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ABSTRACT

In 2014, approximately 6.8 million people in South Africa were HIV-positive, and the majority of
those affected are aged 15 or older. A fixed-dose combination (FDC) antiretroviral (ARV) dosage
form containing one non-nucleotide reverse transcriptase inhibitor (efavirenz) and two nucleotide
reverse transcriptase inhibitors (emtricitabine and tenofovir) was licensed in South Africa in April
2013. New consolidated guidelines for HIV management and prevention of mother to child
transmission (PMTCT) were published by the South African Department of Health in December 2014
and the FDC is now the recommended first-line treatment for HIV-positive patients. According to
these guidelines all such people aged 15 and older, and weighing more than 40 kg, with a CD4 count
of < 500/ ul will be eligible for antiretroviral therapy (ART) using the FDC. In addition every
pregnant and breastfeeding woman is eligible for lifelong ART regardless of CD4 count and EFV can
be used as first-line treatment for pregnant women regardless of the length of gestation state of the
pregnancy at that time. The use of this simplified regime is likely to promote much needed and

improved adherence to therapy.

An investigation into the development of a stability-indicating reversed-phase high performance
liquid chromatography (RP-HPLC) method for the simultaneous quantitation of EFV, FTC and TNF
was undertaken. Isocratic HPLC analysis was found to be unsuitable due to the highly polar FTC
molecule eluting in the void. Therefore a gradient HPLC method was developed and validated. The
method was validated according to the International Conference on Harmonisation, now known as
International Council for Harmonization (ICH). Correlation coefficients > 0.999 were obtained for
each assessment of linearity and FTC, TNF and EFV are linear in the range 0.4-40 pg/ml, 0.6-60
pg/ml and 1.2-120 pg/ml. The equation of the best-fit least squares regression lines for FTC, TNF and
EFV were y = 0.0191x+0.0007, y = 0.0163x+0.0116 and y = 0.01x+0.016, respectively. The method
is accurate as the y-intercept was < 2% of the detector response for all ARV, and the method is

precise in terms of intra- and inter-assay precision as all % RSD < 2%.

The stability-indicating nature of the method was demonstrated under acidic, alkaline and oxidative
stress in addition to UV exposure and elevated temperatures, and the individual chromatograms were
overlaid using Empower® 3 Software to establish whether there was interference with the peaks of
interest. The forced degradation studies demonstrated the selectivity of the method for the ARV

compounds.

The method was applied to assay and in vitro dissolution studies of commercially available tablets.
The amount of each active ingredient released from Atripla® was determined and compared to the

amount of each drug released from Aspen Efavirenz® and Truvada® (a combination of FTC and TNF).



The percent FTC released from Atripla® and Truvada® was similar based on the acceptance criteria
for immediate-release BCS class 1 compounds. Statistical analysis was undertaken to compare the
dissolution profiles of FTC, TNF and EFV. The percent of these compounds released in these studies

indicate that bioequivalence testing would be required to declare these products interchangeable.

The validated RP-HPLC and in vitro dissolution test method are suitable for routine quality control
testing of solid oral dosage forms containing EFV, FTC and TNF, and as the dissolution method can
discriminate between different formulations of the same molecule, these tools can also be used for
analysis during formulation development studies. The method is not suitable for the analysis of the
ARV plasma due to lack of sensitivity and an inability to quantitate the compounds at the required
concentration levels. The use of HPLC with mass spectroscopy for quantitation would enhance the
sensitivity of the method and may eliminate the quantitation of the molecules in the presence of

interference that was observed when using UV detection.

Fixed dose combination tablets are convenient for patient therapy and it is likely that in the future
more molecules will be formulated into such dosage forms. However formulations such as these can
pose significant difficulties when developing and using analytical methods for the quantitation of all
compounds in the dosage form at the same time, in particular when the compounds have vastly
different physico-chemical properties that impact the quality of a separation and therefore the
analysis. Therefore when embarking on the development of FDC product cognisance of the
difficulties of developing single methods for the analyses is required and approaches to overcome

these difficulties should be considered.
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STUDY OBJECTIVES

EFV in a non-nucleotide reverse transcriptase inhibitor (NNRTI) and FTC and TNF are nucleotide
reverse transcriptase inhibitors (NRTI). They are used in combination for highly active antiretroviral
therapy (HAART) and are recommended as first-line treatment for HIV-1-positive patients in South
Africa. The combination of EFV, FTC and TNF is available as a FDC tablet and the simplified dosing
regimen is more convenient and promotes adherence to therapy.

The widespread use of these antiretroviral compounds in combination requires a simple RP-HPLC
method for the simultaneous analysis of all compounds. The possibility of a single RP-HPLC method

with multiple applications would reduce the analytical workload and has not yet been explored.

The objectives of this study were therefore to:

1. Compare isocratic and gradient RP-HPLC methods for the simultaneous quantitation of EFV,
FTC and TNF.

2. Develop and validate an appropriate RP-HPLC method following the comparison of isocratic

and gradient HPLC methods.

3. Apply the RP-HPLC method for quality control purposes and for the analysis of EFV, FTC
and TNF in biological fluids.
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CHAPTER ONE
EFAVIRENZ, EMTRICITABINE AND TENOFOVIR

1.1 INTRODUCTION

1.1.1 Overview
The development of highly active antiretroviral therapy (HAART) has dramatically reduced the

mortality and morbidity associated with human immune deficiency virus (HIV)-infection, thereby
facilitating the management of chronic infection [1-4]. Through the use of HAART, long-term
suppression of human immune deficiency virus-1 (HIV-1) infection is achievable, provided patient
adherence to therapy is achieved [5, 6]. Challenges affecting the maintenance of viral suppression
include life-long adherence, number of tablets to be taken in a treatment regimen, complexity of
dosing frequency, drug-interactions and long-term adverse effects and toxicity [3, 4].

The first single-tablet fixed-dose combination (FDC) antiretroviral (ARV) has been commercially
available since 2006 and is marketed as Atripla® [7]. A generic product has been commercially
available in South Africa since April 2013 [8, 9] and consists of efavirenz (EFV), emtricitabine (FTC)
and tenofovir disoproxil fumarate (TDF) in a ratio of 600 mg/ 200 mg /300 mg. TDF in this quantity
is equivalent to 245 mg tenofovir disoproxil (TNF) and 136 mg of tenofovir [10]. The tablet is taken
once daily for the treatment of HIV-1 infection [7, 11, 12]. Once-daily FDC tablets are the simplest
antiretroviral therapy available [6]. FDC ARV therapy is convenient for patients as it reduces the “pill

burden” which in turn improves adherence to therapy [6, 11, 12].

FDC were initially indicated for treating HIV-positive antiretroviral naive patients and HIV-positive
pregnant women and those who are breastfeeding. It is now available to all patients on the
recommendation of a physician [9]. Treatment with EFV, FTC and TNF is the preferred first-line
therapy for antiretroviral naive HIV-1-infected persons [6]. Bioequivalence between the dosage form
containing a single molecule and the FDC in addition to favourable pharmacokinetics facilitates once-
daily dosing of EFV, FTC and TNF [6, 7].

EFV is a non-competitive potent non-nucleoside reverse transcriptase inhibitor (NNRTI) of HIV-1
[11, 13-15]. The reverse transcriptase (RT) enzyme of the human immune deficiency virus type-2
(HIV-2) and human cellular DNA polymerases a, B, Y and & are not significantly inhibited by EFV
[11, 16]. A major disadvantage of EFV is the low genetic barrier to resistance. A single mutation can
confer resistance to EFV and nevirapine (NVP), another NNRTI [6]. The most common side effects
associated with EFV are rash and CNS disturbances. Previously it was recommended that the use of
EFV in pregnancy be avoided [6, 16, 17] however, according to the latest guidelines [18], pregnant
and breastfeeding women are eligible for lifelong ART regardless of CD4 count. In addition EFV is

used as a first-line for treatment of pregnant women regardless of the gestation period of the
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pregnancy. EFV is extensively metabolised in the liver via cytochrome P450 enzymes and thus has a

high potential for interaction with other molecules also metabolised via this route [11, 19-22].

Figure 1.1 The chemical structure of efavirenz (EFV)(C14HoCIFsNO,, 315.7 g/mol)

FTC is a synthetic nucleoside analogue of cytidine [11, 23]. TDF is a fumarate salt of the prodrug
TNF [10] and TNF is absorbed and converted to tenofovir monophosphate, an acyclic nucleoside
phosphonate (nucleotide) diester analog of adenosine monophosphate. FTC and TNF are nucleos(t)ide
reverese transcriptase inhibitors (NRTI) [10, 11, 24, 25]. NRTI require conversion to an active
metabolite for antiviral activity to be effective. The molecules mimic normal nucleos(t)ides that are
incorporated into DNA at the 3’ terminus. However FTC and TNF lack the 3’-OH and their
incorporation at the 3’ terminus of the DNA therefore terminates chain elongation by preventing
incorporation of additional nucleotides [11, 23, 26]. Tenofovir diphosphate and emtricitabine 5’-
triphosphate are weak inhibitors of a, B, Y cellular DNA polymerases and emtricitabine 5’-

triphosphate weakly inhibits DNA polymerase € [11].

The combination of TNF and FTC has been the preferred NRTI regimen since 2003 since approval by
FDA [6]. A single-tablet combination has been approved by the FDA and more recently by the
Medicines Control Council (MCC) of South Africa for pre-exposure prophylaxis (PrEP) although it is
not widely used clinically [27, 28]. The HIV-1 reverse transcriptase (RT) mutation K65R is a
common multi-drug resistance mutation that confers resistance to NRTI including TNF and FTC [11,
26, 29, 30] and this mutation may be responsible for cross-resistance between different NRTI [26, 30].
Cases of acute renal failure and Fanconi syndrome (FS) have been reported in patients treated with
TNF [31-34] although clinically important renal toxicity is rare [35]. FTC and TNF undergo limited
systemic metabolism [11, 36, 37].
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Figure 1.2 The chemical structure of emtricitabine(FTC)(CgH10FN3O3S, 247.2 g/mol)
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Figure 1.3 A The chemical structure of tenofovir disoproxil fumarate (TDF)(C19H3oN5010P, C4H4O4
635.5g/mol)
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Figure 1.3 B The chemical structure of tenofovir disoproxil (TNF)(C19H3N5040P, 519.4 g/mol)
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Figure 1.3 C The chemical structure of tenofovir monophosphate (CqH14NsO4P, 287.2 g/mol)
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1.2 PHYSICO-CHEMICAL PROPERTIES

1.2.1 Description
EFV is (4S)-6-chloro-4-(cyclopropylethynyl)-1,4-dihydro-4-(trifluoromethyl)-2H-3,1-

benzoxazin-2-one [11, 26, 29, 30] and occurs as a white to slightly pink crystalline powder [31, 38,
39]. The empirical formula for EFV is C14HoCIFsNO, and the relative molar mass is 315.7g/mol [14,
31, 39]. EFV contains no less than 97.0 percent and not more than 103.0 percent of Cy4H,CIF;NO,
calculated with reference to the anhydrous reference material [38].

FTC is (-)-4-amino-5-fluoro-1-[(2R, 5S)-2-(hydroxymethyl)-1,3-oxathiolan-5-yl]pyrimidin-2(1H)-
one; (-)-5-fluoro-1-[(2R,5S)-2-(hydroxymethyl)-1,3-oxathiolan-5- yl]cytosine [31, 40, 41] and FTC is
a white to off white, crystalline powder [31, 41]. FTC has an empirical formula of CgH;,FN3O3S and a
relative molecular mass of 247.2 g/mol [40, 42]. FTC contains no less than 99.0 percent and not more
than 101.0 percent of emtricitabine (CgHioFN3O3S), calculated with reference to the anhydrous
reference material [40].

TDF is 9-[(R)-2[[bis[[(isopropoxycarbonyl)oxy]- methoxy]phosphinyl]Jmethoxy]propyl]adenine
fumarate (1:1). TDF is the fumaric acid salt of the bisisopropoxycarbonyloxymethyl ester derivative
of TNF [31, 43, 44]. TDF has an empirical formula of C;gH3,NsO4P, C,H,O4 and a relative molar
mass of 635.5 g/mol. It occurs as a white to almost white crystalline powder [31, 43-45]. TDF
contains no less than 98.5 percent and not more than 101.0 percent of TDF (CygH3NsO1oP, C4H40,),
calculated with reference to an anhydrous reference material [31, 44]. TDF refers to the solid/raw

material whereas TNF refers to TDF in solution and tenofovir peaks in chromatograms.

1.2.2 Dissociation Constant (pKa)
EFV is a weak acid with a pKa of 10.2. It is therefore ionised at high pH, at which the carbonate

moiety undergoes deprotonation to form a negatively charged species [46, 47]. The trifluoromethyl
and ethylene moieties are most likely responsible for the lowering of the pKa [47]. The pKa of FTC
and TNF are 2.65 and 3.75 respectively [41, 42, 48]. EFV is a weak acid whereas FTC and TNF are

weak bases.

1.2.3 Partition coefficient
The partition coefficient is the measure of the ability of a drug to partition into a lipophilic or

hydrophilic phase prior to exerting a pharmacological effect as the drug must first cross a lipid
membrane barrier and the partition to underlying aqueous environments. The logarithm of the
partition coefficient (log P) is a measure of lipophilicity of a drug molecule and can be used to infer
potential biological activity in addition to understanding partitioning in the context of RP-HPLC

analysis.
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In general,

if log P =0, there is equal distribution of the molecule in both phases, if the
log P >0, the molecule is lipid soluble, whereas if
log P <0, the molecule is water soluble [49].

The log P of EFV is 5.4 [38] and FTC is -0.43 [42, 48]. The log P of TNF, the form of tenofovir that
is absorbed, is 1.25 [48]. The hydrophilicity/hydrophobicity of molecules governs the retention
characteristics in RP-HPLC where the most hydrophilic molecules elute early and hydrophobic
molecules elute later [50]. Therefore the partition coefficient can be used to predict the order of
elution in RP-HPLC and based on the partition coefficients of the compounds of the FDC the order of
elution will be FTC, TNF and then EFV.

1.2.4 Biopharmaceutical Classification System (BCS)
The BCS provides a framework to classify molecules into categories based on their aqueous solubility

and membrane permeability. Class 1 drugs have high solubility and high permeability, class 2 drugs
low solubility and high permeability, class 3 drugs high solubility and low permeability and class 4
drugs low solubility and low permeability [51, 52]. EFV has low aqueous solubility and high
intestinal permeability and is classified as a Class 2 molecule [53]. FTC has high aqueous solubility
and high intestinal permeability and is classified as a Class 1 molecule [54]. TNF, the form of
tenofovir that is aborbed, has high aqueous solubility and low intestinal permeability and is classified

as a Class 3 molecule [55].

1.2.5 Solubility
EFV is practically insoluble in water (9.0 pg /ml) but is freely soluble in methanol [14, 31, 38, 39].

FTC is freely soluble in methanol and water (112 mg/ml) and is practically insoluble in
dichloromethane R [31, 40-42]. TNF has a solubility of 13.4 mg/ml in distilled water at 25 °C [31,
43, 45].

1.2.6 Melting Range
EFV melts within the range of 139-141 °C [56]. FTC melts within the range of 136-140 °C [57]. TNF

melts within the range of 276-280 °C [58].

1.2.7 Ultraviolet absorption spectrum
Individual stock solutions of each ARV were prepared in a water: acetonitrile mixture

in a ratio of 60:40 % v/v and the UV absorption spectrum monitored between 210-400 nm.
The maximum absorbance observed for EFV, FTC and TNF were 246 nm, 280 nm and
respectively and the spectra are depicted in Figures 1.4, 1.5 and 1.6. Similar wavelengths
of maximum absorbance have been reported [38, 59-62].
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Figure 1.4 The ultraviolet absorption spectrum of efavirenz (EFV)
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Figure 1.5 The ultraviolet absorption spectrum of emtricitabine (FTC)
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Figure 1.6 The ultraviolet absorption spectrum of tenofovir (TNF)

1.2.8 Infrared spectra
Infrared (IR) absorption spectroscopy is used for the identification of compounds. The spectra are

compared to reference spectra of the compound and the IR spectrum can be obtained from raw
materials in the solid state [63]. IR Spectra in the range 4000-650 cm™ for EFV, FTC and TDF were
generated using a Perkin-Elmer® FT-IR Spectrum 100 (Perkin-Elmer® Pty Ltd, Beaconsfield,
England) and are depicted in Figures 1.7, 1.8 and 1.9. The The spectra generated are similar to those
that have been reported [64] and the IR spectra obtained confirm the identity of EFV, FTC and TNF.

The principal bands observed in the IR spectrum of EFV (Figure 1.7) include 3312 (-NH), 2249
(C=C), 1740 (C=0), 1604 (C=C), 1494 (C-S-C), 1350-1120 (CF5), 1096 (C-Cl) and 900-650 cm™
(aromatic ring) stretching.
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Figure 1.7 The infrared spectrum of efavirenz (EFV)

The principal bands observed in the IR spectrum of FTC (Figure 1.8) include 3412 (NH, stretch),
3072 (C=C), 1690 (C=0), 1616 (NH, bend), 1517 (C=C, C=N) and 774 cm™ (CF) stretching.
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Figure 1.8 The infrared spectrum of emtricitabine (FTC)

The principal bands observed in the IR spectrum of TDF (Figure 1.9) include 3210 (NH), 2984 (CH),
1751 (C=0), 1673 (C=C), 1421 (C=N), 1256 (C-N), 1158 (P=0), 1050-970 cm™ (P-O-P) stretching.
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Figure 1.9 The infrared spectrum of tenofovir disoproxil fumarate (TDF)

1.3 STEREOCHEMISTRY AND STRUCTURE ACTIVITY RELATIONSHIP

1.3.1 Efavirenz
The NNRTI are a diverse class of molecules in terms of their chemical structure, but all interact with

HIV-RT [65-67] enzyme. The non-nucleoside inhibitor-binding pocket (NNIBP) only exists in the
presence of a NNRTI. The movement of the Tyr181 and Tyr188 residues from a ‘down’ position to an
‘up’ position characterises the formation of the NNIBP [67] and mutations at Tyr181 and Tyr188
residues result in loss of interaction with older generation inhibitors such as nevirapine and
delavirdine. EFV has an improved resistance profile due to minimal interaction with the Tyr181 and
Tyr188 residues. EFV has a small cyclo-propyl group in comparison to the bulky pyridyl ring seen
with nevirapine and delavirdine [67, 68]. The small molecular size of EFV permits rearrangement
within a mutated NNIBP, thereby improving its resistance profile [67]. Any substitutions with a
nitrogen containing group at position C-3 (Figure 1.1) are unfavourable for antiviral activity [69]. The
halophenyl and the trifluoromethyl groups are important for hydrophobic interactions within the
enzyme [68], and the electronegative trifluoromethyl and acetylene groups substantially lower the
pKa of EFV [47], improving the potency of the cyclic carbamate and therefore enhancing drug
potency [13]. Substitution of chlorine on the benzoxazinone ring also lowers the pKa to a lesser extent
[47].

1.3.2 Emtricitabine
L-deoxycytidine analogues such as FTC and lamivudine (3TC) are structurally similar molecules,

only differing by a 5-fluorinated substitution on FTC. FTC and 3TC exhibit L-stereochemistry that is
more effective than the D-isomer form [70-72]. Fluorine is a strong electron withdrawing group

which alters © electron distribution within the cytosine moiety of FTC, affecting stacking interactions
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with the primer 3’-base [70]. Fluorine substitution does not distort the geometry of hydrogens but
increases biological activity [73, 74]. The sugar moiety of FTC (and 3TC) is rotated 180° with O4’-
endo sugar puckering that is a result of the stereochemistry and Watson-Crick base-pairing [75]. The
rotated sugar moiety allows for multiple triphosphate-binding conformations at the polymerase active
site that can significantly decrease incorporation and therefore the efficiency in the polymerase
enzyme [72]. The lack of a 3°-OH moiety results in chain termination when the moiety is incorporated
into the growing DNA chain. In addition the lack of the 3’-OH moiety relieves steric hindrance that
arises as a result of 180° rotation of the sugar moiety in L-nucleotides facing the primer 3’-terminus
[71, 72]. Substitution at the 3’position with an electron-rich atom such as sulphur improves stacking
interactions with amino acids residues within the enzyme [71, 72]. Substitution with 3’-OH results in
an increase in drug resistance, while substitution with smaller atoms such as carbon or oxygen reduces
drug resistance resulting from a decrease in stacking interactions between the sugar moiety and amino

acid residues, in the enzyme thereby decreasing binding affinity for the enzyme [72].

1.3.3 Tenofovir
TNF is an acyclic nucleoside phosphonate in which the sugar moiety has been replaced by an acyclic

moiety [76-78]. TNF differs from adefovir by a single methyl group, resulting in a lower intrinsic
cytotoxicity and an increase in the therapeutic index of TNF [79]. TNF does not have sufficient oral
bioavailability therefore TDF, a fumarate salt of the prodrug TNF, was developed [26, 80, 81]. TNF
has a double negative charge at physiological pH and the oral bioavailability, cellular uptake and
potency are increased when the negative charges are masked through the use of the disoproxil
fumarate moiety [76, 77, 79, 81]. Masking of the double negative charge of TNF results in release into
plasma, however a drawback is its susceptibility to concentration in the proximal tubule (PT) of the
kidney through interaction with anion transporters [76, 77]. TNF is activated by phosphorylation via
nucleoside kinases [26, 78], and the initial phosphorylation is a rate limiting step that is bypassed by
inclusion of a phosphonate group [26, 76, 77]. The phosphonate moiety is chemically and
metabolically stable, and hydrolysis back to the nucleoside is not possible for nucleoside
monophosphates [79, 81]. TNF is not subject to deamination or deglycosylation [79] and the antiviral
activity of dephosphorylated TNF is a consequence of higher affinity for viral DNA polymerase
compared to cellular DNA polymerases [76]. The stereochemistry (*) depicted in Figure 1.10 is
important for activity [76].
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Figure 1.10 The structure of tenofovir disoproxil fumarate (TDF), indicating the important stereochemistry
features for antiviral activity

14 STABILITY
Stability studies performed according to The International Conference on Harmonisation (ICH)
guidelines are important measures of pharmaceutical quality control [82, 83]. Stability testing should
include hydrolytic, oxidative, thermal and photolyic stability of an active pharmaceutical ingredient
[83, 84].

In a study the stability of EFV, FTC and TNF individually and in combination were investigated
under acidic, basic and neutral conditions [85]. All three ARV in combination were refluxed in 0.5 M
HCI, 0.1 M NaOH and water for 1, 2 and 3 hours, after which the samples were neutralised. EFV,
FTC and TDF degraded significantly when exposed to 0.1 M NaOH for 2 hours at an unspecified
room temperature [85]. EFV has been reported to be unstable in alkaline conditions as it undergoes
base hydrolysis at the carbamate amine [82, 83, 86] and degradation follows apparent first-order
kinetics in the pH range 0.6-12.8 at 60 °C [5]. The proposed cyclic carbamate degradation of EFV is
depicted in Figure 1.11. The pH of maximum stability for EFV is reported to be between pH 1-7 [83]
and EFV was found to be stable in neutral conditions. However FTC and TNF degraded in neutral
conditions [85].
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Figure 1.11 Proposed base hydrolysis of cyclic carbamate of EFV (adapted from [83, 86])
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Figure 1.12 lonisation of the amine functionality in the carbamate moiety of EFV and stabilisation of negative
charge through resonance (adapted from [80])

A plateau in the pH profile of EFV has been reported between pH 10-11 and is a result of the
ionisation of the carbamate amine which prevents base hydrolysis of EFV. The ionised carbamate is

stabilised through resonance (Figure 1.12) [86].

The ARV were also subjected to oxidative, thermal and photolytic conditions. Oxidative stress in 10
% viv H,O, at an unspecified room temperature for 5 hours revealed that EFV did not oxidise under
prolonged exposure to an oxidising agent. Thermal and photodegradation studies were performed on
the ARV in their solid state. Thermal conditions were exposure to 60'C for 24 hours.
Photodegradation conditions were exposure to 1.2 10x° lux hr of fluorescent light and 200 Watt hr m™
UV light. All compounds were stable under thermal- and photo- degradation conditions [85] despite

photodegradation of EFV having been reported [83].
1.5 CLINICAL PHARMACOLOGY

1.5.1 Mechanism of action
Three broad classes of antiretroviral drugs are used for the treatment of HIV-1 infection. These

include RT, protease, and fusion inhibitors [87]. The RT inhibitors can be further classified into NRTI
and NNRTI [26]. Both NRTI and NNRTI target the HIV-1 virus RT enzyme and these classes form
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the majority of approved commercially available antiretroviral drugs [88]. HIV-1 RT converts single-
stranded viral RNA into double-stranded viral DNA. HIV-1 RT is a heterodimer consisting of p66 and
p51 subunits [89]. The p66 subunit contains an N-terminal polymerase domain and a C-terminal
RNase H domain while the p51 subunit, not directly involved in catalysis, provides structural support

for subunit p66 enzymatic activities [90].

1.5.1.1 Efavirenz
EFV is a non-competitive potent non-nucleoside reverse transcriptase inhibitor of HIV-1 [11, 13-15].

The crystal structure of the p66/p51-EFV complex, EFV is bound to the p66 subunit in a small
NNIBP approximately 10 A from the polymerase active site [89]. RT changes conformation to create
a NNIBP that can accommodate a NNRTI. The NNIBP does not exist unless an NNRTI is bound to
RT, and binding of a NNRTI is said to block polymerisation activity of RT [13, 24, 90-92]. The RT
of the HIV-2 virus and human cellular DNA polymerases a, B, Y and & are not significantly inhibited
by efavirenz [11, 93].

1.5.1.2 Emtricitabine
FTC, a NRTI, is a synthetic nucleoside analogue of cytidine [11, 23] and activity requires conversion

of the compound to its active metabolite, emtricitabine 5’-triphosphate via phosphorylation. FTC is a
competitive inhibitor of HIV-1 RT since emtricitabine 5’-triphosphate competes with deoxycytidine
5'-triphosphate, a natural substrate of RT. FTC is thus able to mimic normal nucleotides that are
incorporated into DNA at the 3’ terminus, however it lacks the 3’-OH and once incorporated at the 3’
terminus of DNA, emtricitabine terminates chain elongation by preventing incorporation of additional
nucleotides [11, 23, 26].

1.5.1.3 Tenofovir
Similar to FTC, TNF must be converted to its active metabolite for ARV activity to occur [11, 24,

25]. TNF initially undergoes diester hydrolysis and further undergoes phosphorylation by cellular
enzymes to form tenofovir diphosphate that competes with deoxyadenosine 5'-triphosphate, a natural
substrate of RT. Tenofovir diphosphate is incorporated into nascent viral DNA resulting in chain
termination [11, 25].

Tenofovir diphosphate and emtricitabine 5’-triphosphate are weak inhibitors of cellular DNA

polymerases o, B, Y and emtricitabine 5’-triphosphate weakly inhibits DNA polymerase € [11].

1.5.2 Therapeutic indications
EFV used in combination with other antiretroviral agents is indicated for the treatment of HIV-1

infection in adults, adolescents and children aged 3years and older and/or those weighing 13kg or
heavier [93]. EFV is an important component of HAART [1] regimens that consist of a NNRTI, such
as EFV, and/or a protease inhibitor and one or two nucleoside RT inhibitors [1, 26]. EFV, TNF and
FTC are preferred ARV agents for the treatment of HIV-1 infection in adults [53]. EFV, TNF and
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FTC are components of a once-daily single tablet [37, 91, 94] and a FDC ARV was licenced for use in
South Africa in 2013. It is first-line therapy for treating HIV-positive antiretroviral naive patients and

HIV-positive pregnant women who were breastfeeding [9, 18, 95, 96].

EFV is also indicated for use in post exposure prophylaxis (PEP) [24]. TNF and FTC are available as
a once daily single-tablet regimen for the treatment of HIV-1 infection in adults [97, 98]. The single-
tablet has been approved by the FDA for pre-exposure prophylaxis (PrEP), although this is not widely
used clinically [27].

1.5.3 Dosage and administration
The FDC contains 600 mg/ 200 mg /300 mg of EFV, FTC and TDF, respectively (81.1.1, Chapter

one) [11, 12]. The long plasma half-life of EFV and the long intracellular half-lives of the active
forms of FTC and TNF permit effective once-daily dosing [53]. The tablet is administered orally and
it is recommended that the FDC be taken on an empty stomach prior to bedtime as this approach
reduces the frequency of adverse effects associated with EFV and improves nervous system
tolerability of EFV in patients [11, 37].

1.5.3.1 Overdose
In the event of an overdose patients should be monitored for signs of toxicity and their clinical

presentation observed. Standard supportive treatment should be applied where necessary. FTC and
TNF can be removed by haemodialysis but EFV is highly protein bound and therefore unlikely to be

dialysed. Activated charcoal may be administered to sequester unabsorbed EFV [31].

1.5.3.2 Missed doses
If a dose is missed within 12 hours of the time it was intended to be taken then another dose should be

taken as soon as the patient remembers they had missed a dose, otherwise the dose should not be

taken and the patient should resume the usual dosing schedule [37].

1.5.3.3 Discontinuation of therapy
If the discontinuation of therapy with one of the components of the FDC is indicated, separate

preparations of EFV, FTC and TNF are available and can be considered for use. If therapy is
discontinued, the long half-life of EFV and long intracellular half-lives of FTC and TNF must be

taken into consideration as this may lead to the emergence of resistance [37].

1.5.3.4 Dosage adjustment
If a FDC is used concomitantly with rifampicin (in patients weighing 50 kg or more) an additional

200 mg/day (800 mg total) of EFV may need to be administered to ensure optimal therapy [31, 37].

1.5.4 Contraindications
The use of a FDC is contraindicated in patients that exhibit significant hypersensitivity reactions such

as Stevens-Johnson syndrome, toxic skin eruptions or erythema multiforme to any of the active
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substances or excipients in the dosage form [31, 37]. TNF is contraindicated in patients with moderate
to severe uncontrolled renal failure [99, 100] and initially evidence suggested TNF was relatively safe
however there have subsequently been reports of nephrotoxicity in patients using TNF for HIV
treatment [101]. EFV metabolism occurs primarily via the Cytochrome P450 enzyme system and

therefore use of the FDC is contraindicated in patients with severe hepatic impairment [11].

1.5.4.1 Contraindicated medicines for concomitant use
Due to the presence of EFV in the FDC, concomitant use with agents such as terfenadine, astemizole,

cisapride, midazolam, triazolam, pimozide, bepridil, or ergot alkaloids viz. ergotamine,

dihydroergotamine, ergonovine, and methylergonovine is contraindicated [31, 37].

Concomitant use of EFV with herbal preparations containing St. John’s Wort (Hypericum perforatum)
is contraindicated due to the risk of decreased plasma concentrations of EFV which may lead to a
reduction of virological suppression and may contribute to resistance to EFV or other NNRTI [31,
37].

1.5.5 Precautions and use in special populations

1.5.5.1 Paediatric population

FDC should be administered only to patients who are 15 years of age and older and who weigh > 40
kg. The dosage adjustment required for younger patients who weigh < 40 kg is not possible with the
FDC ARV delivery system [18, 31].

1.5.5.2 Geriatric population
Insufficient clinical data exists in patients older than 65 years of age. The FDC should be administered

with caution to elderly people as this population group is more likely to exhibit a higher frequency of
side effects associated with decreased hepatic, renal or cardiac function in addition to other diseases

and therefore concomitant drug therapy that may exhibit drug-drug interactions [31, 37].

1.5.5.3 Renal impairment
The use of the FDC is not recommended in patients with moderate or severe renal impairment.

Patients with moderate renal impairment (creatinine clearance (Clcg) of 30-49 ml/min) and severe
renal impairment (Clcg of 10-29 ml/min) may exhibit an increased exposure to FTC and TNF [11,
102]. Elevated baseline serum creatinine, low body weight and advanced age can contribute to slow
TNF clearance resulting in elevated TNF concentrations and an increased risk of renal toxicity [103].
The effect of renal impairment on EFV exposure is expected to be minimal but has not yet been
assessed [11, 102]. Patients with moderate or severe renal impairment require dose interval
adjustment for FTC and TNF, which is not possible with FDC tablets [37].
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1.5.5.4 Hepatic impairment
The FDC should be used with caution in patients with liver disease, as limited clinical data is

available to support this therapeutic approach, however hepatotoxicity is primarily associated with
EFV [7, 31, 94]. Patients should be monitored carefully for adverse reactions with respect to EFV due
to its being extensively metabolised in the liver. Patients with mild hepatic impairment may be treated
with the FDC at the recommended doses and patients co-infected with HIV and hepatitis B/C or who
have a history of hepatitis B/C infection should be treated with caution and monitored for signs of
exacerbation of hepatitis [31, 37, 94].

1.5.5.5 Pregnancy and lactation
EFV has been associated with a potential increase in the risk of congenital defects of the central

nervous system (CNS). It was recommended that EFV should not be used in pregnancy based on
neural tube defects reported in animal studies, and retrospective case reports of several human infants
exposed to EFV during the first trimester who were born with myelomeningocele [17, 31]. A
systematic review of available evidence revealed no increased risk of overall congenital defects
among infants when exposed to EFV during the first trimester of pregnancy compared to exposure to
other antiretroviral drugs [17]. However a major limitation of this retrospective study was the
inadequate sample size. Due to widespread use of EFV as first-line treatment in South Africa, it was
previously thought that pregnancy should be avoided in women being treated with the FDC
containing EFV [17, 94]. According to recently published guidelines [18] it is recommended that EFV
be used as first-line treatment for all HIV-positive women who are pregnant, breastfeeding or within
12 months post-partum. EFV should be used regardless of CD4 cell count or gestation period of the

pregnancy.

1.5.5.6 HIV and hepatitis B co-infection
It is recommended that patients undergo screening for chronic hepatitis B (HBV) infection prior to

initiation of ARV therapy as the FDC is not indicated for the treatment of patients with chronic HBV
infection. Severe, acute exacerbations of HBV have been reported in patients who discontinue therapy
with FTC and TNF. Patients co-infected with HBV and HIV must be monitored for several months
and anti-HBV-therapy may be initiated, if required [31, 99, 100, 104]. Liver decompensation and liver
failure associated with HBV exacerbation in patients with HBV receiving FTC therapy has also been
reported [31, 94].

1.5.6 Adverse reactions

1.5.6.1 Rash

Rash, a common hypersensitivity reaction with HAART, is most often associated with NNRTI [105,
106]. The eruptions can range from mild-to-moderate or life threatening [31, 106], and usually
manifest as widespread maculo-papular, erythematous and pruritic rashes [31, 105, 107-109]. Fever,

myalgia and arthralgia can precede the development of a rash but could occur without any sign of a
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rash [107]. Rashes associated with NNRT]I use typically occur within the first few weeks of initiating
therapy [31, 107, 109, 110] and can resolve spontaneously on continued therapy [31, 107]. Severe
cases may present as Stevens-Johnson syndrome and toxic epidermal necrolysis [111]. Reactions may

persist after the cessation of therapy, particularly with drugs that have long half-lives [107].

Therapy should be discontinued in patients who develop severe rashes accompanied by blistering,
desquamation, exfoliation, mucosal involvement or fever > 39 °C [31, 107]. If a patient experiences
rash on the initiation of therapy, liver enzyme levels should be checked even if the patient is
asymptomatic [108]. Patients should be advised about the possibility of rash when therapy is initiated
[112]. Management of the rash includes the use of antihistamines and/or corticosteroids to improve
the tolerability and resolution of the rash [31, 105, 109] and in severe cases therapy must be
discontinued [109].

1.5.6.2 Lactic acidosis/severe hepatomegaly with steatosis
Fatal cases of lactic acidosis and severe hepatomegaly with steatosis have been reported in patients

being treated with TNF and other nucleoside analogues [31]. Lactic acidosis and hepatic steatosis are
thought to be a result of mitochondrial toxicity in liver and skeletal muscle cells as NRTI compounds
inhibit DNA polymerase Y within mitochondria [113-115], leading to depletion of mitochondrial
DNA and a change in the synthesis of mitochondrial proteins. Patients with hyperlactatemia
associated with NRTI therapy are asymptomatic. Those developing the most severe form of
hyperlactatemia present as metabolic acidosis and experience higher rates of mortality [113].
Symptoms of lactic acidosis are generally non-specific and include nausea, vomiting, abdominal pain,
dyspnoea, paraesthesia, fatigue and weight loss. Women tend to be more affected than men [31, 113,
114], and the risk factors include obesity and prolonged exposure to nucleoside analogues [31].
Caution must be used when administering TNF or other nucleoside analogue in these patients [31].

Recovery includes supportive therapy and discontinuation of NRTI therapy [114].

1.5.6.3 Hepatoxicity
The AIDS Clinical Trials Group scale of liver toxicity assists to categorise the extent of hepatotoxicity

in patients. Patients with normal transaminase baseline levels of < 35 U/L for aspartate
aminotransferase (AST) and < 31 U/L for alanine aminotransferase (ALT) are most likely to develop
hepatotoxicity when ALT and/or AST levels are above the upper limits of the normal (ULN) [116,
117]. The scale is divided into 4 grades viz., grade one 1.25-2.5xULN, grade two 2.6-5xULN, grade
three 5.1-10xULN and grade four is >10xULN. Severe hepatotoxicity is observed in patients with
grades three or four scores during ARV therapy. The severity and outcomes can vary and patients may
be asymptomatic. Hepatotoxicity may resolve spontaneously or patients can suffer from liver

decompensation where outcomes may be fatal [117].
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Hepatotoxicity can be a consequence of a number of different mechanisms, some of which are due to
direct drug toxicity, hypersensitivity reactions to the ARV, immune reconstitution in the case of HBV
or hepatitis C (HCV) co-infection and mitochondrial toxicity [117]. HIV-positive patients with
chronic HBV or HCV co-infection, raised baseline ALT level or hepatic dysfunction are most likely
to develop severe hepatotoxicity [7, 117]. In such patients liver enzyme monitoring is recommended
prior to initiation of and during the course of therapy [31, 94]. Additional risk factors for developing
ARV-associated hepatotoxicity include already-existing raised transaminase levels, age, gender
(female) and lack of therapeutic response to ARV or an increase in CD4+ counts following the
initiation of ART [117].

It can be difficult to attribute the cause of hepatotoxicity to a single agent in HAART and the FDC
containing EFV/FTC/TNF has been reported to cause hepatotoxicity. In this combination it is unlikely
that the cause of hepatotoxicity is TNF or FTC as hepatotoxicity has rarely been associated with TNF
and no cases have been reported with FTC, but EFV-associated hepatotoxicity has been documented

[7].

1.5.6.4 Immune system reconstitution syndrome
A characteristic of HIV infection is the continuous reduction in the number CD4 T cells. The result is

gradual immunodeficiency with an increased risk of opportunistic infection [118]. Immune
reconstitution can occur on initiation of HAART [117, 119] as the viral load is reduced and the
immune response restored through an increase in the number of CD4 T cells [117, 118]. An
inflammatory immune response to residual infections or patients co-infected with diseases such as
Mycobacterium avium, cytomegalovirus, Pneumocystis jiroveci pneumonia, Mycobacterium
tuberculosis and HBV or HCV can occur. Immune reconstitution can occur within days or months of
initiation of therapy [117-120] and has occurred when using active components of the FDC tablet
[31]. Management of such patients depends on whether an active opportunistic infection or immune
reconstitution was elicited by persisting antigens from a previous infection. In the first instance
antimicrobial therapy is warranted, but in cases of residual infection that are non-replicating it is not
required [118].

1.5.6.5 Central nervous system and psychiatric symptoms
Serious psychiatric adverse reactions have been reported in patients treated with EFV, including

depression, suicide ideation, aggression, paranoia, mania and anxiety [31, 105, 121, 122]. Patients
with a history of psychiatric disorders or substance abuse are at a higher risk of experiencing
psychiatric reactions to EFV therapy [31, 121], and all patients who experience psychiatric adverse

reactions should be monitored [31].

The effects of EFV on the CNS are common and approximately 50 % of patients treated with EFV

experience CNS side effects that include dizziness, insomnia, impaired concentration, somnolence,
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unusual dreams and/or hallucinations [31, 121-123]. These side effects can occur within a few days of
initiation of therapy and usually resolve within 2-4 weeks of continued therapy [31, 107, 122, 124].
CNS side effects may lead to discontinuation of therapy of EFV [123]. Patients should be informed of
the side effects associated with the use of EFV, and that alcohol and other psychoactive drugs should
be avoided as they may have additive effects. Doses should be administered at bedtime to improve the
tolerability of EFV to the patients [31].

1.5.6.6 Onset or worsening of renal impairment
Cases of acute renal failure and Fanconi syndrome (FS) have been reported in patients using TNF

[31-34] although clinically important renal toxicity is rare [35]. TNF toxicity is located at the PT,
which can lead to FS and acute injury to the kidneys [125]. TNF has also been associated with a
decrease in estimated glomerular filtration rate (eGFR) and creatinine clearance Clcg, markers used to
assess glomerular functioning [33, 125]. FS is described as urine wasting of solutes such as
phosphate, bicarbonate, glucose, low molecular weight proteins, and amino acids that would
otherwise be reabsorbed at the level of the PT. Hypophosphatemia is the most clinically significant

result as it may lead to bone pain, osteomalacia and fractures [125, 126].

Potential risk factors for developing nephrotoxicity include low body mass, age, underlying renal
disease, diabetes mellitus, hypertension and the concomitant use of TNF with protease inhibitors such
as lopinavir/ritonavir and didanosine [32, 34, 35, 125]. Drugs eliminated by active tubular secretion

may result in an increase in TNF concentrations [32].

Some patients recover renal function on cessation of TNF therapy in a short time [34, 125], but full
recovery to baseline renal function may occur in only a few patients [32, 34, 125]. It is recommended
that renal function be assessed prior to initiation of therapy, and patients with a Clcg <50 ml/min

require dose adjustments which is not possible with a FDC product [31, 32].

1.5.6.7 Bone effects
The mechanism by which bone mineral density (BMD) changes in HIV- infected people occurs is not

well understood [127-129] but it is thought that the HIV in addition to immune reconstitution and the
immune response to the virus are all contributing factors [130-133]. Other risk factors include low
body weight and overexposure to TNF [134], which is considered as the ARV most likely to cause
BMD loss [130]. Initiation of therapy with TNF in HIV-positive adults has been associated with a
decrease in BMD and an increase in risk of fracture and markers of bone turnover [31, 127-130, 133,
134].

The initial decrease in BMD is reported to be between 2-6 % in the hip and spine but appears to
stabilise after 1-2 years of therapy regardless of therapy [128, 132, 133, 135]. HIV-infected people

should be monitored for loss of BMD especially in cases where there is a history of bone fracture or
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risk of other bone disorders such as osteopenia or osteoporosis [31]. No recommendations exist for

the management of patients with osteopenia/osteoporosis and treated with TDF [130].

1.5.7 Drug interactions
The majority of drug-drug interactions reported involve EFV and are due to EFV metabolism in the

liver (81.6.3, Chapter one). EFV can induce liver enzymes and has the potential to decrease the
concentration of atazanavir [31, 136], indinavir [31, 137] lopinavir/ritonavir [31, 138], saquinavir [31,
[137, 139], boceprevir [1, 8, 140], telaprevir [31, 140], maraviroc [31, 141] warfarin [31, 142, 143]
bupropion [31, 144] ketoconazole/itraconazole [31, 145, 146], diltiazem [31, 147], atorvastatin/
pravastatin/simvastatin [31, 148, 149], norgestimate [31, 150, 151], clarithromycin [31, 139],
methadone [31, 152, 153], rifabutin [154] and artemether/lumefantrine [31, 155]. EFV can inhibit
metabolism of warfarin and therefore increase warfarin concentration [31, 142, 143]. Telaprevir may
increase EFV concentration [31, 140] while phenobarbital, carbamazepine, phenytoin [156-158],

rifampicin and rifampin [31, 139, 154] may decrease EFV concentration.

Some drug-drug interactions have been reported for TNF where co-administration of TNF and
atazanavir results in TNF decreasing the atazanavir concentration and atazanavir increasing the TNF
concentration [31, 136, 159]. TNF also increases the didanosine concentration and co-administration
should be avoided [31, 160-164].

FTC and TNF are eliminated via the kidneys (81.6.4, Chapter one) and therefore, molecules that
reduce renal function may result in an increase in FTC and TNF concentrations. Examples include
acyclovir, adefovir dipivoxil, cidofovir, ganciclovir, valacyclovir, valganciclovir, gentamicin and
NSAIDs [31].

1.5.8 Resistance
HAART is highly effective in blocking the replication of HIV, but resistance can and does develop [1,

26, 165]. Resistance to ARV occurs through the accumulation of one or more mutations in the HIV-1
RT coding region [26]. EFV has a low genetic barrier to HIV-1 resistance and HIV-1 RT is highly
prone to coding errors [166]. EFV resistant mutations occur in the amino acid residues of the NNRTI-
binding pocket of HIV-1 RT [87, 167]. The K103N RT mutation is the most common single mutation
conferring resistance to EFV cross-resistance to other NNRT]I such as nevirapine and delavirdine [1,
165, 166]. In addition EFV, a second generation NNRTI, has a greater resilience to HIV-1 RT
resistance than first generation NNRTI agents such as nevirapine and delavirdine [167, 168].
Secondary mutations may follow the K103N mutation [165] and the cessation of therapy with EFV,
TNF and FTC may result in functional monotherapy with EFV as it has a longer half-life than TNF
and FTC therapy leading to low-frequency if development of EFV-resistant strains [166].
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The HIV-1 RT mutation K65R is a common multi-drug resistance mutation conferring resistance to
NRTI including TNF and FTC [11, 26, 29, 30] and may also be responsible for cross-resistance
between different NRTI [26, 30]. Other mutations such as thymidine analogue mutations (TAM,
M41L, D67N, K70R, L210W and T215Y/F) can affect the response to TNF [30]. The M184l and
M184V RT mutations may also confer FTC and lamivudine (3TC) resistance [11, 169, 170]. This
mutation occurs rapidly and results in high-level resistance to these compounds. However the
prevalence of this mutation is lower in patients receiving FTC+TNF+EFV than those receiving
3TC+AZT+ EFV. FTC is more potent than 3TC in vitro and has a longer plasma and intracellular
half-life that may account for the lower prevalence of M1841/M in patients treated with FTC over
those treated with 3TC [169, 170].

1.6 CLINICAL PHARMACOKINETICS OF EFAVIRENZ, EMTRICITABINE AND
TENOFOVIR

1.6.1 Absorption
EFV is highly lipophilic and has very low aqueous solubility thus it exhibits limited oral absorption

and has a low bioavailability of between 40 and 45 % [171]. The peak plasma concentration for EFV
is reached 3 to 5 hours after dosing and steady state is achieved within 6 to10days [1, 19].

FTC is rapidly and extensively absorbed following oral administration and exhibits a bioavailability
of > 90 % with peak plasma concentrations being reached within 1.5 hours of dosing [172, 173]. The
steady-state plasma concentration of FTC was 1.77 pg/ml following administration and was observed
3 hours after dosing [173].

TNF is polar and is ionised following oral administration and exhibits poor oral bioavailability. TDF
masks the ionic regions of the phosphonic acid moiety to enhance absorption from the gut [36].
Following oral administration TDF is rapidly hydrolysed to TNF via plasma esterases [36, 173, 174].
The steady-state plasma concentration of TNF was 0.279 pg/ml after administration as a single dose

and was obtained 2.4 hours after dosing [173].

1.6.1.1 Effect of food on oral absorption
The mean area under the plasma concentration curve (AUC) and maximum concentration (Cpax)

increased by 28 % and 79 % respectively when EFV was administered with a high fat meal as
compared to that observed when administered in the fasted state. The C..x was delayed by
approximately 0.75 hours and increased approximately 15 % when TNF was administered with a high
fat or light meal and the AUC also increased by approximately 35 % in this case. The effect of food
on the absorption of FTC is not clinically significant. High levels of EFV may increase the likelihood
of side effects and therefore it is recommended that the fixed dose combination be taken on an empty
stomach [19, 37, 94].
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1.6.2 Distribution
EFV is highly plasma protein bound to albumin (approximately 99.5-99.75 %) [19]. A cohort study

involving 235 HIV-infected patients revealed that the apparent volume of distribution of EFV was
252 L, indicating that EFV is widely distributed throughout the body [171]. FTC and TNF are far less
protein bound than EFV (4 % and 0.7 %, respectively) [97]. The apparent volume of distribution for
FTC in a study involving 161 HIV-infected adults was estimated to be 42.3 L after a 200 mg once
daily dose [175], whereas in a study involving 193 HIV-infected adults it was estimated that TNF had
an apparent volume of distribution of 534 L after a single 300 mg once daily dose [176].

1.6.3 Metabolism
EFV is extensively metabolised by the liver Cytochrome P450 enzymes, CYP2B6, CYP2A®6,

CYP3A4/5, and UGT2B7. EFV undergoes hydroxylation and then glucuronidation to form inactive
metabolites [11, 19-22]. EFV has been shown to induce CYP3A4 and CYP2B6 and therefore induces
its own metabolism [19, 37, 171]. As a result, EFV influences the pharmacokinetics of many co-
administered drugs, increasing the risk of toxicity or therapeutic failure [22]. In vitro studies have
shown that EFV is an inhibitor of CYP2C9, CYP2C19, and CYP3A4 within the range of plasma
concentrations observed during therapy [19].

FTC is metabolised via oxidation of the thiol moiety to a 3’- sulfoxide diastereomers and conjugation
with glucuronic acid to form 2'-O-glucuronide, which accounts for ~ 9 % and ~ 4% of the
administered dose, respectively [11, 37]. In vitro studies have demonstrated that TNF and TDF are not
substrates for CYP450 and thus hepatic metabolism is negligible. Tenofovir appears to undergo
minimal systemic metabolism [36] and neither TNF nor FTC has exhibited in vitro inhibition of drug

metabolism involving the CYP isoforms responsible for drug biotransformation [11].

1.6.4 Elimination
Approximately 14 % to 34 % of EFV is excreted in the urine, predominately as metabolites, and a

further 16 % to 61 % is excreted unchanged in the faeces [19, 177]. The terminal half-life following a
single dose of EFV is 52 to 76 hours. Shorter half-lives have been reported that can probably be
attributed to auto-induction of EFV that increased clearance over long treatment periods [19, 178]. A
G-T polymorphism at position 516 of CYP2B6 is also associated with lower plasma clearance of EFV
[166].

FTC and TNF are largely excreted unchanged in the urine (60 % to 70 % and 70 % to 80 %
respectively) [11, 172, 173, 178]. FTC and TNF excretion occurs via glomerular filtration and active
tubular secretion [173]. The elimination half-life of FTC is 8 to 10 hours following oral administration
of a single 200 mg dose [172, 173], while the elimination of TNF was 15.3 hours following oral
administration of a single 300 mg dose [173]. FTC and TNF require intracellular phosphorylation to
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their active forms, and concentrations persist within the cell resulting in long intracellular half-lives of
150 hours and 36 hours for TNF and FTC respectively [6, 103, 179].

1.7 CONCLUSIONS
The favourable pharmacokinetics, primarily due to the long half-lives of EFV, FTC and TNF permits
the development of therapeutic technologies that enable once-daily dosing [6, 7, 19, 178, 171].
Therefore a FDC containing EFV, FTC and TNF has been marketed as a once-daily tablet that
demonstrates the most simplified form of antiretroviral therapy available to date [6]. The FDC once-
daily tablet is first-line therapy for ARV naive HIV-1-infected people and reduces the pill burden
which in turn can improve adherence to therapy [6, 11, 12]. A generic product has been commercially
available as Tribuss® in South Africa since April 2013 [8, 9]. The wide-spread use of this FDC ARV
requires the development of an analytical method for the simultaneous quantitation of these
compounds in human plasma that would be useful for the application in therapeutic drug monitoring
in order to check for patient adherence. Furthermore the method would be extremely useful for quality
control purposes of dosage forms and would result in rapid generation of dissolution, content
uniformity and assay data. EFV is weakly acidic and hydrophobic, whereas FTC and TNF are basic
and hydrophilic [39, 40, 44-46]. EFV is also practically insoluble in water, whereas FTC is freely
soluble in water. TNF is more soluble in water than EFV but is less soluble than FTC [14, 31, 36, 41—
43]. These characteristics pose a challenge in the development of an HPLC method for analysis of
these ARV in plasma and in dosage forms. The aim of this work is to simultaneously analysis EFV,
TNF and FTC using RP-HPLC. Isocratic and gradient RP-HPLC will be assessed and the most
appropriate method will be validated. The validated RP-HPLC method will then be applied to quality

control analysis of commercially available dosage forms and bioanalysis of the ARV in plasma.
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CHAPTER TWO
DEVELOPMENT OF A RP-HPLC METHOD FOR THE SIMULTANEOQOUS
ANALYSIS OF EFAVIRENZ, EMTRICITABINE AND TENOFOVIR

2.1 INTRODUCTION

2.1.1 Overview
The widespread use of a FDC tablet containing FTC, TNF and EFV prompted the investigation into

the development of a simple RP-HPLC method for the simultaneous quantitation of EFV, FTC and
TNF in pharmaceutical formulations and biological fluids. A literature review revealed that HPLC is
used as the primary analytical technique for the analysis of FDC tablets and UV is the predominant
mode of detection [85, 180-184], One manuscript describes the use of HPLC-MS/MS [185]. Any
HPLC method that is developed and validated must be simple, rapid, sensitive, selective, accurate,
precise and stability-indicating.

2.1.2 Principles of HPLC
Chromatography is the science of separation of the components of a mixture and refers to a group of

separation techniques. The separation process is based on analyte partitioning between two
immiscible phases of which one is a mobile and the other a stationary phase [63, 186]. In liquid
chromatography (LC) the mobile phase is a liquid, and this group of techniques include thin-layer
chromatography (TLC), HPLC and ultra-high performance liquid chromatography (UPLC) [63]. TLC
is one of the oldest forms of chromatography and is cost-effective and simple to perform but has
largely been replaced by HPLC as an analytical technique due to the poor reproducibility of TLC
methods [187]. HPLC is used as an analytical tool in the drug discovery, formulation development,
production and marketing phases of the lifecycle of a product [188, 189]. HPLC is also used for
analysis in stability studies of drug molecules during formulation development to provide information
about the presence of degradation products and product instability. HPLC is also a preferred approach
used to identify and quantitate drugs and metabolites in biological fluids [60, 189, 190]. HPLC
separations are rugged and rapid, and advances in technology and HPLC system automation have

made it an important analytical tool in the pharmaceutical industry [187, 189].

Reversed phase-HPLC (RP-HPLC), normal-phase HPLC (NP-HPLC), ion-exchange chromatography
(IEX) and size-exclusion chromatography (SEC) are all types of LC. The ultimate HPLC technique
used is selected based on the characteristics of the analyte or analytes of interest. For example the
separation of analytes in IEX chromatography is based on the affinities of ionic analytes for counter
ions located on the stationary phase backbone [5] and SEC involves separation of analytes according
to their molecular size, in which larger analyte molecules are not able to partition into the stationary

phase and will therefore elute faster than smaller analyte molecules [63, 189].
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In NP-HPLC the stationary phase is polar and the mobile phase nonpolar. This technique is referred to
as adsorption chromatography due the adsorptive nature of the stationary phase. Silica or silica gel is
the typical polar stationary phase and organic solvents such as hexane are used as the mobile phase.
Polar analytes have a higher affinity for the silica than the nonpolar mobile phase and are therefore
retained on the stationary phase. However with an increase in the polarity of the mobile phase the
retention of polar analytes will be reduced. The adsorption mechanism is reversible and is dependent
on the chemical characteristics of the analyte in addition to those of the mobile and stationary phases
[63]. Of all LC techniques RP-HPLC is the most common technique, and approximately 80 % of LC
methods reported and used are RP methods. The stationary phase in RP-HPLC is nonpolar and the
mobile phase polar [63, 188, 190] usually consisting of water in combination with organic solvents
such as methanol and/or acetonitrile that are miscible with water. Modifiers such as buffers and ion-
pair reagents may be added to the mobile phase to enhance chromatographic separation [188]. An
increase in the proportion of organic solvent increases the elution strength of the mobile phase that
may alter the retention characteristics of some analytes. Methanol is a cheap and less toxic organic
solvent compared to acetonitrile, but it produces more viscous mixtures with water, thereby increasing
the back pressure on the HPLC system. Acetonitrile does not produce viscous mixtures with water

and is better suited for applications that require UV detection at low wavelength [63].

Sample preparation for HPLC requires that the analytes of interest be dissolved in solvents that are
miscible with the mobile phase. The mobile phase facilitates the forced transport of the analyte over
and through the stationary phase [186, 189]. Analytes interact with molecules of the mobile phase, the
stationary phase and the interface between the two phases. Therefore the choice of mobile and
stationary phases is important to ensure that adequate separation is achieved [63]. A large surface area

at the interface allows for appropriate interaction of the analyte with the two phases [189].

Analytes separate by different processes, but adsorbent polar forces are the dominant type of
molecular interaction occurring in NP-HPLC [189]. The process of adsorption involves interaction of
an analyte with the adsorbent stationary phase during which the analyte competes with the mobile
phase for adsorbent surfaces of the stationary phase [188, 189]. The stationary phase is usually porous
oxides and is covered with -OH functional moieties [189]. Siloxane (SiO,) and aluminium oxide
(Al,O3) and the -OH moieties result in a stationary phase of high polarity [186, 189]. Various
functional groups are attached to the siloxane groups of the stationary phase [189, 190] including
inorganic oxides, diol, cyano, amino and dimethylamino substituents [190]. Analytes with the ability
to form strong interactions or affinity with the adsorbent surface will elute more slowly than analytes
with weak affinity for the surface. Differences in the strength of polar interactions determine the
retention characteristics of analytes in NP-HPLC. Organic solvents used for the mobile phase
sometimes have small amounts of organic modifier such as methanol or ethanol added [189]. The

retention of analytes is controlled by adjusting the mobile phase by, for example, increasing the
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polarity of the mobile phase through addition of organic modifiers [186]. NP-HPLC is used to
separate hydrophobic analytes or analytes of low polarity that are insoluble in polar or aqueous
solvents [188, 189].

RP-HPLC mainly uses dispersive hydrophobic and van der Waals forces to effect a separation.
Dispersive forces are the weakest intermolecular forces governing a separation by partition [63].
Adsorption mechanisms of separation differ from partitioning mechanisms in that analytes partition
into the porous stationary phase and interaction does not occur at the interface between a stationary
and mobile phase [188]. Manipulation of the mobile phase composition is a powerful way to control
the retention or elution of analytes by partitioning. The ratio of water to organic modifiers in addition
to the pH and the ionic strength of the mobile phase may be manipulated [188]. Water is the least
polar solvent that can be used in RP-HPLC and the strength of the mobile phase may be increased by

increasing the amount of organic solvent in the mobile phase [186].

The composition of polar solvents to be used in a mobile phase in RP-HPLC depends on the
characteristics of the analyte. The retention characteristics of neutral analytes is determined by the
amount of organic modifier in the mobile phase and is not affected by pH, whereas the retention of
acids and bases, i.e. analytes with ionisable functional groups, is dependent on pH and the amount of
organic modifier used. The pH of the mobile phase is controlled by the addition of a buffer [63, 188]
of which phosphate buffers are preferred as they exhibit low UV absorbance. A drawback of
phosphate buffers is their tendency to precipitate when high concentrations of organic modifiers are
used in the mobile phase [63]. lonised forms of acids and bases are retained to a lesser extent than
their unionised forms as they interact strongly with the aqueous mobile phase [63, 188]. The pKa of
an ionisable analyte is an important factor as retention times vary significantly at pH around the pKa
of the analyte. Therefore by controlling the pH of the mobile phase and thus the degree of ionisation it
is possible to optimise the separation of the analytes of interest [63]. It is preferred if the pH of the
mobile phase is not close to the pKa unless the separation involves two closely related compounds
with similar pKa values. Acidic compounds are better retained at low pH whereas basic compounds
are better retained at high pH [63].

lon-pair chromatography may be useful for the separation and retention of basic analytes when using
RP-HPLC. In this instance large hydrophobic ions are added to the mobile phase to form ion-pairs
with the polar ions of the buffer. The chromatographic system therefore appears neutral as the ion-
pairs are hydrophobic. If the ion-pair reagent is added in excess, ion-pairing with the analytes of
interest may be formed thereby affecting the separation. Common ion-pair reagents for ionised bases
include sulfonic acid and perfluorocarboxylic acids. Quaternary ammonium compounds are
commonly used as ion-pair reagents for ionisable acids [63]. In RP-HPLC weak bases with pKa < 8

can be successfully retained using ion-suppression with acidic buffers. If this approach is ineffective
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then an ion-pair reagent may be added. For basic drugs with pKa > 8 ion-pair reagents tend to be more

effective than using ion suppression [187].

The stationary phases used for RP-HPLC are modified silica phases in which hydrophobic functional
groups are attached to the silica particles chemically [63, 187, 189]. Octadecylsilane (ODS) or Cys is
the most common stationary phase used for RP-HPLC separations and similarly to NP-HPLC the
functional R-groups are bonded to the siloxane groups of the stationary phase. Shorter alkyl chains
such as Cg and C4 may also be bonded to the siloxane, resulting in the formation of a stationary phase
less hydrophobic than a Cig phase. Nonpolar analytes will be strongly retained on RP stationary
phases due to the strong interaction between the analyte and stationary phase, whereas polar analytes
will be eluted with the polar aqueous mobile phase [63, 190]. Phenyl and cyano functionalities have
also been bonded to the silica backbone and the cyano functionality has intermediate polarity and is
used in NP- and RP-HPLC [186, 187, 189].
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2.2 PUBLISHED METHODS FOR THE SIMULTANEOUS QUANTITATION OF
EFAVIRENZ, EMTRICITABINE AND TENOFOVIR

A summary of published methods for the simultaneous quantitation of EFV, FTC and TNF is listed in
Table 2.1.

Most of the published methods report the simultaneous estimation of EFV, FTC and TNF in bulk raw
material or in tablets [180-184]. Only one method has been reported for the analysis of EFV, FTC and
TNF in plasma. This method differs with respect to the mode of detection as positive ion electrospray
and tandem mass spectrometry was used [185], whereas UV detection using wavelengths between
252-262 nm is the preferred approach for analysis [85, 180-184]. The majority of the columns were
RP Cyg columns 150 or 250 mm in length [85, 180-182, 185]. The most recently published methods
described the use of a cyano and Cg columns [183, 184]. RP-HPLC was the mode of chromatography
reported in all cases, but isocratic elution was used in only two methods [180, 184]. Acetonitrile was
the organic solvent [85, 180, 181, 184, 185] of choice and the majority of methods used a buffer in the
mobile phase. Several buffers were used but all were in the acidic range of pH [85, 180-184].

41



Table 2.1 RP-HPLC methods for the simultaneous quantitation of EFV, FTC and TNF

Sample Column/ guard column Mobile phase Flow rate RT A Reference
(ml/min) (min) (nm)
Tablet Hypersil® BDS Cis, 5um, Acetonitrile: 0.03 M KH,PO, 0.8 FTC 3.105 260 [180]
250x4.6mm buffer (pH 3.2 adjusted with TNF 3.860
orthophosphoric acid) EFV 10.549
60:40 % viv
Plasma Chromolith Performance® RP-18e Mobile phase A 0.1 % formic 1.5 [185]
100x 4.6 mm acid, mobile phase B acetonitrile - -
Tablet Xterra® RP-18 150 x 4.6 mm, 5um Mobile phase A ammonium 1.0 FTC4.61 260 [181]
acetate (pH 4.6 adjusted with TNF 7.52
glacial acetic acid), mobile phase EFV 9.10
B acetonitrile
Tablet Inerstil® ODS Cy3250 x 4.6 mm, Mobile phase A trifluro acetic 2.0 FTC 2.6 262 [182]
5um acid (TFA) buffer 0.05 %, mobile TNF 5.4
phase B methanol EFV 7.9
Tablet Inertsil® ODS 3 V Cyq 5um 150 mm  Mobile phase A 0.02M KH,PO, 1.5 FTC 2.0 256 [85]
x 4.6 mm. buffer (pH 3.5 adjusted with TNF 5.0
orthophosphoric acid), Mobile EFV 7.7
phase B acetonitrile
Tablet Zorbax®SB CN, 250x4.6 mm, 5um  Mobile phase A methanol, 1.5 FTC 4.629 260 [183]
mobile phase B ammonium TNF 14.313
acetate buffer (pH 4.5 adjusted EFV 17.749
with orthophosphoric acid)
Tablet Zorbax® Cg, 150 mm x 4.6 mm, 5 Orthophosphoric acid buffer (pH 1.0 FTC 1.81 252 [184]
um 2.4 adjusted with TNF 2.80
orthophosphoric acid): EFV 7.30
acetonitrile

70:30 % viv

42



2.3 METHOD DEVELOPMENT

2.3.1 Analytical column selection
The stationary phase is usually packed inside a stainless steel column housing and is the site at which

the chromatographic separation occurs [189]. The column hardware is stainless steel so as to be able
to withstand high column pressures [186]. Columns vary in the content of the packed stationary phase
and physical dimensions such as internal diameter and length. The variety of commercially available
columns is extensive and the choice of column should be based on the characteristics of the analyte(s)
to be separated [189, 191]. The column dimensions have an impact on the physical separation of the
analytes of interest, whereas the stationary phase is the site for the chemical separation of analytes.
Shorter columns reduce analytical run times and therefore also solvent consumption [186] resulting in
efficient analysis times.

In RP-HPLC a typical base material to which the stationary phase is bonded is silica. Base materials
determine the mechanical and chemical stability of the stationary phase [189] and silica is widely used
since it is mechanically stable and can withstand high pressures. Silica particles, whilst providing a
stable support, are porous and can be used to produce bonded stationary phases. Small silica particle
diameters, an even size distribution and shape contribute to high column efficiency and reduced
analytical run times. Uniform particle packing and high packing density also contribute to high
column efficiency and low resistance to flow [186, 189]. A drawback of silica-based stationary phases
is the instability of the material in mobile phases of extreme pH [63, 189, 191]. At low pH (< 2)
bonded ligands are cleaved from the silica backbone and at high pH (>7) the silica particles dissolve
[189].

The degree of hydrophobicity of a stationary phase is dependent on the extent of ligands or functional
groups covalently bonded to the silica backbone [192]. The least hydrophobic phase is a CN, whereas
Cyg is one of the most hydrophobic stationary phases [63]. The majority of RP-HPLC is performed
using Cyg-bonded stationary phases [63, 189] and for the separation of highly polar compounds that
cannot be retained on traditional Cyg stationary phases more polar columns with C, or CN based
phases can be used [191]. CN stationary phase columns are not as frequently used as Cg or Cyg
columns due to their relatively low reproducibility, instability and weakly polar mobile phases are
required with CN based columns in order to achieve adequate retention that is comparable to that
observed with alkyl-silica based stationary phases [193, 194]. CN phases can be used for analytes that
are basic, contain nitrogen or halogens [195], and a Phenomenex® Luna 5um CN 150x4.6 mm i.d.
column was selected for the chromatographic separation of FTC, TNF and EFV due to the range of
polarity of these ARV molecules. FTC is a highly polar molecule, TNF is of intermediate polarity and

EFV is the least polar of these compounds.
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2.3.2 Column temperature
The partitioning of analytes between phases is a function of the thermodynamics of the system and

maintaining a constant column temperature will ensure consistency in terms of analyte partitioning.
The retention time of a compound can change as much as 5 % with a 1 °C change in the temperature
of a column [2], therefore column temperature is an important consideration and 25 °C was used as

the column temperature for all analyses in these studies.

2.3.3 Column evaluation and system suitability
System suitability tests are performed prior to validation studies to test the performance of a

chromatographic system. The FDA provides guidelines for the acceptance criteria for each of the
system suitability tests performed [196]. Empower® 3 Software was used to capture chromatographic
responses and to assess system suitability for the development and optimisation of a RP-HPLC
method, and the tests for system suitability include an assessment of column efficiency, selectivity

and establishing the asymmetry and retention factors.

2.3.3.1 Distribution constant
The migration of analytes through a column is random and at any point in time an analyte molecule is

either located in the stationary or the mobile phase. The distribution constant (K,) is used to describe
equilibrium distribution and is a ratio of the concentration of analyte in either the stationary or the
mobile phase. Analytes that are not well retained or elute rapidly will have low distribution constants.
In contrast the distribution constant will be high for analytes that are strongly retained on the

stationary phase [63, 186]. The distribution constant can be calculated using Equation 2.1.

Ke=— Equation 2.1

Where,

Kc = distribution constant
Cs = concentration of analyte in the stationary phase
Cm = concentration of analyte in the mobile phase

2.3.3.2 Column efficiency
Column efficiency is a measure of how well a column performs and establishing the number of

theoretical plates, N is the most widely used approach to test the efficiency of separation of a
chromatographic system [186, 189]. The higher the number of theoretical plates the higher the
efficiency of the column and the number of theoretical plates can be calculated using Equation 2.2
[189].

N = a(i)” Equation 2.2
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Where,

N = the number of theoretical plates in a chromatographic column

tr = retention time for an analyte

w= peak width

o = constant
When calculating the efficiency of a column it is assumed that the peak will be Gaussian in shape
(Figure 2.1). Gaussian peaks are ideal as they are perfectly symmetrical (bell curves) for which the
constant, o, is equal to 5.45 when peak width is measured at half peak height. This is the easiest peak
width to measure and is most often used. However this approach of calculating column efficiency is
not accurate as it does not take into account peak fronting or tailing. The most stringent approach for
calculating column efficiency is by measuring the width at 4.4 % of peak height, where o is five times
the standard deviation [197]. This is the preferred method of calculating column efficiency as it gives
a true indication of peak shape [186]. The methods for establishing column efficiency are summarised

in Table 2.2.

Peak Height

100% = 4

0

0 Time

Figure 2.1 Guassian peak illustrating different approaches to calculating efficiency [197]

Table 2.2 Calculation of efficiency at different peak widths [197]

Peak width (w) Constant (o) Method of calculation
Wy 4 inflection
W 5.54 half height
Ws 9 30
W, 16 4c
Ws 25 5o
Wian 16 tangent
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The efficiency of a column depends on the particle size and uniformity of packing of the stationary
phase, flow rate, temperature and column length [186, 189, 190]. Smaller particle sizes and more
uniform particle packing contribute to higher efficiencies and slower than optimal flow rates will
result in an analyte interacting with the stationary phase for a longer period, leading to band
broadening [189, 190]. Broad peaks translate to poor column efficiency. For isocratic elution, analytes
with short retention times generally exhibit narrow peaks whereas analytes eluting later will be
observed as broad peaks. A constant column temperature helps to maintain column efficiency [190].
The height equivalent to theoretical plate (HETP) expresses the height (H) of a single theoretical
plate. It is a ratio of efficiency per unit length (L) of a given column (Equation 2.3.) [63].

L
H = Equation 2.3

Where,

H = height of one theoretical plate

L = length of column

N = the number of theoretical plates in a chromatographic column
The greater the efficiency of a column the smaller the value of the theoretical height will be.
Measuring H is necessary when comparing the efficiency of different columns of varying length [63,

186] and an efficiency > 2000 suggests an adequate chromatographic separation efficiency [63, 196].

2.3.3.3 Void volume and void time
The void volume refers to the volume of mobile phase that travels through the stationary phase and is

measured from the point of injection until detection. The void time is the rate at which an un-retained
analyte will travel from the point of injection until detection [186]. The void volume (V,) can be

calculated using Equation 2.4.

Vo=IIr’Lp Equation 2.4

Where,

Vo = void volume of the mobile phase
r = internal diameter of the column
L = length of the column

p = pore size

Compounds of interest that elute within the void are considered as un-retained. The void time can be

calculated by dividing the void volume by the flow rate (F) and is calculated using Equation 2.5.
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to— Equation 2.5
Where,

to = void time of the mobile phase
Vo = void volume of the mobile phase
F = flow rate of the mobile phase

The void time is equal to the void volume when the flow rate is 1 ml/min and the void time was

calculated as 1.74 min for the system used in these studies.

2.3.3.4 Retention factor
The retention factor (k) is a measure of the retention of an analyte of interest, and is calculated as a

ratio of void volume to the volume of retention of the analyte of interest. Un-retained analytes will
have a retention factor of 0 whereas retained analytes will have a positive retention factor [63, 189].
The retention factor is independent on flow rate and column characteristics [63] and a retention factor
> 2 is recommended in order to produce peaks that are well resolved from the void [63, 191, 196].
However a retention factor of between 1 and 10 is considered acceptable for RP-HPLC [191] and the
retention factor can be calculated using Equation 2.6 [63, 189].

i =Ya% Equation 2.6

Vo
Where,

k’ = retention factor
V, = elution volume of analyte of interest
V, = void volume or elution volume un-retained analyte

2.3.3.5 Selectivity
Selectivity (a) refers to the ability of a chromatographic system to distinguish between different

analytes or compounds. It is calculated as a ratio of retention factors of one analyte relative to another
and can be calculated using Equation 2.7 [63, 189, 198].

_ ks .
T Equation 2.7

Where,
o = selectivity

k.= the retention factor of the first analyte
k,= the retention factor of the second analyte

When the selectivity is equal to one the analytes of interest are not separated and the greater the

difference in retention factors of two analytes the higher the selectivity of a method. The selectivity is
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independent of column length and the stationary phase. Efficiency of a separation and selectivity are
complementary factors. Optimisation of selectivity or efficiency facilitates the development of

otherwise difficult separations [189].

2.3.3.6 Resolution factor
The resolution factor (Rs) is a measure of the degree of separation between analytes of interest within

a chromatographic run and refers to both the efficiency and selectivity of a chromatographic system,
where efficiency is a measure of the mechanical separation, whereas selectivity refers to the chemical
separation that is achieved. The resolution factor can be calculated using Equation 2.8 [63, 189].

Equation 2.8

tr,—t
Rs = 1R2 o
S(Watwy)
Where,

R = resolution factor
tg,= the retention time of the first peak

tg,= the retention time of the second peak

w; = the width at baseline of the first peak

w, = the width at baseline of the second peak
One can imporve the resolution of a separation by improving either the selectivity or efficiency of a
separation or both. The selection of an appropriate stationary and mobile phase is thus important to
achieve adequate resolution between the analytes of interest. A resolution factor of >2 is recommened,

but a resolution factor of 1.5 and 2 is considered acceptable [63, 189, 196].

2.3.3.7 Peak symmetry factor (tailing factor)
The symmetry factor (Ag) is a measure of peak shape and can be calculated using Equation 2.9.

w,
As - 0.05

2d Equation 2.9

Where,

As = peak symmetry factor
W05 = IS width at one-twentieth peak height
d = is the distance between the perpendicular line drawn from the peak maximum and the
front of the peak corresponding to one-twentieth of the peak height

An A, value of 1 signifies peak symmetry, whereas when peak tailing occurs the value for A is > 1
and if peak fronting occurs the value for As < 1. A symmetry factor of 0.8 and 1.5 is recommended as

appropriate for HPLC analyses [63].

2.3.4 Method of detection
In LC, detectors are used to provide a visual response for an analyte in solution that is under

investigation. The type of detector used for an analysis is selected based on the characteristics of the
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analyte(s) of interest. Several detectors are available for use, but UV detection is widely used for
pharmaceutical analyses as most analytes of interest absorb light in the UV region of the
electromagnetic spectrum [191, 199]. In UV spectrophotometry the functional groups of an analyte
that absorb light are termed chromophores and absorption follows Beer-Lambert law if the analyte is
in dilute solution [63]. Absorbance is dependent on wavelength and thus the appropriate wavelength
for detection of an analyte in a sample must be identified [191]. It is important to use HPLC-grade
solvents as the choice of mobile phase is important for the performance and sensitivity of the method
being developed [199]. A literature review revealed that UV detection is frequently used as a method
of detection for the quantitation of ARV for quality control and bioanalytical studies [200]. The
wavelength of maximum absorption for each ARV was identified during method development and a
wavelength of 260 nm was selected for use as all ARV absorbed UV radiation at this wavelength.

2.3.5 Mobile phase selection
The use of HPLC-grade solvents is highly recommended in order to maximise the reproducibility of a

separation through the minimising of contamination. The solvents used to produce the mobile phase
must be miscible to prevent high column back pressures. Acetonitrile is a commonly used organic
solvent as it has a low viscosity and absorbs UV light at a wavelength of 190 nm. Methanol is also
frequently used as a component of mobile phases in HPLC analyses but it is slightly more viscous
than acetonitrile and absorbs UV light at 205 nm [189]. Both acetonitrile and methanol were
investigated for use in the mobile phase for this separation and acetonitrile was found to produce
better peak shape compared to methanol and therefore was used for all subsequent HPLC analyses.
The optimum flow rate for the separation using the Phenomenex® Luna 5p CN 150x4.6 mm i.d.
stationary phase was 1 ml/min and an isocratic analysis was investigated initially as this is a simple

approach compared to developing a gradient elution method.

FTC, TNF and EFV are all ionisable compounds and therefore a buffer was incorporated into the
aqueous portion of the mobile phase to ensure reproducibility of the method. It is recommended that
the pH of the buffer be selected based on the pKa of the analyte(s) of interest. Rapid analysis can be
achieved if analytes are in their ionised form as they will predominantly interact with the mobile
phase and will thus travel at a similar velocity to the mobile phase during separation. The
concentration of the buffer used should fall between 0.01 M and 0.05 M [191]. Basic compounds such
as FTC (pKa = 2.65) and TNF (pKa = 3.75) will be ionised at two or more pH values below their pKa.
At pH 4 FTC will be largely unionised and TNF will be close to 50 % ionised. EFV (pKa 10.2) on the
other hand is a weak acid and is largely unionised at two or more pH units below its pKa. At a pH 4
EFV will be largely unionised. Based on the pKa, pH of the buffer and polarity of the mobile phase
the expected order of elution is FTC, TNF and finally EFV
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2.4 EXPERIMENTAL

2.4.1 Chemicals and reagents
EFV, TDF and FTC and the internal standard zidovudine (ZD) were a purchased as raw material from

Laurus Labs Private Ltd. (Hyderabad, India). Atripla®, Truvada® and Aspen Efavirenz® were procured
from a local pharmacy. HPLC-grade acetonitrile 200 far UV Romsil-SpS® Super Purirty Solvent
(Romsil® Ltd, Waterbeach, California) was used as the organic modifier. HPLC-grade water was
prepared using a water purification system consisting of a Super-C carbon cartridge (activated
carbon), two lon-X® ion-exchange cartridges and an Organex-Q® cartridge and Milli-RO® 15 water
purification system (Millipore®, Bedford, USA) and the reverse osmosis water was filtered through a
0.22 um Millipak® filter (Millipore®, Bedford, USA).

2.4.2 Preparation of stock solutions
System suitability and pre-validation studies were performed using a composite standard stock

solution containing all ARV at a concentration of 100 pg/ml. The standard stock solution was
prepared daily by accurately weighing 10 mg of each ARV onto weighing paper using a Mettler®
Model AE 163 analytical balance (Mettler® Inc., Zurich, Switzerland). The anhydrous powders were
guantitatively transferred into a 100 ml A-grade volumetric flask. The powders were dissolved in a
60:40 v/iv HPLC-grade water and acetonitrile (v/v %) solution. For the validation of the analytical
method, a new stock solution was prepared daily by weighing 12 mg, 4 mg and 6 mg of EFV, FTC
and TDF and placing directly into a 100 ml A-grade volumetric flask using a Mettler® Model AE 163
analytical balance (Mettler® Inc., Zurich, Switzerland) and were made up to volume using a solution
of acetonitrile and HPLC-grade water in a ratio of 40:60 v/v. The resulting concentration of the stock
solution was 120 pg/ml EFV, 40 pg/ml FTC and 60 pg/ml of TNF. The stock concentration was
selected based on the quantity of each ARV in the FDC tablet and the volume of liquid likely to be
used for dissolution testing. Although TDF was used to prepare stock solutions it is TNF that was
monitored with HPLC.

2.4.3 Preparation of mobile phase
A fresh buffer was prepared daily as aqueous solutions are prone to bacterial growth. The buffer, a

0.03 M phosphate buffer of pH 4 (pH adjusted with NaOH pellets) was prepared as described vide
infra. The buffer and acetonitrile were measured separately in two Schott® Duran bottles (Schott®
Duran GmbH, Wertheim, Germany) and for the preparation of the buffer, 1000 ml of HPLC-grade
water was measured using a 1000 ml A-grade measuring cylinder. Approximately 250 ml of water
was transferred to a clean Schott® Duran bottle and 2 ml ortho-phosphoric acid (Merck® Laboratories,
Wadeville, South Africa) was added to the water using a 1000 Pipetman®P (Gilson Inc., Middelton,
USA) before the balance of the water was added to the bottle. The pH was measured using a Crison®
Model GLP 21 pH meter (Crison® Instruments, Barcelona, Spain) and NaOH pellets were used to

adjust the pH to 4 + 0.01 units. Prior to use the buffer was filtered and degassed through a 0.45 um
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Durapore® HVLP membrane filter (Merck Millipore Ltd, Cork, Ireland). HPLC-grade acetonitrile was
transferred to another Schott® Duran bottle directly from the manufacturer’s bottle. As acetonitrile
was used directly from the manufacturer’s bottle it was not necessary to degas or filter it. Care was
taken not to switch bottles, and the same bottles were used for buffer and acetonitrile. The buffer and
the acetonitrile were mixed online using a Waters® Alliance® 2695 Separation module (Waters ®

Corporation, Milford, USA).

2.4.4 HPLC apparatus
All HPLC analyses were undertaken using a Waters® Alliance® e2695. The separation module

comprised of an Alliance® HPLC column heater, binary solvent delivery module, an auto-sampler and
a Waters® 2996 PDA detector (Waters ® Corporation, Milford, USA). Empower ™ 3 software was
used as the external communication interface for data acquisition (Waters® Corporation, Milford,
USA). The stationary phase was a Phenomenex® Luna 5um CN 150x4.6 mm i.d. column.

2.5 RESULTS

2.5.1 Acetonitrile content
Increasing the amount of organic modifier in a mobile phase changes the polarity and strength of the

mobile phase, this in turn may alter the retention time of some analytes. The flow rate, column
temperature and wavelength of detection were kept constant and a phosphate buffer (0.03 M, pH 4)
was selected based on the information revealed by the literature review, and v/v ratio of acetonitrile
was altered to determine the effect of a composition change on the retention times of FTC, TNF and

EFV. System suitability test results are summarised in Table 2.3.

Table 2.3 Summary of system suitability tests for the isocratic separation of FTC, TNF and EFV using 0.03 M
pH 4 buffer and acetonitrile in different v/v ratios

Buffer: ACN USP tailing/
% viv ARV Rt k' Selectivity symmetry Plate count

min (0) factor (50)
FTC 1.97 0.12736 - 1.3 7268
55:45 TNF 2.91 0.66017 5.18344 1.1 6982
EFV 4.42 1.52342 2.30762 1.0 8337
FTC 2.06 0.17933 2.39462 1.4 6078
65:35 TNF 3.95 1.25955 1.49820 1.1 6687
EFV 8.85 4.05791 3.22172 1.1 5894
FTC 2.14 0.22106 - 1.2 7690
70:30 TNF 5.05 1.88814 8.54144 1.0 6998
EFV 15.1 7.63843 4,04549 1.0 4458
FTC 3.00 0.71792 2.51543 1.0 2992

95:5 TNF - - - - -

EFV - - - - -

The retention times for FTC, TNF and EFV increased as the proportion of buffer in the mobile phase

increased and the chromatogram depicted in Figure 2.2 A shows the retention times for a separation
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using a mobile phase with a 55:45 v/v buffer-acetonitrile composition, and Figure 2.2 B and 2.2 C
shows the separation with mobile phase of 65:35 v/v and 70:30 v/v respectively. The chromatography
of EFV was most affected by a change in the proportion of the aqueous component of the mobile
phase and a 10 % increase in the buffer content resulted in doubling of the retention time. A further 5
% v/v increase in the buffer content resulted in the retention time increasing to almost double the
previous retention time. FTC on the other hand was eluted at 3 min when the aqueous portion of the
mobile phase was at 95 % v/v and both TNF and EFV did not elute after 60 min when this mobile
phase composition was used.

The k’ for FTC, TNF and EFV also increased as the buffer content of the mobile phase increased and
the values for k” for FTC, TNF and EFV were all below the target value of 2 when a 55 % v/v buffer
mobile phase was used. At a buffer concentration of 65 % v/v only EFV produced a value for k> > 2
and at 70 % v/v buffer TNF exhibited a k> of 1.9. FTC exhibited a k’ of 0.7 when the buffer content
was 95 % v/v, which was therefore assumed to be the maximum value for k’ that could be achieved
for this separation using this HPLC system. The selectivity was established for all ARV across all
levels of buffer content in the mobile phase and all peaks demonstrated peak symmetry and for which
the values calculated fell within the recommended ranges for symmetry. The efficiency (plate count)
decreased for FTC when 95 % v/v buffer composition was used however, the plate count was still >
2000, the limit set in these studies.
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FIC (1.97)

INF (291)

EFV (4.42)

Injeection point

Figure 2.2A Typical chromatogram depicting the separation of FTC, TNF and EFV using a 0.03 M buffer of pH
4 in the mobile phase 55:45 v/v buffer-acetonitrile

Figure 2.2 B Typical chromatogram depicting the separation of FTC, TNF and EFV using a 0.03 M buffer of
pH 4 in the mobile phase 65:35 v/v buffer-acetonitrile

FTC (2.11)

' TN (5.05)

| EFV (15.12)

Figure 2.2 C Typical chromatogram depicting the separation of FTC, TNF and EFV using a 0.03 M buffer of
pH 4 in the mobile phase 70:30 v/v buffer-acetonitrile
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2.5.2 Buffer concentration and pH
The effect of buffer concentration on the retention times of FTC, TNF and EFV was investigated.

Two buffer concentrations, representing an upper and lower concentration level, were used and the
retention times of FTC, TNF and EFV evaluated at pH 4, 5 and 6 as these fall within the range that
would not compromise the stability of the stationary phase. The proportion of buffer and acetonitrile
(55: 45 vIv %), flow rate (1.0 ml/min), column temperature (25 °C) and wavelength of detection (260
nm) were used for all studies. The results of these studies are summarised in Table 2.4. The effect of
pH on the retention characteristics of FTC, TNF and EFV is depicted in Figures 2.3 A, 2.3 B and 2.3
C and reveal chromatograms developed using a 0.01 M buffer at pH 4, 5 and 6. Figures 2.4 A, 2.4 B
and 2.4 C depict chromatograms for FTC, TNF and EFV using a 0.05 M buffer at pH 4, 5 and 6 in the
mobile phase. The retention time of FTC did not change with a change in buffer concentration and pH
and the retention time of TNF increased slightly at pH 6 using a 0.01 M buffer as expected as TNF is
mostly unionised at pH 6 and thus will partition into the stationary phase to a greater extent than at pH
4. At higher buffer concentration the retention time of TNF was not profoundly affected by a change
in pH. The retention time of EFV was not expected to change significantly as the highest pH value as
pH 6 is greater than two pH units below the pKa of EFV. Notably the retention time of EFV at pH 6
was longer when using a 0.01 M buffer than for that observed when using a 0.05 M buffer. However,
the retention time was not significantly different at the different pH and buffer concentrations tested
and since FTC, TNF and EFV differ extensively in terms of polarity to the extent where buffer
concentration and pH cannot be used effectively to manipulate the retention times of all three
compounds, simultaneously. This factor makes the simultaneous separation of these compounds all

the more challenging.

Table 2.4 Retention times of FTC, TNF and EFV at different pH and buffer concentrations

Buffer concentration Retention times (min)

(Molarity) FTC TNF EFV

0.01 4 2.14 4.18 9.91

5 2.12 4.23 10.04

6 2.13 4.32 10.62

0.05 4 2.12 4.07 10.15

5 211 4.15 9.87

6 2.12 4.09 9.79
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Figure 2.3 A Typical chromatogram depicting the separation of FTC, TNF and EFV using a 0.01 M buffer of

pH 4 in the mobile phase

Figure 2.3 B Typical chromatogram depicting the separation of FTC, TNF and EFV using a 0.01 M buffer of
pH 5 in the mobile phase
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Figure 2.3 C Typical chromatogram depicting the separation of FTC, TNF and EFV using a 0.01 M buffer of
pH 6 in the mobile phase
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Figure 2.4 A Typical chromatogram depicting the separation of FTC, TNF and EFV using a 0.05 M buffer of

pH 4 in the mobile phase
Figure 2.4 B Typical chromatogram depicting the separation of FTC, TNF and EFV using a 0.05 M buffer of

pH 5 in the mobile phase
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Figure 2.4 C Typical chromatogram depicting the separation of FTC, TNF and EFV using a 0.05 M buffer of
pH 6 in the mobile phase
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2.5.3 Effect of change of flow rate on column efficiency
The optimum flow rate for a Phenomenex® Luna 5u CN 150x4.6 mm i.d. is 1 ml/min, and based

using the data summarised in Table 2.3, a mobile phase composition of 70:30 v/v buffer: acetonitrile
was used to investigate the effect of different flow rates on column efficiency. The results of studies

to determine the impact of flow rate on retention times are summarised in Table 2.5.

Table 2.5 Summary of system suitability for the isocratic separation of FTC, TNF and EFV using a 70:30 v/v
buffer: acetonitrile mobile phase

Flow rate USP tailing/
ml/min ARV Rt k' Selectivity symmetry Plate count

min factor (56)

FTC 2.137 0.221056 - 1.2 7690

1.0 TNF 5.054 1.888136 8.541442 1.0 6998
EFV 15.117 7.638429 4,045485 1.0 4458

FTC 2.650 0.51456 - 1.6 7620

0.8 TNF 6.226 2.557917 1.128021 1.0 7417
EFV 18.373 9.498762 9.498762 1.0 4862

The use of a flow rate < 1 ml/min did not result in a significantly reduced column efficiency as was
expected. However the selectivity for TNF was reduced from 8.5 to 1.1 and the retention times for all
ARV were longer with a slower flow rate. A change in the flow rate results in a change in the void
volume and the time of a separation [186]. At a flow rate of 1 ml/min the void time is estimated to be
1.74 min based on the column specifications and when the flow rate is reduced to 0.8 ml/min the
estimated void time increases to 2.2 min. The use of an even slower flow rate would result in
unnecessarily long run times, reduced efficiency, and FTC would elute close to if not in the void. A
chromatogram showing the separation of FTC, TNF and EFV using a flow rate of 0.8 ml/min and a
mobile phase composition of 70:30 v/v buffer-acetonitrile is depicted in Figure 2.5. A comparison of
the Figure 2.2 C to that of Figure 2.5 reveals the impact of a slower flow rate on the retention time and
efficiency of separation particularly for EFV and in Figure 2.5 it is clear that EFV produces a much

broader peak than in Figure 2.2 C.
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Figure 2.5 Typical chromatogram depicting the separation of FTC, TNF and EFV using a 0.03 M buffer of pH
4 in the mobile phase 70:30 v/v buffer-acetonitrile at 0.8 ml/min

Results from system suitability tests revealed that efficient isocratic separation of FTC, TNF and EFV
is not possible thus gradient separation of FTC, TNF and EFV was investigated.

2.5.4 Gradient RP-HPLC method development
As adequate system suitability or an efficient separation was not achieved when attempting to develop

and investigate the use of an isocratic HPLC method for the simultaneous analysis of FTC, TNF and
EFV the use of a gradient elution approach was therefore investigated. Historically, isocratic
separation were thought to exhibit better reproducibility than gradient elution methods as the mobile
phase composition is constant for the duration of an analytical run and isocratic conditions also place
less stress on an analytical column and/or system [189]. However the ability to successfully resolve
compounds of considerably different polarity within a reasonable analytical run time is a challenge
and therefore in such cases isocratic methods are limited [63, 189]. In addition the reduced peak
capacity associated with isocratic conditions means the longer an analyte interacts with a stationary
phase the broader are the peaks of interest in comparison to those observed using gradient elution

approach [189].

Furthermore, with the advent of modern HPLC systems and technology, gradient conditions are able
to produce separations with a high degree of reproducibility [189]. The term ‘gradient elution’ refers
to a change of mobile phase composition during an analytical run [63, 186]. By gradually increasing
the amount of organic modifier of a mobile phase during a run the separation power of the mobile

phase, and therefore the method, increases. Peaks eluting late under isocratic conditions may well
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elute earlier under gradient separation conditions, thereby making difficult and challenging
separations possible. Gradient elution places additional stress on a column due to the constantly
changing mobile phase composition and the associated properties of that mobile phase such as

viscosity [63].

For gradient elution HPLC methods the peak width is dependent on the slope of the gradient used.
The slope of the gradient refers to the rate of change of mobile phase composition and the retention
time of the analytes of interest are controlled by changing the slope of the gradient, since different
gradients result in different selectivity for different analytes. A steep gradient results in greater
efficiency of a separation with narrower peak widths particularly for analytes that would elute late
under isocratic conditions. Steep gradients also result in analytes eluting faster with better separations,
however steep gradients require a hold-period during which the column is allowed to re-equilibrate
prior to introducing the next sample. If the overall run time is too short, particularly when using steep
gradients, reproducibility of the method is difficult to achieve and early eluting compounds are most
affected as the column is not able to re-equilibrate to the conditions required for the start of the
gradient separation [189]. The retention time of early eluting compounds is used as a guide to evaluate
the re-equilibration time between injections and establish if it is sufficiently long to ensure
reproducibility [186]. The flow rate is the parameter that determines the length of the hold-period, and
at slower flow rates column re-equilibration takes longer. Generally three to five column volumes are
recommended for re-equilibration, and the volume of the column may be estimated using Equation
2.10 [189].

V = 0.7nR%L Equation 2.10
Where,

V = approximate column volume

R®= internal diameter of column

L = length of column
Approximately 30 % of the column volume is occupied by the stationary phase and the volume of the
column is calculated in the same manner as that for a cylinder using the column specifications as the

parameters of that cylinder [189].

The initial conditions for the gradient method were set at 95 % v/v buffer in order to facilitate the
elution of FTC in approximately 3 min. The gradient slope and steepness were then investigated to
facilitate early elution of TNF and EFV, and at a flow rate of 1 ml/min the slope and steepness of the
gradient are equally important as optimal gradient steepness will result in good resolution between

peaks and high separation efficiency. Excessive steepness results in a loss of resolution and less than
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optimal steepness results in poor separation efficiency. The retention factor for a gradient elution
separation is calculated differently from that for an isocratic separation. The first eluting peak should
have a k’< 1. The last peak should elute when the final composition of the mobile phase reaches the

end of the column [186].

A simple scouting gradient was used to set up and test gradient steepness and the conditions are
summarised in Table 2.6. An initial gradient elution of 95 % v/v buffer was selected, and this was
considered the upper limit for composition as TNF and EFV are not soluble under these conditions,
whereas FTC is. Initially TNF and EFV are concentrated at the head of the column and will only elute
when the strength of the mobile phase is such that these compounds have a higher affinity for the

mobile than stationary phase and will therefore partition into the mobile phase.

Table 2.6 Gradient scouting conditions for RP-HPLC method development

Time % viv A
min 0.03 M buffer of pH4 % v/v B acetonitrile
0 95 5
1 95 5
5 60 40
10 95 5

The development of a gradient method revealed that 95 % v/v buffer for the first min resulted in FTC
eluting at approximately 3 min, and the capacity factor for this peak was 0.7. It was important that 95
% viv buffer be held for at last one min prior to increasing the acetonitrile content linearly so as to
ensure that retention time of FTC remained at a minimal of 3 min. These initial conditions were
maintained for all subsequent experiments, and the retention times of FTC and TNF with the above
gradient were 3.0 and 8.2 min, respectively. After approximately 17 min EFV had not yet eluted as
the mobile phase consisted primarily of buffer. Therefore the % v/v acetonitrile had to be maintained
for a longer period and a steeper gradient was required to reduce the retention times for TNF and
EFV. The gradient conditions for the assessment of the impact of steepness on the separation are
summarised in Table 2.7. A higher % v/v acetonitrile was used at five min in an attempt to increase

the steepness of the gradient.

Table 2.7 Gradient conditions used to assess steepness

Time % viv A
min 0.03 M buffer of pH4 % v/v B acetonitrile
0 95 5
1 95 5
5 30 70
10 30 70
11 95 5
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Table 2.8 System suitability results from gradient steepness test

ARV Retention time  Retention factor k’ Selectivity USP tailing Efficiency
min A 65
FTC 2.97 0.7 - 1.0 2894
TNF 6.52 2.7 3.9 15 53264
EFV 7.12 3.1 1.1 1.8 57430

The system suitability results following the assessment of gradient steepness are summarised in Table
2.8 and the corresponding chromatogram is depicted in Figure 2.6. By adjusting the steepness of the
gradient it was found that at 70 % v/v acetonitrile TNF and EFV eluted in a reasonable period of time,
however the retention times for TNF and EFV were only 0.6 min apart and therefore a change in
gradient slope was investigated. Maintaining the acetonitrile at 70 % v/v for a further three min
improved the retention times of TNF and EFV. The conditions for gradient slope assessment and

system suitability results for gradient slope assessment are summarised in Tables 2.9 and 2.10,

respectively.

TNF (6.52)

EFV (7.12)

FIC(297)

Injection point

Figure 2.6 Typical chromatogram depicting the separation of FTC, TNF and EFV for gradient steepness test
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Table 2.9 Gradient conditions to assess slope

Time % viv A
Min 0.03 M buffer of pH4 % v/v B acetonitrile
0 95 5
1 95 5
8 30 70
10 30 70
11 95 5

Table 2.10 System suitability results from gradient slope test

ARV Retention time  Retention factor k’ Selectivity USP tailing Efficiency
Min A 65
FTC 2.9 0.7 - 1.0 2966
TNF 79 35 4.9 1.2 49925
EFV 9.1 4.2 1.2 15 78641

Decreasing the slope, or prolonging the rate of change of mobile phase composition resulted in longer

retention times for TNF and EFV with better separation achieved between the two peaks. The last

eluting compound was detected in < 10 min and the impact of gradient slope on the retention of TNF

and EFV is depicted in Figure 2.7.

TTC29)

Injection point

TNF(7.9)

LIV (9.1)

Retention time (minutes)

Figure 2.7 Typical chromatogram depicting the separation of FTC, TNF and EFV for gradient slope test

62



Having achieved a reasonable slope the next step requirement was to establish the re-equilibration
time required between injections as unnecessarily long run times are wasteful and run times that are
too short will affect the reproducibility of the retention time of fast eluting compounds such as FTC.
The estimated column volume was calculate and used to approximate the equilibration time, and a run
time of 15 min was selected for evaluation as it falls between the recommended three to five column
volumes necessary for proper re-equilibration to be achieved between injections. The initial
conditions were maintained for one min, after which the acetonitrile content of the mobile phase was
increased linearly from 5 % v/v to 70 % v/v from one to eight min. These conditions were held for a
further two min prior to resetting to the initial conditions, after which the column was allowed to re-
equilibrate until the next injection. This approach ensured that good resolution between peaks was
achieved. The optimised HPLC and gradient conditions are summarised in Tables 2.11 and 2.12,
respectively.

Table 2.11 Summary of optimised gradient HPLC method

Column Phenomenex® Luna 5um CN 150x4.6 mm i.d.
Flow rate 1.0 ml/min
Run time 15 min
Injection volume 10 pl
Detection wavelength 260 nm
Temperature 25°C
Mobile phase Mobile phase A: 0.03 M phosphate buffer at pH4
Mobile phase B: acetonitrile
Retention time min FTC 29
TNF 7.9
EFV 9.1

Table 2.12 Final gradient conditions used for the validation of a RP-HPLC method for the analysis of FTC,
TNF and EFV

Time % viv A
min 0.03 M buffer of pH4 % v/v B acetonitrile
0 95 5
1 95 5
8 30 70
10 30 70
11 95 5

2.5.5 Choice of internal standard
An internal standard (IS) is added in a known concentration to standard working solutions containing

the analytes of interest to compensate for any potential loss of analytes during sampling and/or sample
manipulation. Ideally the IS should be similar in structure and chemistry to the analyte(s) of interest
[63]. In other words the use of an IS can enhance the reproducibility of a method. However as the
three analytes for these studies vary in their physico-chemical properties the retention times, peak
symmetry, peak resolution and selectivity were used to identify an appropriate IS for HPLC analysis.

3TC, ZD and NVP were all evaluated using gradient conditions, and results are listed in Table 2.13.
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Table 2.13 IS performance under gradient conditions

Internal standard Retention time Peak shape Comments
Min
Lamivudine 2.9 Peak was well resolved The retention time is the
and symmetrical same as FTC
Zidovudine 4.3 Peak was well resolved
and symmetrical
Nevirapine 6.9 Peak was well resolved

but peak fronting seen

The peaks for ZD and NVP were acceptable in terms of retention time, peak resolution and
selectivity, and due to the proximity of the ZD peak to that of FTC, ZD was selected for use as an IS.
The wavelength of maximum absorption of ZD was established (Figure 2.8) as 266 nm after scanning
absorbance from 210n-400 nm, which is close to the wavelength of detection used for this RP-HPLC
method and it would be readily detected at 260 nm.

266

Absorbance (AU)

Wavelength (nm)

Figure 2.8 Ultraviolet absorption spectrum of zidovudine (100 pg/ml, 60:40 v/v buffer-acetonitrile)
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EFV (9.1)

TNF (7.9)

ZD (4.3)

FTC (2.9)
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Retention time (minutes)

Figure 2.9 Typical chromatogram showing separation and retention times of FTC (2.9 min), ZD (4.3 min), TNF
(7.9 min) and EFV (9.1 min) using a gradient method

A typical chromatogram of the separation of FTC, ZD, TNF and EFV is depicted in Figure 2.9, and
the gradient steepness and slope are included in Figure 2.10. The red line represents the proportion of
buffer in the mobile phase and the blue line the amount of acetonitrile in the mobile phase and it is
clear that TNF and EFV elute when the mobile phase content has the highest proportion of

acetonitrile.
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Figure 2.10 Graphic representation of gradient slope and gradient steepness for the separation of FTC, ZD,
TNF and EFV
2.6 CONCLUSIONS

The possibility of developing an isocratic separation for the analysis of FTC, TNF and EFV was
initially investigated, as isocratic separations are relatively simple to develop and operate because the
mobile phase composition remains constant throughout the analysis and the separation power of the
mobile phase therefore remains constant throughout the chromatographic run. As a result isocratic
separations tend to be predictable and reproducible with the added advantage that limited strain is
placed on the analytical column. Isocratic separations however have limited application when the
analytes differ widely in physico-chemical properties, for example polarity, and these may translate
into unnecessarily long run times and result in wastage of expensive solvents. In addition isocratic
separation methods tend to have a low peak capacity, i.e. the longer compounds partition and remain

in the stationary phase the broader and flatter will be the resultant peak, thereby contributing to a loss
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of sensitivity. In contrast for peaks that predominantly partition into the mobile phase and that travel

at more or less the same velocity as the mobile phase the peaks will be sharp and narrow.

The polarities of the compounds of interest vary, and FTC is extremely polar, basic and hydrophilic
with pKa and log P values of 2.65 and -0.43, respectively. TNF is a basic polar hydrophilic molecule
with pKa and log P values of 3.75 and 1.25, respectively. EFV is the least polar of the three and is
weakly acidic and hydrophobic, with pKa and log P values of 10.2 and 5.4, respectively.

The impact of type of organic solvent, buffer characteristics, mobile phase composition and flow rate
were investigated during attempts to develop an isocratic separation for FTC, EFV and TNF. The use
of acetonitrile resulted in a chromatographic separation in which the analytes exhibited a good peak
shape and was therefore preferred to methanol as it also produces less viscous mixtures with water
than methanol does. A buffer was required as all three compounds are ionisable and the use of a
buffer ensures that peak shape is maintained. For basic molecules such as FTC and TNF to be in the
unionised state the pH of the buffer should be two or more pH units higher than the pKa of the
molecules. Therefore FTC and TNF would be largely unionised in the pH range in which the stability
of the stationary phase is maintained. However an acidic molecule such as EFV would be unionised at
two or more pH units below its pKa and therefore EFV would be unionised at all pH values
corresponding to that at which the stability of the stationary phase is hot compromised and that would

be used for an isocratic separation.

The concentration of buffer and pH used did not appear to have a significant effect on the retention
times of FTC, TNF and EFV resulting in the use of an intermediate concentration of 0.03 M and a pH
of 4 for the buffer to maintain conditions for the separation that would promote reproducibility of that
separation. The composition of the mobile phase was then investigated and it was established that the
retention time and capacity factor of FTC increased from 1.97 to 3.0 min and 0.12736 to 0.71792,
respectively when the amount of buffer in the mobile phase increased. However the efficiency of the
separation decreased and the plate number dropped from 7268 plates to 2992 plates, but the peak
shape improved. The retention time of TNF and EFV suggest that these compounds are more likely to
be affected by a change in mobile phase composition than FTC indeed the retention times of TNF and
EFV increased when the amount of buffer in the mobile phase increased, as the analytes tend to
partition into the stationary phase for a longer time under these conditions. Neither TNF nor EFV
eluted in under an hour when the mobile phase was comprised of 95 % v/v buffer, and as these
conditions produced the best retention time for FTC with an associated adequate efficiency and good
peak shape the development of an isocratic separation for all three compounds would be a challenge.
The effect of flow rate was also investigated, and as expected the retention time for FTC increased
when the flow rate was changed from 1 ml/min to 0.8 ml/min but the void time also increased and

FTC eluted close to the void. In addition column efficiency was lost, and despite remaining > 2000 it
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was concluded that changing the flow rate was not efficient as a way of manipulating the retention

times of these compounds.

Given that the compounds of interest are very different from a physico-chemical perspective a
gradient separation was then investigated. In a gradient separation the mobile phase composition is
altered during a chromatographic run by increasing the concentration of the organic solvent in the
mobile phase. Gradient separation can be used to overcome some of the limitations usually observed
with isocratic separations due to a significantly enhanced separation power of the mobile phase and
enhanced peak capacity and resolution. In a gradient separation when the analytes in a mobile phase
with a high aqueous content are injected onto the analytical column the analytes concentrate at the
head of the column and will partition out of the stationary phase and into the mobile phase as the
strength of the mobile phase increases. Analytes elute in the order of their polarity, whereby the most
polar analytes will travel at more or less the same velocity as the mobile phase and will elute first.
Consequently less polar analytes will migrate more slowly than the mobile phase and will elute later.

Initially gradient conditions were set at 95 % v/v buffer, and maintaining a 95 % v/v buffer content for
one min resulted in a retention time of 2.9 min for FTC. Adequate gradient steepness was achieved
when the amount of acetonitrile in the mobile phase was increased from 5 % v/v to 70 % v/v and the
resolution between TNF and EFV was better when a steep gradient was applied. Adequate gradient
slope was achieved by increasing the amount of acetonitrile linearly from one to eight min during the
separation. The maximum acetonitrile of 70 % v/v was maintained for a further two min before
decreasing the content to 5 % v/v. A 15 min run time was required for the column to re-equilibrate
prior to introduction of the next sample. This approach enhanced the reproducibility of the separation
and any shorter run times appeared to affect the reproducibility of retention of FTC. The retention
times of FTC, TNF and EFV under these conditions were 2.9 min, 7.9 min and 9.1 min and the
retention factors were 0.7, 3.5 and 4.2. A more efficient separation with a better peak shape for TNF
and EFV was achieved under gradient conditions than when an isocratic method of analysis was used.
ZD was selected as an internal standard due to a relatively short retention time close to that observed
for FTC.

As one of the objectives was to attempt to develop a universal method of analysis for FTC, TNF and
EFV there may well be problems when using this method of analysis for monitoring concentrations of
FTC in biological fluids due to the presence of interfering peaks that may affect quantitation of FTC.
However the use of an IS such as ZD may resolve some of the difficulties and therefore ZD was used

for all future analyses.

An isocratic RP-HPLC method for which a mobile phase of 70:30 v/v buffer-acetonitrile was
developed and evaluated, however the method was not suitable for the analysis of FTC, TNF and EFV

simultaneously and a gradient RP-HPLC method was therefore developed and used for the analysis of
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FTC, TNF and EFV as the separation was adequate and the run time reasonable. The RP-HPLC
method was optimised using system suitability testing as a guide to assess the effect of manipulation
of buffer concentration and pH, mobile phase composition and flow rate on the separation. The
method that has been developed demonstrates suitable retention factors, selectivity, peak shape and
column efficiency and is suitable for validation and application for the in vitro analysis of FTC, TNF

and EFV in dosage forms.
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CHAPTER THREE
GRADIENT METHOD VALIDATION AND FORCED DEGRADATION STUDIES

3.1 INTRODUCTION

3.1.1 Overview
Following method development and system suitability testing, analytical methods must be validated.

Validation of an analytical method is undertaken to guarantee that the method is reliable and will
produce accurate and precise results. Analytical method validation must also demonstrate that the
method is fit and appropriate for its intended purpose [63, 186, 201]. Within the pharmaceutical
industry, analytical methods are used in drug development processes, drug characterisation and
manufacture and must therefore be validated to ensure that appropriate decisions are made on the
basis of sound data [201, 202]. The ICH has produced guidelines pertaining to method validation and
the ICH Q2 (R1) guideline document [203] is considered the primary guideline for analytical method
validation [204] and is referred to by the Food and Drug Administration (FDA) and United States
Pharmacopoeia (USP) [205]. The ICH Q2 (R1) guideline includes terminology and provides a
framework for validation parameters and criteria for accepting validation data [189, 202]. The
intended purpose of an analytical method will determine the exact validation parameters that are to be
applied and the criteria for accepting those validation data [201]. The most frequently used parameters
for analytical method validation include linearity, range, accuracy, precision (repeatability and

intermediate precision), robustness and limits of detection and quantitation [63, 186, 189, 201].
3.2 VALIDATION

3.2.1 Linearity and range
The linearity of an analytical method is measured in a specified range and refers to the response of the

detector to the concentration of the analyte in a specific sample matrix. The linearity of a method is
related to the directly proportional response to analyte concentration when the analytical method is
applied to samples of known dilute concentration [63, 189, 203]. The linearity of a method is
particularly important when UV detection is used, as the concentration of analyte must elicit a
response that obeys the Beer-Lambert law [186]. The linearity of the method was investigated over a
range of analyte concentrations. The ICH guidelines recommend that a minimum of five
concentrations be used [203]. The response, in this case the peak area ratio (PAR) of the relevant
ARV to that of the IS, ZD, was plotted against analyte concentration. The correlation coefficient and
least squares linear regression are statistical approaches used to evaluate linearity, and a correlation
coefficient > 0.999 indicates a satisfactory fit of the best fit regression line to the experimental. The y-

intercept should also be < 2.0 % of the detector response represented as the average PAR [189, 206].
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The range refers to the range between the lower and upper concentrations of analytes in the samples
under investigation and within which the method should demonstrate satisfactory linearity, accuracy

and precision [203].

A typical calibration curve for FTC is depicted in Figure 3.1. The equation of the best-fit least squares
linear regression line for FTC over the range of 0.4-40 pg/ml was y = 0.0191x+0.0007. The
correlation coefficient (R?) was 1, indicating that the method was linear over the range investigated
for FTC. The y-intercept was 0.0007 and is < 2.0 % of the detector response, indicating that the
method has suitable accuracy within the range investigated. Standard deviations are included but are

too small to be seen as the method is precise.
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Figure 3.1 Typical calibration curve for FTC over the concentration range 0.4-40 ug/ml

A typical calibration curve for TNF is depicted in Figure 3.2. The equation for the best-fit least
squares regression line for TNF over the range 0.6-60 pg/ml was y = 0.0163x+0.0116. The
correlation coefficient (R%) was 1, indicating that the method was linear over the concentration range
of TNF investigated. The y-intercept was 0.0116, which is < 2.0 % of the detector response, indicating
that the method has suitable accuracy within the range of concentrations investigated. Standard

deviations are included but are too small to be seen as the method is precise.
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Figure 3.2 Typical calibration curve for TNF over the concentration range 0.6-60 pg/ml

A typical calibration curve of EFV is depicted in Figure 3.3. The equation of the best-fit least squares
regression line for EFV over the range of 1.2-120 pg/ml was y = 0.01x+0.016. The correlation
coefficient (R?) of 0.9999 indicates that the method was linear over the concentration range of EFV
investigated. The y-intercept was 0.016, which is < 2.0 % of the detector response, indicating that the
method has suitable accuracy within the range of concentrations investigated. Standard deviations are

included but are too small to be seen as the method is precise.
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Figure 3.3 Typical calibration curve for EFV over the concentration range 1.2-120 pg/ml
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3.2.2 Precision
The precision of an analytical method is a measure of the degree of repeatability, reliability and

reproducibility of that method when applied to the same sample(s) under specified conditions [203].
The intra-assay precision (repeatability), intermediate precision (inter-day precision) and
reproducibility are different levels of precision and following use of the analytical method, the extent
of precision can be determined by calculating the standard deviation or the percent relative standard
deviation (% RSD) of the mean of individual test results in separate samples within a series of data
[63, 201]. The standard deviation is an indication of the distribution of individual results about the
mean in a dataset [206]. The % RSD should be < 2 % for an analytical method to be considered
precise [207].

3.2.2.1 Intra-assay precision (repeatability)
Intra-assay precision is an indication of repeatability of a method and is established by replicate

analysis of the same analytical sample when performed under specified conditions by the same
analyst over a short period of time using the same analytical equipment [189, 203]. The ICH
guidelines recommend that as a minimum requirement repeatability be assessed at three
concentrations in triplicate, for a total of nine determinations [63, 203]. The three concentrations must
fall within the range of the analytical method and must represent low, medium and high
concentrations that may be observed during analysis of samples of unknown concentration. Intra-
assay precision data for FTC, TNF and EFV are summarised in Table 3.1. Three concentrations of
FTC viz., 6 pg/ml, 20 pg/ml and 32 pg/ml, of TNF viz., 9 pg/ml, 30 pg/ml and 48 pg/ml and of EFV
viz., 18 pg/ml, 60 pg/ml and 96 pg/ml were injected (n=5) using ZD as the IS. The PAR of each ARV

to ZD was established for each concentration.

Table 3.1 Intra-assay precision for FTC, TNF and EFV

Theoretical Actual Average PAR Standard % RSD
concentration concentration (FTC/zZD) deviation

pg/mi pg/mi n=5

FTC
6 5.90 0.113356 0.000126 0.11
20 20.1 0.384376 0.000179 0.05
32 31.5 0.601454 0.000778 0.13

TNF
9 8.85 0.155936 0.000103 0.07
30 30.2 0.503907 0.000295 0.06
48 47.2 0.780973 0.000203 0.03

EFV
18 17.7 0.192923 0.000217 0.11
60 60.5 0.620758 0.000525 0.09
96 94.1 0.957069 0.000693 0.07

The intra-assay precision was assessed by calculating the % RSD for the replicate analysis of each

ARV at all concentrations within the respective concentration ranges. It is clear from Table 3.1 that
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the % RSD for all analysis was <2 % limit set in our laboratory, and the analytical method therefore

exhibits suitable repeatability for each ARV.

The results of intra-assay precision analysis of data generated for the calibration curves investigated
(n=5) for FTC, TNF and EFV are summarised in Table 3.2.

Table 3.2 Intra-assay precision for FTC (0.4-40 pg/ml), TNF (0.6-60 pg/ml) and EFV (1.2-120 pg/ml)

Theoretical Average PAR (FTC/ZD) Standard
concentration n=5 deviation % RSD
pg/ml
FTC
0.4 0.007569 0.000115 1.52
2 0.037758 0.000115 0.31
4 0.080548 0.001159 1.44
16 0.305893 0.000247 0.08
28 0.536042 0.003421 0.64
40 0.767287 0.000599 0.08
TNF
1.2 0.020303 0.00025 1.23
6 0.058839 4.4E-05 0.07
12 0.113115 0.000223 0.20
48 0.402944 0.000406 0.10
84 0.697969 0.004517 0.65
120 0.991301 0.000606 0.06
EFV
1.2 0.024489 0.000263 1.07
6 0.072726 0.000151 0.21
12 0.139795 0.000142 0.10
48 0.498216 0.000781 0.16
84 0.857161 0.005468 0.64
120 1.209793 0.002118 0.18

3.2.2.2 Inter-day precision (intermediate precision)
Inter-day precision is an indication of the extent of the precision of a method when the analytical

method is used under different conditions viz., different days, different analysts or different equipment
yet applied within the same laboratory [203]. The assessment of inter-day precision gives an
indication of the influence of different conditions and settings on the performance of an analytical
method. The inter-day precision was assessed by using the analytical method over three days. Three
concentrations (low, medium and high) for each ARV were analysed (n=3) on three consecutive days
using the same analytical equipment. The results of inter-day precision for FTC, TNF and EFV are

summarised in Table 3.3.
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Table 3.3 Inter-day precision for FTC, TNF and EFV

Theoretical Actual Standard
concentration pg/ml concentration Deviation % RSD
ug/ml

FTC

Day 1 6 5.90 0.000126 0.11
20 20.1 0.000179 0.05
32 315 0.000778 0.13

Day 2 6 5.99 0.000318 0.30
20 20.1 0.000193 0.05
32 32.7 0.000221 0.04

Day 3 6 6.01 0.000141 0.13
20 19.5 0.000113 0.03
32 32.6 0.007628 1.31

TNF

Day 1 9 8.85 0.000103 0.07
30 30.2 0.000295 0.06
48 47.2 0.000203 0.03

Day 2 9 9.02 0.000332 0.24
30 30.3 0.00025 0.05
48 49.3 0.000181 0.02

Day 3 9 8.91 8.21E-05 0.05
30 29.2 0.00031 0.06
48 48.7 0.010776 1.32

EFV

Day 1 18 17.7 0.000217 0.11
60 60.5 0.000525 0.08
96 94.1 0.000693 0.07

Day 2 18 18.1 0.000211 0.11
60 60.8 0.000521 0.08
96 98.5 0.000308 0.03

Day 3 18 18.1 0.001138 0.55
60 58.9 0.000222 0.04
96 97.7 0.012357 1.21

The % RSD for all ARV samples of all concentration on all days of analysis was < 2 %, indicating
that the analytical method demonstrates suitable intermediate precision for each ARV as defined in

our laboratory.

3.2.2.3 Reproducibility
Reproducibility is the precision of an analytical method when transferred and used in another

laboratory [203], and reproducibility is not required if intermediate precision has been demonstrated
[207]. Furthermore, as the analytical method was to be used in only one laboratory by one analyst it

was not deemed necessary to undertake reproducibility studies for this method of analysis.

3.2.3 Accuracy
Accuracy is a measure of the closeness of an unknown test concentration or amount to an accepted

reference concentration or amount within a specified range. Concentrations of an analyte in solutions
of unknown concentration are determined experimentally using the analytical method undergoing

validation, after which the accuracy of the method is calculated and expressed as % recovery and/or %
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RSD [63, 189, 203]. Assessing accuracy in the absence of precision for the method of analysis is
meaningless [206]. To assess accuracy the concentration of samples should be at 80, 100 and 120 %
of the API content or label claim as stated on the commercial package of a dosage form [189, 203].
Accuracy was assessed using commercially available products. Twenty Atripla® (MSD Pty Ltd,
Johannesburg, South Africa) tablets containing 600 mg EFV, 300 mg TDF and 200 mg FTC were
weighed and the average weight of one tablet calculated. The tablets were powdered aliquots of
powder equivalent to 80, 100 and 120 % of one tablet weight were accurately weighed and dissolved
in approximately 70 ml of 60:40 % v/v HPLC-grade water and acetonitrile in a 100 ml A-grade
volumetric flask. Each solution was sonicated for 30 min before making up to volume with 60:40 %
v/v solution of HPLC-grade water and acetonitrile. After sonication the solutions were well mixed by
shaking and a small volume was removed and centrifuged (Damon IEC HN-SII Centrifuge, Needham
Heights, USA) for 20 min at 1200 rpm using Kimax tubes (Kimble, Vineland, USA) to separate
insoluble excipients. The supernatant was then used to make working stock solutions in 100 ml A-
grade volumetric flasks. Accuracy was established by calculating the % recovery and % RSD. The
results of accuracy studies for FTC, TNF and EFV are summarised in Table 3.4. The analytical
method was considered to be accurate if the precision of the analysis for the samples under

investigation was < 2 %.

Table 3.4 Accuracy data for FTC, TNF and EFV

% of label Theoretical Measured Standard
claim concentration concentration % Recovery deviation %RSD
pg/mi pg/ml (n=5)

FTC
80 16 135 84 0.000392 0.18
100 20 16.8 84 0.001294 0.50
120 24 19.95 83 0.001671 0.53

TNF
80 24 19.07 79.5 9.62E-05 0.03
100 30 23.9 79.8 0.00183 0.48
120 36 28.44 79.0 0.001964 0.44

EFV
80 48 42.3 88 0.000433 0.11
100 60 52.7 87.9 0.002442 0.50
120 72 62.1 86.2 0.003442 0.60

Whilst it is desirable to achieve 100 % recovery, the recovery need not be 100 % if the method is
precise or the % recoveries are the same each time the assay is performed under the specified
conditions. In this case the % RSD was < 2 % for each ARV at each concentration level investigated,

thereby indicating that the method is suitable for use.

3.2.4 Limits of quantitation (LOQ) and detection (LOD)
The lower limit of quantitation (LLOQ) is defined as the lowest concentration of an analyte that can

be accurately and precisely determined using the analytical method that has been developed [203].

76



The limit of detection (LOD) is defined as the lowest amount of analyte that can be detected but not
necessarily quantitated [189]. The LLOQ and LOD are usually determined for the analysis of related

substances, impurities and degradation products [189, 203].

Signal to noise (s/n) ratios are used to establish the LOD and LLOQ, and ratios of 3:1 or 2:1 and 10:1
are used, respectively [63, 189]. The s/n ratio is calculated by dividing the height of a signal or peak
by the range of the baseline noise observed for the analytical method. The LLOQ is a compromise
between the lowest concentration detected or the sensitivity and acceptable precision and accuracy for
the method. Use of the s/n ratio approach is a good rule of thumb for establishing these parameters but
this is not the only method recognised in the ICH guidelines for establishing this parameter [207]. The
LLOQ and LOD can be established by calculating the % RSD and LLOQ should have a % RSD of <
5 % and the LOD by convention 0.3 x LLOQ [208]. Alternate methods of establishing the LLOQ and
LOD are described mathematically in Equations 3.1 and 3.2 [207].

105D Equation 3.1

LLOQ =

3.35D Equation 3.2

LOD =

Where,

SD = the standard deviation of the response
S = the slope of the calibration curve

3.24.1LLOQ
The LLOQ can be determined following sequential injection of samples prepared from a standard

stock solution with decreasing concentration(s) of each analyte of interest. The lowest concentration
with a % RSD < 5 % was used to set the LLOQ for FTC, TNF and EFV. The LLOQ for FTC, TNF
and EFV were 0.4, 0.3 and 0.6 pg/ml with average PAR of 0.004, 0.008 and 0.04, respectively. The %
RSD for FTC, TNF and EFV at LLOQ were 2.38, 1.53 and 0.288 %. Since the stock solution was a
composite of all ARV a compromise of the lowest concentration of each ARV was used and the
concentration of FTC that yielded the most suitable accuracy and precision was the limit set for this
parameter as the wavelength selected for analysis was not the Ay for FTC. The LLOQ of 0.4 pg/ml
for FTC was therefore used, as a lower concentration of 0.32 pg/ml was not detected at all and

consequently the LLOQ for TNF and EFV were 0.6 and 1.2 pg/ml, respectively.

3.24.2L0D
An approximate value for the LOD for FTC, TNF and EFV was established by calculation and by

convention was the product of the LLOQ and 0.3. The LOD for FTC, TNF and EFV were 0.12, 0.18
and 0.36 pg/ml, respectively.
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3.3 FORCED DEGRADATION STUDIES

3.3.1 Overview
The FDA and ICH Q1A (R2) guideline provides a framework for assessing the intrinsic stability of

drug substances and/or new formulations when exposed to stress conditions for specific periods of
time [209, 210]. Stability studies are required as part of the registration process of new and generic
drug substances and products. Long-term studies are typically performed over a 12—-36 month period,
whereas accelerated studies are usually performed over a 6 month period. Degradation products and
degradation pathways of new compounds may be identified, more stable formulations may be
developed and the shelf-life and appropriate packaging for products can be identified and tested with
data generated from appropriate studies [211]. Forced degradation stress conditions are harsher than
accelerated conditions and such studies are performed to establish the stability-indicating nature or
specificity of a validated analytical method. In this case the purpose of these studies was not to
guantitate degradation products but rather to ensure that any degradation products, if present, did not
interfere with the quantitation of the analytes of interest [207, 210, 211]. Typically for forced
degradation studies the compounds of interest or product are exposed hydrolytic, oxidative,
thermolytic and photolytic conditions [209, 212]. Acid and alkali hydrolysis are common reactions in
which ionisable functional groups are hydrolysed to form primary degradation products [213].
Hydrochloric acid and sodium hydroxide are commonly used as reagents to prepare acidic and
alkaline solutions and the concentration range of these materials that are used is usually between 0.1
and 1.0 M [211]. Solutions of EFV, FTC and TNF and anhydrous EFV, FTC and TDF were exposed
to different stress conditions and materials were then analysed using the RP-HPLC method
undergoing validation. Chromatograms from individual experiments were overlaid to establish
whether interference would occur when all compounds were tested in FDC products following

dissolution or when conducting analytical testing simultaneously.

3.3.2 Experimental

3.3.2.1 Acid, alkali and oxidative degradation

Acid, alkali and oxidative degradation studies were performed using the same experimental approach.
Three stock solutions (1 mg/ml) of FTC, TNF and EFV were prepared by accurately weighing 10 mg
of each analyte and dissolving in 10 ml of a 60:40 % v/v solution of HPLC-grade water and
acetonitrile. 0.1 M HCI, 0.1M NaOH and 3 % v/v H,0, solutions were prepared and added
individually in a 1:1 ratio to the three stock solutions in separate 25 ml round-bottom flasks. The
solutions were refluxed at 70 °C for 3 hours. A 1 ml sample of each solution was removed from each
round-bottom flask and transferred to a 10 ml A-grade volumetric flask prior to dilution with a 60:40

% v/v solution of HPLC-grade water and acetonitrile prior to analysis using HPLC (n=3).
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3.3.2.1.1 Acid degradation
When the EFV solution was mixed with 0.1 M HCI at room temperature (22 °C) a precipitate formed,

which subsequently disappeared after refluxing at 70 °C. A chromatogram of FTC, TNF and EFV
prior to degradation is depicted in Figure 3.4 A and can be used to compare the chromatogram
observed following acid degradation of FTC, TNF and EFV (Figure 3.4 B). It is clear that significant
degradation of TNF occurs, as shown by the presence of two degradation products, viz. TA and TB.
The peak areas of FTC and EFV appear to have increased but no degradation products had been

formed when the data were analysed.
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Figure 3.4 Chromatogram of FTC, TNF and EFV (100 pg/ml) (A) and overlaid chromatograms (B) showing
FTC, TNF and EFV following exposure to 0.1 M HCI and refluxing at 70 °C for 3 hours

3.3.2.1.2 Alkali degradation
A chromatogram developed following the analysis of a solution of FTC, TNF and EFV prior to

degradation is depicted in Figure 3.5 A and can be used to compare the chromatograms developed for
samples analysed following exposure to alkali degradation conditions that are depicted in Figure 3.5
B. EFV precipitated from solution when it was mixed with the 0.1 M alkali solution and the
precipitate disappeared on refluxing at 70 °C for 3 hours. All analytes degraded under the harsh alkali
conditions and TNF completely degraded to form a new degradation product (TC). FTC and EFV also
degraded to a significant extent and degradation products FA and FB were formed from FTC. EFV
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produced a split peak which could indicate the presence of a degradation product however it was not

adequately separated nor was it isolated.

Figure 3.5 Chromatogram of FTC, TNF and EFV (100 pg/ml) (A) and overlaid chromatograms (B) showing
FTC, TNF and EFV following exposure to 0.1 M NaOH and refluxing at 70 °C for 3 hours

3.3.2.1.3 Oxidative degradation
A chromatogram developed following simultaneous analysis of FTC, TNF and EFV is depicted in

Figure 3.6 A and the chromatograms following oxidative degradation of FTC, TNF and EFV are
depicted in Figure 3.6 B and can be compared to Figure 3.6 A. FTC was completely oxidised to form
a degradation product (FC), whereas TNF a degraded only slightly to form products TD and TE and
EFV to form product EA.
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Figure 3.6 Chromatogram of FTC, TNF and EFV (100 pg/ml) (A) and overlaid chromatograms (B)
showing FTC, TNF and EFV following exposure to 3 % H,0, and refluxing at 70 °C for 3 hours

3.3.2.2 Dry heat

Dry heat studies were undertaken after accurately weighing 10 mg FTC, TDF and EFV onto three
clean watch glasses and then placing the samples into an oven (TERM-O-MAT, LABOTEC,
Johannesburg, South Africa) for 12 hours at 100 °C. After 12 hours each of the samples was removed
and cooled to room temperature (22 °C) and then quantitatively transferred into one of three A-grade
100 ml volumetric flasks and dissolved in 60:40 % v/v HPLC-grade water and acetonitrile prior to
HPLC analysis (n=3). Decolourisation of TDF was observed on visual inspection but was not
observed for FTC and EFV. The chromatogram for a solution of FTC, TNF and EFV generated prior
to exposure to heat is depicted in Figure 3.7 A. The resultant chromatogram following exposure of the
compounds to dry heat is depicted in Figure 3.7 B in which degradation of TNF but not FTC and EFV
is evident. TNF degraded significantly to produce degradation products TF, TG, TH, TI, TJ and TK.
Product TK may affect the quantitation of EFV but it is unlikely that the product or API would be
exposed to such harsh conditions during conventional use and handling and therefore this product is

unlikely to interfere with analysis of a FDC product.
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Figure 3.7 Chromatogram of FTC, TNF and EFV (100 pg/ml) (A) and overlaid chromatograms (B)
showing FTC, TNF and EFV following exposure to 100 °C dry heat for 12 hours

3.3.2.3 Photodegradation
Photostability is evaluated by exposing API or drug product to UV or fluorescent light to establish the

stability of the API or product to light. The minimum recommended exposure to UV light is 200
Wh/m? in a wavelength range of 300 to 800 nm to ensure photolysis, if the compound is susceptible to
light [212]. Photostability studies were performed using an Atlas SUNTEST® CPS+chamber
(Lisengericht, Germany) and the API were exposed to 500 Wh/m? using filter G and a temperature of
35 °C. After 12 hours exposure to 254 nm light the substances were removed and quantitatively
transferred to each of three A-grade 100 ml volumetric flasks and dissolved in 60:40 % v/v HPLC-
water and acetonitrile prior to analysis. The chromatogram for a solution of FTC, TNF and EFV
generated prior to photodegradation is depicted in Figure 3.8 A. The resultant chromatogram
following exposure of the compounds to UV light at 254 nm for 12 hours is depicted in Figure 3.8 B
in which no degradation of TNF was seen but peak area for FTC and EFV decreased suggesting that
FTC and EFV degraded.
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Figure 3.8 Chromatogram of FTC, TNF and EFV (100 pg/ml) (A) and overlaid chromatograms (B) showing
degradation of FTC, TNF and EFV following exposure to UV light at 245 nm for 12 hours
3.4 BIOANALYTICAL METHOD DEVELOPMENT FOR ANALYSIS OF EFV, FTC AND
TNF IN PLASMA

3.4.1 Overview
Bioequivalence studies involve the analysis of analytes in biological fluids such as plasma, serum or

urine. Samples for analysis require preparation prior to analysis using a validated analytical method.
Ideally sample preparation should be simple, selective, sensitive, rapid and cost-effective. Solid phase
extraction (SPE) is an example of a sample preparation approach that offers such flexibility [214].
SPE is versatile with wide application and is used for the clean-up of sample matrices, isolation of
analyte(s) of interest, trace enrichment and exchange of solvent medium [215, 216]. The principles of
SPE are similar to those of LC, where the sorbent bed in SPE can be compared to the stationary phase
in LC [216]. In SPE a sample matrix (aqueous) containing the analyte(s) is passed through the sorbent
bed and the analytes then partition between the liquid phase and the sorbent bed [214, 216]. SPE can
be applied using different sorbents and formats (i.e. how the sorbent is contained) to achieve the best
sample preparation approach for a specific matrix or analytical method. The choice and format of
sorbent is crucial for the accurate quantitation and high quality analysis of samples, and selection of
the best-suited sorbent, depends on the intended application of the analytical method and is important
as it dictates the selectivity, sensitivity and retention capacity of the sample clean-up method [214—
217].
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The most commonly used format used for SPE involves the use of cartridges. The cartridges are made
of polypropylene or glass that contains the sorbent bed and are available in different sizes to
accommodate different sample volumes. Frits are placed above and below the sorbent bed and are
made of polyethylene, stainless steel or Teflon and other SPE formats include discs, pipette tips and
96-well plates for off-line analysis where the SPE method is separate from the LC method. Small
volume columns are also available for on-line analysis where SPE may be an integral part of the LC
method and system [214, 217].

The choice of sorbent and format depends on the intended application of the analytical method and
selection of the best-suited sorbent and format is important for adequate selectivity, sensitivity and
retention capacity in addition to accurate quantitative and qualitative determination of the analytes of
interest [215-217]. Prior to selection of the sorbent one must take into account the physico-chemical
properties of the analyte(s) of interest, the nature of the sample matrix from which the analytes are to
be isolated and volume and the level of detection required. The primary interactions in SPE are the
same as those reported for LC and includes hydrophobic, hydrogen bonding and ion-exchange
interactions [217].

In one approach for SPE the analyte(s) are retained on the sorbent bed and interfering compounds are
eluted in a wash step after which the analytes are subsequently eluted using a relatively high
proportion of organic solvent in an elution step. Alternatively interfering compounds can be retained
on the sorbent bed while the analytes are eluted either during loading or the wash step. Low retention
capacities of the sorbent bed may result in analytes, particular polar analytes, being lost in

breakthrough solvent volumes that are not retained on the SPE cartridge [214].

3.4.2 Silica—based sorbents
Silica and silica-bonded RP sorbents are the most commonly used sorbents, in particular C;g and Cg

for SPE applications. Bonded phase silica sorbents include C,, C,, CH, Ph, and CN backbones [214,
217] and organic solvents typically interact with the sorbent bed via hydrophobic interactions. The
main disadvantage associated with these types of sorbent is the presence of residual silanol groups
which negatively affect the reproducibility of extraction of polar analytes, in particular basic
compounds, as they are retained through hydrophilic interactions [214, 217]. By altering the sorbent
bed to pure silica, alumina, magnesium silicate or diatomaceous earth, normal phase principles can
then be applied to the extraction of polar molecules. However hydrogen bonding sites are sometimes
gradually damaged when using aqueous solvents, resulting in poor extraction reproducibility [214]. In
addition recovery is also affected by the limited sorption capacity of some compound, analyte
displacement or plugging of sorbent pores by components of the sample matrix. Silica-based sorbents
are stable between pH 2 and 8 and non-end-capped Cig sorbents are better for the retention of polar

molecules when compared to end-capped columns. However the extraction of polar analytes from
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large volumes of a sample matrix is often difficult when a Cyg column is used. As a rule of thumb,
analytes with a partition coefficient of < 1.5 are poorly extracted unless the sample volumes are low
[217]. The retention of ionised analytes in biological fluids can be achieved using ion-exchange SPE,
and in such cases the pH used for the process is critical as this parameter dictates the ionisation of the
analytes to be isolated [214].

3.4.3 Polymer —based sorbents
Polymer-based sorbent beds have a higher retention capacity than silica-based beds and are stable

across the entire pH range. The hydrophilic-lipophilic copolymer of N-vinylpyrrolidone and
divinylbenzene is commercially available as Oasis® HLB (Waters® Corporation, Milford, USA) and is
capable of retaining a wide variety of analytes of different physico-chemical properties. The sorbent is
water-wettable due to the presence of N-vinylpyrrolidone which is hydrophilic, thus eliminating the
need for any conditioning and equilibration steps resulting in a simple, rapid and economic sample
preparation approach prior to analyses. The lipophilic component of the product, divinylbenzene,
imparts hydrophobic characteristics to the SPE sorbent that facilitates RP extraction of non-polar
analytes. In addition the efficiency of the SPE is not affected by drying of the sorbent bed [214]. The
Oasis® HLB 1 ml cartridges are ideal for analysis of EFV, FTC and TNF in plasma as only a small
amount of plasma sample may be required to achieve the necessary sensitivity and analytical
outcome. The high retention capacity of Oasis® HLB for a wide range of analytes is advantageous as
EFV, FTC and TNF exhibit large differences in their solubility and physico-chemical properties, and
the use of this relatively new sorbent for bio-analysis of these compounds has been reported [185].

The method uses mass spectroscopy, which is more selective than UV detection.

3.4.4 Sensitivity of RP-HPLC gradient method
Plasma analysis requires a higher level of sensitivity than that for QC analysis as drug concentrations

are expected to be in the ng/ml range. The sensitivity of the RP-HPLC gradient method was
investigated by injecting solutions of 10-100 ng/ml EFV, FTC and TNF. FTC was readily detected in
this concentration range, however interfering peaks were observed at the retention time of TNF and

EFV and consequently the source of the interfering peaks was investigated.

3.4.4.1 Ghost peaks and band compression
A major drawback of gradient RP-HPLC methods of analysis is the fairly common appearance of

‘ghost peaks’. Ghost peaks are sometimes referred to as artefacts, system or pseudo peaks and are
usually due to the presence of contamination. These peaks may overlap with the analytes of interest
and make quantitation, particularly at lower concentrations, almost impossible. Possible sources of the
contamination are widespread and originate from air bubbles, a dirty needle tip or dirty sample vials.
Other common sources of contamination include inorganic impurities in water, organic solvents,
improper or contaminated reagents used to prepare buffers, compounds that leach out of plastic

containers, dirty glassware and even microbial growth [218-220]. The ghost peaks were observed
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only when a high level of sensitivity was required for the analysis of plasma samples containing EFV,
FTC and TNF. These peaks co-eluted primarily when the strength of the mobile phase strength was
increased by using increasing proportions of acetonitrile up to a maximum level. The quantitation of
TNF and EFV was not possible at the levels required for plasma analysis using the equipment and
method available and therefore further investigation into the source of the ghost peaks was

undertaken.

3.4.4.2 Water as a source of contamination
Water and aqueous solvents are prone to bacterial growth, which may be the source of the interfering

peaks observed. The water from our and another laboratory was assessed and the same interfering
peaks were present in both samples. Preparation of a new buffer using higher grade reagents also
revealed no improvement and the ghost peaks were still obvious. Flushing the separation module of
the HPLC system was then performed using a solution of isopropyl alcohol, HPLC-grade water,
methanol and acetonitrile in equal proportions as this is the solution that is recommended by the
manufacturer to remove any contaminants including bacteria that may have accumulated in the
solvent lines of the separation module [219]. The lines were flushed individually for 1-2 hours and
this exercise too revealed no improvement when blank mobile phase was injected. Other sources of
contamination investigated included the glassware, sample vials and organic solvent, yet interfering
peaks were always present when the strength of the mobile phase was increased to a maximum. These
findings may be explained by a phenomenon called band compression and analytes or contaminants
present in the mobile phase appear as bands once injected onto the stationary phase [221]. When using
gradient HPLC a band of analytes or contaminants is present at the head of the column and as the
organic solvent concentration is lower at the front of the band and molecules that comprise the front
of the band are more strongly retained than when a higher concentration of organic solvent is present
such as that that occurs at the back of the band. Consequently strongly retained molecules move along
the stationary phase as the concentration of the organic increases to a point to facilitate their
movement via longitudinal diffusion. This compression mechanism is heavily reliant on longitudinal
diffusion, and the effects can be reduced by using columns with smaller particles and by decreasing
the steepness of the gradient, although for these studies reducing the steepness of the gradient had no
effect. The compressed bands appear as sharp peaks when band compression is adequate and
inadequately compressed bands will not be symmetrical [219, 221]. The presence of inadequately
compressed bands made the quantitation of TNF and EFV impossible at low concentrations. The
source of contamination was not identified and so this gradient RP-HPLC method using UV detection
was not considered suitable for the analysis of FTC, TNF and EFV in plasma. An example of a
chromatogram obtained when only mobile phase containing no actives was injected is depicted in
Figure 3.9, and the presence of interfering peaks or compressed bands can be seen from

approximately 8 to 10.2 min.
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Figure 3.9 Chromatogram showing interfering peaks following injection of mobile phase

3.5 CONCLUSIONS
A RP-HPLC gradient method for the simultaneous analysis of FTC, TNF and EFV has been
developed and validated. The correlation coefficient for the calibration curve for each analyte was >
0.999, indicating that the calibration curve is linear over the concentration ranges of 0.4-40 pg/ml,
0.6-60 pg/ml and 12-120 pg/ml for FTC, TNF and EFV, respectively. The equation of the best-fit
least squares linear regression lines for FTC, TNF and EFV were y = 0.0191x+0.0007, y =
0.0163x+0.0116 and y = 0.01x+0.016, respectively. The analytical method is accurate as the y-
intercept was < 2 % for each analyte and the % RSD indicated that the method was precise in terms of
intra-assay and inter-day precision. Reproducibility was not assessed as intermediate precision had
been demonstrated and the method was to be used by one analyst using the same equipment in one
laboratory. The accuracy of the method was assessed using commercially available tablets. At 80, 100
and 120 % of the label claim the % recovery for FTC was 84, 84, and 83 %, for TNF was 79.5, 79.8
and 79 % and for EFV was 88, 87.9 and 86.2 %. The % RSD for all analytes at each concentration

level was < 2 %, and therefore suitable accuracy was achieved for this assay.

The stability-indicating nature of the RP-HPLC method was established after exposing samples of all
API to acid, alkali, peroxide, light and heat. Forced degradation studies on each analyte alone
permitted the identification of degradation products specific to that analyte and when the individual

chromatograms for each API were overlaid for evaluation purposes possible interferences could be
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identified. The only degradation product formed, and that may affect the quantitation of another
analyte, was degradation product TK that was produced following exposure of TDF to 100 °C dry
heat for 12 hours. This degradation product may not be formed under conventional storage and
working conditions but its presence may affect the quantitation of EFV if it does form. If this
degradation product were to form when testing the stability of formulations containing FTC, TNF and
EFV, then the same forced degradation conditions may be used to assess the individual raw material
and analytes and the amount of EFV present or that has degraded could be determined. The method is
therefore precise, accurate and specific for the quantitative analysis of FTC, TNF and EFV alone or in
combination. This method is simple and the only one reported using this stationary phase and for
which all ARV elute under 10 min.

The validated RP-HPLC gradient method is not suitable for the analysis of FTC, TNF and EFV in
plasma due to band compression and the presence of interfering compounds at the times at which
TNF and EFV elute. A column with smaller particles could be attempted to reduce the effect of band
compression. Decreasing the gradient steepness will decrease the separation power of the method as
observed from studies described in Chapter 2, Figure 2.6. The use of a mass spectrometer for
detection would be beneficial as it would have not exhibit band compression usually observed with
UV detection and it is a selective detection system.
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CHAPTER FOUR
APPLICATION OF THE GRADIENT RP-HPLC METHOD OF ANALYSIS

4.1 INTRODUCTION

4.1.1 Overview
Dissolution is the process in which molecules of an API from a pharmaceutical formulation dissolve

and move into solution in a dissolution medium [222, 223]. Drug absorption following administration
of solid oral dosage forms initially requires the dosage form in which the API is delivered to
disintegrate, after which dissolution of the API into the surrounding medium must occur as a
prerequisite for absorption from the GIT [52, 223]. The rate of dissolution may affect the rate of
absorption for some classes of compound and bioavailability is a function of dissolution and
absorption on which effective drug therapy is dependent. Therefore the physico-chemical properties
of a molecule and the manner in which it is formulated contributes significantly to the rates of
dissolution and absorption, and consequently the bioavailability which may impact therapeutic
outcome [223, 224]. Dissolution studies are used to characterise the in vitro rate and extent of release
of an API from oral dosage forms during drug product development and to ensure the ongoing quality
of existing products through routine quality assessment of the rate and extent of release from
formulations. Dissolution test results can be used as a tool to predict in vivo performance if an in
vitro-in vivo correlation (IVIVC) has been established [225, 226] and if one exists the dissolution test
for quality is more valuable, however it is not always possible to establish an IVIVC for all
therapeutic molecules [52]. Dissolution studies can also be used to assess the rate of release of poorly
soluble API and the impact of formulation composition on the rate of release of that API. The rate and
extent of API release from a formulation is usually evaluated against acceptance criteria published in
various pharmacopoeias or guidelines. In comparative dissolution studies, mathematical models are
also used to describe dissolution profiles and/or compare API release from two or more formulations
[222]. Bio-waivers or permission to avoid bioavailability or bioequivalence studies are granted when
two products contain a highly soluble and permeable API and are considered similar at the outset,
obviating the need for expensive and/or extensive bioequivalence studies in humans, and are waived
according to relevant regulatory guidelines [224]. It is desirable to be granted permission to proceed
with licensing with a biowaiver as it is cost-effective and not excessively time-consuming to generate

appropriate data for the market authorisation application [226, 227].

The BCS can be used to predict IVIVC using data from dissolution studies [52]. There are four BCS
classes and FTC, EFV and TNF are classified as BCS class 1, class 2 and class 3 (81.2.4, Chapter
one) compounds respectively. BCS class 1 and 3 molecules are characterised by high aqueous
solubility but differ in terms of membrane permeability. Class 1 molecules exhibit high membrane
permeability whereas class 3 molecules exhibit low membrane permeability [224, 228]. BCS class 1

and 3 compounds do not exhibit dissolution rate limited bioavailability however, the rapid dissolution
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exhibited by immediate-release dosage forms containing class 1 and/or 3 molecules may result in
scenarios from which it is difficult to predict absorption [52, 223]. The absorption of BCS class 1 and
3 molecules is, in part, limited by gastric emptying and class 3 molecules may exhibit limited
absorption due to poor membrane permeability, however establishing an IVIVC may still be possible
[52, 229]. The development of controlled release tablet formulations to deliver class 3 molecules may
also prove challenging [224]. BCS class 2 molecules are characterised by low aqueous solubility and
high membrane permeability and for these compounds, dissolution may be the rate limiting step for
absorption and subsequently bioavailability, often resulting in highly variable bioavailability.
Therefore the enhancement of dissolution for class 2 molecules may facilitate the establishment of an
IVIVC [224]. Dissolution testing and profile development in dissolution media of different pH is
recommended for drugs in this BCS class [52]. BCS class 4 molecules are characterised by low
aqueous solubility and poor membrane permeability, and pose significant challenges for formulation
scientists when developing oral dosage forms [52] and all regulatory authorities do not grant bio-

waivers for BCS class 4 molecules [46].

The most simple and convenient method of drug delivery is the oral route, and the majority of solid
oral dosage forms include tablets, capsules and powders [223, 224]. API release from different dosage
forms occurs at different rates, and by way of example, coated tablets release API at a slower rate than
capsules and liquid oral dosage forms [223, 230]. Immediate-release tablets should disintegrate
rapidly into granules, followed by disaggregation into powder particles so as to facilitate the release of
API [223]. The excipients used in a formulation can and often do affect the rate of dissolution of an
API from the dosage form [229]. Excipients used in tableting fulfil primary and secondary roles and
fall into broad performance categories including disintegrants, diluents, binders, anti-frictional agents

and surfactants [223], and many excipients fulfil more than one role.

The type and amount of disintegrant, diluents and other excipients used when manufacturing tablets
can and often does affect tablet disintegration, which in turn affects the ultimate dissolution rate of an
API from a tablet. The role of disintegrating agents is to facilitate the breakup of tablets into granules
and powder particles. Water-soluble diluents will ensure faster disintegration of dosage forms in an

aqueous environment [223].

Microcrystalline cellulose is a water insoluble but wetable diluent that facilitates disintegration by
permitting water uptake into the table core through capillary formation [223, 231]. Binders are added
to a formulation to ensure that cohesive forces within a blend and after compaction are sufficient to
keep the granules and tablets intact. Addition of excess binder can result in the manufacture of hard
tablets that do not release adequate amounts of the API contained in the dosage form. Excessive

amounts of hydrophobic lubricants such as magnesium stearate can and often do slow the rate of
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disintegration of tablets as they reduce the hydrophilicity of the tablet core. Surfactants are added to
formulations in which poorly water soluble API are included so as to improve the dissolution rate of
such compounds by reducing the interfacial tension between the tablet surface, APl and aqueous
dissolution medium [223]. Other factors that affect the dissolution rate of an API include volume,
temperature, pH and agitation rate of the dissolution medium, and the physico-chemical properties of
the API such as particle size, size distribution, polymorphism, specific surface area and the quality of
the raw materials used to manufacture the formulation are also of importance [223, 232].

4.1.2 Dissolution apparatus
Apparatus for dissolution testing must meet specific performance criteria, specifications and standards

[223]. In general the specifications for equipment used for performance of dissolution testing are
described in USP general chapter <711> [233] or in other pharmacopoeias. Official pharmacopoeias
differ slightly in terms of their published specifications. Ultimately the choice of apparatus should be
appropriate for the dosage form and API being tested and should as far as possible mimic in vivo
conditions. USP apparatus 1 and 2 are the most commonly used apparatus for testing API release from
solid oral dosage forms [222, 223]. USP apparatus 2 or the rotating paddle apparatus has better
agitation capabilities than is possible using USP apparatus 1 or the rotating basket apparatus, and
therefore USP apparatus 2 is more appropriate for testing the release characteristics of sparingly
soluble API than USP apparatus 1. The paddle blade is covered with an inert coating material and the
paddle is attached to a stainless steel shaft such that it is located 25 mm above the inside surface of the
dissolution vessel [223]. Sinkers may be used if the dosage form to be tested floats as capsules may
do, however sinkers may not be necessary when testing tablets but are useful for preventing film-
coated tablets from adhering to the bottom of the dissolution vessel. Any differences in dissolution
results should be attributed to modifications in test formulations and should not be a consequence of
equipment and/or apparatus-related variability. In addition all results should be reproducible and
through standardisation and verification of dissolution equipment, reproducibility can be assured
[223]. The specifications for USP apparatus 2 are summarised in Table 4.1. The performance of
equipment is verified by calibration on a six-monthly basis in our laboratory to ensure that the

equipment does not contribute to discrepancies in dissolution test results.
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Table 4.1 Summary of specifications for USP apparatus 2 [233]

Component Dimensions
Apparatus 2 mm
Vessel
Height 160-175
Internal diameter 98-106
Paddle
Shaft diameter without coating 9.4-10.1
Blade
Upper chord 74.0-75.0
Lower chord 420+1.0
Height 19.0 £0.5
Radius of disk 420+1.0
Radius upper corners 1.2
Thickness 40+£1.0

4.1.3 Dissolution media
The choice of dissolution medium is important as in order for dissolution studies to be meaningful the

medium selected should as far as possible mimic in vivo dissolution conditions [222, 223]. To
compensate for the low volume of dissolution fluid, sink conditions must be used and therefore the
volume of the dissolution medium must be at least three times the volume required to produce a
saturated solution of the API under investigation [222]. The pH, temperature and volume of the
dissolution medium should be carefully considered and the addition of sodium lauryl sulphate (SLS),
a preferred surfactant for dissolution testing, may be necessary when testing the dissolution behaviour
of poorly water-soluble drugs. The pH, temperature and volume of the dissolution medium must
resemble in vivo conditions as far as possible to obtain meaningful data, and the amount of SLS used
in a dissolution test must be justified in the context of the test being developed and/or used [222, 223].
A 0.1 M HCI dissolution medium is considered appropriate to simulate gastric acid conditions for
dissolution testing as the pH of this fluid is 1.2. Buffers of pH 4.5 and pH 6.8 are considered suitable
for the simulation of different conditions in the small intestine. Simulated gastric fluid is a practical
and suitable dissolution medium for testing BCS class 1 molecules as these are highly soluble and
permeable compounds. If formulated in immediate-release dosage forms that disintegrate rapidly in
gastric fluids, these molecules will exhibit close to 100 % bioavailability following oral
administration provided they are not susceptible to degradation in acidic media or are extensively
metabolised by hepatic first pass metabolism. BCS class 2 molecules that are low solubility molecules
often require the addition of a surfactant to the dissolution medium to improve aqueous solubility,
whereas BCS class 3 molecules require testing in simple aqueous based dissolution media [224]. The
pH and transit times in and through different parts of the gastrointestinal tract are listed in Table 4.2.
These data are useful for establishing an appropriate dissolution method for test formulation

evaluation.
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Table 4.2 Summary of pH and transit times in the gastrointestinal tract [223]

Location pH Transit time
Min
Stomach 1.0-2.0 90
Duodenum 40-55 30-40
Jejunum 55-7.0 90-120
lleum 70-75 300-420

4.1.4 Acceptance criteria
The FDA, other official pharmacopoeias and ICH provide information about performing in vitro

dissolution studies and the acceptance criteria for data generated from those studies [64, 223, 233-
235]. The acceptance criteria for immediate-release tablets are described in the General Test Chapter
titled Dissolution <711> (Table 4.3) in the USP [233]. The general approach is to use the term Q to
refer to the amount or quantity of API that has been released in relation to the label claim and the
value for Q is specific to an API in the USP. For immediate-release tablets the acceptance criteria
state that an average of 12 units must not releases less than (NLT) the specified value of Q in the
monograph for that API in that dosage form [233] and no single unit must yield a result of Q-15 %
[223, 233]. According to the individual monographs for EFV and TNF tablets and FTC capsules in
the USP, Q is 80 % [236-238]. The International Pharmacopoeia draft monograph for EFV, FTC and
TNF tablets states that the amount released from each tablet must not be < 80 % of the label claim for
each ARV however time was not specified. A further six tablets may be tested if one tablet yields a
result < 80 % and the average API released from the 12 tablets must not be < 75 % and no tablet may
yield a result < 60 % [239]. The guidelines for dissolution testing for immediate-release products
containing BCS class 1 or 3 molecules state that a single point dissolution test is sufficient if NLT 85
% (Q=80 %) is released in < 60 min when used for routine quality control testing. BCS Class 2
molecules require a two-point dissolution test and the first sample must be taken at 15 min and the
second at a later time point when undertaking quality control tests. The recommended operating speed
for USP apparatus 1 and 2 is 50-100 and 50-75 rpm, respectively [52]. New draft guidance for
industry on dissolution testing for BCS class 1 and 3 molecules also specifies a single point
dissolution test for use in the quality control of immediate-release formulations. BCS class 1
molecules must release NLT 80 % of the label claim in at 30 min whereas BCS 3 three molecules
should release NLT 80 % in 15 min [228]. FTC and TNF are classified as BCS class 1 and 3 [50, 51]
molecules, whereas EFV is a BCS class 2 molecule that requires 80 % API to be released in 30 min
[46, 53]. Rapidly dissolving immediate-release formulations are designed to release NLT 85 % of
label claim when placed in 0.1 M HCI, pH 4.5 and 6.8 buffers (without enzymes) within 30 min or
less when using USP Apparatus 1 or 2 operated at 100 rpm and 50 rpm, respectively [240]. The stages
of dissolution testing required for immediate-release products and the corresponding acceptance
criteria as well as the number of units to be tested are listed in Table 4.3. In stage one, six units are
tested and an acceptable test result is obtained when each unit has reached NLT Q+ 5 %. In stage two

testing, an additional six units are tested and the average of 12 units must be > Q and no unit may
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release < Q-15 %. An additional twelve units are tested in stage three testing, and the average of 24

units must be > Q, with no more than two units releasing < Q-15 % and no unit releasing < Q-25 %.

Table 4.3 USP general test chapter dissolution <711> acceptance criteria for immediate-release products
[232]

Stage Number of Acceptance criteria
units tested

S1 6 Each unitNLT Q +5 %

S2 6 An additional 6 units are tested and the average release from 12 units (S1 and
S2) must be > Q with no unit releasing < Q-15 %

S3 12 An additional 12 units are tested and the average release from 24 units (S1+ S2 +
S3) must be > Q with no > than 2 units releasing < Q-15 % and no unit releasing
<Q-25%

To properly characterise the similarity or difference between the release of APl from two products,
dissolution profiles are plotted for comparative purposes and the percent released must be measured at
more than one specified time point so as to generate data suitable to plot dissolution or drug release

profiles.

4.1.5 Dissolution profile comparisons
A dissolution profile represents the in vitro release of molecules from a dosage form into a dissolution

test medium. During testing samples of the dissolution medium are taken at specified times and
analysed to determine the concentration of API in the fluid. Dissolution medium is either replaced or
not. The concentration data are reduced to permit a calculation of the cumulative percent API released
over time [226]. The dissolution profiles of two products may be assessed in terms of their overall
similarity or difference, using model independent approaches which include the use of the difference
and similarity factors. The difference factor (f1) is used to calculate the percent difference in rate of
release between two dissolution profiles, whereas the similarity factor (f2) is used to assess the

similarity between two profiles. This has been used frequently in our laboratory [241].

The difference factor is a measure of the relative error between two dissolution profiles and can be
calculated using Equation 4.1 [52, 242].

P
fl = w} Equation 4.1
{ [%.R] a

Where,

f1 = difference factor

R = percent released for the reference formulation at P time points
T = percent released for the test formulation at P time points

P = number of time points

The similarity factor is the logarithmic reciprocal square root transformation of the sum of squared

error for two sets of data [52, 226] and is calculated using Equation 4.2.
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f2 =50 log{[l + (3) 2R R - T)Z]% X 100} Equation 4.2

Where,

f2 = similarity factor

R = percent released for the reference formulation at P time points
T = percent released for the test formulation at P time points

P = number of time points

Dissolution profile comparisons are useful only when three or more samples are available [242]. To
establish the similarity and difference factors a minimum of 12 dosage units of both the test and
reference products must be tested. The mean percent released is calculated at each time point for all
12 units and the dissolution profiles are considered different when the value for f1 is close to zero, and
are similar when the value for f2 is close to 100. In general f2 values between 50 and 100 and f1
values between 0 and 15 are considered sufficient to prove equivalence between two dissolution
profiles [52, 226, 243]. Dissolution tests should be conducted under the same conditions viz. using the
same dissolution media and sample times and only one measurement should be made after 85 %
dissolution of the API has occurred [52]. The % RSD should be < 20 % for early samples and < 10 %
for all other sampling times [5].

4.2 EXPERIMENTAL
A summary of the suggested approach for dissolution testing of FTC, TNF and EFV is summarised in
Table 4.4 and these data was used as a guide for developing a dissolution test method for these
studies. Atripla®, Truvada® and Aspen Efavirenz® are all formulated as immediate-release tablets.
Atripla® (MSD Pty Ltd, Johannesburg, South Africa) was used as the test product and Truvada® (TNF)
and FTC) (Aspen Pharmacare Ltd, and Gilead Sciences, Inc, Port Elizabeth, South Africa) and Aspen
Efavirenz® (Aspen Pharmacare Ltd, Johannesburg, South Africa) were used as the reference products.
All reference products were placed in the same dissolution vessel and tested simultaneously to
simulate therapeutic dosing of a FDC or the clinical use of the individual dosage forms. USP
apparatus 2 dissolution studies were performed using a Hanson Research SR8 plus Dissolution Test
Station (Chatsworth, USA) fitted with an Autoplus™ Maximizer Syringe Fraction Collector
(Chatsworth, USA) and AutoPlus™ Multifill™ (Chatsworth, USA). Dissolution tests were performed
in 900 ml of dissolution fluid at three different pH representing the pH of the environment at different
points along the GIT and included 0.1 M HCI (pH = 1.2) and buffers of pH = 4.5 and 6.8 [223]. The
dissolution media and apparatus were equilibrated to 37 £ 0.5 °C, after which the tablets were
dropped into the vessels and the agitation rate set at 100 rpm as recommended [244]. The USP also
recommends the addition of 2.0 % w/v SLS to the dissolution medium to improve the dissolution rate
of EFV from tablets, however the addition of 0.5 % w/v and 1.0 % w/v has been reported [225, 232,
236, 244]. Aliquots (3 ml) were withdrawn at 10, 20, 30, 45, 90 and 120 min, and automatically
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filtered using a 0.45 pm Durapore® HVLP in-line filter membranes (Merck Millipore Ltd, Cork,
Ireland), and the volume was replaced with fresh dissolution medium [244]. One millilitre aliquots of
the filtered sample were diluted with 9 ml of 60:40 % v/v of water-acetonitrile and analysed using the
validated stability-indicating RP-HPLC method reported in Chapter 3 of this thesis.

Table 4.4 Summary of suggested dissolution methods for in-vitro dissolution testing of EFV, FTC and TNF
tablets

Drug Dosage UsP Speed Volume Sample Ref.
form apparatus rpm ml times
EFV/FTC/TNF Tablet 2 100 1000 10, 20, 30, [228]
45
EFV Tablet 2 50 1000 10, 15, 30, [228]
45, 60
TNF Tablet 2 50 900 10, 20, 30, [228]
45,
FTC/TNF Tablet 2 50 900 5, 10, 15, [228,

30, 45 245, 246]

43 RESULTS
The average cumulative percent EFV released with and without SLS (1.0 % w/v) is summarised in
Table 4.5 and the dissolution profiles are depicted in Figure 4.1. It is clear that the release of EFV is
slow when no SLS was used in the dissolution medium due to the low aqueous solubility of the
compound, and at 120 min approximately only 10 % EFV had been released. Following the addition
of 1.0 % wi/v SLS the solubility of EFV was enhanced and > 80 % release was observed within 30

min.

Table 4.5 Average cumulative release of EFV (n=12) when no SLS and 1.0 % SLS added to 0.1 M HCI
dissolution media

No SLS 1.09% SLS

Mean Cumulative Standard Mean Cumulative Standard

Time amount % released deviation amount % released deviation
min releases releases

mg mg

10 11.2 1.9 0.000533 286.6 47.8 0.015612

20 485 8.1 0.000636 462.4 77.6 0.005500

30 49.8 8.3 0.001033 481.3 80.2 0.008164

45 50.8 8.5 0.001117 502.4 83.7 0.007422

90 62.3 10.4 0.004931 523.9 87.3 0.015682

120 66.6 111 0.008484 526.6 87.8 0.010175
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Figure 4.1 Dissolution profile of mean (n=12) cumulative % EFV released with 1.0 % w/v and without SLS in a
0.1M HCI dissolution fluid

Two products may be considered similar if the values for Q achieved within the specified time frames
are met. For the release of FTC from different dosage forms to be considered similar the percent FTC
released must be NLT 80 % after 30 min of testing as FTC is a BCS class 1 compound, and if
achieved the test and reference products can be considered similar. The cumulative % FTC released
from the test formulation was approximately 50 % after 10 min, and it is evident that the release from
the test product is slower in all three media, which may be due to the different excipient used in the
formulation. The method of formulation is not specified and therefore it is only possible to speculate
as to the cause of difference in release of FTC. Common excipients in the tablet core in the test and
reference products include croscarmellose sodium, magnesium stearate and microcyrystalline
cellulose. Croscarmellose sodium is a super-disintegrant [247] that aids disintegration of tablets into
smaller particles for subsequent rapid dissolution in the aqueous fluids that surround the dosage form.
The mode of addition of a disintegrant may affect disintegration time [248]. The test product contains
hydroxylpropyl cellulose and SLS and the reference product contains lactose monohydrate pre-
gelatinised starch [247]. The % FTC released was at least 80 % from both formulations within 30 min

in all media tested. These data are summarised in Table 4.6.
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Table 4.6 Mean cumulative percent FTC released for test and reference products

Cumulative % released

0.1 M HCI pH 4.5 pH 6.8
Time  Ref SD Test SD Ref SD Test SD Ref SD Test SD
Min
10 745 0.0069 544 00113 83.6 0.0083 528 0.0081 84.6 0.0147 540 0.0149
20 90.6 0.0051 86.3 0.0049 904 0.0059 89.3 0.0081 90.6 0.0022 91.2 0.0072
30 919 0.0055 86.5 0.0042 925 0.0159 89.3 0.0058 899 0.0029 91.6 0.0048
45 91.7 0.0047 86.5 0.0063 909 0.0067 86.3 0.0085 89.7 0.0038 919 0.0078
90 922 0.0055 86.4 0.0094 922 0.0048 884 0.0079 925 0.0030 91.4 0.0069
120 91.1 0.004 869 0.0068 914 0.0064 879 0.0037 927 0.0031 91.9 0.0131

The dissolution profiles (n=12) for FTC release from test and reference products in 0.1 M HCl are

depicted in Figure 4.2. The test product appears to release less FTC than the reference product.

Standard deviations are not visible on the curve as the method is precise. In both cases Q has been

reached.
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Figure 4.2 Dissolution profile of mean (n=12) cumulative % FTC released from test and reference products in

a 0.1 M HCI dissolution medium

The dissolution curves (n=12) for FTC release from test and reference products in a dissolution

medium of pH 4.5 is depicted in Figure 4.3 and the test product appears to release less FTC than the

reference product at this pH. Standard deviations are not visible on the curves as the method is

precise. In both cases Q has been reached.
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Figure 4.3 Dissolution profile of mean (n=12) cumulative % FTC released from test and reference products in
a pH 4.5 dissolution medium

The dissolution curves (n=12) for FTC release from test and reference products in a buffer of pH 6.8
is depicted in Figure 4.4 and once again the test product appears to release less FTC than the reference
product and the standard deviations are not visible on the curve as the method is precise. In both cases
Q has been reached.
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Figure 4.4 Dissolution profile of mean (n=12) cumulative % FTC released from test and reference products in
a pH 6.8 dissolution medium

For TNF release from different dosage forms to be considered similar, the percent TNF released for
this BCS class 3 molecule should not NLT 80 % at 15 min. In these experiments the samples times
did not include a 15 min time point for ease of comparison for all three experiments. However, the

percent TNF released after 20 min is > 85 % for all products in all dissolution media tested. Results
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are summarised in Table 4.7, however since the 15 min time point was not included one cannot infer
similarity at that time point. In addition the test formulation released only approximately 50 % TNF at
10 min, which could be due to the different excipients used to manufacture the test and reference
products and that may affect the disintegration and/or performance of the test product. Disintegration
tests may be performed on FTC and TNF as USP disintegration tests may be used in lieu of
dissolution testing, provided that a Q = 80 % is achieved in 15 min for theses BCS class one and three
molecules [228, 250]. Complete disintegration within five min using USP apparatus and 0.01 M HCI
dissolution media will permit disintegration to be used as an alternate method to test release and
stability of products containing these compounds.

Table 4.7 Mean cumulative percent TNF released from test and reference products

Cumulative % released

0.1 M HCI pH 45 pH 6.8

Time

Min Ref SD Test SD Ref SD Test SD Ref SD Test SD

10 743 0.0109 53.8 0.0152 86.9 0.0089 50.4 0.0097 829 0.0209 52.9 0.0204
20 90.5 0.0072 87.0 0.0068 91.7 0.0081 86.2 0.0108 91.3 0.0035 90.8 0.0097
30 90.9 0.0072 853 0.0067 93.9 0.0233 87.2 0.0088 90.7 0.0036 91.4 0.0069
45 90.9 0.0065 853 0.0083 92.6 0.0096 851 0.0119 904 0.0049 91.2 0.0106
90 90.2 0.0073 84.6 0.0122 943 0.0081 87.9 0.0106 931  0.0037 90.5 0.0088
120 88.5 0.0064 84.2 0.0087 934 0.0091 88.1 0.0051 931 0.0044 914 0.0163

The dissolution profiles (n=12) for TNF release from test and reference products in a dissolution
medium of 0.1 M HCl is depicted in Figure 4.5 and the test product appears to release less TNF than

the reference product. Standard deviations are not visible on the curve as the method is precise.
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Figure 4.5 Dissolution profile of mean (n=12) cumulative % TNF released from test and reference products in
a 0.1 M HCI dissolution medium

The dissolution curves (n=12) for TNF release from test and reference products in a buffer of pH 4.5
is depicted in Figure 4.6. The test product appears to release less TNF than the reference product and
the standard deviations are not visible on the curve as the method is precise.
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Figure 4.6 Dissolution profile of mean (n=12) cumulative % TNF released from test and reference products in
a pH 4.5 dissolution medium

The dissolution curves (n=12) for TNF release from test and reference products in a buffer of pH 6.8
is depicted in Figure 4.7. The test and reference products appear to release similar amounts of TNF

and the standard deviations are not visible on the curves as the method is precise.
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Figure 4.7 Dissolution profile of mean (n=12) cumulative % TNF released from test and reference products in
a pH 6.8 dissolution medium

The percent EFV released in 30 min satisfied the requisite specification only for the value for Q for
the test formulation and for which the percent EFV released in 0.1 M. pH 4.5 and pH 6.8 buffers was
80.2 %, 83.% and 86.4 %, respectively. The data for all studies are summarised in Table 4.8. Once
again it appears as though the test formulation had a slower dissolution rate at 10 min than that of the
reference product. The list of excipients used in the Aspen Efavirenz® formulation is proprietary on
the Republic of South Africa and therefore it is not possible to attribute the dissolution results to any
formulation effects. The reference product for EFV is formulated and produced to deliver EFV only,
whereas the test product is formulated to release all ARV. In addition the use of a higher % SLS in the
dissolution media may have resulted in a higher percent EFV released from the test and reference
products, however this may have masked the apparent discriminatory nature of the dissolution method

used in these studies.
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Table 4.8 Mean cumulative percent EFV released from test and reference products

Cumulative % released

0.1 M HCI pH 4.5 pH 6.8
T\;Tne Ref SD Test SD Ref SD Test SD Ref SD  Test SD
10 281 00096 47.8 00156 52.6 00259 456 00102 527 00285 47.1  0.0416
20 519 00089 77.1 00055 702 0.0062 756 00154 722  0.0079 717  0.0801
30 608 00073 80.2 00081 786 00225 837 00108 789 0.0052 86.4  0.0098
45 683 00071 837 00074 83.1 00094 840 00204 833 00083 892  0.0103
90 783 00059 87.3 00157 90.3 0.0079 88.9 0.0079 90.8 0.0073 911  0.0096
120 805 0.0087 87.8 00102 90.9 00068 888 00011 923 00092 934  0.0246

The dissolution curves (n=12) for EFV from test and reference products in a dissolution medium of

0.1 M HCl is depicted in Figure 4.8 and it appears that the reference product releases substantially less

EFV than the test product. Standard deviations are not visible on the curves as the method is precise.
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Figure 4.8 Dissolution profile of mean (n=12) cumulative % EFV released from test and reference products in
a 0.1 M HCI dissolution medium

The dissolution curves (n=12) for EFV from the test and reference products in a buffer of pH 4.5 are

depicted in Figure 4.9 and the test and reference products appear to release similar amounts of EFV.

Standard deviations are not visible on the curves as the method is precise.

103



100 +

[<5]

2

N —o— Test
% —a— Reference
[3+]

=

S

]

©)

0 T T T T T T 1
0 20 40 60 80 100 120 140

Time (min)

Figure 4.9 Dissolution profile of mean (n=12) cumulative % EFV released from test and reference products in
a pH 4.5 dissolution medium

The dissolution curves (n=12) for EFV from the test and reference products in a buffer of pH 6.8 are
depicted in Figure 4.10 and the test and reference products appear to release similar amounts of EFV.
Standard deviations are not visible on the curves as the method is precise.
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Figure 4.10 Dissolution profile of mean (n=12) cumulative % EFV released from test and reference products in
a pH 6.8 dissolution medium

To compare the dissolution profiles using a model-independent statistical model in which the
difference and similarity factors, f1 and f2 are calculated was performed so as to evaluate and

compare the release of FTC, TNF and EFV from the test (FDC) and reference formulations. The
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resultant data are summarised in Table 4.9, and the shaded blocks reveal values for the factors that fail
to meet the acceptance criteria for f1 and f2.

Table 4.9 f1 and f2 factors for dissolution profile comparison of FTC, TNF and EFV release from test and
reference products

01M pH 4.5 pH 6.8

f1 2 f1 2 f1 2
FTC 8.4 51.2 95 412 6.8 450
TDF 8.6 50.9 12.3 39.8 6.7 45.4
EFV 26.0 38.9 44 66.6 47 67.8

The mean amount of API released from the test and reference products was used when calculating the
f1 and f2 factors and according to the acceptance criteria for immediate-release formulations, the
release of FTC can be considered similar from both products as > 80 % was released within 30 min of
commencing the test. However it is evident that only the dissolution profiles for FTC in 0.1 M HCI
were similar when using the difference and similarity factors. The f2 values for the percent FTC
released in buffers of pH 4.5 and 6.8 were < 50, thereby indicating that the profiles are not similar.
This could be a result of the differences in formulation composition and performance, and where for
example a difference in initial disintegration may have resulted in different dissolution profiles. In
addition the method of manufacture in unknown and the production may have an effect on release.
The reference product is formulated and includes two molecules, whereas the test product contains all
three molecules. The percent TNF released was high from both formulations but as TNF is a BCS
class 3 molecule it is expected that NLT 80 % of TNF should be released in 15 min. However in
buffers of pH 4.5 and 6.8 the dissolution profiles of the test and reference product failed to meet the
requirement for similarity as the values for f2 were < 50. EFV failed to meet the dissolution criteria
for similarity in 0.1M HCI only. In the acidic medium the release was particularly slow and only
reached 80 % for the reference product at 120 min which may be a consequence of the low solubility

of EFV in acidic media.

4.4 CONCLUSIONS
The performance of quality control testing on solid oral dosage forms containing ARV agents,
including dissolution testing, is very important. Inadequate or slow release of ARV from formulations
and may result in sub-therapeutic levels of the compounds in patients that may lead to treatment
failure or promote the emergence of resistance. While bio-waivers are desirable since they are a cost
effective and efficient approach to obtain regulatory approval for dosage forms when compared to
bioequivalence studies, however the cost of treatment failure when treating this global epidemic is
much greater. The RP-HPLC method developed and reported in earlier chapters of this thesis was
successfully used in dissolution testing of commercially available dosage forms. The release of FTC
in all dissolution media met the criteria for acceptance of immediate-release formulations containing

BCS class 1 molecules. The release of TNF in all dissolution media was > 80 % but another
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dissolution test in which a 15 min time point is included may confirm if TNF release from these
dosage forms would indeed qualify for a bio-waiver. The addition of Aspen Efavirenz® and Truvada®
to the same dissolution vessel when performing dissolution testing of the reference products does not
appear to have limited the release of EFV and EFV will not qualify for a bio-waiver. The formulation
of test and references products seems to have a significant effect on the release of these molecules,
however this dissolution method developed and used in these studies reveals discrimination between
the test and reference products. The co-formulation of EFV with FTC and TNF would require
bioequivalence testing in conjunction with pharmacokinetic studies to quantitate the ARV in
biological fluids and therefore the value of dissolution testing is for quality control purposes only in
this case.
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CHAPTER FIVE

CONCLUSIONS
The use of a FDC tablet containing EFV, FTC and TNF for the treatment of HIV-1-infected people is
the simplest form of ART available [6] and is particularly useful in a South African context where a
large proportion of the population is affected by HIV and the reduced pill burden may promote
adherence to therapy in low health literate populations [6, 11, 12, 18]. The use of a FDC is
recommended as first-line therapy and wide-spread use of this approach in the future requires the
development of simple and rapid validated analytical methods for the simultaneous analysis of such
combinations to ensure rapid product release from manufacturers to meet the increasing demand for
ARV therapy. Furthermore the development of an analytical method with more than one application

for testing of such compounds in combination has not yet been investigated or reported.

Cyano-based stationary phases exhibit intermediate polarity and can be used for NP- and RP-HPLC
applications [186, 187, 189]. The use of a cyano column for gradient HPLC analysis of FTC, TNF and
EFV has been reported [183], however the long run time reported in that method makes it time
consuming, wasteful in respect of solvent use and unnecessary. The development of a simple and
rapid RP-HPLC method using a cyano stationary phase was therefore investigated. Initially an
isocratic separation was evaluated and the type of organic solvent, buffer characteristics, mobile phase
composition and flow rate were manipulated to assess the impact of these parameter changes on the
retention times of FTC, TNF and EFV. Although easy to perform with a resultant high degree of
predictability and reproducibility, an isocratic separation was not suitable for the simultaneous
analysis of FTC, TNF and EFV.

Isocratic separations are characterised by low peak capacity and the separation of analytes that vary
significantly in terms of polarity becomes extremely difficult. FTC, a weakly basic hydrophilic
molecule with a pKa of 2.6 is unionised at two or more pH units around the pKa. Therefore the
compound will largely be unionised at a pH of 4 and higher. FTC elutes first due to its high polarity
and affinity for the mobile phase and elutes very close to the void, indicating that it is almost an un-
retained compound despite being unionised at the pH used in these studies. This short analysis time
may also be problematic if the method were to be applied to the analysis of FTC in plasma or in
stability studies. The presence of residual proteins and salts in a sample even following sample
preparation using SPE may interfere with the quantitation of FTC since these residual proteins and
salts elute close to the void. The pKa of TNF is 3.76 and it is a weakly basic and hydrophilic molecule
but is less polar than FTC, whereas EFV is a weakly acidic hydrophobic molecule that is present in
the unionised form at two or more pH units below its pKa of 10.2. EFV has the highest affinity for the
CN stationary phase and thus is retained for longer on the column. Manipulation of the buffer

concentration and pH within the recommended ranges for use with the stationary phase had no
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significant effect on the retention times of FTC, TNF and EFV and the use of a mobile phase with a
high proportion of buffer resulted in an even longer delay in the elution of EFV and a loss in
analytical efficiency. When the proportion of the aqueous component of the mobile phase was
increased to 95 % v/v EFV and TNF did not elute from the column after 60 min. However under these
conditions the retention time of FTC increased with a resulting good peak shape and adequate
separation efficiency. Cleary a compromise in the mobile phase composition was required to effect an
adequate separation of all three compounds. Furthermore a slow flow rate did not appear to prolong
the retention time of FTC sufficiently however it did result in a decrease in column efficiency and an
increase in the void time and flow rate manipulation is therefore not an ideal approach to control the
retention time of analytes. Efficiency and retention time should not be the only criteria taken into
consideration when using a slower flow rate, as the number of column plates was still > 2000 plates
for FTC, which indicates the column and method is adequate to facilitate an efficient separation.
Ultimately a buffer concentration of 0.03 M of pH 4 was used to maintain peak shape and ensure
method reproducibility. However despite some advantages and possible benefits of using an isocratic
method for the analysis of the ARV in the FDC, it was decided to look at alternative approaches to
HPLC analysis.

A gradient RP separation method was then investigated in an attempt to overcome the challenges
experienced with developing an isocratic separation for FTC, TNF and EFV. Gradient elution is a
powerful alternative to isocratic method of analysis since the mobile phase composition can be
changed over the course of a chromatographic separation. The use of gradient elution results in
enhanced peak capacity and resolution. Initial gradient conditions were set at 95 % v/v 0.03M
phosphate buffer of pH 4. The buffer content was maintained at 95 % v/v for one min to ensure that
FTC was retained for at least 2.9 min. An adequate gradient steepness was achieved by increasing the
acetonitrile content linearly from 5 % v/v to 70 % v/v and a steep gradient improved the resolution
between TNF and EFV through increasing the acetonitrile content from 1 to 8 min. Maintenance of
the acetonitrile content at 70 % v/v for two min resulted in the elution of TNF and EFV in under 10
min, which resulted in an efficient analytical separation with a relatively short analysis time. However
a 15 min run time was required to allow for column re-equilibration prior to the next injection to
maintain the reproducibility of response between sample injections. Using the optimised gradient
conditions the retention times for FTC, TNF and EFV were 2.9 min, 7.9 min and 9.1 min respectively.
The retention factors for FTC, TNF and EFV are 0.7, 3.5 and 4.2 and higher efficiencies and better
peak shape for TNF and EFV were achieved under gradient conditions than was observed for the

isocratic separation.

ZD was used as an IS due to the relatively short retention time, similar wavelength of maximum

absorption and the proximity of the FTC peak to the ZD. It was also suspected that there may be
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challenges with the quantitation of FTC when this method was applied to the analysis of biological

samples and that the use of ZD in that instance may enhance the reproducibility of the method.

The RP-HPLC gradient method was then validated according to ICH guidelines. Correlation
coefficients > 0.999 were obtained for each assessment of linearity for each analyte indicating that the
guantitation of FTC, TNF and EFV was linear within the ranges 0.4-40 pg/ml, 0.6-60 pg/ml and 12-
120 pg/ml, respectively. The method also demonstrated adequate precision and accuracy and was
successfully applied to the analysis of commercially available tablets containing these ARV

compounds.

Forced degradation studies enable the identification of degradation products and can be used to
demonstrate the stability-indicating power of a RP-HPLC method. Exposure of each analyte to harsh
hydrolytic, oxidative and photolytic degradation conditions demonstrated that the validated RP-HPLC
gradient method is indeed stability-indicting and is selective for the quantitative analysis FTC, TNF

and EFV in dosage forms and during dissolution testing.

Low rates and amount of API released from solid oral dosage forms may result in sub-therapeutic
levels of the APl which could lead to treatment failure or the emergence of resistance to these ARV.
The use of dissolution testing as a tool for routine quality control of solid oral dosage forms is
important and dissolution testing was undertaken using tests media of 0.1 M HCI and buffers of pH =
4.5 and 6.8. The release of FTC in all dissolution media from commercially available Atripla® and
Truvada® met the criteria for IR formulations that contain BCS class 1 molecules. The release of TNF
and EFV did not meet the relevant criteria. The use of the difference and similarity factors to assess
dissolution curve similarity indicated that the products were not similar in all dissolution media, and
this is probably due to differences in formulation or method of manufacture about which we can only
speculate, since definite knowledge of the formulations and method of manufacture are not public
knowledge. The addition of Aspen Efavirenz® and Truvada® to the same dissolution test vessel when
performing dissolution testing on the reference products did not appear to have limited the release of
EFV, however bioequivalence testing in conjunction with pharmacokinetic analysis of drug
concentrations in biological fluids are recommended. It is evident that the validated gradient RP-

HPLC method is suitable for application to the assay of dosage forms and in-vitro dissolution studies.

When analytes in a mobile phase with a high aqueous content are injected onto an analytical column
the analytes concentrate at the head of the column. Analytes partition from the stationary phase into
the mobile phase as the strength of the mobile phase increases. This is also true for contaminants, and
this shortcoming was observed when the method was evaluated for use in the analysis of FTC, TNF
and EFV in plasma. Furthermore the method lacks the necessary sensitivity to analyse the low
concentrations expected when testing plasma samples. The source of the contamination was not

identified despite a systematic investigation into the possible source of contaminants, thus the method
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is not suitable for use in the analysis of FTC, TNF and EFV in plasma. As an alternative to UV
detection, the HPLC system may be coupled with a mass spectrometer as the detector is more
selective and sensitive than UV detectors [185], and therefore the development of a method using this

mode of detection should be considered .

The formulation of multiple molecules into a single dosage form is not a new concept and is likely to
become the norm for treating complex and difficult diseases. The combination of FTC, TNF and EFV
is an example of a complex dosage form for which an analytical separation for simultaneous analysis
is necessary, and it is likely that more FDC tablets will be available in the future. It is important to
have knowledge about the physico-chemical properties of the molecules being formulated as this is
vital to develop an appropriate method of analysis. Where possible a method analysis for all APl in a
FDC that is applicable to pharmacokinetic, quality control and raw material testing for all API
simultaneously would reduce analytical costs and improve analytical efficiency.

An analytical method using gradient RP-HPLC hase been successfully developed and validated to
simultaneously analyse EFV, FTC and TNF using a 0.03 M, pH 4 phosphate buffer and acetonitile as
the mobile phase. A relatively short run time of 15 min was achieved with a flow rate of 1.0 ml/min.
Buffer composition was set at 95 % from 0-1 min, then from 1-8 min the buffer composition was
decreased from 95 % to 30 % and held for 2 min. At 10-11 min the composition of buffer was again
increased to 95 % and maintained until 15 min. FTC, TNF and EFV were monitored at 260 nm and
retetention times of FTC, TNF and EFV at 2.9, 7.9 and 9.1 min respectively.
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