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Abstract

The occurrence and persistence of pharmaceuticals in aquatic environments is a topical public health
issue because of their perpetual discharge into the environment as intact- or biotransformed products.
The environmental effects for most these compounds are known, but much concern relates to the
recently introduced pharmaceutical classes such as antiretroviral drugs (ARVDs), as well as their
metabolites and transformation products. The potential presence of transformation products and
metabolites of most ARVDs in wastewater samples is currently largely unknown. Most of the analytical
methods developed to monitor ARVDs in aqueous environmental samples are targeted at selected
compounds of a few therapeutic classes, warranting the need to expand their scope. ARVDs vary
significantly in terms of molecular size, pKa and polarity, which further complicates the development
of universal analytical methods for ARVD determination.

The first task of this study was to develop a liquid chromatography-tandem mass spectrometric (LC-
MS/MS) multiresidue method for the analysis of multiclass ARVDs and selected metabolites in
wastewater samples. This necessitated the development of two separate sample preparation methods:
one based on reversed phase (RP) solid phase extraction (SPE) sample clean-up and pre-concentration,
and a second based on direct injection to correct for losses of polar ARVDs due to low breakthrough
volumes on SPE. Application of the developed method to samples obtained from two wastewater
treatment plants (WWTPs) in the Western Cape differing by advanced tertiary treatment processes
allowed the first confirmation and quantification of two phase | ARVD metabolites, 8,14-dihydroxy
efavirenz and 12-hydroxynevirapine. Furthermore, quantitative results confirm that levels of ARVDs
in South African wastewaters are generally comparable to the rest of the world, and that they were
mostly effectively removed by established treatment processes, with the exception of efavirenz and
nevirapine. High concentrations were measured in the dry season, and the polar ARVDs were measured
at high concentrations. WWTP treatment by uv-irradiation was found to be more effective at removing
ARVDs compared to chlorination.

In the second part of the study, supercritical fluid chromatography (SFC)-MS/MS was evaluated as an
alternative to LC-MS/MS for the analysis of ARVDs in wastewater. Although the scope of the
developed SFC-MS/MS method was more limited compared to LC, there was a high level of agreement
in the quantitative data (recoveries, repeatability, and reproducibility) obtained by the two methods.
These findings demonstrate for the first time the suitability of SFC-MS/MS for environmental analysis
of ARVDs and their metabolites.

Finally, a non-targeted LC-high resolution MS (HR-MS) method incorporating ion mobility
spectrometry (IMS) was developed to screen for additional ARVDs and metabolites in wastewater
samples. Based on IMS-filtered HR-MS low and high collision energy spectra and IMS collision cross

section values, and using a suitable mass defect filter, several novel hydroxylated-, sulphated,
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carboxylated and glucuronidated metabolites for efavirenz, nevirapine, ritonavir and abacavir were

identified for the first time in wastewater.
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Opsomming

Die voorkoms en hardnekkigheid van farmaseutiese produkte in akwatiese omgewings is 'n aktuele
openbare gesondheids kwessie as gevolg van hul storting in die omgewing, beide as onveranderde- en
biogetransformeerde produkte. Die omgewingsimpak van die meeste van hierdie verbindings is reeds
bekend, maar heelwat kommer bestaan in verband met onlangs bekendgestelde farmaseutiese produkte
soos antiretrovirale middels (ARVDs) asook hul metaboliete en transformasieprodukte. Die potensiéle
teenwoordigheid van hierdie transformasieprodukte en metaboliete van die meeste ARVDs in
afvalwatermonsters is tans grotendeels onbekend. Meeste van die analitiese metodes wat ontwikkel is
om ARVDs in waterige omgewingsmonsters te monitor, is gemik op geselekteerde verbindings van
beperkte terapeutiese klasse en dit regverdig die behoefte aan die uitbreiding daarvan. ARVDs wissel
aansienlik in terme van molekulére grootte, pKa en polariteit en dit bemoeilik die ontwikkeling van
universele analitiese metodes vir ARVD-bepaling verder.

Die eerste mikpunt van hierdie studie was om 'n vloeistofchromatografie-tandem massaspektrometriese
(LC-MS/MS) multiresidu-metode te ontwikkel vir die analise van multi-klas ARVDs en geselekteerde
metaboliete in afvalwatermonsters. Dit het die ontwikkeling van twee afsonderlike
monstervoorbereidingsmetodes genoodsaak: een is gebaseer op omgekeerde fase (RP) soliede fase
ekstraksie (SPE) skoonmaak en voorkonsentrasie van die monster, en 'n tweede gebaseer op direkte
inspuiting om verliese van polére ARVDs, as gevolg lae deurbreekvolumes met SPE, te vermy. Die
toepassing van die  ontwikkelde metodes op  monsters  verkry  vanaf  twee
afvalwaterbehandelingsaanlegte in die Wes-Kaap, wat verskil in hul gevorderde tersiére
behandelingsprosesse, het die eerste bevestiging en kwantifisering van twee fase | ARVD-metaboliete,
8,14-dihydroxy efavirenz en 12-hydroxynevirapine, moontlik gemaak. Verder bevestig kwantitatiewe
resultate dat vlakke van ARVDs in Suid-Afrikaanse afvalwater oor die algemeen vergelykbaar is met
die res van die weéreld, en dat hulle meestal effektief verwyder word deur gevestigde
behandelingsprosesse, met die uitsondering van efavirenz en nevirapine. Hoér konsentrasies is in die
droé seisoen gemeet en die polére ARVDs is ook in hoér konsentrasies gevind. Daar is waargeneem dat
behandeling deur uv-bestraling meer effektief is vir verwydering van ARVDs as chlorinering.

In die tweede deel van die studie is superkritiese vloeistofchromatografie (SFC)-MS/MS geévalueer as
'n alternatief tot LC-MS/MS vir die analise van ARVDs in afvalwater. Alhoewel die omvang van die
ontwikkelde SFC-MS/MS-metode meer beperk was in vergelyking met LC, was daar 'n hoé mate van
ooreenstemming in die kwantitatiewe data (herwinbaarheid, herhaalbaarheid en reproduseerbaarheid)
wat deur die twee metodes verkry is. Hierdie bevindings toon vir die eerste keer die geskiktheid van
SFC-MS/MS vir die analise van ARVDs en hul metaboliete in die omgewing.

Ten slotte is 'n ongeteikende LC-hoé resolusie MS (HR-MS) metode wat ioonmobiliteitspektrometrie
(IMS) insluit ontwikkel om addisionele ARVDs en hul metaboliete in afvalwatermonsters te probeer

opspoor. Gebaseer op IMS-gefiltreerde HR-MS lae en hoé botsingsenergiespektra en IMS-
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botsingsdeursnee-waardes, en met behulp van 'n geskikte massa-defekfilter, is verskeie nuwe
gehidroksileerde, gesulfateerde, gekarboksileerde en geglukuroniseerde metaboliete van efavirenz,

nevirapien, ritonavir en abacavir vir die eerste keer in afvalwater geidentifiseer.
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Chapter 1

General introduction and objectives
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1.1 Introduction

The main drivers of aquatic pollution by pharmaceutical compounds are human excretion of unchanged
drugs and metabolites, disposal of expired/unwanted drugs into the sewer system and partial removal
of these drugs by established wastewater treatment processes (Nannou et al., 2020, 2019; Ncube et al.,
2018). After ingestion, and by the end of a therapeutic process, drugs are eliminated intact or as
metabolites from the body through various clearance routes, chief of which is excretion in urine and
faecal matter (Ncube et al., 2018). Discharge of effluent into rivers and streams is a widely used disposal
method that constitutes a major pathway for the contamination of pristine surface waters (Botero-Coy
etal., 2018). The environmental impacts of most pharmaceuticals are well documented, and in advanced
economies they are registered as priority compounds on the watchlist of environmental persistent
substances for which advanced tertiary treatment of effluent by uv-irradiation, chlorine oxidation, etc.
is required before discharge (Russo et al., 2018; Zhou et al., 2019). For example, X-ray agents are well
known carcinogens (Busetti et al., 2008), antibiotics are believed to cause antibiotic resistance in
bacteria and are blamed for more cases of difficult-to-treat infections (Botero-Coy et al., 2018).
Regarding the new drugs, not a lot is known about their environmental toxicity and persistence. The
same applies to their metabolites, because humans excrete both parent and metabolite, and available
data shows that they have not been studied to same extent as the parent compounds (Brown and Wong,
2015). A typical example is the antiretroviral drugs (ARVDs), which have received significant research
focus in the last decade (Abafe et al., 2018; Boulard et al., 2018; Funke et al., 2016; K’oreje et al.,
2018; Muriuki et al., 2020; Ngumba et al., 2016; Prasse et al., 2010; Wood et al., 2015). However, little
is known regarding the environmental impact and fate of ARVD metabolites (Funke et al., 2016;
Madikizela et al., 2020; Nannou et al., 2019).

ARVDs are an emerging class of pharmaceuticals used for the treatment of HIV/AIDS. As a
consequence, high consumption per capita occurs especially in regions with high incidence rates of this
disease (Andrade et al., 2011; Nannou et al., 2019; Ncube et al., 2018). This prompted significant
research interest in the study of their occurrence in aquatic environments, in particular in wastewater
(Abafe et al., 2018) and surface water (Prasse et al., 2010; Wood et al., 2015), and their removal rates
during wastewater treatment (K’oreje et al., 2018; Madikizela et al., 2020; Russo et al., 2018; Zhou et
al., 2019). Until now, there is no data regarding the environmental occurrence of ARVD metabolites,
despite indications that they are metabolized via phase | and Il biotransformation pathways to facilitate
body clearance (Nannou et al., 2020, 2019). ARVDs are a diverse group of pharmaceuticals comprised
of several therapeutic classes such as nucleoside reverse transcriptase inhibitors (NRTIs), non-
nucleoside reverse transcriptase inhibitors (NNRTIs), protease inhibitors (PIs), integrase inhibitors

(INIs), co-receptor inhibitors (CRIs) and fusion inhibitors (FlIs), which are structurally and physico-
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chemically dissimilar (Andrade et al., 2011). This diversity may present a unique analytical challenge
to develop multiresidue methods targeting the analysis of all the classes simultaneously, especially
considering the heterogeneity of wastewater matrix in which they are carried (Mosekiemang et al.,
2019). Presumably, this explains the scarcity of multiresidue methods suitable for the analysis of multi-
class ARVDs - as opposed to an abundance of methods targeting selected therapeutic classes only.

Liquid chromatography coupled to mass spectrometry (LC-MS) is the most widely used instrument in
the analysis of ARVDs in wastewater samples (Ngumba et al., 2016). Preceding LC-MS analysis is a
lengthy and often complicated sample clean up, analyte extraction and pre-concentration step, which
may not be straightforward due to the extreme variation in polarity and pKa displayed by ARVDs
(Backe and Field, 2012). Moreover, these compounds are normally present in wastewater at varying
concentrations, typically in the range ng/mL-pg/mL, with pre-concentration a mandatory step for
analytes present at ng/mL levels (Ngumba et al., 2016). In this situation, the implementation of solid
phase extraction (SPE), the most common form of sample pre-treatment for these analyses, may present
both advantages and disadvantages (Backe and Field, 2012; Brewer and Lunte, 2015). SPE offers good
enrichment of trace level analytes to detectable levels, although this might also be a drawback for
compounds present at higher levels due to amplification of concentrations to levels detrimental to the
instrument (i.e. saturation of the ion source and promotion of carry-over effect due to contamination of
the flow path). Furthermore, the extreme polarity range of ARVDs presents a challenge due to poor
retention of polar compounds on the generic reversed phase (RP)-SPE sorbents (Nannou et al., 2019).
For instance, NRTIs are extremely polar due to the presence of pyrimidine bases (e.g. thymine, cytosine,
adenine, etc.) and a deoxyribose sugar, resulting in poor recoveries on RP-SPE sorbents due to low
breakthrough volumes (Aminot et al., 2015; Brewer and Lunte, 2015). While poor recoveries may be
accurately compensated for by addition of suitable isotopically labelled internal standards (ILIS) during

sample preparation, they are seldom available and expensive.

Pre-concentration may however not be required for analytes occurring at pg/mL levels, because they
fall within detectable limits of LC-MS instruments (Nannou et al., 2019; Ngumba et al., 2016). Simple
methods such as direct injection and large volume injection LC, that do not rely on analyte enrichment,
have recently been developed for this reason (Boulard et al., 2018; Funke et al., 2016; Mosekiemang et
al., 2019; Wooding et al., 2017),

Supercritical fluid chromatography (SFC) offers an attractive alternative to LC-MS/MS owing to the
chromatographic advantages conferred by high diffusivity of CO-based mobile phase (Desfontaine et
al., 2015). SFC hyphenated to MS/MS is relevant in environmental analysis because of inherently low
solvent consumption, the capability of very fast analyses and complementary selectivity. To date,
however, the technique is relatively unexplored in the environmental context despite growing interest

in its application to pharmaceutical analyses. The same is true for hydrophilic interaction
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chromatography (HILIC), which has not been used to the same extent as RP-LC, despite its benefits for
the analysis of extremely polar pharmaceuticals, their metabolites and transformation products (Boulard
et al., 2018; Funke et al., 2016).

Quantitative analyses of ARVDs in wastewater samples is usually achieved by LC-MS/MS on triple
quadrupole instruments operated in the multiple reaction monitoring (MRM) mode (Ngumba et al.,
2016). This is a highly sensitive approach relying on tandem-in-space MS steps to monitor two or more
ion transitions for a selected analyte. The technigue is also highly selective and achieves low detection
limits, but is not suitable for the detection analytes that are not included in the MRM method even if
they are present in a wastewater sample (Hermes et al., 2018). The use of high resolution mass
spectrometry (HR-MS), especially in multi-stage instruments such as quadrupole-time-of-flight (Q-
TOF systems, is an alternative strategy to expand spectral coverage for untargeted analyses due to the
ability to perform full scan MS and MS/MS experiments to produce accurate mass precursor and
product ion spectra necessary for structural elucidation of unknown compounds (Nannou et al., 2019).
Such an approach shows promise for the identification of ARVD metabolites and transformation
products, given the scarcity of information on their occurrence in aqueous samples (Funke et al., 2016;
Mosekiemang et al., 2019). ARVD metabolites are mostly hydroxylated-, sulfated- and glucuronic acid
derivatives of the parent drugs, and as such numerous regioisomers are expected. These isomers cannot
be distinguished by HR-MS because positional isomers have identical molecular formula and often
similar fragmentation spectra (Hollender et al., 2017). Tandem HR-MS instruments may be operated in
data dependent- (DDA) and data independent acquisition (DIA) modes (Kinyua et al., 2015; Wrona et
al., 2005). DDA provides better MS/MS spectra, since precursor ions subjected to fragmentation are
selected beforehand to increase selectivity and reduce spectral noise. In the DIA mode, all ions are
subjected to alternating low and high collision energy fragmentation, which in the case of highly
complex samples and/or poor chromatographic resolution may result in highly complex fragmentation
spectra that may be difficult to interpret (Hollender et al., 2017). In this instance, spectral deconvolution
may be achieved by implementation of an additional separation platform such as ion mobility
spectrometry (IMS). IMS involves an electrophoretic separation of gas phase ions under a static or
oscillating electric field in the presence of a buffer gas to separate ions according to charge, size, and
conformation (Dodds and Baker, 2019). IMS offers the capability to separate co-eluting isomeric and
isobaric compounds according to differences in their gas phase mobility properties, and can be used to
filter full-scan MS data according to drift or arrival time to provide high quality fragmentation spectra
(Hollender et al., 2017). IMS is a promising technique with clear potential in wastewater analysis, but

somewhat surprisingly has not gained sufficient attention in this field.

Considering the above, it is apparent that there is no one universal method that could be implemented
for the analysis of ARVDs and their metabolites in wastewater; instead, a multifaceted approach

comprising several complementary methods is needed.



Stellenbosch University https://scholar.sun.ac.za

1.2 Aims and objectives.

The main aim of this study was to develop novel chromatographic methods based on liquid
chromatography tandem (LC-MS/MS), supercritical fluid chromatography (SFC)-MS/MS, and ion
mobility spectrometry (IMS)-high resolution MS (HR-MS) for targeted quantitative, and untargeted
screening analysis of ARVDs and their metabolites in wastewater samples. To achieve this, the

following objectives were set:

i) To develop and validate a multiresidue method for the analysis of ARVDs and selected
metabolites using UHPLC-MS/MS.

ii) To evaluate the potential of a combination of lyophilisation and SFC-MS/MS as an alternative
method to LC-MS/MS for the analysis of ARVDs and selected metabolites in wastewater.

iii) To perform a comprehensive untargeted screening for ARVDs and their metabolites in

wastewater using high resolution mass spectrometry (HR-MS) coupled to IMS.
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2.1 Brief overview of antiretrovirals

Antiretroviral drugs (ARVDs) are medications used in the treatment of human immune deficiency virus
type 1 (HIV-1), although they are not sufficiently potent to eliminate the virus from infected cells (De
Clercqg, 2009). HIV-1 attacks the CD2-T-cells responsible for the proper functioning of the body’s
immune system. ARVDs act as inhibitors of the HIV-1 replication- and/or development mechanisms.
This was shown in 1985, when it was discovered that zidovudine (ZDV), initially an anti-cancer drug,
possessed crucial anti-HIV traits (Andrade et al., 2011; De Clercqg, 2009). Since then, the Food Drug
Administration (FDA) has already approved ~30 ARVDs with various modes of action (Figure 2.1),
designed to target the virus at the various stages of its life cycle (Vella et al., 2012). Until now, four
distinct approaches have been identified according to which ARVDs function: (1) viral load reduction
(virological), (2) reduction in infection rates (epidemiological), (3) improvement and/or resuscitation
of the immune system (immunological), and (4) reduction in side effects and/or delay in the onset of
full-blown illness (therapeutical). The main goal is to reduce the infectivity and delay the onset of
iliness. ARVDs are classified according to their modes action: the nucleoside/nucleotide reverse
transcriptase inhibitors (NRTIs), the non-nucleoside reverse transcriptase inhibitors (NNRTIs), the
protease inhibitors (Pls), the integrase inhibitors (INIs), the fusion inhibitors (Fls), and the co-receptor
inhibitors (CRIS). These classes possess specific antagonistic roles that impede the normal functioning
and development of HIV-1 within the host cell. Therefore, antiretroviral therapy (ART) is generally
aimed at lessening morbidity and mortality by targeting the virulence of the virus at its various stages
of development. ARVDs are structurally and physico-chemically diverse, both within and between
classes, except for NRTIs which display a considerable within class similarity (Figure 2.1). Except for

NRTIs all other classes are chemically lipophilic (Colombo et al., 2005).

NRTI drugs are generally inactive in their original form and must be converted into bioactive
deoxynucleoside triphosphates in the body, which are incorporated into the viral reverse transcriptase
where they act as a chain terminator for the reverse transcription mechanism (Andrade et al., 2011;
Cihlar and Ray, 2010). Fls prevent entry of the virus into the host cell by blocking the host cell receptor
sites (Andrade et al., 2011). Pls contain a hydroxyethylene scaffold, which, when incorporated into the
HIV-1-protease, impairs its ability to facilitate maturation of viral protein (Kumar et al., 2004). This
briefly illustrates the diversity in modes of action of different ARVDs. To exploit these diverse
mechanisms in treatment, a synergistic approach known as combinational therapy or highly active
antiretroviral therapy (HAART) was adopted, in which a typical prescription comprises of two to three
different therapeutic classes, e.g. two NRTI drugs and another drug from a different therapeutic class
(Mirochnick et al., 2009; Vella et al., 2012). This broad-spectrum strategy has proved to be effective in
addressing mutation related drug resistance and is based on the principle of reducing the risk of
resistance: in the event one drug failing, other components of the formulation should remain potent to

the virus. This strategy also ensures that the virus is targeted at different critical stages of its life cycle.
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To reduce the risk of drug resistance, strict adherence to therapy is encouraged by current initiatives to

ensure improved access to this therapy in regions with high incidence rates (De Clercg, 2009; World
Health Organization et al., 2013). This wholesale roll-out of ARVDs initiated by WHO (2016), coupled
with the strict adherence obligation, makes these drugs a significant pharmaceutical class in terms of

global consumption per capita (De Clercq, 2009).

Overall, the concerted initiatives against HIV prevalence have been successful, as evidenced by reduced

rates of transmission, reduced mortality and a general increase in the number patients enrolled in ART.
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C) Integrase Inhibitors

=N
HN
.N
Ny
\ o 0
Dolutegravir (2013) Elvitegravir (2014) Raltegravir (2007)
pKa =10.1/-0.51 pKa = 6.16/-0.53 pKa = 5.62/-1.50
Log Kow = 1,62 Log Kow = not available Log Kow = 0.40

D) Protease Inhibitors

Amprenavir (1999) Atazanavir (2003) Darunavir (2006) Fosamprenavir (2003)
pKa = 13.61/2.39 pKa =5.12/4.33 pKa = 13.59/2.39 pKa =1.22/2.45
Log Kow = 2.20 Log Kow = 2.88 Log Kow =1.88 Log Kow = 1.62

13



HN

OH

>‘/ NH
Indinavir (1996)

pKa =13.19/7.37
Log Kow = 2.66

S
o o°

Tipranavir (2005)
pKa = 5.96/-3.30
Log Kow = 6.71

Stellenbosch University https://scholar.sun.ac.za

O
H

O(\N
L O
ks

T
I
=z
(@)
I

Lopinavir (2000) Ritonavir (1996)
pKa = 13.39/-1.50 pKa =13.68/2.84
Log Kow = 6.26 Log Kow =5.28
HN
0]
N
HO
O+ _NH
0]
/N | N
H
X 0”7 "NH,

Saquinavir (1995)
pKa =5.11/8.31
Log Kow = 2.50

E) Fusion Inhibitors

N N )\/
=N

Maraviroc (2007)
pKa = 7.0219/10.13
Log Kow =5.80

Figure 2.1: Molecular structures for ARVDs showing dates of approval by the Food Drug and
Administration (FDA, pKa and Log Kow estimated according to US Environmental Protection Agency

(2012). The pKa values represents the strongest acid/base according to the Drug bank database

(https://www.drugbank.ca/drugs/, accessed July 2020).

2.2 Metabolism and excretion

Generally, metabolism of ARVDs, just like other pharmaceutical drugs, is a two-phase enzymatic
process, referred to as phases | and Il (Andrade et al., 2011; Veal and Back, 1995). In Phase I,
biotransformation reactions are catalysed by the cytochrome P450 (CYP) group of enzymes in which
polar (-SH, -NH_, -COOH or -OH) functional groups are attached to the parent compound, while the
phase Il reactions incorporate larger water-soluble functional groups such as the glucuronic acid,
sulphate or glycine to the parent compound (Andrade et al., 2011; Cihlar and Ray, 2010; Mutlib et al.,
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1999). All these reactions facilitate body clearance, which involves elimination of both parent ARVDs
and metabolites along with excreta. This explains why these drugs are significant constituents of
wastewater, particularly in HIV-stricken regions such as sub-Saharan Africa (Nannou et al., 2020;
Ncube et al., 2018).

A typical metabolic process involving ARVDs is shown in Figure 2.2, which describes the
biotransformation process for zidovudine, a pioneering drug in the NRTI therapeutic class. The process
shows two types of metabolites: the phosphorylated metabolites are intracellular species and therefore
retained in the body (and not expected to occur in wastewater), and the inactive and more hydrophilic
glucuronidated and hydroxylated metabolites, which are predominantly eliminated from the body via
the known clearance routes. The latter forms are environmentally relevant because they enter the sewer
along with excreta. Until now, information regarding the extent of body clearance for ARVDs has not
been reviewed in detail, which precludes a correlation between the typical concentrations of parent
ARVDs and metabolites found in wastewater and pharmacokinetic data. Indeed, this constitutes a
literature gap and warrants a dedicated study.
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Figure 2.2: A summary of the metabolism pathways for zidovudine. The bold perimeter shows active
intracellular phosphorylated metabolites, while the dotted perimeter shows the excretory glucuronidated
metabolite. Adapted with slight modifications from Veal and Back (1995).

2.3 Woastewater treatment

Discharge of spent water produced from subsistence and industrial activities is loosely referred to as

wastewater (Atinkpahoun et al., 2018; Bengtsson and Tillman, 2004). It is mostly composed of dirty
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water with significant proportions of solids. Therefore, it is highly variable in composition and
heterogeneous (Vieno et al., 2007). Wastewater is highly regulated because of its potential to propagate
or nurture microorganisms that are detrimental to human life, and strict regulations are in place to ensure
it is treated and disposed safely into the environment (Salgot et al., 2018). Despite the strict legislation
surrounding this, it has since emerged that wastewater treatment processes are often not effective at
eliminating organic pollutants, which may include pharmaceuticals, pesticides, fire retardants, etc.
(Peng et al., 2014; Prasse et al., 2010). Consequently, these organic pollutants continue to be detected
in treated effluent and depending on their environmental stability they may remain intact for many

years, posing a threat of bioaccumulation in various environmental compartments.

Wastewater treatment entails physical and biological treatment processes (Salgot et al., 2018). The
physical processes involve separation of solids (filtration and grit removal) in the preliminary stages.
The influent is then held in settling tanks where components of the influent are separated according to
size and density (biodegradable solids settle at the bottom, while surfactants and grease float at the top).
The resulting bilayer is separated by slowly pumping out the supernatant liquid which is comprised of
predominantly water and other low-density components. This process is repeated several times until a
considerable proportion of solids are removed and the turbidity of the influent is near clear.

At this stage, the influent proceeds to the secondary stage, which may either be biological treatment or
membrane bioreactor (MBR) treatment. The latter is a relatively new and capital-intensive technology,
and still very rare by African standards, except for few piloting plants in Western Cape, South Africa -
two of which were study areas for this work. Biological or activated sludge treatment, on the other hand,
is when a broth of micro-organisms is inoculated into influent, followed by oxygenation (aerobic
system) or deoxygenation processes (anaerobic system) (Salgot et al., 2018). In aerobic systems, the air
is forced into the influent-containing tanks to encourage aerobic microbial growth, while in anaerobic
systems, oxygen-purging reactions (fermentation) are encouraged to support growth of anaerobic
microbes. The underlying principle for both systems is to encourage bacteria-based degradation of
compounds contained in the influent. These biotic degradation processes are time-dependent and the
duration to complete each process is called the hydraulic retention time (HRT), or sludge retention time
(SRT). In the case of treatment of solids, longer the hydraulic/sludge retention times are better because
this affords adequate time for a complete biodegradation process (Vieno et al., 2007). This means that
sludges with high SRTs develop a rich microbial diversity and thus a higher pollutant removal potential
than sludges with low SRTs. The same applies to HRT in that the longer the aerobic/anaerobic process
is allowed, the better the chances of organic pollutant removal (Falas et al., 2016; Vieno et al., 2007).
It has been confirmed that compounds such as fluoxetine that have a slow degradation kinetics will
experience less effective biodegradation at shorter SRTs (Luo et al., 2014). The same effect has been
observed for some ARVDs (efavirenz and nevirapine) (Abafe et al., 2018; Wood et al., 2016). On the

other hand, secondary treatment by MBR entails removing of dissolved and sludge-bound pollutants by
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filtration. Here, the assumption is that residual organic pollutants that may have resisted biodegradation
are adsorbed to filterable suspended solids (Luo et al., 2014) and subsequently eliminated.

Finally, in the tertiary treatment stage, eutrophication nutrients (phosphates and nitrates) are removed
by altering the pH. At high pH, nitrates readily convert to ammonia, which can easily be blown out
during aeration (Funke et al., 2016). Alternatively, at low pH, nitrates convert to nitrogen gas and
nitrous oxide via a reduction reaction. Phosphates are precipitated by a forced reaction using calcium

or iron containing salt (Mirzaei et al., 2017).

Before discharge, the effluent is disinfected with oxidants to eliminate residual microbes. This is
achieved by advanced tertiary stage oxidative processes such as chlorination (Acero et al., 2010), uv-
irradiation (Paredes et al., 2018; Russo et al., 2018), ozonation (Borowska et al., 2016), etc. The
objective of tertiary stage treatment is purification of effluent and elimination of residual non-
biodegradable organic pollutants before discharge into the environment. Russo et al. (2018) conducted
a lab-scale experiment to evaluate the efficiency of uv-wavelength-irradiance at 254 nm with or without
a dose of peroxide (H-0,) for the removal of stavudine and zidovudine in treated effluent. The results
demonstrated that these compounds were indeed partially eliminated using uv-irradiation, but better

results were achieved when combining uv-irradiance with H,0..

2.4.  Analysis of wastewater

2.4.1 Sample collection and storage

Wastewater is a very heterogenous and dynamic matrix (Choi et al., 2018; Salgot et al., 2018) due to
variabilities in composition and volumes of inflow and outflow streams. This usually complicates the
interpretation of results because of limited knowledge of the spatial and temporal variation trends in the
overall pharmaceutical concentrations between influent and effluent streams (Nannou et al., 2019). The
main goal of sample collection is to obtain a sample that is representative of the catchment area serviced
by a particular wastewater treatment plant (WWTP) (Ort et al., 2010). This task is normally achieved
at designated sample collection points within a WWTP by either obtaining a once-off sample (a grab
sample), or by collecting numerous grab samples of constant volumes at regular time intervals (usually
~24 h) and pooling them into a composite sample. An alternative is to use a passive sampler, which
offers automated operation, but is seldom used in environmental sampling due to high cost of
acquisition. A passive sampler is a submersible device used to accumulate sample aliquots at varying
depths and predetermined time intervals in a flowing stream, thereby allowing collection of a more

representative sample as a weighted function of sampling time and flow rate (Ort, 2010).

Sampling techniques reported in published methods for the determination of ARVDs in wastewater
were mostly based on grab sampling, with a few recent studies that opted for miniaturized analyte

extraction methods such as molecularly imprinted polymers (MIPs) (Mtolo et al., 2019) and sorptive
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microextraction devices (Mlunguza et al., 2020; Wooding et al., 2017). Table 2.4 presents a detailed
summary of all the sampling techniques used for the detection of ARVDs.

For most studies, grab and composite samples were filtered to remove suspended solids using various
commercially available glass fibre filters of a range of pore sizes before storage, normally at 4°C, and
processed within 24h. Sample volumes obtained ranged from 50-1000 mL with 100 mL sample volume
particularly used for effluent samples and 50 mL for raw wastewater samples. The differences in sample
volumes processed are presumably based on the assumption that raw wastewater may contain higher

concentrations of pharmaceutical compounds compared to effluent samples.

2.4.2 Sample clean-up and extraction

Several analyte extraction techniques have been successfully implemented to extract, purify and
preconcentrate various ARVDs from wastewater. These include the use of passive samplers based on
polydimethylsiloxane (PDMS) (Wooding et al., 2017), hollow fibre microextraction (Mlunguza et al.,
2020), molecularly imprinted polymers (Mtolo et al., 2019; Terzopoulou et al., 2016) and offline solid
phase extraction (SPE) (Abafe et al., 2018; K’oreje et al., 2016, 2012; Muriuki et al., 2020; Ngumba,
2018; Ngumba et al., 2016a, 2016b; Peng et al., 2014; Prasse et al., 2010; Wood et al., 2015). A detailed
summary of the sample extraction techniques used in ARVD analyses is presented in Table 2.1. SPE is
by far the most preferred sample preparation method. In fact, sample clean-up by SPE is beneficial for
many reasons, chief of which is the excellent selectivity of the technique, given the array of potential
interferents that may be present in environmental samples. SPE also allows for a phase-transition from
the aqueous sample medium to a suitable medium that matches the mobile phase, e.g. a highly organic
medium for hydrophilic interaction chromatography (HILIC) (Boulard et al., 2018; Prasse et al., 2010).
However, SPE also involves multiple steps, each of which may be prone to analyte loss. For instance,
at the sample loading step, analytes may be lost due to low affinity of the sorbent, inadequate bed
wetting/conditioning, or exceedance of the breakthrough volume (Section 2.4.2.2). Also, during the
evaporation and dissolution of the dried residue (if used), analyte losses may occur due to high vapour

pressures or partial solubility of analytes.

Several stationary phase chemistries have been evaluated for SPE of ARVDs, typically based on the
recoveries they provide. The Oasis HLB phase — a copolymer phase of divinylbenzene and
vinylpyrrolidone — has been the preferred cartridge for the analyses of ARVDs in several studies (Abafe
et al., 2018; K’oreje et al., 2016, 2012; Wood et al., 2015). The high recoveries obtained on this
cartridge may be attributed to its ability to extract simultaneously a broad spectrum of acidic, neutral
and basic polar analytes over a full pH scale (Nannou et al., 2019), although poor relative recoveries
are obtained for the extremely polar ARVDs indinavir, maraviroc (Aminot et al., 2015) and lamivudine
(Boulard et al., 2018; Wood et al., 2015). This has prompted exploration of alternative sorbents
(Nannou et al., 2020, 2019), including cation exchange Oasis MCX (Aminot et al., 2015), Isolute ENV+
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(Funke et al., 2016; Prasse et al., 2010) and Strata SDB-L. Interestingly, the experimental procedures
implemented differed considerably amongst the listed studies for ARVD determination, as discussed in
further detail for the different steps involved in SPE below.

2.4.2.1 SPE conditioning and sample loading

Most authors opted to use acetonitrile (ACN) and methanol (MeOH) of different volumes depending
on cartridge/sorbent bed sizes for the conditioning step, but methods differed in terms of pH adjustment
of the sample before loading (Table 2.1). For instance, K’oreje et al. (2016, 2012) used a 50 mL
neutralized (pH 7) wastewater sample to which 1 g/L. Na.EDTA.2H,0 was added before percolation
onto an Oasis HLB cartridge (200 mg, 6 mL) for the analysis of lamivudine, nevirapine, stavudine, and
efavirenz. Ngumba et al. (2016b, 2016a) used 500 mL samples on the same cartridge to evaluate the
effect of sample pH between 3 and 11 on retention of the same compounds (and efavirenz) and obtained
the best recovery for all analytes at pH 9. Wood et al. (2015) loaded 500 mL of non pH adjusted
wastewater sample onto Oasis HLB cartridges (200 mg, 6 mL). Boulard et al. (2018) evaluated Stata
XCW (6 mL, 500 mg), Oasis MCX (3 mL, 60 mg), Oasis WCX (6 mL, 500 mg), Oasis HLB (6 mL,
200 mg) and Isolute ENV+ (6 mL, 500 mg) cartridges using 100 mL sample volumes adjusted to pH’s
in the range 2-8. With no reasons advanced for the preferred sample volumes, it is assumed that most
studies relied on the manufacturer’s recommended loading capacities for the cartridges. The sample
loading flow rates used in all studies ranged from 1-10 mL/min. Interestingly, no details were provided
for the suitability of the selected flow rates considering that breakthrough volume (an important
parameter of frontal chromatography) is dependent on flow rate (refer to a further discussion on
breakthrough below). Aminot et al. (2015), evaluated analyte losses during loading, particularly losses
due to exceedance of the breakthrough volume on Oasis MCX 60-mg cartridges (Waters, St Quentin en
Yvelines, France). The consensus regarding flow rate is it should be as slow as possible. This data is
not available for most ARVDs, although it is qualitatively now known that the highly polar nucleosidic
ARVDs such as lamivudine and emtricitabine are poorly retained on generic reversed phase (RP)-based
sorbents (Boulard et al., 2018; Mosekiemang et al., 2019; Prasse et al., 2010; Wood et al., 2015). This
necessitates a dedicated study to profile ARVDs according to breakthrough volumes on a variety of

commercially available sorbent beds.

2.4.2.2 Theoretical overview of the breakthrough phenomenon

The breakthrough volume (Vs) is a very important measurable parameter that is used to characterize
SPE sorbent beds (Moldoveanu and David, 2015). Breakthrough volumes of analytes on a given sorbent
bed are determined from a plot of loaded sample volume (mL) versus the ratio of analyte concentration
in the SPE effluent (C) to its concentration in the sample (Co) to produce a breakthrough volume curve

(Figure 2.3). This process simulates SPE as a frontal LC-type separation, although it will not account
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for analyte loss due to typical operational flaws such fast flow rates and insufficient bed equilibration,
or exceedance of loading capacity. The breakthrough volume is defined as the maximum sample volume
that can be loaded on the sorbent bed and yield a 100% recovery (i.e. before elution of the analyte
occurs) (Bielicka-Daszkiewicz et al., 2013; Bielicka-Daszkiewicz and Voelkel, 2009). Figure 2.3
illustrates that if a sample containing a retainable analyte of concentration Co is continuously fed onto
the SPE bed, it will be retained on the sorbent provided that the concentration of the analyte in the
sample and the flow rate at which it is percolated are reasonably low and the retention factor (%) is high.
As sample loading progresses, traces of the analyte will start to appear in the SPE effluent, but at lower
concentrations (C) relative to the sample - this marks the onset of breakthrough, and the volume of
sample loaded up to this point corresponds to the breakthrough volume (Vs). The system reaches C/Co
~50% at a point denoted as the retention volume (Vx), when half the concentration of the analyte in the
sample is found in the SPE effluent. The concentration of the analyte in the SPE effluent will steadily
increase with the loaded volume until it is almost equal to the concentration of the analyte in the sample,
at a point referred to as the holdup volume (Vum), i.e. C/Co ~100%. Practically, the larger the
breakthrough volume, the greater the pre-concentration factor that can be attained in SPE. This means

that for a given SPE process, the Vg should be as large as possible.

CIC, (%)

—=

«— CICy=1%

Sample volume (mL)

Figure 2.3: A typical breakthrough curve illustrating the derivation of the breakthrough volume,
retention volume and the sorbent holdup volume. Adapted with modifications from Bielicka-
Daszkiewicz and Voelkel (2009).
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Several equations have been developed to calculate breakthrough volume; one approach is discussed
here. According to Eq. 2.1, the breakthrough volume (V) is estimated as a function of the plate number
(N) of a sorbent bed.

a a -1/2
VB = VR (ao +W1+N_22) Eq21

where Vr and N have been defined, ao, a1, and az are coefficients, determined for various values of b
and are available in literature (Bielicka-Daszkiewicz and Voelkel, 2009). The retention volume (Vg) is

related to the capacity factor (%) through Eq.2.2.
VR=Vy (1+k) Eq.2.2
where Vy is the hold-up volume for the sorbent.

The capacity factor (%) and holdup volume (Vu) can be calculated from the extraction recovery:
R = k100% Eq.2.3
0

where R is the extraction recovery (%) and Vy is the sample volume (mL).

Then, theoretical plates (N) can be estimated according to Eq. 2.4:

N =1L/2dp Eq. 2.4
where L is the column length (sorbent bed size) and dp is the particle size.

Aminot et al. (2015) reported breakthrough data for abacavir, indinavir, lamivudine, nelfinavir,
nevirapine, ritonavir, saquinavir and zidovudine using a cation exchange Oasis MCX 60-mg cartridge.
The authors estimated Vg at 1000 mL for most compounds on this cartridge. Breakthrough data for other

ARVDs and on other phases is still lacking.

2.4.2.3 Analyte elution step

Preceding the elution step is the washing and drying of the loaded sorbent using either vacuum drying
(Abafe et al., 2018; Aminot et al., 2018, 2016, 2015; K’oreje et al., 2016, 2012; Muriuki et al., 2020;
Ngumba et al., 2016b, 2016a) or nitrogen gas drying (Prasse et al., 2010; Wood et al., 2015). Analyte
elution is another critical step prone to analyte loss since incomplete elution will result in low recoveries.
Several solvents mixtures of different elution strengths have been used to elute ARVDs from SPE
cartridges. For example, for RP-SPE Abafe et al. (2018) used a mixture of equal proportions of MeOH
and ethyl acetate (EtOAc), Aminot et al. (2018, 2016, 2015) used EtOAc/acetone (1:1, v/v) followed
by dichloromethane (DCM)/MeOH/acetic acid (48/48/2, viviv), while Prasse et al. (2010) used a
mixture of MeOH/acetone (50/50, v/v) + 0.2% FA. K’oreje et al. (2016, 2012) used only MeOH to elute
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efavirenz, lamivudine, nevirapine and zidovudine. Overall, mostly acidic mixtures were used to desorb
ARVDs from RP-sorbents.

2.4.2.4 Eluent drying and residue resuspension.

Unless the eluted sample is directly suitable for analysis, SPE effluents are typically dried in an inert
environment using a gentle stream of nitrogen. The residue is dissolved in a suitable medium, ideally
as close as possible to the solvent composition of the chromatographic mobile phase i.e. predominantly
aqueous for RP-LC and highly organic for HILIC and normal phase (NP) LC. This step is prone to
analyte loss due to inadequate dissolution of residues (Li et al., 2015), or potential loss of volatile
analytes. This aspect is discussed in detail in Chapter 3, while Table 2.1 provides a summary of the
solvent compositions used for the resuspension of ARVDs.
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Table 2.1: A summary of sample preparation methods and chromatographic conditions previously used for the analysis of ARVDs in environmental samples.

Therapeutic class (compounds?) and log Kow,

water solubility range

Sample volume: pH adjustment
SPE/direct injection/lyophilisation
Elution solvent

Residue reconstitution solvent
Preconcentration factor

Column, stationary phase, and
dimensions

Mobile phase (solvents Reference
A/B), flow rate, run time,
column temp and injection

volume

NTRI (ZDV,3TC); nNRTI (EFZ, NVP); Il (RGV); FI
(MVC); PI (ATZ, DNV, IDV, LPV, RTV, SQV)

Log Kow -7.05 t0 6.27,
Water solubility 7.0 x 104 to 1.1 x 10

NRTI (3TC, ABV, ZDV); nNRTI (NVP): PI (IDV,

NFV, RTV, SQV)
LOg KOW '705 tO 898,

Water solubility 7.0 x 10% to 1.1 x 10* mg/L

Sample volume:

100 mL: pH not adjusted.

SPE:

Oasis HLB (200 mg, 6 mL)
Elution solvents:

5 mL MeOH and 3 mL EtOAc
Reconstitution solvent:

1 mL MeOH

Pre-concentration factor: 100x

Sample volume:

100 mL: pH 2

SPE

Oasis MCX (60 mg, 3 mL)

Elution solvents:

3 mL EtOAc /acetone (50/50, v/v) and
3 mL MeOH/DCM/NH4OH (48/48/4,
vIiviv)/

Reconstitution solvents:

0.3 mL water/ACN (90/10)
Pre-concentration factor: >333x

Hypersil Gold, C18, 50 x 2.1 mm,
1.9 pmdp

Guard column: Not specified

Zorbax SB-C18, 50 x 2.1 mm, 1.8
pm dp

Guard column: Not specified

Solvent A: 0.1% FA in H,O

Solvent B: 0.1% FA in MeOH  (Abafe et al. (2017)
Flow rate: 0.2 mL/min.

Run time: 10.50 min.

Column temp.: 25°C

Injection volume: 20 pL

Solvent A: 0.1% FA in H.0 Aminot et al. (2015,
Solvent B: 0.1% FA in ACN 2016)

Flow rate: 0.6 mL/min.

Run time: 17 min.

Column temp.: 30°C

Injection volume: 5 uL
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Therapeutic class (compounds?) and log Kow,
water solubility range

Sample volume: pH adjustment
SPE/direct injection/lyophilisation
Elution solvent

Residue reconstitution solvent
Preconcentration factor

Column, stationary phase, and
dimensions

Mobile phase (solvents
A/B), flow rate, run time,
column temp and injection
volume

Reference

NRTI (ABV, 3TC, FTC) transformation products and
metabolites (3TC carboxylate, ABV-carboxylate, FTC
carboxylate, FTC S-oxide)

NRTI (3TC, ZDV); nNRTI (NVP)
Log Kow -1.4 t0 3.89
Water solubility 7.0 x 10%to 1.0 x 102mg/L

Sample volume:

100 mL: pH 2-8

SPE:

Strata XCW (500 mg, 6 mL)
Oasis MCX (60 mg, 3 mL)
Oasis HLB (200 mg, 6 mL)
Isolute ENV+ (500 mg, 6 mL)
Elution solvents:

Not specified

Reconstitution solvents:

Not specified

Lyophilisation sample volume:
10 mL: pH unadjusted

Elution and Reconstitution solvents:

Not specified

Sample volume:

500 L:pH 9

SPE:

Oasis HLB (200 mg, 6 mL)

Elution solvents:

5 mL 2% MeOH in 5% Ag. NH,OH
Reconstitution solvents:

1 mL ACN/Water (20/80 v/v)
Pre-concentration factor: 500x

Zwitterionic HILIC Nucleodur
(250 x 3 mm, 3.0 um dp)

Luna HILIC (150 x 3 mm, 3.0 um
dp)

Guard column:

EC HILIC Nucleodur (4 x 3 mm,
3 wm dp)

Waters XBridge, C18, 100 x 2.1
mm, 3.5 um dp

Guard column: Not specified

Solvent A: 10 mM NH;-
formate with 0.1% FA
Solvent B: 7.5 mM NH;-
formate in ACN/Milli-Q
(90:10, v/v) with 0.1% FA
Flow rate: 0.5 mL/min.
Run time: 33 min.
Column temp.: 25°C
Injection volume: 70 pL

Solvent A: 0.1% FA in H.O
Solvent B: 0.1% FA in ACN
Flow rate: 0.25 mL/min.
Run time: 19 min.

Column temp.: 30°C
Injection volume: 10 pL

(Boulard et al., 2018)

(Muriuki, et al, (2020)
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Therapeutic class (compounds?) and log Kow,
water solubility range

Sample volume: pH adjustment
SPE/direct injection/lyophilisation
Elution solvent

Residue reconstitution solvent
Preconcentration factor

Column, stationary phase, and

dimensions

Mobile phase (solvents
A/B), flow rate, run time,
column temp and injection
volume

Reference

NRTI (d4T, 3TC, ZDV); nNRTI (EFZ, NVP)
Log Kow -7.05-4.15
Water solubility 2.0 x 10%-9.3 x 10 mg/L

NRTI (3TC, FTC, ZDV, ZDVG), nNRTI (EFZ, 8,14-
diOH-EFZ, 12-OH-NVP, NVP), P1 (RTV, RTVM)
Log Kow -1.4 to 8.98

Water solubility 7.0 x 10% to 1.1 x 10* mg/L

Sample volume:

500 mL: pH 7

SPE:

Oasis HLB (200 mg, 6 mL)
Elution solvents:

2 x5 mL MeOH
Reconstitution solvents:

2.5 mL ACN/H;0 (10/90 viv)
Pre-concentration factor: 200x

Sample volume:

1.3mL:pH7

Direct injection:
Water/MeOH (70/30 v/v)

SPE:

Strata SDB-L (200 mg, 6 mL)
Sample volume:

50 mL: pH 7

Elution solvents:
MeOH/DCM/FA (49/49/2, vIviv)
Reconstitution solvents:
Water/MeOH (70/30 v/v)
Pre-concentration factor: 50x

Phenomenex Luna, C18, 150 x
2.0 mm, 3 um dp

Guard column: Not specified

Aquity HSS T3, C18, 150 x 2.1
mm, 1.8 um dp

Guard column: Acquity UPLC

HSS T3 VanGuard (5 x 2.1 mm,

1.8 wm dp)

Solvent A: MeOH

Solvent B: 0.1% FA in MeOH
Flow rate: 0.17 mL/min

Run time: 65 min.

Column temp.: 35°C
Injection volume: 10 pL

Solvent A: 0.1% FA in H.0O
Solvent B: ACN

Flow rate: 0.25 mL/min.
Run time: 9 min.

Column temp.: 30°C
Injection volume: 2 uL

K’oreje et al., 2018,
2016, 2012)

(Mosekiemang et al.,
2019)
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Therapeutic class (compounds?) and log Kow,
water solubility range

Sample volume: pH adjustment
SPE/direct injection/lyophilisation
Elution solvent

Residue reconstitution solvent
Preconcentration factor

Column, stationary phase, and
dimensions

Mobile phase (solvents

A/B), flow rate, run time,
column temp and injection

volume

Reference

NRTI (3TC, ZDV); nNRTI (NVP)
Log Kow -1.4 t0 3.89
Water solubility 7.0 x 10*to 1.0 x 102mg/L

NRTI (d4T, ZDV)
Log Kow -0.72 10 9.72
Water solubility 1.0 x 10?to 2.0 x 10 mg/L

NRTI (d4T, ZDV) nNRTI (NVP)
Log Kow -0.72 10 9.72
Water solubility 1.0 x 10?to 2.0 x 10 mg/L

Sample volume:

500 mL: pH 9

SPE:

Oasis HLB (200 mg, 6 mL)

Elution solvents:

5 mL 2% MeOH in 5% Ag. NH4OH
Reconstitution solvents:

3 mL water ACN/water (80/20 v/v)
Pre-concentration factor: 500x

Sample volume:

200 mL wastewater: pH 8

500 mL well water: pH 8

SPE:

Isolute ENV+ (500 mg, 6 mL)
Elution solvents:

5 x 2 mL MeOH/Acetone (50:50, v/v)
+0.2% FA

Reconstitution solvents:

1 mL5mM NH4AC
Pre-concentration factor: 100x &
500x

Sample volume:

200-500 mL wastewater; pH 8

SPE:

Isolute ENV+ (500 mg, 6 mL)
Elution solvents:

5 x 2 mL MeOH/Acetone (50:50, v/v)
Reconstitution solvents:

1 mL 5 mM NHiAc

Waters XBridge, C18, 100 x 2.1
mm, 3.5 um dp

Guard column: Not specified

Phenomenex Synergi Hydro-RP,
C18,50 x 2.0 mm, 2.5 um dp

Guard column: C18 guard
column, 4 x 3.0 mm

Synergi Hydro RP, C18 (150 x
3.0 mm, dp

Solvent A: 0.1% FA in H,O
Solvent B: 0.1% FA in ACN

Flow rate: 0.25 mL/min.
Run time: 19 min.
Column temp.: 30°C
Injection volume: 10 pL

Solvent A: 5 mM NHJAc
Solvent B: MeOH

Flow rate: 0.25 mL/min
Run time: 15 min.
Column temp.: 25°C
Injection volume: Not
specified.

Solvent A: 5 mM NHs-
formate

Solvent B: MeOH
Flow rate: 0.4 mL/min.
Run time: 22 min.
Column temp.: 40°C
Injection volume: Not
specified

(Ngumba et al., 2018,
2016b, 2016a)

(Peng et al., 2014)

Prasse et al., 2010
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Therapeutic class (compounds?) and log Kow,
water solubility range

Sample volume: pH adjustment
SPE/direct injection/lyophilisation
Elution solvent

Residue reconstitution solvent
Preconcentration factor

Column, stationary phase, and
dimensions

Mobile phase (solvents Reference
A/B), flow rate, run time,
column temp and injection

volume

NRTI (3TC, FTC, TNV); nNRTI (EFZ, NVP)
Log Kow -1.44to 4.7
Water solubility 11.2 x 105t0 9.3 x 102 mg/L

NRTI (3TC, d4T, FTC, ZAL, ZDV), nNRTI (EFZ,
NVP), PI (IDV, LPV, RTV)

Sample volume: 1000 mL/pH not
adjusted.

SPE:

Bond Elut Plexa (200 mg, 6 mL)
Elution solvents: not stated.
Reconstitution solvents: 0.2 mL
water/ACN (90/10, v/v)
Pre-concentration factor: 5000x

Sample volume: 500 mL, pH not
adjusted/

SPE: Oasis HLB (200 mg, 6 mL)
Elution solvents: 5 mL MeOH
Reconstitution solvents: 0.2 mL
water/ACN (90/10, v/v)

2500x preconcentration factor

Bond Elut Plexa, C18, 100 x 2.1
mm, 2.6 um dp

Zorbax Eclipse C8,
50 x 3.0 mm, 1.8 um dp

Solvent A: 5 mM NHy-
formate

Solvent B: 1.5% FA in MeOH
Flow rate: 0.3 mL/min.

Run time: 15.5 min.

Column temp.: 25°C
Injection volume: 10 pL

Rimayi et al., 2018

Solvent A: 0.1% FA
Solvent B: 0.1% FA in ACN
Flow rate: 0.4 mL/min.
Run time: 40 min.

Column temp.: 22°C
Injection volume: 15 pL

(Wood et al., 2015)

2ABV — abacavir; ABV-COOH - carboxy abacavir; ABV-COOH-desCP — descyclopropyl abacavir; ABV-COOH-OH — carboxy hydroxy abacavir; ATV — atazanavir; d4T —
stavudine; DDC - zalcitabine; DDI — didanosine; DRV — darunavir; EFZ — efavirenz; 8,14-diOH EFV - 8,14 dihydroxy efavirenz; ETR — etravirine; FPV — fosamprenavir;

FTC — emtricitabine; FTC-COOH - carboxy emtricitabine; FTC-COOH-S-oxide — carboxy emtricitabine-S-oxide; FTC-S-oxide — emtricitabine-S-oxide; IDV — indinavir;

3TC - lamivudine; LPV — lopinavir; MRV — maraviroc; NFV — nelfinavir; nevirapine — NVP; 12-OH-nevirapine — 12 hydroxy nevirapine; RAL — raltegravir, TFV — tenofovir;
ZDV - zidovudine; ZDV-COOH - carboxy zidovudine.
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2.4.3 Direct injection

Apart from the sample pre-treatment involving SPE, direct injection (DI) or large volume direct
injection (LVDI) are alternative methods that could be employed in wastewater analysis. LVDI is
defined as sample introduction that involves injection of sample volumes larger than 10% of the void
volume of the analytical column (Busetti et al., 2012). This method therefore typically entails injection
of sample volumes in the range 100-5000 pL, as opposed to DI, which is entails injection of
conventional sample volumes in the range of 1-20 uL (Chiaia et al., 2008; Martinez Bueno et al., 2011;
Ng et al., 2020; Zhang et al., 2020). Sample filtration and the use of appropriate guard columns are
required to avoid damage to the column and instrument. These techniques have been utilized as early
as 1975 to avert losses of polar analytes (Little and Fallick, 1975), and recently by Funke et al. (2016)
and Mosekiemang et al. (2019) for ARVD analysis by RP-LC, and Boulard et al. (2018) and Prasse et
al. (2010) by HILIC. The main limitation of DI is the lack of sensitivity, because pre-concentration is
not performed as is commonly the case for SPE (Busetti et al., 2008). For this reason, DI can be
combined with as suitable non-selective pre-concentration step such as lyophilisation, although this

approach is seldom used in environmental analysis.

2.4.4 Lyophilisation

Lyophilisation is a sample desiccation process in which water is evaporated from a sample matrix by
sublimation. Thereafter, the dried extract is reconstituted in a small volume (relative to the original
volume), thereby elevating the concentrations of analytes. Briefly, an aqueous sample is frozen prior
lyophilisation, normally using liquid nitrogen (Luque De Castro and Izquierdo, 1990; Ramirez et al.,
2014). Maintaining the sample in the frozen state throughout the lyophilisation process is crucial to
facilitate the process. This suggest that the sample matrix should not contain any solvents with lower
freezing point than of water. Figure 2.4 shows the phase transitions of water as a function of pressure
(Atm.) and temperature (°C). As can be seen, the pressure should be kept below the triple point (6.11
mBar/6.0 x 10 Atm. for water) for sublimation to occur. In the practical context, the frozen sample
mounted on the freeze drier operated below the triple point of water will force a solid-to-gas phase

transition thereby eliminating water from the sample and leaving behind the analyte and other residues.
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Figure 2.4: A typical phase diagram for pure water illustrating solid-to-gas phase transition suitable
for an effective lyophilisation process. Adapted with modification from Syslova et al. (2011).

Lyophilisation is a suitable method for concentrating non-volatile, heat or light labile compounds
dissolved in water (Syslova et al., 2011). However, this form of sample preparation is relatively
unexplored in environmental analysis, especially in the case of ARVDs, which precludes a fair appraisal
of its (de)merits. Boulard et al. (2018) used lyophilisation in combination with zwitterionic HILIC
analysis for the analysis of abacavir, abacavir carboxylate, emtricitabine, emtricitabine carboxylate,
emtricitabine S-oxide and lamivudine in wastewater, and reported improved recoveries compared to
SPE (Boulard et al., 2018). Compounds with higher vapour pressures than the operating pressure of the
freeze drier (0.03-0.1 mBar) will clearly be lost due to volatilization. Significant losses of, for example
polychlorinated biphenyls during lyophilisation has been reported and been ascribed to their relatively
high vapour pressures (de Voogt et al., 2000). Nevertheless, at typical operating pressures, this is not

expected to be an issue for most ARVDs because of their relatively low vapour pressures (Table 2.2).
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Table 2.2: Typical vapour pressures of ARVDs.

Compound Class Vapor pressure Stability at freeze drying pressure
Y(mm Hg) (0.03 mBar = 2.2 x 102mm Hg)
abacavir NRTI No data X
didanosine NRTI 6.6 X
emtricitabine NRTI 1.7 x 10® v
lamivudine NRTI 8.3 x 1016 v
stavudine NRTI 9.5 x 1012 v
tenofovir NRTI No data X
zalcitabine NRTI 5.8 x 108 v
zidovudine NRTI 5.2 x 1020 v
delavirdine NNRTI No data X
efavirenz nNRTI 3.8x107 v
etravirine NNRTI No data x
nevirapine nNRTI 3.4x10° v
relpivirine nNRTI 3.4 x1012 v
dolutegravir INSTI 1.4 x 10" v
elvitegravir INSTI No data x
raltegravir INSTI 4.5 x 102 v
amprenavir PI 9.9 x 1018 v
atazanavir PI 1.0 x 1026 v
darunavir Pl No data x
fosamprenavir PI 1.1x 10 v
indinavir Pl No data x
lopinavir PI 3.4 x102% v
ritonavir PI 1.1 x10% v
tipranavir PI 4.4 x 104 v
saquinavir PI 2.0x 103 v
maraviroc Fl 1.1 x 101! v

vapor pressure values were obtained from PubChem open chemistry database

(https://www.ncbi.nlm.nih.gov/pccompound, accessed 7/8/2020).

(v') denotes the compound is either lyophilizable or (x) unknown due to lack of data.

The fact that very small amounts of solvent (typically to redissolve the residue) are required to process
samples by lyophilisation makes it an attractive ‘green’ technique for reducing the cost per analysis; a
consideration of relevance in environmental analysis where large volumes of samples are typically
processed. However, lyophilisation lacks the sample clean-up aspect, a potential drawback that may
explain the lack of its application in environmental analysis (de VVoogt et al., 2000; Luque De Castro
and lzquierdo, 1990; Ramirez et al., 2014).
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2.4.5 Instrumental analyses of ARVDs in environmental samples

The instrument of choice for the analysis of non-volatile organic compounds in agueous environmental
samples is liquid chromatography (LC) coupled to a mass spectrometer (MS) due to its unrivalled
sensitivity and selectivity in the detection of analytes occurring at trace level concentrations (Bade et
al., 2015; Hernéndez et al., 2014, 2011; Nannou et al., 2019). In the discussions that follow regarding
the applications of LC-MS in the analyses of ARVDs in wastewater samples, the initial focus will be
an overview of the chromatographic methods used thus far, followed by a focused discussion regarding
the application of various types of mass spectrometry in this field. The scope of this review includes all

reports on the subject in the period 2010-2020.

2.4.5.1 Liquid chromatography (LC)

Reversed phase liquid chromatography (RP-LC) is the most widely used technique in the separation of
organic compounds in wastewater samples, including pharmaceuticals, and ARVDs in particular.
Hydrophilic interaction chromatography (HILIC) has also featured in the analysis of highly polar
ARVDs and their metabolites (Boulard et al., 2018; Prasse et al., 2010). Research interest in the analysis
of ARVDs rose to prominence since 2010 (Prasse et al., 2010). In this period, ultra high pressure liquid
chromatography (UHPLC) became the standard instrument (Petrovic et al., 2010). The analytical
benefits of UHPLC include high chromatographic efficiency, improved peak resolution, elution of
narrower, sharper peaks and especially a reduction in analysis time (de Villiers et al., 2006; Shaaban
and Gorecki, 2012). All these parameters are crucial in quantitative environmental analysis, where high
throughput and good peak quality is a requirement for accurate peak integration. It is well known that
fast analysis can be achieved by a reduction in the particle size of the column packing material (de
Villiers et al., 2006). Small particles sizes provide shorter diffusion distances and a more uniform flow
through the column, thus less peak broadening, resulting in reduced A- and C- terms of the van Deemter
equation. The drawback is that such phases require higher operating pressures due to lower column
permeability, as described by the Darcy’s law (EQ. 2.8). This equation relates pressure drop across a
column (AP) to column permeability (Ko), mobile phase viscosity (n), column length (L), particle

diameter (dp) and mobile phase linear velocity (uo):

K()I]L _ K()NH

AP = d%, Ug = ?uo Eq 2.5

Accordingly, a pressure drop across a column is directly proportional to the column length and inversely
proportional to the square root of particle size. Practically, fast analysis may be achieved by reducing
column length concurrently with the plate height, i.e. smaller particle sizes. The gain in speed is due to
a combination of shorter columns operated at higher flow rates. Reducing solvent viscosity by

increasing the column temperature can be used to further increase throughput. Table 2.1 had provided
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an overview of the stationary phases and the corresponding run times obtained for the analyses of
ARVD:s in environmental samples.

2.4.5.2 Gas chromatography

Gas chromatography (GC) has seen limited application in the analysis of ARVDs. GC has been
successfully used to separate and quantify some of the thermally stable ARVDs such as efavirenz and
nevirapine (Schoeman et al., 2017; Wooding et al., 2017). Schoeman et al. (2017) used GC hyphenated
to time-of-flight MS (TOF-MS), whereas Wooding et al. (2017) used comprehensive two-dimensional
GC (GCxGC) hyphenated to TOF-MS because of the complexity of the wastewater matrix. In the
multidimensional GC method, compounds are typically separated according to boiling point in one
dimension, and polarity in the other. The two columns used in each dimension are connected via a
(typically cryogenic) modulator whose function is to trap analytes from the first dimension and
refocus/reinject them into the second dimension. The effect of combining two separations is that
compounds co-eluting in on dimension may be resolved in the other, and as such the benefits of GCxGC
include improved resolution and peak capacity compared to one-dimensional GC. As expected, a
plethora of compounds were tentatively identified in wastewater GCxGC, and a selected few were
conclusively identified and quantified (Wooding et al., 2017).

2.4.5.3 Supercritical fluid chromatography (SFC)

SFC is nowadays considered an alternative separation platform to LC and has been mostly used in the
analysis of ARVDs in plasma and other human secretions (Akbal and Hopfgartner, 2017), or for
impurity profiling in lab water (Alexander et al., 2013; Romand et al., 2016). The technique is yet to
be implemented for the same analyses in wastewater. In SFC, separations are achieved using small
amounts of polar organic solvent (MeOH, ACN etc) and supercritical CO, resulting in a mobile phase
with lower viscosity and higher diffusivity than is the case in LC (Alexander et al., 2012; Desfontaine
et al., 2015; Grand-Guillaume Perrenoud et al., 2012b). CO- is an inert gas and is preferred due to its
achievable critical pressure (Pc, 74 bar) and temperature (T;, 31°C), which are relatively easily
achievable with conventional chromatographic instrumentation. Alternative supercritical mobile phases
include ammonia (NH.), methane (CH.), propane (CsHg) and ethylene (C:Ha4), but toxicity,
corrosiveness and flammability largely preclude their use (Grand-Guillaume Perrenoud et al., 2014;
Novékova et al., 2014).

SFC is a powerful technique for fast and high resolution separations of a wide range of compounds,
including weakly polar and thermolabile compounds in complex samples. The low viscosity and
elevated analyte diffusion coefficients of the supercritical mobile phase allows for fast separations,
especially when using sub-2 um packed columns. A comparison between SFC and UHPLC is illustrated

in Figure 2.5, where is it clear that the former technique offers higher optimal mobile phase velocities
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and comparable plate heights (i.e. efficiency). Further advantages of SFC include the excellent
separations of structural related compounds (isomers, chiral compounds, etc.) and low susciptibility to
matrix effects (Svan et al., 2018).

200 UHPLC (3.5 pm, 50 mm x 4.6 mm)

e UPC? (3.5 um, 100 mm x 3.0 mm)

H (um)

UHPLC (1.7 pm, 50 mm x 2.1 mm)

™\ UPC? (1.7 um, 50 mm x 3.0 mm)

T T 1
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

u (mm/s)

Figure 2.5: Plate height curves for butylparaben obtained on a SFC (UPC?) system equipped with
columns of 3.5 um (purple trace) and 1.7 um particle sizes (green trace) and UHPLC equipped with
columns of 3.5 um (blue trace) and 1.7 um particle sizes (green trace). Reprinted with permission from
Grand-Guillaume Perrenoud et al. (2014).

The performance of SFC for the separations of basic, polar pharmaceuticals (pKa > 7) is however often
limited by poor peak shapes and tailing, as observed for lamivudine and efavirenz (Alexander et al.,
2013; Mosekiemang et al., 2019). In this work, peak shapes could not be improved by addition of a 10
mM NH;-acetate and 0.1% isopropyl amine to the mobile phase, normally suggested as a remedy
(Alexander et al., 2013). It is believed that peak deterioration is a result of the formation of carbamic
acid by a reaction between CO; and amines, which can be minimised by addition of MeOH (Grand-
Guillaume Perrenoud et al., 2012a). Dispas and co-workers reported an impvorment in peak shapes for
Pls (Figure 2.1) use a mobile phase make-up of H:O-MeOH, (5:95, v/v) with 0.1% FA, with post-
column addition of 25 mM NHg-acetate (Dispas et al., 2018). Although most applications of SFC to
ARVD analysis employ MS, Russo et al. (2018) reported the use of a photodiode array detector (A 254

nm) for the detection of stavudine and zidovudine in surface water.

2.4.6 Mass spectrometric detection of ARVDs in environmental samples
2.4.6.1 lonisation modes

LC systems hyphenated to MS are composed of a separations module, an ion source, the most common

of which are any of the three configurations of atmospheric pressure ionization (API) (Figure 2.6), and
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the mass analyser. The ion source serves as a gateway device for sending charged ions into the MS and
is therefore an important component of LC-MS for its dual roles as an ion generator and a vacuum
transition platform from atmospheric pressure to high vacuum. Various designs of ion sources are in
use today, but the API devices consisting of atmospheric pressure chemical ionisation (APCI),
atmospheric pressure photoionisation (APPI) and especially electrospray ionisation (ESI) are most
widely used for a wide range of analytes, including pharmaceutical environmental analyses (Andra et
al., 2017; Hernandez et al., 2011; Rochat, 2018). The ionisation process in these devices typically
occurs with limited fragmentation of the molecular ion, and these are therefore referred to as soft

ionisation techniques (Banerjee and Mazumdar, 2012; Laaniste et al., 2019).

Of the three API sources, ESI is by far the most common, also in the analysis of ARVDs (Abafe et al.,
2018; Aminot et al., 2015; Boulard et al., 2018; Funke et al., 2016; K’oreje et al., 2016; Ngumba et al.,
2016b, 20164a; Prasse et al., 2010; Wood et al., 2015), although APCI has also been used (Prasse et al.,
2010; Wooding et al., 2017). APPI was most recently developed, and commercialized in 2000, and has
not yet been applied in ARVD analysis.

In ESI, the LC effluent is channelled into a capillary tube held at a high potential (3-6 kV) relative to
the ionisation source, where the liquid is nebulized with the help of nitrogen gas into a fine mist of
highly charged ionic droplets. In the ionisation chamber, these droplets are reduced in size due to the
evaporative effects of heated nitrogen (drying gas), causing concentration of the charge within them
relative to the liquid surface tension (coulombic repulsion force). This progresses until the surface
tension of the liquid exceeds the coulombic force, at the Raileigh limit, when the strained droplets break
into clouds of sub-um highly charged droplets, from where gaseous analyte ions are released to be
channelled through the ion optics into the mass analyser (Figure 2.6). A consequence of this mode of
operation is that ESI is less compatible with high flow rates compared to APCI and APPI, where the
mobile phase is evaporated prior to ionisation. Typical flow rates for UHPLC are mostly compatible
with the modern ESI sources (Garcia-Ac et al., 2011; Laaniste et al., 2019; Parr et al., 2018), ranging
from 0.2-0.6 mL/min for the studies considered in this chapter (Table 2.2).

The APCI process entails nebulisation of the column effluent into a fine mist or aerosol as shown in
Figure 2.6. lon formation is then achieved using a corona discharge that facilitates formation of radical
ions of abundant atmospheric gases such as nitrogen, oxygen and water vapor (N2*, NO*, H,O™), which
are then responsible for the ionisation of analytes through a series of proton or charge transfer or
associative/dissociative electron capture reactions. The resulting highly charged ions are then
transmitted into the MS. Unlike ESI, APCI is compatible with high flow rates (Garcia-Ac et al., 2011).
APCI is capable of ionising non-to-moderately polar and thermally stable compounds of up to ~1000
Da (Figure 2.6). Its resilience to matrix effects makes it suitable for environmental analyses (Garcia-
Ac et al., 2011; Prasse et al., 2010). For example, Wooding et al. (2017) used APCI in the analysis of
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multi-class pharmaceuticals, including efavirenz and nevirapine, while Prasse et al. (2010) used APCI
for the analysis of multi-class ARVDs.

APPI is compementary to ESI and APCI, and is mostly used for ionisation of relatively non-polar, low
molecular compounds (Figure 2.6). This method uses a vacuum ultraviolet Krypton discharge lamp to
emit 10 eV photons, which react with either the analytes directly, or through charge transfer from dopant
molecules such as toluene (Kauppila et al., 2014; Robb et al., 2000; Ross and Wong, 2010). Solvents
with ionisation energies below the photon energy may be used as dopants. Although untested, this form
of ionisation may be relavant to ARVD analysis, considering the extreme low polarities of some
therapeutic classes such as PlIs.
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Figure 2.6: The different designs of the APCI, APPI and ESI ion sources and a graphical presentation

of their suitability for the analysis of compounds according to polarity range and mass. Reprinted with
permission from Parr et al. (2018).

/

2.4.7 Tandem mass spectrometry

Research on monitoring ARVDs in wastewater has involved largely quantitative, targeted analyses,
which are mostly accomplished using tandem mass spectrometry instruments due to their ability to
selectively detect analytes at ultra-trace level concentrations. In theory, tandem mass-spectrometry can
either be performed in space or in time. Tandem-in-space is when the successive MS/MS stages occur

at the different regions of the instrument, such as in triple quadrupole (QgQ) instruments. In such
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systems, two mass analysers are coupled in series with an RF-only Ar/N; filled collision cell
sandwiched between the two quadrupoles. In the case of Orbitrap MS, ion fragmentation processes
occur inside a trap device with the trap and store events being time-regulated, a process described as
tandem in time.

Triple quadrupole MS instruments are mostly used in selected/multiple reaction monitoring (S/MRM)
mode to quantify ARVDs (Table 2.4). In this mode of operation, the precursor ion/adduct is selected
in the first quadrupole (Q1), which is set to selected ion monitoring (SIM) and transmitted to the
collision cell for fragmentation. After fragmentation, a specific fragment/product ion is selected in the
last quadrupole (Q3), also operated in SIM mode, to be detected (Rochat, 2018). It is the monitoring of
these ion transitions that confers the selectivity and sensitivity of the MRM method. Better selectivity
is achieved if at least two ion transitions pairs are monitored. Typical ion transitions for ARVDs are
listed in Chapter 3. The sensitivity of the MRM methods assessed according to their achievable limits
of detections (LODs) are discussed in detail in recent review articles by Nannou et al. (2020, 2019): the
lowest recorded LOD was 0.08 ng/mL, which is sufficiently low to detect ARVDs in wastewater

samples.

Despite the excellent sensitivity and selectivity achievable by MS/MS detection in MRM maode, there
are some limitations, including (i) the requirement to optimize acquisition parameters for every single
analyte may be time consuming, and more importantly (ii) such method is inherently only suitable to
detect analytes included in the method set up (K’oreje et al., 2012). Alternative application of QqQ-MS
for qualitative purposes use acquisition modes such as survey-, neutral loss-, product ion-, and precursor
ion scans, but these have not been reported for ARVD analysis. This presents an opportunity for possible
innovative structural elucidation experiments, particularly for the identification of novel phase Il
metabolites of ARVDs. For example, an initial neutral loss scan operated in series with product ion
scan, whereby a predetermined neutral loss triggers MS? of the recognized ion (e.g. glucuronides and

sulfates) might prove useful in this regard.

Interestingly, 1T-Orbitrap MS has also been used to quantify ARVDs (Funke et al., 2016; K’oreje et
al., 2012). The quantitation process involved extracted ion chromatograms (XICs) constructed using
narrow mass windows from the full-scan data, with the integrated and peak areas related to
concentration in the conventional manner. In terms of selectivity, HR-MS has been reported to be
comparable to QqQ-MS in MRM mode, since the narrow mass extraction windows used to obtain the
XICs is dependent on mass accuracy (Rochat, 2018, 2016). A comparison of achievable sensitivity
levels between low- and high-resolution instruments is difficult to assess given an interplay of various
factors such as instrumentation, ionisation efficiency, chromatography, etc., although generally tandem
MS in MRM mode offers the lowest LODs.
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2.4.8 Method validation of quantitative data

Quantitative data should be subjected to some form of credibility check, which entails assessment of all
aspects related to reliability, accuracy, and reproducibility — referred to as method validation (Kruve et
al., 2015; Magnusson, 2014). Numerous method validation guidelines are available, but all are in
agreement that method validation must test for selectivity and specificity, linearity of the calibration
curve, limits of detection/quantification, inter-and intra-day precision, recovery and matrix effects
(TUPAC, 2000). Selectivity and sensitivity provide assurance of the identity of the analyte in the
presence of interferents (Antignac et al., 2003; Kruve et al., 2015). It is a requirement that method
validation must convincingly demonstrate selectivity even in the presence of potential interferents
(Araujo, 2009). Although it is possible that interferents such as metabolites may appear in an MRM
chromatogram intended for the parent compound (when they share the same transition ions), they
should not interfere with quantification due to the differences in retention time (tg) (Funke et al., 2016).
In addition, MRM methods provide ion ratio data, which can be used to monitor selectivity, since these
ratios are expected to remain resilient to fluctuations in concentration and matrix effects (Antignac et
al., 2003).

A test for linearity of a calibration curve is another critical parameter to be ascertained. This entails a
correlation of the instrument response to a series of known concentrations; the relationship is expected
to be linear (y = mx + c). If this is not the case, a high order regression model such as weighted least
squares linear regression may be used. A simple way of determining the linearity of a calibration curve
is to use a plot of residuals (EqQ. 2.6) to check if the error of replicated calibration points is constant over
the calibration range (i.e. homoscedastic) or whether the residual error increases with concentration (i.e.

heteroscedastic).

)2
sty = (U Eq. 2.6

where y; is the observed value of y (instrument response) for a given value of x; (concentration) and y,
is the predicted y according to the equation of the trend line for a given value of x;. n is the number of

calibration points. Typical plots of residual errors are shown in Figure 2.7.
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Figure 2.7: Examples of residual plots obtained from a 9-point calibration curve with three replicates
per point. Panel (a) shows the ideal, with uniformly distributed residuals along the calibration range
(homoscedasticity). The remainder of the plots depict various forms of heteroscedasticity: (b) an
increase in error along a calibration range, (c) a curved response of residuals and (d) a non-zero

intercept. Reprinted with modifications from Prichard and Barwick (2003).

For quantification, one of the external standard, internal standard or standard addition calibration
methods can be used; each is suitable for different purposes. For example, standard addition and matrix-
matched calibration are used to eliminate matrix effects (Brown and Mustoe, 2014; Cimetiere et al.,
2013; Martins et al., 2016). In matrix-matched calibration, analytical standards are spiked into a matrix
that does not contain the analytes. This contrasts with standard addition, where analytical standards are
spiked in a matrix that contains the analyte. Wood et al. (2015) used standard addition, while Ngumba

et al. (2016) used matrix-matched calibration for quantitative analysis of ARVDs.

Internal standard calibration is method in which a fixed concentration of a suitable internal standard (an
isotopically labelled standard incorporating *C, 2H, 1°N, etc. is preferred) is added across a calibration
range. It is used to compensate for analyte loss due to ionisation effects and during sample preparation.
The resulting calibration curve is a plot of analyte concentration as a function of the ratio of analyte to
internal standard responses. So far, this has been the most widely used method for the quantitative
analysis of ARVDs (Abafe et al., 2018; Aminot et al., 2018, 2015; Boulard et al., 2018; K’oreje et al.,
2018, 2016, 2012; Muriuki et al., 2020; Prasse et al., 2010).

From the calibration curve, the method sensitivity and limit of detection (LOD) can be statistically

determined. The LOD is a measure of the lowest concentration that can be reliably detected with
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certainty (Evard et al., 2016) and can be calculated according to Eq. 2.7. In relation to LOD is the limit
of quantification (LOQ), calculated according to Eq. 2.8.

LOD =3.3 x 3 Eq.2.7
LOQ =10 x 3¢ Eq. 2.8
where Sq is the standard deviation of the residuals Sy, and b is the slope of the regression line.

Precision and accuracy are calculated using the recovery data. Precision is a measure of agreement
between replicate measurements, while accuracy is a measure of the extent of deviation between the
true concentration and experimental observation (Antignac et al., 2003; Magnusson, 2014). It is
expected that the observed concentration should be as close as possible to the nominal concentration,
that is, bias should be as low as possible. It is imperative for the experiment to be replicated to allow
for a measurement of precision in terms of mean and % relative standard deviation (RSD). The method
is deemed precise if independently prepared sample replicates provide almost the same value. It is
recommended that precision should be measured for within batch/run replicates to establish
repeatability and between batches/runs to establish the reproducibility of the method.

Matrix- and neat solvent-fortified samples can also be used to evaluate matrix effects. This effect occurs
when interferents co-eluting with the target analyte alter the ionisation efficiency by either enhancing
or suppressing the signal. Several methods are used to evaluate this effect, including comparison of
slopes of matrix-matched and neat solvent calibration curves (Kruve et al., 2015). An approach less
often used is to perform post-column infusion of the matrix to detect ion enhancement or suppression
regions of the chromatographic run (Rossmann et al., 2015). The simplest approach to evaluate matrix
effects is however to compare concentrations or peak areas obtained in matrix-fortified and solvent-
fortified samples (Antignac et al., 2003; Araujo, 2009).

2.4.9 High resolution mass spectrometry

The application of high resolution mass spectrometry (HR-MS) for untargeted analysis, structural
elucidation and identification of unknown compounds has received relatively little attention in the
reviewed literature reports dealing with ARVD analysis. Only two papers report the use of HR-MS to
identify transformation products (TPs) of ARVDs during the wastewater treatment process. Funke et
al. (2016) used the LTQ Orbitrap MS to identify TPs of the ARVDs abacavir, emtricitabine, lamivudine
and zidovudine during treatment process, while Wood et al (2016) used Q-TOF-MS to study the
behaviour of nevirapine during chlorination of effluent and reported the formation of several nevirapine
TPs. Other studies were merely to demonstrate the quantitative capability of the HR-MS using a range
of instruments, including a magnetic sector double-focusing/ion trap hybrid MS (K’oreje et al., 2018,
2016, 2012), GC-TOF (Schoeman et al., 2017) and GCxGC TOF-MS (Wooding et al., 2017). The lack
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of literature reports demonstrating the occurrence of ARVD metabolites in wastewater provides an ideal
application for untargeted HR-MS methods (as reported in Chapter 5).

HR-MS instruments are ideally suited for performing untargeted or suspect screening due to their
capability to generate full scan high resolution data, and on tandem systems also high resolution MS/MS
data. High resolution data can only go as far as providing the elemental formula of an unknown
compound, and facilitates structural elucidation, but assignments based on such data remain tentative
until confirmed by reference standards. A typical workflow for processing high resolution data entails
inspection of the low collision energy total ion chromatogram (TIC) for peaks of interest, extraction of
extracted ion chromatograms (XICs) using narrow mass extraction windows, and low collision energy
spectra to obtain elemental formulae. The next step is to extract the high collision energy spectrum for
the selected m/z from the high energy TIC. The limitation of this approach is that co-elution of isobaric
ions cannot be identified in the low energy XIC. The low collision energy spectrum will reveal co-
elution of species with different m/z by distinguishing the relevant molecular ions, but the main
limitation is the complexity of the resulting high collision energy spectra. As a result, smarter data
application tools have been developed to assist with simplification of the analysis of complex HR-MS
data.

Data dependent acquisition (DDA) and data independent acquisition (DIA) modes are alternative
strategies specifically designed to improve the quality of MS/MS data. DDA is information-dependent
and functions according to pre-set criteria for selecting precursor ions to be subjected to MS/MS
fragmentation. Several parameters such as retention time (tr), isotopic pattern, neutral loss, etc. are
provided as input information to specify when the tandem MS instrument should switch from full-scan
acquisition mode to MS/MS mode once a peak of interest is detected. The main limitations of DDA
methods are that they do not always solve co-elution-related spectral complexities, and that several
analyses may be required to gather data used for the pre-selection of the relevant precursor ions. This
approach was used by Wood et al. (2016) for the identification of chlorinated TPs of nevirapine. In this
case the criteria used for precursor ion selection were based on tr and isotopic patterns for chlorine-

containing TPs.

In contrast, DIA entails the alternating application of low- and high collision energies across the
chromatographic run. This technique is also referred to as MSE (Waters), all-ion fragmentation
(Thermo) and MS/MSAE (Sciex). In DIA methods, selection of precursor ion beforehand is not
performed, and all ions are transmitted into the collision cell and subjected to alternating low- and high
energy collisions (a collision energy ramp can also be used). The low collision energy acquisition
minimizes fragmentation and thus conserves the molecular ion information when using soft ionisation
devices such as ESI and APCI. On the other hand, high collision acquisition promotes fragmentation in

the generation of product ion spectra. DIA methods are comparatively fast, but suffer lower selectivity
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compared to DDA methods, with the link between precursor- and product ions often obscured, making
spectral interpretation difficult.

2.4.10 Processing of HR-MS data using advanced data analysis tools.

Several post-acquisition processing tools have been developed for data mining of high resolution data.
Essentially, the main objective of many of these tools is to reduce the complexity of the TIC to a
manageable composite chromatogram containing only peaks of interest by way of data filtering. As
such, these are data reduction tools. Examples of commercial software used for this purpose are
Metabolynx (Waters), Metworks (Thermo), MassHunter (Agilent Technologies) (Cuyckens et al.,
2009; Tiller et al., 2008b, 2008a). The most common approach involves the implementation of
molecular structure and mass defect filter templates to full-scan data. Mass defect refers to the
difference between the exact- and the nominal mass of a compound (Andra et al., 2017). This feature
can differentiate target analytes from interferents because of the differences in their molecular formulae
and respective mass defect patterns. When such a template is implemented either during a run or post-
acquisition, interfering ions are readily removed, leaving simplified data that could facilitate the
identification process (Zhang et al., 2009a). For example, a family of structurally related metabolites
may be recognized by their characteristic mass defect profiles in the presence of matrix background. It
has been shown that the mass defects of drug metabolites fall within 50 mDa relative to that of the
parent drug (Zhang et al., 2009b). For example, hydroxylation changes the mass defect value by —5
mDa, glucuronidation by +32 mDa and sulfation by -43 mDa. Consequently, 50 mDa can be used as a
threshold value for mass defect filters targeting the common phase | and Il metabolic pathways (Andra
et al., 2017; Zhang et al., 2003). For instance, Bateman et al. (2007) used such a mass defect template
to identify the ARVD indinavir and its metabolites in plasma, while Castro-perez et al. (2009) used the
technique to determine the metabolism and routes of clearance for ritonavir and its metabolites. Zhang
et al. (2008) used a set of model drugs that included the ARVDs indinavir, lamivudine and zidovudine
to demonstrate the selectivity of mass defect filtering to detect these drugs in complex biological
matrices. A summary of the mass- and mass defect shifts for biotransformation products of ARVDs is
presented in Table 2.3. As discussed previously, ARVDs undergo mainly hydroxylation
biotransformation in the phase | pathway and further sulfation and glucuronidation in the phase Il
pathways (Andrade et al., 2011), such that the corresponding mass shifts and formulae changes can

readily be predicted.
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Table 2.3: Mass and mass defect shifts for metabolites in relation to their parent compounds.

Description (Phase I/11) Mass shift (Da)  Mass defect shift (mDa) Formula change
Hydroxylation (phase ) 15.9949 -5.1 +0

2 x Hydroxylation (phase I) 31.9898 -10.2 +0;
Glucuronidation (phase I1) +176.0321 32.1 +CeHgO7
Sulfation (phase I1) +80.0432 -43.2 +S0;

Source: Zhang et al. (2009b).

Figure 2.8 demonstrates the application of a mass defect template (using MetaboLynx™) to search for
metabolites of nevirapine in a full-scan MS data obtained for the analysis of a wastewater sample
processed by SPE. The metabolite list included the parent compound (CisH14N4O) and the expected
metabolites according to their transformation: hydroxylation, 2x hydroxylation, sulfate conjugation and
glucuronide conjugation. The mass defect filter was enabled at a tolerance limit of 50 mDa across a tr
range of 0-44 minutes. Unexpected metabolites functionality was also enabled. As can be seen, the
output composite TIC provided peaks for the expected metabolites according to the mass defect
template, of which four were identified as nevirapine metabolites. The data reduction capability of mass
defect filtering is evident from comparison of the base peak ion and composite TIC chromatograms
(Figure 2.8).
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Figure 2.8: Post-acquisition processed LC-MSE data using Metabolynx™ software to detect nevirapine
and its metabolites in raw wastewater sample processed by SPE. (A) shows the low energy base peak

ion chromatogram, and (B) a simplified composite TIC containing expected metabolites obtained after
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implementing a mass defect filter template (x50 mDa) for nevirapine (C1sH1sN4O) and its phase | and
II metabolites. Mass spectra are shown for the identified metabolites as indicated. Source: Author’s

unpublished data.

2.4.11 lon mobility spectrometry

lon mobility spectrometry (IMS) is an electrophoretic technique that separates gas phase ions on the
basis of their mobility in a buffer gas in the presence of an electric field (Figure 2.9). lons are separated
based on their mass, charge and their averaged collisional cross section areas (Creaser et al., 2004).
Integration of IMS into HR-MS workflows offers several benefits: potential separation of isomers that
cannot be distinguished by HR-MS, the option for signal filtering according to drift or arrival time for
ions buried in matrix, and the assignment of a unique analyte identifier based on its structural
conformation known as the collision cross section (CCS, Q) (Campuzano et al., 2012; Lanucara et al.,
2014; Lian et al., 2018; Paglia et al., 2015). Several IMS platforms are in use today, including drift
tube- (DTIMS), travelling wave- (TWIMS), field asymmetric wave form- (FAIMS), differential
mobility analysers (DMA), and trapped IMS (TIMS), all with associated strengths and weaknesses
(Dodds and Baker, 2019).

The basic principle of operation of IMS is to separate gaseous ions under the influence of a static
(DTIMS, TIMS, and DMS) or oscillating electric field (TWIMS and FAIMS). The electric field (E)

induces ion migration, where the ion’s mobility (K) is related to its velocity (vq4) according to Eq. 2.9.
K=2 Eq. 2.9

Under the influence of the electric field and in the presence of the buffer gas, small ions tend to attain
higher velocity compared to larger ions, because the larger surface area of the latter result in more
collisions with the buffer gas. The mobility is also dependent on the pressure and temperature of the
buffer gas, so K is related to temperature and pressure via Eq. 2.10. By convention, temperature (273
Kelvin) and pressure (760 Torr) are normalized to standard conditions to calculate reduced mobility

(Ko):

L]
Ko = KPOT Eq. 2.10

In IMS, an ion’s drift or arrival time (fp or ta) is measured. On DTIMS instruments, this value can be
directly converted to the ion’s CCS (€, in units of square Angstréms (A2)) value via the Mason-Schamp
equation (Eqg. 2.11).

3 (2 )\
16 \ukpT

NoKo

Q= Eq.2.11
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where e and z are the electron and ion charges, respectively, Ny is the density of the buffer gas, p is the
reduced mass of the ion-buffer gas complex, and ks, and T are the Boltzmann’s constant and temperature
of the drift region, respectively. For TWIMS instruments, where a variable electric field is used,
calibration is required to relate tA to CCS. For this purpose, calibrants such as polyalanine, for which

CCS values are known (typically measured on DTIMS systems), are used.

TWIMS (Figure 2.9) and DTIMS instruments are most widely used in environmental analysis
(Hinnenkamp et al., 2019; Jafari Horestani et al., 2018; Stephan et al., 2016), albeit that the technique
has found relatively limited application compared to other fields. Regarding the analysis of ARVDs by
IMS, only one report exists by Howdle et al. (2009), who used polyethylene glycol as shift reagent to
manipulate tz and tp of lamivudine and its PEG-complexes. The scarcity of published work regarding
the application of IMS to analyse for ARVDs also means that experimental CCS values for these
compounds are lacking, with the exception of atazanavir.
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Figure 2.9: (A) A schematic diagram of commercially available travelling wave ion mobility
spectrometry (TWIMS) integrated with an orthogonal acceleration quadrupole-time-of-flight mass
spectrometer. Gas phase ions are separated in the TWIMS device (B) in which fragmentation can occur
before or after IMS separation as shown by the time-aligned-parallel procedure where precursor ions
and their corresponding product ions are drift time-aligned. (B) is reprinted with permission from Sun
etal. (2011).
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2.5 Summary

The analysis of ARVDs in the environment has been the focus of extensive research in the last decade,
although the focus of much of this research has been on quantitative analysis using tandem mass
spectrometry. Data regarding the occurrence of ARVDs in the environment has been summarised in
recent reviews by Madikizela et al. (2020), Nannou et al. (2020, 2019), and Ncube et al. (2018). Like
other pharmaceutical compounds, ARVDs are partially eliminated during conventional wastewater
treatment processes. This is true for the polar nucleosidic NRTIs, although the mid-polar nNRTIs
efavirenz and nevirapine show lower removal efficiencies (Schoeman et al., 2017; Wood et al., 2016).
Overall, the concentrations of ARVDs are highly influenced by seasonal variations, with high
concentrations observed in the dry season in contrast to low concentrations observed in the wet season
due to rainwater dilution. Significantly, no information regarding the occurrence of ARVD metabolites

in wastewater is available.

ARVDs vary significantly in terms of their physico-chemical properties (Figure 1), which complicates
the development of analytical methods aimed at the entire array of therapeutic classes in a single
analysis, especially when metabolites are of interest. For example, vastly different solubilities may
complicate method development and validation (Li et al., 2015). Regarding sample preparation, RP-
SPE remains a popular method, despite the low retention of polar nucleosidic NRTIs such as abacavir
(Aminot et al., 2015; Boulard et al., 2018), lamivudine and emtricitabine (Boulard et al., 2018; Funke
et al., 2016; Wood et al., 2016). A remedial intervention has been to use large volume direct injection
to correct for poor recoveries of such compounds (Boulard et al., 2018; Funke et al., 2016). Alternative
extraction techniques such as MIPS (Mtolo et al., 2019), sorption microextration (Mlunguza et al.,

2020; Wooding et al., 2017) have also been explored for these analyses.

Reported methods for the separation of ARVDs have largely used RP-LC columns of various
dimensions and particle sizes. Only two studies reported the use of HILIC for the separation of several
polar NRTIs and transformation products (Boulard et al., 2018; Prasse et al., 2010). SFC has been used
for the separation of several glucuronides, including zidovudine glucuronide (Romand et al., 2016), and
protease inhibitors (Akbal and Hopfgartner, 2017), efavirenz and lamivudine (Alexander et al., 2013),
albeit not in wastewater. This shows the potential of the technique for wastewater analysis. Similarly, a
literature gap exists regarding the application of HR-MS for the screening analysis of non-target
ARVDs and their metabolites. Table 2.4 summarizes the analytical methods applied thus far for the

analysis of ARVDs in wastewater.

44



Stellenbosch University https://scholar.sun.ac.za

Table 2.4: A summary of analytical techniques used for the analysis of ARVDs in wastewater.

Common technigue

Alternative technique

(1) Sample collection
Grab samples.
(500-1000 mL)
(Funke et al., 2016; K’oreje et al., 2018,
2016, 2012; Mlunguza et al., 2020;
Mosekiemang et al., 2019; Ngumba, 2018;
Ngumba et al., 2016a; Rimayi et al., 2018;
Schoeman et al., 2017; Wood et al., 2016,
2015; Wooding et al., 2017; Aminot et al.,
2015, 2016)

(2) Analyte extraction and pre-concentration

Solid phase extraction (SPE)
(off-line¥/on-line®)

Oasis HLB? (Abafe et al., 2018; K’oreje et
al., 2018, 2016, 2012; Ngumba et al., 201643,
2016b; Wood et al., 2015)

MCX® (Aminot et al., 2016, 2015; Ngumba
et al., 2016b)

MAX? (Ngumba et al., 2016b)

Strata SDB-L? (Mosekiemang et al., 2019)
Cleanert PEP? (Schoeman et al., 2017)
QUEChERSs? (Schoeman et al., 2017)

(3) Instrumental analysis
LC-tandem MS (RP-LC, HILIC)
MRM-QqQ-MS:
(Abafe et al., 2018; Aminot et al., 2016,
2015; Mosekiemang et al., 2019; Ngumba et
al., 2016a, 2016b; Wood et al., 2015) (Funke
et al., 2016); Boulard et al., 2018; Prasse et
al., 2010)

Composite samples
(24 h)

(Funke et al., 2016;
Ngumba et al., 2016b;
Aminot et al., 2015)

Lyophilisation

Large volume direct
injection (Mlunguza et
al., 2020;
Mosekiemang et al.,
2019)

LC-HR-MS
Q-TOF-MS:

Funke et al., 2016;
K’oreje et al., 2018,
2016, 2012; Wooding
etal., 2017);
MS"-LTQ-Orbitrap
(Funke et al, 2016)

Passive sampler
Chemcatcher®
(Rimayi et al., 2019)

Sorptive microextration
(PDMS (Wooding et al.,
2017); MIPS (Mtolo et al.,
2019); HF-LPME
(Mlunguza et al., 2020))

GC-MS

GC-TOF-MS:
(Schoeman et al, 2017),
GCxGC-TOF-MS
(Wooding et al., 2017)
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Abstract

The widespread implementation of antiretroviral therapy medication has made antiretroviral drugs
(ARVDs) a significant pharmaceutical class in regions of high HIV infection rates. However, relatively
little is known regarding the environmental occurrence of these emerging contaminants, and this is
especially true for their metabolites. In this work, we report analytical methods to study the
simultaneous occurrence of a range of common ARVDs and some of their known metabolites in surface
water and wastewater. A novel direct injection liquid chromatography-tandem mass spectrometry (LC-
MS/MS) method is reported for the analysis of ARV Ds of different therapeutic classes and their selected
metabolites in wastewater samples. In addition, a solid phase extraction (SPE) procedure was developed
for pre-concentration of ARVs and metabolites from surface water samples. The respective methods
proved suitable for the quantitative analysis of six parent ARVDs from three ARV classes, as well as
three metabolites. Method validation showed average recoveries of 86% for the direct injection method,
and 64% for the SPE method. With the exception of zidovudine and the metabolites of zidovudine and
ritonavir, all target ARV Ds were detected in wastewater samples from two wastewater treatment plants
in the Western Cape, South Africa. Higher concentrations were generally measured in influent
compared to effluent samples, in the dry compared to the wet season as well as in chlorinated compared
to uv-irradiated effluents. This study contributes for the first-time quantitative data on the environmental
occurrence of the known metabolites of nevirapine (12-hydroxy-nevirapine) and efavirenz (8,14-

dihydroxy-efavirenz).
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3.1. Introduction

The link between excretion of pharmaceutical compounds and their environmental occurrence has been
well established (Funke et al., 2016; Vieno et al., 2005; Wood et al., 2015). That is, after ingestion and
by the end of within-body therapeutic processes, unaltered compounds and their metabolites are
eliminated from the body via excreta and enter the sewer system. This suggests that wastewater may
contain community-scale information on trends in pharmaceutical consumption, at least for compounds
which are not excessively transformed and for which the metabolites are relatively stable (Brewer and
Lunte, 2015). Wastewater analysis therefore potentially provides a non-invasive means, complementary
to conventional methods, of obtaining community-level health information (Banta-Green et al., 2016).
Furthermore, information on the levels of pharmaceuticals and their metabolites entering the
environment through wastewater effluent is essential to assess their potential health and environmental
impacts.

Antiretroviral drugs (ARVDs) are an emerging class of environmental contaminants (Abafe et al., 2018;
K’oreje et al., 2018, 2016, Ngumba et al., 2016a, 2016b; Prasse et al., 2010), the environmental impact
of which is still relatively unknown, despite their high consumption rates in the past two decades
(Andrade et al., 2011). Until recently, analytical data for ARVDs were largely limited to human
secretions such as plasma, saliva, meconium etc. (Himes et al., 2013). Indeed, compared to more
common pharmaceuticals, data on the occurrence of ARVDs in wastewater and environmental samples
are still relatively limited (Funke et al., 2016; K’oreje et al., 2016, 2012; Ncube et al., 2018; Ngumba
et al., 2016a, 2016b; Prasse et al., 2010; Wood et al., 2016, 2015). A standard dose of typical
antiretroviral therapy (ART) medication contains active compounds in the range of 300-600 mg, which,
taken two-three times daily implies approximately 600-1800 mg of the active compound(s) per patient
per day (World Health Organization, 2015). If the number of patients on therapy is considered, it is
reasonable to suspect that, despite some analyte loss due to their metabolism and transformation,
ARVDs contribute significantly to the overall pharmaceutical load in wastewater.

Significantly, ART medication may contain constituents of one or more ARV classes, i.e. nucleoside
reverse transcriptase inhibitors (NRTI), non-nucleoside reverse transcriptase inhibitors (nNRTI) and
protease inhibitors (PI) (World Health Organization, 2015). For example, the ART formulation
Trivenz® contains 600 mg efavirenz (nNRTI), 200 mg emtricitabine and 300 mg tenofovir disoproxil
fumarate (both NRTIs). This emphasises the need for analytical methods capable of simultaneous
detection of all the therapeutic classes of ARVDs. However, analytical methods used in previous studies
were mostly focused on a few selected target analytes of specific ARV (K’oreje et al., 2018, 2016,
2012; Ngumba et al., 2016a, 2016b; Wood et al., 2015), with some recent exceptions (Ncube et al.,
2018; Abafe et al., 2018). In light of this, one of the goals of the present work was to develop a multi-
residue direct injection method capable of the determination of multiclass ARVDs and selected of their

metabolites in a single analysis.
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Like other pharmaceuticals, NRTI and nNRTI ARVDs are metabolised via phase | and Il metabolic
processes, which entail hydroxylation and excretion, or further glucuronidation of hydroxylated
metabolites prior to excretion (Aouri et al., 2016; Deng et al., 2015; Riska et al., 1999). For instance,
the NRTI zidovudine is mostly metabolised to zidovudine-glucuronide, which is found in human urine
with the parent compound (Veal and Back, 1995). While nevirapine and efavirenz, both nNRTIs, are
either excreted unchanged or metabolised into several hydroxylated metabolites, which may be further
glucuronidated before excretion (Deng et al., 2015; Riska et al., 1999). In contrast, the Pl class is
typically metabolised to produce simpler fragments of the parent compounds (Andrade et al., 2011).
For example, ritonavir is metabolised into several non-glucuronide derivatives, of which the main
metabolite is desthiazolylmethyloxycarbonyl ritonavir (Denissen et al., 1997). To our knowledge, there
are no documented data regarding the levels of ARV metabolites in wastewater. Inclusion of these
human biomarkers in wastewater analysis will confirm human consumption as the source of ARV
contamination, eliminating other potential sources such as disposal of unused drugs and inputs from
industrial waste (Funke et al., 2016). Expanding the scope of environmental analysis of ARVDs to
include their metabolites is therefore relevant to supplement data reported in previous studies.

In addition to the scarcity of commercially available standards for ARVD metabolites, complicated
method development for target analytes of diverse physico-chemical properties likely contributes to the
limited data on the environmental occurrence of ARVDs and their metabolites. This is also true for
liquid chromatography-tandem mass spectrometry (LC-MS/MS), the method of choice for such
analyses. Sample preparation by solid phase extraction (SPE) is commonly used to overcome matrix
effects for such analyses, although the selectivity of the technique can be a drawback when analysing
of compounds with diverse properties (Backe and Field, 2012). For instance, NRTIs and their
metabolites are relatively polar, and therefore poorly retained on reversed phase SPE beds, unlike Pls
and some nNRTIs (Backe and Field, 2012). It is therefore challenging to devise methods for the
simultaneous extraction of the diverse therapeutic classes of ARVDs in a single step (Wood et al.,
2015). Since ARVDs commonly occur at pug/L levels in wastewater samples (Abafe et al., 2018; K’oreje
et al., 2018, 2012; Ngumba et al., 2016a; Wood et al., 2016) — well within the detection capabilities of
modern LC-MS/MS instruments — SPE sample preparation may result in over-amplification of some
analytes (Backe and Field, 2012), and poor recoveries for more polar compounds (K’oreje et al., 2012).
Large volume direct injection has successfully been applied for wastewater analysis, including for
ARVDs (Funke et al., 2016; Wooding et al., 2017), although the success of this approach depends on
the sensitivity and selectivity of the MS instrumentation and the requirement of minimising matrix
effects.

Considering the above, the objective of this study was to develop two separate LC-MS/MS methods for
the simultaneous analysis of commonly prescribed multiclass ARVDs and their metabolites in
wastewater and surface water samples: a direct injection approach for wastewater samples, and a

modified SPE pre-concentration method for the analysis of surface water. The applicability of the
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developed methods is demonstrated for the analysis of non-sewage-impacted surface water and

municipal wastewater samples.

3.2. Materials and methods
3.2.1 Reagents and chemicals

All analytical standards (Figure S3.1, Supplementary Information (SI)) were of > 99% purity.
Standards for efavirenz (EFZ), emtricitabine (FTC), lamivudine (3TC), nevirapine (NVP), ritonavir
(RTV), zidovudine (ZDV) and zidovudine glucuronide (ZDVG) were purchased from ClearSynth
(Mumbai, India), whereas 8,14-dihydroxy-efavirenz (EFVM), 12-hydroxy-nevirapine (NVPM),
desthiazolylmethyloxycarbonyl ritonavir (RTVM) and nevirapine-Ds (NVP-Ds, the isotopically
labelled internal standard (IL1S)) were purchased from Toronto Research Chemicals (Toronto, Canada).
All solvents were of HPLC grade or better, and were obtained from ROMIL (Waterbeach, Cambridge).
Deionised water was obtained from a Millipore Direct Q3 system (Millipore, Milford, MA, USA).

3.2.2 Sample collection

Samples were collected from two municipal wastewater treatment plants (WWTPs) with diverse
demographic catchment areas and different treatment processes in the Western Cape province of South
Africa (Table S3.1). Sampling was timed to coincide with high daily inflows (~14:30-15:30 pm) at
each plant to maximise chances of acquiring representative samples of the respective catchment areas.
For evaluation of seasonal effects on ARV mass loads, two sampling excursions were undertaken in
April and July 2016 to coincide with the dry and wet seasons, respectively (Section 3.6.1). Samples
from a third sampling excursion to both WWTPs in September 2016 were used to evaluate the efficiency
of tertiary-stage treatment processes (chlorination versus uv-irradiation, Table 3.1). Finally, to evaluate
the effect of the extreme drought experienced in the Western Cape in 2016-2018, a fourth set of samples
were collected from the domestic WWTP (WWTP1, Table S3.1) during April 2018, at the peak of stern
water restrictions.

For simplicity and viability reasons, grab sampling was used (Ort et al., 2010). Since grab sampling
does not provide samples representative of spatial-temporal trends, composite samples (500 mL) were
collected at ~15 min time intervals over 2 h and pooled into a 5 L precleaned conical flask. The
homogenised composite samples were then aliquoted into 500 mL amber bottles cleaned with hot water
and methanol and heated (£50°C) prior to sampling. Bottles were rinsed with the sampled water and
filled with minimal headspace void. Raw wastewater samples were collected at the mixing reservoir
after the grit removal stage, whereas tertiary stage-treated effluent samples (i.e. biologically or
membrane bioreactor (MBR) treated, either chlorinated or uv-irradiated), were collected at appropriate
sampling points or at the discharge spillway (Figure S3.2). The surface water sample was collected

from a creek in the Western Cape, South Africa, at a remote point considered free from human activity.
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All samples were transported to the lab in an insulated box where they were vacuum filtered using 2.7
pm (47 mm) followed by 0.45 pm (25 mm) GF/D glass microfiber filters (Whatman, Maidstone,
England) and kept at -4°C without addition of preservatives prior to processing within 24 h.

3.2.3 Instrumentation and experimental conditions

Analyses were performed on an ACQUITY™ ultra performance LC system, equipped with sample
organizer, solvent manager and column oven modules (Waters, Milford, USA). Separations were
performed using an HSS T3 (1.8 um, 150 x 2.1 mm) column (Waters) thermostatted to 35°C. The
mobile phase gradient started at 98% A (0.1% formic acid) and 2% B (acetonitrile), maintained for 0.2
min and increased to 98% B in 8 min, maintained for 0.5 min before returning to the initial conditions
in 0.5 min for a 3 min re-equilibration period. The flow rate was 0.3 mL/min and the injection volume
2 UL.

The LC was connected to a Xevo TQ-S triple-quadrupole MS equipped with an ESI source (Waters).
MS settings were optimised to achieve the best sensitivity in both positive and negative ESI modes. The
cone and desolvation gas (N2) flows were 150 and 800 L/h, respectively, while the collision gas (Ar)
flow rate was 0.15 mL/min. The capillary and cone voltages were 3.7 kV and 30 V, respectively, and
the source and desolvation temperatures 150°C and 350°C, respectively. Instrument control and data
acquisition were performed using MassLynx v4.1, and data were processed using TargetLynx software
(Waters). Multiple reaction monitoring (MRM) acquisition parameters were optimised based on

intensities of two transitions for each analyte and are summarised in Table S3.2.

3.2.4 Quantitation and method validation

A working standard mixture of all standards at 20 ng/mL was prepared by diluting 1 mL of 100 png/mL
methanol-dissolved stock solutions to 5 mL with deionised water. A NVP-Dj3 (ILIS) stock solution of
10 pg/mL was prepared in acetonitrile, and a working solution (5 mL, 0.1 ng/mL) by 1:99 dilution with
acetonitrile-water (2:98, v/v). Serial dilution of the working standard mixture (20 pg/mL) with equal
proportions (v/v) of either deionised water or methanol-water (3:7, v/v) provided the predominantly
aqueous and the methanol-water (3:7, v/v) batches of standards at 11 concentration levels between 1.220
and 1250 ng/mL. Calibration standards in the concentration range 0.610 — 625 ng/mL were prepared by
dispensing 0.25 mL aliquots of each concentration level, 0.15 mL ILIS (0.1 pg/mL) and 0.1 mL diluent
(deionised water or methanol-water (3:7, v/v)). These two sets of standards were used in the solubility
experiments (Figure S3.4), while spiking and recovery experiments were performed using the
methanol-water batch of the standards.

Method validation parameters evaluated include linearity, selectivity, sensitivity, matrix effects,
accuracy and intermediate precision (Araujo, 2009). Calibration curves were constructed for 8

equidistant concentration levels (0.610-625 ng/mL), with 4 injection repetitions per calibration point.
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Linearity and sensitivity were determined from the calibration graph (Section 3.3.5.1). Matrix effects
and intermediate precision were determined from recovery experiments as outlined below. An overview

of the experimental procedure followed for method validation is presented in Figure S3.3.

3.2.5 Direct injection LC-MS/MS: Procedure and evaluation of recovery and matrix effects

For samples and sample blank analyses, 1.3 mL filtered wastewater samples were spiked with 0.6 mL
NVP-D; (0.1 ug/mL) and diluted to 2 mL (ILIS concentration 30 ng/mL). For recovery experiments,
the ILIS-spiked raw and treated wastewater samples were either analysed as is (blank) or spiked with
0.06 mL of 0.1, 1 or 10 pg/mL methanol-water standard mixtures prior to dilution; dilution to 2 mL
with the sample matrix provided final concentrations of the standards of 3, 30 and 300 ng/mL,
respectively. Recoveries were calculated from the blank-subtracted measured concentrations relative to
the nominal concentration at each spiking level. Matrix effects (% ME) were calculated according to
Eqg. (1) (Stahnke et al., 2012).

% ME = [(Conc-(spikinglevel) - Blank(Matrix)) _ 1] % 100 (3.1)

Nominal Conc.

3.2.6 SPE-LC-MS/MS: Procedure and evaluation of recovery and matrix effects

SPE was only used for surface water samples and was performed using Strata SDB-L cartridges (200
mg/6 mL, Phenomenex, Torrance, CA, USA). Prior to SPE, the pH of a ~49 mL aliquot was adjusted
to 7 with 5% NH4OH or 5% HCOOH (v/v) before adding 0.3 mL of the 0.1 pg/mL NVP-Ds; working
solution and diluting to 50.0 mL with the sample to provide the sample blank (final ILIS concentration
0.6 ng/mL). For pre-extraction spiked samples, 0.03 mL of 0.1, 1 or 10 pg/mL of the methanol-water
(3:7, viv) analyte standard mixture was added to the ILIS-spiked samples prior to final dilution (final
standard concentrations of 0.06, 0.6 and 6 ng/mL, respectively). Post-extraction spiked samples were
prepared by adding 0.03 mL of 0.1, 1 and 10 pg/mL standard mixtures to the dried residue obtained
from SPE (see below) and diluting to 1 mL with methanol-water (3:7, (v/v). Recoveries were calculated
by dividing the blank-subtracted pre-extraction concentration by the blank-subtracted post extraction
concentration (Araujo, 2009). Matrix effects (ME) were estimated using Eqg. (3.2) (Stahnke et al., 2012).

0% ME = [(Conc-(post extracted) — Blank(Matrix)) _ 1] x 100 (32)

COUC-(neat standard)

A 24-port vacuum extraction SPE manifold (Restek, Bellefonte, PA, USA) was used with the following
optimised procedure: cartridges were conditioned sequentially with 4 mL each of acetonitrile, methanol
and deionised water (pH 7). Surface water samples (50 mL) were loaded at ~1 mL/min. Cartridges were
then dried under a stream of nitrogen and eluted with 4 mL methanol/dichloromethane/formic acid
(49:49:2, viviv). The eluate was dried under stream of nitrogen, and sample blanks and pre-extraction

spiked samples were reconstituted to 1 mL with 3:7 methanol-water (v/v).
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3.3 Results and discussion

3.3.1 Solubility profiling of the target analytes

For RP-LC separation, samples should ideally be dissolved in predominantly agueous solvents to
facilitate on-column focussing (Araujo, 2009). This is easily achieved for direct injection of aqueous
samples, and when using SPE sample clean-up by evaporating the elution solvent and redissolving the
residue in an aqueous matrix (Ngumba et al., 2016a, 2016b). However, previous studies on ARVDs in
aqueous samples have focused on selected target analytes only, whereas in the present work a range of
ARVD:s of different chemical classes and metabolites spanning a wide range of polarities were targeted.
The poor solubility of the most hydrophobic analytes (log Kow > 4, EFZ, RTV and RTVM) in aqueous
media was confirmed by much lower response factors for these compounds measured for standard
solutions prepared in predominantly aqueous matrix (Figure S3.4). This could be partially
circumvented by preparing standard solutions in ~30% methanol, a solution previously reported for
hydrophobic analytes (Li et al., 2015) and essential for the analysis of multiclass ARVDs in a single
run. For this reason, methanol-water (3:7, v/v) was used for the preparation of all standard solutions and
samples analysed in this study. However, even under these conditions, RTVM (Kow = 4.74) showed
poor reproducibility and linearity. This is likely due to its adsorption in the injector flow path since
carry-over was also observed for this compound. This could not be avoided by adapting the injector
rinsing conditions using 90% methanol as strong needle wash. This metabolite was therefore excluded

in subsequent experiments due to poor reproducibility.

3.3.2 Chromatographic performance

For the separation of the target analytes, an HSS T3 C18 column was chosen due to the good
performance of this column for analytes of a wide range of polarities (K’oreje et al., 2012). A column
of 15 cm in length and packed with 1.8 um particles was selected to provide good chromatographic
efficiency. This separation performance proved essential for the direct injection of wastewater samples,
where potential interferences were resolved from the target analytes (see below). Furthermore, a
gradient spanning a wide range of organic modifier content (2-98%) was used to exploit focussing of
especially the polar analytes (3TC, FTC and ZDVG) and to separate all compounds within 8 minutes.
A typical total ion chromatogram (TIC) obtained for the analysis of a treated wastewater sample spiked
at 30 ng/L is presented in Figure 3.1. All analytes were sufficiently resolved and spread evenly over
the chromatographic space (except for the partial co-elution of NVP and NVP-Ds, a desirable attribute).
Peak symmetry was relatively good for all analytes (peak asymmetry factors (As) at 5% peak height, ~
1.15 £ 0.10), which also showed commensurate responses across two ionisation modes (ESI- for ZDVG
and EFVM, ESI+ for the remainder of the target analytes). Analyte elution was generally in the order

of therapeutic classes, with NRTIs eluting first, followed by nNRTIs. The PIs RTV and its metabolite
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RTVM eluted before the most hydrophobic nNRTIs (EFZ and EFVM) though. In all cases, metabolites
eluted before their parent compounds.

NVP & NVRD3
ZDV
AZTG EFVM
NVPM Y RTVM RTV EFz
3TC FTC
100
O\O,
L\ - V*_LMW
I ey g )
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Figure 3.1: Exemplary total ion chromatograms (TICs) obtained for the LC-MS/MS analysis of the
target ARVDs and metabolites in a treated wastewater sample spiked at 30 ng/mL. For experimental
conditions, refer to Section 3.2.3. The chromatograms are offset in the y-dimension to improve the

clarity of the figure.

3.3.3 Evaluation of direct injection LC-MS/MS for the analysis of wastewater samples

The reasons for selecting direct injection LC-MS/MS for the current application were two-fold. In the
first instance, the sensitivity of modern triple quadrupole instruments in MRM mode is sufficient for
the analysis of pharmaceuticals in wastewater (Backe and Field, 2012; Brewer and Lunte, 2015), as
indeed confirmed by the validation results reported below. Secondly, because the target analytes
spanned a wide range of polarities, conventional sample clean-up methods like SPE are unsuitable for
all analytes (as confirmed here also, Section 3.3.4). Indeed, compared to previously reported LC-
MS/MS methods utilising SPE sample clean-up (Ngumba et al., 2016b; Peng et al., 2014), the current
method using direct injection extended the range of analytes in terms of both compound classes and the
inclusion of ARVD metabolites. The obvious drawback of direct injection is the risk of matrix effects,
which may result in inaccurate quantification; this places more importance on the chromatographic
separation step.

Indeed, even using restricted MRM settings, potential interferents were detected in raw and treated
wastewater samples, although in all cases these were resolved chromatographically from the target
analytes. The chromatograms in Figure S3.5 show the presence of a compound in treated wastewater
eluting at tz 6.06 min and displaying the same ion transitions as 8,14-dihydroxy-efavirenz (EFVM, tr

5.81 min). EFVM is to our knowledge the only known dihydroxylated metabolite of EFZ, although the
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monohydroxylated derivatives 7- and 8-hydroxy EFZ have been isolated from human urine (Deng et
al., 2015). The additional peak is therefore likely a positional dihydroxylated isomer. To verify this
hypothesis, retrospective LC-quadrupole-time-of-flight (Q-TOF) analysis was performed (Section
S3.2, Sl). High resolution MS data and the fragmentation behaviour of the compound eluting at 6.06
min (m/z 346.0094, C14HsNO4CIF3 < 5 ppm, daughter ions at m/z 262 and 241, Figure S3.6) indicate
that it is closely related to EFVM, and likely a positional isomer such as 7,14-dihydroxy-efavirenz
(considering the monohydroxylated derivatives previously reported (Deng et al., 2015), although this
could not be unambiguously confirmed. Another interferent is shown in Figure S3.5d, where a
compound with the same quantifier transition as NVPM (12-hydroxy-nevirapine) was detected eluting
close to the standard in raw wastewater. This compound did not provide a response for the quantifier
ion transition and is therefore likely an isobaric rather an isomeric derivative. Since it was successfully

separated chromatographically, accurate quantification of NVPM was not affected.

3.3.4 Optimisation and evaluation of SPE sample preparation for surface water samples

For surface water samples, where the target analytes are expected at much lower concentrations, an SPE
method was developed for the pre-concentration of the analytes of interest in the current study.
Considering the poor recoveries reported in the literature for ARVDs of the nNRTI class (Abafe et al.,
2018; Prasse et al., 2010; Wood et al., 2015), a reversed phase (RP) polystyrene-divinylbenzene phase
(Strata SDB-L) suitable for the extraction of organic analytes of diverse polarities and stable over a
wide pH range was used (K’oreje et al., 2012). SPE optimisation focused on ascertaining analyte losses
due to either breakthrough during sample loading or incomplete elution using spiked surface water
samples. The results, summarised in Table S3.4, confirm the poor retention (confirmed by analysis of
the wash solvent) and recovery of the nucleosides ZDVG, 3TC and FTC, in accordance with previous
work (Abafe et al., 2018; Prasse et al., 2010; Wood et al., 2015). No losses due to incomplete desorption
were found for an elution solvent of methanol/dichloromethane/formic acid (49:49:2, v/v/v). Recoveries
for NVP and EFZ were generally good and consistent with past studies (Ngumba et al., 2016b;
Schoeman et al., 2017; Wood et al., 2016). This is to our knowledge the first SPE method reported for
the pre-concentration of ARVD metabolites (NVPM and EFVM) from surface water samples. It is clear
that RP-SPE is only suitable for the extraction of a selected range of ARVDs, primarily those of the
NNRTI and PI classes. For the analysis of polar NRTIs and polar ARV metabolites, poor recoveries
preclude the use of RP-SPE. (Note that the data reported here were obtained for relatively small sample
loading volumes, while much larger volumes often used in literature reports would result in worse
recoveries). Considering the success of the direct injection approach for wastewater samples, it would
be interesting to explore the use of much larger injection volumes (50-100 uL) for surface water
samples, as previously reported for ARVDs (Funke et al., 2016; Wooding et al., 2017) to similarly

avoid the limitations of SPE for these samples; this was not explored in the present work.
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3.3.5 Method validation
3.3.5.1 Calibration and method selectivity

A summary of calibration data and method selectivity criteria is presented in Table S3.3. Internal
standard calibration was performed using Nevirapine-Ds as ILIS. Calibration curves generally showed
good linearity, with coefficients of determination higher than 0.99 for all the compounds over three
orders of magnitude (0.610 - 625 ng/mL) and no heteroscedasticity. Sensitivity for the reported methods
was determined in terms of limits of detection (LODs) and quantification (LOQs) for the direct injection
method (three and ten times the standard error of the y-intercepts divided by the slope, respectively
(Araujo, 2009), and method detection limits (MDLs) and method quantification limits (MQLSs) for the
SPE method (LOD and LOQ values of each analyte divided by the SPE pre-concentration factor and
recovery data reported for surface water in Table S3.4 (Vega-Morales et al., 2010). The lowest and
highest LOD values were recorded for NVP and ZDV, respectively. Apart from ZDV, LOD and MDL
values obtained were comparable to past studies (Ngumba et al., 2016b; Wood et al., 2015). From the
perspective of using direct injection LC-MS/MS, it is important to point out that LOQ values for all
compounds, except for ZDV and ZDVG, are in the range (0.43 — 0.92 ng/mL) where ARVDs are
commonly detected in wastewater samples. To minimise the risk of false positive detection, method
selectivity criteria were based on the ratio of the quantifier (Q) to qualifier (g) ion transitions, set at a
tolerance of +30%, and retention time, set at £0.05 min (SANTE, 2015). Both retention times and
transition ion ratios were within acceptable tolerances for all analytes independent of the matrix (Table
S3.3).

3.3.5.2 Accuracy, intermediate precision and matrix effects

The accuracy of the direct injection LC-MS/MS method was fair to good, as confirmed by the relatively
high analyte recoveries independent of ARV class (Table S3.4). Partial exceptions are the hydrophobic
ARVDs EFZ (and to a lesser extent its metabolite, EF\VM) and RTV, for which recoveries were ~35-
80%. Although recovery experiments were performed using samples prepared in methanol-water (3:7,
v/v) to minimise solubility issues, it seems likely that a combination of poor solubility and matrix effects
associated with co-eluting matrix components at the end of the RP-LC gradient are responsible for the
lower recoveries of EFZ and RTV. Recoveries for RTV were slightly higher in raw wastewater,
suggesting that the matrix of these samples may sustain this compound in solution (Alade et al., 2011).
Despite their lower recoveries and considering their low LODs (Table S3.4), quantification of these
compounds at the sub-ng/mL level is feasible by the direct injection method.

In contrast, SPE recoveries were generally ordered according to analyte polarity (NRTIs < nNRTISs),
except for the PI RTV. For example, ZDVG was not detected at any of the studied concentrations
following SPE sample clean-up, while significant losses were measured for the NRTIs 3TC and FTC;

recoveries were close to 100% for these compounds by direct injection. The low sensitivity for ZDVG
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and its poor retention in SPE meant that recoveries for this compound could not be determined in the
studied range. Furthermore, recoveries for RTV were low at all spiking levels. This may be attributed
to the low solubility of this compound in aqueous matrices (Figure S3.4(i)), which may have resulted
in losses during SPE spiking experiments where aqueous standard solutions were used (Section 3.2.6),
as well as matrix effects due to its elution at the end of the gradient. This may be why this compound
was not detected in a previous study (Wood et al., 2015). Overall, the data reported in Table S3.4
provide clear motivation for the use direct injection as an appropriate technique for the generic screening
of ARVDs and their metabolites in wastewater samples, as a means of avoiding inevitable losses
associated with SPE for compounds spanning such a range of polarities.

The overall precision data (Table S3.5) for both direct injection and SPE methods exhibited low and
random errors across the three studied matrices and were not biased towards any class of ARVDs. As
expected, intra-day repeatability was better than inter-day reproducibility, and generally acceptable.
Matrix effects for the direct injection of wastewater samples showed that ion suppression was more
prevalent than ion enhancement (Table S3.6). This is not unexpected in light of the known vulnerability
of ESI to ion suppression (Stahnke et al., 2012). Generally, the effect was more pronounced for the
hydrophobic compounds EFZ, EVM and RTV. This is likely a consequence of the fact that these
compounds elute at the end of the gradient, where co-eluting hydrophobic matrix constituents may be
responsible for ionisation suppression. The results further reveal that matrix effects are more prevalent
for the direct injection of wastewater samples compared to surface water samples subjected to SPE

clean-up, as would be expected (Table S3.6).

3.3.6 Occurrence of ARVDs and selected metabolites in wastewater samples from two wastewater

plants in South Africa

Despite the effective pre-concentration of most of the target analytes by the developed SPE method
(Table S3.4), none of these were detected in the surface water samples analysed in this work. This is
not surprising considering their origin (a mountain stream with minimal exposure to human activity)
(Vieno et al., 2005). In contrast, all target compounds except for ZDV and ZDVG were detected in
samples from two WWTPs in the Western Cape using the direct injection LC-MS/MS method. The
relatively high LODs for ZDV and ZDVG are likely responsible for the failure to detect these
compounds in the present work. Quantitative data obtained for the target analytes in wastewater samples
are summarised in Table 3.1.

The most prevalent compounds were found to be the NRTIs 3TC and FTC, and the nNRTIs NVP,
NVPM, EFZ and EFVM. It is clear from Table 3.1 that WWTP 1 processed higher concentrations of
ARVDs compared to WWTP 2. This is in accordance with the different influent types of the two sites:
WWTP 1 received predominantly domestic waste, compared to WWTP 2 which mainly processes
industrial wastewater (Table S3.1). The ARVD detected at the highest concentrations in samples from

both treatment plants was FTC, which was measured at much higher concentrations than other
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compounds (172 and 31 ng/mL in raw domestic and industrial inflows, respectively). Among the
guantified analytes, NVP and its metabolite NVPM were present at the lowest concentrations.
Especially noteworthy is that the two metabolites (NVPM and EFVM) quantified in this work occurred
at roughly the same concentrations as their respective parent compounds in influent streams (Table
3.1). This seemingly contradicts pharmacokinetic data indicating that these metabolites account for a
small proportion of the total ARV content in the body effluent (Riska et al., 1999). Based on the good
chromatographic separation obtained using the present method (Figures 3.1 and S3.5) and the method
selectivity criteria, it is unlikely that co-elution of isomeric metabolites is responsible for this
observation. A possible explanation may be that in-pipe losses in the sewage system are more
pronounced for the parent compounds, which are more hydrophobic than their respective metabolites.
As expected, analyte concentrations were generally much higher in influent compared to effluent
samples, indicating the relatively successful removal of ARVDs by established WWTP procedures.
Three distinct groups could be distinguished based on removal efficiencies (Table S3.7), (Botero-Coy
et al., 2018): virtually complete removal was observed for the polar compounds FTC, 3TC, NVPM and
EFVM, whereas EFZ levels were significantly reduced in effluent streams, and for NVP little change
in concentration was observed between influent and effluent streams of WWTP 1. The removal
efficiencies should however be considered in light of the transformation products formed during
wastewater treatment. For example, Funke et al. (2016) have shown that FTC and especially 3TC are
transformed to the respective carboxylic acid derivatives, which may be present in effluent streams at
comparable concentrations as their parent compounds in the influent streams. Overall, biological
treatment was more effective compared to membrane bioreactor (MBR) treatment. Furthermore,
advanced stage treatment by uv-irradiation appears to be more effective compared to chlorination
(Table 3.1). The inefficiency of chlorination in the removal of ARVDs, as well the observed increases
in concentration in effluent streams in some cases have been reported before, particularly for NVP and
EFZ (Schoeman et al., 2017; Wood et al., 2016). The latter observation may be due to reconversion of
the metabolites to their respective parent compounds during the treatment process (Schoeman et al.,
2017; Wood et al., 2016), while sub-optimal WWTP operational conditions may also lead to post-

treatment increments of mass loads (Schoeman et al., 2017).
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Table 3.1: Levels of occurrence (ng/mL) of ARVDs and selected metabolites in raw, treated and tertiary stage treated effluent for samples collected in September

2016. Numbers in parenthesis represent %RSD for sample replicates (n = 5).

WWTP 1 WWTP 2
Influent (A)? Effluent Influent (1)2 Effluent
Analytes Biological MBR® Accumulated Biological MBR treatment
(B)? (C) Chlorinated
effluent (D)? Non uv irradiated (2)? uv irradiated (4)? Non uv irradiated (3)? uv irradiated (5)2

ZDVG n.de n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
ZbV n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
3TC 20.9 (19) <LOQ <LOQ <LOQ 3.67(8) <LOQ <LOQ <LOQ <LOQ
FTC 172 (5) 4.23 (6) 4.60 (6) 41.7 (7) 31.3 (3) <LOQ <LOQ 0.721 (4) 4.06 (10)
NVPM 0.519 (7) <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
NVP 0.681 (2) 0.764 (9) 0.710 (7) 0.658 (8) <LOQ <LOQ <LOQ <LOQ <LOQ

EFZ 15.4 (2) 1.93 (9) 4.27 (4) 9.15 (2) 1.42 (9) 1.22 (2) 0.982 (8) 18.1 (5) 1.97 (7)
EFVM 12.4 (6) <LOQ <LOQ 8.04 (2) 1.48 (6) <LOQ <LOQ <LOQ <LOQ
RTV <LOQ¢ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ

@ Numbers and letters in parenthesis refer to the sampling sites in the respective WWTPs (Figure S2).
b Membrane bioreactor.

¢ Not detected.

dhelow limit of quantification
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Our data further show increases in concentrations of FTC and EFZ in the accumulated chlorinated
effluent collected after biological and MBR treatment, whereas NVP levels remain constant throughout
the treatment process (in agreement with Wood et al., 2016). The reasons for this observation are
unclear and are likely due to the complex interplay between several factors. Insufficient dosing of the
oxidant may be one possible cause, since chlorine has a strong affinity for dissolved organic matter,
which limits its availability for the oxidation of residual pharmaceuticals (Acero et al., 2010. Related
to this, the accumulation of effluent before discharge also implies that fluctuations in influent analyte
concentrations prior to effluent sampling will affect the levels detected in the chlorinated effluent. The
observed increase in the level of EFZ may also partially be attributed to its high Kow and affinity for the
solid phase, which shields it from interaction with the aqueous oxidant (Schoeman et al., 2017).

3.3.6.1 Seasonal patterns of occurrence of ARVDs and their metabolites

Unlike other pharmaceuticals whose consumption is linked to weather-related ailments, dispensation of
ARVD:s is not subject to seasonal variations. However, seasonal variations may impact on the levels of
occurrence of ARVDs in numerous complex ways. For example, dilution during precipitation events
may lead to significantly lower analyte concentrations; severe drought periods often lead to higher
concentrations because of lower dilution due to less rainfall and/or reduced water usage. On the other
hand, increased inflows due to excessive run-off may promote delivery of compound-bearing sewage
water to the WWTP, thereby elevating analyte concentrations. Furthermore, wastewater treatment
processes are affected by biodegradation and sludge-water partitioning, both of which are temperature
dependent (Vieno et al., 2005). A comparison of the levels of the target analytes in the studied WWTPs
in wet and dry seasons for samples collected in April and July 2016 is presented in Figure 3.2, together
with data obtained from a third sampling excursion in April 2018 at the end of an exceptional drought
in the Western Cape province (Section 3.2.2). The relevant quantitative data are summarised in Tables
S3.8 and S3.9.

For the 2016 samples, a significant reduction in the measured levels of most ARVDs was observed in
the wet compared to the dry season for both WWTPs. Generally, the reduction in detected levels was
more significant for WWTP 2, likely due to differences in inflow volumes and composition between
the WWTPs, regarding which no information was available. Somewhat surprisingly, an increase in
concentration was observed for EFZ and its metabolite in the wet compared to the dry season for WWTP
1. This may be a consequence of the low inflows in the dry season, which promote in-pipe settling of
compound-bearing solids, as opposed to the wet season where high flow rates facilitate suspension and
transmission of compound-bearing solids to WWTPs (Peng et al., 2014; Schoeman et al., 2017). The
fact that the most hydrophobic compounds (Figure S3.4) display this unique behaviour seems to

support this hypothesis. As expected, samples collected in April 2018 from WWTP 1 during severe
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water usage restrictions following an extreme drought show much higher levels of the target analytes,
suggesting substantially reduced dilution. Despite these higher concentrations, there is a notable
similarity in the relative prevalence of the respective compounds between 2016 and 2018. The same
generally applies for the relative removal efficiencies for the respective compounds in the drought
period (compare Tables 3.1 and S3.9).
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Figure 3.2: Comparison of seasonal effects on the occurrence of ARVDs and their metabolites in raw
wastewater in the dry and wet seasons for samples collected in April and July 2016 (orange and green)
and at the end of a severe drought (April 2018, blue). Error bars represent standard deviations for sample
replicates (n = 5). Quantitative data are summarised in Tables S3.8 and S3.9. *denotes measurement
below the LOQ.

3.3.6.2 Comparison of quantitative data for ARVDs with previous studies

Several previous studies have investigated the occurance of ARVDs in aqueous environmental matrices
(K’oreje et al., 2016, 2012, Ngumba et al., 2016a, 2016b; Prasse et al., 2010; Wood et al., 2016, 2015;
Wooding et al., 2017), although the target analytes vary considerably between these. The selection of
target analytes can largely be ascribed to prescription preferences in the relevant location, as well as to
some extent to the availability of standards and the suitability of analytical methods. An abridged
comparison of the results obtained in the current work with previous literature reports for environmental
water samples in Africa is presented in Table 3.2. Previous studies mainly focussed on the NRTI and
NNRTI therapeutic classes, with 3TC, ZDV and NVP being by far the most studied compounds. In
South Africa, Wood et al., 2015 recorded the lowest concentrations for these compounds, mostly for
surface water samples. The highest level of 3TC (49 ng/mL) was measured in this study in influent

samples, while Abafe et al., 2018 recorded the highest concentration of ZDV (53 ng/mL) in influent
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samples from the Gauteng province of South Africa, comparable to values reported in Finland by
Ngumba et al. (2016b) (22-62 ng/L). K’oreje et al., 2016 reported very high values for 3TC (167 ng/mL)
in river water samples in the vicinity of high density low-income dwellings in Kenya,; their values for
raw and treated effluent wastewater samples were comparable to the present study. Similar levels (20-
55 ng/L) were measured in wastewater samples in Finland (Ngumba et al., 2016b). Levels of NVP
found in the present study were of the same order of magnitude as those reported by Schoeman et al.,
2017 for WWTPs in Gauteng and Wood et al., 2015 in surface and WWTP samples from across South
Africa. Comparatively, higher concentrations for NVP (2.80 ng/mL) were reported by Abafe et al.,
2018 in influent/effluent samples from the Gauteng province of South Africa (much higher
concentrations were measured in Finland — 8-19 ng/L (Ngumba et al., 2016b). ZDV was not detected
in any of the samples investigated in the present study, in contrast to significant concentrations
measured in surface- and wastewater sample from Kenya (K’oreje et al., 2016; Ngumba et al., 2016a)
and South Africa (Wood et al., 2015). Considering the levels reported in these studies, the fact that
ZDV was not detected in the present work is due to the high LOD for this compound. FTC has
previously been reported in German WWTP samples (Funke et al., 2016). To the best of our knowledge,
this is the first report of the presence of FTC in African wastewater samples; this compound was indeed
the major ARV detected in the present study. Bischel et al., 2015 reported a similar concentration (100
ng/mL) in source-separated urine from a bucket toilet system, which implies that the compound is
excreted in significant amounts in human urine and would therefore be expected in wastewater samples.
Abafe et al., 2018 recorded slightly higher concentration of EFZ (35 ng/mL) in wastewater samples
from Gauteng than those measured in the present work. This compound was detected at concentrations
below the LOQ in South African river water samples by Wood et al., 2015. EFZ has also been quantified
at pg/mL levels in South African wastewater samples (Schoeman et al., 2017) and at lower levels in
surface water samples (Wooding et al., 2017) using one- and two-dimensional gas chromatography.
Similar to the findings of Wood et al., 2015 for predominantly river water samples, RTV was detected,
but could not be quantified in the 2016 wastewater samples in the present work. However, relatively
high concentrations of this compound (20 ng/mL) were detected in the samples collected in the drought
period (Section 3.2.2). Concentrations up to 3.20 ng/mL were recently reported for wastewater samples
from Gauteng (Abafe et al., 2018).

This is the first report of the levels of the ARVD metabolites NVPM and EFVM in wastewater samples.
Our findings show that similar levels of these compounds compared to their respective parent drugs
were present in the wastewater streams, indicating that future work should certainly include metabolites
in order to assess their environmental impact. Generally, the prevalence of ARVDs in aquatic systems
evident from this and other studies reflect the widespread and sustained utilisation of these drugs, which

may warrant further investigation into the health implications of pre-exposure to these compounds.

76



Stellenbosch University https://scholar.sun.ac.za

Table 3.2: Comparison of ARVD and selected metabolite levels in surface and wastewater samples

between the present and previous studies in South Africa and across Africa. Values from the present

study are for all samples analysed (Section 3.2.2).

Analyte  Concentration (ng/mL)
Present In South Africa Elsewhere in Africa
study*

ZDVG n.d. Not reported Not reported

ZDV n.d. 6.9-53"", 0.09-0.50°" (Abafe et al., 2018); <LOD- 12-20°%, 0.09-0.11%, 0.04-17%" (K oreje et
0.97°¢* (Wood et al., 2015) al., 2016); ~2-9¢" (K’oreje et al., 2012);

<LOQ-7.7%¢" (Ngumba et al., 2016a)

3TC 3.67-48.7 0.84-2.2"", <LOD-0.13%" (Abafe et al., 2018); 30-61°", 20-31¢*, <LOD-167¢" (K oreje et

<LOD-0.24%¢" (Wood et al., 2015) al., 2016); ~0.6-1.5%" (K oreje et al., 2012);
<LOQ-5.4%¢" (Ngumba et al., 2016a)

FTC 0.721-352 Not reported Not reported

NVPM 0.519-4.30 Not reported Not reported

NVP 0.658-1.43 0.67-2.8%", 0.54-1.9°" (Abafe et al., 2018); ~0.05-  0.85-3.3"", 1.0-2.1¢", 0.03-5.6°" (K oreje et
0.20°**, ~0.10-0.20"", ~0.10-0.45%"" (Schoeman et al., 2016); ~0.5-2¢" (K oreje et al., 2012);
al., 2017); <LOQ-1.5>¢"(Wood et al., 2015); <LOQ-4.9%¢" (Ngumba et al., 2016a)
<LOQ-0.23*"" (Wooding et al., 2017a)

EFZ 0.982-18.2 24-34°", 20-34°" (Abafe et al., 2018); ~5.6-13""", 0.46-1.0"", 0.01°", <LOD-0.56°" (K oreje et
~3.8-7.6°", ~3.9-4.0%"" (Schoeman et al., 2017); al., 2016)
<LOQ"¢" (Wood et al., 2015); <LOD-0.15¢""
(Wooding et al., 2017a)

EFVM 1.48-15.2 Not reported Not reported

RTV 0.787-20.0 1.6-3.2°%, 0.46-1.5%" (Abafe et al., 2018); <LOQ®®"  Not reported

(Wood et al., 2015)

anot detected.

®influent, ¢ effluent and ¢ tertiary treated effluent; ¢ surface water.
* denotes analysis by LC-MS/MS, ** analysis by GC-TOFMS, ™" analysis by GCxGC-TOFMS:

3.4 Conclusions

This study has demonstrated the suitability of direct injection LC-ESI-MS/MS for the simultaneous

quantification of all three major therapeutic classes of ARVDs and selected metabolites in aqueous
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matrices. This is the first reported method for the simultaneous analysis of n(NRTI, NRTI and PI ARVDs
and metabolites by direct injection. For the investigation of such a wide range of analytes, RP-SPE
sample clean-up was found to suffer from significant losses of polar targets, whereas the performance
of the latest generation triple quadrupole instruments was found to be sufficient for the detection of
ARVDs in wastewater samples following direct injection. The direct injection method demonstrated
sufficient selectivity, sensitivity and quantitative performance for the quantification of the target
analytes. Except for the polar NRTIs ZDV and ZDVG, all target analytes belonging to NRTI, nNRTI
and PI classes were detected in raw and treated wastewater, while none of the target compounds was
detected in surface water. This is the first report of the presence of ARVD metabolites in wastewater
streams. Known metabolites of nevirapine (12-hydroxy-nevirapine) and efavirenz (8,14-dihydroxy-
efavirenz) were detected at roughly similar concentrations as the parent drugs, while our data point to
the possible occurrence of additional metabolites in these samples. Generally, concentrations of
compounds were higher in raw compared to treated wastewater, in domestic compared industrial
wastewater as well as in dry compared to wet seasons (the latter especially evident during a severe
drought period in the sampling area). Removal efficiency of ARVDs varied from complete elimination
for some compounds (lamivudine, 8,14-dihydroxy-efavirenz) to close to zero for others (nevirapine).
Tertiary stage treatment efficiency was higher in biologically compared to MBR treated waste with
subsequent uv-irradiation in the WWTPs studied here.
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Chapter 3

Supplementary information for:

Simultaneous quantification of commonly prescribed antiretroviral
drugs and their selected metabolites in aqueous environmental samples
by direct injection and solid phase extraction liquid chromatography -

tandem mass spectrometry
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Section S3.1
Nucleoside reverse transcriptase inhibitors (NRTIs)
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Figure S3.1: Structures of the target analytes with their known pKa, values (strongest acid/strongest base) (K’oreje et al., 2016;
Prasse et al., 2010; Wood et al., 2015)
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Study area

Raw and treated wastewater samples were collected from two WWTPs in the Western Cape province,
South Africa. Both plants predominantly use biological treatment processes (primary stage-grit
removal, and secondary stages using activated sludge and aeration tanks) and both operated a small-
scale membrane bioreactor treatment process. However, the main difference between the two plants is
the advanced treatment process, where WWTP 1 uses chlorination and WWTP 2 uv-irradation (Table
S3.1, Figure S3.2). Surface water was at an isolated point - deemed free from anthropogenic impact -

along a perennial creek originating from a natural spring in the mountains in the Western Cape province.

Table S3.1: Information on the sampling sites used in this study. Refer to Figure S3.2 for further

details on the treatment processes and sampling sites at each WWTP.

Location Influent type Catchment demography Capacity Treatment process
(ML/day)
WWTP 1 95% Domestic High density low income 55 Activated sludge / MBR?/
chlorination
WWTP 2 80% Industrial Mixed income and 46 Activated sludge / MBR / uv-
predominantly industrial irradiation
Spring water Protected environmental Perennial Unaltered natural flowing water

physical feature

aMBR — Membrane bioreactor
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Sampling sites

(a) WWTP 1
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—®—

Anaerobic/aerobic system

(b) WWTP 2

MBR system —@-

—O—

Anaerobic/aerobic system 4@1

— Chlorination pond

uv-irradiation

uv-irradiation

MBR system

Combined effluent

Figure S3.2: Schematic diagrams of the treatment processes used at WWTPs 1 and 2 where samples

were obtained for the study. Circled numbers and letters indicate the sampling points at each WWTP.
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2 mL influent/Effluent

50 mL surface water

Standards

0.610 —625 ng/mL

\l, J, 30 ng/mLILIS
pH adjustment (pH = 7) with 5% NH,OH or 5% HCOOH (v/v)
Spike 3,30 & 300 ng/mL Spike 0.06, 0.6 & 6 ng/mL
30 ng/mLILIS 30 ng/mLILIS
Non spiked sample (blank) Non spiked sample (blank)
Filtering
SPE clean up (Strata SDB-L, 200 mg/6 mL)
\I, ¢ Conditioning (4 mL ACN + 4 mL MeOH)
. L e Equilibration (4 mL water, pH 7)
Direct injection ¢ Sample load (50 mL sample at 1 mL/min)
e Cartridge drying (vacuum drying for 15 min)
*  Elute 4 mL (DCM/MeOH/FA, 49/49/2, v/v/v)
* Eluate drying (N,)
* Resuspension of extract (1 mL MeOH-Water, 3:7 v/v)
Post extraction spike
* 0.06,0.6 &6 ng/mL
* 30 ng/mLILIS and a blank sample
Y v Y

UHPLC-MS/MS

Figure S3.3: A workflow scheme representing the procedure used for method validation.

Abbreviations: Acetonitrile (ACN), isotopically labelled internal standard (ILIS), formic acid (FA),

dichloromethane (DCM), methanol (MeOH).

Table S3.2: Optimised LC-ESI-MS/MS MRM conditions used for the analysis of the target ARVs

and their metabolites.

Analyte MW ESI(z) Quantifier CVICE? Qualifier CVICE?
(g/mol.) transition (V/eV) transition (V/eV)
zidovudine glucuronide (ZDVG) 443.4 - 442.0>125.0 20/20 442.0>113.0 20/20
zidovudine (ZDV) 267.2 + 268.0 >127.0 20/20 268.0>110.0 20/20
lamivudine (3TC) 229.3 + 230.0>226.1 30/15 230.0>95.1 30/25
emtricitabine (FTC) 247.3 + 248.0 > 130.6 15/15 248.0 > 1135 15/30
12-hydroxy-nevirapine (NVPM) 282.3 + 283.2>223.0 20/25 283.2>196.1 20/30
nevirapine (NVP) 266.3 + 267.3>226.1 20/30 267.3>107.1 20/15
efavirenz (EFZ) 315.7 + 316.1>168.0 20/30 316.1>244.1 20/25
8,14-dihydroxy-efavirenz (EFVM) 347.7 - 346.0 > 261.8 20/15 346.0 >241.8 20/20
ritonavir (RTV) 720.9 + 721.5>296.1 15/15 721.5> 4265 15/15
desthiazolylmethyloxycarbonyl 579.8 + 580.1 > 268.1 20/25 580.1 >410.1 20/25

ritonavir (RTVM)

aCV: Cone voltage (V), CE: collision energy (eV).
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Table S3.3: Summary of calibration data and method selectivity criteria for both direct injection and
SPE LC-MS/MS methods.

Analyte Range R? LOD? MDLP tR° q/Q¢
(ng/mL) (ng/mL) (ng/mL) (min.)

ZDVG 0.72 - 625 0.999 0.727 0.015 3.12+0.040 0.36+0.03
ZDV 11.2 - 625 0.998 11.2 0.224 3.72+0.001 0.05+0.01
3TC 0.198 - 625 0.995 0.198 0.004 2.38+0.005 0.04+0.01
FTC 0.276 - 625 0.995 0.276 0.006 2.81+0.004 0.11+0.01

NVPM 0.191 - 625 0.997 0.191 0.004 4.00+0.004 0.75+0.04
NVP 0.128 - 625 0.998 0.128 0.003 4.49+0.001 0.42+0.04
EFZ 0.179 - 625 0.996 0.179 0.004 7.40%0.003 0.57+0.05

EFVM 0.238 - 625 0.998 0.238 0.005 5.80+0.003 0.47+0.06
RTV 0.236 - 625 0.992 0.236 0.005 7.20+0.004 0.33+0.04

RTVM 16.34 - 625 0.966 16.34 n.g. 5.27+0.001 0.14+0.01

aLimit of detection for the direct injection method.

® Method detection limit for the SPE method.

¢ Average tr * standard deviation for the calibration standards, fortified and real samples (n < 64), except for ZDV
and ZDVG where the standard deviation was calculated for calibration standards and fortified samples (n = 44).

dRatio of qualifier (q) to quantifier (Q) ion transitions + standard deviation for standards, fortified and real samples
(n < 64), except for ZDV and ZDVG (n = 44).

¢ not quantified due to lack of recovery data.
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Figure S3.4: Comparison of calibration curves obtained for the target ARVs and metabolites for

standard solutions prepared in predominantly aqueous medium (o) and (0) 3:7 methanol-water (v/v).

Replicate injections are displayed as individual data points. Log Kqw and water solubility values

reported were estimated using EPI Suite™ (US Environmental Protection Agency, 2012).
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Figure S3.5: Typical total ion chromatograms obtained for the LC-MS/MS analysis of EFVM (a) and
NVPM (b) standards (9.765 ng/mL in methanol-water, 3:7, v/v), and the same transitions obtained for
treated (c) and raw (d) wastewater samples by direct injection. The top chromatogram in each panel
represents the quantifier (Q) and the bottom the qualifier (g) ion transitions. The peak labelled (1) in
(b) is an isomer of EFVM detected in a treated wastewater sample (refer to Section S3.2 and Figure

S3.6 for further details), while the peak labelled (2) in (d) is a likely isobaric derivative of NVPM.
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Section S3.2: LC-Q-TOF analysis of potential interferents detected in wastewater samples
Experimental

An ACQUITY™ ultra performance LC system as described in Section 3.2.3 was interfaced to a Waters
Synapt G2 Q-TOF mass spectrometer. Separation was achieved using the same column and solvents as
discussed in Section 3.2.3, with the exception that the flow rate was 0.25 mL/min and the following
longer gradient was used: 0 — 28% B (0 - 22 min), 28 — 40% B (22 - 2.5 min), 40 — 80% B (22.50 — 40
min), 80 — 100% B (40 — 42 min), 100 — 0% B (42 — 43 min), followed by re-equilibration (43 — 45

min).

The mass spectrometer was operated in the negative ionisation mode. Capillary and cone voltages were
set at 3.0 kV and 25 V, respectively. The source and desolvation temperatures were 120" and 275°C,
and nebulisation desolvation and cone gas flows were 650 L/h and 50 L/h, respectively. Data were
acquired using two functions: a low collision energy (LE) function with a trap collision energy of 6 eV
and a scan range of 120 — 2000 Da, and a high collision energy (HE) MSE function with a collision
ramp of 20 — 60 eV and a scan range 40 — 2000 Da. The mass spectrometer was calibrated using sodium
formate over the mass range 50 — 1200 Da, and leucine-enkephalin was used as lockmass reference
(deprotonated ion at m/z 554.2615) infused during the analysis.
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Figure S3.6: Extracted ion chromatograms obtained for the LC-Q-TOFMS analysis of (a) a 8,14-dihydroxy-Efavirenz (EFVM) standard at 10 pg/mL, and (b)
SPE-processed raw wastewater sample. Low energy (LE) spectra for the standard (c), EFVM in the sample (tr 26.94 min) (d) and a suspected positional isomer

of EFVM (e) as well as high collision energy (HE) spectra for the sample compounds are compared.
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Table S3.4: Summary of recovery data obtained for the target analytes in raw and treated wastewater (spiked at 3, 30 and 300 ng/mL, n = 12) analysed by
direct injection LC-MS/MS and SPE pre-concentrated surface water samples (spiked at 0.06, 0.6 and 6 ng/mL, n = 9). Numbers in parentheses represent
%RSDs for inter-day precision.

Analytes % recoveries for direct injection samples % recoveries for SPE-processed samples
LOQ Influent (ng/mL) Effluent (ng/mL) MQL Surface water (ng/mL)
(ng/mL) 3 30 300 3 30 300 (ng/mL) 0.06 0.6 6
ZDVG 2.42 n.d.? 91.7 (5) 95.2(8) n.d. 101 (9) 96.4 (7) n.g.° n.d. n.d. n.d.
ZDV 37.5 n.d. 107 (10) 112 (9) n.d. 97.7 (6) 113 (8) 0.86 n.d. 74.7 (7) 100 (2)
3TC 0.661 99.6 (9) 100 (4) 106 (8) 108 (1) 106 (4) 107 (1) 0.03 48.9 (3) 32.6(8) 425(3)
FTC 0.919 90.0 (3) 105 (4) 95.6 (4) 85.5(9) 62.7 (2) 103 (3) 0.04 58.1 (10) 43.3(7) 50.1(4)
NVPM 0.638 80.5 (5) 105 (6) 107 (9) 78.3 (6) 101 (4) 102 (3) 0.02 91.3 (6) 66.8(3) 77.6(2)
NVP 0.425 110 (3) 102 (5) 101 (1) 110 (3) 97.0 (5) 98.9 (2) 0.01 94.7 (3) 679(3) 77.8(2)
EFZ 0.596 57.1(2) 50.3 (6) 46.5 (5) 77.8(5) 59.9 (4) 59.1 (10) 0.02 87.4 (8) 64.4(8) 749(5)
EFVM 0.794 105 (3) 82.9 (9) 77.1(2) 103 (9) 75.2 (6) 76.8 (6) 0.02 67.9 (5) 61.4(5) 77.8(9)
RTV 0.787 41.1(4) 48.3 (11) 52.8 (9) 41.7 (1) 35.6 (2) 63.9 (7) 0.06 17.2(3) 19.3(4) 39.2(5)

@ Not detected.

b Not quantified due poor recovery by SPE.
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Table S3.5: Precision data (%6RSD)? obtained for the fortified samples (n = 9) of surface water by SPE-LC-MS/MS and effluent and influent wastewater

samples by direct injection LC-MS/MS.

Precision Analytes

ZDVG DV 3TC FTC NVP NVPM EFZ EFVM RTV
Intra-day
3 ng/mL - - 21216 5/6/3 4/3/5 3/715 5/5/2 2/5/4 3/1/5
30 ng/mL -1718 71613 9/21/3 5/21/8 4/11/2 4/1/1 6/2/8 6/2/4 10/3/1
300 ng/mL -11/2 2/817 21212 5/4/5 1/2/1 2/2/1 715173 21312 10/3/3
Inter-day
3 ng/mL - - 3/1/9 10/9/3 3/3/3 6/6/5 8/5/2 5/9/3 3/1/4
30 ng/mL -/9/5 7/6/10 8/4/4 71214 3/5/5 3/4/6 8/4/6 5/6/9 4712711
300 ng/mL -/718 2/8/9 3/1/8 4/3/4 21211 2/3/9 5/10/5 9/6/2 5/719

2Values are displayed in italic font/bold font/normal font for surface water/effluent/influent samples, respectively.

Table S3.6: Matrix effects (%)* measured for fortified samples® (n = 9) of surface water by SPE-LC-MS/MS and effluent and influent wastewater samples by
direct injection LC-MS/MS. Data were calculated using Equations (1) and (2) (Experimental Section) for direct injection and SPE methods, respectively.

Matrix effect Analyte

ZDVG ZDV 3TC FTC NVP NVPM EFZ EFVM RTV
Low® - - -2/81/0 9/-15/-10 -3/10/10 -0.4/-221-20 -71-221-43 -39/3/5 21/-58/-59
Mid® -/1/-8 -02/-2/7 -6/6/0 -5/-371/5 -2/-3/2 -22/11/5 -10/-40/-50 -39/-25/-17 1/-64/-52
High® -/-4/-5 12/13/12 09/7/6 6/3/-4 -0.1/-1/1 18/217 -2/-41/-53 -20/-23/-23 13/-36/-47

aValues are displayed in italic font/bold font/normal font for surface water/effluent/influent samples, respectively.

bspiking levels: Low = 3 and 0.06 ng/mL, Mid = 30 and 0.6 ng/mL, High = 300 and 6 ng/mL, for direct injection and SPE methods, respectively.
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Table S3.7: Estimated removal efficiencies (%) for ARVDs and their metabolites in WWTPs 1 and 2. Data represent average values determined for samples
collected in April, July and September 2016.

Effluent type Removal efficiency (%)
ZDVG ZDV 3TC FTC NVPM NVP EFZ EFVM RTV
Chlorinated n.d. n.d. 100 76 100 3 40 33 n.d.
uv-MBR n.d. n.d. 100 98 100 100 -38 100 n.d.
uv-Biological n.d. n.d. 100 100 100 100 31 100 n.d.
Removal efficiencies (%) were calculated according to Botero-Coy et al., (2018) using equation S1:
Removal efficiency (%) = 100 x (1 - %) (Eq. S3.1)

Table S3.8: Levels of occurrence (ng/mL) of ARVs and selected metabolites in raw wastewater for samples collected in April and July 2016 (wet and dry
seasons, respectively). Numbers in parenthesis represent %RSD for sample replicates (n = 5).

Season and sampling sites Analytes

ZDVG ZbV 3TC FTC NVP NVPM EFZ EFVM RTV
Dry? (WWTP 1) n.d.c n.d. 31.6 (3) 144 (7) <LOQ¢ 0.749 (8) 0.646 (2) 1.41 (6) n.d.
Wet® (WWTP 1) n.d. n.d. 16.2 (4) 119 (3) <LOQ 0.607 (8) 5.23 (4) 3.00 (6) n.d.
Dry? (WWTP 2) n.d. n.d. 4.29 (3) 15.8 (3) <LOQ <LOQ 0.793 (4) n.d. n.d.
Wet® (WWTP 2) n.d. n.d. 1.87 (1) 7.05(1) <LOQ <LOQ <LOQ n.d. n.d.

2 refers to samples collected in April 2016
b refers to samples collected in July 2016
¢ not detected

4 below limit of quantification
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Table S3.9: Levels of occurrence of ARVs and their metabolites in raw and tertiary treated effluent
(ng/mL) for samples collected in April 2018 during a severe drought. Values in parenthesis are %RSD
for sample replicates (n = 5).

Analytes Influent (A)? Effluent
Biological (B)? MBR’(C)®  Accumulated chlorinated effluent (D)?

ZDVG n.d.c n.d. n.d. n.d.
DV n.d. n.d. n.d. n.d.
3T1C 48.7 (3) n.d. n.d. n.d.
FTC 352 (3) 75.2(3) n.d. 56.0 (2)
NVPM 4.30(0.2) 3.23(4) n.d. 2.38(2)
NVP 1.43 (6) 1.94 (2) 1.64 (2) 1.49 (4)
EFZ 18.2 (4) 45.6 (3) 17.3 (5) 15.6 (5)
EFVM 15.2 (8) 19.0 (7) n.d. n.d.
RTV 20.0 (0.6) 20.6 (0.5) 18.9 (0.1) 19.2 (0.2)

@ Numbers and letters in parenthesis refer to the sampling sites in the respective WWTPs (Figure S2).
b Membrane bioreactor.
¢ Not detected.
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Chapter 4

Evaluation of supercritical fluid chromatography-tandem mass
spectrometry (SFC-MS/MS) for the analysis antiretrovirals and their

selected metabolites in wastewater
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Abstract

Supercritical fluid chromatography (SFC) is increasingly being used in pharmaceutical analysis, where
it has demonstrated a wide application range. The technique has however found relatively limited
application in the determination of pharmaceuticals in environmental samples. Here we report an
evaluation of the potential of SFC-MS/MS as an alternative to UHPLC-MS/MS for the analysis of
antiretroviral drugs (ARVS) and selected metabolites in wastewater samples. A range of stationary
phases were screened for the separation of six commonly prescribed ARVs and three known
metabolites. An optimised method suitable for the analysis of all target parent drugs and a known
metabolite of nevirapine was developed on an Acquity UPC? BEH column using a gradient of up to
60% methanol as modifier. In addition, lyophilisation was evaluated as sample pre-treatment step for
the pre-concentration of the target analytes from wastewater samples. This method was validated, and
its performance compared to a recent UHPLC-MS/MS method utilising direct injection and SPE sample
clean-up reported for the same application. The SFC-MS/MS method provided good chromatographic
performance and acceptable peak shapes and sensitivity, with the exception of two ARV metabolites,
which could not be detected using positive electrospray ionisation. Limits of detection were generally
higher than measured by direct injection UHPLC-MS/MS, and linear ranges were narrower, although
in combination with lyophilisation method detection limits were sufficient for the trace-level detection
of the target analytes in wastewater samples. Significantly improved recoveries for the polar nucleoside
ARVs lamivudine and emtricitabine were obtained by lyophilisation compared to SPE samples clean-
up, whereas recovery data for the hydrophobic analytes were comparable for both methods. Matrix
effects measured for influent and effluent wastewater samples revealed severe ion suppression for
lamivudine in lyophilised samples. Finally, analysis of a wastewater samples confirmed excellent
agreement between quantitative data obtained by SFC- and UHPLC-MS/MS. Overall, SFC is shown to

be a viable complementary alternative to LC for the analysis ARVSs in environmental samples.
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4.1 Introduction

The deterioration of aquatic ecosystems as a result of the sustained discharge of toxic and
environmentally-persistent contaminants into rivers and streams has become an important
environmental problem (Fatta-Kassinos et al., 2011). The environmental release of pharmaceuticals is
of particular concern, due to ecosystem alterations that may result from the presence of these
compounds (Oller et al., 2011; Pal et al., 2014). Recent research has confirmed the emergence of a more
complex class of pollutants in the form of human-excreted remnants of pharmaceuticals and their
metabolites (Brown and Wong, 2015; Camacho-Mufioz and Kasprzyk-Hordern, 2015). Antiretrovirals
(ARVs) represent a class of emerging pharmaceutical contaminants which have received significant
attention in recent years (Mlunguza et al., 2020; Peng et al., 2014; Prasse et al., 2010; Wood et al.,
2015). The development of analytical methods targeting ARV drugs and their metabolites is therefore
important in order to complement the ongoing surveillance and biomonitoring of pharmaceutical

pollutants in aquatic ecosystems.

Currently, liquid chromatography-tandem mass spectrometry (LC-MS/MS) is the mainstream
technique for the detection of emerging trace-level environmental pollutants (Abafe et al., 2018;
Ngumba et al., 2016). However, the diversity in physicochemical characteristics of the main ARV
classes — nucleoside reverse transcriptase inhibitors (NRTIs), non-nucleoside reverse transcriptase
inhibitors (NNRTIs) and protease inhibitors (PIs) — means that most LC-MS/MS methods are mainly
suitable for selected target ARVs (Mosekiemang et al., 2019). This is exacerbated by the common use
of reversed-phase (RP) solid phase extraction (SPE) for sample clean-up (Brown and Wong, 2015),

which limits the scope of current validated methods.

Supercritical fluid chromatography (SFC) offers an alternative to HPLC for the analysis of
pharmaceutical compounds (Alexander et al., 2012, 2013; Desfontaine et al., 2016; Desfontaine and
Guillarme, 2015; Grand-Guillaume Perrenoud et al., 2012a; Novakova et al., 2014; Romand et al.,
2016). Although not historically considered suitable for this purpose — SFC is prone to peak broadening,
especially for polar, basic compounds (Desfontaine et al., 2016; Grand-Guillaume Perrenoud et al.,
2012b, 2012a) — the re-emergence of packed-column SFC and the availability of improved
instrumentation have highlighted the potential of the technique for pharmaceutical analysis (Alexander
et al.,, 2013, 2012; Desfontaine and Guillarme, 2015; Grand-Guillaume Perrenoud et al., 2012b;
Novakova et al., 2014). SFC offers several potential benefits compared to HPLC, including faster
analyses and lower pressures (due to increased diffusion and lower viscosity, respectively), lower
organic solvent consumption (Alexander et al., 2013; Desfontaine et al., 2016, 2015; Desfontaine and
Guillarme, 2015; Dispas et al., 2016; Grand-Guillaume Perrenoud et al., 2012a; Lemasson et al., 2015;
Tarafder, 2018) and alternative selectivity (Ashraf-Khorassani and Taylor, 2010; Grand-Guillaume

Perrenoud et al., 2012a). The technique is also compatible with ESI-MS detection, and therefore
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suitable for trace-level environmental analyses. Although SFC is increasingly being used in
pharmaceutical analysis (Alexander et al., 2012; Desfontaine et al., 2015; Grand-Guillaume Perrenoud
et al., 2012a), including ARVs (Akbal and Hopfgartner, 2017; Alexander et al., 2013), the technique
has to date found limited application in the analysis of pharmaceutical contaminants in environmental
samples (Camacho-Mufioz and Kasprzyk-Hordern, 2015; Svan et al., 2018).

For the analysis of multi-class ARVSs in environmental samples, there is a need for a more universal
mode of sample preparation (Backe and Field, 2012; Brewer and Lunte, 2015; Ngumba et al., 2016).
SPE is widely used for this purpose, but recoveries are analyte-dependant (Ngumba et al., 2016; Prasse
et al., 2010). For example, polar NRTIs such as lamivudine (3TC) and emtricitabine (FTC) are not
effectively retained on RP SPE cartridges, resulting in poor recoveries. Lyophilisation offers a relatively
unexplored, simple and inexpensive alternative to SPE (Hu et al., 2014; Narayan et al., 2011). The
technique has found limited application in the enrichment of diverse compounds from aqueous
environmental samples to date (de VVoogt et al., 2000; Hirsch et al., 1998; Hu et al., 2014; Ramirez et
al., 2014), including for the analysis of some ARVs by HILIC-MS/MS (Boulard et al., 2018).
Lyophilisation offers several potential benefits, including its low cost and high throughput, but most
importantly it offers an environmentally benign form of sample preparation (Hu et al., 2014). On the
other hand, potential drawbacks of the technique include loss of volatile analytes (de VVoogt et al., 2000),
potential irreproducible recoveries due to operational errors (Hirsch et al., 1998; Ramirez et al., 2014)
and the fact that it is not suitable for sample clean-up and may co-concentrate interferents along with

the analytes of interest.

In this work, we report an evaluation of the combination of lyophilisation and SFC-MS/MS as a novel
and environmentally friendly alternative analytical approach to SPE-LC-MS/MS for the analysis of
multi-class ARVs in municipal wastewaters. Quantitative data obtained for six ARV compounds
belonging to all three therapeutic classes, and two ARV metabolites, are compared to those obtained by
a validated UHPLC-MS/MS method recently reported (Mosekiemang et al., 2019), and the potential

benefits and limitations of the proposed methodology are discussed.

4.2 Experimental
4.2.1 Chemicals and reagents

Analytical standards (>98% purity) for 12-hydroxy nevirapine (NVPM), efavirenz (EFZ), emtricitabine
(FTC), lamivudine (3TC), nevirapine (NVP), ritonavir (RTV) and zidovudine (ZDV) were obtained
from Clearsynth (Mumbai, India), while 8,14 dihydroxy efavirenz (EFVM), deuterated nevirapine
(NVP-D3), desthiazolylmethyloxycarbonyl ritonavir (RTVM), and zidovudine glucuronide (ZDVG)
(>98% purity) were obtained from Toronto Research Chemicals (Toronto, Canada) (Figure 4.1). All

reagents used in this study were LC-MS grade or better. Methanol (MeOH) was supplied by Romil Ltd.
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(Waterbeach, Cambridge, GB). Formic acid (FA) and ammonium hydroxide (NH4OH) were supplied
by Merck Millipore (Cape Town, South Africa). Laboratory water was prepared in-house using a
Millipore Direct Q3 system.

HO
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Figure 4.1: Molecular structures of the ARVs and their metabolites evaluated in the current study: 1)
EFZ, 2) NVP, 3) NVP-Ds, 4) ZDV, 5) NVPM, 6) RTV, 7) FTC, 8) 3TC, 9) RTVM, 10) EFVM, 11)
ZDVG. For full names of compounds, refer to Section 4.2.1.

4.2.2 SFC experimental conditions and column evaluation

The Acquity UPC? system used in this work comprised a binary solvent pump, column compartment,
convergence manager controlling the automatic back pressure regulator (ABPR), and a sample manager
module (Waters, Milford, MA). The mobile phases were CO, and MeOH, while the ABPR was set at
1700 psi. The sample compartment was maintained at room temperature and the injection volume was
2 L. Five SFC columns with different ligand chemistries (Acquity UPC?BEH 2-EP (2-ethylpyridine),
Acquity UPC? Torus-1 AA (1-aminoanthracene), Acquity UPC? Torus-2 PIC (2-picolylamine), Acquity
UPC? BEH (ethylene bridged hybrid), and Acquity HSS (high strength silica) C18) SB and the same
dimensions (100 x 3.0 mm, 1.7 um particle size) were evaluated using the same gradient conditions

described below.
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The optimised method used an Acquity UPC? BEH column (100 x 3.0 mm, 1.7 um particle size)
maintained at 60°C. The gradient was performed at 1 mL/min as follows: 98% CO; (0-0.2 min), 98—
77.7% CO> (0.2-5 min), 77.7-40% CO; (5-7 min), 40% CO, (7—7.2 min), 40— 98% CO; (7.20-9 min),
98% COz (9-11 min).

4.2.3 Mass spectrometric optimisation

A Xevo TQ-S triple quadrupole mass spectrometer was used (Waters). An auxiliary pump (Waters 515)
was connected post-column with a zero-dead-volume T-piece in a ‘pre-BPR splitter with sheath pump
interface’ configuration (Guillarme et al., 2018) to deliver 1% FA in MeOH at a flow rate of 0.2 mL/min
prior to the MS. The source and desolvation temperatures were set at 150°C and 350°C, respectively,
with N, desolvation and cone gas flows of 900 and 150 L/h, respectively. The capillary and cone
voltages were set at 3.8 kV and 20 V.

Detection was performed using electrospray ionisation and multiple reaction monitoring (MRM)
scanning mode. Initial scouting experiments were performed in both positive and negative ionisation
modes, with the final method using positive ionisation. ZDVG and EFVM could not be detected in
negative mode using polarity-switching (Mosekiemang et al., 2019), likely due to the 1% FA in MeOH
make-up flow used in the present work. MRM settings were determined based on preliminary precursor
ion and fragment ion scan experiments performed by infusion of individual standards (52 ng/mL) in
MeOH. Precursor ion acquisition was performed at cone voltages (CVs) of 15-30 V to determine the
optimum CV, and these values were used to optimise collision energies (CEs) in the range 15-30 eV in
subsequent fragment ion scan experiments. For these experiments, the dwell and cycle times (tawel, teycle)
were automatically set (MassLynx version 4.1), and the number of data points per peak was set to 10.
For quantification, the most intense fragment ion was assigned as the quantifier ion (Q), and the second
most intense fragment ion as the qualifier ion (g). The optimised experimental conditions as well as

transition ion ratios are listed in Table S4.1 (Supplementary Information, SI).

4.2.4 Preparation of calibration standard solutions

A series of working standard solutions were prepared by dilution of a 20 pg/mL MeOH stock solution
containing all analytes to the following concentrations: 0.610, 1.22, 2.44, 4.88, 9.77, 19.5, 39.1, 78.1,
156, 312 ng/mL. Calibration samples comprising ten levels were prepared by diluting 2 mL of each
working standard solution and 0.9 mL of isotopically labelled internal standard solution (ILIS, NVP-
D3, 100 ng/mL in MeOH) to 3 mL with MeOH. The calibration concentration range was therefore
0.407-208 ng/mL, with a constant ILIS concentration of 30 ng/mL.
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4.2.5 Sample collection and preparation

Samples were collected from two wastewater treatment plants (WWTPs) as recently described
(Mosekiemang et al., 2019). For comparison of quantitative data obtained using the present SFC-
MS/MS method and a recently reported direct injection UHPLC-MS/MS method (Mosekiemang et al.,
2019), a raw wastewater sample collected during a severe drought period (April 2018) was used, given
the likelihood of detection of most compounds at significant concentrations. Sample preparation
entailed filtering to remove suspended solids and adjusting the pH to 7 using either 5% NH4OH or 5%
FA. Prior to enrichment, 300 pL of ILIS (100 ng/mL) was added to each sample before diluting with
the sample matrix to 50 mL (ILIS concentration 0.6 ng/mL). For the recovery samples, 75 pL of either
0.02, 0.2 and 2 pg/mL standard solution was also spiked prior to dilution to 50 mL with the sample
matrix (spiking levels at 0.03, 0.3 and 3 ng/mL, each containing 0.6 ng/mL ILIS, Figure S4.1, Phase
1, SI).

4.2.5.1 Lyophilisation

Sample aliquots (50 mL) were transferred to 100 mL round-bottom flasks and frozen in a liquid nitrogen
bath for 10-15 minutes. Frozen samples were mounted on a Beta 1-8 LD plus Freeze drier (Christ,
Germany) operated at 0.03 mbar and -20°C for 24 hours or until completely dry. Desiccated residues
were re-suspended with 4 mL FA/MeOH (5/95, v/v) and vortexed for 5 min. The reconstituted solutions
were dispensed into 10 mL polytop vials and evaporated to dryness under a gentle stream of N, (Figure
S4.1, Phase 2, Sl).

4.2.5.2 Solid phase extraction

Strata-SDB-L cartridges (200 mg/6 mL, Phenomenex, Torrance, USA) were used with a 24-port
vacuum extraction SPE manifold (Restek, Bellefonte, USA). Cartridges were conditioned sequentially
with 4 mL acetonitrile (ACN), MeOH and equilibrated with 4 mL pH-adjusted water (pH = 7). Sample
aliquots (50 mL) were loaded, and the cartridges were rinsed with 4 mL pH 7 water at ~1 mL/min. The
cartridges were dried under vacuum for 15 min, before elution with 4 mL FA/MeOH (5/95, v/v). The

collected fractions were dried under a gentle stream of N2 (Figure S4.1, Phase 2, Sl).

4.2.6 Reconstitution of dried extracts

Resuspension of lyophilised and SPE extracts followed the same procedure. Briefly, the N.-dried
extracts for pre-extraction fortified samples and method blanks were reconstituted with 1 mL MeOH.
All samples therefore contained 30 ng/mL ILIS after enrichment, and the fortified samples 1.5, 15 or
150 ng/mL standards. Post-enrichment fortification samples were prepared by spiking N2-dried blanks
with 75 pL of either 0.02, 0.2 or 2 pg/mL standard solutions prior to dilution to 1 mL with MeOH, to
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give post-extraction fortification concentrations of 1.5, 15 or 150 ng/mL, respectively. The same spiked
concentrations were prepared in MeOH (Figure S4.2, Sl).

4.2.7 Evaluation of method performance

Method performance was evaluated using conventional method validation parameters, including
linearity, linear range, selectivity, limit of detection (LOD), limit of quantification (LOQ), method
detection limit (MDL), method quantification limit (MQL), repeatability and reproducibility (Evard et
al., 2016a, 2016b; SANTE, 2015).

The linearity of the standard curves (10-point internal standard calibration curve, 4 repetitions/point)
was studied in the range LOD-104 ng/mL for NVP and NVPM and MQL-208 ng/mL for the rest of
the compounds. The reduced linear range for NVP and NVPM is a result of saturation of the detector
at the highest calibration level; as a consequence, recoveries and matrix effects (%) could not be
calculated at the highest spiking level (150 ng/mL) for these compounds. Linearity was assessed using
the coefficient of determination (R?) for each calibration curve. LODs and LOQs were determined from
the calibration curve, as 3.3 and 10 times, respectively, the standard error of the intercept divided by
the slope (Equations S4.1 & S4.2, Sl) (Evard et al., 2016b). MDL and MQL values were determined
from LOD and LOQ values taking into account recoveries (%) and pre-concentration factors (50x) for
lyophilisation and SPE, respectively (Equations S4.3 & S4.4, Sl). Recovery (%) was estimated by
dividing the blank-subtracted pre-extraction concentration by the blank-subtracted post-extraction
concentration, expressed as a percentage (Equation S4.5), while matrix effects (%) were calculated by
dividing blank-subtracted post-extraction fortified concentrations by neat solvent concentrations
(Equation S4.6, SI) (Kruve et al., 2015a, 2015b). Precision is expressed as %RSD of mean recoveries
(%) at three spiking levels, calculated for within-day (repeatability) and between-days runs

(reproducibility) over three consecutive days.

4.3 Results and Discussion
4.3.1 Optimisation of SFC-MS/MS conditions

The MS detection parameters were previously optimised (Mosekiemang et al., 2019) for LC separation
on the same triple quadrupole instrument (Xevo TQ-S, Section 4.2.3). In the present study, re-
optimisation using the SFC mobile phase and make-up flow was performed. The optimised MRM
transitions, transition ratios, cone voltages and collision energies (Section 4.2.3) are listed in Table
S4.1 (SI), and example MRM chromatograms are presented in Figure S4.4. ZDVG and EFVM,
detected in negative ionisation mode using polarity switching in our previous study (Mosekiemang et
al., 2019), were not detected in positive ionisation mode in the present study, likely due to the post-

column addition of 1% FA in MeOH, and were therefore not included in further experiments.
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For the separation of the target analytes, comprising six ARVs of three therapeutic classes as well as
several of their metabolites (Figure 4.1), column screening experiments were performed to identify a
phase providing acceptable retention and peak shapes for most compounds, considering the importance
of peak symmetry in quantitative chromatography. Five common SFC phases were evaluated in this
study (Figure S4.3, Sl), and peak asymmetry (As) factors (Snyder and Kirkland, 1979) for the

compounds of interest were considered for column evaluation.

In the interpretation of our findings, extensive previous work on SFC column classification by linear
solvation energy relationships (LSER) (Khater et al., 2013; West et al., 2016; West and Lesellier, 2008,
2006) and experimental data for basic compounds on the same stationary phases (Desfontaine et al.,
2016) are taken into account.

Generally, the elution order of the ARVs in SFC on all columns resembled that of normal phase (Figure
4.2), with apolar compounds (EFZ, NVP, log Kow > 2) showing lower retention than polar compounds
(3TC, FTC, log Kow < 0). Exceptions are RTV and RTVM (log Kow > 5), both of which eluted
relatively late on all columns, likely due to extensive ionic interactions (see below). Approximately
gaussian peaks were observed for the early-eluting peaks (EFZ, NVP, NVPM), while tailing was
observed for RTV, and especially FTC, 3TC and RTVM (Table S4.2, SI). The latter compounds
showed extensive tailing on the 2-PIC and 2-EP columns, and some evidence of fronting on the HSS-
C18 SB and BEH columns. The reason for the stark differences in peak symmetry observed for RTV
and it’s metabolite RTVM is not clear, since these two compounds are structurally similar, but may be
related to additional w-r and silanol interactions. ZDV showed extensive fronting on the 2-PIC column.
Some selectivity differences were also observed, with 3TC and FTC eluting earlier on the HSS-C18 SB
and BEH columns, and ZDV eluting noticeably earlier on the HSS-C18 column (Figure 4.2D & E).

Also noteworthy is that the high retention observed for some of the target analytes necessitated the use
of high contents of MeOH (up to 60%) in the mobile phase. Under these conditions, the mobile phase
is no longer supercritical, and the separation can be more accurately described as ‘enhanced fluidity’
chromatography (Cui and Olesik, 1991; Pereirra et al., 2011). Nevertheless, the benefits of the CO--
based mobile phase remain valid, and enhanced fluidity chromatography is beneficial in the context of

extending the applicable range of SFC to highly polar analytes (West, 2015).

The stationary phases evaluated in the present study for ARV analysis can broadly be grouped into polar
bonded (1-AA, 2-PIC, BEH-2EP), polar unbonded (BEH) and apolar aliphatic phases (HSS C18 SB)
with some polar character, since this phase is not end capped) (West and Lesellier, 2006). At the
estimated pH of the CO./MeOH mobile phase (~4-5(Desfontaine et al., 2016)), the target ARV’s are
expected to be positively charged as a consequence of their high pKa’s (~10-13.7) (Mosekiemang et al.,
2019).

107



Stellenbosch University https://scholar.sun.ac.za

On the polar bonded 1-AA, 2-PIC and 2-EP phases, similar elution orders were observed. On these
phases, interaction of the is mainly governed by dipole interactions and hydrogen bonding with bases
(West and Lesellier, 2006), whereas additional electrostatic repulsion as a result of protonation of the
basic bonded ligands prevents secondary ionic interaction of the target analytes with residual silanols
(Desfontaine et al., 2016, 2015). This phenomenon may partially be responsible for the generally good
peak shapes observed on these columns. Between these columns, the 1-AA phase shows slightly higher
retention. A similar observation for basic drugs has been ascribed to either the lower basic pK, of this
ligand, resulting in reduced repulsion, or additional m-m interactions with the target analytes

(Desfontaine et al., 2016).

Regarding the unbonded BEH phase, it has been established that the retention mechanisms for this
column are entirely governed by the uniformly distributed silanols which are predominantly negatively
charged (Desfontaine et al., 2016; Hirose et al., 2019). The ethylene bridge in the BEH silica matrix is
said be to be instrumental in providing symmetrical peaks compared to the old generation of silica
material (Desfontaine et al., 2016). Similar interactions to those listed for the polar bonded phases are
involved in the retention of basic compounds, with stronger hydrogen bonding and electrostatic
interactions with the silanols being more influential on this phase (West and Lesellier, 2006). All target
analytes were detected with acceptable peak shapes using this column,

The relatively similar elution order observed on the HSS C18 SB phase (Figure 4.2D) implies that, in
addition to hydrophobic dispersion interactions of the aliphatic C,s backbone, additional interaction of
the basic analytes with the more acidic silanol functional groups of this non end capped phase also plays
an important role in retention (West and Lesellier, 2006). This may explain the tailing observed for the
most retained analytes (FTC, 3TC and RTVM). Partial exceptions are the relatively polar (log Kow’s
close to 0) ZDV and FTC, which elute relatively much earlier on this phase.

In summary, the apolar ARVs showed relatively good peak shapes, whereas noticeable peak
deformation was observed for 3TC, FTC and RTVM on all test columns (Figure 4.2) due to slow
secondary interactions. Overall, peak symmetry was worse than is the case for the RP-LC separation of
the same compounds (Mosekiemang et al., 2019), as expected considering the nature of SFC. Further
improvement in peak shapes may be obtained by the addition of suitable additives to the mobile phase
and/or the injection solvent (Bennett et al., 2019; Desfontaine et al., 2016; Grand-Guillaume Perrenoud
et al., 2012a; Lemasson et al., 2015), although this was not attempted in the present study since the
chromatographic performance was sufficient to allow separation and quantification of the target

analytes.
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Figure 4.2: Representative total ion chromatograms (TICs) obtained for the SFC-MS/MS analysis of
the target ARV compounds in a 52.1 ng/mL MeOH standard: (1) EFZ, (2) NVP, (3) NVP-D3, (4) ZDV,
(5) NVPM, (6) RTV, (7) FTC, (8) RTVM and (9) 3TC on (A) BEH 2-EP, (B) Torus 1-AA, (C) Torus
2-PIC, (D) HSS C18 SB and (E) BEH columns. The peak denoted by an asterisk in (E) is a background
signal. SFC-MS/MS conditions are described in Section 4.2.2. Compound abbreviations are defined in

Section 2.1 and Figure 1.

Considering the above, the BEH column was selected in the present study based on its ability to elute
all target compounds with acceptable peak shapes. Most compounds were also sufficiently resolved,
with the exception of the partial co-elution of NVP/NVP-Ds; and ZDV, as well as RTV and FTC. These
analyte pairs were successfully differentiated based on their unique mass-to-charge ratios used in the
relevant MRM ion transition pairs. The inter-channel delay time and other critical MRM parameters
(tawen, teycie) (Hermes et al., 2018) were optimised using the instrument software to provide sufficient
data points across each peak. Figure 4.3 demonstrates as example the successful differentiation of the

Q and q transitions for the closely eluting NVP and ZDV peaks in a fortified wastewater sample.
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Figure 4.3: (A) Representative TICs obtained for the SFC-MS/MS analysis of the target ARV
compounds in a fortified wastewater sample (52.1 ng/mL) processed by lyophilisation. Target
compounds are: (1) EFZ, (2) NVP, (3) NVP-D3, (4) ZDV, (5) NVPM, (6) RTV, (7) FTC, (8) RTVM
and (9) 3TC separated using the Acquity UPC2 BEH column. Integrated chromatograms for the partially
co-eluting (i) NVP and (ii) ZDV are shown to illustrate the selectivity of the MRM transitions. * denotes
a background signal. SFC conditions are described in Section 4.2.2. Compound abbreviations are
defined in Section 4.2.1 and Figure 4.1.

4.3.2 Comparison of SPE and lyophilisation for sample preparation

In a recent study, we found relatively poor recoveries for the NRTI ARVs (ZDVG, ZDV, FTC and
3TC) from wastewater samples using RP-SPE (Mosekiemang et al., 2019). This prompted us in the
present work to investigate lyophilisation as a potentially simpler, more universal and solventless
alternative to SPE (Hu et al., 2014; Welch et al., 2010) for wastewater analysis. For this work, an
isotopically labelled internal standard (NVP-Ds, ILIS) was added prior to extraction to compensate for
sample handling variations. The extraction efficiencies of both lyophilisation and SPE were then
compared in terms of both relative (i.e., ILIS-corrected) and absolute (non-ILIS-corrected) recoveries
(Table 4.1). Detailed summaries of the recovery data measured at the three studied levels (0.03, 0.3 and
3 ng/mL) are presented in Tables S4.3-4.5, SI.
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The relative recoveries obtained by lyophilisation for wastewater effluent samples were adequate (63—
99%) across the spiking levels for all compounds. The exception is RTVM, which could not be
accurately quantified, either due to adsorption in the chromatographic system (previously hypothesised
(Mosekiemang et al., 2019)) or losses during freeze-drying (de Voogt et al., 2000). The same trend was
manifested in influent samples, albeit with slightly higher recoveries in the range of 68-108%. In
contrast, recoveries by SPE were good for apolar compounds of the nNRTI and Pl classes (NVP,
NVPM, RTV, EFZ, as well as RTVM), and poor for the NRTIs 3TC and FTC (10-63%). These findings
are in accordance with previous literature reports (Mosekiemang et al., 2019; Prasse et al., 2010; Wood
et al., 2015). Notably, lyophilisation offered significantly better recoveries for the polar target analytes,
again in agreement with previous reports (Boulard et al., 2018). Indeed, the results for the recovery
study indicate the suitability of this form of sample preparation for the analysis of the target analytes
spanning a relatively wide range of polarities. The technique therefore offers a potentially
complementary sample preparation route to RP-SPE, which suffer from poor recoveries for polar
analytes (Nannou et al., 2019), and an alternative to direct injection (Mosekiemang et al., 2019) when
matrix effects or sensitivity are a concern, although care should be exercised to avoid analyte losses (de
Voogt et al., 2000; Stahnke et al., 2012).

In addition, absolute recoveries (i.e. not corrected by the ILIS) were also measured. These values are
informative in the context of providing a measure of the true analyte extraction efficiencies not corrected
for sample handling or ionization variations (Kruve et al., 2015a, 2015b). Overall, there were few
notable differences between relative and absolute recoveries for the respective methods, suggesting that
minimal analyte losses were incurred during sample preparation. The worse absolute recoveries for 3TC
and FTC by SPE could be ascribed to partial compensation of analyte losses by the ILIS (partial because
of structural differences between the ILIS and analytes), although matrix effects related to different
retention times may also play a role (Furey et al., 2013). Satisfactory absolute recoveries (i.e. 53—118%)
were obtained for all target analytes in influent and effluent samples across spiking levels by

lyophilisation.
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Table 4.1: A summary of analyte recoveries determined by SFC-MS/MS for lyophilisation and SPE sample preparation of spiked wastewater samples.
Values reported as a recovery range determined at 0.03, 0.3 and 3 ng/mL. For further details, refer to Tables S4.3-S4.5.

. Analytes
Matrix Recovery (%) EFZ NVP ZDV NVPM RTV FTC 3TC RTVM
Effluent ILIS-corrected
a) Lyophilisation 82.4-95.9 71.7-73.07 81.0° 74.5-77 .47 62.9-84.4 65.5-75.6 73.1-98.9 n.q.4
b) SPE 87.2-97.0 99.1-1032 114b 98.6-101? 77.4-88.5 21.8-41.7 24.0-41.2 56.2-58.7
Non-ILIS-corrected
a) Lyophilisation 53.2-118 77.2-89.22 84.8° 79.8-86.42 73.6-86.3 56.7-88.0 65.1-82.4° n.g.
b) SPE 49.3-98.2 89.5-101? 89.3° 89.4-1032 72.4-87.1 23.2-40.4 19.1-30.5 34.1-57.3
Influent ILIS-corrected
a) Lyophilisation 100-108 94.8-94.82 98.0° 86.8-96.72 84.8-89.7 67.6-104 99.6-103 n.g.
b) SPE 63.6-101 99.7-1072 106° 101-111% 87.7-95.5 23.0-63.3 19.3-50.7 78.1-90.1
Non-ILIS-corrected
a) Lyophilisation 65.3-112 85.8-88.52 95.8° 85.5-91.3?2 70.1-90.2 67.0-81.7 91.5-101 n.g.
b) SPE 70.9-97.7 89.6-105?2 114b 84.7-1052 78.1-99.5 13.7-34.9 10.2-21.5 72.9-80.3

2 measured at 0.03 and 0.3 ng/mL.
b measured 3 ng/mL.

®measured at 0.3 and 3 ng/mL.
4n.g. — not quantified.
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4.3.3 Method evaluation and validation

Linearity, sensitivity, repeatability and reproducibility. A summary of the lyophilisation-SFC-MS/MS
method performance is presented in Table 4.2. For all compounds, linearities for the calibration curves
displayed coefficients of determination (R?) of 0.996 or better, with residual errors of < 20%. Linear
ranges were from LOD-208 ng/mL, with the exception of NVP and NVPM, for which the linear ranges
were between MDL and 104 ng/mL due to the detector saturation (Figure S4.4). Superior linearity was
obtained by SFC-MS/MS compared to our previous study using LC-MS/MS (Mosekiemang et al.,
2019). The MDLs were in the range 30-37 ng/L, with exception of ZDV which measured 113 ng/L,
while MQLs were in the range 103-132 ng/L; sufficiently low to enable detection of ARVs at levels
expected for these compounds in wastewater samples (Mosekiemang et al., 2019; Ngumba et al., 2016;
Prasse et al., 2010). The intra-day precision, a measure of instrumental repeatability, was <9 %RSD at
the three spiking levels (ZDV was not detected at the lower spiking levels, but nevertheless showed
good repeatability). The precision values for instrumental reproducibility (inter-day precision) were
slightly higher, in the ranges 2-14% and 2-15% RSD in effluent and influent samples, respectively.
The overall intermediate precision values are within acceptable ranges (Kruve et al., 2015a, 2015b).
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Analyte tr? Range R? LOD MDL MQL AsP Precision (% RSD)¢
S (min) (ng/mL) (ng/mL) (ng/mL)  (ng/mL) Effluent Influent
Intra-day Inter-day Intra-day Inter-day
EFZ 2.76 (x 0.01) 1.48-208  0.999 1.48 0.0307 0.104 1.00(x04) 3/1/3 6/4/4 3/317 5/6/7
NVP 3.97 (+ 0.004) 44.1-104  0.999 1.79 0.0377 0.126 1.05(x05) 3/7/5 10/715 3/1/3 11/2/3
ZDV 3.98 (+ 0.02) 5.72-208  0.998 5.52 0.113 0.368 1.00(x03) -/-/3 -/1-12 -/-14 -/-14
NVPM 5.04 (x 0.01) 1.48-104  0.998 1.48 0.0395 0.132 1.05(x02) 3/5/5 6/4/5 5/1/5 5/15/6
RTV 5.85 (x 0.004) 1.63-208  0.996 1.63 0.0342 0.126 1.05(x0.1) 3/8/6 7112714 9/417 9/717
FTC 5.87 (x 0.01) 1.24-208  0.997 1.24 0.0319 0.106 11501 6/7/6 8/13/5 9/2/2 716179
3T1C 6.55 (+ 0.01) 1.53-208  0.999 1.53 0.0308 0.103 1.20(x09) 3/8/1 2/315 8/6/6 5/5/7
RTVM 6.64 (£ 0.01) 1.48-208 0.999 1.48 0.0328 0.109 1.(2)04)(1 -/1-19 -/1-16 -/-15 -/1-15

aretention time + standard deviation for analytes in the neat solvent, effluent and influent samples (n = 15)

b Peak asymmetry, As = b/a where a and b are the distances from the peak leading edge to peak maximum and from the maximum to the peak trailing edge at

10% height, respectively. Average + standard deviation for peaks measured in neat solvent, influent and effluent matrices (n = 15).

¢ precision was calculated as % RSD for the intra-day % recoveries at three spiking levels (low /mid / high, n = 8).
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Matrix effects (MEs). Despite the sensitivity of ESI-SFC-MS/MS, the electrospray ionisation process is
susceptible to matrix effects, especially when dealing with a complex sample matrix such as wastewater
(Stahnke et al., 2012; Svan et al., 2018; Van De Steene and Lambert, 2008). Co-elution of non-target
matrix constituents may result in ionisation suppression or enhancement (Hewavitharana et al., 2018),
and indeed is a common occurrence in the LC-ESI-MS/MS analysis of wastewater samples (Van De
Steene and Lambert, 2008). Due to the different mobile phases used in SFC, which has been shown to
play a role in matrix effects (Hirose et al., 2019; Svan and Hedeland, 2018), it was considered relevant
to assess the extent of matrix effects for the proposed method. Matrix effects (MEs) were assessed using
Equation S4.6 (SI) (Svan and Hedeland, 2018). Evaluation of ME may be hampered by several other
factors, including the possibility of CO, decompression at the SFC-MS interface leading to analyte
precipitation (Akbal and Hopfgartner, 2020) and poor tg repeatability (Hirose et al., 2019). No evidence

of tr fluctuations were observed in the present study (Table 4.2).

The results are summarised in Table 4.3, which provides an overview of matrix effects for effluent and
influent samples processed by both SPE and lyophilisation. Generally, ion enhancement was more
common in effluent samples, whereas ion suppression was more prevalent in influent samples. Effluent
samples prepared by lyophilisation showed slightly higher ion enhancement compared to SPE, except
for 3TC, which, despite high absolute recoveries, suffered severe ion suppression (~95%) in lyophilised
samples. This is not entirely surprising, since lyophilisation is in essence not a sample clean-up method
that suffers from poor selectivity for non-volatile analytes and may potentially enrich interferents
together with the target analytes. On the other hand, the selectivity associated with the stationary phase

chemistry and washing and elution solvents in SPE play an important role in reducing matrix effects.

Furthermore, ion suppression was slightly more enhanced for most compounds in the lyophilised
influent samples (with the exception of 3TC, where this effect was much more pronounced, especially
at higher concentrations). RTVM, which was not quantified by lyophilisation method, exhibited severe
ion enhancement (up to 59%) in SPE processed samples. Overall, the proposed lyophilisation method
yielded acceptable recoveries (53-118%) and relatively low matrix effects (57-129%), with the
exception of 3TC and RTVM.
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Table 4.3: Summary of ILIS-corrected matrix effects determined for the target analytes in effluent and influent wastewater samples processed by

lyophilisation and SPE at 0.03, 0.3 and 3 ng/mL spiking levels (n=5, standard deviations are specified in brackets).

Matrix ~ Spiking level Analytes
EFZ NVP ZDV NVPM RTV FTC 3TC RTVM
Effluent  0.03 ng/mL
a) Lyophilisation 112 (£9) 126 (£4) n.d.s 114 (8) 129 (+4) 98.2 (x4) 5.8 (1) n.g..
b) SPE 74.4 (£3) 104 (£5) n.d. 89.0 (x1) 103 (x2) 97.8 (x7) 109 (x1) 110 (x4)
0.3 ng/mL
(a) Lyophilisation 109 (£7) 129 (£7) n.d. 128 (5) 129 (+8) 112 (6) 4.7 (£1) n.g.
(b) SPE 112 (x13) 127 (x2) n.d. 103 (x4) 114.0 (x3) 93.7 (x7) 99.4 (x4) 119 (+8)
3 ng/mL
(a) Lyophilisation 105 (£7) 121 (3) 119 (£5) 123 (+3) 105 (£7) 116 (+1) 4.7 (1) n.g.
(b) SPE 104.0 (£5) 108 (1) 95.6 (£2) 106 (£1) 104.0 (£5) 106 (£8) 93.7 (£5) 110 (£8)
Influent  0.03 ng/mL
(a) Lyophilisation 84.8 (£2) 114 (£2) n.d. 82.2 (£5) 84.8 (+2) 56.5 (+1) 59.7 (+1) n.g.
(b) SPE 96.4 (£3) 109 (£10) n.d. 114 (+4) 96.4 (£3) 78.3 (£4) 92.4 (£17) 138 (+5)
0.3 ng/mL
(a) Lyophilisation 106 (+6) 103 (x3) n.d. 64.1 (x6) 106 (+6) 95.2 (¥5) 95.2 (¥5) n.g.
(b) SPE 101 (£8) 137.8 (4) n.d. 105 (£2) 100 (£8) 94.6 (£9) 94.6 (£9) 159 (£12)
3ng/L
(a) Lyophilisation n.g. 101 (z4) 117 (+4) 68.3 (£6) 89.6 (£3) 89.6 (£3) 2.4 (£1) n.g.
(b) SPE 159 (+2) 106 (£2) 98.5 (+3) 95.7 (£5) 93.9 (x7) 93.9 (x7) 99.2 (+5) 159 (x2)

an.d. — not detected.
bn.g. — not quantified.
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4.3.4 Comparison of quantitative results: SFC-MS/MS and UHPLC-MS/MS

In order to validate the quantitative performance of the SFC method for the target ARVs in wastewater
samples, a wastewater sample was analysed and the quantitative data were compared to those obtained
by a previously reported direct injection UHPLC-MS/MS method (Mosekiemang et al., 2019). For this
purpose, a raw wastewater sample collected during a severe drought period (April 2018) was used,
given the likelihood of detection of most compounds at significant concentrations. ZDV and RTVM
were not detected in this sample using either method, whereas EFZ and EFVM were only quantified
using the UHPLC-MS/MS method. For those compounds quantified using both methods, remarkable
agreement was obtained, with differences in mean values of less than 3.5% between the two data sets
(Table 4.4). A paired t-test comparison between the two data sets confirmed that differences between
the methods are statistically insignificant (i.e. p > 0.05).

Table 4.4: Comparison of quantitation data obtained by lyophilisation-SFC-MS/MS and direct
injection UHPLC-MS/MS for a raw wastewater samples obtained from a largely domestic water-
receiving WWTP during a drought.

Analytes (ng/mL)
Instrument EFZ NVP ZDV NVPM RTV 3TC FTC RTV
M
UHPLC 18.2(4) 143(¢6.3) nd. 4.30(x4.6) 20.0(x0.6) 48.7 (3.2 352 n.d.
(£3.2)
SFC n.d. 142 (x6.2) nd. 4.15(x3.1) 194 (x1.3) 49.7 (x1.8) 343 n.d.
(£3.0)
% Difference - 1.0 - 35 3.2 -2.0 2.7 -
p-value (paired - 0.83 - 0.19 0.07 0.24 0.17 -

t-test)

denotes average concentrations of six measurements with standard deviations in parenthesis.

4.3.5 Overall method performance

Comparison of the SFC-MS/MS method developed in the present study to a previously optimised LC-
MS/MS method (Mosekiemang et al., 2019) for the analysis ARVs and their metabolites in wastewater
illustrates the advantages and limitations of each method. First, regarding the scope of the methods, all
target compounds were successfully analysed using the LC-MS/MS method, with the exception of
RTVM which showed poor reproducibility and linearity. Although this metabolite showed good
linearity and sensitivity by SFC, it could not be quantified using the lyophilisation SFC-MS/MS method.
Furthermore, the ARV metabolites EFVM and ZDVG, detected in the negative ion mode in the LC
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method, could not be analysed in positive ion mode nor could they be detected in negative mode under
the conditions used for the SFC method.

Superior linearities (>0.996) were obtained by SFC-MS/MS for all analytes, albeit for a smaller linear
range, especially for NVP and NVPM. Generally, LC-MS/MS offered better sensitivity than SFC-
MS/MS for the majority of target compounds, especially NVP and NVPM. The exceptions are ZDV
and RTVM, for which lower detection limits were measured by SFC-MS/MS.

4.4 Conclusions

SFC s increasingly being used in the analysis of pharmaceutical compounds. Despite this, the technique
has to date found limited application in the analysis of pharmaceuticals in environmental samples. In
this work we demonstrate the applicability of SFC-tandem MS as a complementary alternative to LC-
MS/MS for the determination of selected ARVs and their metabolites in wastewater samples. SFC
separation performed on an Acquity UPC? BEH column using a mobile phase gradient of up to 60%
MeOH provided comparatively fast separation of six commonly prescribed ARV drugs and a known
nevirapine metabolite in wastewater samples. Two further ARV metabolites, ZDVG and EFVM could
not successfully be analysed by SFC-MS/MS, an indication that further method development work,
particularly in terms of the organic solvent make-up (flow rate and composition) and addition of
modifiers, should be performed to extend the application range of the method. ESI-MS/MS detection
in MRM mode provided sufficient sensitivity for trace-level analysis of the target compounds in pre-
concentrated environmental samples. Combined with lyophilisation for sample preparation, the method
can be considered more environmentally friendly than conventional SPE-RP-LC-MS/MS methods.
Analyte enrichment by lyophilisation provided comparable recoveries for apolar compounds to SPE
and offered improved recoveries for polar compounds. Although samples prepared by lyophilisation
showed higher matrix effects compared to SPE samples, notably severe ion suppression (~95%) for
3TC, these were generally within an acceptable range. Following successful validation of the proposed
lyophilisation-SFC-MS/MS method, excellent agreement was obtained for the quantitation of several
ARVs and their metabolites in wastewater samples compared to SPE-LC-MS/MS. Our findings
indicate, to our knowledge for the first time, the suitability of SFC for the analysis of trace-levels of
ARVs in environmental samples. Clearly, no single analytical method provides ideal performance for
the determination all ARVs and their metabolites. In this context, SFC-MS/MS can be considered a
useful complementary method to LC-MS/MS to monitor the environmental fate of these emerging

contaminants.
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Chapter 4

Supplementary information for:

Evaluation of supercritical fluid chromatography-tandem mass
spectrometry (SFC-MS/MS) for the analysis antiretrovirals and their
selected metabolites using SFC-MS/MS
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S4.1 Sample collection

A raw wastewater sample was collected during a severe drought episode (April 2018) in the Western
Cape region of South Africa (following the detailed sample collection protocol described in
(Mosekiemang et al., 2019)). For this purpose, grab samples were collected from a wholly domestic
wastewater-receiving treatment plant. Several 500 mL samples were collected at ~15 minutes intervals
over 2 hours and pooled into a 5 L pre-cleaned volumetric flask for homogenisation. The sampling
expedition was timed to coincide with high daily inflows (~14:30-15:30) into the plant to maximise
chances of obtaining a representative sample. The homogenised sample was then aliquoted into several
500 mL pre-cleaned amber bottles without addition of preservatives, placed in an insulated box
containing ice packs and transported to the lab where it was processed within 24 h.
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S4.2 Sample preparation

Phase 1 Phase 2 Phase 3
Pre extraction spiking Extraction (lyophilization/SPE) Resuspension of desiccated/N,-dried extracts
(lyophilized/SPE)

1) For blanks (ILS only) 1) Lyophilization
* 0.3 mL (100 ng/mL ILIS) and diluting to * Spiked samples (50 mL) were frozen in liquid N, bath then 1) All pre-extraction fortified samples (items

~50 mL (ILIS/Matrix, v/v) with an transferred to a freeze-drier (24 h) B - C) including sample blanks (ILIS only,

appropriate matrix (influent/effluent) * Dried residues were resuspended in 4 mL FA/MeOH (5/95, Item (A), Phase 1, from Phase 1) were
* pH adjustment to ~7 using 5% NH,OH v/v) reconstituted to a final volume of 1 mL

or FA dropwise (v/v) up to the final * Dried under a gentle stream of N, MeOH

volume (50 mL) * Dried residues were taken further processing (Phase 3) 2) Rest of blanks (ILIS only) were not
2) Fortification (spiking) reconstituted and taken for post-
* For low spiking level (0.03 ng/mL), a 2) SPE extraction spiking (Figure S2)

0.075 mL of 20 ng/mL (standard * Sample volume (50 mL) from Phase 1

mixture) followed by 0.3 mL (100 ng/mL * Conditioning, 4 mL (ACN then MeOH)

1 mL MeOH added to the residues (A - D)

!
;

Equilibration, 4 mLH,0 (pH -7)

Sample loading, 1 mL/min l

Cartridge rinsing with H,0, pH -7

Cartridge dried under vacuum (~5 min) D
A

ILIS) and finally sample matrix
(ILIs/Standard/Matrix, v/v/v).

« Mid spiking level and High Spiking level,
the same process as above, except that
a0.075 mL of 200 and 2000 ng/mL was
added to achieve the mid (C) and high
spiking levels (D),
(ILIS/Standard/Matrix, v/v/v),
respectively

Elution with 4 mL FA/MeOH (5/95, v/v)
Eluates dried under a gentle stream of N,
Dried residues taken for further processing (Phase 3)

w [+
o[«

Q Q
Q Q Q
3 2 2
. z z z
<= K] S s
S + + +
@ ) ) 0
= = = =
A B C D

Figure S1: Illustrative scheme of the procedure used for analyte spiking prior to extraction by
lyophilisation and SPE (pre-extraction spiked samples).

Post-extraction spiking (lyophilized/SPE extracts) Neat solvent
A B C D 1 2 3 4

Essentially, samples A - D are N,-dried and ILIS-containing extracts Samples 1 - 4are designated Neat solvent spiked samples

* Sample A, serves as method blank * Sample 1,is pure MeOH (solvent blank)

« Sample Bis spiked with 0.075 mL of 20 ng/mL standard mixture and * Sample 2 is spiked with 0.075 mL of 20 ng/mL standard mixture and diluted to
diluted to a final volume of 1 mLwith matrix (influent/effluent) afinal volume of 1 mLwith MeOH

« Sample Cis spiked with 0.075 mL of 200 ng/mL standard mixture and * Sample 3 is spiked with 0.075 mL of 200 ng/mL standard mixture and diluted to
diluted to a final volume of 1 mLwith matrix (influent/effluent afinal volume of 1 mLwith MeOH

+ Sample Cis spiked with 0.075 mL of 2000 ng/mL standard mixture and * Sample 4 is spiked with 0.075 mL of 2000 ng/mL standard mixture and diluted to
diluted to a final volume of 1 mLwith matrix (influent/effluent) afinal volume of 1 mLwith MeOH

Figure S4.2: lllustrative scheme of the procedure used for post-extraction analyte spiking for samples
obtained by both lyophilisation and SPE, and for the preparation of neat solvent spiked samples.
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S3. Method optimisation and validation
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Figure S4.3: Stationary phase chemistries for the five columns evaluated in the present study: (A) 2-
ethylpyridine (2-EP), l-aminoanthracene (1-AA), 2-picolylamine (2-PIC), high strength silica
octadecyl (HSS C18), and ethylene bridged hybrid (BEH) silica. BEH silica is employed as base
material for 2-EP, 1-AA and 2-PIC phases.
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Table S4.1: Optimised SFC-ESI-MS/MS MRM conditions used for the analysis of the target ARVs and their metabolites.

Compound MW (gmol™) tr (£SD) Qion transition CV/CE Qion transition CV/CE g/Q (£SD)
(tawelr, SEC) (VieV) (tawel, SEC) (VieV)

efavirenz 315.7 2.76 (x0.01) 316.1 > 168.0 20/30 316.1>244.1 20/25 0.41 (x0.1)
(0.018) (0.018)

nevirapine 266.3 3.97 (x0.004) 267.3>226.1 20/25 267.3>107.1 20/30 0.67 (x0.1)
(0.003) (0.003)

nevirapine-D3 269.0 3.97 (x0.002) 270.0 > 110.0 20/25 a a a
(0.003)

zidovudine 267.2 3.98 (£0.02) 268.0 > 110.0 20/20 268.0 > 42.0 20/30 0.29 (x0.04)
(0.003) (0.003)

12-hydroxy nevirapine 282.3 5.04 (x0.01) 283.2>223.0 20/25 283.2>196.1 20/30 0.77 (£0.1)
(0.003) (0.003)

ritonavir 720.9 5.85 (x0.004) 721.5>296.1 15/15 721.5>426.5 15/15 0.26 (x0.03)
(0.003) (0.003)

emtricitabine 247.3 5.87 (x0.01) 248.0 > 130.6 15/15 248.0 > 113.5 15/30 0.13 (x0.02)
(0.046) (0.046)

lamivudine 229.3 6.55 (£0.01) 230.0>112.2 30/15 230.0>95.1 30/25 0.04 (x0.1)
(0.003) (0.003)

desthiazolylmethyloxycarbony!l ritonavir 579.8 6.64 580.1 > 268.1 20/25 580.1>410.1 20/25 0.11 (+0.02)

(£0.02) (0.003) (0.003)

8,14 dihydroxy efavirenz 347.7 b_ 346.0 > 261.8 20/15 346.0 > 241.8 20/15 b_
(0.003) (0.003)

zidovudine glucuronide 443.4 e 442.0 > 125.0 20/20 442.0 > 113.0 20/20 e
(0.003) (0.003)

2 The qualifier ion for nevirapine-Ds was not measured.

b&c The SFC-MS/MS was not suitable for the analysis of zidovudine glucuronide and 8,14-dihydroxy efavirenz.

¢ Values in parenthesis denote the standard deviations measured for the ion ratios (¢/Q) (n = 9).
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Figure S4.4: Typical integrated MRM chromatograms obtained for the target analyte standards at 52.1
ng/mL illustrating the optimised MS/MS acquisition conditions. Experimental conditions as specified
in Section 4.2.2 and Table S4.1.

Table S4.2: Asymmetry factors at 10% peak height for the test analytes on the columns evaluated for
this study (Snyder and Kirkland, 1979)

Test compounds

Columns EFZ  NVP NVP- ZDV  NVPM RTV FTC 3TC RTVM
D3

BEH 2-EP 1.00 110 1.00 1.05 1.00 1.05 1.67 1.67 1.80
1-AA 1.00 113 1.05 a— 1.05 1.10 1.20 1.50 1.55
2-PIC 1.05 100 1.00 0.80 1.05 1.00 1.05 1.15 1.60
HSS C18 1.05 110 1.05 1.05 1.10 1.05 1.10 1.20 1.20
SB

BEH 1.00 105 1.00 1.00 1.05 1.05 1.15 1.20 1.20

aZDV peak below signal-to-noise ratio

Method validation procedures

Limits of detection (LODs) and limits of quantification (LOQs) were calculated according to Eq.’s
S4.1 and S4.2 (Evard et al., 2016b, 2016a):

a) LOD=33x2
b) L0Q=1o><%y

Where Sy is the standard error of the calibration curve intercept, and b the calibration curve slope.
Method detection limits (MDLs) and method quantification limits (MQLs) were calculated according
to Eq.’s S3 and S4 (Camacho-Mufioz and Kasprzyk-Hordern, 2015; Fatta-Kassinos et al., 2011;
Ngumba et al., 2016):

Equation S4.1
Equation S4.2
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a) MDL =122x1% Equation S4.3
RecXPF
_ LOQX100 .
b) MQL— RecxPF Equatlon S4.4

where Rec is the analyte recovery and PF the pre-concentration factor. Recoveries (%) and matrix
effects (%) for fortified samples (Iyophilisation/SPE) were calculated according to Eq.’s S4.5 and
S4.6 (Matuszewski and Constanzer, 2003; Ngumba et al., 2016; Prasse et al., 2010)

blank subtracted pre—extraction spike concentration
a) Recovery (%) = P P

x100  Equation S4.5

blank—subtracted post—extracted spike concentration

blank subtracted post—extraction spike concentration

b) Matrix effects (%) =

x100Equation S4.6

neat standard concentration
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Table S4.3: Relative and absolute recoveries measured for the target analytes in wastewater effluent and influent samples at the 0.03 ng/mL.

Matrix Sample preparation Analytes?
method EFZ NVP ZDV NVPM RTV FTC 3TC RTVM
Effluent  ILIS-corrected
a) Lyophilisation  95.9 (x6) 73.0 (£7) n.d.p 77.4 (£5) 62.9 (£5) 73.1 (6) 98.9 (£3) n.q.c
b) SPE 92.7 (£10) 103 (£5) n.d. 98.6 (£2) 77.4 (£4) 21.8 (£2) 41.2 (+1) 56.3 (£6)
Non-ILIS-corrected
a) Lyophilisation  53.2 (x5) 89.2 (£3) n.d. 79.8 (£2) 73.6 (£6) 88.0 (6) n.d. n.g.
b) SPE 49.3 (£8) 89.5 (+2) n.d. 89.4 (5) 72.4 (£7) 23.2 (+5) 20.3 (+1) 34.1 (x4)
Influent ILIS-corrected
a) Lyophilisation 108 (£6) 94.8 (+10) n.d. 86.8 (+4) 84.8 (+2) 104 (+9) 103 (8) n.g.
b) SPE 72.0 (1) 107 (x11) n.d. 111 (+3) 87.7 (x3) 63.3 (+3) 50.7 (x3) 34.1 (x4)
Non-ILIS-corrected
a) Lyophilisation 112 (£3) 85.8 (£7) n.d. 85.5 (6) 70.1 (x4) 67.0 (x9) 101 (x2) n.d.
b) SPE 70.9 (£2) 89.6 (£16) n.d. 84.7 (£2) 78.1 (£3) 13.7 (1) 10.2 (1) 72.9 (£2)

2 mean value (n = 4), with standard deviation in parenthesis.
bn.d. — not detected.
n.g. — not quantified.
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Table S4.4: Relative and absolute recoveries measured for the target analytes in wastewater effluent and influent samples at the 0.3 ng/mL.

Matrix Sample preparation Analytes?
method EFV NVP ZDV NVPM RTV FTC 3TC RTVM
Effluent  ILIS-corrected
a) Lyophilisation  90.7 (£4) 71.7 (£5) n.d.p 74.5 (£3) 81.0 (x9) 65.5 (+8) 83.0 (x7) n.q.c
b) SPE 87.2 (£5) 99.1 (£1) n.d. 101 (4) 80.7 (£3) 31.4 (£2) 24.0 (1) 58.7 (£2)
Non-ILIS-corrected
a) Lyophilisation 118 (+9) 77.2 (£1) n.d. 86.4 (£1) 86.3 (x14) 56.7 (x2) 65.1 (£1) n.g.
b) SPE 91.0 (£6) 101 (£1) n.d. 103 (%5) 80.7 (1) 30.3 (£3) 19.1 (£1) 57.3 (1)
Influent ILIS-corrected
a) Lyophilisation 103 (6) 94.8 (+2) n.d. 96.7 (£14) 89.7 (£7) 100.5 (x2) 99.6 (6) n.g.
b) SPE 63.6 (1) 99.7 (+1) n.d. 101 (£6) 95.5 (+4) 54.3 (+3) 19.3 (x1) 78.1 (x2)
Non-ILIS-corrected
a) Lyophilisation 65.3 (x12)  88.5 (+16) n.d. 91.3 (¢11) 86.1 (+9) 71.7 (x11) 91.5 (+1) n.g.
b) SPE 94.9 (x8) 105 (+3) n.d. 105 (£2) 95.9 (+3) 29.6 (£5) 20.0 (1) 80.0 (x2)

2 mean value (n = 4), with standard deviation in parenthesis.
b n.d. — not detected.
n.g. — not quantified.
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Table S4.5: Relative and absolute recoveries measured for the target analytes in wastewater effluent and influent samples at the 3 ng/mL.

Matrix Sample preparation Analytes?
method EFZ NVP ZDV NVPM RTV FTC 3TC RTVM
Effluent  ILIS-corrected
a) Lyophilisation  82.4 (+4) n.q. 81.0 (x2) n.g. 84.4 (x12) 75.6 (+4) 73.1 (¢1) n.q.°
b) SPE 97.0 (x6) n.g. 114 (£5) n.g. 88.5 (+5) 41.7 (£4) 31.3 (x1) 56.2 (x2)
Non-ILIS-corrected
a) Lyophilisation  90.8 (£10) n.g. 84.8 (£6) n.g. 78.0 (£5) 80.4 (x4) 82.4 (£1) n.g.
b) SPE 98.2 (x5) n.g. 89.3 (£7) n.g. 87.1 (x1) 40.4 (£2) 30.5 (x1) 56.2 (x1)
Influent ILIS-corrected
a) Lyophilisation 100 (£7) n.g. 98.0 (6) n.g. 88.0 (6) 67.6 (x1) 99.6 (6) n.g.
b) SPE 101 (+3) n.g. 106 (x4) n.g. 91.7 (+1) 23.0 (£7) 19.6 (x1) 79.0 (x6)
Non-ILIS-corrected
a) Lyophilisation  94.7 (£9) n.g. 95.8 (x8) n.g. 90.2 (x2) 81.7 (x9) 96.9 (x6) n.g.
b) SPE 97.7 (¥1) n.q. 114 (29) n.g. 99.5 (£1) 34.9 (£1) 21.5 (£1) 80.3 (x1)

2 mean value (n = 4), with standard deviation in parenthesis.
b not quantified due to detector saturation.
¢ not quantified.
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Chapter 5

Ultra high pressure liquid chromatography coupled to travelling wave
ion mobility-time of flight mass spectrometry for the screening of
pharmaceutical metabolites in wastewater samples: application to

antiretrovirals.
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Abstract

The presence of pharmaceutical compounds in the aquatic environment is a significant environmental
health concern, which is exacerbated by recent evidence of the contribution of drug metabolites to the
overall pharmaceutical load. In light of a recent report of the occurrence of metabolites of antiretroviral
drugs (ARVDs) in wastewater, we investigate in the present work the occurrence of further ARVD
metabolites in samples obtained from a domestic wastewater treatment plant in the Western Cape, South
Africa. ARVDs are extensively metabolized in the human body and their parent forms have been
frequently detected in wastewater samples, suggesting partial elimination during treatment.
Pharmacokinetic data indicate that ARVDs are biotransformed into several positional isomeric
metabolites, only two of which have been reported wastewater samples. Given the challenges associated
with the separation and identification of isomeric species in complex wastewater samples, a method
based on liquid chromatography hyphenated to ion mobility spectrometry — high resolution mass
spectrometry (LC-IMS-HR-MS) was implemented. Gradient LC separation was achieved on a sub-2
pm reversed phase column, while the quadrupole-time-of-flight MS was operated in the data
independent acquisition (DIA) mode MSE to increase spectral coverage of detected features. A mass
defect filter (MDF) template was implemented to detect ARVD metabolites with known phase | and
phase 11 mass shifts and fractional mass differences and to filter out potential interferents. IMS proved
particularly useful in filtering the MS data for co-eluting species according to drift time to provide
cleaner mass spectra. This approach allowed us to confirm the presence of two known hydroxylated
efavirenz (EFZ) and nevirapine (NVP) metabolites using authentic standards, and to tentatively identify
a carboxylate metabolite of abacavir (ABC) previously reported in literature. Furthermore, three
hydroxylated-, two sulphated and one glucuronidated metabolite of EFZ, two hydroxylated metabolites
of NVP and one hydroxylated metabolite of ritonavir (RTV) were either tentatively or putatively
identified in wastewater samples for the first time. Assignment of the metabolites is discussed in terms
of high resolution fragmentation data and mass defect values, while collisional cross section (CCS)
values measured for the detected analytes are reported to facilitate further work in this area. All

metabolites provided fractional mass defect values consistent with literature.
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5.1 Introduction

Despite the advances in wastewater treatment technology, it has become apparent that the process is
still relatively ineffective in the removal of organic micropollutants from wastewater. This is especially
true for pharmaceutical compounds (Botero-Coy et al., 2018; Paiga et al., 2016). Recent literature
shows an increasing trend in the detection of pharmaceutical compounds in treated effluent and effluent-
impacted surface water samples, which can at least in part be ascribed to heightened research interest
in water quality and the availability and performance of state-of-the-art mass spectrometry
instrumentation (Nannou et al., 2020, 2019).

In addition to the parent drug molecules, however, it has in recent years become increasingly evident
that their metabolites also contribute to the environmental impact (Celiz et al., 2009). During
wastewater treatment, drug metabolites may be reduced to their parent forms, resulting in augmented
concentrations of the parent drug (Bahlmann et al., 2014; Brown and Wong, 2015). In some instances,
metabolites are excreted at concentrations equal to or rivalling those of their parent compounds,
indicating that metabolites may represent a hidden and understudied component of the overall
pharmaceutical load in wastewater (Brown and Wong, 2018, 2016, 2015). Qualitative data regarding
the occurrence of pharmaceutical metabolites in the aquatic environment is still fragmentary (Funke et
al., 2016; Verlicchi and Zambello, 2016). Several reasons may explain this scenario. Metabolites for
many pharmaceuticals are unknown, especially those that cannot be predicted via the known enzymatic
reactions (phase | and phase Il metabolic processes) (Funke et al., 2016). In addition, analytical methods
used for detection for metabolites are most often targeted at known parent and metabolite molecules
and may not be suitable for unknown metabolites of different properties (including potential in-sewer
transformation products) (Nannou et al., 2019); this is a typical challenge encountered for targeted

multi-residue methods using tandem mass spectrometry (Funke et al., 2016).

Antiretroviral drugs (ARVDs) represent an important class of pharmaceutical contaminants, which have
the focus of significant attention in recent years (Madikizela et al., 2020; Nannou et al., 2020, 2019;
Ncube et al., 2018). However, much less is known about the occurrence of ARVD metabolites in the
aquatic environment (Madikizela et al., 2020; Mosekiemang et al., 2019; Nannou et al., 2020, 2019),
with the first confirmation of known metabolites of nevirapine and efavirenz in wastewater only

recently reported (Mosekiemang et al., 2019; Richardson et al., 2021).

The metabolism and high body clearance potential of ARVDs are already known (Andrade et al., 2011,
Aouri et al., 2016; Bélanger et al., 2009; Harjivan et al., 2014; Ren et al., 2010; Riska et al., 1999). For
example, cytochrome P450 (CYP) enzymes are involved in phase | metabolism of non-nucleoside
reverse transcriptase inhibitor (nNRTI) ARVDs. In the case of efavirenz (EFZ), several hydroxylated
metabolites are produced (Figure S1), with the CYP2A6 and CYP2B6 isoforms responsible for the
formation of 7- and 8-hydroxy EFZ (7-/8-OH-EFZ), respectively. CYP2B6 is also involved in the
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formation of 8,14-dihydroxy efavirenz (8,14-diOH-EFZ), a secondary metabolite for 8-OH-EFZ
(Harjivan et al., 2014; Mutlib et al., 1999; Ogburn et al., 2010). UDP-glucuronosyltransferase and
sulfotransferase enzymes are subsequently involved in the formation of glucuronic acid and sulphate
phase Il conjugates such as 7- and 8-hydroxy efavirenz glucuronide (7-, 8- and N-OH-EFZ-Glu) and 7-
and 8-hydroxy Efavirenz sulphate (7- and 8-OH-EFZ-sulphate) (Bélanger et al., 2009; Ogburn et al.,
2010). Similarly, nevirapine (NVP) is biotransformed by the same enzymes to several hydroxylated
metabolites (Figure S5.2), including 2-, 3-, 8-, 12-hydroxy (2-, 3-, 8- and 12-OHNVP) and 4-carboxy
nevirapine (4-COOHNVP), which together with their glucuronide conjugates (2-, 3-, 8- and 12-
OHNVP-GIlu) have been identified in human urine (Fan-Havard et al., 2013; Riska et al., 1999).
Nucleoside reverse transcriptase inhibitors (NRTISs) such as abacavir undergo hepatic metabolism via
the alcohol dehydrogenase and uridine diphosphate glucuronyl transferase pathways to form abacavir-
5"-carboxylate and abacavir-5"-glucuronide, respectively. These two metabolites are the main clearance
routes for abacavir, constituting ~30-36% of the dose through renal excretion, while fecal excretion of
mostly unchanged drug accounts for ~16% of the dose (Yuen et al., 2008). Similarly, hepatic
metabolism of the protease inhibitor ritonavir produces several oxidative excretory metabolites at low
levels compared to the parent drug, which is mostly excreted unchanged in fecal matter. The main
metabolite for this drug is the isopropylthiazolyl ritonavir, which accounts for ~30% of the dose in
excreta (Denissen et al., 1997). These drugs and their metabolites are partially removed during
wastewater treatment processes (Funke et al., 2016; Richardson et al., 2021; Schoeman et al., 2017;
Wood et al., 2016).

The method of choice for the analysis of pharmaceuticals and their transformation products in
wastewater is liquid chromatography hyphenated to tandem quadrupole MS (LC-MS/MS), typically
operated in multiple reaction monitoring (MRM) mode (Mosekiemang et al., 2019; Ncube et al., 2018).
While the selectivity and sensitivity of this approach is unsurpassed, the technique is less suitable for
untargeted screening analyses, such as required for the determination of unknown metabolites. For such
analyses, LC-high resolution MS (HR-MS) offers a powerful alternative analytical approach (Andra et

al., 2017). For complex samples such as wastewater, however, several challenges remain.

Processing full-scan HR-MS data to confidently distinguish small compound-related signals from
complex matrix background can be challenging, and typical manual data analysis workflows are time
consuming and labour intensive (Andra et al., 2017; Mortishire-smith et al., 2005). A number of data
analysis strategies have been developed to facilitate processing of complex total ion chromatograms
(TICs). One such approach is to use mass defect filters (MDFs) to remove interferents to simplify the
identification of target compound classes (Bateman et al., 2007; Zhang et al., 2007). Phase | and 11
metabolites exhibit distinct mass shifts (Da) and fractional mass differences (AFM, mDa) relative to

their parent drugs (e.g. M+16 Da and AFM -5.1 mDa for hydroxylated metabolites), suggesting the
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possibility of implementing suitable MDF templates to look for such metabolites in complex samples
(Zhang et al., 2007, 2008).

A further development of relevance is the incorporation of ion mobility spectrometry (IMS) into LC-
HR-MS workflows. In IMS, gaseous ions are separated as they traverse a buffer gas filled chamber
under the influence of a weak electric field (D’ Atri et al., 2018; Lanucara et al., 2014; May et al., 2017).
The additional separation step offered by IMS suggests that the technique can compensate for the
limited selectivity typical of data independent acquisition modes (DIA) such as MSE - often used in
screening analyses - where low- and high collision energy spectra are obtained for all co-eluting species.
Using IMS, mass spectral data can be filtered according to the arrival time (ta) of particular ions to
improve spectral interpretation (Castro-Perez et al., 2007), while ta-alignment of co-eluting precursors
with their respective fragment ions can be used to enhance selectivity and improve spectral quality
(Zandkarimi et al., 2013). In addition, an ion’s arrival time can be converted to its gas phase averaged
collision cross section (CCS, Q), which provides an additional identification criterion complementary
to the retention time (tr) and mass-to-charge ratio (m/z) data (Gabelica et al., 2019; May et al., 2017,
May and McLean, 2015). The use of CCS values as an additional identification point is promising due
to the extremely high precision of these values (Regueiro et al., 2016; Stow et al., 2017) . This approach
is however limited to compounds for which reliable experimental CCS values are available, which
precludes its use for ARVD metabolites. In such cases, predicted CCS values may be used to support
assignments (Bijlsma et al., 2017; Ross et al., 2020).

Against this background, the aim of the present study was to apply an untargeted screening approach
based on LC-IMS-HR-MS operated in DIA mode to investigate the potential occurrence of ARVD
metabolites in wastewater samples. We report the first evidence confirming the presence of several
human metabolites of the ARVDs abacavir, efavirenz, nevirapine and ritonavir in influent and effluent

samples.
5.2 Experimental
5.2.1 Chemicals

All solvents were LC-MS grade or better. Acetonitrile (ACN) and methanol (MeOH) were supplied by
Romil Ltd. (Waterbeach, Cambridge, GB). Poly-DL-alanine (PolyAla) was supplied by Sigma-Aldrich,
(St. Louis, MO, USA) while Formic acid (FA) and Ammonium Hydroxide (NH4OH) were supplied by
Merck Millipore (Cape Town, South Africa). Laboratory water was obtained inhouse using a Millipore,
Direct Q3 system. efavirenz (EFZ), emtricitabine (FTC), lamivudine (3TC), nevirapine (NVP) and
ritonavir (RTV) were supplied by ClearSynth (Mumbai, India). 8,14-dihydroxy efavirenz (8,14-diOH-
EFZ) and 12-hydroxy nevirapine (L20HNVP) were purchased from Toronto Research Chemicals Inc.
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(North York, ON, Canada). Carbamazepine (CBZ), caffeine (CAF), and diclofenac (DIC) were
obtained from Sigma-Aldrich.

5.2.2 Sample preparation

Wastewater samples were collected at a wastewater treatment plant receiving predominantly domestic
sewage water, in Western Cape, South Africa. The samples were collected in April 2018 during a severe
drought (2016-2018). Grab sampling was used to obtain several 500 mL sub-samples at 10-15 min
intervals over 2h, which were pooled into a homogenised composite sample in a precleaned 5 L
borosilicate glass conical flask. The composite sample was aliquoted into new and precleaned 500 mL
amber bottles and transported to the lab where they were refrigerated at 4°C without preservative
additives until processing within 24h. The raw wastewater samples were collected at an influent
accumulation pond after the grit removal facility, while the biologically or membrane bioreactor (MBR)
treated effluent samples were collected at designated sampling points before and after the chlorination
pond. Prior to sample preparation, samples were sequentially filtered through 2.7 um (47 mm) and 0.45
pum (25 mm) glass microfibre filters (Whatman, Maidstone, England). Samples were pre-concentrated
either by solid phase extraction (SPE) using Strata SDB-L cartridges (200 mg/6 mL, Phenomenex,
Torrance, CA, USA) or by lyophilisation (the latter for the analysis of polar metabolites that are poorly
retained by SPE).

A generic SPE procedure was used, which entailed conditioning sequentially with ACN followed by
MeOH (1x 4 mL), equilibration with pH-adjusted (pH 7) deionised water (1 x 4 mL), sample loading
(100 mL sample at ~1 mL/min), bed rinsing (pH-adjusted deionised water), vacuum drying for 10 min
and elution using 4 mL FA/MeOH (5/95, v/v). The eluate was dried under N, and reconstituted in
MeOH/water (3/7, viv). For lyophilisation, 100 mL sample aliquots were dispensed into 250 mL
volumetric flasks and frozen in a liquid N bath. Frozen samples were mounted on a Beta 1-8 LD plus
freeze-drier (Christ, Germany) for 24 h or until completely dry. Residues were re-suspended in 4 mL
FA/MeOH (5/95, v/v), dried under N and reconstituted in MeOH/water (3/7, v/v).

5.2.3 UHPLC settings

A Waters Acquity UPLC (Waters, Milford, USA) instrument was used, with separation performed using
an Acquity HSS T3 column (1.8 um, 2.1 x 150 mm) maintained at 45°C. The inlet method was a gradient
programme set to deliver the mobile phases (0.1% FA, solvent A and ACN, solvent B) at 0.25 mL/min
as follows: 100% A (0-1 min), 100-72% A (1-22 min), 72-60% A (22-22.5 min), 60-20% A (22.5-40
min), 20-0% A (40-42 min), 0-100% A (42-43 min) before re-equilibration. The injection volume was
2 UL.
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5.2.4 TWIMS-Q-TOF settings

High resolution ion mobility data was acquired using a Waters Synapt G2 quadrupole time-of-flight (Q-
TOF) mass spectrometer equipped with an electrospray ionisation (ESI) source and an inline travelling
wave ion mobility spectrometer (TWIMS). The instrument was operated in DIA (MSF) mode, where
low and high collision energy data are acquired alternately. For the low collision energy (LE) function,
a collision energy of 4 V was applied to scan for precursor or adduct ions in the mass range 100-2000
amu, whereas high collision energy (HE) data were acquired using a collision energy ramp of 20-50 V
to scan for fragment ions over the mass range 50-2000 amu. Ultra-pure Argon (Ar) was used as a
collision-induced dissociation gas. Separate analyses were performed using positive and negative ESI.
The ESI conditions were as follows: cone and capillary voltages 15 V and 2.5 kV, respectively, and
source and desolvation temperatures 120 and 275°C, respectively. The flow rates for the cone and
desolvation gas (N2) flows were 50 and 650 L/h, respectively.

For IM separations, the T-wave trap and transfer devices were operated at a wave height and velocity
of 6 VV and 311 m/s, respectively. In the mobility cell, flow rates for helium (He) in the He-chamber and
N-drift gas in the T-wave IMS cell were set at 180 and 90 mL/min, respectively.

Prior to operation, the QTOF was externally calibrated using sodium formate solution, and leucine
enkephalin (reference masses m/z 556.2771 and 554.2615 for ESI+, respectively) was used as lockspray
mass. TWIMS calibration was performed in both ionisation modes using poly-DL-alanine as calibrant
(z = 1, m/z 230.1-798.4, CCS 150.0-264.8 A). All experimental CCS values reported were therefore
obtained using TWIMS and nitrogen as drift gas ("W'MSCCSn). IMS data were viewed and manipulated
using DriftScope™ v2.9 software (Waters) and extracted ion data were exported to MassLynx™
v4.1(Waters) for conversion into to mobilograms.

MetaboLynx™ (Waters) was used to search for expected metabolites by processing full scan accurate
mass data (Mortishire-smith et al., 2005; Tiller et al., 2008). Metabolites of a single parent compound
were searched using accurate mass filters (tolerance +5 ppm), with the phase | and Il metabolites as
targets using the predicted mass shifts relative to the target parent compound (e.g. parent + (OH, 2 x
OH for phase | and C¢HgOs, SO; for phase 11). Retention time filters were not applied to allow for a
complete search of the entire chromatographic space. The resulting extracted range chromatograms
(XRC) were further refined by implementing a fractional mass defect filter set at -50 and +50 mDa

around a detected metabolite ion (Zhang et al., 2009).
5.3 Results and discussion
5.3.1 Analytical procedure for the untargeted screening of ARVD metabolites in wastewater samples.

The untargeted screening for ARVD metabolites in wastewater samples was achieved using UHPLC
separation in combination with TWIMS-HR-MS detection (Section 5.2.4). For high efficiency
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separations, a 150 mm Acquity HSS T3 column (1.8 um, d,) was selected based on the capability of
this phase to retain polar analytes as well as its compatibility with aqueous-rich mobile phases. A
relatively long gradient was used for maximum chromatographic resolution (Section 5.2.4). For sample
pre-treatment, both reversed phase SPE and lyophilisation were used, the latter to improve the detection
of the polar nucleoside ARVDs (emtricitabine and lamivudine), which show poor retention on reversed
phase (RP) SPE phases (Backe and Field, 2012; Mosekiemang et al., 2019). Further details on the

compounds detected in sample prepared by SPE and lyophilisation are presented in Table S5.1.

As expected, the total ion chromatograms obtained for the wastewater samples were highly complex,
with incomplete resolution of the many detected features (Figure S5.3). In order to improve the
identification of compounds, two approaches were used. First, all mass spectral data were filtered
according to TWIMS arrival time, which improved spectral quality for co-eluting compounds.
Secondly, full scan MS data was subjected to a mass defect filtering algorithm to eliminate matrix-
related interferents. A typical output summary obtained using the Metabolynx platform is shown in
Figure S5.4, which illustrates a list of expected metabolites for ritonavir (Cs7HigNeOsS2, Am/z -2.2
ppm), and an hydroxylated ritonavir metabolite detected at tr 28.71 min (Cs7HsNsOsS2, Am/z -2.8

ppm).

Using this screening method, several pharmaceuticals of different classes (i.e. anticonvulsants,
analgesics, beta blockers, etc.) were detected in wastewater samples. For instance, the sedative
methaqualone, a constituent of Mandrax whose illicit use is well-documented among adolescents in
Cape Town (Parry et al., 2004), was tentatively identified, as well as the opiates codeine and tramadol
and the antibiotic trimethoprim. The anticonvulsant carbamazepine, the anti-inflammatory drug
diclofenac and caffeine were identified using authentic standards. Furthermore, polyethylene glycols
(PEGs) of chain lengths ranging from 7-17 ethoxy groups (m/z 327-784 and CCS 173.0-268.9 A?) were
also detected in the positive mode as [M+NH4]*" or [M+H]* adduct ions in raw wastewater samples only.
The presence of PEG may originate from medical formulations where they serve as vehicles for drug
delivery or excipients (Howdle et al., 2009), or from plastic labware (Rardin, 2018), although this is
unlikely as they were only detected in raw wastewater samples.

A further benefit of incorporating IMS into the analytical workflows is that tentative identification can
be strengthened by comparing experimentally determined CCS values (CCSexp) to literature (CCSyir)
values (e.g. codeine, methaqualone, PEGs, tramadol and trimethoprim in Table 1). Generally, good
agreement with measured CCS values from literature was obtained for most compounds, with ACCS
values in the range +0.1-3.1% (an acceptable deviation considering that this is essentially an
interlaboratory reproducibility assessment, where an acceptability threshold is set at < 2% (Regueiro et
al., 2016)). Higher ACCS values measured for especially low molecular weight MW compounds (m/z
< 180) can be ascribed to the limitations of the calibrant (poly-DL-alanine) in this region (Masike et al.,
2021; Richardson et al., 2019). Note that for most of the ARVD metabolites identified in the present
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work, experimentally determined CCS values are reported here for the first time. In such cases, CCSiit
values were predicted using the approach of Ross et al.(2020) for comparison purposes.

The above results confirm the suitability of the UHPLC-IMS-HR-MS method for the screening analysis
of pharmaceutical compounds in wastewater samples. Despite this, zidovudine and its glucuronide were

not detected in this work, possibly due to poor recovery from SPE and lyophilisation.
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Non ARVD pharmaceuticals and their metabolites

tr Compound Class Elemental Detected Observed Am/z TWIMSCCSp (A2) Observed MS/MS $885Reference
(min) formula ion m/z (ppm) ions
SExp. SSLit. SSACCS
(%)
10.59 | codeine Opiate C18H22NOs [M+HT* 300.1604 0.4 166.6 168.2¢ -0.9 243.1032, 225.0943, (Quetal., 2016)
215.1098
12.82 | caffeine MethylIxanthine | CsH11N4O2 [M+HT* 195.0875 -3.6 134.0 136.9¢ -2.1 138.0661, 110.0715 Standard
12.90 | O-desmethyltramadol Opioid C15H2aNO2 [M+H]* 250.1793 -55 155.6 157.4¢ -1.1 214.9307, 191.1119, (Mollerup et al., 2018)
metabolite 149.0310
13.23 | trimethoprim Antibiotic C14H19N4Os [M+HT* 291.1457 0.0 169.2 170.8° -0.9 275.1123, 261.0981, (Jewell et al., 2016)
230.1135, 123.0632
16.92 | tramadol Opiate C16H26NO2 [M+H]* 264.1964 -3.0 157.8 160.4¢ -1.7 214.9243, 132.0895, (Mollerup et al., 2018)
119.019
25.52 | carbamazepine Anticonvulsant | CisHi1sN20 [M+HT* 237.1026 -0.8 145.7 150.3¢ -3.1 220.0759, 194.0964, Standard
167.0856
26.68 | methaqualone Sedative Ci6H15N20 [M+HT* 251.1186 0.8 150.2 155.0¢ -3.1 132.0832, 120.0598, (Oliveira et al., 2015)
91.0496
31.89 | diclofenac NSAID C14H12NO2Cl2 [M+H]* 296.0235 -34 161.2 161.1¢ 0.1 214.0423, 179.0716, Standard
151.0533
ARVD pharmaceuticals and their metabolites
tr Compound Class Elemental Detected Observed Amfz | TWIMSCCSy (A2) Observed MS/MS 8885Reference
(min) formula ion m/z (ppm) ions
SEXp. S8Lit, $8SACCS
(%)
291 lamivudine ARVD CsH12N303S [M+H]* 230.0590 -3.9 140.8 146.82 -0.6 230.0594, 95.0237 Standard
4.33 emtricitabine ARVD CsH11N3OsSF [M+H]* 248.0499 -2.4 145.3 149.42 -2.7 248.0500, 130.0406 Standard
11.96 | abacavir ARVD C14H19NsO [M+H]* 287.1615 -35 162.1 167.22 -3.0 191.1014, 150.0631, (Funke et al., 2016)
134.0437
12.21 | abacavir-5’-carboxylate ARVD C14H17NsO2 [M+H]* 301.1410 -1.0 168.9 169.92 -0.6 191.1040, 174.0767, (Funke et al., 2016)
Metabolite 150.0627, 134.0469
15.91 | 2-hydroxy efavirenz ARVD C15H15N402 [M+H]* 283.1193 -0.7 159.8 167.02 -4.3 242.0819, 214.0879, (Ren et al., 2010)
Metabolite 161.0720, 123.0490
16.92 | 12-hydroxy nevirapine ARVD C15H15N402 [M+H]* 283.1190 -1.8 164.7 167.02 -14 265.1089, 237.1139, Standard
Metabolite 223.1101, 196.0748
17.58 | 3-hydroxy nevirapine ARVD C15H15N402 [M+HT* 283.1182 -4.6 159.8 167.02 -4.3 242.0823, 214.0881, (Ren et al., 2010)
Metabolite 161.0724, 123.0477
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19.94 | nevirapine ARVD C1sH15N4O [M+H]* 267.1245 -0.4 162.7 163.8? -0.7 227.0926, 226.0854, Standard
107.0605
26.95 | 8,14-dihydroxy efavirenz ARVD C14HsNO4F3Cl [M-H] 346.0105 3.2 188.4 181.22 4.0 262.0003, 241.9937, Standard
Metabolite 226.0342
27.20 | N-hydroxy efavirenz glucuronide ARVD C20H16NOsFsCl | [M-H] 490.0527 2.0 220.4 218.6% 0.8 314.0201, 244.0200 (Deng et al., 2015)
Metabolite
27.24 | atazanavir ARVD CagHs3NsO7 [M+H]* 705.3968 -1.1 265.3 263.6° -0.1 563.3292, 534.3036, (Alelyunas et al., 2017)
335.1921, 168.0810
27.81 | 7,14-dihydroxy efavirenz ARVD C14HsNO4F3CI [M-H] 346.0106 35 183.0 181.22 1.0 262.0013, 204.0140, (Deng et al., 2015)
Metabolite 183.0064
27.91 | 8,14-dihydroxy efavirenz sulphate ARVD C14HsNO7F3CIS | [M-H] 425.9662 14 195.1 197.52 -1.2 325.1932, 302.0269, (Deng et al., 2015)
Metabolite 282.0211, 262.0147
28.69 | hydroxy ritonavir ARVD Cs7H19Ns06S2 [M+H]* 737.3148 0.9 260.9 260.12 0.3 312.1306, 284.1354, (Gangl et al., 2002)
Metabolite 187.1017
30.93 | 7- and/or 8-hydroxy efavirenz ARVD C14HsNO3F3Cl [M-H] 330.0157 3.6 186.6 187.62 -0.5 286.0240, 257.9933, (Deng et al., 2015)
Metabolite 250.0481, 210.0355
31.72 | N-hydroxy efavirenz ARVD C14HsNO3F3Cl [M-H] 330.0160 4.5 186.6 187.62 -0.5 263.9684, 260.0119 (Deng et al., 2015)
Metabolite
32.62 | 8-hydroxy efavirenz sulphate ARVD C14HsNO6FsCIS | [M-H] 409.9717 1.0 201.1 203.9 -14 330.0149, 286.0246, (Deng et al., 2015)
Metabolite 257.9940, 210.0364
32.87 | ritonavir ARVD C37H49N6O5S2 [M+H]* 721.9198 -1.1 262.4 255.72 2.6 426.2375, 268.1511, Standard
197.0759, 171.0978
33.19 | efavirenz ARVD C14HsNO2F3Cl [M-H] 314.0208 3.8 184.8 187.82 -1.6 250.0266, 244.0175, Standard
183.0108
33.69 | lopinavir ARVD C37HagN4Os [M+H]* 629.3732 4.6 257.6 256.72 0.3 447.3050, 429.2880, (Marzinke et al., 2014)
310.2079, 183.1264
Synthetic polymers
tr Compound Class Elemental Detected Observed | A m/z | TWIMSCCSn, (A2) Observed MS/MS 8885Reference
(min) formula ion m/z (ppm) ions
SExp. SSLit. $88ACCS
(%)
13.31 PEG#(n=7) Surfactant C14H300s [M+H]* 327.2019 0.9 173.0 178.0° -2.8 - (Fiebig and Laux, 2016)
14.53 PEG (n=8) Surfactant Ci16H3409 [M+NH4]* 388.2547 -1.5 182.5 183.0° -0.3 - (Fiebig and Laux, 2016)
15.62 PEG (n=9) Surfactant CigH38010 [M+NH4]* 432.2805 -0.9 192.1 191.0¢ 0.6 - (Fiebig and Laux, 2016)
16.60 PEG (n =10) Surfactant Ca0H42011 [M+NH4]* 476.3071 -2.5 199.1 200.0¢ -0.5 - (Fiebig and Laux, 2016)
17.49 PEG (n=11) Surfactant C22H46012 [M+NH4]* 520.3333 -0.5 209.7 209.0¢ -0.5 - (Fiebig and Laux, 2016)
18.31 PEG (n=12) Surfactant C24Hs0013 [M+NH4]* 564.3595 -1.1 219.5 219.0¢ 0.2 - (Fiebig and Laux, 2016)
19.05 PEG (n = 13) Surfactant C26Hs4014 [M+NH4]* 608.3857 -2.0 230.5 230.0¢ 0.2 - (Fiebig and Laux, 2016)
19.74 PEG (n=14) Surfactant Ca2sHs8015 [M+NH4]* 652.4119 -1.2 241.2 240.0¢ 0.5 - (Fiebig and Laux, 2016)
20.37 PEG (n=15) Surfactant C3oHs2016 [M+NH4]* 696.4382 1.6 249.8 251.0¢ -0.5 - (Fiebig and Laux, 2016)
24.08 PEG (n=16) Surfactant C32Hes017 [M+NH4]* 740.4644 0.5 259.4 261.0¢ -0.6 - (Fiebig and Laux, 2016)
24.08 PEG (n=17) Surfactant C34H700138 [M+NH4]* 784.4877 -3.7 268.9 271.0¢ -0.8 - (Fiebig and Laux, 2016)
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#Monomer/chain length.

SExperimental CCS values, $8CCS obtained from literature, or where none was available, the CCS value predicted according to Ross et al. (2020), $8Error between experimental CCS values and
those obtained from literature or by prediction, $858References used for comparison of MS/MS data.

3(Ross et al., 2020), °(Alelyunas et al. 2017), ¢(Hines et al., 2017), 4(Bijlsma et al., 2017), ¢(Fiebig and Laux, 2016),
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The goal of this work was however to investigate the potential occurrence of ARVD metabolites using
the proposed analytical screening methodology (Figure S5.5). Indeed, eight ARVDs were detected in
the analysed wastewater samples (Table 5.1), belonging to nucleoside reverse transcriptase inhibitors
(NRTI, abacavir, emtricitabine and lamivudine), non-nucleoside reverse transcriptase inhibitors
(nNRT], efavirenz and nevirapine) and protease inhibitors (PI, atazanavir, ritonavir and lopinavir)
classes. Of these, efavirenz, emtricitabine, lamivudine, nevirapine and ritonavir were identified using
standards, whereas abacavir, atazanavir and lopinavir were tentatively assigned based on HR-MS data
and experimental CCS values. Furthermore, two ARV metabolites recently reported in wastewater
samples (Mosekiemang et al., 2019), namely 8,14-dihydroxy-efavirenz and 12-hydroxy-nevirapine,
were identified using reference standards. Interestingly, several additional chromatographic peaks were
found to potentially correspond to further metabolites of abacavir, efavirenz, nevirapine and ritonavir
based on HR-MS and IMS data. The tentative or putative assignments of these are discussed in detail

below.

5.3.2 ldentification of ARVD metabolites
5.3.2.1 Efavirenz metabolites

A total ion current (TIC) chromatogram illustrating the retention window where efavirenz (EFZ)
metabolites were detected is presented in Figure 1. The parent compound EFZ was detected in both
raw and treated wastewater samples processed by both SPE and lyophilisation and confirmed using a
reference standard, with good agreement between CCSex, (CCS 184.8 A?) and CCS;; values (ACCS -
1.6%). EFZ eluted later (tr 33.19 min) than its metabolites in RP-LC, as expected based on its larger
hydrophobicity.

5.3.2.1.1 Monohydroxylated metabolites of efavirenz

Three monohydroxylated metabolites of EFZ have previously been identified in human urine samples
obtained from clinical subjects undergoing EFZ-based therapy (Ogburn et al., 2010), namely 7-, 8- and
N-hydroxy-efavirenz (7-, 8- and N-OH-EFZ), while 8-OH-EFZ was recently detected in river water in
the UK (Richardson et al., 2021). These are relatively easily identified by the distinctive *’Cl isotope
peak (m/z 332) of the deprotonated molecular ions at m/z 330 (C14HsNOsFsCl), 16 Da higher than that
of the parent drug (m/z 314 [M-H]", C14HsNO2F:Cl) (Figure 5.2 B&C). However, the extracted ion
chromatogram (XIC) for m/z 330 provided only two well-separated peaks in wastewater samples, at tr
30.93 and 31.72 min (Figure 5.2A).
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Figure 5.1: (A) Region of the total ion current (TIC) chromatogram where EFZ and its metabolites
were detected in a raw wastewater sample processed by SPE. Data obtained using negative ESI. (B)
shows a close-up of the partial separation of ¢ and d, and (C) presents the relevant region in contour
plot format (retention time vs. IMS arrival time). Peak annotation: (a) 8,14-dihydroxy-efavirenz, (b) N-
hydroxy efavirenz-glucuronide, (c) 7,14-dihydroxy-efavirenz, (d) 8,14-dihydroxy-efavirenz-sulphate,
(e) 7- and/or 8-hydroxy-efavirenz (refer to text), (f) N-hydroxy-efavirenz, (g) 8-hydroxy-efavirenz-

sulphate, and (h) efavirenz.

Further information can be obtained from the MSE data, where the high collision energy (HE) spectrum
for the two peaks differ significantly. The earlier eluting peak showed diagnostic ions at m/z 286.0242
(C13HeNOF3CI, Am/z -1.7 ppm), 257.9936 (C11HsNOF3Cl, Am/z 0.8 ppm), 250.0482 (C13H/NOF3, Am/z
0.8 ppm) and 210 (C1oHsNO:2F2, Am/z -5.2 ppm), which agree remarkably well with the fragmentation
behaviour reported for both 7- and 8-OH-EFZ (Deng et al., 2015), also reported for the same compounds
in human urine (Mutlib et al., 1999; Ogburn et al., 2010). These fragment ions allowed differentiation
of the compound from N-OH-EFZ (see below). Because 7- and 8-OH-EFZ show similar HR-MS
behaviour, and both compounds elute before N-OH-EFZ (Aouri et al., 2016; Deng et al., 2015; Ogburn
et al., 2010) the peak eluting at 30.93 min was tentatively assigned as 7- or 8-OH-EFZ, or indeed could
correspond to both species co-eluting. Note that IMS could not be used to assign this compound, since
the experimental CCS values for both peaks were identical (ta 5.45 ms, and CCS 186.6 A2, respectively)
(Figure S5.6), as indeed confirmed by the CCS prediction based on the SMILES structures for
monohydroxylated EFZ species according to Ross et al.(2020) (Table 5.1).
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The peak eluting at tr 31.72 min was tentatively assigned to N-OH-EFZ based on its higher retention
and on the unique fragmentation of this compound, including assignment of characteristic fragment
ions (Figure 5.2E), both of which are in agreement with the previous studies (Deng et al., 2015; Mutlib
et al., 1999). Unlike the fragmentation spectra for 7- and 8-OH-EFZ, which are essentially similar, the
base peak ion for N-OH-EFZ is observed at m/z 263 (CoH2NOsFsCl, Am/z 4.5 ppm), likely formed due
to the loss of an ethynylcyclopropane (CsHg) fragment from the deprotonated molecular ion according
to (Deng et al., 2015). The presence of this ion confirms that the hydroxyl is not situated on the
cyclopropyl side chain, while the distinct fragmentation pathways for this molecule implies that neither
is it situated on the aromatic ring. A second characteristic ion was observed at m/z 260 (C13H;NOsCI,
Am/z 1.9 ppm), which is produced by the loss of a CHF; moiety; this is followed by the loss of carbon
monoxide (CO) to produce the fragment ion at m/z 232 (C1,H7NO:CI, Am/z 3.9 ppm).
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Figure 5.2: (A) Extracted ion chromatogram (XIC) at m/z 330 showing the monohydroxylated EFZ
metabolites 7- and/or 8-OH-EFZ (1) and N-OH-EFZ (2) detected in a treated wastewater sample. Also
shown are the low collision energy (B and C) and high collision energy (MSF) (D and E) spectra for

the two isomeric metabolites.
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5.3.2.1.2 Dihydroxylated metabolites of efavirenz

Two dihydroxylated EFZ metabolites have been reported in pharmacokinetic studies using clinical
samples (Mutlib et al., 1999; Ogburn et al., 2010). Both, 7,14- and 8,14-dihydroxy-efavirenz (7,14-
diOH-EFZ and 8,14-diOH-EFZ), were also detected in influent and effluent wastewater samples, albeit
at low signal intensities (Figure S5.7). Mass defects values are in accordance with expectations for
dihydroxy metabolites (Zhang et al., 2007, 2009, 2008). These metabolites show a deprotonated
molecular ion at m/z 346 (C14HsNO4F3Cl), and the XIC for this mass (Figure 5.3A) shows two well
separated isomers. The peak at tg 26.95 min was conclusively confirmed as 8,14-diOH-EFZ using a
reference standard (Ross et al., 2020). Accordingly, the later eluting peak at tr 27.81 min was tentatively
assigned to 7,14-OH-EFZ. This is fully supported by the high collision energy spectrum of this
compound, where the molecular formulae for fragment ions confirm the relevant fragmentation
pathways (Figure 5.3B-D). The characteristic ion at m/z 302 (CisHsNO2FsCl, only visible in the
spectrum for the reference compound) is formed by the loss of a CO, from the molecular ion. Thereafter,
the sequential losses of HF (20 Da) from this and subsequent ions produce fragment ions at m/z
282.0131 (C13H/NO2F,CI, Am/z -0.7 ppm), 262.0073 (C13HsNO2FCI, Am/z -0.8 ppm) and 242.0016
(C13HsNOCI, aAm/z 2.9 ppm), while the loss of HCI from m/z 262 produces the fragment ion at m/z
226.0309 (C13HsNO2F, Am/z 2.2 ppm).

IMS data shows that these two positional isomers were well separated according to arrival time (tp 5.38,
CCS 183.0 A and 5.73 ms, CCS 188.4 A? for 7,14- and 8,14-diOH-EFZ, respectively), indicating that
IMS could be used to identify them. This is in contrast to the CCS values predicted based on SMILES
structures according to Ross et al. (2020), which provides identical and much smaller CCS values for

these isomers (Table 5.1).
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Figure 5.3: (A) Extracted ion chromatogram (XIC) for m/z 346 obtained for a treated wastewater
sample showing well separated peaks for 8,14-diOH-EFZ, tr 26.95 min, confirmed using a reference

standard, and 7,14-diOH-EFZ, tr 27.81 min. MSE fragmentation spectra for both compounds are shown
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in (B) and (C), respectively. Confirmation of the origin of common fragment ions m/z 226, 242, 262,
282, 302 is shown in their tz-aligned XICs generated from the reference standard (D).

5.3.2.1.3 Phase |l metabolites of efavirenz
Glucuronide metabolite

The only glucuronide metabolite of EFZ detected in this work is efavirenz-N-glucuronide (N-EFZ-glu,
m/z 490.0539, C20H1sNOsFsCl, Am/z 2.7 ppm, CCSex 220.4 A?), with a mass defect relative to EFZ of
32 mDa in accordance with expectation for a glucuronide metabolite (Zhang et al., 2007, 2009, 2008).
This compound eluted at tr 27.20 min and provided fragment ions at m/z 314.0209 (C14HsNO2FsCl,
Am/z 4.1 ppm), corresponding to the EFZ aglycone following the neutral loss of a glucuronic acid
moiety, and m/z 244.0159 (CisH/NO.CI, Am/z -2.5 ppm), produced by the subsequent loss of
trifluoromethane (CHF5) from the aglycone (Bélanger et al., 2009; Mutlib et al., 1999). This metabolite
was detected only in raw wastewater samples, and not in treated samples. This suggests that N-EFZ-glu
may either be effectively removed, or, more likely, may be reduced to EFZ during the treatment process,
which may explain observations of elevated concentrations of EFZ in treated compared to raw
wastewater (Abafe et al., 2018; Schoeman et al., 2017).

One of the primary benefits of incorporating IMS in untargeted LC-MS workflows is that it provides
the option of filtering MS data according to arrival time, thereby improving the quality of mass spectra
for co-eluting species. This is illustrated in Figure 5.4, where the low- and high energy mass spectra
obtained for N-EFZ-glu with and without IMS filtering are compared. Because of the relatively low
levels of these compounds, and the fact that they elute in a portion of the chromatogram where severe
matrix background is observed (Figure S5.7), interpretation of especially their high collision energy
spectra is greatly facilitated by arrival time filtering. The measured CCS for this compound is relatively
large at 220.4 A2, in agreement with the predicted CCS (Table 5.1).
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Figure 5.4: Mass spectra obtained for efavirenz-N-glucuronide (N-EFZ-glu) in a wastewater influent
sample processed by SPE without (A) and with (B) prior filtering according to IMS arrival time. Low

energy spectra are presented at the bottom, and high energy MSE spectra on top.

Sulphated metabolites

One mono-hydroxy-sulphate EFZ metabolite (C14HsNOgF3SCI) as well as a dihydroxy-sulphate EFZ
metabolites (C14HsNO-F3SCI) were also detected in raw and treated wastewater samples. In their
respective XICs - m/z 409.9717 and 425.9662 for deprotonated molecular ions of the mono- and
dihydroxy-sulphate derivatives - these ions are represented by peaks at tg 32.62 min and 27.91 (Figure
S5.7). Both these compounds showed the neutral loss of sulphate groups (-80 Da) in their HE MSE
spectra.

The monohydroxy-sulphate metabolite was tentatively identified as 8-OH-EFZ-sulphate based on its
fragmentation spectrum that revealed the distinguishing aglycone fragment ion at m/z 330.0152
(C14HsNO3FsCl, Am/z -2.5 ppm) - this ion is not observed in the fragmentation of 7-OH-EFZ-sulphate
(Aouri etal., 2016; Mutlib et al., 1999). Subsequent losses of CO, and CO,+ C,Ha4 from the cyclopropyl
group produced fragment ions at m/z 286.0246 and 257.9940, respectively (Figure 5.5).
Sulphotransferase reactions involving EFZ have been hypothesised to predominantly occur at C-8 due

to steric hindrance effects caused by the proximity of the Cl atom to C-7 (Deng et al., 2015).
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Figure 5.5: (A) Low and (B) high collision energy mass spectra of obtained for 8-OH-EFZ-sulfate in a
treated wastewater sample. The proposed fragmentation pathways (C) are in accordance with literature
(Mutlib et al., 1999).

The dihydroxy-sulphate EFZ conjugate detected at tr 27.91 min partially co-eluted with 7,14-diOH-
EFZ at tr 27.84 min (Figure 5.6A). Furthermore, the desulphated fragment ion of the dihydroxy-
sulphate EFZ species provides a high intensity base peak ion at m/z 346 corresponding to the
dihydroxylated EFZ species. Fortunately, in addition to the partial chromatographic separation, these
species were differentiated by IMS (Figure 5.6B and C), with the dihydroxy-sulphate EFZ metabolite
showing a higher arrival time (6.35 ms) compared to 7,14-diOH-EFZ (ta 5.38 ms), as expected for the
bulkier former ion. Accordingly, MS data could be filtered according to arrival time to obtain better
quality spectra. This is demonstrated by the low collision energy MS spectrum of the dihydroxy-
sulphate EFZ peak (Figure 5.6D), which did not reveal any ions belonging to the co-eluting compound.
Based on the high collision energy MSE spectrum of the dihydroxy-sulphate peak similarly filtered
according to drift time (Figure 5.6E), which displays remarkably similar fragment ions to those
discussed above (Figure 5.3) for 8,14-diOH-EFZ, this compound was tentatively assigned as 8,14-
diOH-EFZ-sulphate. Specifically, the ions at m/z 262 and 226, the origin of which has been discussed
for 8,14-diOH-EFZ, as well as the base peak ion corresponding to the aglycone (m/z 346) have been
shown to enable differentiation between 8,14-diOH-EFZ-sulphate and the isomeric 7,14-diOH-EFZ-

sulphate not detected in the present work.
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Figure 5.6: (A) Extracted ion chromatogram (XIC) for m/z 425.9 and 346 illustrating the separation of
(1) 8,14-diOH-EFZ, (2) 7,14-diOH-EFZ and (3) 8,14-diOH-EFZ-sulphate (refer to heatmap for labels)
in a treated wastewater sample. (B) shows the corresponding ta X tr contour plot, and (C) the extracted
ion mobilogram for m/z 425.9 and 346 illustrating the IMS separation of the three species. Arrival time-
filtered low- (D) and high collision energy (E) mass spectra allowed tentative identification of 8,14-

diOH-EFZ-sulphate based on characteristic fragment ions at m/z 262 and 226.

5.3.2.2 Nevirapine metabolites

Nevirapine is amongst the preferred drugs in first line antiretroviral therapy (ART) due to its long half-
life and high bioavailability, leading to significant excretory by-products that are mostly unresponsive
to wastewater treatment processes (Wood et al., 2016). Like other ARVDs of the nNRTI class, NVP is
metabolised to produce hydroxylated and glucuronidated metabolites prior to body clearance. The
presence of 12-hydroxy-Nevirapine (12-OH-NVP) in raw wastewater samples, at levels comparable to
the parent drug, was recently reported (Mosekiemang et al., 2019). In the present work, we therefore
attempted to identify further NVVP metabolites in wastewater samples using the non-targeted screening

method.

Indeed, in addition to the parent drug NVP and 12-OH-NVP identified using reference standards, two
further hydroxylated (phase 1) metabolites were also detected in raw and treated wastewater samples
processed by SPE and lyophilisation (Table S5.1). Mass defect values for these metabolites were -10
mDa. No phase Il glucuronide metabolites were detected. The three regioisomeric hydroxylated
metabolites were well separated, as illustrated in the XIC for m/z 283 (C1sH1sN4O>) in Figure 5.7. The

peak eluting at tr 16.92 min was conclusively identified as 12-OH-NVP using a reference standard
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(CCS 164.7 A?) and showed the characteristic dehydrated fragment ion of this compound previously
reported (Ren et al., 2010) at m/z 265 (C1sH13N2O, Am/z 2.6 ppm), which is unique to this hydroxylated
NVP metabolite. The remaining two hydroxylated NVP metabolites may therefore be 2-, 3- or 8-
hydroxy-Nevirapine. To distinguish between these options, both the RP-LC elution order and high
collision energy MSE spectra were compared with previous studies. In general, the elution order for the
hydroxylated metabolites of NVP is in the sequence, 2-OH-NVP < 8-OH-NVP~12-OH-NVP < 3-OH-
NVP (Ren et al., 2010; Riska et al., 1999), which suggests, albeit inconclusively, that the early and late
eluting peaks detected here likely correspond to 2- and 3-OH-NVP, respectively. More informative are
the fragmentation spectra of these compounds. It is known that 2- and 3-OH-NVP produce very similar
fragmentation spectra, which differ slightly from that of 8-OH-NVP. Fragment ions common to all three
metabolites include m/z 242, 214, 161 and 123. The ion at m/z 242 (C12H10N4O2¢, Am/z -6.2 ppm) is
formed by a loss of the cyclopropyl group from the protonated molecular ion (this fragmentation
pathway is also applicable to NVP, where it produces the fragment ion at m/z 226). This ion is more
stable in 8-OH-NVP and is often the base peak ion in fragmentation spectra for this compound.
Subsequent loss of CO (28 Da) from m/z 242, which involves contraction of seven-to-six-membered
ring (Ren et al., 2010), produces the fragment ion at m/z 214 C11H10N4O+, Am/z 11.2 ppm). The fragment
ion at m/z 161.0720 (C9HgN2O, Am/z 3.1 ppm) has been proposed (Ren et al., 2010) to originate from
the molecular ion protonated at the carbonyl group, leading to the elimination of a bicyclic group.
Importantly, this is a major fragment ion in the case of 2- and 3-OH-NVP, but in the case of 8-OH-NVP
the position of the hydroxyl group means that it is retained in this fragment, which is therefore detected
at m/z 177. Taking into account the absence of the m/z 177 fragment, the relatively low abundance of
the m/z 242 fragment and the similarity of the fragmentation spectra of the early and late eluting
hydroxylated NVP metabolites detected here, these were therefore putatively identified as 2- and 3-OH-
NVP, respectively. Furthermore, considering the relative retention of the three detected metabolites, the
first eluting derivative was assigned as 2-OH-NVP, and the last eluting one as 3-OH-NVP, in
accordance with literature (Ren et al., 2010; Riska et al., 1999) (Figure 5.7).

Both 2- and 3-OH-NVP have similar gas phase properties as evidenced by identical arrival times (2.48
ms) and CCS values (159.8 A?) in IMS. In contrast, 12-OH-NVP was characterised by a higher arrival
time (2.55 ms) and larger CCS value of 164.7 A2 (in contrast to predicted CCS values, Table 5.1). IMS

data may therefore be used to differentiate that latter metabolite from its positional isomers.
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Figure 5.7: Extracted ion chromatograms (XICs) for m/z 283 for (A) a reference standard of 12-OH-NVP, and (B) a treated wastewater sample processed by
SPE. The peaks at tr 15.91 min and tz 17.58 min were tentatively identified as 2- and 3-OH-NVP, respectively, based on elution order and high collision energy
MSE spectra, which are shown for 2-OH-NVP (C), 12-OH-NVP (D) and 3-OH-NVP (E), as discussed in the text.
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5.3.2.3 Ritonavir metabolite

Ritonavir is biotransformed into several hydroxylated metabolites (Denissen et al., 1997; Gangl et al.,
2002) and demethylated species such as desthiazolylmethyloxycarbonyl ritonavir which was recently
detected in wastewater (Mosekiemang et al., 2019). The workflow for the identification of ritonavir
metabolites entailed post-acquisition processing of MSE raw data using MetaboLynx. The elemental
composition of the parent (Cs7HasNsOsS2) was used to assign mass shifts for phase | (hydroxylation, 2
x hydroxylation, methylation, etc.) and Il (sulfation, glucuronidation) metabolites, which were searched
in the full-scan MS data (Figure S5.4A). After filtering out peaks not conforming to the specified
accurate masses, the resultant extracted range chromatogram remained with fewer peaks, possibly
metabolites and other isobaric species (Figure S5.4B). A fractional mass filter of 50 mDa around the
exact mass of the parent was then applied to provide an XIC containing two peaks for the parent at tg
32.87 min (Am/z -2.2 ppm) and a hydroxylated metabolite at tg 28.72 min (Cs7HagNeOeS2, Am/z -2.8
ppm and AFM -5.6 mDa) (Figure S5.4C). This assignment is supported by good agreement between
the measured and predicted CCS values (Table 5.1). Due to low abundance of the signal, we were
unable to obtain clean MSE spectra to allow further identification of the hydroxylated metabolite, except
to confirm the presence of fragment ions at m/z 426, 312, 284 and 213, which are consistent with
hydroxylation on the isopropylmethylthiazole moiety (Gangl et al., 2002).

5.3.2.4 Abacavir metabolite

The ions for abacavir (tr 14.25 min, C14H19NsO, Am/z -3.5) and abacavir-5'-carboxylate (tzr 12.21 min,
C14H19sN6O2, Am/z -1.0) were clearly visible on the base peak ion chromatogram of the full scan MS
data for raw wastewater processed by SPE. These compounds were previously identified in wastewater
using authentic standards (Funke et al., 2016). Low and high collision energy HR-MS data for both
compounds are in accordance with (Funke et al., 2016), and the experimental CCS values for both

reported here for the first time are in agreement with predicted values (Table 5.1).
5.3.3 Occurrence of the ARVD metabolites

Table S5.1 provides a summary of the compounds detected in the present work in wastewater influent
and effluent samples. Interesting to note is that, apart from N-OH-EFZ-glu, which was not detected in
effluent samples, all the remaining ARVD metabolites were detected in both influent and effluent
samples. This points to the inefficiency of the wastewater treatment processes in removing ARVD
metabolites, broadly supporting previous findings in literature (Brown and Wong, 2018, 2015; Ibafiez
et al., 2021). However, the present work reports the presence of several ARVD metabolites in
wastewater for the first time. Of the ARVD metabolites identified here, 12-OH-NVP and 8,14-diOH-
EFZ were previously detected in South African wastewater (Mosekiemang et al., 2019), while 8-OH-

EFZ was recently detected in river water in the United Kingdom (Richardson et al., 2021). By
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implication, the total load of ARVDs and their metabolites in environmental water samples may be
significantly higher than previously considered.

Although quantification was not performed in the present work, the chromatographic and MS data
reported herein for ARVD metabolites should prove useful in establishing targeted LC-MS/MS methods
for the quantification of these compounds, which will ultimately shed further light on their occurrence,

and potential impact, in the environment.
5.4 Conclusions

A screening method employing LC separation with IMS-HR-MS detection was successfully applied to
detect several metabolites of the ARVDs abacavir, efavirenz, nevirapine and ritonavir in wastewater
samples for the first time. Published pharmacokinetic data for the parent drugs and a metabolite
prediction software were used as basis to search for ARVD metabolites using the untargeted analytical
method. In this manner, 8- and N-hydroxy-efavirenz, 7,14-dihydroxy-efavirenz, 8-hydroxy-efavirenz
sulphate, 8,14-dihydroxy-efavirenz sulphate and N-hydroxy-efavirenz glucuronide were tentatively or
putatively identified, while the presence of efavirenz and 8,14-dihydroxy-efavirenz was confirmed
using reference standards. Similarly, nevirapine, 12-hydroxy-nevirapine and ritonavir were confirmed
using standards, while 2- and 3-hydroxy-nevirapine, abacavir, abacavir-5'-carboxylate and hydroxy
Ritonavir were putatively identified. Apart from N-hydroxy-efavirenz glucuronide, which was only
detected in influent wastewater samples, the remainder of the metabolites were detected in effluent

samples also, implying that these compounds may have potential environmental impact.

IMS proved a useful addition to the analytical method in providing better quality MS data for the
complex wastewater samples and allowed us to report experimental CCS values for these compounds,
which may be used for confirmation in future studies. Our findings provide the basis for further work
on the identification of ARVD metabolites in environmental samples, including the development of

targeted methods for quantitative analysis of these compounds.
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Chapter 5

Supplementary information for:

Ultra high pressure liquid chromatography coupled to travelling wave
ion mobility-time of flight mass spectrometry for the screening of
pharmaceutical metabolites in wastewater samples: application to

antiretrovirals.
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Metabolites Phase | Phase I

R1 R2 Rs R4 Ri1 R2 Rs R4
efavirenz H H H H - - - -
7-hydroxy efavirenz OH H H H - - - -
8-hydroxy efavirenz H OH H H - - - .
7,14-dihydroxy efavirenz OH H H OH - - - -
8,14-dihydroxy efavirenz H OH H OH - - - -
N-hydroxy efavirenz” H H OH H - - - -
7-hydroxy efavirenz-glucuronide - - - - O-glucuronide H H H
8-hydroxy efavirenz-glucuronide - - - - H O-glucuronide H H
N-hydroxy efavirenz-glucuronide - - - - H H O-glucuronide H
8-hydroxy efavirenz-sulphate - - - - H -OSOsH H H
8,14-dihydroxy efavirenz-sulphate - - - - H -OSOsH H OH

Figure S5.1: Molecular structures of efavirenz and its phase | and 1l metabolites (refer to Mutlib et al. (1999)
for molecular structure numbering).
12 O
R
> HN
—~I
Ro~—% / NRa
R

Metabolites Phase | Phase Il

R1 R2 Rs Ra R1 R2 R3 Ra
nevirapine H H CHs H - - - -
2-hydroxy nevirapine OH H CHs H - - - -
3-hydroxy nevirapine H OH CHs H - - - -
8-hydroxy nevirapine H H CHs OH - - - -
12-hydroxy nevirapine H H CH20H H - - - -
12-carboxy nevirapine H H COOH H - - - -
2-hydroxy nevirapine glucuronide - - - - O-glu? H CHs H
3-hydroxy nevirapine glucuronide - - - - H O-glu CHs H
8-hydroxy nevirapine glucuronide - - - - H H O-glu
12-hydroxy nevirapine glucuronide - - - - H H CH2-O-glu H

2 denotes O-glucuronide

Figure S5.2: Molecular structure of nevirapine and its phase | and Il metabolites (Riska et al. (1999)).
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Figure S5.3: (A) A typical low energy TIC obtained for the analysis of raw wastewater sample processed by SPE,
and (B) the corresponding tr % ta DriftScope™ heat map view of the same data. Regions shown by dotted ovals
represent (1) single charged PEGs, (2) multiply charged PEGs, (3) the region where ARVDs and their metabolites
were detected, and (4) multiply charged unidentified species.
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Status Mass Metabolite Name Formula Mass m/z mDa Am/z Peak Time
Difference Found ID
x 706.2971 Demethylation CasH16N60O5S2 - - - - - -
x 784.3284 Methylation C3sHs50N605S2 - - - - - -
X 752.3026 2x Hydroxylation C37H48NsO7S, - - - - - -
x 896.3449 Glucuronidation C43Hs6NsO011S2
4 720.3128 Parent C37H4sNsOsS2 -0.0010 721.3190 -1.6 -2.2 7 32.87
4 736.3077 Hydroxylation C37H4sNsO6S2 15.9905 737.3134 -2.1 -2.8 2 28.72
) 1001
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Figure S5.4: Post acquisition processing of full-scan MS data by MetaboLynx application manager: (A) ESI (+)
base peak ion chromatogram for a raw wastewater sample processed by SPE, (B) extracted range chromatogram
for hydroxylated metabolites and other isobaric species, (C) extracted range chromatogram after filtering out
interferents by a fractional mass defect filter (+50 mDa) around the parent compound. The insert (i) is an enlarged
elution region for RTV and OH-RTV. Refer to Section 5.2.5 for MetaboLynx settings.
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v Sample preparation and purification —

Lyophilisation < »  Solid phase extraction (Strata SDB-L)
UHPLC J—' High resolution mass spectrometry <—|
IMS-MSE

HSS T3 column

(1.8 um, 2.1 x 150 mm)
Flow rate: 0.25 mL/min. v v
Run time: 43 min.

Full scan-MS data MSE data
1) Review literature to identify commonly used IMS-filtered MSE scan (parent ARVDs
ARVDs and metabolites)
2) Use parent drug to create a list of expected and 1) Examination of MSE data and
unexpected metabolites using MetaboLynx™ compare with reference
3) Print off a summary of expected metabolites (confirmation).
1) Check elemental formulae, Am/z, mass 2) Compare with literature (tentative)
shifts and fractional mass differences 1) Isotopic pattern (Cl or Br etc.)
4) Open TIC using DriftScope™, check for coelution, 2) Neutral loss (glucuronides
extract t, for precursor ions of interest and sulfates)
5) Convertt, to CCS and validate against literature 3) Verify aglycones
4) Assign ions to molecular
structure

Survey scan for ARVD metabolites
a) Mostly, structures of metabolites are like the parent drug but with
a higher molecular mass compared to parent compounds.
b) Phase | metabolites
a) Hydroxylated metabolites
M + O, mass shift + 15.9949, Fractional mass difference -5
mDa
a) Dihydroxylated metabolites
M + O,, mass shift + 31.9898, Fractional mass difference -10
mDa
c) Phase Il metabolites
a) Sulfated metabolites
a) M + SOz, mass shift +80.0432 Da, fractional mass
difference -43 mDa
b) Glucuronidated metabolites
a) M + CgHgOg, mass shift +176.0321

Figure S5.5: A detailed workflow used for the identification of ARVDs, their metabolites and other ancillary
compounds in wastewater samples by UHPLC-IMS-HR-MS.
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Figure S5.6: Contour plot (tr % ta) presentation of the UHPLC-IMS-HR-MS data for 7- and/or 8-OH-EFZ and
N-OH-EFZ detected in a treated wastewater sample. The XIC for m/z 330 (A) shows well resolved peaks, while
the extracted ion mobilogram (B) shows identical arrival times for both compounds. 3 shows the peak maxima.

Dihydroxylated metabolites

l
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B X
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Figure S5.7: (A) Region of the TIC chromatogram for a treated wastewater sample processed by SPE showing
the detection of EFZ and its metabolites. (B) shows the enlarged region of the TIC where dihydroxy-metabolites
and a glucuronide metabolite were detected. These are depicted as overlaid extracted ion chromatograms (XICs)
for m/z 346, 425 and 490. Peak annotations represent retention times (top) and base peak ion mass (bottom).
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Table S5.1: A summary of all the compounds detected in samples processed by SPE and lyophilisation. v and

x denote detection and not detected, respectively.

Compound

SPE

lyophilization

SPE

lyophilization

Non-ARVD pharmaceutical compounds

codeine

caffeine
O-desmethyltramadol
trimethoprim
tramadol
carbamazepine
methaqualone
diclofenac

ANANENENENENE NN

AR ®

X X X X X X X X

X X X X X X X X

ARVDs and metabolites

lamivudine

emtricitabine

Abacavir
abacavir-5’-carboxylate
2-hydroxy efavirenz

12-hydroxy nevirapine
3-hydroxy nevirapine
Nevirapine

8,14-dihydroxy efavirenz
N-hydroxy efavirenz glucuronide
Atazanavir

7,14-dihydroxy efavirenz
8,14-dihydroxy efavirenz sulphate
hydroxy ritonavir

7- and/or 8-hydroxy efavirenz
N-hydroxy efavirenz

8-hydroxy efavirenz sulphate
ritonavir

efavirenz

lopinavir

N N N N N N N N NN

N R N NN

CACLCNLLRAU R X AU X % X %

NN N N N N N N N N

Synthetic polymers

PEG (n=7)
PEG (n = 8)
PEG (n=9)
PEG (n = 10)
PEG (n = 11)
PEG (n=12)
PEG (n = 13)
PEG (n = 14)
PEG (n = 15)
PEG (n = 16)
PEG (n = 17)
PEG (n = 16)
PEG (n = 17)

ANA N N NN Y N O NN NN

N N N N N S N NN

X X X X X X X X X X X ¥ X

X X X X X X X X X X X XX

@ Effluent treated by membrane bioreactor with or without subsequent chlorination.
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Chapter 6

General Conclusions and Recommendations
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6.1 General conclusions

ARVDs are administered as a combination of multiple therapeutic classes that are excreted by humans
both in intact from and as metabolites into the sewer system, where they are normally measured at ng/L-
ug/L levels. Despite intense research effort to monitor their occurrence and fate in aquatic
environments, most current analytical methods are still targeted at a few ARVDs of selected therapeutic
classes suspected to be prevalent in wastewaters. Antiretroviral therapy however often involves
constituents of more than one ARVD class, emphasising the need for methods capable of analysing
multiclass ARVDs simultaneously. Furthermore, to assess the overall environmental impact of ARVDs,
information regarding the occurrence of their metabolites and transformation products in wastewater is

required. This is especially relevant considering the lack of published data on this topic.

Despite the merits of targeted LC-tandem mass spectrometric methods mostly used for ARVD analysis,
these are not suitable for the analysis of non-target analytes, i.e. compounds for which the methods are
not optimised. Notably, the limited availability of ARVD metabolite standards means that no
information is available regarding their levels of occurrence in wastewater. Overall, it is clear that no
single analytical method is capable of providing all the required information pertaining to the prevalence
of ARVDs, metabolites and transformational products in wastewater. Consequently, the main goal of
this study was to develop an analytical approach, entailing several complementary methods, to
overcome the challenges presented by the analysis ARVDs spanning a vast range of physico-chemical

properties in the complex wastewater matrix.

In the first part of the study, an LC-MS/MS method was developed for use in combination with both
SPE sample clean-up and direct injection. Validation results showed that the direct injection of
wastewater samples could be used to compensate for the poor recoveries obtained by SPE for the polar
nucleoside ARVDs. As expected, the direct injection approach suffered from relatively worse
sensitivity compared to SPE, as well as vulnerability to matrix effects due to the co-elution with matrix
constituents resulting in ion suppression or enhancement. Application of the developed methods to
samples from two WWTPs in the Western Cape confirmed their suitability for the analysis of six parent
ARVDs of three therapeutic classes, and provided the first confirmation and quantitative data of two
ARVD metabolites in wastewater. Quantitative data showed that advanced tertiary stage treatment by
uv-irradiation was more effective at removing ARVDs than chlorination. ARVD concentrations were
generally higher in influent compared to effluent samples and in dry compared to the wet seasons due
to rainwater dilution. The differences in the concentrations observed between influent and effluent
samples indicates that ARVDs are effectively removed during the treatment process, with the exception
of the mid-to-non-polar compounds efavirenz and nevirapine. Generally, the levels of ARVDs in South

African wastewater were comparable to global results.
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Secondly, the potential of SFC-MS/MS for environmental ARVD analysis was evaluated as a
complementary approach to LC-MS/MS. Compared to LC, SFC separation provided a shorter analysis
time for the separation of the same compounds, a well-known benefit of the latter technique due to
faster analyte diffusion in the supercritical CO»-based mobile phases. A BEH silica column was selected
based on column screening experiments, and with a gradient of up to 60% methanol as modifier proved
suitable for the analysis of six parent ARVDs and a known metabolite of nevirapine. Analyte
enrichment by lyophilisation improved recoveries of the polar nucleosidic ARVDs emtricitabine and
lamivudine by ~50%, with comparable recoveries to SPE for the remaining target ARVDs.
Lyophilisation was however susceptible to more severe matrix effects, as expected for a technique
mainly used for pre-concentration as opposed to sample clean-up. The novel SFC-MS/MS method was
validated for wastewater analysis, and excellent agreement in quantitative data with LC-MS/MS was
demonstrated. This work shows for the first time the applicability of SFC-MS/MS to analysis of

pharmaceutical compounds in environmental water samples.

In the final part of this research, an untargeted LC-HR-MS method was developed for the purpose of
screening for additional non-target ARVD metabolites. For this method, RP-LC separation was
hyphenated to a Q-TOF HR-MS instrument equipped with ion mobility spectrometry. A mass defect
filter was implemented to facilitate data analysis, and compounds present in wastewater samples were
then identified using selected standards, as well as tentatively identified based on low- and high collision
energy HR-MS spectral data, IMS arrival time and derived collisional cross section (CCs) values.
Application of the method to wastewater samples allowed the identification of seven efavirenz, three
nevirapine, one ritonavir and one abacavir metabolites, nine of which are reported in wastewater for the
first time. This work also contributes experimentally determined CCS values for ARVDs and their
metabolites to support future research, and highlighted the potential significance of ARVD metabolites

in wastewater contamination.
6.2 Recommendations for future studies

As outlined in Chapter 2, a tremendous amount of work has been performed in the area of ARVD
monitoring in wastewater. It is however clear from the work presented in this thesis that the contribution
of ARVD metabolites, thus far overlooked, may prove highly significant. This provides an opportunity
for future work focusing on the quantitative analysis of a larger number of ARVDs and their
metabolites, and possible correlation of concentrations of parent compounds to metabolites in various
wastewater streams. To date, wastewater-based epidemiological studies that correlate the observed
concentrations in wastewater to the input concentrations expected from human excreta have not been
performed. In fact, the concentrations of ARVDs measured in wastewater are often erroneously linked
only to human excretion, because disposal of unwanted or expired drugs may be another possible route

of entry into the sewer system. Therefore, a reliable way of verifying the contribution of human

178



Stellenbosch University https://scholar.sun.ac.za

excretion of ARVDs to the overall load detected in wastewater is to target human-excreted metabolites,
since the polar functional groups of metabolites are specific to human metabolic pathways, therefore
eliminating other derivatives that may have formed within the sewer environment. There is also a need
to establish the possibility of formation of transformation products that may resemble the chemical
structures of metabolites considering that wastewater treatment process largely depends on activities of
diverse microorganisms capable of similar oxidative transformations. Therefore, a comparison of
metabolites detected in urine obtained from patients taking ART may be compared to the transformation

products that are detected in wastewater as this will confirm the origin of metabolites.
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