084 3,23457127
3 5660919 1746460 3,24136768 3,236496572 0,000672 0,020785
1 6488366 1762217 3,68193361
280 2 6483890 1759036 3,68604735
3 6459178 1756000 3,67834738 3,682111508 0,002909 0,078959
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Figure 7.52. HPLC chromatogram of 250 ug/mL EFV and 15 ug/mL LRT, concentrations depicts 100 % of pure EFV
sample.
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Figure 7.53. Chromatogram of alkali degradation of efavirenz at T0, only 8 % EFV recovered.
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Figure 7.54. HPLC chromatogram of temperature stress studies of EFV, with 46 % of EFV recovered.
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Figure 7.55. HPLC chromatogram of oxidative degradation of EFV, with 38 % of EFV recovered.
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APPENDIX 2
FTIR, Raman and XRD spectra and signals following pre-formulation studies
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Figure 7.56. FTIR Spectra of 1:1 m/m mixtures of EFV and grapeseed oil.
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Figure 7.57. FTIR Spectra of 1:1 m/m mixtures of EFV and olive oil.
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APPENDIX 3

Response surface plots for responses monitored following use of D-optimal experimental
design for optimization.
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Figure 7.1259. 3D Response surface showing the effect of the concentration of Span® 20, Tween® and Ethanol on droplet

size.
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Figure 7.1360. 3D response surface plot for PDI showing the effect of surfactant concentrations.
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Figure 7.14. 3D Response surface plot for Zeta potential.
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Figure 7.15. Transmission electron image of formulation emulsion F4.
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Figure 7.16. Transmission electron image of formulation nano-emulsion F2.

Figure 7.17. Transmission electron image of formulation nano-emulsion F3.
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