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PREFACE

The thesis has been compiled in accordance with the specifications outlined in the Manual for
Higher Degrees Studies (2020) of the North-West University (NWU). The Harvard reference style

has been consistently applied for all cited sources.
The outline of the thesis is as follows:
Chapter 1:

This chapter presents a general introduction to the study. It includes the thesis outline and

concludes with the problem statement, research aims, objectives, and hypotheses.
Chapter 2:

This chapter provides a comprehensive literature review of antiretroviral drugs in South African
waters. It discusses their physicochemical properties, occurrence, behaviour, and the analytical
methods employed by various researchers. The chapter also identifies key concerns, knowledge

gaps, and anticipated trends.
Chapter 3:

Building on this foundational understanding, Chapter 3 investigates the spatial and temporal
trends of antiretroviral drug contamination. It elaborates on the sources and environmental
pathways of these substances and explores certain contributing factors such as environmental

conditions and usage patterns that influence distribution.
Chapter 4:

This chapter stresses the serious environmental risks posed based on the findings in Chapter 2.
Emphasis is placed on the bioaccumulation potential and toxicity of selected compounds.
Mechanisms of action and observed ecotoxicological effects are considered. It concludes with

exploring combined effects and makes use of a prioritisation tool to rank drugs accordingly.
Chapter 5:

This chapter outlines a comprehensive evaluation of potential human health hazards associated
with antiretroviral drugs detected in South African water sources. It employs two distinct hazard

assessment approaches to assess ingestion-based exposure hazards across several sub-



populations. The chapter concludes with a quantification of cumulative hazard potential from

multiple drug mixtures, offering insight into regulatory thresholds.
Chapter 6:

The chapter presents a specific multi-criteria decision analysis model designed to prioritise
antiretroviral drugs in aquatic environments by integrating environmental occurrence, toxicity, and
exposure parameters. The model combines weighted indicators to generate a final priority score,
enabling systematic evaluation of compounds based on both ecological and human health

relevance.
Chapter 7:

The final chapter synthesises the findings presented throughout the thesis. It revisits the central
concepts and research undertaken in each chapter, addressing the overarching hypothesis,
objectives, and aims. It reflects on the broader implications of the research and contributions to
the field.
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ABSTRACT

Environmental contamination of antiretroviral drugs (ARVDs) is an emerging concern in South
Africa, because of the high number of individuals on antiretroviral therapy (ART) programs as well
as lack of pharmaceutical effluent guidelines. The current study offers among the first national
assessments of ARVDs in South African waters, revealing contamination in drinking water
(0.1 ng/L-27 pg/L), groundwater (0.3-13 ng/L), surface water (0.1 ng/L-102 pg/L), and
wastewater (0.3 ng/L—814 ug/L). The study applied a multidisciplinary approach combining
literature review, site-specific monitoring, spatial and temporal analysis, ecological and human
health hazard assessments, and hybrid mixture toxicity modelling, while accounting for analytical,
regulatory, and exposure-related uncertainties. By integrating multiple exposure and hazard
indicators into a weighted multi-criteria model, the study enabled evidence-based ranking of
selected ARVD contaminants. Disparities in ARVD detection and removal highlight the
insufficiency of existing wastewater treatment technologies. Spatial analysis identified
contamination hotspots near wastewater treatment plant discharges, particularly in the Hennops,
Klip, and Jukskei Rivers. Site-specific pollution patterns were primarily independent of seasonal
variation, although efavirenz and ritonavir exhibited seasonal peaks. Hazard assessments
demonstrated moderate to high ecological risks for both individual ARVDs and mixtures, with
lopinavir, efavirenz, and zidovudine identified as critical pollutants. A mixture toxicity model
combining concentration and response addition confirmed additive and independent toxic effects
in wastewater and surface water. Several ARVDs exceeded non-carcinogenic hazard thresholds,
posing significant toxic potential to vulnerable populations such as children and pregnant females.
The weighted multi-criteria model identified abacavir, lopinavir, efavirenz, emtricitabine, and
nevirapine as the highest-priority ARVDs due to their combined high environmental occurrence,
toxicity, and potential for human and ecological risk. The findings emphasise the urgent need for
improved treatment technologies, targeted monitoring of priority ARVDs, and adaptive regulatory
frameworks that integrate scientific uncertainty and cumulative exposure risks. This study
supports the implementation of eco-pharmacovigilance strategies, proactive policy interventions
and a more health-protective regulatory landscape in the face of emerging pharmaceutical

contaminants.

Key terms: antiretroviral drugs; wastewater; environmental risk assessment; emerging

contaminants; non-carcinogenic risks.
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CHAPTER 1 INTRODUCTION

1.1 Background

South Africa has the highest human immunodeficiency virus (HIV) incidence in the world, with a
projected 12.7% (7.8 million) of the population living with HIV in 2022 (95% confidence interval:
7.2-8.4) (HSRC, 2023). Findings estimate that in 2022, 90% of adults knew their status, 91% of
those diagnosed were on antiretroviral treatment (ART), and 94% of those on ART were virally
suppressed (HSRC, 2023). Approximately 7.1 million people living with HIV (PLWH) in South
Africa were receiving treatment for the associated acquired immune deficiency syndrome (AIDS)
in 2022 (UNAIDS, 2017). More recent numbers are difficult to find. The extensive prescription of
antiretroviral drugs (ARVDs) to combat the HIV/AIDS pandemic has inadvertently introduced a
new environmental conundrum. By treating and trying to end this pandemic as an epidemiological
and global health phenomenon, South Africa's freshwaters have become contaminated with
ARVDs (Horn et al., 2022).

Antiretroviral drugs have been detected in South Africa’s freshwaters, as a result of the sheer
number of ARVDs prescribed annually, its partial metabolism within the human body, its
inadequate removal by wastewater treatment plants (WWTPs) and persistence in receiving
waters due to resistance to breakdown and chronic release (Horn et al., 2022; Swanepoel et al.,
2015). Consequently, ARVDs have emerged as contaminants of concern, prompting growing
awareness due to their potential adverse effects on ecosystems and human health (Gani et al.,
2021; Ncube et al., 2018; Ngumba et al., 2016; Robson et al., 2017).

Emerging chemical (EC) contaminants or contaminants of emerging concern (CECs), such as
ARVDs, are substances not yet categorised as priority pollutants for systematic monitoring
despite their continual release, documented toxicity, and environmental detection (Geissen et al.,
2015; Vogt et al., 2020). In South Africa, ARVDs and their metabolites have been detected in
surface water, groundwater, drinking water and wastewater, which suggests that ARVDs are an
environmental concern (Abafe et al. 2018; Horn et al., 2022; Mlunguza et al., 2020; Mhuka et al.,
2020; Rimayi et al., 2018; Schoeman et al., 2015; Swanepoel et al., 2015; Wood et al., 2015; Xolo
and Mahlambi, 2024). At the reported concentrations, both the public and non-target organisms

are exposed to low chronic ARVDs (Ncube et al., 2018).
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Despite accumulating evidence, data on ARVD environmental fate, transport, and ecological
impacts, specifically in developing countries such as South Africa, remain limited (Minguez et al.,
2016; Ncube et al., 2018; Ngumba et al., 2015; Nibamureke et al., 2019; Robson et al., 2017,
Russo et al., 2018). This lack of data emphasises a critical gap in understanding the risks posed

by ARVDs to both ecosystems and non-target organisms.

The risk of adverse drug reactions (ADRs) derives from the safety profiles of multifaceted ARVDs
and the effect of the disease on the immune systems (Mehta, 2011). Numerous ADRs related to
ART have been documented ranging from mild to severe, and acute to chronic contingent on the
environment (Masenyetse et al., 2015). Concerns arise not only for patients who have developed
certain severe or life-threatening reactions towards ART, or other pharmaceutical therapy, or

those displaying ADRs, but also for the non-target organisms exposed via the environment.

As with many developing countries, information regarding the presence of ARVDs in South
African environmental and drinking water is limited to a handful of studies, with no publications
prior to 2015 known (Abafe et al., 2018; Mhuka et al., 2020; Mosekiemang et al., 2019; Mtolo et
al., 2019; Rimayi et al., 2018; Schoeman et al., 2015, 2017; Swanepoel et al., 2015; Wood et al.,
2015). Studies have also been limited to certain regions within the country, generally without
considering temporal influences. Similar patterns have been observed elsewhere in Africa, for
example Nantaba et al. (2024) reported concerning spatial trends and ecotoxic risks of
pharmaceuticals in Lake Victoria sediments and surface water, emphasising the limited scope
and uneven distribution of pharmaceutical monitoring across East Africa. These studies
collectively highlight insufficient evidence regarding the ecological risks posed to non-target
organisms by ARVDs. There is also a significant research gap in the availability of chronic studies
regarding ARVDs.

Granted, the use of chronic toxicity tests with numerous species would be ideal for conducting
ecological risk assessments for every ARVD, but it is not pragmatic to expect such an
experimental endeavour due to time and financial constraints. The assessment of intrinsic
ecotoxicological properties of ARVDs should therefore be accompanied by the usage of

standardised acute tests in conjunction with protective assessment factors.

In the absence of chronic data, it can be advantageous to compare the predicted no effect
concentrations (PNECs) calculated for compounds that have both acute and chronic data to
reveal potential compounds of concern (Rodriguez-Gil et al., 2018). This could help to identify

established compounds for chronic testing when only acute data are readily accessible as well as
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to ascertain those types of ARVDs for which acute toxicity data are appropriate substitutes for
chronic toxicity data. In addition to limiting the number of organisms being tested, it is an important

factor in the ethical framework.

South Africa currently lacks pollutant guidelines or regulations for pharmaceutical and personal
care compounds. No national monitoring programs or threshold limits for ARVD contamination in
aquatic ecosystems exist, leaving a regulatory void (Schoeman et al., 2017). Some of the first
steps in closing this gap are to: conduct comprehensive literature research; review existing
environmental chemistry and fate data; evaluate toxicological data for acceptability; and establish
background concentrations. Such efforts will help in addressing this environmental challenge

while complementing South Africa’s commitment to combatting HIV/AIDS.

This limited research on the presence of ARVDs in environmental and drinking water also affords
no adequate indication of the priority ARVD class and/or individual compounds present in water
bodies for future screening. A need for prioritisation and ranking methods to screen such target
ARVDs for future research and risk assessment therefore exists. The current study will help to
assess known background concentrations and potential human and environmental risks of parent
compounds in waters. This will inform the development and recommendations for future
regulatory purposes. The present study also proposes a simple prioritisation approach based on
toxicity information and the number of prescriptions, accounting for metabolism and WWTP
removal that can be applied to unmeasured and new compounds to account for ethical and

financial constraints.

Chemical risk assessments ordinarily include two aspects: ecological- and human health.
Humans are exposed to the same potential toxicants as any other biota, but the exposure
scenarios differ, hence differentiated human and environmental risk assessments (Khan, 2017).
These assessments help evaluate the probability that the environment may be influenced by
exposure to ARVDs. Risk assessment methods based on ecological or toxicological evaluation
criteria have been used to assess some ARVDs before, indicating individual or combined risk
(Gani et al., 2021; Ngumba et al., 2016).

To correctly assess the significance of these compounds and formulate adequate pollutant control
strategies within South Africa, it is a necessity to ceaselessly gather monitoring data and evaluate
the hazards and risks posed by ARVDs (and other chemicals occurring in mixtures) to human

health and the environment.
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1.2 Problem statement

Given that ARVDs have been quantified in South African waters, continuous reports of ecotoxicity
concerns, that ARVDs are continuously produced and prescribed, and that the HIV/AIDS
epidemic will persist for the foreseeable future, new research questions exist that should be
answered. This study therefore aims to: discuss the occurrence and dynamics of various ARVD
drugs from studies conducted in South Africa waters; to discuss dynamics and perspectives of
studying ARVD residues in the environment; identify pathways; to investigate spatial
concentration profiles and produce distribution maps; to investigate seasonal variations,
environmental factors, and trends over a specific time frame; to provide an in-depth overview of
the environmental risks associated with ARVDs via risk quotients and hazard assessments; and

to prioritise ARVDs and estimate priority scores for further research.

To the best of my knowledge, this overview is the first to gather all available data on ARVD
environmental occurrence in South Africa and will be the most inclusive risk and hazard
assessment to date. Currently, no data has been published regarding human hazard
assessments of ARVDs in consumable waters from South Africa, nor has data been published on

priority ARVDs that should receive regulatory attention and intervention.

The current study therefore, provides a first comprehensive assessment on the status of
contamination; priority drug(s)/classes; long-term dynamic changes in response to specific
environmental situations; and environmental risks incurred by pharmaceutical contaminants in
freshwater ecosystems, which will greatly contribute to this particular scientific field. Ideally, this
research will promote cost-effective and ethically sound methods that can be adopted across
broader scientific investigations. This is important given that the greatest HIV/AIDS burden and

consequence is at mainly developing countries.

Release and exposure management of possible future viral epidemic such as Covid-19 requiring
intensive pharmaceutical treatment regimens will also benefit from this work. Through the
implementation of cost-effective and ethically grounded ARVD surveillance, potential risks within
aquatic ecosystems can be identified with greater precision. Importantly, these methods remain
accessible to African nations irrespective of resource constraints, fostering broader regional
collaboration. This could ultimately lead to new publications, attract future grant funding, and
establish research programs dedicated to ARVD monitoring and mitigation strategies for aquatic

ecosystems.
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1.3 Research question/hypothesis

1.3.1

Main hypothesis:

In South Africa, ARVDs in freshwaters pose an increasing ecological and public health risk,

especially in regions with intensive antiretroviral treatment rollout and inadequate environmental

monitoring.

1.3.1.1 Sub-hypotheses:

1.3.2

Current wastewater treatment technologies in South Africa are insufficient for removing
ARVDs to environmentally safe levels.

Absence of national monitoring guidelines results in inconsistent detection and reporting
of ARVDs across provinces.

ARVD concentrations in river water will be higher at effluent-receiving and downstream
sites compared with upstream sites.

Environmental factors such as temporal variation affect ARVD concentrations in South
African waters.

ARVD concentrations vary significantly across different sites and river systems, showing
spatial heterogeneity.

Seasonal variations in ARVD concentrations are influenced by hydrological processes.
ARVDs in South African freshwaters pose environmental risks to aquatic ecosystems.
ARVD mixtures exhibit combined ecotoxicological effects as predicted through a hybrid
concentration addition-response addition (CA-RA) model.

ARVDs in South African freshwaters pose a measurable non-carcinogenic health hazard
to different sub-populations.

Certain sub-populations are at greater toxic-potential from exposure to ARVDs in water
sources.

Mixtures of ARVDs may pose cumulative, unregulated non-carcinogenic hazards.
ARVDs of greatest concern can be prioritised using a weighted multi-criteria model

incorporating both human health hazard and ecological risk indicators.

Aims

Aim 1: To review and contribute to critical, region-specific data on the occurrence and

environmental behaviour of ARVDs in South African water bodies, thereby filling existing gaps in

global ARVD pollution research from underrepresented contexts.
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Aim 2: To investigate the seasonal trends of selected ARVDs in four urban-influenced rivers in
South Africa. To utilise geospatial analytical techniques to identify and map ARVD contamination

hotspots across four river systems (Jukskei, Hennops, Klip and Crocodile rivers).

Aim 3: To assess the ecotoxicological risks posed by ARVDs in South African freshwater
systems. To identify the most hazardous ARVDs and develop a prioritisation index to guide future
risk mitigation efforts.

Aim 4: To conduct a human health hazard assessment for selected ARVDs in various

environmental water sources, including surface water, wastewater, and drinking water.

Aim 5: To provide a rudimentary priority control list to identify and rank ARVDs of greatest concern

for guided monitoring and regulatory intervention.

1.3.3 Objectives:

Objective of aim 1:

e To compile and critically review available data on the concentrations of ARVDs detected
in various South African water matrices (wastewater, surface water, groundwater, drinking
water).

¢ Toidentify and discuss the challenges and perspectives of studying ARVD residues in the
environment.

¢ To establish baseline data, identify recurrent drug classes, occurrence, dynamics, and
coverage in published articles.

e Toreview the adequacy of current water treatment technologies and removal efficiencies
concerning ARVDs in a developing country context.

e To provide information that can aid in the development of national risk assessments,
regulatory guidelines, and water treatment strategies in South Africa and similar regions.

o To identify priority ARVDs for future ecological risk assessment and mitigation efforts
based on their environmental persistence, ecotoxicological potential, and frequency of

detection.
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Objective of aim 2:

To quantify the concentrations of selected ARVDs in surface water samples from multiple
sites along the Hennops, Jukskei, Klip, and Crocodile rivers.

To assess potential spatial trends in ARVD contamination and to identify pollution hotspots
linked to urban or wastewater inputs.

To investigate the seasonal variation of ARVD concentrations and composition profiles by
analysing data collected during different months (March, April, May, August, and October).
To apply inverse distance weighting methods to create spatial concentration profiles and

distribution maps of ARVDs across various sample sites and temporal intervals.

Objective of aim 3:

To estimate the potential environmental risk associated with individual ARVDs using the
risk quotient (RQ) approach based on measured environmental concentrations (MEC) and
predicted no-effect concentrations (PNEC).

To assess the toxicity of individual ARVDs on primary producers (algae), herbivorous
consumers (crustaceans), and first-level carnivorous consumers (fish) using available
acute and chronic toxicity data.

To investigate the combined ecotoxicological effects of ARVD mixtures on aquatic
ecosystems by evaluating the combined RQ values for various drug classes using a hybrid
CA-RA model.

To calculate the prioritisation index for each ARVD, considering both the highest RQ
values and the frequency of exceedance of PNEC values at sampling sites.

To rank the ARVDs according to their potential environmental risks, using the prioritisation

index to highlight those that pose the greatest threat to aquatic ecosystems.
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Objective of aim 4:

To determine the acceptable daily dose for the ARVDs in question by applying uncertainty
factors to account for variability in human sensitivity, data gaps, and extrapolation from
animal studies to humans.

To estimate the acceptable daily intake and chronic daily intake of ARVDs for different
population groups, including vulnerable populations such as children and pregnant
women, through ingestion of contaminated water.

To conduct a human health hazard assessment.

To calculate the hazard quotient (HQ) for each ARVD by two different approaches to
assess potential non-carcinogenic health risks.

To compare the outcomes of both hazard assessment approaches.

To calculate the total effective non-carcinogenic hazard posed by the chemical mixture of
ARVDs.

To evaluate the cumulative health hazards by considering the additive effects of multiple
ARVDs in the water and their potential interactions.

To calculate the proportion of exposure scenarios where the estimated hazard exceeds

acceptable safe limits.

Objectives of aim 5:

To develop and apply an integrated multi-criteria model to prioritise ARVDs in aquatic
environments based on combined ecological risk and human health hazard indicators.

Develop and implement a weighted, normalised multi-criteria model that integrates
multiple exposure and hazard indicators to derive a final priority score for each compound.
To identify ARVDs of greatest threat based on their frequency of detection, environmental

concentrations, toxicity profiles, and cumulative mixture effects.
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Abstract

The extensive use of antiretroviral drugs (ARVDs) as part of South Africa’s comprehensive
human immunodeficiency virus/acquired immunodeficiency syndrome (HIV/AIDS) treatment
programme has drawn increasing concern regarding their presence in the aquatic
environments. This review critically examines the occurrence, distribution, and implications of
ARVD residues in South African waters, encompassing surface-, drinking-, ground-, and
wastewater. A systematic analysis of 24 peer-reviewed studies published between 2015 and
2024 identified 19 ARVDs across various water systems, with nucleoside reverse
transcriptase inhibitors (NRTIs) and non-nucleoside reverse transcriptase inhibitors (NNRTIs)
being the most frequently quantified drug classes. Ten ARVDs have been detected in drinking
water (0.1 ng/L—26.9 pg/L), six in groundwater (0.3—13 ng/L), 13 in surface water (0.12 ng/L—
102 pg/L), and 15 in wastewater (0.3 ng/L—814 pg/L). Nevirapine (NVP) and efavirenz (EFV)
were the most frequently detected, with abacavir (ABC) exhibiting the highest reported
concentrations (814 pg/L in influent). Quantitative analyses confirmed considerable variability
in ARVD concentrations across water sources, likely influenced by drug solubility, prescription
patterns, and insufficient removal efficiencies of wastewater treatment plants (WWTPs).
However, background concentrations of ARVDs at certain upstream sites of WWTP discharge
points were so high that it appeared as if the WWTPs had no influence on the ARVD
concentrations at respective downstream sites. This review emphasises the inadequate
removal capacity of current treatment technologies and the absence of standardised national
monitoring frameworks, necessitating urgent research to address the gap. Disparities in
analytical sensitivity, precision and reporting practices also hinder comparability across
studies. This review advocates for improved monitoring, wastewater treatment technologies,

and additional research on the environmental fate and presence of ARVDs in developing
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countries. The findings contribute to understanding pharmaceutical pollution dynamics in high
HIV burden settings and offer important implications for public health, water quality, and

environmental management in South Africa.

Keywords: antiretroviral drugs; South Africa; wastewater treatment plants; pharmaceutical

contaminants; AIDS.
2.1 Areview of antiretroviral drugs in South Africa

Pharmacologically active substances present in aquatic environments are mostly derived from
prescription and over-the-counter medications used for treatment of various human illnesses.
Advances in analytical instruments and techniques make it possible to detect trace levels of
various pharmaceuticals and their metabolites in wastewater, rivers, lakes, and groundwater
all over the globe (Arumugam et al., 2025; Nantaba et al., 2020). One example of a
pharmaceutical class of compounds detected in environmental water is ARVDs. These drugs
are used in the treatment of people who contracted human immunodeficiency virus (HIV) and
subsequent acquired immunodeficiency syndrome (AIDS) (Table 2-1) (DoH, 2019; Nel et al.,
2023). Numerous studies have detected ARVDs in aquatic environments around the world
(Table 2-2).

The mobility, persistence, and potential bioaccumulation of these drugs in water systems are
influenced by their unique physiochemical properties, including partition coefficients, solubility,
and degradation rates. Detailed characteristics of key ARVDs are presented in Table 2-3. The
Southern African region represents the documented core of the global HIV pandemic with
South Africa as its epicentre, worldwide accounting for 55% of the 38 million people living with
HIV (PLWH), 43% of all new HIV infections, and 43% of all AIDS-related deaths
(Ekholuenetale et al., 2022, UNAIDS, 2025).

Antiretroviral treatment (ART) has significantly decreased HIV-related morbidity and mortality
in many African countries (Trickey et al., 2024). In South Africa, an estimated 7.1 million adults
and children are currently receiving ART in 2022 (UNAIDS, 2025). The success of South
Africa’s ART program (recognised as the largest ART programme in the world) also has a
dimension of potential unintended consequences of these drugs entering aquatic ecosystems,

with unknown effects on biodiversity and water quality.

The ART generally consists of a combination of ARVDs consisting of two nucleoside analogue
reverse transcriptase inhibitors (NRTIs), with either a non-nucleoside reverse transcriptase
inhibitor (NNRTI) or protease inhibitors (Pls) or three NRTIs (Yeni et al., 2002). To keep up to
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date of the World Health Organisation’s (WHO) changing guidelines, South Africa’s ART
services have dramatically expanded in recent years (Table 2-2). Since 2016, all people with
a positive diagnosis have been eligible for treatment, irrespective of their clinical progression

stage (previously only people with Clinical Stage 3 infection received ART).

Consequently, the number of people eligible for treatment more than doubled from 3.39 million
in 2015 to 7.7 million in 2018 (UNAIDS, 2020). Based on the known value of 7.7 million PLWH
and the UNAIDS 90-90-90 goal (UNAIDS, 2020), 6.93 million people were expected to be on
prolonged ART in 2020. This unique scale not only emphasises the success in addressing

HIV/AIDS but also creates an unparalleled pharmaceutical load in its aquatic systems.

Despite South Africa’s battle with HIV/AIDS since the 1990s, research into the presence of
ARVDs in the environment is scarce, with no known publications prior to 2015 (Table 2-4).
Information on ARVDs in South African environmental and drinking water remains sparse, as
it is in many developing countries. These studies report data only in a few regions within the

country.

Unlike some developed countries, South Africa lacks a national monitoring program for
pharmaceuticals in water. To date, no national monitoring programme for ARVDs (or any other
pharmaceutical) in South Africa’s natural environment has been established. Although limited
in scope, existing studies offer valuable insights into the presence and distribution of specific

drug classes and compounds in waters.
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Table 2-1: Drug classes of antiretrovirals prescribed in South African for combating human immunodeficiency virus/ acquired immune
deficiency syndrome (HIV/AIDS).

Class ARVD Trade Abbrevia- CAS # 2005° | 2008° | 20107 | 2014¢ | 2015° | 20179 | 2019" | 2020' | 2023/
name® tion
Nucleoside Abacavir Ziagen® ABC 136470-78-5 X X - X X X X X X
/nucleotide Didanosine Videx EC® ddl 69655-05-6 X X X X X X - - -
reverse Emtricitabine Emtriva® FTC 143491-57-0 - X X X X X X X
transcript- Lamivudine Epivir® 3TC 134978-17-4 X X X X X X X X X
tase Stavudine Zerit® d4T 3056-17-5 X X X X X X - -
inhibitors Tenofovir Viread® TDF 206184-49-8 X X X X X X X X X
(NRTIs) Zalcitabine Hivid® DDC 7481-89-2 X i i i i i i i ;
Zidovudine Retrovir® ZDV 30516-87-1 X X X X X X X X X
Non- Efavirenz Sustiva® EFV 154598-52-4 X X X X X X X X X
nucleoside Entravine Intelence® ETR 269055-15-4 - - - X X X - X
reverse Nevirapine Viramune® NVP 129618-40-2 X X X X X X X X X
;ranscript- Rilpivirime Edurant® RPV 500287-72-9 - - - X - X - X
ase
inhibitors
(NNRTIs)
Protease Atazanavir Reyataz® ATV 198904-31-3 X X X X X X X X X
inhibitors Darunavir Prezista® DRV 206361-99-1 - - - X - X X X X
Fosamprenavir Lexiva® FPV 226700-79-4 - X - - - - -
Indinavir Crixivan® IDV 150378-17-9 X X - X - - -
Lopinavir Kaletra® LVP 192725-17-0 X X X X X X X X X
Nelfinavir Viracept® NFV 159989-64-7 X X - - - - -
Ritonavir Norvir® RTV 155213-67-5 X X X X X X X X X
Saquinavir Invirase® sQv 127779-20-8 X X - X - X
Integrase Raltegravir Isentress® RAL 518048-05-0 - - - X X X X X X
inhibitors Dolutegravir Trivacy® DTG 1051375-16-6 - - - - - X X X X
Entry and Maraviroc Selzentry® MVC 376348-65-1 - - - X - X - -
fusion
inhibitors

a Information obtained from https:/pubchem.ncbi.nim.nih.gov/ and https://www.drugbank.ca/drugs/ and https://www.rxlist.com/script/main/hp.asp; b SAHIVCA, 2005; ¢ Maartens et al., 2008; d DoH, 2010; e Meintjies, 2014; f
MIC, 2015; g Meintjies, 2017; h DoH, 2019; i Nel et al., 2020; j Nel et al., 2023.
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Table 2-2: Occurrence of antiretroviral drugs (ARVDs) in wastewater from different parts of the world.

ARVD Influent (ng/L) Effluent (ng/L) Removal Country Reference
(%)
Min Max Mean Min Max Mean
ABC 82 <LOQ(0.5) >99 Germany Prasse et al. 2010
225 <LOQ(0.5) >99 Germany Prasse et al. 2010
n.d. n.d. n.d. n.d. n.d. n.d. n/a Germany Boulard et al. 2018
n/a 31 33 n/a France Aminot et al., 2015
<LOQ(20)-110 <LOQ(20) >99 Germany Funke et al., 2016
ATZ <LOQ(n/a) n/a Norway Ferrando-Climent et
al., 2016
<LOQ(n/a) n/a Greece Ibanez et al. 2017
EFV 26-1020 100-110 >83 Kenya K'oreje et al. 2016
FTC n.d. n.d. n.d. <LOQ(5) 130 51 n/a Germany Boulard et al. 2018
IDV n.d. 1.5 n/a France Aminot et al.,, 2015
3TC n/a n/a n/a <LOQ(20) 58 21 n/a Germany Boulard et al. 2018
210-720 <LOQ(100) >76 Germany Prasse et al. 2010
30 300-60 680 19 900-31 070 >24 Kenya K'oreje et al. 2016
<LOQ(10) 5430 3985 n/a Kenya Ngumba et al., 2016a
37-55 22 n/a Finland Ngumba et al., 2016b
270 n/a France Aminot et al., 2015
52-370 <LOQ(20)-48 n/a Germany Funke et al., 2016
n.d. n.d. n/a Belgium Vergeynst et al. 2015
MVC n.d. n.d. n/a France Aminot et al., 2015
NFV n.d. n.d. n/a France Aminot et al., 2015
NVP 33-3 300 1030-2 110 >11 Kenya K'oreje et al. 2016
5-22 7.2-32 n/a Germany Prasse et al. 2010
<LOQ(12) 4 860 1357 n/a Kenya Ngumba et al., 2016a
13-19 45 879 n/a Finland Ngumba et al., 2016b
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RTV 110

sQv
94T 11.6-22.8
nd. <LOQ(13)
ZDV 310-380
310-13 270
46-62

<LOQ(20)-390

n.d. 0.2

nd. <LOQ(13)

<LOQ(122) 7 680
37
154 191

90
<LOQ(2.5)
98-564

90-110
513

<LOQ(20)-150

25
n/a
>78
n/a
68
>99
n/a
n/a
n/a
n/a

Switzerland
France
Germany
China
Germany
Kenya
Kenya
Finland
France
Germany

Margot et al. 2013
Aminot et al., 2015
Prasse et al. 2010
Peng et al., 2014
Prasse et al. 2010
K'oreje et al. 2016
Ngumba et al., 2016a
Ngumba et al., 2016b
Aminot et al.,, 2015
Funke et al., 2016

3TC = lamivudine; ABC = abacavir; ATV = atazanavir; d4T = stavudine; EFV = efavirenz; FTC = emtricitabine; IDV = indinavir; MVC = maraviroc; n/a = not available; n.d. = not detected; NFV = nelfinavir;

RTV = ritonavir; SQV = saquinavir; ZDV = zidovudine. Values of limit of quantifications (LOQs) are given in brackets.
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The sources of ARVDs in the environment are primarily municipal wastewater discharges from
wastewater treatment plants (WWTPs), which include both household and hospital
wastewater (Kimmerer, 2009). Various studies have confirmed the detection of ARVDs in
waste, surface, groundwater, and drinking water (Table 2-4; Table 2-5) and have subsequently
called for national regulating bodies to establish such consecutive monitoring and/or
investigative practices (Horn et al., 2022; Khulu et al., 2022; Mhuka et al., 2020; Mlunguza et
al., 2019; Vogt et al., 2020; Wooding et al., 2017).

Although the concentrations of ARVDs in drinking water samples in South Africa are low
compared with other water sources (Table 2-5), it is disquieting that ARVDs are even present
in drinking water (Swanepoel et al., 2015). It is also unknown how daily exposure to potable
water containing ARVD residues will affect PLWH and those who are on prolonged ART. The
main explanations for the limited data are the analytical complexities in quantifying ARVDs,
the ultra-trace level (ng/L) that antivirals are anticipated to be in drinking water, and the

absence of distinct regulatory limits (Dévier et al., 2013).

This chapter aims to address the critical gap in understanding ARVD concentrations, their
variability, and their implications for water systems in a developing country context thereby

enhancing the global understanding of ARVD distribution and effects in an African context.

Specifically, it seeks to:

(1) Critically review, assess, and discuss the presence of ARVDs in South African freshwater
systems.

(2) Identify and discuss the challenges and perspectives of studying ARVD residues in the
environment.

(3) Evaluate the efficacy of current wastewater treatment technologies in removing ARVDs.
(4) Assess the methodological thoroughness and internal validity of the studies included.

(5) To contribute critical data from a developing country, complementing findings from regions

with different ecological and pharmaceutical profiles.
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Table 2-3: Physiochemical properties of antiretrovirals studied?.

Drug class Physicochemical properties
Abbreviation = Molecular Molecular Water pKa (base, Log Koc Henry's Law
formula Weight solubility acid) p,c Kow constant (atm-cu
(g/mol) (mg/mL) m/mol at 25 °C)
Nucleoside/ ABC C14H18NsO 286.33 77 5.77, 15.41 1.18 N/A 1.9%x10-16
nucleotide reverse FTC CsH10FN3O3S  247.25 112 2.65 -043 55 1.08x10-""
transcriptase 3TC CsH11N30sS 229.26 70 4.30,14.29 -1.44 N/A 1.9%x1022
inhibitors ZDV C1oH13N504 267.24 20.1 9.72 0.05 N/A 2.0x1022
ddl C1oH12N403 236.23 15.8 9.13 -1.24  N/A 2.4x1020
TDF CoH1aNs04P 287.21 13.4 413,18.59 142 N/A 5.0x10-10
d4T C10H12N204 224.21 83 -3.00, 9.95 -0.72 10 2.3x107%
DDC CoH13N303 211.22 76.4 14.67,0.18 -1.3 NA 1.2x10-16
Non-nucleoside EFV C14HoCIFsNO2  315.68 8.55 x10°% -1.50,12.52 4.69 17 x 103 7x10°
reverse NVP C1sH14N4O 266.3 0.705 2.80 25 N/A 3.3x10"7
transcriptase
inhibitors
Protease inhibitors IDV Ca6Ha7N504 613.79 0.015 7.37,13.19 2.86 N/A 1.3x10-"
sQv CssHs0NeOs 670.84 0.002 8.31,5.11 25 N/A 9.9%1035
RTV Cs7H48N6O5S2  720.95 1.1x104 2.84,13.68 6.27 N/A 2.7x1033
DRV C27H37N3O7S 547.66 8.7x103 2.38,13.59 1.88 N/A 1.39x10
ATV CasHs2NeO7 704.86 4-5 442,11.92 2.88 3.8x107 3.6x10%2
NFV C32H45N304S 567.78 1.91x10°% 8.18,9.32 8.98 N/A 1.38x10"
LPV Cs7H48N4Os 628.81 7.70x10® -1.50,13.39 594 1.0x108  4.3x10%8
Integrase inhibitors | RAL C20H21FN6Os 444 4 53.9 -1.50, 5.62 04 95 9.1x1023
Entry and fusion MVC C29H41F2NsO 513.67 6.57x10°% 10.13,7.02 5.8 N/A 9.49x10°15
inhibitors

a All information obtained from https://www.ncbi.nIm.nih.gov/pccompound/ , https://www.drugbank.ca/drugs/ , https://comptox.epa.gov/dashboard/dsstoxdb/ , and https://www.rxlist.com/script/main/hp.asp accessed June 2020;

b The pKa values are as predicted in the DrugBank website (https://go.drugbank.com/).
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2.2 Literature on ARVD concentrations in South Africa’s environment
2.2.1 Review method

The present study was approved by the NWU Ethics Committee (NWU-00002-23-A1). The
study conducted a comprehensive review of literature on ARVDs in South African water
sources, guided by stringent inclusion criteria to ensure the reliability and relevance of findings.
The search strategy incorporated a combination of keywords and phrases such as
“antiretrovirals,” “pharmaceuticals,” “water sources,” “wastewater,” “surface water,”

”

“antiretroviral therapy,” “emerging contaminants,” “South Africa,” and “ecotoxicology.” The
literature search was conducted using the North-West University (NWU) library's database
system, which aggregates content from as ScienceDirect, Scopus, PubMed, and Wiley Online

Library, among others. Boolean operators (AND/OR) were used to refine results.

Studies were included if they met the following criteria:

(1) Published in English between 2015 and 2024.

(2) Peer-reviewed or published in reputable journals.

(3) Sampling conducted within South African borders.

(4) Limited to freshwater environmental matrices (excluding marine or estuarine systems).
(5) Based on original research (excluding reviews or editorials).

(6) Focused on ARVDs prescribed for treatment in South Africa.

The review assessed the disparities in methodologies, and the interpretation of results. Table
2-5 summarises the maximum ARVD concentrations reported in South African waters across
the included studies (also see Annexures A to Annexure E). Although dolutegravir, etravirine,

fosamprenavir, and rilpivirine are listed in the ARVD therapy guidelines (Table 2-2), these

ARVDs have yet to be investigated or reported in South African waters.
2.2.2 Quantitative data analysis

A quantitative approach was employed to analyse ARVD concentrations in South African
waters. Descriptive statistics characterised central tendency and data distribution. Frequency
distributions and percentages were presented graphically and tabulated. Normality was
evaluated using the D'Agostino and Pearson omnibus test to guide the application of
parametric (analysis of variance (ANOVA)) or non-parametric (Kruskal-Wallis) statistical

analyses. Post-hoc tests (Tukey or Dunn’s) identified pairwise differences between groups.
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Data processing and visualisation were conducted using Microsoft Excel v. 2502 and

GraphPad Prism v. 10.4.1, with statistical significance set at p < 0.05.

For the present study, only analyte concentrations reported as greater than the limit of
quantification (LOQ) were included in the calculations. Values below the LOQ were excluded
to ensure that all data used in the analysis met the minimum threshold for quantifiable
accuracy and reliability. This approach was chosen to avoid potential inaccuracies associated
with estimating concentrations below the LOQ and to ensure the robustness of the statistical
analyses. While this may lead to some underrepresentation of trace-level contaminants, the

focus remained on reliably quantifiable data for comparative and risk assessment purposes.
2.3 The presence of antiretrovirals in South African waters

A total of 24 studies met the literature review criteria out of the initial 54 studies identified
during the search. This number illustrates the limited but focused body of work addressing
ARVD contamination in South African water sources. Nineteen out of the 23 prescribed
ARVDs mentioned in (Table 2-1) were reported. The maximum of each successfully quantified
ARVD (> LOQ) at a specific sampling point was included from 579 water samples in total in

all the publications.

Specifically, 29 drinking-, 242 surface-, 14 groundwater-, 144 WWTP influent, and 150 WWTP
effluent water samples. The most prevalent drug class based on the number of analytes
quantified in the various samples was NRTIs at 43% (n = 25), followed by Pls at 33% (n = 19),
NNRTIs at 17% (n = 10), integrase inhibitors (I) at 3% (n = 2), and entry and fusion inhibitors
(EFI) at 3% (n = 2) (Figure 2-1). The prevalence of NRTIs comes as no surprise as these
drugs form the backbone of ART and are generally used in combination with NNRTIs and Pls

to effectively suppress HIV replication. The data (Figure 2-1 a) reflect the basic ART regimen.

Two drug classes, Il and EFI, were only quantified in wastewater samples (Figure 2-1 b),
possibly due to the manner in which Il and EFI are used and eliminated from the body, the
methods used in analysis, and/or the WWTP processes involved. For example, the renal
clearance of unchanged raltegravir (RAL) is only a minor pathway of elimination (9% of the
total dose) (Drugbank, 2023). Maraviroc (MVC) also has a higher clearance in faeces
(approximately 76% recovery) (PubChem, 2023) than in urine; these ARVDs are not readily

detected in surface or groundwater even though they are eliminated from the body.
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Figure 2-1: a) Percentage of antiretroviral drug classes; b) number of analytes detected
in water samples from South Africa. (EFI = entry/fusion inhibitor; Il = integrase inhibitor;
NNRTI = non-nucleoside reverse transcriptase inhibitor; NRTI = nucleoside reverse

transcriptase inhibitor; Pl = protease inhibitor).

The most frequently documented ARVD in any water sample was nevirapine (NVP) (n = 130),
followed by efavirenz (EFV) (n = 119), zidovudine (ZDV) (n = 58), and LVP (n = 50) (Table
2-4). The least frequently documented ARVDs were saquinavir (SQV), zalcitabine (DDC), and
nelfinavir (NFV) (n < 3). Apart from NFV, the data from all drugs were considered to have a

high degree of dispersion based on the coefficient of variation results (66-688%).

Normality testing (D'Agostino-Pearson) indicated non-normal data distribution (p < 0.05)
warranting non-parametric analysis. The Kruskal-Wallis test revealed significant differences
between ARVD groups (p < 0.0001), and Dunn’s post-hoc analysis confirmed pairwise group-

level differences (p < 0.05).

Although only two NNRT analytes has been quantified in South African waters, this drug class
accounted for the majority of ARVD detections. Efavirenz (14.5+25.8 ug/L) also had the third
highest mean concentrations after FTC (18+36.4) in all water samples. Despite being the most

recurrent drug, NVP had a seemingly low mean concentration in all samples (7£25.1ug/L).

Seldom quantified drugs such as darunavir (DRV), lamivudine (3TC), and tenofovir (TDF) had
comparatively high mean concentrations in all water samples (7.8—12 ug/L). An NRTI,

abacavir (ABC), was found to have the greatest mean analyte concentration of any sample
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(1841254 ug/L) with a remarkably large standard deviation suggesting substantial variability
across sampling points. These variations in mean concentrations and detection frequencies
(e.g., NVP vs. ABC) might reflect the influence of the human metabolism, ART prescription
patterns, environmental factors, and wastewater processes. Such variation highlights the

requisite for drug-specific environmental behaviour studies (Table 2-4; Table 2-5).

The high detection of NNRTIs and NRTIs could be due to the great number of prescribed
ARVDs in fixed-dose combinations (FDC) which includes TDF + 3TC/FTC + EFV/NVP as a
first-line regimen, TDF + 3TC/FTC + dolutegravir (DTG) and ZDV/TDF + 3TC/FTC + lopinavir/
ritonavir (LPV/r) or atazanavir/ritonavir (ATV/r), or DTG as a second-line regimen (2019 ART
Guideline). The high detection for NVP in the environment, according to Madikizela et al.
(2017) and Schoeman et al. (2015), could be due to its weak removal efficiency during

treatment processes and/or its wide use to treat HIV.

The WHO (2019) and the South African Department of Health (DoH) have recommended EFV
as the preferred NNRTI to NVP since 2014 (Wood and Fox, 2013). Nevirapine is no longer
recommended as a first-line ART regimen in South Africa due to its potential for severe liver
toxicity (SAHIVCS, 2023). Therefore, EFV (600 mg once daily) is more commonly used as
part of the first-line treatment regimen rather than NVP (200 mg once daily). These changes
in ART regimen and discrepancies in prescribed dosages could explain why NVP had high
detection frequencies, but a comparatively low mean concentration, whereas EFV had both

high detections frequencies and a high mean concentration.

Urinary excretion rates of EFV (14-34%) are higher than those of NVP (< 3% of the initial
dose), which would lead to higher concentrations of EFV entering the WWTP (Schoeman et
al., 2017). The collective data support this statement, given that mean EFV concentrations
(23.6+37.5 ug/L) entering WWTPs were higher than those of NVP (0.7+£0.8 ug/L).

Emtricitabine was quantified at high concentrations, especially in wastewater samples.
Potentially due to the drug being regularly prescribed at 200mg (FDC tablet) in the NNRTI-
based (TDF + 3TC/FTC + EFV/NVP), Integrase strand transfer inhibitor (InSTI) -based
(TDF + 3TC/FTC + DTG) and/or Pl-based (ZDV/TDF + 3TC/FTC + LPV/r or ATV/r or DTG)
regiments (DoH, 2019).
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From Table 2-3, FTC was noted to have the highest water solubility of all investigated analytes
(112mg/mL). Due to FTC’s high water solubility properties, it is more likely to be present in
wastewater samples at significant concentrations. Especially since FTC is prescribed to a

large number of PLWH and 86% is excreted via urine.

Lopinavir had the third highest mean concentration of all samples (14.47£16.1 ug/L).
Lopinavir/ritonavir (LPV/r) is often prescribed as a boosted Pl at large dosage, for example,
400/100mg 12-hourly or 800/200mg daily. Boosting Pls involves the addition of low-dose RTV,
which inhibits Pl metabolism. This in turn boosts Pl plasma concentration and prolongs the
half-life (Meintjies, 2014). Interestingly, the data roughly reflects this prescription dosage
(LPVIr), as both LPV and RTV were regularly detected, but LPV had mean concentrations

roughly six times greater than RTV.

Abacavir is one of the most potent NRTIs used to treat HIV (Nannou et al., 2020). Following
oral administration, it is extensively metabolised (83% bioavailability) meaning that a large
percentage of the administered dose undergoes metabolic transformation in the body before
being excreted. Subsequently, ABC metabolites are expected to dominate in waste and
surface water, with minimal presence from the parent compound. It is therefore striking that

such exceptionally high concentrations of ABC were observed (278—-814 pg/L) (Table 2-5).

In South Africa, data on ABC’s occurrence in water systems remain limited, with only four
authors reporting on it (Abafe et al., 2018; Ngwenya and Mahlambi, 2023; Spath et al., 2021;
Xolo and Mahlambi, 2024). Some international information regarding ABC is available in
Germany (Boulard et al., 2018; Funke et al., 2016; Prasse et al., 2010), South Korea (McCurry
et al., 2014) and France (Aminot et al., 2015) (Table 2-2).

Concentrations reported by Spath et al. (2021) aligned with Prasse et al. (2010), but were
lower compared with those published by Abafe et al. (2018). Abacavir was the most prevalent
ARVD, exceeding NVP and EFV concentrations in local studies by Ngwenya and Mahlambi
(2023) and Xolo and Mahlambi (2024). High concentrations of ABC ranging from 278 to
814 ug/L were observed in influents of WWTPs in KwaZulu-Natal.

It should be noted that NNRTIs and Pls are usually very soluble. Based on their solubility
(Table 2-3), these ARVDs are expected to readily dissolve and move with water as it travels
into the environment. They are also expected to be transported downstream and through soil,

which increases their probability of reaching groundwater (Savjani et al., 2012). It is therefore
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not surprising that these drug classes were found in drinking- and groundwater samples
(Figure 2-1 b).

Table 2-4: Summary of all 19 antiretroviral drugs (ARVDs) successfully quantified in all
South African waters. Drug class, and detection frequency, and concentration ranges

are provided.

ARDV Class No. of No. of Concentration
detections® studies  MeanzSD (ug/L) Max (ug/L) Min (ng/L)

ABC NRTI 24 5 184+253.7 814 0.1
ATV Pl 10 3 1.04+£1.35 3.5 64
ddl NRTI 5 2 0.02+0.03 0.05 0.4
DRV Pl 8 2 11.31£14.88 43 69
EFV NNRTI 119 16 14.5+25.8 140.4 0.3
FTC NRTI 30 5 18.06+36.44 172 1
IDV Pl 6 1 0.21+0.22 0.59 25
3TC NRTI 31 9 11.95+32.11 150 0.15
LVP Pl 50 5 14.47+£16.05 63.69 1.3
NFV Pl 3 1 0.001+0.0 0.001 0.8
NVP NNRTI 130 16 7.02+25.08 207.7 0.1
MVvC 1] 4 1 0.13+0.13 0.32 39
RAL EFI 7 2 4.55+5.96 17 61
RTV Pl 41 4 2.3+1.53 5.14 0.02
sQv Pl 2 2 0.09+0.13 0.18 1.3
d4T NRTI 8 2 0.16+0.29 0.78 0.3
TDF NRTI 14 4 7.83+15.59 48.4 0.6
DDC NRTI 3 1 0.04+0.03 0.07 8
ZDV NRTI 58 7 3.2+11.09 66.98 0.3

a = based on the maximum concentration reported in published literature at a specific sampling point (LOQ > 0.005 ug/L); EFI = entry and fusion
inhibitors ; Il = integrase inhibitor ; max = maximum; min = minimum; NNRTI = Non-nucleoside reverse transcriptase inhibitor; NRTI = nucleoside

reverse transcriptase inhibitor; Pl = protease inhibitor; SD = standard deviation.
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Table 2-5: Metrix of antiretroviral compounds quantified in various South Africa waters.

Concentrations are in (ug/L).

ARVD Max Min Average STDEV SUM n FD (%)
Surface water
ABC 102 0.000 35.01 39.6 280 8 3.3
ddi 0.054 0.054 0.05 0.002 0.1 2 0.8
EFV 21.7 0.000 2.6 4.7 105 40 17
FTC 17.9 0.001 4.1 6.1 49.3 12 5
3TC 0.95 0.000 0.2 0.24 2.8 14 6
LPV 63.7 0.001 18.7 19 467.8 25 11
NFV 0.001 0.001 0.001 0.0 0.001 1 0.4
NVP 52.3 0.001 2.7 9.3 183 66 28
RTV 5.1 0.02 3.23 1.4 71 22 9
d4aT 0.78 0.001 0.26 0.34 1.3 5 2
TDF 0.24 0.001 0.14 0.1 0.7 6 3
DDC 0.07 0.03 0.05 0.03 0.1 2 1
ZDV 2.74 0.000 0.74 0.67 26.6 36 15
Drinking water
ABC 0.001 0.001 0.001 0.0 0.001 1 3
ddi 0.003 0.000 0.001 0.001 0.004 3 10
EFV 24.6 2.33 11.06 11.9 33.17 3 10
LVP 26.85 9.04 17.95 12.6 35.89 2 7
NFV 0.001 0.001 0.001 0.0 0.001 1 3
NVP 0.46 0.000 0.088 0.16 0.79 9 31
RTV 1.95 1.95 1.95 0.0 1.95 1 3
d4T 0.001 0.001 0.001 0.0 0.001 1 3
DDC 0.008 0.008 0.008 0.0 0.008 1 3
ZDV 1.18 0.002 042 04 2.92 7 24
Groundwater
EFV 0.005 0.005 0.005 0.0 0.005 1 7
NFV 0.001 0.001 0.001 0.0 0.001 1 7
NVP 0.013 0.000 0.003 0.0 0.028 8 57
sQv 0.001 0.001 0.001 0.0 0.001 1 7
d4aT 0.001 0.000 0.001 0.0 0.001 2 14
TDF 0.002 0.002 0.002 0.0 0.002 1 7
Influent
ABC 814 0.29 337.8 309 3715 11 8
ATV 3.5 0.06 1.29 1.6 5.2 4 3
DRV 43 0.07 15.25 20.1 61 4 3
EFV 140.4 0.01 20.2 32 849.2 42 30
FTC 172 0.3 46.1 59 372 8 6
IDV 0.59 0.26 0.35 0.2 14 3 2
3TC 86 0.009 11.95 27 119.5 9 6
LVP 24.4 1.2 7.6 8 83.2 10 7
NVP 261 0.007 29.83 65.3 716 23 16
MvC 0.32 0.08 0.14 0.1 0.57 3 2
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RAL 17 0.06 5 7.1 25 4 3
RTV 3.2 0.06 1.3 1 10.5 8 6
sSQv 0.18 0.18 0.18 0.0 0.36 1 0.7
TDF 48.4 0.1 13.6 21.3 81.42 5 4
ZDV 53 1.23 21.5 24.6 129 5 4
Effluent
ABC 178 0.57 85.5 57 684 8 6
ATV 3.5 0.08 0.87 1.3 5.2 6 4
DRV 17 0.13 7.4 8.5 29.5 4 3
EFV 103 0.52 19.8 27 733 37 27
FTC 41.7 0.11 12.4 18.6 124 10 7
IDV 0.04 0.03 0.04 0.009 0.1 3 2
3TC 150 0.01 31.3 53 251 8 6
LVP 38.5 0.13 10.7 13.5 139 13 9
NVP 207.7 0.000 24.6 52 762 31 23
MVvC 0.04 0.04 0.04 0.0 0.04 1 0.7
RAL 4.1 0.09 2.56 2.2 7.7 3 2
RTV 1.95 0.053 1.2 0.6 15 10 7
TDF 25 0.002 12.5 18 25 2 1
ZDV 67 0.000 8 21 80 10 7

3TC = lamivudine; ABC = abacavir; ARVD = antiretroviral drug; ATV = atazanavir; d4T = stavudine; DDC = zalcitabine; ddl = didanosine;
DRV = darunavir; EFV = efavirenz; FD =frequency of detection; FTC = emtricitabine; IDV = indinavir; LPV = lopinavir; max = maximum,;
min = minimum; MVC = maraviroc; n = number of samples; NFV = nelfinavir; NVP = nevirapine; RAL = raltegravir; RTV = ritonavir; std = standard;

stdev = standard deviation; SQV = saquinavir; TDF = tenofovir; ZDV = zidovudine.

2.4 Diverse analytical approaches to ARVD detection and quantification

An overview of the analytical methods employed in various South African studies for the
detection and quantification of ARVDs in environmental water matrices is presented in Table
2-6. Different parameters (for e.g. extraction and detection methods, analytes quantified,
recovery, and matrix types) are listed that provide insight into the sensitivity, precision, and
applicability of different methodologies across diverse water sources used by the authors.
Although not all studies provide complete method validation parameters. The lack of

standardised reporting somewhat hinders a direct comparison of method performance.

There are some clear discrepancies amongst the different studies when comparing the
sensitivity across methods used. ARVDs may be present in trace concentrations (Vogt et al.,
2020). Therefore, methods with low limits of detection (LODs) and LOQs are more capable of
reliably measuring these compounds and are critical for environmental monitoring. Across the
studies (Table 2-6), LODs ranged from as low as 0.000002 ug/L (Wood et al., 2015) to as high
as 28 ug/L (Vogt et al., 2020), reflecting considerable variation in method performance.
Despite being fast and having a high degree of resolution, LC-related techniques are costly
58



and not easily accessible in the majority of African countries (Madikizela et al., 2020).
Consequently, the majority of African countries are deficient in the advanced scientific
apparatus necessary for the trace analysis of emerging pollutants such as ARVDs. This
limitation poses challenges for routine analyses in smaller WWTPs located in rural and less
developed towns (Madikizela et al., 2017; Madikizela et al., 2020).

Techniques such as LC-MS/MS where the authors extracted ARVDs using solid-phase
extraction (SPE) cartridges provided some of the highest sensitivity (Abafe et al., 2018; Rimayi
et al., 2018). These techniques were the most frequently used (Abafe et al., 2018; Akawa et
al., 2021; Mtolo et al., 2019; Olabode, 2021; Sigonya et al., 2022; Vogt et al., 2020, Xolo and
Mahlambi, 2024).

Wood et al. (2015) demonstrated the value of combining advanced ultra-high pressure liquid-
chromatography tandem-mass-spectrometry (UHPLC-MS/MS) technology with optimised
extraction methods using SPE, achieving detection limits nearly 1 000 times lower than studies
like Akawa et al. (2021) or Mtolo et al. (2019). Although advanced, the sensitivity of the system
used by Holton et al. (2022) was lower than that of Wood et al. (2015), perhaps due to

differences in pre-treatment or optimisation of detection parameters.

Some methods incorporated high-resolution chromatographic techniques (UHPLC) with
advanced mass spectrometry (Orbitrap HRMS) (Mhuka et al., 2020a) to improve detection
sensitivity and specificity. Xolo and Malahambi (2024) combined the benefits of mass
spectrometry with photodiode array detection for enhanced selectivity and quantification.
These findings underline the importance of modern instrumentation and optimised extraction

methods in achieving reliable detection of ARVDs in diverse water matrices.

Regarding the precision assessment, the percentage relative standard deviation (RSD, or %
coefficient of variation) represents the variation of replicate measurements expressed as a
percentage of the mean (Mani et al., 2012). A low %RSD (< 10%) is generally acceptable for
highly precise methods, particularly in regulated fields like pharmaceutical or environmental
analysis. A higher %RSD (> 20%) might indicate variability in the method, perhaps due to
sample matrix heterogeneity, instrument limitations, or operator error (Boleda et al., 2013; Piri-
Moghadam et al., 2016).
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Reported %RSD values for ARVD analyses in literature vary, depending on matrix complexity
and compound characteristics. Detailed comparisons of %RSD values across studies in this
review, as well as recovery (%R) data and discussion of matrix effects, are provided in the

supplementary material (Annexure D).

Regarding recovery values (%R), Abafe et al. (2018) and Horn et al. (2022) reported high
values ranging from 24-139% and 55-196% respectively. This might indicate interference,
leading to an overestimation of analytes. Overestimation increases the difficulty of comparing

ARVDs concentrations across different studies and/or matrices.

Compared with other studies, Spath et al. (2021) reported comparatively low recoveries for
certain analytes such as SQV and etravirine (0-14%). These compounds were therefore
excluded from the present study. This emphasises the importance of improved analytical
techniques. The majority of the remaining studies had moderate recovery values (80—-120%)
that reflect efficient extraction and reliable quantification. Some authors also reported low %R
values (= 81%) (Khulu et al., 2022; Mtolo et al., 2019; Vogt et al., 2020; Wood et al., 2015).

Comparisons drawn from Table 2-6 highlight how advancements in chromatographic
techniques and extraction methodologies directly influence detection capabilities since the
ability to detect ARVDs at sub-nanogram levels ensures that even trace contamination can be
identified. While many studies quantified well-known ARVDs (EFV, NVP, FTC), there is limited
exploration of newer or less common ARVDs. Expanding the analyte scope would improve

monitoring comprehensiveness.
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Table 2-6: Overview of the analytical methods used for quantifying antiretroviral drugs in South African waters.

Reference LOD LOQ . . . .
Detection Extraction ARVD analytes o o . Province(s) in
range range Method Method successfully quantified % RSD %R Matrix South Africa
(Hg/lL)  (uglL)
Abafe et al., 3TC, NVP, ZDV, ABC,
2018 0.002— 0.012— SPE-Oasis EFV, LPV, SQV, NFV,
0.02 0.065 LC-MS/MS HLB cartridge ATV, DRV, IDV, MVC. 24-139  Wastewater KwaZulu-Natal
RAL, RTV
Akawa et _ - HPLC equipped  UA-Du-SPE —
al,, 2021 00'2203 00'6775 with diode array  AC@PVP@al ZDV, NVP <68  91-99 S\ﬁ/r"’;:zw;:;r Gauteng,
' ) detector analysis ginat
Holton et SPE-Qasis 0.005- Wastewater,
al., 2022 LC-MS/MS HLB cartridge 3TC,FTC 141.4 surface water  'vestern Cape
Hormetal,  001- 0.05- UHPLC/MS SPE-HLB-L EFV, ZDV, LPV, NVP, 54— e o5 Wastewater, Gauten
2022 058  1.94 QTOF disk RTV 32.3 surface water 9
Khuluetal, 012-  0.39- Surface Gauteng, KwaZulu-
2022 0.0 Y LC-QTOF/MS MASE-MIP NVP 3 41 water Natal
Mhuka et 0.003— 0.01- LC coupled SPE-Oasis ATV, EFV, 3TC, NVP, Wastewater, Gauten
al., 2020a 8.41 30.7  Orbitrap™ HRMS  HLB cartridge RTV surface water 9
Mhuka et 0.003— 0.01- SPE-Oasis ATV, EFV, 3TC, NVP, Wastewater,
al., 2020b 841 307 LC-MS/MS HLB cartridge RTV surface water Gauteng
Miunguza et  0009- 0.033- Ultra HPLC- Wastewater, KwaZulu-Natal,
al., 2020 0.16 0.53 HRMS HF-LPME TDF, EFV, FTC 92-111 surface water North West
Mosekiema
ng et al., 01'(13238; 0';722_ LC-MS/MS Spi_%DB'L EFV, FTC, 3TC, NVP, <10  68-113 WffStewat?r’ Western Cape
2019 . . cartriages surrace water
Mtolo et al., SPE cartridge Wastewater
2019 0.41 1.39 LC-PDA system MIP EFV, 0.27 81 surface water KwaZulu-Natal,
Netshithoth :
ole et al., 1.2-1.8 46'12_ HPLC H?_FI;Ec_a(r)tzcsdlse EFV 0'32 g_ Wastewater Eastern Cape
2024 : 9 :
Ngwenya 0.68— 2.1- UE and SE SPE—Oasis 0.73—- Wastewater
and 0.77 2.4 followed by LC-  HLB cartridge ABC, EFV, NVP 112 01108 ifacewater ~ KWaZulu-Natal,
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Mahlambi, PDA
2023
Olabode, 0.068— 0.186- Phenomenex 0.18- 99.8—
2021 076 23 HPLC SPE cartridges 3TC, NVP, ZDV 05 1023 Wastewater Western Cape
Rimayi et 0.010- 0.0001 SPE_Oasis Surface North West,
al., 2018 0.0001 3— LC-MS/MS HLB cartridae EFV, FTC, NVP, 3TC water, Gauteng, KwaZulu-
25 0.0007 9 groundwater Natal,
Robson et Surface _
al., 2017 LC-MS/MS EFV, water Limpopo
Schoeman 0.0018
etal., 2015 - 0.006~ GC-TOFMS SPE cartridge EFV, NVP 3.5~ 106- Wastewater Gauteng
0.026 10.2 109
0.0078
Schoeman 0.0018 SPE-Bond
etal., 2017 N 0.006— HT TOEMS Elute sodium EEV, NVP 3.5- 106— Wastewater Gauteng
0.026 sulphate 10.2 109
0.0078 :
cartridges
Sigonya et - . HPLC equipped SPE-Bond _
al., 2022 0.075- 0.23- i PDA (HPLC-  Elut Plexa EFV, FTC, TDF 056- gy 194 Wastewater, .7 u-Natal,
0.48 1.45 . 4.7 surface water
PDA) cartridges
Spath et al., _ —Oasi
2021 0'0102 UHPLC H?_EEcacr)t’fizge ABC, ﬁ‘;{_/\é [F){i\li 3TC, 4.0-16 90-110 Wastewater KwaZulu-Natal
Swanepoel Surface
gumer e S S
) HPLC-QTOF/MS SPE-DEX ABC, TFV, EFV, LPV, 7.0-29 88-108 ’ ’
1.0 water, Gauteng, KwaZulu-
SQV, NFV
wastewater, Natal
groundwater
Vogt et al., Surface
2020 water,
28— 93— UHPLC/MS SPE-Oasis NVP, ZDV, EFV, LPV, 55-70 drinking Gauten
1161 3871 QTOF HLB cartridge NFV, RTV water, 9
wastewater,
groundwater

62



Wood et al.,

Free State, North

2015 0.0000 0.0000 ; West, Gauteng,
i "L uweonsws (SPEOws  Z0np L IO 774 NS o tiesen
0.014 0.018 ’ ’ ’ Cape, Northern
Cape
Wooding et TD-GCxGC-
al., 2017 UPLC-MS/MS & TOFMS and Surface .
0.044 0.148 GC x GC-TOFMS LVI-UHPLC- NVP, EFV 12 112 water Gauteng, Limpopo
MS/MS
Xolo and Optimised SPE,
Mahlambi, UE and SE .
2024 0.70= 187= followed by SPE-Oasis ABC, EFV, NVP 137= gp gg Wastewaler, . 7u1u-Natal,
0.91 2.51 HLB cartridge 9.9 surface water
LC-PDA
method

GC-TOFMS = Gas Chromatography-Time of Flight Mass Spectrometry; HLB = Hydrophilic-Lipophilic Balance; HF-LPME = Hollow Fibre Liquid Phase Microextraction; HPLC = High-Performance Liquid Chromatography; HRMS

= High Resolution Mass Spectrometry; HT = High Throughput; LC/MS = Liquid Chromatography/Mass Spectrometry; LC-PDA-MS = Liquid Chromatography Coupled with Photodiode Array and Mass Spectrometry; LVI-UHPLC-

MS/MS = Large Volume Injection Ultra-High-Performance Liquid Chromatography-Tandem Mass Spectrometry; MASE-MIP = Membrane Assisted Solvent Extraction and Molecularly Imprinted Polymer; MS = Mass Spectrometry;

PDA = Photodiode Array Detector; QTOF = Quadrupole-Time-Of Flight; RSD = Relative Standard Deviation; SDB-L = Styrene-Divinylbenzene; SE = Soxhlet Extraction; SPE = Solid-Phase Extraction; TD-GCxGC-TOFMS =Two-

Dimensional Gas Chromatography-Time-of-Flight Mass Spectrometry; TOFMS = Time-of-Flight Mass Spectrometry; UA-Du—SPE —~AC@PVP@alginat = Ultrasound-Assisted Dispersive Micro-Solid Phase Extraction Using

Activated Carbon Coated With Polyvinylpyrrolidone (PVP) and Alginate UE = ultrasonic extraction; UHPLC-MS/MS = Ultra-High Pressure Liquid Chromatography Tandem Mass Spectrometry; UPLC-MS/MS = Ultra-Performance

Liquid Chromatograph Tandem Mass Spectrometer
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2.4.1 Occurrence in wastewater

Wastewater treatment plants play a critical role in managing pharmaceutical contaminants
(Nantaba et al., 2020), including ARVDs, which have been increasingly detected in wastewater
influent and effluent due to population growth and expanded ART programs. It can therefore
be assumed that a region with a high population density, with increased numbers of PLWH,
will have a greater risk of ARVD contamination of water. Gani et al. (2020), concurred that
ARVD consumption might not be uniform in all regions of South Africa. Antiretroviral drugs
were reported across five of South Africa's nine provinces in wastewaters (see Table 2-6,

Table 2-7, and Figure 7-1 in Annexure E).

Regions with high population densities, such as the provinces of Gauteng (831 people/km?),
KwaZulu-Natal (132 people/km?), and the Western Cape (57 people/km?) (albeit with high local
variability due to urbanisation), are particularly at risk of ARVD contamination (Table 2-7).
Influent samples were predominantly collected from these provinces, with limited collected in
Limpopo (46 people/km?) and Eastern Cape (43 people/km?) (Table 2-7). Moreover, these
provinces experienced meaningful population growth with increases ranging from 22% to 28%
between 2011 and 2022. The most recurrent ARVDs detected in influent were EFV (n = 42),
NVP (n = 23), and LVP (n = 10) (Table 2-5).

Table 2-7: Provincial population distribution in South Africa according to the 2022
census (Stats SA, 2022) as well as the total number of antiretroviral drug studies

reported in wastewater per province.

Province Population % Increase Area Density Nu&an\;aI; of
2 2
(2011-2022) (km?) (people/km?) studies

Western Cape 7433 019 27.7 129 462 57 3
Eastern Cape 7 230 204 10.2 168 966 43 1
Northern Cape 1 355 946 18.3 372 889 4 -
Free State 2964 412 8 129 825 23 -
KwaZulu-Natal 12 423 907 21 94 361 132 9
North West 3 804 548 8.4 104 882 36 -
Gauteng 15099 422 23 18 178 831 8
Mpumalanga 5143 324 27.3 76 495 67 -
Limpopo 6 572720 21.6 125 755 52 1
South Africa 62 027 503 19.8 1221 037 51 22

- represents no current reports of ARVD in wastewater from that province.
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The highest documented concentration overall was ABC at 814 ug/L, followed by NVP at 261
pug/L in WWTP influent from KwaZulu-Natal (Ngwenya and Mahlambi, 2023) (Table 2-5).
Emtricitabine also had high reported concentrations (172 pg/L) in WWTP influent in the
Western Cape (Mosekiemang et al., 2019). Similar to influent, effluent samples were collected
from the same provinces, namely KwaZulu-Natal, Gauteng, and the Western Cape. The most
frequently documented ARVDs in effluent samples were EFV (n = 37), NVP (n = 31), and LVP
(n=13). The highest effluent concentration documented was 207 ug/L for NVP in the
Khayelitsha informal settlement, Western Cape (Olabode, 2021). Followed by ABC (178 ug/L)
at the Umbilop WWTP in KwaZulu-Natal, (Xolo and Mahlambi, 2024).

Wastewater analysis yielded complementary results with similar ARVDs noted as the most
recurrent and highest detected ARVDs in both effluent and influent. Nearly all ARVDs detected
in influent were also found in effluent, although most at reduced concentrations. This supports
the notion that current WWTPs do not achieve complete removal of these pharmaceuticals
(Nantaba et al., 2021). Upon comparing the data for influent and effluent samples (Figure 2-2
a—b), a similar mean pollutant profile was observed. A broad concentration range was evident
for several drugs in both datasets (< 1 to > 100 pg/L). Drugs such as ABC, DRV, 3TC, and
TDF, had high mean concentrations in wastewater but generally much lower frequencies of

detection.

Nevirapine is a prevalent drug in wastewater. However, NVP had comparatively low mean
concentrations for its high frequency of detection (FD) in influent (Table 2-5). Efavirenz
revealed both high mean concentrations and FD. Notably, two ARVDs had higher mean
effluent concentrations than influent (3TC, LVP), indicating incomplete removal during
treatment or some other process-related factor. From the data, we can deduce that the drug
class dominance based on prevalence in wastewater samples was NNRTI > Pl > NRTI > Il >
EFI.

Abacavir’s low log Kow contributes to its predominance in the aqueous phase (Table 2-3) (Xolo
and Mahlambi, 2024). Ngwenya and Mahlambi (2023) reported greater removal efficiencies
(75-91%) in all WWTPs studied, with lower ABC concentrations observed in effluents.
However, comparative studies of the Umbilo and Darvil WWTPs (KwaZulu-Natal) revealed
conflicting influent concentrations. Xolo and Mahlambi (2024) documented 61.2 pg/L and
168 pg/L respectively, while Ngwenya and Mahlambi (2023) reported substantially higher
concentrations (814 ug/L and 278 ug/L). Mean effluent levels (93 + 30 pg/L) were three to four
orders of magnitude higher than those recorded in France (0.03 pg/L) (Aminot et al., 2015),
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Germany, and South Korea (< 0.01 ug/L) (Boulard et al., 2018; McCurry et al., 2014),
indicating far greater environmental discharge in South Africa. These discrepancies give
emphasis to local differences in wastewater management and point to higher ABC removal
efficiencies in WWTPs compared to decentralised wastewater treatment systems (DEWATS).

Additional comparative studies are necessary to refine intersystem performance

assessments.
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Figure 2-2: Mean influent (a) and effluent (b) water concentrations and frequency of

detection for the various antiretroviral drugs quantified in South African waters.
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The Kruskal-Wallis test revealed significant differences between ARVDs measured in influent
(p <0.0001). Dunn’s multiple comparison tests further identified significant differences
between ABC, indinavir (IDV), NVP, and MVC (Figure 2-3).
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Figure 2-3: Statistical differences between antiretroviral drug mean concentrations
detected in South African influent water. Error bars represent mean and standard error
of the mean. Post-hoc test results are denoted by significance levels (* = p < 0.05;
**=p <0.01). EFlI = entry/fusion inhibitor; Il = integrase inhibitor; NNRTI = non-
nucleoside reverse transcriptase inhibitor; NRTI = nucleoside reverse transcriptase
inhibitor; Pl = protease inhibitor.

The Kruskal-Wallis test revealed significant differences between ARVDs measured in effluent
(p < 0.0001). Dunn’s multiple comparison test further identified significant differences between
ABC, ATV, IDV, NVP, ZDV, as well as between EFV, IDV, and NVP (Figure 2-4).
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Figure 2-4: Statistical differences between ARVD mean concentration detected in South
African effluent water. Error bars represent mean and standard error of mean. Post-hoc
test results are denoted by significance levels (*=p <0.05; **=p <0.01). EFI =
entry/fusion inhibitor; Il = integrase inhibitor; NNRTI = non-nucleoside reverse
transcriptase inhibitor; NRTI = nucleoside reverse transcriptase inhibitor; Pl = protease
inhibitor.

Insufficient sanitation infrastructures across most African countries have the potential to
augment ARVD concentrations in surface water. Ncube et al. (2018), projected increased
ARVD concentrations in water systems in developing countries because countries have
extensive ART programmes and limited pharmaceutical removal protocols. Five out of seven
WWTPs investigated by Horn et al. (2022) revealed higher concentrations of ARVDs
downstream than at the corresponding upstream sites, suggesting that WWTPs are potentially
representing point sources of ARVD pollution. The background concentrations of ARVDs at
certain upstream sites were already so high that it appeared as if the WWTPs had no influence

on the ARVD concentrations at the respective downstream sites.
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For example, Netshithothole et al. (2024) noted that during their sampling period the identified
WWTPs were not operational, and their sewage was bypassing all the treatment stages,
flowing untreated into the nearby Buffalo River, Eastern Cape. Such infrastructure failures can
potentially lead to extreme ARVD pollution in receiving waters. The corresponding increase in
WWTP capacity with an increase in population density represents another level of risk, as
WWTPs become overburdened, resulting in the discharge of low-quality effluent into the
natural environment. The direct disposal of urine and faecal matter contaminated with ARVD
residues may subsequently enter groundwater or accrue in rivers via runoff (Ncube et al.,
2018).

Disparities in ARVDs quantified in wastewater could also be due to differences in wastewater
treatment practices. Decentralised wastewater treatment systems (DEWATS) and traditional
WWTPs have different attributes and processes. DEWATS are smaller, have a lower capacity,
are typically located close to wastewater sources, and are designed to treat small communities
on site (Arora et al., 2016).

Whilst traditional plants are large-scale facilities, they have a higher capacity, are located
further away from wastewater sources, and are designed to treat large communities from a
wide area. DEWATS may use different treatment technologies, which may subsequently affect
their ability to remove ARVDs from wastewater. Analytical inconsistencies arising from
sampling approaches and diurnal flow patterns may also influence reported removal rates, as
the diurnal incoming load is dispersed over multiple days in the effluent owning to the

residence time distribution of wastewater (Baalbaki et al. 2017).

In summary, ARVD concentrations in South African wastewaters were considerably higher,
often several orders of magnitude, than those found in other countries with more advanced
treatment systems (Aminot et al., 2016; Boulard et al., 2018; Funke et al., 2016; Ngumba et
al., 2016b; Prasse et al., 2010). For example, a study by K'oreje et al. (2016) in Kenya reported
a maximum EFV influent concentration of 1.02 pg/L and a maximum effluent concentration of
only 0.11 pg/L. This is in strong contrast to the concentrations reported in South Africa (Mtolo
et al., 2019; Xolo and Mahlambi, 2024).

These higher concentrations could be due to a variety of reasons, such as disparities in
population density, usage of ARVDs, and wastewater treatment practices, to name a few.
Discrepancies in analytical performance, such as the slope of the calibration curve

(sensitivity), as well as the LOD and LOQ must be considered, as they can influence the
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reported concentrations and the comparability between studies. Overall, the study underlines
the requirement for enhanced wastewater management and pharmaceutical disposal,
especially in areas with high population density, to mitigate the potential risk of ARVD

contamination in the environment.
2.4.2 Occurrence in surface water

Thirteen ARVDs have been quantified in surface water samples from eight provinces:
Gauteng, Eastern Cape, KwaZulu-Natal, Limpopo, North West, Free State, Northern Cape,
and Western Cape (Table 2-6). The current study could find no literature to date reporting
ARVD levels in environmental water from the Mpumalanga province. The most frequently
documented ARVDs were NVP (n=66), EFV (n=40), and ZDV (n=36). The highest
documented concentration was ABC at 102 ug/L (Ngwenya and Mahlambi, 2023). Abacavir is

also the ARVD with the greatest mean concentration in surface water (35+39.6 pg/L).

The Kruskal-Wallis test revealed statistically significant differences in surface water
concentrations among 13 ARVDs (H = 82.5, p <0.0001; n = 242), with median concentrations
varying significantly (p < 0.05). Dunn’s post-hoc comparisons identified multiple pairwise
distinctions, notably between 3TC vs. LPV, NVP vs. RTV, and LPV vs. NVP (p<0.0001),

indicating a distinct separation in their median values.

Other drugs showed moderate (0.001 <p <0.01) or lower significance (0.01 <p < 0.05).
Greater mean rank differences (e.g., 3TC vs. LPV: -128, LPV vs. TDF: 133) implied more
substantial differences in detection between those particular ARVDs, while smaller mean rank

differences suggest closer concentrations that are still statistically significant.

The results suggest that, while certain ARVD groups present distinct differences, others share
similar characteristics, indicating that their median values were comparable (also see Figure
2-5). Table 2-8 revealed a recurring trend of specific groups, such as LPV, NVP and 3TC,
constantly demonstrating distinct characteristics when compared with other ARVDs. Drugs
such as NVP and FTC also showed notable trends, reinforcing certain separations across the
dataset. These results emphasise the variability of ARVDs quantified, such as differential input

quantities, environmental persistence, prevalence, or stability.
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Table 2-8: Summary of significant pairwise comparisons from Dunn's Test performed

on surface water samples from South Africa.

ARVD comparison Mean rank difference Adjusted P value Significance
EFV vs. LPV -70.8 0.0043 *

3TC vs. LPV -128 <0.0001 i

3TC vs. RTV -106.4 0.0005 o

LPV vs. NVP 104.8 <0.0001 i

LPV vs. d4T 129.9 0.0091 *

LPV vs. TDF 133 0.0063 **

LPV vs. ZDV 82.8 0.0003 o

NVP vs. RTV -83.2 <0.0001 i

* ='p<0.05; ** = p<0.01; *** = p<0.001; **** = p<0.0001.
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Figure 2-5: Graphical representation of the mean surface water concentrations
detection for the various ARVDs quantified in South African waters. Error bars
represent mean and standard error of mean. EFl = entry/fusion inhibitor; Il = integrase
inhibitor; NNRTI = non-nucleoside reverse transcriptase inhibitor; NRTI = nucleoside

reverse transcriptase inhibitor; Pl = protease inhibitor.

2.4.3 Occurrence in groundwater

According to Dévier et al. (2013), antiviral drugs may be present in groundwater, particularly
those adjacent to municipal wastewater. This is due to antiviral drugs displaying relatively high
biological stability, thereby being insufficiently removed during bank filtration and sand
filtration. Groundwater performs a fundamental role in ensuring the functioning of ecosystems

and the well-being of humans because it is often a source of drinking water. Groundwater has
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become a vital source of potable water for the livelihood or 50% of the South African population
living in small towns and villages (WRC, 2017). Groundwater is under increasing pressure due
to pollution. Information about ARVDs in groundwater globally is very limited. However, the

few available studies reveal the degree of pollution of the emerging concern.

Only six ARVDs have been quantified in South African groundwater: EFV, NFV, NVP, SQV,
d4T, and TDV, ranging from 0.3-13 ng/L, from only two authors (Rimayi et al., 2018;
Swanepoel et al.,, 2015) (Figure 2-6). The Kruskal-Wallis test revealed no statistically
significant differences between the ARVDs (p = 0.71). Of the analytes recorded, NVP had the
greatest concentration (13 ng/L) and was the most recurrently detected ARVD (n = 8),
followed by EFV (5 ng/L) sampled from the Hartbeespoort Dam catchment area, North West
province (Rimayi et al., 2018).

Owing to the maximum concentration of NVP, the overall mean ARVD concentrations were
higher in the Swanepoel et al. (2015) report than in the Rimayi et al. (2018) report, but still in
the same order of magnitude. Swanepoel et al. (2015) reported on NNRTIs, and Rimayi et al.
(2018) on PIs and NRTIs. Considering the absence of groundwater reports and the fact that
the two authors reported on different ARVDs, an adequate comparison between the reports

could not be drawn.
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Figure 2-6: Concentrations of antiretroviral drugs in groundwater from South Africa.

Error bars represent the mean and standard error of mean.
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Nevirapine’s high concentrations in groundwater may stem from high prescription volumes
coupled with improper disposal at landfill sites where leaching through soil facilitates
subsurface contamination. Another source could be due to poor sanitation and waste
management practices, which allow for the leaching and contamination of surface water. Such
bodies of water could act as a conduit for the transport of NVP into groundwater, thereby
contaminating it. Agricultural application of stabilised sewage sludge also presents a pathway
for drug residues and metabolites to enter soils and infiltrate groundwater, potentially

contributing to accumulation within the food web (Kotyza et al., 2009).

The maximum recorded value of NVP in groundwater from the United States of America (USA)
was 28 ng/L (Fisher et al., 2016) and 1600 ng/L from Kenya (K'oreje et al., 2016). Some other
global studies reported on ARVDs in groundwater: 30 ng/L ZDV in Kenya (K'oreje et al., 2016);
3.9ng/L FTC, and 1.8ng/L 3TC in Germany (Boulard et al., 2018). Kenya recorded
groundwater ARVD concentrations an order of magnitude higher than South Africa. The USA
also documented comparable concentrations. Numerous ARVDs have been shown to be
present in water sources at concentrations far greater than their international counterparts
(Table 2-2), yet information is limited, especially on groundwater. More studies on groundwater

are needed for cross-national comparisons.

Tenofovir, d4T, NFV, EFV, and LPV had only been reported for South Africa. Given that
groundwater is used as a source of drinking water, this exposure pathway may lead to adverse
health effects for humans. NVP concentrations in South Africa have been documented to yield
minor seasonal fluctuations (8—13 ng/L) with a relative standard deviation of only 2% for the
four seasons sampled (Rimayi et al., 2018). In the main, the sum of 11 emerging pollutant
concentrations in groundwater was lower than in surface water concentrations in three of the
four seasons (Rimayi et al., 2018). Rimayi et al. (2018) were the only authors that reported on

a seasonal variation of ARVDs in groundwater.

Zidovudine was detected in groundwater sampled from Kenya, possibly due to illicit use and
direct spillage into water (K'oreje et al., 2016), but ZDV has not been recorded in South African
groundwater. FTC and 3TC have been recorded in Germany at maximum concentrations of
3.9 ng/L and 1.8 ng/L (Boulard et al., 2018). As analytical technology for quantifying ARVDs
at ultra-trace level (sub—ng/L) in South Africa improves, so does the potential for quantifying
similar or even greater discoveries of compounds previously unquantifiable. Saquinavir
displays high activity against HIV (Nannou et al., 2020). Yet, finite information is available

regarding its presence in water resources. In South Africa, SQV was detected in groundwater
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from the North West at 1.3 ng/L (Swanepoel et al., 2015), as well as in influent from the
Phoenix WWTP in KwaZulu-Natal at 180 ng/L (Abafe et al., 2018). Aminot et al. (2015),

reported SQV levels in France’s groundwater at a mere 0.2 ng/L (Aminot et al., 2015).

There is a commonly held perception that groundwater is usually safeguarded against
contamination by virtue of the presence of a soil layer characterised by low permeability, which
serves to capture micropollutants through its sorption capacity (Rozman et al., 2015).
Nonetheless, this is not the case for all pollutants, as seen in the current review. The
groundwater conduit theory (Klaus, 2018) stresses the vulnerability of groundwater in South
Africa, where poor sanitation may allow untreated wastewater to leach into surface waters that

eventually infilirate groundwaters and contaminate them.

Overall, the theory emphasises the need for improved sanitation and wastewater management
to safeguard the groundwater and ensure its safe use for human consumption. The
groundwater conduit theory and its far-reaching implications for a number of major industries,
such as the pharmaceutical industries, designate groundwater pollution as a prominent social,

economic, and environmental law predicament.
2.4.4 Occurrence in drinking water

Perhaps the biggest concern is that 10 parent ARVD compounds from three different drug
classes have been detected in drinking water in South Africa (Swanepoel et al., 2015; Vogt et
al., 2020; Wood et al., 2015). Study samples were mostly collected from the Gauteng and
North West provinces, with only one sample collected in KwaZulu-Natal (Swanepoel et al.,
2015). The following maximum ARVD concentrations were found in drinking water: ABC
(0.5 ng/L), d4T (0.9 ng/L), NFV (1.1 ng/L), ddI (3.3 ng/L), DDC (8.4 ng/L), NVP (460 ng/L),
ZDV (1180 ng/L), and RTV (1950 ng/L).

Nevirapine was the most frequently recorded ARVD in drinking water (n = 9) (Table 2-5)
(Figure 2-7). One-way ANOVA revealed significant differences among ARVDs (p = 0.004).
Tukey’s multiple comparison test at p < 0.05 further revealed significant differences between
LPV, ddl, and NVP as indicated in Figure 2-7. The highest concentration of ARVDs
documented in South African municipal tap water samples was LPV (26.9 pg/L) near the
Crocodile River (west), followed by EFV at 24.6 pg/L near Olifantsfontein, Gauteng province
(Vogt et al., 2020). Vogt et al. (2020) were also the only authors to document LPV, EFV, and
RTV in drinking water samples, whilst Swanepoel et al. (2015) were the only authors to

document ABC, ddI, NFV, and d4T in drinking water samples.
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Figure 2-7: Concentrations of antiretroviral drugs documented in South African
drinking water. Error bars represent the mean with standard error of mean. Post-hoc

test results are denoted by significance levels (* = p < 0.05; ** = p < 0.01).

Given that the different authors quantified different ARVDs, direct comparisons between the
compounds could not be drawn except for NVP and ZDV. Their mean concentrations were
reviewed further. Vogt et al. (2020) documented mean NVP concentrations in drinking water
samples that were roughly 200 times greater than those documented by Swanepoel et al.
(2015). Vogt et al. (2020) also documented mean ZDV concentrations that were 300 times

greater than Swanepoel et al. (2015) and roughly eight times greater than Wood et al. (2015).

The mean concentrations for all ARVDs detected in drinking water were reported as 4976 ng/L
by Vogt et al. (2020), 41 ng/L by Wood et al. (2015), and 1.2 ng/L by Swanepoel et al. (2015),
in descending order. Vogt et al. (2020) therefore reported far greater concentrations than their
precedents. Overall, the mean values for drinking water revealed greater concentrations for
the Pl and NNRTI classes (Figure 2-7). Lopinavir, EFV, and RTV are practically insoluble
(Table 2-3). Owing to the low solubility of LPV, EFV, and RTV and the amount reported in
drinking water only being a fraction of the therapeutic dose, it is anticipated that the current
risk of these ARVDs in waters would be negligible. The question then remains however, what

happens to these drugs in other matrixes in the environment?
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In a collaborative study by the United States (U.S.) Geological Survey (USGS) and the U.S.
Environmental Protection Agency (USEPA), 3TC was identified in 25% of the source-treated
water samples (Furlong et al., 2017). Specifically, Furlong et al. (2017) documented 3TC at a
concentration of 0.027 pg/L in drinking water samples from the U.S. of America. Similarly,
Gieburtowics et al. (2017) reported DRV at a concentration of 0.003 ug/L in Polish drinking
water. Funke et al. (2016) identified various ARVD metabolites in German drinking water
samples: carboxy-abacavir (0.080 ug/L), carboxy-emtricitabine (0.041 pg/L), and carboxy-
lamivudine (0.084 ug/L). To date, none of these ARVDs have been quantified in South African

waters.

Both NFV and DDC have been detected in drinking water (Swanepoel et al., 2015; Wood et
al., 2015) (Table 2-5) (Figure 2-7). To the best of our knowledge, this is also the only report of
NFV and DDC in drinking water in the world. These ARVDs are no longer prescribed in ART
regimens since 1996 (Meintjies et al., 2017). Subsequently, no current information on NFV
and DDC therapeutic doses are available. South African guidelines to combat HIV in the early
2000s did, however, include NFV (2250 mg/day) and DDC (2.25 mg/day) (Martin, 2005;
Maartens et al., 2008). The discontinuation of DDC and NFV could be why these ARVDs were
scarcely quantifiable in environmental samples. DDC was only distributed for 15 years, yet
occurred still quantifiable in water samples nine years after it had been discontinued (Wood et

al., 2015), raising questions about ARVD drug persistence.

As the ARVD concentrations in drinking water are knowingly lower than those used in related
therapies, the short-term effects on the human body are not expected to be grave.
Nevertheless, the long-term effects may become a serious problem. Explicit studies on chronic
toxicity following continual long-term exposure to low concentrations of ARVDs are not yet
accessible. According to Kostich and Lazorchak (2008), it is expected that certain high-risk
groups of the population, such as children, the elderly, and people with impaired liver and
kidney functions, may be susceptible to low-level exposure to pharmaceutical residues in

drinking water and the environment.

Antivirals may be inadvertently consumed through drinking water, and even at a trace level,
these may exert alterations to the homeostatic mechanisms in the human body (Simazaki et
al., 2015). Nannou et al. (2020) completed a worldwide review and argued that based on the
data from France, South Africa, Germany, Japan, Poland, and USA, the removal efficiency of
ARVDs during drinking water treatment is acceptable, seeing as the majority of occurring

concentrations are below or near quantification limits (< LOQ-169 ng/L). However, drinking
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water samples in the current review ranged between 0.0001 and 26.9 ug/L, with a combined
average of 2.6 £ 6.6 ug/L for all ARVDs in South African waters. This review reports ARVDs
in drinking water of a magnitude greater than that reported by Nannou et al. (2020). Therefore,
it is urgent and necessary to conduct further ecotoxicological studies and determine the
potential hazards of South Africans drinking water contaminated with ARVDs. Although
advanced treatment technologies such as ozonation and activated carbon filtration (Deblonde
et al., 2011) used in countries like Germany, the U.S., and Poland have shown some potential
in degrading ARVDs, studies have reported that residues may still persist in treated drinking

water.

In South Africa, WWTPs and drinking water treatment plants (DWTPs) have distinct purposes,
processes, and regulatory standards (Table 2-9). The WWTPs are regulated under the
National Water Act and monitored by the Department of Water and Sanitation (DWS) for
effluent quality. These WWTPs (as are many others in the world) are not optimised to remove
emerging contaminants such as ARVDs. The DWTPs are regulated under South African
National Standard (SANS 241) standards for drinking water quality (SABS, 2006) and similarly
lack capacity to eliminate trace pharmaceuticals. Instead DWTPs rely on conventional
processes designed to remove pathogens and turbidity thereby prioritising microbial and

chemical safety for consumption.

In contrast to international treatment technologies, South African DWTPs rarely incorporate
advanced treatment technologies. This discrepancy highlights a critical gap in the local
infrastructure. Without the integration of advanced or targeted treatment technologies, there
is a higher risk that ARVDs and other pharmaceutical residues (Nantaba et al., 2020) may
persist through the treatment process and re-enter to the drinking water supply. This is

especially concerning in urban centres where water is reclaimed from polluted rivers.

Therefore, to align with international best practices and through common sense, the adoption
and scaling of advanced treatment technologies in South Africa (such as ozonation, granular
activated carbon, membrane filtration, or advanced oxidation processes) should be prioritised
to improve public health protection and ensure compliance with emerging global standards for

micropollutant removal.
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Table 2-9: South African Drinking Water Treatment Plant (DWTP) and Wastewater
Treatment Plant (WWTP) comparison (City of Tshwane Water Services?, 2022; DWAF
1996; 2002; 2004; Hansen, 2015; Laher, 2023; Swanepoel et al., 2017'; Van der Walt,

20012).

Aspect

DWTP

WWTP

Main purpose

To produce safe, clean drinking
water from surface water,
groundwater, or dams.

To treat and purify sewage
before discharging it back
into the environment
(usually rivers or dams).

Water source

Raw water from rivers, dams,
boreholes.

Domestic, industrial, and
stormwater sewage.

Treatment focus

Disinfection and removal of
suspended solids, pathogens,
and some chemical pollutants.

Biological and chemical
degradation of organic
matter, nutrients, and
solids.

Typical treatment steps

Coagulation, flocculation,
sedimentation, filtration (sand
or dual-media), disinfection
(chlorination).

Screening, grit removal,
primary sedimentation,
biological treatment,
secondary sedimentation,
disinfection.

Target contaminants

Microbes (e.g., Escherichia
coli), turbidity, metals, nitrates,
taste/odour compounds.

Organic matter, nutrients
(N, P), pathogens,
suspended solids.

Pharmaceutical removal

Limited — not specifically
designed to remove ARVDs or
other pharmaceuticals.

Some removal via
biodegradation or sorption,
but generally inefficient for
ARVDs.

Advanced technologies used

Rarely used in SA: GAC, AOPs
(ozone, UV/H,0,) in limited
cases.

Also rare, but some pilot
studies use MBRs,
ozonation, or activated
carbon.

GAC Sometimes used in advanced Not commonly used due to
drinking water plants (for cost; limited use.
taste/odour or pesticides), but
not widespread.

AOPs Used in developed countries for Mostly research studies;

micropollutant removal (e.g.
U.S.); rarely applied in SA
DWTPs.

effective but costly.

End product

Potable water meeting SANS
241 standards.

Treated effluent, discharged
into rivers or used for
irrigation.

Monitoring standards

SANS 241:2015 —
Microbiological, chemical, and
physical parameters.

NWA and General
Authorisations for discharge
quality (section 39 of NWA).

Regulatory body DWS. DWS, and local
municipalities.
Examples in SA Vaalkop DWTP?', Rietvlei Daspoort WWTP?,

DWTP2

Sunderland Ridge WWTP?,
Olifantsfontein WWTP?3.
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AOPs = Advanced Oxidation Processes; ARVDs = Antiretroviral Drugs; BOD = Biological Oxygen Demand; COD = Chemical Oxygen Demand;
DWS = Department of Water and Sanitation; DWTP = Drinking Water Treatment Plant; GAC = Granular Activated Carbon; H,O, = hydrogen
peroxide N = nitrogen; NWA = National Water Act; P = phosphorus; SA = South Africa; SANS = South African National Standard; UV = Ultraviolet
(disinfection); WWTP = Wastewater Treatment Plant.

2.5 Causes for concern

One concern is that excessive amounts of these bioactive compounds (ARVDs), designed to
target various biological systems, are entering aquatic systems without effective technology
and infrastructure to remove and mitigate the consequences thereof. Although data on
ecological impacts remain limited, Mlunguza et al. (2020) found trace levels of FTC, TDF, and
EFV in wastewater, surface water, and in plant tissues of Eichhornia crassipes. The study
revealed that ARVDs are taken up by plant roots, stems, and leaves, and are translocated to
aerial tissue. The highest concentrations were found in plant roots, with tenofovir disoproxil,
FTC, and EFV reaching concentrations of 8.7 ug/kg, 13.4 ug/kg, and 29.6 ug/kg, respectively.
This proves that aquatic plants (such as hyacinths) can accumulate organic pollutants,

including pharmaceuticals, in polluted water bodies.

The fate of these compounds in the environment is also uncertain. The persistence of some
pharmaceuticals, including ARVDs, is influenced by the aerobic physicochemical properties
of water (Aminot et al., 2018). The half-lives of ABC, 3TC, RTV, and SQV are less than 5 days
under biochemical conditions in surface water and wastewater, but NVP and ZDV are quite

stable in surface water and wastewater (Aminot et al., 2018).

Schoeman et al. (2017) confirmed the persistence of NVP under most wastewater treatment
practices (< 22.5% removal). Ncube et al. (2018) argued that the removal efficiencies of EFV
(83-92%), 3TC (24-59%), NVP (11-49%), and ZDV (99%), as documented by K'oreje et al.
(2016), suggest that certain ARVD drugs are persistent enough to circumvent most

wastewater treatment practises and persist in surface water.

One route of how pharmaceuticals find their way into river water is through improper disposal
of unused and expired medicines. This often happens despite policies that allow patients to
return expired and unused drugs to pharmacies for safe disposal (SA, 1965). In a study by
Maharaj et al. (2020), 84% of participants indicated they disposed of their unused/expired
ARVDs, 56% of these participants chose their method of disposal to be the bin (threw
unused/expired ARVDs in the trash), with only 6% and 7% of participants returning unused

ARVDs to a hospital or pharmacy, respectively.
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Maharaj et al. (2020) also reported that 28% of participants indicated they had expired or
unused ARVDs and 44% had other unused and expired medicines (antibiotics and anti-
tuberculosis) at home. According to the latest census, up to 22% of households dump or leave
their rubbish anywhere they find fit (Stats SA, 2022).

Another important concern in addressing ARVD pollution is the absence of accurate usage
and prescription data. This includes data such as kilograms dispensed annually per province
or catchment area which limits current assessment and intervention strategies. Based on this
limited study by Maharaj et al. (2020) and the reported 6.93 million South Africans receiving
ART in 2020 (UNAIDS, 2020), this could mean that several tonnes of prescribed ARVDs could
be thrown into the bin annually. These drugs then end up in landfill sites subjected to various
environmental conditions and could potentially leach into surrounding aquatic environments.
According to Groundwork, an environmental and social justice organisation, approximately
half of South Africa’s 1 327 documented landfill sites are unlicensed, of which 58 are regarded

as hazardous (Southern Africa Treads, 2018).

Contaminated sites, such as old factories or landfills, may produce contaminant plumes with
high concentrations of pharmaceuticals (D'Alessio and Ray, 2016). The plume at Grindsted
landfill in Denmark, for example, discharges over 1000 kg/year of sulfonamides and
barbiturates into the underlying groundwater (Balbarini et al., 2018). Despite some
degradation, landfill studies have revealed that pharmaceutical compounds pose a severe risk
to groundwater and surface water when compared with more degradable compounds typically
studied at contaminated sites. The following maximum concentrations of antivirals were found
in raw landfill leachates: ABC 0.19 ug/L; 3TC 0.36 ug/L; acyclovir 12 pg/L; ganciclovir
1.1 yg/L; and oseltamivir 0.2 ug/L in the United States and China (Masoner et al., 2014; Peng
et al.,, 2014; Masoner et al., 2016; Yu et al. 2020).

Due to the ARVD treatment, PLWH experience immune-suppression, which makes them
susceptible to opportunistic infections such as tuberculosis, receive additional pharmaceutical
regimens. These pharmaceuticals could have the same disposal route as the ARVDs (Maharaj
et al., 2020). According to Balakrishna et al. (2017), concentrations of pharmaceuticals
detected in hospital effluents are frequently higher than those detected in domestic WWTP
effluent. Wastewater from hospitals and clinics bearing pharmaceuticals can be discharged
into nearby rivers, leading to contamination. Regions with a high density of hospitals and
HIV/AIDS clinics have a greater risk of severe ARVD contamination compared to those with a

low density.
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South Africa has a serious wastewater treatment problem given that large volumes of WWTP
effluent that do not meet the required effluent quality standards flow into the country’s rivers
and other environmental media (Department of Environmental Affairs (DEA)), 2020). Based
on the latest available report, 30% of WWTPs were in critical condition and required regulatory
action, 19.5% were in poor condition and needed urgent action, and only 7% were reported to
be in good condition. Nearly half of the WWTPs in South Africa are not functioning properly

(Toxopetus, 2019). These metrics may have changed since.
2.5.1 Mitigation of pharmaceutical pollution in catchments across South Africa

Using a risk-based approach, the SA DEA (2020) identified 18 river catchments across South
Africa that are potentially at very high to high risk of contamination by environmentally
persistent pharmaceutical products (EPPPs), which included ARVDs. These river catchments
are the Berge, Breede, Bushmans, Crocodile River West, Fish, Gourits, Kei, Komati, Kromme,
Limpopo, Mfolozi, Mkomazi, Olifants, Orange, Sundays, Swartkops, Tugela, and Vaal
catchments. ARVDs with high concern in the DEA (2020) study were TDF, DDC, 3TC, NVP,
LPV, and ddl. ARVDs of medium concern were dT4 and ZDV. Accordingly, these catchments
need to be prioritised for management in terms of strategies for reducing the entry of

pharmaceuticals in all environmental media.

The current review and the DEA study both identified certain drugs such as ddl, 3TC, NVP,
and TDF as having a high environmental presence and potential for contamination (DEA,
2020). Many of the specific river catchments suggested to be prioritised in the DEA study, are
regions identified in the current review as systems experiencing considerable ARVD
contamination (Limpopo, Olifants, and the Crocodile River West catchments). Concurring with
the findings in this review, the DEA study suggests that insufficient wastewater treatment
facilities and inefficiencies in removing ARVDs are major contributors to the documented

environmental contamination.

It is imperative that the authority's robust ART programme continue to be upheld, along with
the safeguarding of the substantial financial investment made (R207 billion) (Hopkins et al.,
2018). To mitigate the risk of secondary health issues, close monitoring of the quantity and
concentration of ARVDs in the physical environment must be conducted. Additionally,
governmental funding for research examining the impact of ARVDs on human health in aquatic

environments is of paramount importance.

81



Questions to which South Africa particularly does not know the answers are: What is the
persistence duration of these drugs in aquatic environments? Is the waste management of
these drugs efficient? Could medical waste enter domestic waste and end up in municipal

landfill sites? What are the prospective human and environmental risk?
2.5.2 Future trends

Although certain ARVDs have yet to be quantified in South African waters, the continued
scale-up of HIV treatment intensifies the possibility of their future detection. As of early 2025,
an additional 1.1 million additional PLWH in South Africa are expected to receive ART under
national programs, drastically increasing the potential for pharmaceutical residues to enter
aquatic environments through wastewater pathways (UNAIDS, 2025b). This growing
treatment coverage support concerns that analytes such as fosamprenavir (FPV), etravirine

(ETR), RPV, and DTG will likely emerge in future water monitoring efforts.

Considering the high frequency of detection within the NRTI drug class, it is reasonable to
anticipate that NRTIs, along with ETR and RPV, will also be detected in environmental
monitoring efforts. Newer ARDVs will be detected, but changes in concentrations of existing

and legacy ARVDs may be complicated by existing high backgrounds.

Programmatically, DTG has become central to South Africa’s HIV treatment strategy following
WHO endorsed transitions from EFV-based regimens (WHO, 2018; Vitoria et al., 2018). South
Africa has adopted DTG-based FDC (TDF 300 mg + 3TC 300 mg + DTG 50 mg) as first-line
treatment due to its superior viral suppression, tolerability, and reduced resistance (DoH,
2019; Hamers et al., 2018). Subsequently, DTG was the most procured pharmaceutical
consumed in the public sector in South Africa for the year 2019 (DEA, 2020). DTG constituted
68% of the quantity of prioritised pharmaceuticals procured and continued to lead public
procurement in January to June 2020. Caution remains for use during early pregnancy due to
potential risks of neural tube defects (Alhassan et al., 2020; Zash et al., 2019). Suggesting the
need for critical attention to the environmental risk posed by it in the environment (DEA, 2020).

Tenofovir was sixth on the list of priority pharmaceuticals awarded for public sector
procurement, with procurement value nearly doubling over the same period as DTG. The
transition from EFV to DTG is anticipated to reduce EFV concentrations in the environment
while increasing levels of DTG, TDF, and 3TC.
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Regions with a high density of WWTPs, hospitals, pharmaceutical industries, insufficient and
ineffective waste treatment systems, informal settlements, and regions with increasing
population density are expected to be at greater risk of accumulating ARVD residues based

on the review findings.
2.6 Conclusions

Some of the most extensive research on the presence of ARVDs in the environment has been
conducted in South Africa, highlighting their emergence as a considerable concern due to
South Africa’s extensive ART program. This review represents the first comprehensive
assessment of ARVD contamination specific to South Africa’s water sources. Ten ARVDs
have been detected in drinking water (0.1 ng/L—26.9 ug/L), six in groundwater (0.3—13 ng/L),
13 in surface water (0.12 ng/L-102 ug/L), and 15 in wastewater (0.3 ng/L—814 ug/L).
Discrepancies in the frequency of detection, removal efficiencies, and concentrations among
the different drug classes and individual ARVDs were noted. The concentrations of ARVDs in
the water sources of developing countries, such as South Africa, are expected to increase,
seeing as the countries with high ART programmes do not have pharmaceutical removal or
treatment guidelines for WWTP effluents. Current water treatment technologies are insufficient
to completely remove these drugs, as evident by this review, necessitating urgent research

and technological advancements to address the gap.

Information is limited for the Northern Cape, Mpumalanga, Eastern Cape, Western Cape, and
the Free State Provinces, underscoring the need for targeted investigations. The current study
emphasises the urgent need for risk assessments, national monitoring programs, and
improved water treatment technologies to mitigate the presence of ARVDs in the environment.
A national survey evaluating the state of ARVDs in various water resources should be
prioritised, in conjunction with the establishment of regulatory limits set by governing bodies.
Such measures are needed to address the growing ARVD contamination problem, to protect

water resources, and to safeguard both ecosystems and public health.
2.7 Recommendations

e To increase comparability, standardised procedures for ARVD analysis across water
matrices should be created, if possible, to harmonise monitoring methods.
Standardised monitoring and reporting methods will improve international

comparability of data, fostering global collaboration on ARVD management.
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Future studies should expand the analyte scope. New research should consider
pharmacological advancements and trends in environmental pollution. Current
research primarily focuses on older or more commonly prescribed ARVDs. Research
into newer drugs such as rilpivirine, dolutegravir, and etravirine should be considered.
Current ARVD research is limited by the complexity of analytical methods, variability
in sensitivity and the financial burden of advanced technologies. The standardisation
of method validation is recommended. Comprehensive reporting of validation metrics
should be promoted, such as recovery percentage, RSD and matrix effects it possible.
Advanced techniques such as matrix-matched calibration and isotope dilution should
be considered in order to improve measurement accuracy.

Another consideration is the analysis of ARVDs in different aquatic species, sediments,
and soils to obtain more insights about their role and effects in the ecosystem. This will
help to understand the broader ecological impact.

The effect of mixtures should be investigated. There is currently insufficient information
on the combined ecological and human health impacts of ARVD mixtures in aquatic
environments. While individual drugs may exist within the predicted no-effect
concentration, mixture effects due to similar ARVDs with the same mechanism of
action against the virus may result in synergic or additive effects (Backhaus and Faust,
2012).

It is recommended that absolute ARVD usage and prescription data be routinely
assessed and reported. Specifically in kilograms per annum per province and
catchment. This will help with accurate exposure modelling, prioritising monitoring
efforts, and aligning water quality interventions with geographic treatment burdens.
The monitoring scope should be expanded since there is a limited geographical scope.
Investigations into ARVD contamination in underrepresented provinces, including
Mpumalanga, Northern Cape, and Eastern Cape, should be conducted, to build a
comprehensive understanding of contamination patterns. Thus far, there are no
reports of any investigations into freshwater sources from Mpumalanga, Northen
Cape, or Eastern Cape (Figure 7-1, Annexure E).

The efficiency of different treatment systems (for e.g., DEWATS vs. traditional
WWTPs) should be investigated further by removing ARVDs under local conditions.
Suggested areas of focus include studying drugs such as EFV's material flow, removal
efficiency across various WWTPs, and its impact on surface water and solid waste
(e.g., sludge).

Enhance wastewater treatment technologies to improve ARVD removal efficiency.

These could include membrane bioreactors, activated carbon adsorption, or advanced
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oxidation processes. Strategies could also include chlorination processes, supported
by Al-based predictive models, such as response surface methodology, to enhance
treatment efficiency by identifying optimal operating conditions per Kang et al.’s (2024)
example.

Standardised guidelines should be developed and enforced for ARVD removal in
WWTPs, particularly in regions with extensive ART programs.

WWTP capacities should be improved and increased. Current WWTP infrastructure
should be expanded to accommodate the growing population density and to prevent
overburdening existing facilities. Outdated WWTPs should be upgraded, and
maintenance should be improved to handle increasing influent loads more effectively.
By reducing ARVD concentrations in WWTP effluents, the risk of contamination in
surface and groundwater will be mitigated, preserving ecosystems and aquatic
biodiversity. By mitigating and minimising ARVD pollution, the potential risks
associated with exposure will also be reduced.

Efforts to improve water infrastructure in underserved regions, such as in Limpopo and
the Eastern Cape, should be intensified in order to ensure safe, treated piped water
access and to mitigate the risks of ARVS contamination from surface water.

Given the documented presence of ARVDs in Hartbeespoort's water and findings by
Mlunguza et al. (2020) that demonstrate the uptake of FTC, TDF, and EFV by
Eichhornia crassipes, it is recommended that the uptake and accumulation of ARVDs
in aquatic plants, particularly water hyacinths (E. crassipes), should be investigated
further. Quantifying ARVD concentrations in plant roots, stems, leaves, and aerial
tissues will help evaluate the ecological impact and inform potential phytoremediation
strategies for managing ARVD contamination.

Criteria for prioritising ARVDs for priority attention in South Africa should include
physicochemical properties, analytical feasibility, consumption and sales, therapeutic
dose, long-term use estimates, metabolism and excretion, degradability and
persistence, predicted environmental concentration (PEC), and a relative risk
approach (PEC/PNEC).

Stakeholders should encourage pharmaceutical take-back programs to prevent
ARVDs from entering wastewater through direct disposal. Communities should also be
educated on proper pharmaceutical disposal practices to minimise environmental
contamination.

Interdepartmental collaboration between health, environmental, and water

management sectors should be promoted to tackle ARVD pollution holistically.
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Abstract

Antiretroviral drugs (ARVDs), cardinal to public health, are emerging as environmental
contaminants in river systems. The present study explores the influence of seasonal changes
and geographic location on ARVD concentrations in four major rivers (Hennops, Jukskei, Klip,
Crocodile) in the Gauteng province, South Africa. It investigates the spatial and temporal
distribution of five ARVDs (efavirenz, lopinavir, nevirapine, ritonavir, and zidovudine) over a
five-month period. Using spatial interpolation and detailed water analyses, contamination
hotspots were identified particularly in proximity to wastewater treatment plants (WWTPs). The
samples were extracted by solid-phase extraction (SPE) and analysed by using liquid
chromatography coupled with a quadrupole time-of-flight mass spectrometer (Q-TOF/MS).
Analytical methods demonstrated good precision (%RSD < 15%), acceptable accuracy
(recoveries > 76% for most ARVDs), and strong linearity (R?=0.93). While seasonal
disparities were noted, site-based variations were the dominant influence on ARVD
concentrations, potentially reflecting proximity to pollution sources and patterns of treatment
in densely populated areas. The data revealed consistent contamination patterns, particularly
for lopinavir (up to 64 pg/L) and highlight the need for improved monitoring of lopinavir,
efavirenz, and ritonavir. Pseudo-persistent ARVD concentrations are likely driven by both
environmental conditions and human activity. However, no clear seasonal or hydrological
trends were observed. The findings suggest that localised and repeated but variable inputs
rather than widespread environmental factors were the primary reasons of ARVD pollution in
these specific freshwater systems. The priority rivers to be routinely sampled are the Hennops,

Klip, and Jukskei rivers.

Keywords: seasonal variation; geospatial analysis; river pollution; antiretroviral drugs; South

Africa.
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3.1 Introduction

The widespread use of antiretroviral drugs (ARVDs) in South Africa’s public health sector has
raised growing concerns about their presence in aquatic environments (Chapter 2). ARVD
contamination arises from various sources, including wastewater treatment plants (WWTPs),
hospital, and household effluents, and improper disposal. Although WWTPs are intended to
mitigate such pollution, of the 850 WWTPs in South Africa approximately 40% fail to meet
regulatory standards, such as the South African Green Drop certification criteria, resulting in

persistent pharmaceutical loads entering water bodies (Evans, 2023).

ARVDs enter aquatic environments through multiple pathways (Figure 3-1), including
excretion after human consumption, improper disposal of unused medications, and discharges
from hospitals and WWTPs. After ingestion, ARVDs are excreted via urine or faeces either
unchanged or as active metabolites into wastewater systems (Ncube et al., 2018) (Table 3-1).
However, conventional WWTPs are not explicitly designed to effectively remove
pharmaceuticals and primarily rely on basic physical-chemical processes (Akinnawo et al.,
2023; Samer, 2015). As a result, many ARVD residues persist and are discharged into rivers
via treated effluent, making WWTPs significant point sources of contamination (Talvitie et al.,
2015; Szymonik et al., 2017).
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Figure 3-1: Potential sources and pathways of antiretroviral drugs entering the

environment, particularly water systems, and their subsequent effects.

Table 3-1: Excreted amounts of unchanged and metabolites of targeted antiretrovirals
(ARVDs) to be quantified in the current study (PubChem, 2025).

ARVD Unchanged (metabolites)

Urine Faeces
Efavirenz (EFV) <1% (14-34%) 16-61%
Lopinavir (LPV) 2.2% (10.412.3%) 19.8% (82.6+2.5%)
Nevirapine (NVP) <5% -
Ritonavir (RTV) 3.5% (11.3£2.8%) 33.8% (86.41£2.9%)
Zidovudine (ZDV) 29% (45%) -

Additional sources include leaking sewage infrastructure, industrial effluent, and runoff from
informal settlements. Structural faults in sewage systems allow untreated wastewater to
infiltrate surface and groundwater (Held et al., 2006; lloms et al., 2020). In densely populated
informal settlements with limited sanitation, illicit waste often reaches nearby rivers directly or
by means of landfills and stormwater runoff (Abbott, 2002; Verster and Bouwman, 2020;

Ziajahromi et al., 2017), further exacerbating ARVD pollution in aquatic ecosystems.
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The physicochemical properties of ARVDs (Table 3-3), such as water solubility and resistance
to degradation, influence their environmental persistence and mobility (Mosekiemang et al.
2019; Wang et al., 2023). Each class of ARVDs exhibits different chemical properties that
have different behavioural effects in the environment (Table 2-3; Table 3-3). Environmental
conditions such as temperature, pH, and microbial activity of water and soil systems can also
affect the biodegradation and transformation of ARVDs (Abafe et al., 2018; Adeola and
Forbes, 2022; Bavumiragira and Yin, 2022; Chojnacka et al., 2022).

Regional disparities in hydrology, flow regimes, and seasonal climatic conditions further
complicate the environmental dynamics of ARVDs by influencing their transport, dilution, and
accumulation in river systems. These climatic and weather-related factors play a pivotal role
in determining the spatial and temporal distribution of ARVD contamination. In high-rainfall or
flood-prone regions, for example, runoff and leaching from landfills and fields can introduce
ARVDs into nearby surface and groundwater systems, potentially increasing their presence

but could also cause the dilution of the concentration of ARVDs (Lam et al., 2004).

Arid or semi-arid regions are often associated with lower water volumes and theoretically less
contaminant mobility. Furthermore, high evaporation rates can lead to increased drug
concentrations in surface waters due to less dilution and water loss especially in closed
systems (Lam et al., 2004; Osorio et al., 2012). Subsequently, although climate and weather
shapes transport mechanisms like runoff and leaching, the dilution and concentration effects
can vary substantially depending on flow regimes, catchment hydrology, and the persistence

of distinct compounds to name a few (Petrie et al., 2015).

The distribution of ARVDs in the environment is also affected by population density and land-
use practices. Regions with a high population density are expected to have a greater
production and discharge of wastewater, resulting in higher concentrations of ARVDs in

surface waters and sediments (Vogt et al., 2020).

In accordance with Rogowska et al. (2022), the occurrence of pharmaceuticals in the
environment is a result of both their usage and disposal. Establishing a direct linkage between
environmental occurrence and consumption of a pharmaceutical substance is inherently

multifarious due to a variety of factors (Aus der Beek et al., 2016).
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Examples of known temporal changes in pharmaceutical usage patterns and, subsequently
environmental concentrations, range from seasonal shifts in human population profiles
(Mandaric et al., 2017; Vatovec et al., 2016) to isolated popular events that result in noticeable
spikes (Lindholm-Lehto et al., 2016).

While it is arduous to directly determine the source pathways of ARVDs in aquatic
environments, elevated concentrations may suggest certain patterns. These patterns,
particularly when observed in proximity to urban wastewater outlets or healthcare facilities,
may reflect broader trends in clinical prescriptions, patient adherence, and/or systemic
inefficiencies in pharmaceutical waste management practices (Archer et al., 2017).
Environmental monitoring, combined with healthcare usage data, offers valuable indirect
insight into these trends (Aus der Beek et al., 2016; Kasprzyk-Hordern et al., 2009).

In South Africa, however, national ARVD consumption data are not sufficiently detailed to
enable accurate regional or seasonal analysis. Available reports (e.g., Schellack et al., 2017)
show increasing public sector use of fixed-dose combinations (FDCs) and protease inhibitors
(PlIs), while private sector use generally declined (Table 3-2). Emerging drugs such as
dolutegravir may shift future patterns (Schellack et al., 2017). Nonetheless, the lack of detailed
consumption data limits predictive modelling and risk assessment, highlighting a need for

more transparent and standardised pharmaceutical usage reporting.
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Table 3-2: Quantitative ARVD consumption (dosage units) by drug class in South
Africa (2013 vs. 2015) based on a situational analysis adapted from Schellack et al.
(2017).

ATC Antiretroviral Total QTY? Total QTY? CAGR® Market share
code class units 2013 units 2015 (2013-2015) (2015)
Private sector
JOSAE PI 102 749 59 806 —24% 1.69%
JOS5AF NRTI 256 537 202 173 1% 5.71%
JOSAG NNRTI 584 759 409 065 -16% 11.55%
JOS5AR Combination 2 415 447 2 855217 9% 80.64%
ARVDs
JO5AX Other antivirals 8 347 14 217 31% 0.40%
Total Units 3 367 839 3540478 3% 100%
Public sector
JOSAE PI 1528 000 3 395 000 49% 0.06%
JOSAF NRTI 2672240000 554 208 000 -54% 10.21%
JOSAG NNRTI 976 696 000 681 832 000 -16% 12.56%
JO5AR Combination 1187 336 000 4188540000 88% 77.15%
ARVDs
JO5AX Other antivirals 36 000 1170 000 470% 0.02%
Total Units 4 837836000 5429145000 6% 100%

a = Total QTY units: total number of antiviral units (tablets, vials, capsules, etc.) was determined by considering the pack size (units per pack) and
the quantity of packs awarded in the contract to arrive at quantity per unit; b = was used as it is a measure of market growth over multiple time
periods for two sectors; ATC = anatomical therapeutic chemical; CAGR = compound annual growth rate; NRTI = nucleoside reverse transcriptase

inhibitor; NNRTI = non-nucleoside reverse transcriptase inhibitor; Pl = protease inhibitor; QTY = quantity.

To evaluate the risks and develop relief strategies for ARVD contamination, the intricate
interactions between the environment and ARVDs with, the economic and social factors that
propel drug use and disposal must be considered. This often leads to interdisciplinary research
and stakeholder engagement to determine regulatory measures and advanced
pharmaceutical waste management (Vogt et al., 2020). Integrating these sciences can aid in

providing a more holistic approach to addressing ARVD pollution.

The aim of this investigation is to assess seasonal variation and spatial disparities in ARVD
concentrations in rivers, evaluate potential patterns, and identify areas or rivers at greatest
potential risk. The study further explores how site-specific characteristics, environmental
conditions, and human-related factors, such as the presence and performance of WWTPs,
influence ARVD dynamics in South Africa. Comparable regional studies, such as that by
Nantaba et al. (2023), which assessed the spatial distribution and ecotoxicological risks of
pharmaceuticals in Lake Victoria sediments, emphasise the value of geographically resolved
monitoring approaches to identify contamination hotspots and support evidence-based

environmental management in freshwater ecosystems across African.
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Findings from this chapter offer further insights into the environmental burden of ARVDs and
provide an evidence base for future monitoring priorities, risk mitigation strategies, and policy

development for pharmaceutical pollution control.
3.2 Materials and methods

The present study was approved by the NWU Ethics Committee (NWU-00002-23-A1). The
seasonal variation in ARVD concentrations was investigated by statistical analyses of
laboratory results obtained from multiple sampling events conducted over time. Samples were
collected from the same sites over five different months (March, April, May, August, and
October 2018). This multiple-sampling regime was adopted to capture fluxes in contaminant
concentrations over time and identify potential seasonal effects. The selected months
encompasses both wet and dry periods in the region, allowing for assessment of temporal

variation.

Sample locations cover four key river systems in Gauteng province, South Africa (Crocodile,
Hennops, Jukskei, and Klip) each of which plays an essential role in pollution dynamics and
water quality within the region. A total of 31 sampling sites were selected based on the
framework established by Petersen et al. (2017), which identified these areas as prospective
sources of contaminants of concern, released due to their proximity to WWTPs, medical

centres, high population density, and environmental vulnerability.

Site distribution included ten locations along the Jukskei River (Jukskei 1-10), nine along the
Hennops River (Hennops 1-9), nine along the Klip River (Klip 1-9), and three along the
Crocodile River (Crocodile 1-3) (Figure 3-2). The unequal number of sites across rivers
reflects practical and scientific considerations. Site selection was guided by accessibility,
safety, and representativeness of key pollution zones. For more detail see Annexures G (Table
7-11).

Sampling points along each river were strategically positioned to reflect a downstream
gradient or key pollution discharge areas, including WWTP outlets and densely populated
catchments, allowing for the assessment of site-based accumulation, dilution, and potential
seasonal washout of ARVDs. Samples were collected from the same locations during five
different months to capture temporal fluctuations and identify potential seasonal effects. The
resulting laboratory data were subjected to statistical analysis to evaluate both spatial and

seasonal trends in ARVD concentrations.
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Site-based variation was further investigated by comparing ARVD concentrations relative to
hydrological features such as confluences, upstream-downstream site placements, and
proximity to known pollution sources. By overlaying sample site coordinates with land- use
data and infrastructure locations (e.g., WWTPs, hospitals; Figure 3-2), the study aimed to

better contextualize contamination patterns and trace the likely sources of observed

pollutants.

Although parts of the dataset were generated in 2018, ARVDs are pseudo-persistent
pollutants with ongoing use and limited degradation, implying their environmental levels
remain comparatively stable over time. The data thus provides a valuable baseline for

temporal comparison in future studies.
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Figure 3-2: Study area and sample sites as located in Gauteng, South Africa.

3.2.1 Sample collection and handling

Samples were collected according to the USEPA standard sampling procedure for
pharmaceuticals (USEPA, 2010) using pre-cleaned 1 L Schott bottles. The sampling method

was intended to prevent contamination and ensure sample quality. Clean, non-powdered
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nitrile gloves were used throughout the sampling process to prevent contamination (Wood et
al., 2015). None of the samplers was on any viral medications at the time of sampling (Horn
et al., 2022). Field blanks were not included in this study due to logistical constraints
associated with multi-site fieldwork and the extensive number of sampling points. Human
contact was kept to a minimum to minimise contamination. Sample bottles were lowered mid-
depth in the river using a steel extension pipe, rinsed three times with river water, and then
sealed. Aqueous grab samples were taken directly from water sources, ensuring a small space
was left in the containers to allow for mixing and thermal expansion (e.g. expansion during

freezing).

Additional physicochemical parameters (e.g., pH, temperature, turbidity, conductivity, and
dissolved oxygen) were not measured in the field, as the study aimed primarily to characterise
the spatial and temporal distribution of ARVDs, rather than general water quality dynamics.
No additives were added to the samples, as lowering the pH could degrade the target
compounds (Ferrer and Thurman, 2012). Moreover, at the time of sampling, turbidity was not
recorded, as the target compounds were not known to adsorb to suspended solids (Horn et

al., 2022). To ensure reproducibility and accuracy, all samples were collected in triplicate.

During both collection and transport, all samples were immediately placed into a cooler box to
protect samples from UV light and to minimise degradation (Peng et al., 2014; Prasse et al.,
2010). Immediately after collection, samples were placed in iced cool boxes and kept at
temperatures of approximately < 4°C during transport to the laboratory. Upon arrival, they
were transferred to a refrigerator maintained at 4°C to ensure continued stability (Peng et al.,
2014). Extraction of ARVDs from the collected samples was done within 24 hours of collection
to ensure sample integrity and reliability of results. The samples remained sealed until they
were spiked with a surrogate standard prior to extraction (Horn et al., 2022). From that point

onward, laboratory blanks were incorporated into the process.
3.2.2 Chemicals

Samples were analysed to determine the presence of the following ARVDs: efavirenz (EFV),
lopinavir (LPV), nevirapine (NVP), ritonavir (RTV), and zidovudine (ZDV) (Table 3-3).
Analytical reference standards (= 99% purity) from the United States Pharmacopeial
Convention, European Pharmacopoeia, British Pharmacopeia, and the World Health
Organisation were obtained from Stargate Scientific (Johannesburg, South Africa) in
crystalline form. Deuterated fluconazole (FLZ-d4) (CAS#1124197-58-5) from Toronto

Research Chemicals, Canada, was used as a surrogate standard.
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This selection was made since it is a representative of the pharmaceutical class as no ARVD-
specific deuterated or isotope-labelled standards were available at the time of analysis (Horn
et al., 2022).

Acetonitrile and methanol of spectrometry grade, provided by Honeywell Burdick and Jackson,
were purchased from Anatech, South Africa. Acetic and formic acids (98% solutions for mass
spectrometry) were acquired from Fluka (Sigma, Germany), as were ammonium formate and
ammonium acetate. Deionised water was procured from an in-house ELGA water purification
system. Hydrophilic-lipophilic balance (low) (HLB-L) SPE disks (47 mm) were obtained from
Atlantic (Horizon Technology, Salem, NH, USA). Individual stock solutions for each ARVD
compound were made gravimetrically by weighing 10 mg of each compound and dissolving it
in 10 g (7.9 mL) of methanol, ensuring a concentration of 1 mg/mL. These stock solutions
were prepared in amber glass vials with solid screw caps. These primary stock solutions were
then used to produce standard mix solutions at concentrations of 1, 10, and 100 ng/mL. These
were not used as calibration standards (see Table 3-6), but rather to assess compound
stability under different conditions (-20°C, 4°C, and 19°C). During the preparation of the stock
solutions, an Excel spreadsheet was utilised to calculate the required volume or mass of
solvent for the desired concentration. The surrogate standard, FLZ-d4, was prepared to

provide a concentration of 5 pg/mL.
3.2.3 Extraction of ARVDs

The techniques employed by Ferrer and Thurman (2012) for pharmaceuticals served as the
foundation for the extraction of target ARVDs from water. Water samples were spiked with
500 ng/mL internal standard (FLZ-d4). Using the SPE-DEX system (Horizon Technology,
Salem, NH, USA), automated SPE was used to concentrate the target compounds 2 000
times. Oasis HLB-L (47 mm, Horizon Technology) disks were used since they are effective at
extracting analytes with a range of polarities and acid/base properties at varying pHs
(Pedrouzo et al., 2011). These discs are used in USEPA method 1694 for the examination of
medicines and personal care products. Using 30-second soak durations and 15-second dry
times, the HLB extraction discs were twice conditioned with methanol. This was followed by
another 10-second methanol conditioning with a two-second dry time. Further water
conditioning was performed twice, with a 10-second soak period, a 2-second dry time, and no
dry time on the second cycle. After passing the water sample through the disc, it was allowed

to air-dry for three minutes. Three methanol cycles were used to elute the desired compounds.
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The third cycle eluted for one minute and then had a one-minute dry period, while the previous
two cycles eluted for three minutes and then had a 20-second dry time. A mild stream of

nitrogen gas was used to concentrate the eluent until near dryness. Methanol (500 uL) was
used to reconstitute the samples.

112



Table 3-3: Physiochemical properties of the target compounds to be analysed.
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CAS = chemical abstracts service number; EFV = efavirenz; FLZ-d4 = deuterated fluconazole; Koc = soil organic carbon-water partition coefficient; LPV = lopinavir; Log Kow = logarithm of the octanol-water partition coefficient;

pKa =acid dissociation constant. NVP = nevirapine; RTV = ritonavir; ZDV = zidovudine.  Information obtained from https://www.ncbi.nim.nih.gov/pccompound/ , https://www.drugbank.ca/drugs/ , and

https://comptox.epa.gov/dashboard/dsstoxdb/ accessed June 2024.
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3.2.4 Instrumentation

An Agilent 6540 Accurate Mass Quadrupole-Time-Of-Flight/Mass Spectrometry (Q-TOF/MS)
(G6540A) (Agilent Technologies, Santa Clara, CA, USA) was connected to a 1290 Infinity
Binary pump (G4220A), 1290 Infinity Autosampler (G4226A), and 1290 Infinity Thermostatted
Column Compartment (G1316C) as part of the ultra-high-performance liquid chromatography
(UPLC) system.

Positive and negative electrospray ionisation (ESI) enhanced with Agilent Jet Stream (AJS)
technology was used to desolvate and ionise the samples. The instrument was set to extended
dynamic range (2 GHz), and the Q-TOF was configured to scan between 50 and 950 m/z.
Quantitative Analysis for Q-TOF (version B.05.01), MassHunter Data Acquisition (version
B.05.00), and MassHunter Qualitative Analysis (version B.05.00) were the software programs
used. Daily mass axis calibration of the Q-TOF instrument was performed using tuning mixes
(G1969-85000, Agilent) under both positive and negative ionisation modes. A reference
solution containing compounds with known protonated masses of 121.050873 [M+H]* and
922.009798 [M+H]* was continuously infused to ensure accurate mass calibration throughout

the analysis.

The polarity of the ARVDs investigated varies (Table 3-3) which affects the separation method
applied. The Poroshell 120 Bonus-RP columns (Agilent, 2.1x100mm 2.7 ym) and an Agilent
ZORBAX C18 (stationary phase) were initially examined in the present study. However, the
Bonus-RP column kept at 25°C produced the best peak separation and was used for

subsequent analyses. The injection volume was 1 pL.
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Table 3-4: Optimised liquid chromatography and mass spectrometry parameters used

for analysis.
Parameters Positive ionisation Negative ionisation

Injection volume 1L
Column Poroshell 120 Bonus-RP column (Agilent, 2.1 x 100 mm, 2.7 pm)
Column temperature 25°C
Flow rate 0.6 mL/min 0.7 mL/min
Mobile phase A Water + 0.05% formic acid Water + 0.1% acetic acid
Mobile phase B ACN + 0.05% formic acid ACN + 0.1% acetic acid
Gradient (min) A (%) B (%) A (%) B (%)
0/0 90 10 95 5
8.5/4.5 90 10 95 5
8.6/4.6 50 50 90 10
13/7 50 50 90 10
13.3/7.1 0 100 50 50
14.3/11 0 100 50 50
15/11.1 90 10 0 100
12.2 - - 0 100
Post run-time 2 min 13.8 min
Total run-time 17 min 15 min
Drying gas temperature 275°C 275°C
Drying gas flow 10 L/min 10 L/min
Nebuliser pressure 45 psi 45 psi
Sheath gas temperature 400°C 400°C
Sheath gas flow 10 L/min 10 L/min
VCap 3000 V 3000 V
Nozzle voltage ov 300V
Fragmentor 130V 130V
Skimmer 48 V 48 'V
OCT RF Vpp 750 V 750 V

Table 3-5: Retention times and m/z values of ARVDs and internal standard (IS) analysed.

Compounds Retention time (min) m/z

o S Efavirenz 10.0 314.027
2 S

S & Zidovudine 36 266.092
(V]

Z S  Fluconazole-d4 (IS) 6.3 309.124
o § Lopinavir 11.1 629.373
2 £  Nevirapine 7.5 267.125
g 0 Ritonavir 10.7 721.319
o 5§  Fluconazole-d4 (IS) 3.8 311.125
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3.2.5 Quality control and quality assurance
3.2.5.1 Matrix-matched external calibration curve

To account for matrix effects during quantification, an external matrix-matched calibration
curve (spiked post-extraction) was utilised to control for possible matrix-suppression and -
enhancement effects. Deionised water (18.2 MQ) was supplemented with 0.7 mM NaHCOs3,
2mM CaCl>-2H.0, 0.5 mM MgS047H20, and 75 uM KCI to make artificial freshwater
according to International Organization for Standardization (ISO) 6341 (ISO, 2012), to
replicate natural occurring water as closely as possible for the matrix-matched calibrations. To
mimic natural organic components, 25 mature freshwater snails (Bulinus tropicus) reared
under clean laboratory environments were added to 1L of the ISO-prepared water for
approximately 24 h. Five percent of this snail-infused water was combined with ISO water to
create the matrix-matched water. After extracting 1 L of this matrix, it was concentrated using
nitrogen gas, reconstituted in methanol, and spiked with ARVDs, fluconazole, and d4-
fluconazole to reach a final volume of 0.5 mL. This process produced matrix-matched

calibrations.

The concentrations for the calibration curve were established based on the anticipated levels
of ARVDs in the environment and the performance of the instrument. During extraction,
samples were concentrated two thousand times. This should be taken into consideration
regarding the calibration range. To create a range that would encompass all the ARVD
concentrations in various samples, the calibration levels were initially varied for every sampling
event. The calibration ranges are specified in the results section. Dilutions originated from
different stocks, rather than being serially prepared. To determine the reportable range, these
requirements were repeated across three separate validation attempts to ensure the
robustness of the method (Westgaard, 2008). To avoid carry-over, they were administered in

ascending concentrations, separated by blank injections.

3.2.6 Data analysis

Xagyp = ((Native/sm:e isotope)—c) % 1SOsone (3-1)
Where:

XARVD = calculated analyte concentration

Native = native abundance

Stable isotope = stable isotope abundance

c = calibration curve y-intercept
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m = slope of calibration curve

1ISOconc = internal standard concentration

It is important to emphasise the necessity of proper interpretation of the final ARVD results
(LOD and LOQ) concerning the critical value (x.) in the current study. If the measured

concentration (x) value was as follows:

x < x, = analyte not detected; concentration is < LOD
x. <z < LOQ = analyte detected; concentration is < LOQ
x > LOQ = analyte detected, concentration can be quantified with dependable accuracy and

precision (Rajakovic¢ et al., 2012).

For statistical analyses, values < LOQ were assigned as 2 LOQ to avoid biases related to
non-detects while maintaining a conservative estimation. This approach ensures data
comparability and conserves statistical power without overestimating or underestimating

concentrations (Rajakovi¢ et al., 2012).
3.2.7 Precision

The repeatability of the method was assessed by analysing three QC samples spiked with
low, medium, and high concentrations of analytes. Precision was estimated using the formula
(Eq. (3-2):

%RSD = (mean of the standard deviations of QCs) x 100 (3_2)

mean of QCs

For good repeatability, the %RSD should be below 15% (Schoeman et al., 2015). Intra- and
interlaboratory precision was evaluated by analysing the QC samples over three consecutive
days in triplicate. Interlaboratory precision was satisfactory (%RSD < 15%) for most

compounds.
3.2.8 Accuracy

Accuracy was evaluated by calculating the mean recovery of spiked compounds at three

different concentrations in the analysed matrix. The formula used was Eq. (3-3):

% accuracy = (%) x 100 (3-3)
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Nevirapine, and ZDV demonstrated acceptable accuracy, with recoveries > 76%. However,
RTV and LPV showed lower recoveries at 63% (Table 3-6).

3.2.9 Linearity

The linearity of the calibration curve was evaluated by calculating the R? value for each set of
analyses (Table 3-6). Good linearity is denoted by an R?value as close to one as possible,
with a minimum acceptable value of 0.9 (Miller and Miller, 2018). R? values close to one
indicate a strong linear relationship between the measured values and the concentrations or
amounts of the target compounds. All targeted compounds demonstrated excellent linearity,
with R?values of 0.93 or higher across all analyses. Confirming the reliability of the calibration

curve for quantifying the compounds in these analyses.
3.2.10 Limit of detection (LOD)/ Limit of quantification (LOQ)

Using linear regression analysis, the uncertainties of the calibration curve can be employed to
determine the method's LOD and LOQ from an external matrix-matched calibration curve.
Based on the equation y = mx + ¢, the LOD is determined as 3-S,/b, and the LOQ as
10-S,/b, where S, is the standard deviation of the intercept (abundance) and b is the slope
of the calibration curve (Schoeman et al., 2015) (Table 3-6).
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Table 3-6: Quality control and quality assessment (QC/QA) results for sampling of the Hennops, Jukskei, Klip, and Crocodile rivers.

. . Interday Intraday
Linear range (ug/L) Linearity LOD LOQ  Accuracy precision precision
(ng/L) (ug/L) (%) %RSD %RSD

EFV 0, 5, 10, 20, 40, 80, 160, 330, 660, 1000 0.972 386 1286 196 141 16.9
LPV 0, 5, 10, 20, 40, 80, 160, 330, 660, 1000 0.999 74 248 63 7.8 29.6
NVP 0, 5,10, 20, 40, 80, 160, 330, 660, 1000 0.980 322 1074 76 4.1 5.5

RTV 0, 5,10, 20, 40, 80, 160, 330, 660, 1000 0.938 578 1926 63 7.4 30.7
ZDV 0, 5, 10, 20, 40, 80, 160, 330, 660, 1000 0.979 333 1111 80 13.7 6.4

EFV = efavirenz; LOD = limit of detection; LOQ = limit of quantification; LPV = lopinavir; NVP = nevirapine; RSD = relative standard deviation; RTV = ritonavir; ZDV = zidovudine.
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3.2.11 Statistical methods of investigation

Statistical analyses were conducted in multiple steps to account for the nature of the data.
Normality was assessed to determine whether parametric or non-parametric tests were
appropriate. The D'Agostino and Pearson test was used for large sample sets and
Kolmogorov-Smirnov or Shapiro-Wilk test in smaller sample sets (a=0.05). For non-
parametric data (that did not meet the assumptions of normality), Mann-Whitney statistical
tests were used to compare independent groups of data. In contrast, for data that was normally

distributed, parametric tests were applied.

These included one-way analysis of variance (ANOVA) for comparing multiple groups and
repeated measures two-way ANOVA when comparing related groups or repeated
observations. Where these tests indicated statistical significance of differences, a post-hoc
test was conducted to identify which groups differed from each other. Spearman’s rank
correlation coefficient (Spearman’s p) analyses were performed to identify monotopic
relationships between variables. A significance level of a = 0.05 was applied for all statistical

tests.

Some graphs present a subset of processed data used for statistical analysis. Values < LOD
were substituted with zero, and values < LOQ were replaced with 72 LOQ (Helsel, 2011).
Consequently, not all sample sites are displayed in the graph, as only sites with sufficient

quantifiable data were included (e.g. Figure 3-3).
3.2.12 Spatial interpolation

The IDW interpolation technique was used to create a spatial map of ARVD distribution in
water using the QGIS software version 3.40.3-Bratislava. This approach is regarded as one
of the most popular deterministic interpolation techniques, aside from Splines and Kriging, due
to its ease of use, adaptability and capacity to manage unevenly spaced data (Oyinkuro and
Rowland, 2018).

This method of estimating an unknown value at a location using certain known values and
related weighted values is known as deterministic spatial interpolation and uses a linear-
weighted combination set of sample points to determine cell values (Arman et al., 2025;
Fatima et al., 2022; Nistor et al., 2020; Yang et al., 2020). For more detail see Annexures G.
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3.3 Results
3.3.1 Tracking antiretroviral trends in South African river systems

Quality control and assessment results demonstrated acceptable analytical performance
across all five ARVDs (Table 3-6). All compounds exhibited strong linearity (R? =2 0.94) over a
wide calibration range (0-1000 ug/L), with LPV showing the highest linearity (R? = 0.999).
LOD and LOQ varied among ARVDs, with LPV presenting the lowest LOD (74 pg/L), while
RTV had the highest (578 pg/L). Accuracy ranged from 63% (RTV and LPV) to 96% (EFV).
Interday and intraday precision (%RSD) were largely within acceptable limits (< 15%), except
for higher variability in EFV, RTV, and LPV’s intraday measurements, which exceeded 15%,

representing possible inconsistencies during extraction or instrument response.

The presence of ARVDs in water samples was examined by calculating the mean
concentrations for each drug across the different river systems and sampling sites (see
Annexures F to Table 7-10). Analysis of ARVD concentrations across several months revealed
varying concentration ranges: March (<LOD-63.7 pg/L), April (<LOD-16.2 pg/L), May
(<LOD-6.61 ug/L), August (<LOD—46.8 ug/L), and October (<LOD-13 ug/L). Across all
sampling months, LPV consistently exhibited the highest quantifiable concentrations in
surface water. The highest overall ARVD concentration was recorded at Hennops sample site

6, where LPV reached a concentration of 63.7 pg/L.

Comparing ARVD concentrations between river systems, the highest concentrations per
system were recorded at the following sites, all for LPV: Hennops sample site 6 (63.7 ug/L);
Klip sample site 3 (46.8 pg/L); Jukskei sample site 10 (23.1 ug/L); and Crocodile sample site
2 (19.5 ug/L). Comparisons between river systems with the greatest average ARVD
concentrations revealed that the Hennops River had the highest ARVD burden, especially in
March (7.8 pg/L) and August (4.9 pg/L), followed closely by the Klip River in August (7.6 ug/L).

The relative abundance and composition of ARVDs across sites and rivers are displayed in
(Figure 3-3). Drug composition revealed that certain ARVDs had higher concentrations at
certain sites. From the composition analysis, it is clear that LPV (orange bars) appeared to be
the most abundant drug across almost all sample sites and months, with notably higher

concentrations than the other drugs.
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EFV displayed higher concentrations in the months of August and October, whereas RTV
displayed higher concentrations in March and August (Figure 3-3). In March and August, LPV
concentrations were highest across numerous sample sites, representative of a possible
increased ARVD input during these months. April and May demonstrated reduced LPV
concentrations, but the presence of the other drugs remained fairly stable. October had lower
ARVD concentrations overall. This variation suggests potential environmental or seasonal
influences on ARVD distribution in surface water. Further statistical tests were performed to

investigate the significance of seasonal influences.

Correlation analyses were performed to see if there were any time trends. The Spearman's
correlation test illustrated the strength and direction of the relationship between variables over
time (months) without assuming linearity or normality. A moderate to strong positive correlation
was found for March, April, August, and October (> 0.61; Table 3-7). Trends in these months
could be linked. A high correlation between March and August (0.68) was found which might
suggest seasonal or cyclical patterns. The month of May appears to be an outlier, having weak

or no correlations with the other months.

Table 3-7: Results of the Spearman correlation test. Data in bold present a strong

positive correlation.

Mar Apr May Aug Oct

Mar 1 0.608 -0.019 0.680 0.616
Apr 0.608 1 0.408 0.608 0.541
May -0.019  0.408 1 0.183  0.006
Aug 0.680 0.608 0.183 1 0.398
Oct 0.616  0.541 0.006  0.398 1

The results of the repeated measures (RM) two-way ANOVA provided insights into the effects
of two factors (sampling site and month) on the variability of ARVDs in water samples, as well
as their interaction. There was no significant interaction between the sampling sites (e.g.
Hennops 1 vs. Klip 9) and month (e.g. May vs. August) factors. The F-statistic for the
interaction term was 1.02, with p = 0.42, suggesting no significant effect from the interaction
between factors. The effects of the sampling sites and month factors are therefore
independent of each other. Sampling sites do not significantly vary across different months.
The p-value for sampling sites was 0.09 (p > a; F = 2.74). This suggests that the sampling
sites do not have a significant effect on the ARVDs quantified in surface water and that the

variation in ARVDs cannot be attributed to sampling sites alone.
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Figure 3-3: Antiretroviral drug concentration profiles across five months (March, April,
May, August, and October) at different sampling sites. Data shown are based on
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processed concentrations used for statistical analysis. Only sites with sufficient
quantifiable data are displayed. EFV = efavirenz, LPV = lopinavir, NVP = nevirapine, RTV

= ritonavir, and ZDV = zidovudine.

The results also indicated no significant effect of the time (month) factor on ARVD
concentrations (p = 0.6; F =0.7). The differences in ARVD concentrations across several
months were therefore not meaningful. The data revealed substantial individual variability,
which suggests that individual differences explain a large proportion (48%) of the total variation
in the data. Given that sphericity was not assumed, the Geisser-Greenhouse correction was
applied to the sample site effect, yet the adjusted significance level remained non-significant
(p = 0.09).

Subsequently, there was no strong evidence to conclude that the sample site and time factors
had significantly influenced the ARVD concentrations, either independently or interactively.
Inter-individual differences (subject effect) accounted for nearly half of the total variance,
implying that individual sample site factors had major contributing factors. This suggests that
the variation in ARVD concentrations was greatly due to site-specific differences, rather than
differences between months or the interaction between site and month. Additional

investigations into these individual characteristics are warranted.
3.3.2 Temporal and spatial distribution of ARVD contamination in water

To obtain useful ARVD water contamination information, the spatial and temporal distribution

trends were investigated.
3.3.3 IDW interpolation

The IDW approach makes the assumption that the concentrations of nearer unsampled sites
concentrations are closer than sites further away (Haldar et al., 2020). IDW was utilised in this
investigation because ARVD concentrations in water are assumed to change continuously
and are notably influenced by nearer monitoring stations. Additional layers were included in
the spatial analysis (e.g. proximity to WWTPs) to identify any other environmental correlations

(see Figure 3-4 to Figure 3-8).
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3.3.3.1 Spatial patterns

There appears to be somewhat of a spatial pattern in the Hennops River system, with ARVD
hotspots (concentrations > 1.6 ug/L), especially at Hennops sample Sites 3 and 4 as well as
at Sites 8 and 9. The month of May, once again being somewhat of an outlier, only showed

hotspots at Hennops sample Sites 1 and 9.

The Crocodile River system revealed to have no substantial predicted ARVD concentrations
over several months, with the exception of October (based on the colder IDW colour scheme
concentrations which were generally < 0.5 ug/L). Crocodile River sample Site 3 and the
surrounding area of Hartbeespoort were predicted to have high ARVD concentrations in
October. Crocodile River sample Site 2 also had moderate drug contamination predicted in

August.

The downstream gradient of sample sites in the Jukskei River system allowed for the
assessment of ARVD accumulation and potential seasonal washout effects. Notably,
upstream samples in the Jukskei River remained relatively stable with no meaningful ARVD
pollution. Yet, downstream at the Jukskei sample site 8-9, the data consistently depicted
higher drug concentrations. March was predicted to have the least drug pollution
concentrations compared with other months. However, Mann-Whitney tests revealed that
there were no significant differences in drug concentrations between the upstream and

downstream samples (p > 0.5).

The Klip River system also revealed consistent hotspots over several months, particularly at
Klip River sample Site 5. Apart from a few exceptions, the upstream concentrations of drugs
were greater than the downstream concentrations. For example, Klip River sample Sites 2
and 3 generally had lower concentrations than Klip River sample Site 5. However, non-
parametric tests revealed no significant differences in drug concentrations between the

upstream and downstream samples (Mann Whitney test; P > a; P = 0.09-0.45).
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Figure 3-4: Inverse Distance Weighted (IDW) interpolation maps showing the spatial
distribution of antiretroviral drugs sampled in March across the study area. The maps
use a blue-to-red colour gradient, where blue represents lower values and red indicates

higher values (pg/L).
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Figure 3-5: Inverse Distance Weighted (IDW) interpolation maps showing the spatial
distribution of antiretroviral drugs sampled in April across the study area. The maps
use a blue-to-red colour gradient, where blue represents lower values and red indicates

higher values (ug/L).
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Figure 3-6: Inverse Distance Weighted (IDW) interpolation maps showing the spatial
distribution of antiretroviral drugs sampled in May across the study area. The maps use
a blue-to-red colour gradient, where blue represents lower values and red indicates
higher values (ug/L).
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Figure 3-7: Inverse Distance Weighted (IDW) interpolation maps showing the spatial
distribution of antiretroviral drugs sampled in August across the study area. The maps
use a blue-to-red colour gradient, where blue represents lower values and red indicates
higher values (ug/L).
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Figure 3-8: Inverse Distance Weighted (IDW) interpolation maps showing the spatial
distribution of antiretroviral drugs sampled in October across the study area. The maps
use a blue-to-red colour gradient, where blue represents lower values and red indicates

higher values (pg/L).

3.4 Discussion

For the present study area, November to March is considered the wet season due to higher
rainfall and more thunderstorms. April to May (Autumn) is a transition period where rainfall
decreases, leading into the dry season of June to August (winter). September to October is
the start of another transition period where rainfall increases. Elevated precipitation during the
wet season may result in an increased dilution of ARVD in aquatic systems; however, it also
contributes to increased runoff from informal urban settlements and wastewater treatment
facilities (Mosekiemang et al., 2019). In contrast, during the dry season, diminished river flow
may yield higher concentrations of ARVD owing to the decreased dilution effect.

The concentrations of EFV and ZDV were higher during the dry season compared with the
wet season. In contrast, NVP exhibited higher concentrations in the wet season than in the
dry season (Figure 3-3). This concurs with studies reporting rainfall as an important factor
influencing pharmaceutical concentrations in wastewater and receiving water (Kasprzyk-
Hordern et al., 2009). The concentrations of RTV and LPV varied inconsistently between the

wet and dry seasons.
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The fluctuating concentrations of RTV and LPV across seasons suggest influence of several
variable factors, including wastewater input, degradation rates, or adsorption/desorption

dynamics in sediments and organic matter.

Mosekiemang et al. (2019) documented increased 3TC, FTC and 12-hydroxy nevirapine
concentrations in the dry compared with the wet season in the Western Cape of South Africa,
which aligns with the current study. However, the authors reported an increase in EFV
concentrations and its metabolites (8,14-dihydroxy efavirenz) in the wet compared with the
dry season, which is in contradiction with the results for EFV in the current study. According
to Mosekiemang et al. (2019) this resulted from low inflows in the dry season, promoting in-
pipe settling of compound-bearing solids, as contrasted with 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 observed higher concentrations of NVP during the wet season could potentially be
attributed to factors such as increased runoff, variation in wastewater discharge, and/or
increased solubilisation during heavy rainfall. Heavy rainfall can increase the solubilisation of
residual pharmaceutical compounds present in sediments or soils (Nantaba et al., 2024),
causing an increase in surface waters concentrations during the wet season. Wood et al.
(2015) examined the chlorination behaviour and environmental fate of NVP in South African
surface waters. The authors found that the concentration varied with the type of aquatic

environment, alike Schoeman et al. (2017).

Lopinavir emerged as the most abundant drug across almost all sample sites and months,
with notably higher concentrations than the other drugs (Figure 3-3). LPV is usually co-
formulated with RTV to boost plasma levels (Wang et al, 2023). In South Africa,
lopinavir/ritonavir (LPV/r) has been used extensively for ART, historically in first-line and
second-line HIV treatment regimens (Vogt et al., 2020). Although LPV was found to be the
most abundant ARVD, it does not necessarily concur with recent prescription and usage data.
In public-sector treatment programmes, the use of LPV/r has declined sharply, and it is now
considered a third-choice option. It is mainly used in exceptional cases rather than routine
therapy. For example, the 2020 SAHCS guidelines outlined a clear hierarchy for selecting Pls,
prioritising DRV first, followed by ATV, and placing LPV as a third option. However, the 2023
guidelines take a firmer stance, strongly advising against the use of LPV in nearly all situations

due to concerns about its side effect profile and treatment burden (Nel et al., 2023).
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As a key component of these therapies, LPV is only partially metabolised in the human body.
Metabolic data indicate that 2% of LPV is excreted unchanged in urine, with 10% excreted as
metabolites, while 20% is excreted unchanged in faeces, alongside 83% as metabolites (Table
3-1). Due to its limited bioavailability, LPV is more prevalent in wastewater than ARVDs that

undergo more efficient absorption and metabolism.

Lopinavir is not readily biodegradable, with a biodegradability probability of 0.91 (Drugbank,
2023). This limited degradability may account for its accumulation (Abafe et al., 2018). LPV
also has a low removal efficiency in WWTPs (Krasucka et al., 2022). Its high logKow value
(> 5.9; Table 3-1) indicates strong lipophilicity, leading to extensive adsorption onto
suspended solid particles in wastewater (Wang et al., 2023). This process facilitates its
accumulation in sewage sludge rather than being effectively degraded or removed from the

system.

Furthermore, LPV’s hydrophobic nature, high molecular weight, and strong protein binding
affinity contribute to its persistence in aquatic environments (Table 3-3). These properties
make it less susceptible to conventional wastewater treatment processes. Therefore, high
concentrations could be detected in effluent (Wang et al., 2023). Its hydrophobic nature also
suggests that it can bind to sediments, which might cause a gradual release and prolonged
detection in river systems. Studies suggest that WWTPs have trouble in effectively eliminating
LPV, resulting in its accumulation in effluent and subsequent discharge into rivers (Horn et al.,
2022). Lopinavir has been detected in several environmental matrices, especially in sub-
Saharan Africa, where its concentrations are remarkably high (Ngwenya and Musee, 2023).
The stability of this drug in the environment is alarming because it can persist in water ways

and pose risks to aquatic organisms (Kudu et al., 2022).

The high detection frequency of LPV across sampled rivers may partly reflect the enhanced
sensitivity of the analytical method toward this compound. As indicated in Table 3-6, LPV
exhibited the lowest LOD (74 pg/L) and LOQ (248 ug/L) among the ARVDs assessed. This
methodological advantage enabled the identification of even trace concentrations of LPV,
potentially inflating its representation in the dataset relative to other compounds with higher
detection and quantification thresholds. Certain drugs with lower LOD/LOQs could have fallen
below the threshold for detection. This analytical bias might have led to potential
overrepresentation of LPV and should be considered when interpreting prevalence trends in
the data.
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3.4.1 Spatial and temporal trends of ARVD water analysis over five-months
3.4.1.1 Hennops River

The Hennops River originates in the southeast of Centurion, near Tembisa and Kempton Park.
It flows through Centurion, transversing formal and informal residential, commercial, industrial,
and recreational areas. The Hennops River ultimately feeds into the Crocodile River, which
eventually empties into the Hartbeespoort Dam. The Crocodile River continues to flow
northwest, eventually feeding into the Limpopo River, from there to the Indian Ocean through
Mozambique. It lies near two major WWTPs, namely Olifantsfontein and Sunderland Ridge.
The Olifantsfontein WWTP treats ca. 105 ML wastewater per day primarily from Tembisa and
Ivory Park and discharges into the Kaal Spruit, later merging with the Olifants Spruit to form
the Hennops River (Horn et al., 2022). The Sunderland Ridge WWTP receives wastewater
from Midrand and Centurion (65 ML/day) and discharges directly into the Hennops (Roux et
al., 2010).

High concentrations of ARVDs were consistently detected across multiple sites over several
months (Figure 3-4 to Figure 3-8), particularly downstream of Sunderland Ridge WWTP. Site
8, located 2.5 km downstream of the WWTP, exhibited higher ARVD concentrations compared
to upstream Site 7 (which is 1.1 km upstream of the Sunderland WWTP in the Rietspruit
River), confirming the WWTP as a major contamination source. Similar to the findings of Horn
et al. (2022). Nonetheless, no significant differences were observed between upstream and
downstream concentrations (Mann-Whitney; p =0.08-0.54). This suggests complex
hydrological interactions, likely mediated by the Rietspruit River confluence and site-specific

processes such as dilution, sedimentation, and photodegradation.

Site 6, located 3.5 km upstream from Site 8, recorded the highest ARVD concentrations,
particularly for LPV (63.7 pg/L in March), suggesting direct or localised contamination sources
such as malfunctioning sewer systems or runoff from informal settlements and urban
infrastructure. Overloaded WWTPs, ineffective waste removal (Abafe et al., 2018; Horn et al.,
2022), and limited infrastructure in high-density areas (e.g., Centurion, Tembisa, lvory Park)
(Masuku, 2015) further exacerbate contamination. The Sunderland Ridge WWTP's
documented non-compliance with discharge standards and overcapacity operation, as
reported in the 2022 Green Drop report, could justify the persistently high ARVD residues
found in the Hennops River (DWS, 2022).
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Horn et al. (2022) also noted a different ARVD compound signature upstream from the
downstream sites in the same river. Greater concentrations in urbanised areas are in line with
global findings showing higher antiviral detection frequencies in urban > suburban > rural river

sections (Peng et al., 2014).

Robson et al. (2017) reported a higher EFV concentration upstream of a WWTP at 0.01 ug/L
than downstream (< LOQ) in the Luvuvhu River in the Limpopo province, South Africa.
However, the present study consistently found higher EFV concentrations downstream of a
WWTP at Hennops sample Site 8 compared with upstream (Site 7). This implies that, unlike
in the Luvuvhu River study (Robson et al., 2017), the WWTP is a major source of EFV pollution
rather than a removal site. Other authors have also reported higher EFV concentrations in
effluent-receiving water (Abafe et al., 2018; Mosekiemang et al., 2019; Xolo and Mahlambi,
2024; Wood et al., 2015). The disparity between Robson et al. (2017) and the current study

highlights site-specific differences in WWTP efficiency and hydrological conditions.
3.4.1.2 Crocodile River

The Crocodile River, along with its principal tributaries, the Hennops and Jukskei rivers,
transverse through highly industrialised and densely populated regions between the
metropolitan of Johannesburg and the Hartbeespoort Dam. The river system drains a region
facing severe water stress due to demands from mining, agriculture, industry, and urban
development (Taylor et al., 2005). Several streams, including the Braamfontein Spruit,
Modderfontein, and Sandspruit, feed into the Jukskei River before it empties into the Crocodile
River. Of these, the Modderfontein stream experiences minimal anthropogenic impact due to

its location within a nature reserve (Moropa, 2015).

The IDW investigations at Crocodile sample Site 3 and surrounding Hartbeespoort area
suggests a localised increase, possibly linked to poor water quality and pollutant inputs from
upstream sources, particularly WWTP effluent and urban runoff entering via the Hennops
River (Dennis and Dennis, 2019). The moderate contamination at Crocodile sample Site 2
(Figure 3-7) might reflect pollution transported from the Jukskei River (e.g. Site 10), where

elevated concentrations were detected.

River flow variations such as the reduction in flow during dry months, can alter the river’s
dilution capacity which can in turn affect any pollutant inputs and persistent drug
concentrations. Precipitation-driven dilution can thus influence ARVD concentration dynamics,

similar to patterns observed in other river systems (e.g., Pearl River, China; Peng et al. 2014).
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Furthermore, sediment interactions play a role in the Crocodile River's contaminant profile
(Figure 3-8). Resuspension events, likely triggered by changing water levels or biotic activity
(Archer et al., 2017), may remobilise previously deposited ARVD residues from sediments.
This pseudo-persistence is supported by studies documenting ARVD retention in sediments
with potential for re-release during hydrological disturbances (Kairigo et al. 2020), sustaining
their pseudo-persistence in surface waters. The temporal and spatial variability of ARVDs in
the Crocodile River is believed to be shaped by a confluence of variables, including urban
runoff, WWTP outputs, seasonal hydrology, sediment remobilisation, and legacy

contamination.
3.4.1.3 Jukskei River

The Jukskei River watershed supports over 1.25 million people, many of whom live in informal
settlements such as Diepsloot and Alexandra Townships, with strained infrastructure beyond
its intended capacity (Neswiswi, 2014; Fitchett, 2017). Originally built for 70,000 people, the
Alexandra township now houses an estimated four times that number (CGJM, 2000), leading
to frequent sewer blockages and overflows into the nearby river (Makuya, 2022). Many
riverbank communities rely on inadequate sanitation facilities like portable toilets, resulting in
direct sewage discharge, further exacerbated by stormwater runoff during heavy rainfall and
flash floods (DWS, 2023).

A major potential pollution source is the Northern Johannesburg WWTP (Johannesburg’'s
largest WWTP) which treats over 460 million litres of wastewater daily (Ally and Campbell,
2021; Kings, 2016). Reports indicate repeated discharges of untreated sewage from this plant
into the Jukskei River, likely due to infrastructure failures or hydraulic overloading at the
WWTP (Makuya, 2022; Webster and Igani, 2024).

The downstream sample sites in the Jukskei River system revealed higher concentrations of
ARVDs than upstream sample sites. The Northern Johannesburg WWTP is adjacent to the
river. It is ca. 2.4 km from the Jukskei sample Site 8, and 2.6 km from sample Site 10. The
Northern Johannesburg WWTP treats wastewater from a dense urban population, where
ARVD use is high due to South Africa’s extensive HIV/AIDS treatment programmes (Juta et
al., 2024; Nardell et al., 2024). Overflow events during the rainy season might contribute to

the increased pharmaceutical loading (Lee et al. 2022; Phillips et al., 2012).
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Gradual dilution and attenuation might explain why concentrations decrease further
downstream of sample Sites 8 and 10. In contrast, seasonal dilution during high rainfall
periods, such as March (Figure 3-4), may temporarily reduce observed ARVD levels, whereas
dry months like August and October (Figure 3-7 to Figure 3-8) can lead to concentration build-
up due to reduced river flow (DWS, 2023). Overall, the Jukskei River’'s pollutant profile is
shaped by inadequate sanitation infrastructure, WWTP inefficiencies, high urban density, and

seasonal hydrological variability.
3.4.1.4 Klip River

The Klip River is among the most vulnerable catchments to anthropogenic pollution in Gauteng
Province, primarily due to high population density, proximity to numerous WWTPs, and the
concentration of over one-third of the province’s medical facilities within their vicinity (Peterson
etal., 2017). The Klip River starts in the southern region of Johannesburg and flows southward
through Soweto, ultimately into the Vaal River a crucial drinking water source (Mothetha, 2016;
Vermaak, 2009). Several informal settlements line the banks of the Klip River and its main
tributaries, the Klipspruit and Harrington Spruit, potentially contributing to pollution. The river
receives more than 500 ML/day of effluent daily from three WWTPs (Vermaak, 2009):
Goudkoppies, Bushkoppies, and Olifantsvlei, all situated within a 5 km radius of sampling Site
5.

Despite the directional flow of effluent from Goudkoppies and Bushkoppies WWTPs into the
Klip River, no statistically significant differences in ARVD concentrations were detected
between upstream and downstream sites (Mann-Whitney; p = 0.09-0.45). However, higher
concentrations upstream, particularly at Site 5, suggest localised discharge of poorly treated
effluent, especially from Goudkoppies WWTP, which lies only 4.2 km upstream. The 2022
Green Drop report confirmed that Goudkoppies WWTP failed all effluent quality parameters,
while Bushkoppies was hydraulically overloaded and failed one category (Evans, 2023; DWS,
2022). Inspection revealed widespread infrastructure failures, including non-functional
degritters, aerators, and disinfection systems, that compromise treatment effectiveness.
(DWS, 2022).

Land-use and hydrological processes affect seasonal variation in water quality (Pakoksung et
al., 2025). Urbanisation often exacerbates pollution levels due to augmented wastewater
discharge and runoff (Vidon et al., 2008). Additional factors such as tributary inflows,
groundwater recharge, and natural attenuation mechanisms (e.g. sorption, microbial

degradation, photolysis) may partially explain reductions in ARVD concentrations downstream
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(Abafe et al., 2018; Adeola and Forbes, 2022; Chojnacka et al., 2022). Nonetheless, the
cumulative impact of multiple failing WWTPs and nearby informal settlements with direct waste

discharge remains an important contributor to ARVD contamination in the Klip River system.
3.4.2 Environmental factors

The lack of significant sample site vs. month interaction (p = 0.42) and month effects (p = 0.6)
indicated that temporal variation is not the primary factor influencing ARVD concentrations
patterns, indicating relatively stable drug concentrations across locations and time points
(months). This could suggest either uniform distribution of ARVDs across sample sites or that
other environmental variables (e.g., seasonal rainfall, point source discharge) might have a
stronger influence. According to Adeola and Forbes (2022), nonpoint or diffuse source
pollution of ARVDs are maijor contributing factors to the contamination of surface water in
Africa.

Nearly half of the total variance was attributed to individual differences, implying significant
variability introduced by local environmental conditions, ARVD-specific behaviour, differences
in sample collection, or measurement irregularities. Episodic events stormwater runoff and
sewer overflows during transitional hydrological periods (e.g., March and August) may explain
observed peaks in ARVDs, particularly LPV. These months coincide with changes in rainfall
intensity and river flow, which are known to affect pollutant transport and dilution (Pourfallah
Koushali et al., 2021; Prathumratana et al., 2008).

Seasonally driven differences in ARVD degradation may also contribute to concentration
patterns. Higher thermal and photo-degradation is expected for analytes in summer months
(Holton et al., 2022). Phototransformation was identified as the fundamental removal
mechanism for ABC, ZDV, and FTC, with respective half-lives (t;., photo = 1.6-25 h), while
3TC is predominantly driven by slower microbial degradation processes (t,;,, bio = 120 h)
(Prasse et al., 2015). Consequently, environmental conditions such as sunlight, water depth,
and turbidity shape compound persistence, particularly in winter, when reduced photolysis

may lead to higher ARVD concentrations (as seen in August) (Holton et al., 2022).
Phototransformation rates of ARVDs and their biotransformation products appear unaffected

by prior microbial exposure, implying that partially treated effluent can still contain

photodegradable residues (Prasse et al., 2015).
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This may account for persistent ARVD signatures in surface waters, even downstream of
WWTPs. However, due to the limited number of studies, drawing conclusive links between

temperature and ARVD persistence remains challenging.
3.4.2.1 Uncertainties

Uncertainty is an inherent aspect of water quality research due to varying methods and data
quality under different environmental conditions (Umwali et al., 2021). In the present study,
uncertainties stem primarily from the selection and distribution of sampling sites, which can
influence measured concentrations, particularly in dynamic river systems with high spatial and

temporal variability.

The use of grab sampling introduces limitations, as it captures water at a single time and
location, offering only a snapshot of conditions. This method may fail to detect transient
contamination peaks, especially for antiretroviral drugs (ARVDs), which can fluctuate
considerably due to effluent discharges or rainfall events (Cristévao et al., 2021). These
limitations could result in the under- or overestimation of actual drug concentrations. While
practical and commonly used, grab sampling may not fully represent pollutant dynamics, and

composite sampling is recommended for more accurate and continuous monitoring.

However, the above-mentioned uncertainties related to site selection are not believed to have
a substantial impact on this specific study. This is because the primary objective was not to
provide an exact representation of the area's ARVD pollution levels but rather to offer insights
that inform policymakers about potential future scenarios based on current knowledge.
Therefore, future research should prioritise minimising uncertainties to enhance the
understanding of water quality vulnerabilities in relation to different land-use types, such as
intensive urbanisation. Differences in urban, peri-urban, and rural sites will likely reflect varying
concentrations of ARVD pollution, influenced by population density, and wastewater

management proficiency.
3.4.2.2 Risk specific trends

One of the first conundrums of researching variations in ARVDs is the concentrations reported.
Reported concentrations of drugs such as ARVDs do not readily state if the detected
concentrations or analysed doses are harmful. Inherently, the acute use of these drugs in
water is anticipated to be harmless to human health, given that the reported concentrations

are far lower than the dosages applied in medical treatments.
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Nonetheless, Nugnes et al. (2024) reported that certain ARVDs are harmful to certain species.
Some species may be more sensitive to ARVD toxicity than others. Even though
environmental concentrations might not be toxic enough to cause harm to human health, it
may cause irreversible damage to aquatic species, irrespective of a short ingestion time or
low exposure concentrations. Subsequently, the development of ecological thresholds is vital

to determine the scope of ARVD pollution and the associated risks.

The consequences of systematic human exposure to low doses of ARVDs have been a
frequent topic of discussion (Horn et al., 2020; Horn et al., 2022), yet little is known about it,
potentially due to the ethical problem raised by it. Is it ethical to disclose information to the
general public about ARVD environmental toxicity when not much is known about its harmful
effects? Disclosing inadequate information could cause undue panic. The ethical implications
of the research question place great emphasis on a comprehensive and all-encompassing

investigation into the historic, current, and future state of ARVD pollution in SA.

In the event that the current or future state of ARVD pollution is found to threaten
environmental and human health, it will raise serious issues. It would mean a considerable
increase in financial costs for state monitoring, health inspection stations, water safety
laboratories, and analytical companies. In addition to increasing the efficiency of wastewater
purification, the reconstruction of existing WWTPs, and the incorporation of alternative or new

technologies to improve drinking water standards.

Given the excessive financial burden associated with addressing such a problem, prospective
investors should focus on research that would set limitations on the most recurrent and toxic
ARVDs and the aptitude of the biological and geological environments to remove these
substances. This extends to the distribution of ARVDs as well as their spatial and temporal
variability. As designing a monitoring network will rely on a comprehensive geochemical,

geological, and hydrogeological review (Rozman et al., 2015).

For example, certain ARVDs could be significantly attenuated in groundwater and degrade
into various intermediates and metabolites. These intermediates can be biologically active as
well but not identified by analytical methods set to analyse for the primary ARVD. Antiretroviral
drug pollution subsequently requires interdisciplinary cooperation between specialists in
organic chemistry and environmental scientists, as it necessitates new research and

laboratory analysis.
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Certain risk exposures, such as ARVD pollution, are highly correlated with economic and
social development. As economies grow, access to healthcare (such as ARVDs) increases,
causing more PLWH to consume ARVDs, leading to higher drug residues in wastewater.
Nonetheless, the incremental effectiveness of specific policies (such as austere wastewater
treatment regulations) has yet to be fully recognised in this and other studies. If government
actions (e.g. awareness campaigns, WWTP upgrades, and programmes) have aided in

reducing overall ARVD pollution, it is unclear to what extent.

Bending this developmental curve is feasible by the abrupt accelerations in the decline of
certain risk factors, such as with improved WWTP technologies, ARVD removal rates, and
stronger policies regulating drug disposal and water treatment standards. Analysis of
exemplars, countries with lower ARVD risks, albeit due to lower exposure levels or
technological advancements, could yield further insights into ARVD pollution and potentially
lead to faster progress in reducing pollution consequences. Regulations can potentially drive
behavioural changes that contribute to long-term environmental benefits. Herin lies the
opportunity for South Africa to lead other African nations in the study of ARVD contamination

and the development of effective policies and strategies to combat predictable risks.
3.5 Conclusions

Spatial analysis effectively mapped the distribution of ARVD contaminations, revealing both
point and non-point source pollution patterns across the river systems. The IDW method
provided valuable insight into the spatial dynamics of contamination, with findings shaped by
a complex interplay of seasonal effects, pollution sources, and hydrological transport. High
ARVD concentrations were consistently recorded at specific downstream sites, particularly for

LPV, suggesting possible accumulation effects or repeated upstream inputs.

Site-specific patterns were dominant over seasonal variation and largely driven by proximity
to pollution sources such as WWTPs, with the Crocodile River generally showing lower
contamination levels. The frequent detection of LPV in highly contaminated rivers corresponds
with increased public sector use of protease inhibitors, reflecting broader treatment trends
(Schellack et al., 2017). EFV and RTV displayed some seasonal shifts, potentially linked to
variations in healthcare service load or patient adherence, as has been suggested by both

local and international studies (Mandaric et al., 2017).
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Lopinavir emerged as the most critical ARVD, with consistently high concentrations across all
sites and months. Urgent assessment of LPV is valid given its persistence, toxicity, and
dominance across all sample sites and months (Czech et al., 2022). EFV and RTV also require
monitoring due to observed seasonal peaks and associated toxicological risks (Robson et al.,
2017), while ZDV and NVP presented more stable and lower levels of concern. The study
therefore observed spatial-temporal patterns. ARVD hotspots were closely associated with
WWTP discharges, and hydrological processes like low-flow conditions promoting
accumulation (dry season) and high-flow events leading to resuspension and dilution (wet
season). However, statistical analysis indicated that spatially fixed pollution sources were the

predominant drivers of contamination patterns.

Urban areas with high ART coverage, particularly near major WWTPs like Northern
Johannesburg, showed elevated ARVD concentrations in wastewater. The current study
emphasises the value of integrating national ARVD consumption data with environmental
monitoring to identify and categorise contamination hotspots. Still, the lack of spatially and
temporally verified consumption data limits predictive modelling efforts and highlights the need
for routine site-specific prescribing data. The promise of prevention through risk modification
is not being realised. regulatory focus should shift toward proactive monitoring of LPV, EFV,
and RTV in river ecosystems. Priority should be given to targeted sites (e.g., Hennops 6, Klip
5, Jukskei 8—-9) and sampling during peak contamination months (March and August) to inform

policy, management strategies, and future research.
3.6 Recommendations

¢ Limitations in sampling strategy (e.g., sampling frequency, detection limits) could have
obscured some differences and should be revised in future studies. It is recommended
that further data be collected over a longer period and for at least two wet and dry
seasons.

e Future work should consider using time-flow-proportional composite samplers or
passive samplers instead of grab sampling, which better integrate pollutant fluctuations
over time and reduce temporal bias in water-quality assessments.

e The development of standard protocols for sampling wastewater, accounting for
diurnal variations and residence time distribution is advocated.

o Different advances wastewater treatment methods should be assessed to improve
removal efficiencies.

e Future studies can also be correlated to specific hydrological data. Comprehending

rainfall, river flow, and anthropogenic activities can strengthen the interpretation.
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e Further studies could incorporate additional covariates to refine analysis. Further
investigation into the sources of variation could improve data interpretation.

e Long-term ecological effects of LPV exposure should be investigated due to its
dominance and persistence. The potential bioaccumulation of EFV and RTV should
also receive further investigation, particularly for aquatic organisms.

¢ The IDW technique is dependent on the density of sampling points. Sparse data points
may lead to less reliable interpolation in certain areas. It is recommended that further
studies adequately spread sampling points over study areas. Interpolation methods
can also be compared in future studies, for example Kriging or other geostatistical
models could be used to compare and validate the IDW results.

o Future studies could focus on modelling the hydrodynamic transport of ARVDs to
better understand and predict accumulation zones.

¢ A central limitation in this investigation is the absence of true patient consumption data.
It is recommended that ARVD usage trends be standardised using defined daily doses
(DDD) and expressed as DDDs per 1000 inhabitants per day (DID) for comparability
across regions (Schellack et al., 2017). Where this is not feasible, procurement or

tender data may be used as a proxy, provided consistent metrics are applied.
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Abstract

The extensive use of antiretroviral drugs (ARVDs) for therapeutic purposes in South Africa
has generated concerns about their persistence and ecotoxicological effects on freshwater
ecosystems. This study aimed to assess the ecological risks posed by ARVDs in surface water
and waste water effluent. Maximum measured environmental concentrations (MECs) for 14
ARVDs that were previously found in South African water sources were evaluated using risk
quotient (RQ) methods, a prioritisation index (Pingex), and a RQ hybrid model that amalgamates
concentration addition for ARVDs with shared mechanisms and response addition for those
exhibiting independent modes of action. The ecological risk was assessed and compared
between algae, crustaceans, and fish. The study identified effluent as a major source of ARVD
contamination, with several compounds, particularly efavirenz, lopinavir, and zidovudine,
surpassing ecological high-risk thresholds. Prioritisation analysis revealed LPV, ZDV, and
EFV as the highest environmental concern ARVD based on frequency of exceedance and
ecological risk. The hybrid-mixture model demonstrated that different classes of ARVDs
contributed considerably to the mixture risk, with probabilities of adverse effects nearing 100%
in some effluent samples, suggesting a high possibility of ecological harm. The results
highlight the need to improve wastewater treatment efficiency and integrate mechanistic
models into regulatory frameworks. Given current uncertainties and data gaps, an adaptive
risk assessment approach is recommended to inform future pharmaceutical monitoring and

environmental policy.

Keywords: HIV; AIDS; antiretroviral drugs; environmental risk assessment; mixture toxicity;

water contamination.
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4.1 Introduction

Antiretroviral drugs (ARVDs), central to HIV/AIDS (human immunodeficiency virus/ acquired
immunodeficiency syndrome) treatment (Ramana et al., 2014), function by targeting distinct
stages of the HIV life cycle including viral entry, reverse transcription, integration, and
maturation (Figure 4-1). Their widespread use in Southern Africa, while critical for public
health, has resulted in their continuous release into aquatic environments through wastewater,
eliciting concerns over their environmental occurrence and prospective ecotoxicological
effects (Adeola and Forbes, 2022; Nqwenya and Musee; 2023; Reddy et al., 2023).

The heterogeneous pharmacokinetic profiles of ARVDs (including elimination pathways, half-
life, and protein-binding capacities) illustrate the intricacy of their pharmacodynamic properties
and emphasises the necessity for tailored therapeutic strategies (Table 4-1). The pseudo-
persistent nature (continuous release due to high usage) of ARVDs in surface and wastewater
across South Africa raises concerns for both environmental and public health (Horn et al,,
2022). ARVDs are designed to inhibit viral replication and alter cellular processes in humans
(Figure 4-1). These compounds can retain their bioactivity when discharged into the
environment where they may unintentionally affect non-target organisms. Their persistence
and potency can disrupt aquatic ecosystems with potential consequences for biodiversity,

ecosystem functioning and the safety of water resources.

Comparable concerns have been raised elsewhere in Africa, for example pharmaceuticals
have been detected in sediment from Lake Victoria (Uganda), with spatial distribution patterns
signifying ecotoxicological risks to aquatic ecosystems (Nantaba et al., 2024). Notably, several
ARVDs, including EFV and NVP, along with their metabolites (such as 12-hydroxy-nevirapine
and 8,14-dihydroxy efavirenz), exhibit non-biodegradability, contributing to environment
persistence (Mosekiemang et al, 2019; Madikizela et al., 2020). This regional evidence
underscores the widespread concern of pharmaceutical pollution across African freshwater

ecosystems.

The ecological risks associated with ARVDs (Figure 4-2) are increasingly recognised as
ecotoxicological threats, particularly given their continuous input into aquatic ecosystems
(Horn et al., 2022). ARVDs display diverse toxicity profiles across aquatic taxa (Minguez et
al., 2016; Omotola et al., 2021; Sanderson et al., 2004). Compounds such as LPV, RTV, and
EFV have been identified as hazardous to aquatic species (Czech et al., 2022; Ngwenya and
Musee, 2023).
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Fish species appear especially susceptible to the toxic effects of ARVDs, with multiple species
exhibiting organ-level pathologies and developmental disturbances. For example, Clarias
gariepinus and Cyprinus carpio exhibited extensive liver damage exposed to EFV and NVP
(Rimayi et al., 2018), with EFV inducing steatosis and necrosis at concentrations as low as
20.6 ng/L (Robson et al., 2017). Similarly, NVP caused severe histopathological changes such
as vacuolation, necrosis, fibrosis, and inflammation in Mozambique tilapia (Oreochromis
mossambicus), alongside elevated hepatosomatic indices (Nibamureke et al., 2019). Beyond
hepatic effects, Gorgulho et al. (2018) reported that TDF exposure disrupted zebrafish (Danio
rerio) kidney integrity, causing nuclear delocalization, tubular dilatation, and epithelial disarray,
suggesting early-stage acute tubular injury linked to mitochondrial morphological

disturbances.

In addition to organ-specific effects, ARVD exposure has been associated with a range of
developmental and morphological abnormalities across fish species. Efavirenz treatment
resulted in reprotoxic effects in D. rerio embryos including increased mortality, skeletal
malformations, delayed hatching, and reduced locomotor activity. Oestradiol levels and bone
density in Mozambique tilapia were altered when exposed to 10.3-20.6 ug/L (Zizioli et al.,
2023; Kowlaser et al., 2022). Lopinavir (880 ug/L) also caused deformities in D. rerio, including
scoliosis and pericardial oedema following light-induced dilution (Czech et al., 2022). The
same study found that RTV’s predicted no effect concentration values were toxic to D. rerio

by increasing the incidence of deformities.

Behavioural assays revealed anxiogenic and depressive-like effects of EFV in D. rerio and
rats (Rattus norvegicus), correlated with apoptosis and neural impairment (Cavalcante et al.,
2017; Zizioli et al., 2023). While many studies reported a typical sigmoidal concentration-
toxicity relationship, others observed atypical patterns, suggesting potential complexities in
toxicological responses in species such as O. mossambicus (Robson et al., 2017; Nibamureke
et al., 2019; and Czech et al., 2022). This could point to unique dynamics or complexities in

those particular studies.
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Figure 4-1: Sites of mechanisms of action for different antiretroviral drugs investigated

in the current study (denoted in light blue colour) at different steps in the viral life cycle.

Lopinavir, TDF, EFV, and RTV have demonstrated considerable ecotoxicological effects
across multiple aquatic species. LPV (880 ug/L) has been associated with cardiotoxicity in
zebrafish embryos (Czech et al., 2022), while TDF (3 mg/L) induces hemocytopenia in the
freshwater mollusc Biomphalaria glabrata by suppressing amoebocyte production can be
considered a toxic compound at concentrations between 1 mg/L and 10 mg/L (Souza-Silza et
al., 2023). EFV exposure leads to neurodevelopmental damage in zebrafish, including

apoptosis and disrupted angiogenesis (Zizioli et al., 2023).

Ritonavir was identified as highly toxic to planktonic rotifer species (Brachionus calyciflorus)
and water fleas (Ceriodaphnia dubia), causing oxidative stress and DNA damage at
0.001 pg/L (Nugnes et al., 2024). Biochemical disruptions caused by TDF in the cladoceran
Daphnia magna include alterations in catalase and glutathione s-transferase activities
(Mahaye and Musee, 2022). Genotoxicity studies suggest potential DNA fragmentation linked
to nucleotide pool imbalances induced by nucleoside reverse transcriptase inhibitors (NRTIs)

in cord blood cells and mice cells (Bakare et al.,2020; Vivanti et al., 2015).
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Table 4-1: Pharmacokinetic properties and mechanisms of action of different
antiretroviral drugs (ARVDs).
ARVD Mechanism of Elimination Physiological Protein Reference
action (non-hepatic) half-life binding
(hours) capacity
ABC Inhibits reverse 1.2% urine, 1.54+0.63 50% Liu and Chen,
transcriptase. 16% faeces 2016
Guanosine analogue.
ATV Protease inhibitor. 13% urine, 7 86% Wood, 2008
79% faeces
ddl Inhibits reverse 18% urine 1.5 <5% De Clercq,
transcriptase. 2005; Mason
Adenosine analogue. and Darryl,
2015
DRV  Inhibits viral 13.9% urine, 15 (Ritonavir  95% Liafio and
protease. 79.5% faeces boosted) Tenorio, 2008
EFV Non-nucleoside Mostly by urine  40-55 99.5—- Costa and
reverse transcriptase 99.75% Vale, 2022
inhibitor.
FTC Inhibits reverse 86% urine, 10 <4% Desai, 2016
transcriptase. 14% faeces
Cytidine analogue.
IDV Inhibits viral < 20% urine 1.8+0.4 60% Pollak and
protease. Parmar, 2024
3TC Inhibits reverse 5.2+1.4% urine 5-7 < 36% Weston, 2007
transcriptase.
Cytidine analogue.
LPV Inhibits viral 10.4+2.3% 6.9+2.2 > 98% Cvetkovic and
protease. urine, Goa, 2003
82.6+2.5%
faeces
MVC  Blocks viral entry. - 14-18 76% Paintsil and
Cheng, 2019
NFV Inhibits viral 1-2% urine, 3.5-5 > 98% Pai and
protease. 87% faeces Nahata, 1999
NVP Non-nucleoside < 3% urine 45 60% Schauer et
reverse transcriptase al., 2014
inhibitor.
RAL Inhibits viral integrase urine and 9 83% Mouscadet,
enzyme. faeces and
Tchertanov,
2009
RTV Inhibits viral 11.312.8% 3-5 98-99%  Kempf et al.,
protease. urine, 1995
86.4+2.9%
faeces
a4T Inhibits reverse 40% urine 0.8-1.5 Negligible Piscitelli et
transcriptase. al., 1999;
Thymidine analogue. Scholar, 2007
SQV  Protease inhibitor. 1-3% urine, - 98% Pereira and
81-88% faeces Vale, 2022
TDF Inhibits reverse Mostly by urine 32 7.2% Schauer et
transcriptase. al., 2014
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DDC Inhibits reverse 60—-80% urine 2 <4% Weston and

transcriptase. lle, 2007
Cytidine analogue.

ZDV Inhibits reverse 29% urine 1.1 30-38%  Edwards et
transcriptase. al., 2023

Thymidine analogue.

3TC = lamivudine; ABC = abacavir; ATV = atazanavir; DDC = zalcitabine; d4T = stavudine; dd| = didanosine; DRV = darunavir; EFV = efavirenz;
FTC = emtricitabine; IDV = indinavir; LPV = lopinavir; MVC = maraviroc; NFV = nelfinavir; NVP = nevirapine; RAL = raltegravir; RTV = ritonavir;

SQV = saquinavir; TDF = tenofovir; ZDV = zidovudine.

Comprehensive toxicological studies and environmental risk assessments remain scarce,
particularly regarding their persistence, chronic exposure potential, and fate in water systems
(Ncube et al., 2018). These knowledge gaps are critical to address, especially in high-use
regions such as South Africa, where chronic exposure may exert compounded
ecotoxicological effects on freshwater species. The current study conducted a screening-level
risk assessment of ARVDs using effluent water as a worst-case proxy for ecological hazard
identification bodies (Al Aukidy, 2012; Ferrari et al., 2004; Spilsbury et al., 2024). The second
aim was to prioritise ARVDs for mitigation strategies and inform eco-pharmacovigilance
efforts.

Cardiotoxicity: Behavioural
Nephrotoxicity: LPV toxicity: EFV
TDF
Neurotoxicity:
EFV
[}
Immunotoxicity:
Reprotoxicity: NVP
EFV,LPV, and Redox Hepatotoxicity:

Figure 4-2: Schematic summary of the toxicological effects of some antiretroviral drugs
on different physiological systems in fish. Created with Biorender
(https://BioRender.com).
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4.2 Methods

The present study was approved by the NWU Ethics Committee (NWU-00002-23-A1). A
detailed literature review was conducted of peer-reviewed publications (2015-2024) reporting
ARVD concentrations in South African surface waters and wastewater effluents (Annexure B—
D). From 24 qualifying studies, data on maximum ARVD concentrations, sampling locations,
and site-specific details from 386 sampling points were compiled. Statistical analysis included
normality testing (D’Agostino, Pearson and Shapiro-Wilk) and appropriate non-parametric
comparisons (Wilcoxon signed-rank, Mann-Whitney U, Kruskal-Wallis with Dunn’s multiple
comparisons post-tests). Statistical significance was set at p < 0.05, and all analyses were

conducted using GraphPad Prism version 10.4.2.
4.2.1 Ecological risk assessment (ERA)

Quantified ARVD data were consolidated for ecological risk assessment (ERA) focusing on
14 out of the 19 ARVDs (Table 2-4; Chapter 2) due to limited ecotoxicity data for five ARVDs.
The potential ecological risk was investigated via risk quotients (RQ) based on the measured
environmental concentrations (MEC) and the predicted no effects concentration (PNEC)
quality values. Toxic potencies of ARVDs to non-target organisms were primarily sourced from

the FASS knowledgebase (https://www.fass.se/).

Due to absence of local ecotoxicological data, standard non-native organisms were used as
proxies in this assessment, acknowledging potential limitations in sensitivity representation.
However, our assessment of hazard is not significantly influenced by species’ geographical
distribution and habitat (Maltby et al., 2005). The present ERA incorporated acute and chronic
toxicity data across three different trophic levels; algae as primary producers, crustaceans as
primary consumers; and fish as secondary consumers. The ARVDs of greatest concern were
determined via a prioritisation index (Pingex) (Section 4.2.2). The effects of the combined
mixture (RQ) of ARVDs were also evaluated (Section 4.2.3).

4.2.1.1 Risk quotients (RQs)

Risk quotients, following European Union (EU) guidelines (Tran et al., 2019), were calculated
using maximum measured environmental concentrations (MEC) rather than predicted values,
to offer a more realistic environmental assessment (Eq. (4-1). Preliminary assessment ranks
were developed by classifying ARVDs based on specific thresholds. A value of RQ = 1
designates a high risk, 1 > RQ = 0.1 a medium risk, while 0.1 > RQ = 0.01 designates a low
or di minimis risk (0.01 > RQ > 0) (Grung et al. 2008).
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4.2.1.2 PNEC estimation

The predicted no effect concentrations (PNECs) were estimated using available acute toxicity
data (e.g., LCso or ECsp) divided by assessment factors (AFs) (Eq. 4-2) (Ngumba et al. 2016).
Chronic toxicity data, expressed as no observed effect concentrations (NOECs), were used in
the absence of acute data, following European Medicines Evaluation Agency (EMEA) and the
European Chemicals Agency (ECHA) guidelines (ECHA, 2008; EMEA, 2006). See Annexure
H for more detail. Preference was given to empirical ecotoxicity data over estimations such as
Quantitative Structure-Activity Relationship (QSAR) values. For ARVDs or trophic levels
lacking measured toxicity data, the Ecological Structure-Activity Relationships Program
(ECOSAR) v1.11 model provided conservative acute toxicity estimates using the lowest value

to reflect worst-case scenarios.

MEC; (4-1)
RQ; =
A PNEC;
PNEC, = min (ECsq or LCgo, NOEC fish, invertebrate, algae)i (4-2)
Lo AF

Where:

PNEC; = predicted no effect concentration;

ECso = median effective concentration;

LCso = median lethal concentration;

AF = assessment factor;

RQ; = risk quotient;

MEC;= maximum measured environmental concentration;

4 = chemical (1) analysed in a water sample.

4.2.2 Prioritisation index (Pindex)

The prioritisation index (Pingex) Was used to identify ARVDs posing the greatest environmental
concern by combining the frequency of PNEC exceedances across sites as well the maximum
RQ (RQmax) observed (Eq. (4-2(4-4) (Desbiolles et al., 2018; Liu et al., 2020). The Pingex results
were interpreted as follows: Pingex > 1 implies high risk due to widespread detection and high
ecological risk; Pindex < 1 implies a lower priority concern based on ecological risk and/or limited

exceedance; Pindex = 1 suggests moderate concern.

165



F= % x 100% (4-3)

Pindex = RQmax X F (4'4)

Where:

F = frequency of PNEC exceedance;

n = number of sites with concentrations above PNEC;
N = total number of sampling sites for a chemical;
Pingex = prioritisation index; and

RQmax = risk quotient calculated based on maximum concentration.
4.2.3 Combined risk quotients (> RQ) via CA-RA hybrid model

Antiretroviral drugs function collectively by targeting multiple stages of the HIV replication
cycle, though they do not share identical mechanisms of action (Table 4-1; Figure 4-1). To
assess their combined ecotoxicological impact, mathematical models are employed (De Zwart
and Posthuma, 2005). Concentration addition (CA) concerns mixtures of compounds with the
same mechanisms of action, such as reverse transcriptase inhibitors (RTIs), including NRTIs
and NNRTIs (Figure 4-1). In contrast, response addition (RA) is correlated to independent joint
action and is used to predict the combined effects of toxicants with different toxic mechanisms
of action (De Zwart and Posthuma, 2005).

To most accurately predict the combined mixture effects of ARVDs, the current study adopted
a hybrid model (Backhaus and Faust, 2012; Cedergreen et al., 2008; De Zwart and Posthuma,
2005; Zilber and Messier, 2024). This model (referred to as the CA-RA hybrid model in the
current study) distinguishes between ARVDs and applied the appropriate additive framework
based on shared as well as distinct mechanisms of action. The combined RQ (3 RQ) for RTIs

was calculated by summing the individual RQs of each RTI (Eq. (4-5 and (4-6), as follows:

" MEG (4-5)
RQi = Zi=1PNECi
n 4-6
RQrT1 = z 1RQi (4-6)
l=
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Where:
MEC; = measured environmental concentration of RTI;;
PNEC; = predicted no-effect concentration for RTI;;

RQrTy = risk quotient for chemical i for each reverse transcriptase inhibitor (RTI).

For ARVDs acting on different mechanisms (e.g., protease inhibitors, integrase inhibitors, and
entry blockers), the RA model is more appropriate, since their actions are assumed to be
independent (4-7) to (4-9). Under RA, combined ecological risk was calculated by converting
each drug’s RQ into a probability of effect (4-10), then aggregating these probabilities to
estimate the overall risk (Eq. (4-10) (De Zwart and Posthuma, 2005; USEPA, 1986).

MECproteas (4-7)
R = PNECrroreas
QProteaS PNECproteas

MECntegrase (4-8)
R = —
antegrase PNEC/ntegrase
MECEntry (4-9)
R = —_=ntry
QEntry PNECgn¢ry
, RQ;
pi = R (4-10)
1+ RQ;

Where:
P; = the individual probability of an adverse effect from compound (i) or drug group;

RQ; = risk quotient for compound (i) or drug group.

The overall probability of an adverse effect from the mixture (Pmix) was then calculated by
multiplying the probabilities of no effect for each drug class and subtracting the result from one
(Eq.(4-11). Risk is assumed to increase with the RQ but is bounded by a maximum probability
of one (100% effect). The combined risk is considered small if the Pmixis small (> 0.5). If the
Pmix is close to one, there is a high likelihood of adverse effects from the combined mixture.

The threshold value for the current study was set at Pnix > 0.5.

I (4-11)

P =1 | Ja =P

i=1
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In the case of ARVDs, this translates to:

Pmix =1- (1 - PRTI) (1 - PProteas)(l - PIntegrase)(1 - PEntry) (4'12)
Where:

Pmix = the probability of an adverse effect due to the combined mixture;
P; = the individual probability of an adverse effect from compound (i) or drug group

approximated by its RQ.
4.3 Results

Figure 4-3 highlights the variability of MECs across different ARVDs quantified in surface
water. Drugs such as ABC, LPV, and RTV exhibited higher MEC median and mean
concentrations, suggesting a greater occurrence, while NFV, didanosine (ddl), and DDC had
much lower concentrations with minimal variability. Wide concentration ranges in 3TC and
ABC, along with outliers in EFV, LPV, NVP, RTV, and ZDV, point to potential instances of

elevated contamination in some areas.

Figure 4-4 presents discrepancies in MECs in effluent water. ABC, 3TC, NVP, and EFV
showing the highest median MECs, while IDV and MVC exhibited the lowest mean and median
concentrations. 3TC displayed a particularly wide range spanning several orders of
magnitude. NVP and EFV displayed desperate outliers, indicating infrequent raised
concentrations in some effluent samples at certain sites. Wide interquartile ranges across

several ARVDs reflect changing concentrations across samples.

Most ARVDs had MECs far greater than what were predicted for the compounds (Figure 4-5
and Table 4-3). PECs greatly underestimated environmental concentrations. ATV was the only
drug with a lower median MEC in effluent than its PEC, while EFV showed slight
overestimation of 1.5-fold (3.9 ug/L vs. 2.6 ug/). MECs for ddl, 3TC, SQV, and TDF were an
order greater; MVC and ZDV were two orders; ABC, DRV, NVP, and RTV were three; and
LPV was ca. four orders of magnitude greater than the PEC. A Spearman rank-correlation test
revealed moderate positive, yet no statistically significant correlation (Spearman's p = 0.37, p
= 0.25) between PECs and MECs.
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Figure 4-5: Predicted environmental concentrations (PECs; dots) and median measured
environmental concentrations (MEC; yellow and blue triangles, respectively) of

antiretroviral drugs (ARVDs) for surface (MECsurtace) and effluent water (MEC.).

Table 4-3 illustrates the diverse environmental risks posed by ARVDs, with some compounds
(e.g., EFV, RTV, and LPV) expected to accumulate in the tissue of aquatic organisms based
on their high bioaccumulation potential (BCF =500 or LogDow (log octanol-water
distribution = 4), presenting a prolonged risk if they are transferred further along the food web.
ZDV, MVC, and DRV demonstrated lower bioaccumulation despite moderate to high
persistence. While most ARVDs displayed low mobility and strong binding to organic matter,
NFV stands out for its high predicted mobility, suggesting a potential for rapid transport through

aquatic systems and into groundwater.
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Table 4-2: Predicted effect concentration (PEC), predicted no effect concentration (PNEC) and mean measured environmental

concentrations (MEC), maximum risk quotients (RQmax), bioaccumulation, persistence, and mobility of ARVDs.

ARVD Type PEC? MECsuace MECet  PNECsurface RQmax Bioaccumulation® Persistence® Mobility®
(ng/L) (ng/L) (Mg/ll)  #(mg/L)
ABC NRTI 0.096 35.01 0.56 0.18 Low Low
ATV Pl 2.6 0.87 0.41 Low Low Not mobile
ddl NRTI 0.001 0.054 0.21 0.0003 Low
DRV Pl 0.053 7.37 0.26 Low Moderate
EFV NNRTI 3.93 2.62 0.003 - 83  High Not mobile
FTC NRTI 4.1 0.061 0.29
IDV Pl 0.035 0.001
3TC NRTI 0.053 0.197 0.097 0.001 Low Low
LPV Pl 0.004 18.71 0.002
MVC  Entry- 0.000 0.039 0.001 Low
inhibitor
NFV Pl 0.001 0.000 0.03
NVP NNRTI 0.005 2.78 4.3 0.012 Low Low
RAL Integrase  0.01 2.56 0.38 Low Low
inhibitor
RTV P 0.001 3.23 0.03 017 [ High Low
d4T NRTI 0.26 0.112
SQV Pl 0.012 0.112 0.007 Low Low Not mobile
TDF NRTI 0.05 0.57 0.009 0.3 Low
DDC NRTI 0.05 4.7 1.5E-05

ZDV  NRTI 0.001 0.74 0.001 501 Low
a = Cid et al. (2021), FASS (2023; 2025), Roche (2023); b = ECHA (2023), PubChem (2023); ¢ = Bioaccumulation hazard statements were interpreted from Organisation for Economic Cooperation and Development test 308
(OECD, 2002), tests 301, 302B (OECD, 1992a,b), 302C (OECD, 2009) and FASS (2023) guidelines, as follows: low bioaccumulation = bioconcentration factor (BCF) <500 or log octanol-water distribution ratio (DOW; at pH 7)

<4; high bioaccumulation = BCF 2500 or log DOW (at pH 7) 24; high persistence = 50% degradation time (DT50) >120 or no ready or inherent biodegradation; moderate persistence or inherent biodegradation = DT50 <120; low

persistence or ready biodegradability = DT50 <32. Mobility is classified based on the log organic-carbon partition coefficient (log KOC) as either very mobile = logKoc <3, mobile = logKoc <4, and otherwise not mobile. Cells
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colour coded by magnitude of parameter (i.e., orange = high risk, mobility, persistence, etc.; blue = medium risk or persistence, etc; light grey = low risk, mobility, persistence, etc.). White cells present data that was not available.

NRTI = nucleoside reverse transcriptase; NNRTI = non-nucleoside reverse transcriptase; Pl = protease inhibitor.
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4.3.1 PNEC estimation

To derive PNECs (Table 4-3) for LVP, NFV, d4T, and TDF, an AF of 1000 was used, as at
least one short-term L(E)Cso from each of the three trophic levels was available. For ABC,
ATV, ddl, DRV, EFV, MVC, NVP, RAL, SQV, DDC, and ZDV, an AF of 10 was used, since

long-term results from three trophic levels were available.

For IDV and RTV, an AF of 50 was used, based on long-term ecotoxicological data available
for two trophic levels: a primary consumer (Daphnia magna, a freshwater cladoceran) and a
secondary consumer (Lepomis macrochirus, a freshwater fish). Although data were also
available for Mysis diluviana, its trophic position overlaps with D. magna, justifying the use of

two trophic levels rather than three.

The AFs were applied to the lowest value for toxicity. For the ARVDs, 3TC and FTC, an AF of
100 was used because results for one long-term NOEC from only one trophic level were
available, namely primary producer (Selenastrum caprocornutum) and primary consumer
(Pimephales promelas). Among the ARVDs, the highest PNEC was for DDC followed by NVP.
The lowest PNEC was for NFV, IDV, and MVC.
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Table 4-3: The predicted no effect concentration (PNEC) for selected antiretroviral drugs, listed according to trophic level of the most

sensitive species. Ecotoxicity data were obtained from FASS? and ECOSARP® databases.

ARVD Aquatic Species Period End point Protocol Concentration PNEC
organism (mgl/L) (mg/L)

ATV Green algae  Pseudokirchneriella subcapitata NOEC OECD 201 4.1 0.41
EFV Green algae  Selenastrum capricornutum 12d NOEC FDA 4.01 0.026 0.003
3TC Green algae  Selenastrum caprocornutum 72 h NOEC OECD 201 96.9 0.097
NVP Green algae  Selenastrum capricornutum 10d NOEC FDA, TAD 4.01 43 4.3
RAL Green algae  Selenastrum capricornutum 96 h NOEC OECD 201 3.8 0.38
sQv Green algae  Raphidocelis subcapitata 72 h NOEC OECD 201 1.12 0.112
ZDV Green algae  Unspecified species Chv 0.01 0.001
ABC Crustacean Ceriodaphnia dubia 7d NOEC EPA 1002 5.6 0.56
DRV Crustacean Daphnia magna NOEC OECD 202 2.6 0.26
IDV Crustacean Daphnia magna Chv 0.04 0.001
MvC Crustacean Mysid ChV 0.008 0.001
NFV Crustacean Mysid Chv 0.027 0.000
DDC Crustacean Daphnia magna Chv 47.2 4.7
RTV Crustacean Daphnia magna 48 h ECso FDA TAD 4.08 1.5 0.03
daT Crustacean Artemia salina 24 h ICs0 ISO 6341 111.82 0.112
ddi Fish Unspecified species Chv 2.1 0.21
FTC Fish Pimephales promelas 28d NOEC OECD 210 6.1 0.061
LPV Fish Lepomis macrochirus 96 h LCso 2.1 0.002
TDF Fish Pimephales promelas 32d NOEC OECD 210 9 0.009

a = www.fass.se ; b = USEPA (2023); ChV = chronic value (the geometric mean of the NOEC and the LOEC); d = days; FDA = United States Food and Drug Administration; h = hours; IC50 = inhibitory concentration 50%;

ISO = International Organisation for Standardisation; LOEC = lowest observed effect concentration; NOEC = no observed effect concentration; OECD = Organization for Economic Co-operation and Development. Blank

cells = data was not available.
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4.3.2 Risk quotients (RQs)

Significant differences between the median RQ values for each trophic level in surface water
were observed: algae (p < 0.0001; H = 156.2); crustaceans (p < 0.0001; H = 154.7); and fish
(p <0.0001; H=164.7). Significant differences were also observed between the RQs of
ARVDs in surface water samples for algae, crustaceans, and fish (p < 0.05). Overall, the ERA

showed the following (Figure 4-6 to Figure 4-8 and compact letter display (CLD) analysis):

e For algae (Figure 4-6), LPV, EFV, and ZDV posed high risk (RQ = 1), with LPV standing
out as the most toxic to algal communities. TDF and d4T showed inconsistent effects,
suggesting uncertainty in their risk profiles.

o For crustaceans (Figure 4-7), LPV presented the greatest risk, while EFV and RTV
exhibited moderate risk (0.1 < RQ < 1). Groupings showed variable risk profiles, with DDC,
ZDV, and NVP among the least hazardous.

e For fish (Figure 4-8), LPV again ranked highest in median RQs, followed by EFV and RTV
(0.1 =RQ < 1). ABC, TDF, NFV, and ddl showed fluctuating risk levels, while ZDV, FTC,
and d4T had the lowest risk potential of ecotoxicological risk to fish compared to other
ARVDs.

Most ARVDs had tightly clustered RQs, indicating consistent toxicity across different sampling
points. However, TDF and d4T, showed greater variability in response among algae,
crustaceans, and fish, reflecting uncertainty of the true ecological risks presented by these
ARVDs.

Distinct ecological risks across trophic levels were found for effluent water (Figure 4-6 to
Figure 4-8). For algae, EFV, LPV, and ZDV had mean RQ values depicting high risk (RQ = 1),
with ZDV reaching the highest observed RQ (Figure 4-6). Tenofovir also exceeded the high-
risk threshold. However, TDF showed a notable uncertainty of the true mean, while 3TC and
ABC posed low risk (0.1 > RQ =2 0.01). Despite a robust dataset for NVP (n = 31), results

showed low to di minimis risk.

For crustaceans (Figure 4-7) and fish (Figure 4-8), the RQ results were fairly similar. Efavirenz
(RQ=1.3, 3) and LPV (RQ = 4, 5.1) had tightly clustered mean RQ values depicting high risk
for crustaceans and fish, respectively. However, TDF and ZDV showed great irregularity.
Abacavir and TDF exceeded medium-risk thresholds for crustaceans, while DRV, IDV, MVC,
and RTV posed lower risks (Figure 4-7). In fish (Figure 4-8) FTC was the only drug calculated
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at medium risk. All the other drugs posed low to di minimis risk. Statistical tests confirmed
significant differences in median RQ values across trophic levels: algae (p <0.0001;
H = 89.5); crustacean (p < 0.0001; H = 99.5); and fish (p < 0.0001; H = 101.8), and between
ARVDs in effluent within each trophic level (p < 0.05).

The CLD analyses further identified EFV, LVP, and TDF as consistently high-risk for algae,
crustaceans, and fish, while ZDV and NVP showed variable but generally lower risks.
Overlapping CLD groupings for several ARVDs, including DRV, RTV, and RAL, suggest

moderate but statistically indistinct risk profiles across taxa.
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Figure 4-6: Log10 risk quotient (RQ) values of antiretroviral drugs (ARVDs) detected in
surface water (first data set per compound) and effluent (second data set per
compound) for algae. Individual data points are shown as circles, bars represent the

standard error of the mean, and the orange lines indicate risk threshold values.
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Figure 4-7: Log10 risk quotient (RQ) values of antiretroviral drugs (ARVDs) detected in

surface water (first data set per compound) and effluent (second data set per

compound) for crustaceans. Individual data points are shown as circles, bars represent

the standard error of the mean, and the orange lines indicate risk threshold values.
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Figure 4-8: Loq10 risk quotient (RQ) values of antiretroviral drugs (ARVDs) detected in

surface water (first data set per compound) and effluent (second data set per

compound) for fish. Individual data points are shown as circles, bars represent the

standard error of the mean, and the orange lines indicate risk threshold values.

Figure 4-9 revealed that the majority of ARVDs exhibit RQmax values below the threshold for
medium-risk, suggesting a low environmental risk in surface water sources. Exceptions
included EFV, ZDV, and LPV, which exceeded the medium-risk threshold and posed high risk

for aquatic organisms in surface water.

In contrast, effluent water exhibited RQmax values above the low-risk threshold, suggesting
varying degrees of environmental risk. ABC, 3TC, and FTC posed medium risk, while ZDV,
TDF, LPV, and EFV presented considerable risks towards aquatic organisms. Although a
Wilcoxon signed-rank test showed no statistically significant difference in RQ values between
surface water and effluent samples (n = 10 pairs; p =0.1), a strong Spearman correlation

(rs = 0.89; p = 0.0006) suggests consistent contamination patterns across water types.
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Figure 4-9: Maximum log10 risk quotient (RQmax) of antiretroviral drugs (ARVDs) in
surface water and effluent based on the most sensitive trophic level, where an RQ 21
designates high risk, 1 > RQ 2 0.1 a medium risk, and 0.1 > RQ 2 0.01 designates a low

or di minimis risk (0.01 > RQ > 0).
4.3.3 Combined risk quotients (> RQ)

The results from the CA-RA hybrid model (Table 4-4) demonstrated significant ecological risk
from ARVD mixtures in both surface water and effluent. In surface waters, ZRQrr yielded a
maximum value of 14.2 with a combined probability (Pmix) of 99.8% for adverse effects. The
median ZRQgrT for surface water was considerably lower at 1.6, indicating the presence of
high values affecting the risk profile in surface water. However, the central risk remains much
lower. Non-RTls in surface water posed high risks compared to RTIs (Table 4-4), yielding a
maximum ZRQnon-rT1 Of 30.8, alongside a Pmix of 0.998 (99.79%) but is also much higher than
the median value (ZRQnon-r11 = 7.4). This discrepancy between maximum and median values
potentially suggests the presence of localised contamination hotspots, predominantly from

non-RTI compounds, rather than uniform contamination.
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Effluent waters exhibited even greater risks, with maximum Y RQrm > 167 and median Y RQgr
values of 6.2 . The resulting Pmix was 99.97%, suggesting near-certain detrimental effects due
to combined ARVD contamination in these waters. Notably, risk contributions in effluent were

dominated by RTls, whereas non-RTls posed greater risks in surface water.

Effluent also had probabilities > 0 for all the ARVD classes (Prri, Pintegrase, Pentry, and Pprotease)
unlike surface water, where integrase and entry inhibitor drug classes showed no predicted
toxicity. Although median values were comparatively lower than the maximum values, they

still represented a substantial risk for combined mixtures (Pmix > 95%).

Table 4-4: CA-RA hybrid model results for the mixture risk assessment of antiretroviral

drugs in South Africa waters.

Surface water Effluent water
Max Median Max Median
RTIs (CA)
> RQrTi 14.16 1.62 166.24 6.20
Prmi 0.93 0.62 0.99 0.86
Non-RTIs (RA)
> RQnon-rTI 30.79 7.41 18.72 1.99
Plntegrase 0 0 0.01 0.01
Pentry 0 0 0.05 0.05
Pprotease 0.97 0.88 0.95 0.66
P mix 1.0 0.96 1.0 0.96
Pumix (%) 99.79 95.46 99.97 95.54

>RQ = combined risk quotients of mixture; CA = concentration addition; non-RTI = non reverse transcriptase inhibitor; PEntry = probabilities for
entry inhibitors; PIntegrase = probabilities for integrase inhibitors; and PProtease = probabilities for protease inhibitors; PRTI = probabilities for

reverse transcriptase inhibitors; RA = response addition; RTI = reverse transcriptase inhibitor.

4.3.4 Prioritisation index (Pindex)

Ranked Pingex values (Table 4-5) showed LPV, EFV, and ZDV as the top three concerning
ARVDs in surface water (Pindgex: 501-2 937), followed by TDF, RTV, and FTC. Despite a lower
RQmax compared to ABC, d4T displayed a 60% PNEC exceedance frequency, ranking it above
ABC and NVP. The remaining compounds had no recorded instances of exceedance (F = 0;
Pindex = 0).
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Table 4-5: Ranked prioritisation index (Pindex) for selected antiretroviral drugs (ARVDs)

in surface water.

Surface water

ARVD n N F (%) RQmax Pindex > 0
LVP 24 25 96 30.6 2936.7
EFV 36 40 90 8.4 751.2
ZDV 36 36 100 5.01 501.2
TDF 5 6 83 0.3 251
RTV 21 22 95 0.17 16.4
FTC 4 12 33 0.29 9.8
d4T 3 5 60 0.01 0.4
ABC 0 8 0 0.18

NVP 0 4 0 0.05

3TC 0 14 0 0.001

ddl 0 2 0 2.6x10*

DDC 0 2 0 1.5x10°

RQ 2 1 = high risk
1> RQ 2 0.1 a medium risk
0.1 > RQ 2 0.01 = a low risk
0.01 > RQ > 0 = di minimis risk

F = frequency of exceedance; n = number of sites with concentrations > PNEC; N = total number of sites

Effluent Pingex rankings (Table 4-6) yielded TDF, ZDV, EFV, and LPV as top-priority. ZDV had
the highest prioritisation (Pingex =11 026; F =90%), followed by EFV (Pingex = 3973;
F =100%), which remained ecologically significant despite a lower RQmax value compared
with ZDV. LPV also presented a consistently high ecological risk and frequency of exceedance
(100%). Medium-risk compounds such as ABC and 3TC ranked lower than low-risk drugs
(MVC, IDV, and RTV), likely due to a lack of exceedance (F = 0%). Emtricitabine ranked
highest of the medium-risk ARVDs due to its combined exceedance (F = 40%) and RQmax

values.
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Table 4-6: Ranked prioritisation index (Pindex) for selected antiretroviral drugs (ARVDs)

in effluent.
Effluent

ARVD n N F (%) RQmax Pindex > 0
ZDV 9 10 90 122.51 11026.3
EFV 35 35 100 39.74 3973.8
LVP 13 13 100 18.5 1846.8
TDF 1 2 50 2.78 139.1
FTC 4 10 40 0.7 27.3
MVC 1 1 100 0.05 5.2
IDV 3 3 100 0.05 4.9
RTV 6 10 60 0.07 3.9
ABC 0 8 0 0.32
ATV 0 4 0 0.01
DRV 0 4 0 0.07
3TC 0 8 0 0.16
NVP 0 31 0 0.05
RAL 0 3 0 0.01

RQ 2 1 = high risk
1> RQ 2 0.1 a medium risk
0.1 > RQ 2 0.01 = a low risk
0.01 > RQ > 0 = di minimis risk

F = frequency of exceedance; n = number of sites with concentrations > PNEC; N = total number of sites.

4.4 Discussion

There is a significant research gap in the availability of chronic studies regarding ARVDs.
Granted, the use of chronic toxicity tests with numerous species would be ideal for conducting
ERAs for every ARVD, but it is not pragmatic to expect such an experimental endeavour due
to time and financial constraints. Therefore, the assessment of intrinsic ecotoxicological
properties of ARVDs should be accompanied by the usage of standardised acute tests in
conjunction with protective AF. In the absence of chronic data, it is advantageous to compare
the PNECs calculated for compounds with both acute and chronic data to reveal potential

compounds of concern.

This approach could aid in prioritising established compounds for chronic testing when only
acute data are readily available as well as in ascertaining those types of ARVDs for which
acute toxicity data are suitable substitutes for chronic toxicity data. In addition to limiting the

number of tested organisms, this is an important factor in the ethical framework.
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The variability in the environmental presence of ARVDs in surface water is illustrated in Figure
4-3. This variability could be due to differences in ARVD persistence, local variations in usage,
dilution, instrumentation sensitivity, methods of detection, and geographical factors. As
previously shown by Ding et al. (2017), it is probable that the presence of ARVDs at lower
trophic levels can be transferred to higher-level organisms, similar to other pharmaceutical

drugs (such as propranolol or roxithromycin).

Aquatic invertebrates, such as daphnids, are at ecological risks from continuous exposure to
ARVDs as environmental contaminants, particularly at sub-lethal doses (Mahaye and Musee,
2022). In turn, the disturbance in wellbeing of aquatic invertebrates may result in adverse
consequences such as ecological function imbalances because daphnids are primary
consumers, acting as a bridge between primary producers (algae) and tertiary consumers
(fish). Predicting the potential hazards of ARVDs to human health will be greatly improved by

first understanding their effects at lower trophic levels.
441 MEC and PEC

Measured environmental concentrations of ARVDs frequently exceeded PECs and regulatory
thresholds underscoring the need for region-specific risk assessments (Cid et al., 2021,
Coetsier et al., 2009; Ngwenya and Musee, 2023). Figure 4-5 and Table 4-3 showed that most
MECs were far greater than their corresponding PECs, with eight ARVDs exceeding the EMEA
limits (PEC > 0.01 ug/L). However, these inconsistencies between MEC and PEC were drug
dependent and not uniform (e.g. ATV; Figure 4-5) due to limited data availability and potentially
variable pharmacokinetics or environmental degradation rates that require deeper fate

analysis.

This discrepancy, particularly pronounced for LPV and RTV, which were underestimated by
up to four orders of magnitude, highlights the limitations of using foreign PEC models such as
those from Sweden (FASS database) in the South African context. Due to the excessive ARVD
treatment programme and consumption in South Africa, localised PEC calculation results are
expected to be more comparable with far less underestimation than true measurements. The
current findings align with prior studies indicating that certain second-line ARVDs, despite low
PECs, pose considerable ecological risks due to high toxicity and low PNECs (< 1 pg/L) (Cid
et al., 2021; Ngwenya and Musee, 2023).
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Persistent detection of compounds such as EFV, NVP, and ABC further supports concerns
about their pseudo-persistent nature and environmental stability. EFV, RTV, and LPV also
exhibit high bioaccumulation potential (BCF = 500 or LogDow = 4), while others such as ZDV
and MVC are environmentally persistent despite lower bioaccumulation risks. Although most
ARVDs appear immobile in aquatic systems, the overall lack of data on bioaccumulation,

persistence, and mobility highlights a critical gap in current risk frameworks.
4.4.2 Risk quotients (RQs)

The ERA revealed that several ARVDs, especially EFV, LPV, RTV, and ZDV, posed significant
risks to aquatic organisms across trophic levels, largely due to high MECs and low PNECs.
The results of the current study depicted MECs being higher than PECs, with some
compounds (e.g., LPV and NVP) showing high-risk even when PNECs were not remarkably
low (Table 4-3). This denotes that actual exposure, not inherent toxicity, is the prevailing risk
driver in high-use regions such as South Africa, a crucial point for future risk mitigation
strategies. A low PNEC does not necessarily equate to a high risk, as risk is also a function of
exposure parameters (Vestel et al., 2016). The variability in PNECs (Table 4-3) also reflects
differences in the AFs applied during acute and chronic toxicity calculations (Kumari and
Kumar, 2022).

Comparable studies, such as that of Kuroda et al. (2021), predicted high ecological risks
(RQ > 1) for LPV and RTV in river waters, primarily based on modelled concentrations (PEC)
following increased antiviral usage during the COVID-19 pandemic. In contrast, the present
study reports RQs derived from MECs, with several ARVDs (including LPV and EFV)
exceeding thresholds for chronic risk in surface waters. These empirical findings therefore
substantiate and, in some cases, exceed modelled risk estimates (section 4.4.1), highlighting
that actual exposure in regions with sustained ARVD usage (e.g. for HIV treatment) may

surpass predicted scenarios.

While effluent water was assumed to be more contaminated than surface water and generally
had higher RQ values than surface water, the difference was not statistically significant
(p =0.1). This may be due to pseudo-persistence, environmental accumulation, and local
variability in dilution, degradation, and bioavailability, which can elevate surface water

concentrations.
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For some ARVDs (e.g. LPV, ATV, RAL, and RTV) surface water exceeded effluent RQs,
potential due to an overlooked environmental fate mechanism such as build-up to persistence
(Mosekiemang et al. 2019; Wang et al., 2023) (Figure 4-6 to Figure 4-8). Heterogeneity across

species sensitivities and environmental conditions complicates definitive conclusions.

Statistically significant variability among trophic levels in the present study likely reflects
species-specific sensitivity and mode-of-action differences between ARVDs (Vestel et al.,
2016). Algae and daphnids are typically more sensitive to oxidative stress and membrane-
disrupting compounds, which explains their higher RQs for EFV and LPV (Almeida et al.,
2021).

Algae generally emerged as the most sensitive trophic level. The most critical ARVDs
identified were EFV and LPV based on their high RQ values across multiple species. EFV
presented the most alarming ecological risk, corroborated by its profound toxicity towards R.
subcapitata and C. dubia, with an ECso value of 26 ug/L for C. dubia and an 1Cso value of
34 pg/L for R. subcapitata, both within environmentally relevant ranges (Almeida et al., 2021).
The findings of the current study for algae corroborated the results by Ngwenya et al. (2025),
who also reported EFV (Kenya) and ZDV (Kenya, Zambia, and Germany) as exceeding the
high-risk threshold. This convergence highlights the global persistence and ecotoxicological

relevance of these ARVDs in surface waters.

LPV exhibited considerable concern, particularly affecting fish and daphnids, though its impact
was comparatively less severe than EFV. Comparable RQ values for EFV and LPV were
reported by Almeida et al. (2021). In contrast, drugs such as 3TC, MVC, and TDF exhibited
lower RQ values and were deemed less concerning. These findings align with prior research
(Almeida et al., 2021; Ngwenya and Musee, 2023).

For fish, LPV and EFV showed the highest median RQs (0.1 < RQ < 1) in the present study,
comparable to the EFV-driven high risks observed in Kenyan waters and the RTV-related high
risk reported in a French study (Ngwenya et al., 2025). These similarities suggest that although
absolute concentrations vary by region, EFV, LPV, and RTV consistently emerge as key

ecological risk drivers across climatic and geographical contexts.

According to EU Directive 93/67/EEC (EC, 2003), EFV is categorised as a very toxic
substance, while 3TC and ZDV are classified as toxic. Ojemaye and Petrik (2019) reported

the RQ values measured in selected commercially exploited, wild-caught small and medium-
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sized pelagic fish species and their organs attained from Kalk Bay harbour, Cape Town, South
Africa. However, 3TC was not detected in any of the studied fish species; therefore, the RQ
value reported was zero, which is similar to that reported by Ngumba et al. (2016). ZDV
displayed pronounced toxicity to daphnids but limited impact on fish, validating findings by
Ngwenya and Musee (2023), who ranked ZDV’s risk as highest for algae, followed by

crustaceans and then fish.

Nevirapine, previously reported by Ngumba et al. (2016) as hazardous across three aquatic
taxa in the Nairobi River Basin, exhibited negligible risk in the current study. RTV and LPV
frequently demonstrated high RQs across trophic levels in studies by Kumari and Kumar
(2022) and Escher et al. (2011) in hospital effluents, with RTV emerging as the major
contributor, due to low EC5,/LCs, values (< 0.1 mg/L). As per the EU directive 93/67/EEC,
1996 (EC, 2003), drugs such as RTV with ECsp < 0.1 mg/L are considered very toxic to aquatic

organisms (Kumari and Kumar, 2022).

Generally, RQmax values remained below the medium-risk threshold, implying that the overall
ecological risk of ARVDs in surface water is relatively low (Figure 4-9). However, continued
monitoring is suggested, specifically for ARVDs with high RQmax values exceeding the high-
risk thresholds, to prevent concentrations from reaching ecologically harmful levels. Surface
water regularly showed the highest RQmax values across the majority of ARVDs, with
numerous drugs, such as EFV, NFV, and NVP, surpassing the medium-risk threshold. This
suggests that surface water ecosystems are more susceptible to ARVD contamination,

perhaps due to higher drug concentrations or longer drug persistence in these environments.

Ngwenya and Musee (2023) reported higher RQ results for surface water in Eswatini
(Swaziland) regions with limited WWTP access than in regions with access to WWTPs. EFV,
LPV, and RTV were identified to present medium to high risk, similar to the findings in the
current study. According to a European study by Aminot et al. (2018), the aerobic
physicochemical characteristics of water affect the persistence of certain ARDVs. Aerobic
physicochemical conditions have been found to influence ARVD degradation rates (Aminot et
al., 2018), with ABC, RTV, 3TC, and SQV displaying short half-lives (< 5 days), while ZDV
and NVP displayed stability even under WWTP processes.
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Similar to the findings in coastal Brazilian waters (Ramos et al., 2025), EFV, LPV, and RTV
emerged as the dominant risk drivers in the current study. However, the higher RQ values
observed in South African surface waters likely reflect greater ARVD loading and lower dilution
compared to marine systems, suggesting that exposure intensity, rather than intrinsic toxicity,

is the prevailing determinant of ecological risk.

The higher RQmax values LPV, RTV and ddl in surface water draw attention to the need for
targeted or specialised monitoring and possible regulatory measures to mitigate the ecological
impacts of ARVDs on algae, crustaceans, and fish (Figure 4-9). The variation in RQmax values
among the different sources further indicates the importance of considering the environmental

context when assessing the risks and hazards posed by these drugs.

The chemical, physical, and biological factors of each localised ecosystem inherently vary;
therefore, it is expected that the different water sources will exert different risks. LPV, EFV,
TDF, and ZDV, displayed substantial risks to aquatic organisms. These ARVDs could
bioaccumulate and cause chronic toxicity in aquatic settings as evidenced by their high RQmax
values in effluent samples. The results highlight the need for improved ARVD removal

efficiencies and treatment technologies in WWTPs, particularly for these drugs.

There is a noticeable lack of ecotoxicity data at various trophic levels for all ARVDs. Species
sensitivity distributions could refine RQ estimation, particularly for less studied ARVDs like
DDC or ddl. Local ecotoxicity data is also limited. This raises the possibility that complete or
true risk may be considerably underestimated due to their omission. However, making definite
assessments would be premature in the absence of information regarding the extent to which

these ARVDs may impact overall risk.

When compared internationally, variation in RQ magnitudes across studies (e.g., Ngwenya et
al., 2025; Kuroda et al., 2021; Ramos et al., 2025) may stem from regional pharmaceutical
consumption patterns, treatment efficiencies, sampling periods, and analytical detection limits.
The variability across studies underscores the necessity of region-specific ERA frameworks
that incorporate local usage patterns, hydrological conditions, and treatment technologies to

improve global comparability and contextual relevance of ARVD risk assessments.
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4.4.3 Combined risk quotients (3 RQ)

Numerous studies have assessed the ecotoxicological effects of ARVDs on aquatic organisms
(Ojemaye and Petrik, 2019; Kumari and Kumar, 2022; Ngwenya and Musee, 2023).
Nonetheless, a critical gap remains in understanding the synergistic effects of drug mixtures,
as many compounds exhibit enhanced toxicity when combined (Li et al., 2019). The ongoing
debate over the scientific validity and pragmatic worth of predicting cumulative risks or the

effects of mixtures emphasise the importance of this investigation.

We chose to investigate this issue because the combined effects of ARVDs with similar modes
of action are expected to remain a subject of scientific and regulatory interest warranting
further exploration. Conventional ERAs often fail to consider the combined effects of
pharmaceuticals (Backhaus, 2016). However, various approaches exist to account for the
heightened risk, such as the summation of RQs (Backhaus and Faust, 2012; Liu et al., 2020;
Rorije et al., 2022).

Given the prevalence of ARVDs with overlapping mechanisms of action, the current study
opted to employ a hybrid model offering a more nuanced and biologically pertinent evaluation
of mixture toxicity. This hybrid model provided a more advanced evaluation of ARVD mixture
risks by recognising that drugs targeting the same enzyme (e.g., RTls) demonstrate additive
effects, whereas drugs with different mechanisms operate independently (e.g., entry
inhibitors). This differentiation permits more precise risk predictions, especially for intricate
pharmaceutical mixtures. Furthermore, by integrating RA for ARVDs with varying (yet
comparable) mechanisms of action, the hybrid model addresses potential non-additive

interactions that a mere summation of RQs might neglect.

The results demonstrate considerable variability in the risks of combined ARVD contamination
among aquatic environments, with surface water and effluent waters exhibiting the highest
contributions to risk from both RTIs and non-RTIs based on the worst-case scenarios. The
CA-RA model revealed that ARVDs mixtures pose probable ecological risks that often
surpassed standard probability thresholds (Table 4-4).

Both the maximum and median Pmix values for effluent and surface water surpassed the
threshold value, indicating a high probability of adverse ecological effects stemming from the
combined mixture of ARVDs. Since Pmix > 0.5 was used in the current study to signify

ecological risk, these results suggest that the mixture effects in both matrices are expected to
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be of environmental concern, particularly at ARVD concentrations are highest. These high
>RQ and Pnix values observed in effluent and surface waters support growing consensus that
localised pharmaceutical hotspots, rather than median concentrations, are more ecologically

consequential (Ramos et al., 2025).

While CA models are effective for mixtures with similar modes of action, they may
underestimate risks when synergistic interactions or complex dynamics are involved (Jang et
al., 2022). Conversely, RA models may overestimate the predicted effects for partial agonists
because of the way they aggregate individual responses (Medlock Kakaley et al., 2019).
Despite these limitations, CA models are generally preferred for predicting combination
toxicity, though they too may underestimate the potency of mixtures by an order of magnitude

or more (Jang et al., 2022).

The findings of the present study align with recent literature that also uses mechanism-based
mixture risk assessment approaches (Ramos et al., 2025). Similar to the CA-RA hybrid model
used here, Ramos et al. (2025) have demonstrated that categorising ARVDs by their mode of
action enables more accurate ecological risk prediction in Brazilian seawater. These parallels
support the robustness of the hybrid model in describing both additive and independent effects

of ARVD mixtures, strengthening its relevance for environmental monitoring.

Nonetheless, the combined effects of these chemicals may be greatly influenced by factors
that are not generally taken into account in these models, such as transport, metabolism,
excretion, secondary modes of action, compartmentalisation, and absorption kinetics
(Cedergreen et al., 2008). Subsequently, to properly reflect the complexities of drug
interactions within combinations, existing risk assessment models need to be refined to

enhance model accuracy and ecological relevance.
4.4.4 Prioritisation index

The Pingex considers the PNEC, MEC, and FD as useful tools for ranking ARVDs according to
their environmental impact. Unlike conventional RQ metrics, the Pingex allows the identification
of high-risk compounds that are both frequently detected and ecologically hazardous, while
deprioritising those that are rare or present minimal risk. Several compounds had Pindex SCOres
above the threshold (Pingex > 1), warranting further investigation (Liu et al., 2020). In surface
water, ARVDs should be prioritised in accordance with the following order of concern:
LPV > EFV > ZDV > TDF > RTV > FTC > d4T. Whereas in effluent, the prioritisation differs
slightly, with ARVDs ranked as follows: ZDV > EFV > LPV > TDF > FTC > MVC > IDV > RTV.
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The ranked Pingex results show clear prioritisation patterns, with LPV, EFV, and ZDV emerging
as the highest ecological risks across both water sources. These drugs represent
concentrations potentially harmful to non-target organisms, with RQmax values > 1 and Pingex
values >> 0. Several ARVDs showed minimal or no detectable environmental risk as observed
for Pingex Of zero. Risk mitigation and environmental monitoring should therefore primarily focus

on ZDV, EFV, and LPV due to their anticipated higher environmental impact.

Studies corroborate the significant ecological threats posed by LPV, EFV, and ZDV. There is
growing apprehension over psychoactive drugs since they are designed to alter human
behaviour and have adverse consequences that could also impact fitness-related traits in free-
living animals (Arnold et al., 2014). Given the psychoactive traits of EFV, this finding is

particularly concerning for aquatic organisms.

Comprehending pharmacokinetic-pharmacodynamic relationships and resistance profiles are
critical for optimising ARVD therapy (Hoetelmans, 2001). Approaches to improve treatment
outcomes include "protease inhibitor boosting". The boosting of protease inhibitors like LPV
with low-dose RTV to enhance pharmacokinetic profiles may also contribute to environmental
risks since intricate drug interactions in multi-drug regimens can raise toxicity risks
(Hoetelmans, 2001; Back et al., 2000).

The high ecological risk posed by LPV and RTV is consistent with previous studies (Escher et
al., 2011; Kuroda et al., 2021). High RQ values in effluent-receiving water have also been
reported for the metabolites of LPV, as well as a medium risk for the parent compound and
metabolites of RTV in surface water (Kuroda et al., 2021). It is noteworthy that ZDV was ranked

first in wastewater, yet only third in surface water.

This discrepancy may be attributed to the different behaviours and degradation rates of ZDV
in various water bodies (Table 4-3). Natural attenuation mechanisms such as dilution,
biodegradation, and adsorption onto sediments are likely to reduce ZDV concentrations in
surface water more effectively than do other ARVDs like EFV and LPV (Wang et al., 2023).
Therefore, ZDV poses a high risk in wastewater, but its impact diminishes in more natural

water systems.

The dilution of surface water contributes to reducing the concentrations of ARVDs, especially
in areas where the influx of water lessens the input from contaminated sources (see section

3.4.2). In contrast, wastewater effluent exhibits higher ARVD concentrations and subsequent
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environmental risk because the dilution is minimal, and the presence of organic matter may
increase the persistence of certain drugs. The variability in ARVD behaviour across different
aquatic environments emphasise the significance of region-specific environmental
assessments and emphasises the complex dynamics that influence ARVD risk levels in
different contexts. Regional differences in WWTP practices and the prevalence of rural and
urban untreated sewage discharges in the different study areas could also explain the
discrepancies observed. Collectively, these results reinforce the value of using composite

indices (Pingex) for more accurate prioritisation of ARVD contaminants.
4.4.5 Limitations and assumptions

The current study presents certain limitations and assumptions that should be considered
when interpreting the results.

e The scarcity of measured chronic toxicity data for ARVDs in PNEC calculations led to
reliance on ECOSAR predictions in some cases, which introduced model-based
uncertainties. These QSAR-derived estimates may not always accurately reflect real-
world conditions or species-specific responses.

e The hybrid model has limitations: it assumes non-RTI drugs act independently, which
may not be true due to biological systems where indirect interactions can occur. It also
depends on precise PNECs and MECs, often unavailable for all ARVDs or
environments. Converting RQs to effect probabilities has the concern of
oversimplifying complex dose-response relationships in mixtures and should be
reflected.

e The Pindex calculation relies on the maximum concentration observed at any sampling
site. This approach can overestimate risk if the maximum concentration is an outlier or
not representative of typical environmental levels. It may bias the prioritisation towards
chemicals with sporadic high values rather than those with consistent risks.

e Although the application Pingex is broadly acknowledged, it fails to consider the temporal
length or frequency of sampling. Consequently, transient observations of
contamination levels may fail to accurately represent prolonged trends or seasonal
variations in ARVD concentrations, potentially resulting in misguided risk prioritisation.

e This study relied on experimental ecotoxicological data from the literature on most
ARVDs. However, when multiple data points existed for the same species and
compound, the lowest toxicity value was used to ensure a worst-case scenario
approach. Although this is a conservative approach, it might not always represent
average or likely real-world conditions, which could affect the approximated risk

generated.
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4.5 Conclusions

In conclusion, the study stresses the serious environmental risks presented by ARVDs in
aquatic ecosystems, with emphasis on the high bioaccumulation and toxicity potential of drugs
such as EFV, LPV, and ZDV. Given the elevated risk of MECs of ARVDs in surface water and
effluent, WWTPs show inefficiencies in removing ARVDs, suggesting a need for improved
ecological risk assessments and monitoring, particularly for drugs that persist or
bioaccumulate. The hybrid model used in the current study, which integrates CA for drugs
sharing a common target and RA for those acting independently, provides an enhanced and
mechanistically clarified approach to predicting the combined mixture effects of ARVDs. The
ranked Pingex results in the present study clearly indicated that LPV, ZDV, and EFV pose the
greatest possibility of ecological risk amongst the selected ARVDs for surface and effluent

water sources in South Africa.

At this stage, the full scientific comprehension of ecosystem ramifications due to single
compounds at low concentrations still appears to be constrained. Ultimately, the
environmental regulation of ARVDs (and other pharmaceuticals) should be guided by a
transparent, inclusive decision-making process where the benefits and risks are cautiously
balanced. Moreover, regulations should not only reflect the pertinent scientific evidence but
also acknowledge the inherent uncertainties and knowledge gaps associated with ARVD
research. An adaptive regulatory framework is required to account for new information such
as prioritisation results or changing circumstances over time. This safeguards that decisions
are made sensibly while also being open to revision as our knowledge progresses. In essence,
this approach should promote informed, balanced decision-making that evolves with societal

input and scientific progress.
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4.6 Recommendations

By addressing these recommendations, future studies can better reflect real-world conditions
and provide more actionable insights for environmental risk management of ARVDs.

e Chronic toxicity tests for ARVDs using representative local aquatic species should be
conducted to obtain site-specific ecotoxicological data.

e It is recommended that future studies apply probabilistic models, such as Bayesian
inference, to estimate concentrations below the LOD more realistically.

e Dynamic mixture toxicity studies are required. Experimental studies should be
conducted to validate additive and independent action assumptions for both RTls and
non-RTls.

o It is recommended that the hybrid model be refined by incorporating guidance from
real-world data and controlled mixture experiments to capture non-linear dose-

response relationships.

Future studies should include temporal monitoring programs. Long-term monitoring at regular
intervals should be performed to provide a better understanding of average exposure levels
and to accurately reflect maximum and median concentrations. A weighting factor that reflects

the frequency and duration of contamination events can be used to refine the Pingex.
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Abstract

The increasing detection of antiretroviral drugs (ARVDs) in South African water sources raises
pressing concerns for human health, particularly among vulnerable populations. The current
study presents a comprehensive human health hazard assessment (HHHA) of 20 ARVDs
quantified in surface water, wastewater, and treated drinking water, focusing on ingestion as
the primary exposure route. Wastewater was included to reflect realistic and worst-case
exposure scenarios in South Africa, given frequent discharges of untreated or partially treated
sewage into rivers used by informal settlements. Two hazard assessment (HA) approaches
were employed: HA1, based on acceptable daily dose and reference dose (ADD/RfD), to
capture worst-case scenarios; and HA2, using chronic daily intake and acceptable daily intake
(CDI/ADI), to reveal broader regulatory thresholds. HA1 identified abacavir (ABC), efavirenz
(EFV), lopinavir (LPV), and zidovudine (ZDV) as exceeding the hazard quotient (HQ) safety
threshold (HQ > 1), with adults and pregnant women most affected, specifically in effluent and
surface water. Statistically significant differences (Kruskal-Wallis, p < 0.0001) were observed
among ARVDs and sub-populations in surface and wastewater, with high variability and
uncertainty in wastewater. Despite advanced treatment, EFV, LPV, ritonavir, and zalcitabine
had median HQ > 1 for adults in drinking water. EFV and LPV also presented hazards to
pregnant women and children (99" percentile HQ > 5). Abacavir exhibited the highest toxic
potential, while EFV and LPV revealed widespread concern across sources. Hazard index
analysis showed cumulative hazard potentials well above thresholds, suggesting mixture
effects. The reliability function analysis showed frequent exceedance (> 70%) of non-
carcinogenic thresholds, particularly for EFV, LPV, and ZDV, even in treated drinking water.
Conversely, HA2 reported HQ < 1 across all scenarios, suggesting negligible hazard under
standard exposure scenarios. This divergence highlights the importance of reference value

selection and the value of dual-assessment frameworks: HA1 captured episodic, high-end
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exposure concerns; while HA2 supports chronic, population-level protection under standard

environmental conditions.

Keywords: antiretroviral drugs; hazard quotient; human health; hazard assessment; water

sources.
5.1 Introduction

Human immunodeficiency virus/acquired immunodeficiency syndrome (HIV/AIDS) continues
to be a substantial public health challenge in South Africa, with one of the highest prevalence
rates (13.9%) and highest total number of people living with HIV/AIDS (8.45 million) worldwide
(South Africa Government, 2024). There are several routes through which pharmaceuticals
such as antiretroviral drugs (ARVDs) are released into the environment, but the fundamental
one is human or animal excretion following therapeutic use (Daughton, 2003; Sorell, 2016).
Considerable amounts are excreted in primary—unmetabolised—form into raw sewage and
wastewater treatment systems (Adeola and Forbes, 2022). Unfortunately, the conventional
wastewater treatment processes only partially remove these drugs and some ARVDs even

accumulate in wastewater treatment sludge (Sorell, 2016).

Both the ecotoxicological risk of ARVDs to aquatic organisms and their spatio-temporal
distribution in surface, effluent, and influent waters across several South African catchments
have been established (Ngwenya and Musee, 2023; Ripanda et al., 2022). These findings
raised concern for potential risks to human health, especially given that contaminated water
bodies are used by vulnerable communities for drinking, recreation, and agriculture (Kunene
and Mahlambi, 2023). Then again, recent findings by Bub et al. (2025) showed that, even on
a continental scale, lack of systematic chemical monitoring leads to substantial
underestimation of environmental risks. Less than 1% of potentially hazardous chemicals are
actually monitored. Conventional and monotonous methods often cannot detect compounds

at concentrations relevant to ecological and toxicological concern (Bub et al., 2025).

In many areas of South Africa, including parts of Gauteng and the Hartbeespoort catchment
for example, millions of litres of raw or partially treated sewage enter river systems daily due
to ageing infrastructure, sewer overflows, and unregulated discharges (Adeola and Forbes,
2022; Webster and Igani, 2024). Wastewaters, leachates from non-engineered landfills, on-
site sanitation systems, shallow groundwater systems, and receiving surface waters are

therefore suspected to be potential hotspot reservoirs of ARVDs (Adeola and Forbes, 2022).
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In the particular context of South Africa, informal settlements and rural populations often rely
directly on these contaminated water sources making a human health hazard assessment
(HHHA) both timely and urgent (Mangesi and Mngeni, 2024; Ncube et al., 2018).

Exposure pathways for ARVDs are primarily related to water activities, including drinking, food
preparation, bathing, and recreational activities. Other exposure pathways may be through
food if the water used for watering crops is contaminated with ARVDs, and the chemicals
persist on the crops (Kunene and Mahlambi, 2023). ARVDs, while therapeutically beneficial,
can pose unsolicited health risks when unintentionally ingested through environmental
exposure. Continued use of these drugs may produce unexpected interactions with other
drugs, disturb endocrine systems, cause adverse effects on the central and peripheral nervous
systems, hepatotoxicity, nephrotoxicity, or lead to the emergence of drug resistance, to name
a few. Vulnerable groups may also be more susceptible, including pregnant women, children,
and people with underlying health conditions (Abers et al., 2014; Ncube et al., 2018; Verhelst
et al., 2002).

Historically, ARVD research has been focused on the safety and efficacy in treating HIV/AIDS.
However, there is a general lack of extensive studies on the environmental fate, persistence,
acute and chronic effects of these drugs at trace levels in water sources (Adeola and Forbes,
2022). Research into the presence of ARVDs is limited but increasing, and research gaps
such as the cumulative effects of chronic low-dose exposure and interaction with other
environmental contaminants, which could lead to additive or synergistic health effects (Uki¢ et
al., 2019) to name a few, have not yet been addressed. This lack of information reinforces the

urgency of our investigation.

The current study builds on the previous findings by conducting a comprehensive HHHA of
ARVDs detected in South African waters (Chapters 4 and 5), aimed at evaluating the potential
non-carcinogenic hazards to different population groups. The assessment utilises two distinct
approaches. The first approach is based on acceptable daily dose (ADD) and reference dose
(RfD) estimation using therapeutic data. The second is the CDI/ADI approach which is based
on chronic daily intake (CDI) and acceptable daily intake (ADI) thresholds. By integrating
literature-based toxicological thresholds, exposure modelling, and mixture analysis, this study
aims to: quantify the non-carcinogenic hazard potential of ARVDs in different water sources,
evaluate the robustness and variability of hazard assessment (HA) tools, and provide evidence
for more context-specific and precautionary approaches to water quality monitoring

specifically for South Africa.
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5.2 Materials and methods

The present study was approved by the NWU Ethics Committee (NWU-00002-23-A1). Health
risk assessment (Table 5-1) can be considered either qualitatively or quantitatively to evaluate
risks to human health (Zhang et al., 2023). In the context of this chapter, the term HHHA is
used deliberately, regardless of the application of mathematical approaches in risk
assessment, such as hazard quotients (HQs). HQs were rather used as part of a semi-
quantitative HA framework, allowing for screening-level evaluation of potential health effects.
This conservative terminology aligns with established guidance in the literature, which advises
that when data limitations, uncertainty, or resource constraints prevent a full probabilistic or
dose—response-based analysis, the term hazard is more appropriate than risk to guide priority-
setting and inform policy decisions (Coleman and Marks, 1999; Popov et al., 2016; Zhang et
al., 2023).

Hazard classification and identification refer to the process of determining whether exposure
to a particular stressor is expected to lead to an increased incidence of certain adverse health
outcomes (USEPA, 2022). It involves recognising environmental contaminants (such as
ARVDs) that may pose a health risk, quantifying their environmental concentrations, and
evaluating their potential threat to human health. It also includes characterising the types of
toxicity associated with the contaminants of concern and assessing the conditions under which

these toxic effects may occur in exposed individuals (NRC, 1994).

The current study adopts this approach by identifying ARVDs of concern, evaluating the
intrinsic potential of ARVDs to cause adverse human health effects under certain exposure
scenarios. While HQs provide a numerical comparison between projected exposure and
reference thresholds, they do not account for full probabilistic distributions or detailed

exposure variability across populations (Zhang et al., 2023).

The present study also focuses on single-point estimates for input parameters (deterministic
modelling) rather than distributions, such as in probabilistic risk modelling due to data
limitations. Therefore, in line with best practices, this assessment is positioned as a hazard
assessment, rather than a full health risk assessment to accurately reflect the degree of

analysis and associated uncertainty.
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Table 5-1: Review of human health risk and hazard assessment definitions.

Definitions

Reference

Human health risk assessment (HHRA) is the process of evaluating the
nature and potential severity of adverse health effects in people who may
be exposed to chemical substances present in contaminated
environmental sources, now or at some point in the future.

USEPA, 2025

HHRA is a structured, multi-phase process that involves four key steps.

e Hazard identification: determining whether a substance has the
potential to cause harmful health effects in any circumstance;

¢ Hazard characterization: evaluating the probability and severity of
adverse effects at different exposure levels;

o Exposure assessment: assessing the extent of the substance
individuals or populations are exposed to;

o Risk characterisation: integrating the hazard characterisation and
exposure information to assess the overall risk of adverse health
outcomes, particularly for the most vulnerable populations.

Chartres et al.,
2019

HHRA involves a scientific assessment of the hazardous characteristics
of environmental agents and the degree to which humans are exposed to
those agents.

NRC, 1994

HHRA is a process designed to quantify or estimate the risk to a specific
organism, system, or (sub)population by evaluating exposure to a
particular agent, taking into account the agent’s inherent properties, the
characteristics of the target system, and any associated uncertainties.

WHO, 2008

Risk is an estimate of the effect of an adverse health outcome when
exposed to a hazard.

Singh, 2015

A hazard is any natural or man-made substance, chemical, physical,
or biological agent, that is capable of causing an adverse health outcome
in certain circumstances.

Chartres et al.,
2019

Hazard analysis is the process that commences with the identification of
a hazard or hazards and proceeds into an estimate of the severity of harm
or damage that could result if the potential of an incident or exposure
OCCuUrs.

ANSI/ASSP
Z590.3-
2011(R2016)

Hazard assessment is a process that commences with the identification
of a hazard or hazards and proceeds into an approximation of the severity
of harm or impairment that could result if the potential of an incident or
exposure occurs. Hazard assessment identifies the potential for harm
under specific conditions.

Popov et al
2016

ANSI/ASSP = American National Standards Institute/American Society of Safety Professionals; USEPA = United States Environmental Protection

Agency

Hazard identification is the first step in the assessment, which is then followed by exposure

assessment, dose-response assessment, and risk characterisation (Gerba 2019; USEPA

2004). For the HA, the present study includes both acute and chronic exposure scenarios,

ensuring that short-term and immediate risks are not disregarded. The process of HHHA for

ARVDs was therefore systematically conducted following a structured framework that

integrates multiple steps to quantify potential hazards (Figure 5-1). Table 5-2 contains a

comparative summary of key parameters used between approaches.
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Figure 5-1: Process followed for the human health hazard assessment (HHHA) of

antiretroviral drugs.
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Table 5-2: Comparison of key parameters, assumptions, and applications in hazard assessment approaches used in the current study.

Component Hazard assessment 1 (HA1) Hazard assessment 2 (HA2) Reference

Hazard Comprehensive literature  review;  toxicological | Same as HA1 Annexures A—-D

identification information compiled from peer-reviewed literature,

databases and regulatory agencies (e.g., TOXNET®,
PubChem®, USEPA, FDA).
Sub-populations (i children (< 18 years), Same as HA1 Table 5-4;
assessed (i) adults (= 18 years) and USEPA, 2011
(iii) pregnant adults (= 18 years)

Water sources Surface-, effluent, influent, drinking water Same as HA1

assessed

Exposure type Episodic, worst-case (acute) Chronic, cumulative (long-term) Sharma et al., 2019

Bioconcentration | Not considered Bioconcentration factors (BFC) Table 5-5;

applied to fish tissue

Dose metric Average Daily Dose (ADD) Chronic Daily Intake (CDI) Table 5-4; Table 5-13;
Kumar and Xagoraraki,
2010

Reference value | Reference Dose (RfD) Acceptable Daily Intake (ADI) Table 5-3; Table 5-7;
Table 5-6;
Cai et al., 2019; Schwab et
al., 2005

Source of Derived from therapeutic dose divided by uncertainty Derived from NOAEL/LOAEL or Table 5-7; Table 5-3;

thresholds factors. minimum therapeutic dose divided Chiu et al., 2018; USEPA,

by composite uncertainty factors. 2005

Hazard quotient (HQ) interpretation®

HQ <1 | Low hazard potential.

HQ =1 | Threshold of concern; no additional margin (safety buffer) for increased exposure.

HQ > 1 | Hazard potential; harm or adverse effects are possible. Need for mitigation strategies to reduce exposure and ensure safety.

HQ >> 1 | Significant hazard concern; substantial potential for adverse effects. Urgent mitigation strategies needed to reduce exposure and
ensure safety.

a = Kumar and Xagoraraki, 2010; b = https://pubchem.ncbi.nim.nih.gov/ ;FDA = Food and Drug Administration; LOAEL = lowest observed adverse effect level; NOAEL = no observed adverse effect level; UF = uncertainty

factor; USEPA = United States Environmental Protection Agency
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5.2.1 Justification for dual-method approach

The decision to use two distinct approaches was justified by the need to address scientific
uncertainties and enhance the robustness of the HHHA for ARVDs in South African water
systems. Monitoring gaps also mean that deterministic screening tools like HQs are even more
essential as first-line hazard screening, given probabilistic modelling cannot proceed without
reliable occurrence data, reflecting the concerns raised by Bub etal. (2025) for more

comprehensive detection frameworks to support robust aquatic risk assessments.

This dual HA approach enables cross-validation of the results, emphasising consistencies or
discrepancies in risk characterisation. This comparative perspective strengthens confidence
in the results and identifies any limitations inherent to a single method. Environmental
exposure to ARVDs involves many uncertainties related to their distribution, degradation, and
bioaccumulation, to name a few. Using two approaches eases the limitations of each method

by providing complementary insights and reducing the overall uncertainty in the assessment
5.2.1.1 Absence of toxicological data for emerging contaminants

A cardinal challenge in HA of pharmaceutical pollutants, particularly in low- and middle-income
countries, is the limited availability of chronic toxicity data and official health-based guideline
values. For many ARVDs, no regulatory RfDs or ADIs exist, and toxicological data are often
fragmented or derived from therapeutic contexts (Schwab et al., 2005; Bull, 2011). This
creates uncertainty in hazard characterisation and assessment (Kumar et al., 2010). Using
two methods allows for hazard estimation under different data constraints, leveraging both

regulatory and pharmacological data sources where needed.
5.2.1.2 Cross-validation and sensitivity checking

Employing both methods allows for internal cross-validation, where consistency or divergence
in outcomes can reveal how sensitive HQs are to underlying assumptions. If both methods
yield similar hazard outcomes, it strengthens the reliability of the assessment. However, where
results diverge, it highlights the importance of critical evaluation of method-specific
assumptions, such as intake rates, uncertainty factors, and default safety thresholds (Dorne
and Renwick, 2005).
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5.2.1.3 Differences in point of departure selection

Each method used a different point of departure (POD). The RfD is often derived from no
observed adverse effect levels (NOAELs) and lowest observed adverse effect levels
(LOAELS) in toxicological studies, applying uncertainty factors to establish a daily exposure
threshold unlikely to cause harm over a lifetime (Zhang et al., 2023). The CDI/ADI method
uses therapeutic dose (TD) fractions or alternative extrapolations. Uncertainties exist with the
choice of endpoint and thus with the estimation of ADI values (Kumar et al., 2010), as seen in
studies by Schwab et al. (2005) and Webb et al. (2003).

These differences in POD source affect HQ outcomes. The RfD method may overestimate
safety due to reliance on limited animal NOAELs and default uncertainty factors (Kumar et al.,
2010), which only sets thresholds rather than quantify risk probabilities and possibly omit
human susceptibilities to variation (Chiu et al., 2018). Contrarywise, the CDI/ADI method may
yield more representative estimates in pharmaceutical-exposure contexts, yet results vary
significantly depending on whether they were derived from therapeutic, ecological, or
microbiome endpoints (Kumar et al., 2010; Webb et al., 2003). This emphasises their
dependence on endpoint selection as well as assumptions about therapeutic relevance and

human sensitivity (Kumar et al., 2010; Kumar and Xagoraraki, 2010).
5.2.2 Justification for exposure route

Exposure assessment is based on exposure scenarios, which describe pathways, the origins
of contaminants, and exposure routes during the process (WHO, 2004). In the South African
context, it is particularly important to assess a broad range of exposure scenarios, including
those involving wastewater, to ensure the full spectrum of conceivable human health hazards
is captured. Media and institutional reports indicate that over five billion litres of raw sewage
are generated daily, with approximately 4.2 billion litres discharged directly into rivers without
treatment (Turton, 2022; Webster and Igani, 2024). A formal inquiry conducted by the South
African Human Rights Commission confirmed extensive raw sewage contamination in the
Vaal River, a vital drinking water source, constituting a prima facie human rights violation

affecting an estimated 19 million people (Sibanyoni, 2021).

Effluent from WWTPs represents a critical intermediate between raw sewage and receiving

surface waters. In well-functioning systems, effluent is expected to pose minimal risk.

However, in many South African municipalities, effluent is only partially treated or discharged

untreated due to overloading, electricity outages, or mechanical failures (Webster and Igani,

2024). Including effluent in the HA acknowledges the realistic exposure scenarios experienced
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by downstream users of receiving water bodies. While influent water (raw, untreated sewage)
is not typically a direct human exposure route under regulated conditions, it serves two
fundamental roles in the current HHHA. Firstly, it represents a worst-case concentration
scenario, offering insight into maximum environmental loads of ARVDs entering aquatic
systems. Secondly, in unregulated settings, such as informal settlements or during system
overflow incidents or failures from dysfunctional WWTPs, influent can enter natural water

bodies directly, becoming a plausible exposure route for nearby rural communities.

Regarding exposures routes inhalation and dermal absorption of ARVDs are considered
negligible due to their physicochemical properties. Antiretroviral drugs are characterised by
low vapour pressure and limited volatility (Silva et al. 2017; Xie et al., 2003), as well as large
molecular mass and high hydrophilicity, resulting in minimal dermal permeability (Edagwa et
al., 2017; Palanisamy et al., 2021; Pedreiro et al., 2016).

These properties are consistent across all sub-populations, ensuring that the assumptions for
excluding these pathways are valid regardless of age, health status, or activity level.
Consequently, the current study appropriately focuses on ingestion pathways, which pose the
most direct and potential measurable hazard for ARVD exposure. The ingestion of
contaminated water during recreational activities as pathway is well-supported by peer-
reviewed literature as a significant and realistic route of unintentional pharmaceutical exposure

in aquatic environments (Duarte et al., 2019; Ngunbane et al., 2023).
5.2.3 Hazard assessment approach 1 (HA1)
5.2.3.1 Dose-response assessment

Reference doses represent estimations of daily exposure levels that are not likely to cause
adverse health effects over a lifetime. Alternative thresholds from toxicological studies were
considered when RfDs were not available (e.g. NOAEL or LOAEL). However, the majority of
RfDs in the present study were determined based on TDs (Eq. (5-1) divided by uncertainty
factors (UFs). While toxicity data are generally central to RfD estimations, in the absence of
data, TDs are used (Bull, 2011). The provided standard TD (mg/day) was converted to a dose
per unit body mass (mg/kg/day) by dividing it by the average body mass (Table 5-3).

therapeutic dose (mg/day) (5_1 )

TD (mg/kg/day) - average body mass (kg)
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Since no published RfDs were available for ARVDs, the RfD values in the current study were

calculated by dividing the TD (mg/kg/day) by total UF. Composite UFs are 1 000 and used by
default to reduce the likelihood of real harm being underestimated (Chiu et al., 2018; USEPA,
2005) (Table 5-3).

Table 5-3: Reference doses calculated for antiretrovirals (ARVDs).

ARVD Therapeutic dose  Reference dose for non-carcinogenic effects
(mg/day) mg/kg/d (safety factors included)
Adults Children Adults Children

Abacavir ABC 600 240-460* 0.009 0.024
Atazanavir ATV 400 200-300* 0.006 0.013
Didanosine ddl 400 200-240* 0.006 -
Dolutegravir DTG 50 50 0.0008 0.003
Darunavir DRV 800 350-800* 0.012 -
Efavirenz EFV 600 200-600* 0.009 0.02
Emtricitabine FTC 200 200" 0.003 -
Indinavir IDV 1600 - 0.024 -
Lamivudine 3TC 300 300* 0.004 0.008
Lopinavir LPV 800 300 0.012 0.03
Nelfinavir NFV 2250 500-750* -
Nevirapine NVP 400 300 0.006 -
Maraviroc MVC 1200 100-600* 0.018 -
Raltegravir RAL 800 800-1200* 0.012 -
Ritonavir RTV 700 700-800 0.011 -
Saquinavir SQv 1600 - 0.024 -
Stavudine d4T 60 60* 0.001 -
Tenofovir TDF 300 300" 0.005 0.008
Zalcitabine DDC 2.25 - -
Zidovudine ZDV 300 240 0.005 0.024

* dose dependent on body mass of children. - not prescribed to children; no reference dose determined

5.2.3.2 Risk characterisation

Dose-response and exposure data were integrated to characterise the potential human health

hazard posed by ARVDs in water. Hazard quotients were calculated by dividing ADD values

by RfD values (to calculate the ratio of estimated exposure to the toxicity reference values).

The ADD was calculated for adults and children via the following formula (Eq. (5-2). See Table

5-4.
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=ClexEDxEF 5_2
ADD BM x AT ( )

Where:

C = concentration of each ARVD detected in surface water (ug/L);
IR = ingestion rate;

ED = exposure duration;

EF = exposure frequency;

BM = average body mass of a South African; and

AT = average lifetime.

A HQ was determined (Eq. (5-3), and the exposed individuals were deemed safe if the HQ < 1
(Cai et al., 2019).

HQ = ADD/RD (5-3)

Table 5-4: Parameters used to determine the average daily dose (ADD) according to

population variables®".

Abbreviation Parameter Unit Adults Pregnant Children?
adults
BM Body mass® Kg 66.5 80 31.8
LE Life expectancy? Years 59.3 (M) 64.6 (F) 62.5
64.6 (F)
AT Average lifetime LE x 365 d 22 922 23 689 22 813
EF Exposure frequency Days per year 365 365 365
ED Exposure duration Years 30 30 6
IR Ingestion rate of water®  L/d 1.41 1.41 0.48
DWI Drinking water intake® mL/d 717 717 6.43
AWI Accidental water mL/d 100 100 100
ingestion "9
FC Fish consumption® g/d 20.1 201 201

a Health Canada (2004); b Puoane et al. 2002; ¢ Rasmussen et al. 2009; d Stats SA, 2022; e USEPA, 2011; f Donovan et al., 2008; g Wong et al.,
2009; h = USEPA (2004); F = female; M = male.

5.2.4 Hazard assessment approach 2 (HA2)
5.2.4.1 Bioconcentration factors (BFC)

Bioconcentration of ARVDs in fish tissue was estimated using bioconcentration factors (BFC).
The BCF for each ARVD was estimated using the approach developed by Meylan et al. (1999),
an approach used in other pharmaceutical studies (Cunningham et al., 2009; Kumar and
Xagoraraki, 2010; Schwab et al., 2005). Bioconcentration factor values were calculated using
Eq. (5-4 to (5-6, presented in Table 5-5.
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For ionic compounds:

Log Kow < 5; log BCF = 0.50 (5-4)

For non-ionic compounds:
Log Kow < 1; log BCF = 0.50 (5-5)
Log Kow 1-7; log BCF = 0.77 log Kow - 0.70 (5-6)

For ionic ARVDs, a fixed BCF within a specific Kow range was used to estimate the
bioaccumulation potential. The logKow values, which specify the lipophilicity of the compounds,
were observed to vary across the ARVDs, indicating different tendencies to partition into
organic phases versus remaining in agueous environments. High logKo.w values correspond to
increased potential for bioaccumulation in organisms, which is further supported by the
calculated log BCF and BCF values (Table 5-5).

Table 5-5: Ranked bioconcentration factors (BCF) for selected antiretroviral drugs
(ARVDs).

ARVD Chemical structure logKow log BCF (L/kg) BCF(L/kg)
NFV Non-ionic (Neutral) 5.46 3.5 3193.01
LPV Non-ionic (Neutral) 5.42 3.47 2974.4
RTV Non-ionic (Neutral) 5.03 3.17 1489.7
MVC Non-ionic (Neutral) 4.42 2.7 505.13
EFV Non-ionic (Neutral) 4.15 25 312.97
NVP Non-ionic (Neutral) 3.89 2.3 197.38
IDV Non-ionic (Neutral) 3.49 1.99 97.12
ATV Non-ionic (Neutral) 29 1.53 34.12
DRV Non-ionic (Neutral) 29 1.53 34.12
ABC Non-ionic (Neutral) 1.62 0.55 3.53
SQvV lonic 4.7 0.5 3.16
RAL Non-ionic (Neutral) -0.01 0.5 3.16
FTC Non-ionic (Neutral) -0.43 0.5 3.16
d4t Non-ionic (Neutral) -0.72 0.5 3.16
3TC Non-ionic (Neutral) -0.93 0.5 3.16
ddl Non-ionic (Neutral) -1.24 0.5 3.16
DDC lonic -1.3 0.5 3.16
TDF Non-ionic (Neutral) -1.57 0.5 3.16
ZDV lonic -7.05 0.5 3.16

BCF = bioconcentration factor; Kow = octanol-water partition coefficient. The Kow values were collected from PubChem, CompTox Chemical
Dashboard and EpiSuite (USEPA, 2024a; 2024b).
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High BCF values (> 1000 L/kg) imply a greater potential for bioaccumulation due to a
compound’s high lipophilicity, whereas low BCF values (< 10 L/kg) imply limited accumulation.
NFV (3193 L/kg), LPV (2974 L/kg), and RTV (1489 L/kg) exhibited the highest BCFs,
indicating a greater potential for bioaccumulation and apprehension. In contrast, most other
ARVDs, particularly those with low logKow values (< 0), such as ZDV, TDF, DDC, and ddl,

showed very low BCFs (~3.16 L/kg), suggesting minimal risk of accumulation in fish tissue.
5.2.5 Dose response
5.2.5.1 Chronic daily intake (CDI)

Chronic daily intake of an ARVD during unintentional recreational activity and direct ingestion
of water was assessed using Eq. (5-7 (Kumar and Xagoraraki, 2010). In this equation, IR
denotes daily drinking water intake for direct ingestion and to the daily accidental ingestion of
surface water. The BCF represents the bioconcentration factor of an ARVD in fish, and BW

represents the body mass of the designated sub-population.

(IR + BCF X FR) X CW (5-7)

CDI =
BW

Where:

CDI = chronic daily intake (pg/kg/day);
BCF = bioconcentration factor (L/kg);
FR = daily consumption of fish (kg/day);
CW = ARVD concentration (ug/L);

BW = body weight (kg);

IR = daily water intake (L/day).

5.2.5.2 Acceptable daily intake (ADI)

The ADI is the identified amount of a chemical to which an individual can be exposed to daily
over a lifetime without suffering any adverse health effects (Sorell, 2016). ADI calculations
assumes that biological responses decrease to a threshold no-effect level below which no
effects occur as the dose is reduced. While pharmaceuticals undergo risk—benefit analyses
during development where some therapeutic risk is acceptable (FDA, 1999), yet accidental
environmental exposure (such as via contaminated water) offers no therapeutic benefit. The
ADI of an ARVD is the value of the daily intake determined not to cause any deleterious health
effects from direct exposure in a population, including all sensitive sub-populations (Schwab
et al., 2005).
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The ADIs were estimated using minimum TDs as surrogate POD, often considered equivalent
to a LOAEL (Bercu et al., 2008). To approximate a NOAEL from a LOAEL, a relevant UF was
used as part of the ADI calculation (Table 5-6). Uncertainty factors are applied, as detailed in
Eq. (5-8 to (5-10, to reduce the POD to a dosage where there is tenable certainty that no effect
will occur (ATSDR, 1996; Dourson et al., 1996; WHO, 1994). The ADI values were calculated
using Eq. (5-8 to (5-10 (Cunningham et al., 2009; Schwab et al., 2005).

Where:
ADI = acceptable daily intake of ARVD (ug/kg/day);
POD = point-of-departure.

UF composite = cOMposite uncertainty factor which consists of UF4, UF>, UF3, UF4, and UFs, and

is calculated using Eq. (5-9.

1000 x POD -
ADl = —————— (5-8)
UFcomposite
> (5-9)
UF,
UFcomposite = i=1
1000 x POD (5-10)

ADI =

UF, x UF, x UF; x UF, X UFq

Values of individual UFs and their considerations are detailed in Table 5-7. These factors
account for variations in individual susceptibility, extrapolation from clinical to general
population, and potential long-term effects (Schwab et al., 2005). Their use often results in
ADIs several orders of magnitude lower than the thresholds associated with observable
adverse effects (Sorell, 2016).

Risk assessment studies have employed different POD values based on either animal or
human toxicity studies (USEPA, 2005). While conventionally, the NOAEL or LOAEL from
toxicity studies are used as POD for ADI calculations, employing the minimum TD of an ARVD
presents an alternative under specific conditions. Employing the TD provides a pragmatic
approach to ensure that the calculated ADI aligns with established therapeutic margins while
still allowing for therapeutic efficacy in human populations. Adeola and Forbes (2022), argued
that data regarding relevant ecotoxicological endpoints are scarce with respect to biota and
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human lethal dose or exposure. The authors further recommended that both the environmental
concentrations and human TD should be considered to assess environmental exposure,

biological effects, total bioavailable fraction, and dose-related response.

Accordingly, the present study uses the TD as a conservative, worst-case reference point
while using measured environmental concentrations to reflect more realistic, population-level
exposure scenarios. This twofold approach enables a contextualised assessment of both the
upper-bound and actual hazard associated with ARVD exposure, acknowledging the limited
availability of traditional toxicological endpoints and the capriciousness in environmental

persistence and bioavailability of ARVDs.
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Table 5-6: Considerations for estimation of acceptable daily intakes for different sub-populations.

ARVD Therapeu- Therapeu- PODadun PODpregnam PODchnd UF1 UFz UF3 UF4 UF5 ADladuu ADIpregant ADIchild
tic adults tic child (mg/kg/ (mg/kg/ (mgl/kg/ (ng/kg/day) (pg/kg/day) (ng/kg/day)
(mg/d) (mg/d) day) day) day)
ABC 600 240-460* 9.02 7.5 7.55 3 3 1 3 3 111.4 92.6 93.2
ATV 300—400 200-300* 6.02 3.75 6.29 3 3 1 3 3 74.3 46.3 7.7
ddl 250-400 200-240* 3.76 3.13 6.29 3 1 1 3 3 139.2 115.7 232.9
DOL 50 50 0.75 0.63 1.57 1 3 1 3 3 27.85 23.15 58.2
DRV 800 350-800* 12.03 10 11.01 1 3 1 3 3 445.6 370.4 407.6
EFV 400-600 200-600* 6.02 5 6.29 1 3 1 1 3 668.3 555.6 698.8
FTC 200 200* 3.01 25 6.29 1 1 1 3 3 334.2 277.8 698.8
IDV 1600 - 24.06 20 3 3 3 3 3 99 82.3 0.0
3TC 300 300* 4.5 3.75 9.43 3 3 1 3 3 55.7 46.3 116.5
LPV 800 300 12.03 10 9.43 3 3 1 1 3 445.6 370.4 349.4
NFV 2250  500-750*  33.84 28.13 15.72 3 3 1 3 3 417.7 347.2 194.1
NVP 400 300 6.02 5 9.43 3 3 1 3 3 74.3 61.73 116.5
MVC 1200 100-600* 18.05 15 3.15 10 3 1 1 3 200.5 166.7 34.94
RAL 800 800-1200* 12.03 10 25.16 3 1 1 1 3 1336.7 1111 2795.3
RTV 700 700-800 10.53 8.75 22.01 3 1 1 3 3 389.9 3241 815.3
SQvV 1600 - 24.06 20 3 3 1 3 3 297 246.9 0
d4T 60 60* 0.9 0.75 1.89 3 3 1 3 10 3.34 2.8 6.99
TDF 300 300* 4.5 3.75 9.43 3 1 1 3 3 167.1 138.9 349.4
DDC 2.25 - 0.03 0.03 3 3 1 3 3 0.4 0.35 0.0
ZDV 600 240 9.02 7.5 7.55 3 3 1 3 3 111.4 92.6 93.2
ADI = acceptable daily intake; mcg = micrograms; POD = point of departure; UF = uncertainty factor; * = based on body mass.
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Table 5-7: Extrapolation uncertainties and considerations for selection of uncertainty factors as adapted from Schwab et al. (2005).

Extrapolation

uncertainties

Considerations for uncertainty factor selection

LOAEL to UF+ 10 Recommended when a NOAEL isl not available.l . . .
NOAEL Recommended when the LOAEL is a therapeutic response, operative only in a disease state.
Recommended when LOEL is associated with homeostatic response or an equivocal effect (LOEL = NOAEL).
UF2 10 Recommended when no relevant chronic data are available.
3 Recommended when no chronic data are available, but PK or PD analyses suggest little persistence of
Duration of compound or effect.
exposure 1 Recommended when no chronic data are available, but PK and PD analyses suggest little persistence of
compound and effect.
1 Recommended when adequate chronic data are available.
UFs 10 Recommended when no human data are available unless considerations below apply.
Interspecies 3 Recommended when ADME data are similar for multiple species, including humans or non-human primates.
Used when derivation is based on human data.
UFs 10 Recommended if NOAEL is from general adult population and/or animal study, with no
multigenerational study of toxicity
Intra 3 Recommended when effect is therapeutic and little difference between median and minimally effective dose.
individual 3 Recommend using adjusted LOEL, NOEL or therapeutic dose of a sensitive sub-population.
susceptibility 1 Recommended when sufficient post-marketing data indicate absence of specific and particularly sensitive
individuals or when using LOEL or NOEL for identified sensitive human population based on a large post-
marketing study.
UFs 10, 3,or 1,or < Critical studies used a small number of animals or groups (UF > 1).
than 1, Results are poorly described or analysed (UF > 1).
recommended Data require route-to-route extrapolation to be relevant to the exposure condition (UF< 1 or > 1) depending on

Data Quality

for professional
judgement on
quality of data
available on a
compound:

the relevance and relative sensitivity to the effect by alternate dosing routes).

Important specialised studies not conducted (e.g., reproductive, teratogenicity, carcinogenicity) when positive
genetic toxicity data is available (UF > 1).

The absence of data is mitigated (UF < 1) by results on a compound of similar structure and responses.
Non-standard study designs (UF > 1 or < 1 depending on the nature of the study).

Esoteric or extreme effects (UF > 1 or < 1 depending on the nature of the study).

NOEL is the highest dose tested (possibly a UF)

ADME = absorption, distribution, metabolism, and excretion; LOAEL = lowest observed adverse effect level; LOEL = lowest observed effect level; NOAEL = no observed adverse effect level; NOEL = no observed effect level;

pk = pharmacokinetic; PD = pharmacodynamic; UF = uncertainty factor.
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5.2.6 Risk characterisation

An HQ was determined (Eq. (5-11), and the exposed individuals were deemed safe if the
HQ < 1 (Kumar and Xagoraraki, 2010).

HQ = CDI/ADI (5-11)

Where:

HQ = Hazard quotient

ADI = acceptable daily intake (ug/kg/day)
CDI = Chronic daily intake (ug/kg/day)

5.2.7 Mixtures

In several studies, total non-carcinogenic metrics were calculated considering the risk
associated with a chemical mixture (Guleria and Chakma, 2021; Henri et al., 2015; Henri et
al., 2016). In a similar manner, the hazard index (HI) was calculated in the present study (Eq.
(5-12), representing the cumulative non-carcinogenic hazard posed by the chemical mixture
of ARVDs (Dixit et al., 2024).

(5-12)
Hlg(x) = Xiz1 HQig (%)

Where:

Hlg(x) = hazard index for population group (g) (Hladutts(x), Hlpregnant(x), or Hlcnigren(x)) @associated
with a particular exposure scenario (x);

HQ;4(x) = hazard quotient for compound (i) for group (g) in a specific exposure scenario (x).

n = total number of detected ARVDs in the mixture.

If Hlg(x) > 1, the cumulative exposure to the ARVD mixture exceeds the safe threshold for
group (g), indicating a potential for non-carcinogenic adverse effects (Dixit et al., 2024; Guleria
and Chakma, 2021; Kaur et al., 2020). If Hlg(x) <1, the cumulative exposure is within
acceptable limits for group (g), and no significant non-carcinogenic hazard is expected from

the ARVD mixture in water source (x). The HI was calculated from the HA approach 1 HQs.
5.2.8 Reliability function

To gain insight into the reliability and safety of the ARVD concentrations in water samples for
non-carcinogenic effects, the reliability function was calculated (5-13). The reliability function
(ER7otqr) Of the cumulative hazard due to chemical mixtures represents probability of

exceedance and the percentage of times the exposure scenarios exceeded the safe limit. It
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reflects how often exposure concentrations surpass the regulatory safety threshold (HQ > 1)
as in well-documented within mixture toxicity and risk science literature (Guleria and Chakma,
2021; Henri et al., 2015; Kaur et al., 2020; Li et al., 2024).

ERrotqr = Prob(HQ > 1) (5-13)

_ Number of scenarios where HQ > 1 (5_1 4)
‘ER Total —

Total number of scenarios

While the HQ is a deterministic metric that indicates hazard under specific input conditions,
the reliability functions provide a probabilistic interpretation of hazard exceedance. It accounts
for uncertainty and variability in parameters such as exposure concentrations and RfDs. This
approach results in a probabilistic hazard exceedance profile or frequency-based exceedance
probability that complements deterministic assessments. The reliability function in the present

study was calculated with the HQs determined by HA1.
5.2.9 Statistical analysis

Normality of the data was assessed using D’Agostino’s K-squared test (P = 0.05). Since
several p-values were below the significance threshold, the data were considered to
significantly deviate from a normal distribution. As such, the data were treated as non-
parametric, and homogeneity of variance was not assumed. The Kruskal-Wallis test was
applied to investigate differences between data groups (p < 0.05). Specific statistically
significant differences among groups were further investigated by a post-hoc Dunn’s multiple

comparison test (p < 0.05).

5.3 Results

5.3.1 Hazard assessment (HA1)
5.3.1.1 Risk characterisation
General trends

The results of the HQ analysis for the various ARVDs across different sub-populations for
surface-, drinking-, and wastewater are summarised in Table 5-8 to Table 5-11. The current
study showed inter-drug and inter-group variability and some trends. Adults and pregnant
females predominantly experienced greater hazard profiles, while children exhibited lower
median HQs across ARVDs and water sources. Nonetheless, several drugs (e.g., EFV, LPV,

ABC) still exceeded median HQ > 1 for children, denoting vulnerability under certain exposure
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scenarios. ABC consistently exhibited the highest HQ values across surface and wastewater,
especially among adults (e.g., HQsw median: 19.5; 99" percentile: 121), representing
considerable non-carcinogenic hazard. Pregnant females followed closely in ABC exposure,
with children exhibiting lower, but still concerning HQ values, mostly at the 99" percentile (e.g.,
HQ 99" percentiles 14-108). Efavirenz, FTC, TDF, and LPV, repeatedly demonstrated high
HQs above the threshold in various sources, with notable toxicity concerns for adults and
pregnant females. The results also presented a trend for certain ARVDs (e.g., NFV, MRV,

IDV, RAL, and RTV) which generally had low HQ values across sub-populations and sources.

Wide 95% CI values for certain drugs (e.g., TDF, and DDC) showed high variability and
uncertainty in the data. Significant inter-drug HQ differences were observed in surface water
(p < 0.0001), effluent (H=42.57, p <0.0001), and influent (H =44.2, p <0.0001). Post-hoc

analyses revealed significant pairwise divergences (e.g., ABC vs. NVP; EFV vs. ZDV).

Drugs were further grouped based on median HQ disparities using letter-based classifications
(CLD), illustrating heterogeneity in hazard potential. These results suggest variability in
potential health hazard levels among ARVDs in water sources, with some drugs posing
relatively higher concern for certain sub-populations. In contrast, HQq» analysis yielded no
statistically significant inter-group differences (p = 0.15), suggesting consistent drinking water

exposure profiles across sub-populations.

Surface water

Nevirapine, FTC, and LPV also had high HQsw values representative of toxic concern. 3TC,
RTV, ZDV, and d4T were revealed to be hazardous for adult and pregnant females but not to
children. Conversely, NFV, ddl, and RTV had low HQsw values across all sub-populations,
indicating less concern regarding hazard potential compared with ABC, for example, which
indicated harm (Table 5-8). Lopinavir and EFV were notably elevated among pregnant females
and adults, indicating heightened susceptibility within these groups. Dunn’s post-hoc test
revealed significant HQ disparities between select ARVD pairs (e.g., LPV vs. EFV, 3TC, NVP,
and ZDV; as well as NVP vs. RTV).

Drinking water

Table 5-9 presents HQqw data that revealed variable hazard potential across compounds and
groups. EFV exhibited the highest hazard profile in adults (median: 7.4; range: 2.8-32; 99

percentile: 32), indicating a substantial potential hazard for adults, particularly at higher
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exposure levels. Lopinavir also showed notable concern (median: 4.05; max: 8.1), while ZDV,
DDC, RTV, and NVP had much lower HQqw values, indicating lower hazard potential. In
pregnant females, EFV maintained the highest median HQq (median: 5.7; 95% CI: 40.5),
implying increased vulnerability relative to other sub-populations. The HQqw for children was
lower throughout all ARVDs, with EFV having the highest median HQqw of 0.7, but the 99"
percentile still pointed to potential toxic concern. LPV and ddl had moderate hazard in both

pregnant females and children, albeit lower than EFV.

Abacavir, NFV, and d4T had HQquw of O across all sub-populations, indicating no apparent
hazard from these drugs in drinking water. Wide 95% CI values for ddl, EFV, LPV, and NVP
denoting considerable variability in the data. Tests revealed no significant differences between

mean HQqw among sub-population (p = 0.15).

Wastewater

In the HQefr analysis across various sub-populations (Table 5-10), 3TC had the greatest HQef
for adults. However, 3TC had a median HQ < 1, suggesting no immediate concern (median:
0.5; max: 357). Nevirapine and TDF demonstrated considerable irregularity (NVP: up to 370;
TDF: up to 408), despite low medians (0.6—30) and restrained Cls (95% CI < 80). Post-hoc
analysis revealed several divergences between ARVDs, as denoted by differing group letters
(compact letter display). For example, ABC, EFV, and ZDV differed significantly. Indinavir,

showed significantly lower HQes values compared with e.g., ABC and EFV.

In the HQinr analysis across various sub-populations (Table 5-11), drugs of concern based on
the HQixr resultsincluded EFV, DRV, and ZDV. Nevirapine and TDF had high variability similar
to effluent water, indicating potential hazard at peak exposure levels. Post-hoc analysis
revealed several statistically significant differences in HQixx values among the ARVDs.
Abacavir had significantly higher HQixx values compared with NVP, RAL, and MRV. The
remaining ARVDs did not significantly differ, suggesting relatively uniform hazard potential

across compounds.
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Table 5-8: Hazard quotients (HQs) calculated for various sub-populations in surface water (HQsw).

Adult Pregnant Child
ARVD | Range Median 95%Cl 99*"P | Range Median 95%CI 99" P Range Median 95% CI 99t P
ABC 0.0-121 19.5 2.3-81 121 0.0-93 14.5 1.6-61.9 93 0.0-14.0 2.1 0.2-9.3 14
ddl 0.1-01 0.1 0.1-01 0.1 0.1-01 0.1 0.1-0.1 0.1
EFV 0.0-25.8 1.55 1.4-49 25.8 0.0-19.7 1.2 1-3.7 19.7 0.0-2.5 0.15 0.1-0.5 2.5
FTC 0.0-63.9 2.85 0.8-28.5 63.9 0.0-48.8 2.2 0.6-21.7 48.8 0.04.2 0.15 0.0-31.8 4.2
3TC 0.0-2.2 0.3 0.1-0.8 2.2 0.0-1.7 0.2 0.1-0.6 1.7 0.0-01 0 -0.01-0.04 0.1
LPV 0.0-56.8 13.5 9.7-23.7 56.8 0.0-43.3 10.3 7.4-18.1 43.3 0.0-9.9 2.3 1.7-4.1 9.9
NFV 0 0 0 0 0 0
NVP 0.0-93.3 0.3 0.8-9.0 93.3 | 0.0-71.2 0.25 0.6-6.9 71.2 0.0-8.1 0 0.07-0.8 8.1
RTV 0.0-5.2 3.1 2-3.4 5.2 0.04.0 24 1.5-2.6 0.0-0.3 0.19 0.1-0.2 0.3
a4t 0.0-9.2 1.2 -1.9-8.0 9.2 0.0-7.1 0.9 -1.5-6.1 71 0.0-0.6 0.1 -0.1-0.5 0.6
TDF 0.0-6.4 0.35 -1.3-3.9 6.4 0.04.9 0.3 -1-3 4.9 0.0-21 0.1 -0.4-1.3 2.1
DCC 8.9-22.5 15.7 -71-102 22.5 6.8-17.2 12 -54-78.1 17.2
ZDV 0.0-3.3 0.7 0.6-1.1 3.3 0.0-2.5 0.5 0.4-0.9 2.5 0.0-0.5 0.1 0.1-0.2 0.5

Cl = confidence interval; sw = surface water; p = percentile; blank cells = no data.
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Table 5-9: Hazard quotients (HQs) calculated for various sub-populations in drinking water (HQqw).

Adult Pregnant Child
ARVD | Range Median 95% CI 99" P | Range Median 95% CI 99" P | Range Median 95% ClI 99t P
ABC 0 0 0 0 0 0 0
dal 0.0-439 0 -23-46 43.9 0.0-335 0 -18-35 33,5 |0.0-5.2 0 -2.8-54 5.2
EFV 28-319 74 -24.8-53 31.9 21-24.4 57 -19-40.5 244 0.3-3.1 0.7 -2.4-51 3.1
LPV 0.0-8.1 4.05 -47-55.5 8.1 0.0-6.2 31 -36-42.5 6.2 0.0-14 0.7 -8.2-9.6 14
NFV 0 0 0 0 0 0 0
NVP 0.0-0.8 0.05 -0.06-0.4 0.8 0.0-0.6 0.05 -0.04-0.3 0.6 0.0-0.1 0 -0.02-0.04 0.1
RTV 2 2 2 0.7 0.7 0.7
aqaT 0 0 0 0
DDC | 2.7 2.7 2.7
ZDV 0.0-14 0.5 0.06-0.9 14 0.0-1.1 0.4 0.05-0.7 11 0.0-0.2 0.1 0.02-0.15 0.2

ClI = confidence interval; dw = drinking water; p = percentile; blank cells = no data.
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Table 5-10: Hazard quotients (HQs) calculated for various sub-populations in effluent water (HQe).

Adult Pregnant Child
ARVD Range Median 95% CI 99t P Range Median 95% CI 99t P Range Median 95% CI 99t P
ABC 0.68-211.6 111.9 44-158.5 211.6 | 0.52-161.5 854 34-121 161.5 | 0.09-28.8 15.3 6.1-21.6 28.8
ATV 0.14-6.2 0.55 -0.94 6.2 0.11-4.8 0.4 -0.6-3.1 4.8 0.01-0.7 0.06 -0.1-0.4 0.7
DRV 0.12-15.16 5.51 -5-18.6 15.2 0.09-11.6 4.2 -4.2-14.2 11.6 0.01-1.4 0.5 -0.4-1.7 1.4
EFV 0.61-122.8 10.7 13-35.9 122.8 | 0.47-93.7 8.17 10-27.36 93.7 0.06-12 1.05 1.3-3.5 12
FTC 0.39-148.7 1.9 -3.3-91.7 148.7 | 0.3-113.5 1.5 -2.5-70 113.5 0.03-9.7 0.1 -0.2-6 9.7
IDV 0.01-0.02 0.02 0.0-0.03 0.02 0.01-0.01 0.01 0.01-0.01 0.01
37C 0.02-356.7 0.54 -30-179.8 357 0.02-272.2 04 -23.6-137.2 272.2 | 0.0-23.24 0.04 -2-11.7 23.2
LPV 0.12-34.28 34 2.3-16.8 34.3 0.09-26.2 2.6 1.7-12.8 262 0.02-6 0.6 0.4-2.9 6
NVP 0.0-370.4 0.84 9.6-78 370 0.0-282.6 0.6 7.3-59.5 282.6 0.0-32.2 0.07 0.8-6.8 32.2
MRV 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01
RAL 0.08-3.66 3.1 -2.5-7.01 3.7 0.06-2.8 24 -2-54 2.8 0.0-0.2 0.16 -0.1-04 0.19
RTV 0.05-1.99 1 0.6-1.6 2 0.04-1.5 0.8 0.5-1.2 1.5 0.0-0.1 0.07 0.03-0.1 0.1
TDF 0.0-59.5 29.76 -348-407.8 59.5 0.0-454 22.7 -265-311.2 454 0.0-3.9 1.9 -22.7-26.6 3.9
ZDV 0.0-79.6 0.76 -8.2-27.3 79.6 0.0-60.8 0.6 -6.3-20.8 60.8 0.0-13 0.1 -1.34.5 13

Cl = confidence interval; eff = effluent; p = percentile; blank cells = no data.
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Table 5-11: Hazard quotients (HQs) calculated for various sub-populations in influent water (HQixs).

Adult Pregnant Child

ARVD Range Median 95% CI 99t p Range Median 95% CI 99t p Range Median 95% CI 99th p
ABC 0.34-967.7 330.5 154-648 967.7 0.26-738.4 252.2 118-495 738.4 0.04-108.1 36.9 17.3-72.5 108.1
ATV 0.11-6.2 1.44 -2.2-6.8 6.24 0.094.8 1.1 -1.7-5.2 4.8 0.01-0.65 0.15 -0.2-0.7 0.65
DRV 0.06-38.3 7.99 -14.9-421 38.3 0.05-29.3 6.1 -11-32.1 29.3 0.01-3.5 0.7 -1.3-3.8 3.5
EFV 0.01-166.9 1.4 12.7-39.7 166.9 0.01-127.4 8.71 9.7-30.3 127.4 0.0-16.32 1.1 1.2-3.9 16.3
FTC 1.07-613.5 82.2 -17-346.2 613.5 0.82-468.1 62.71 -13-264.2 468.1 0.07-39.98 5.36 -1.1-22.6 39.98
IDV 0.12-0.26 0.13 -0.2-0.36 0.26 0.09-0.2 0.1 -0.02-0.28 0.2

37C 0.02-204.5 4.5 -20.4-82.4 204.5 0.02-156 3.45 -15.6-62.9 156 0.0-13.3 0.3 -1.3-54 13.3
LPV 1.07-21.7 4.7 2-12.4 21.7 0.82-16.6 3.61 1.5-9.44 16.6 0.19-3.8 0.8 0.3-2.15 3.77
NVP 0.01-465.4 1.2 4-106.7 465.4 0.01-355.2 0.91 3-814 355.2 0.0-40.45 0.1 0.35-9.8 40.5
MRV 0.05-0.19 0.05 -0.1-0.3 0.2 0.04-0.15 0.04 -0.08-0.23 0.15 0.01-0.04 0.01 -0.02-0.06 0.04
RAL 0.05-15.2 3.17 -57-16.5 15.16 0.04-11.6 2.42 -4.4-12.6 11.57 0.0-0.79 0.16 -0.3-0.9 0.8
RTV 0.06-3.3 1.5 0.5-2.2 3.26 0.05-2.5 1.15 0.4-1.66 2.49 0.0-0.2 0.1 0.03-0.1 0.2
SQv 0.08 0.08 0.08 0.06 0.06 0.06

TDF 0.24-115.1 0.6 -28-105.7 1151 0.18-87.8 0.45 -21.7-80.6 87.8 0.02-7.5 0.04 -1.86-6.9 7.5
DV 1.46-63 8.2 -13.6—49.7 63 1.125-48.1 6.26 -10.4-37.9 48.1 0.24-10.27 1.3 -2.2-8.1 10.3

Cl = confidence interval; inf = effluent; p = percentile; blank cells = no data.
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5.3.2 Hazard assessment (HA2)
5.3.2.1 POD and ADI

The estimation of ADIs and PODs for different sub-populations are presented in Table 5-12
Various uncertainty factors (UF1-UF5) were applied to account for interspecies differences,
variability among individuals, and data limitations. The POD range from 0.03 (for DDC) to
33.8 mg/kg/day (for NFV) (Table 5-12). The calculated ADIs, varied for the different ARVDs
and sub-populations (0.0-2 795 ug/kg/day), highlighting the need for a tailored HA approach
to safeguard vulnerable groups. Indinavir, d4T, ATV, and DDC had very low ADI values,
whereas drugs such as RAL, EFV, RTV, and LVP had high ADI values.

5.3.2.2 CDI

The highest CDI values in drinking water were observed for LPV and EFV, especially in
children, who had CDlIs of 50 ug/kg/day and 4.9 ug/kg/day, respectively (Table 5-13). RTV
also had a high CDI for children, though much lower than LPV and EFV, implying a consistent
inherent toxic potential to a specific vulnerable population. Other ARVDs like ABC, ddl, and

ZDV had relatively low CDI values, presenting none to limited potential hazard.

Similar findings were observed in surface water, with LPV, EFV and RTV again showing the
highest CDI values, particularly in children (120 pg/kg/day for LPV, 4.3 ng/kg/day for EFV, and
4.8 ng/kg/day for RTV). Nevirapine presented high CDI values in surface water as well,
especially in children (6.5 pg/kg/day), highlighting toxicity concerns from this source (Table
5-13).

The effluent water samples showed the highest CDI values overall, particularly for LPV, EFV,
and NVP. For instance, children's CDI for LPV had 72 ug/kg/day, 20 ug/kg/day for EFV, while
NVP showed 26 yg/kg/day (Table 5-13). Ritonavir also showed high CDI values in effluent,
but only for children. The influent water samples showed similar results with high CDI values
for LPV, EFV, and NVP. Moderately high results (CDli,s > 1) for RTV were seen across all sub-

populations, and suspected hazard was documented for ABC, but only for children.
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Table 5-12: Considerations for estimation of acceptable daily intakes for different sub-populations.

ARVD Therapeu- Therapeu- PODadun Ponregnant PODchnd UF1 UFz UF3 UF4 UF5 ADladun ADIpregant ADIchild
tic adults tic child (mg/kg/  (mgl/kg/ (mgl/kg/ (ng/kg/day) (ug/kg/day) (ng/kg/day)
(mg/d) (mg/d) day) day) day)
ABC 600 240-460* 9.02 7.5 7.55 3 3 1 3 3 1114 92.6 93.2
ATV 300400 200-300* 6.02 3.75 6.29 3 3 1 3 3 743 46.3 7.7
ddl 250400 200-240* 3.76 3.13 6.29 3 1 1 3 3 139.2 115.7 232.9
DOL 50 50 0.75 0.63 1.57 1 3 1 3 3 27.85 23.15 58.2
DRV 800 350-800* 12.03 10 11.01 1 3 1 3 3 4456 370.4 407.6
EFV 400-600 200-600* 6.02 5 6.29 1 3 1 1 3 668.3 555.6 698.8
FTC 200 200* 3.01 25 6.29 1 1 1 3 3 3342 277.8 698.8
IDV 1600 - 24.06 20 3 3 3 3 3 99 82.3 0.0
3TC 300 300* 4.5 3.75 9.43 3 3 1 3 3 557 46.3 116.5
LPV 800 300 12.03 10 9.43 3 3 1 1 3 4456 370.4 349.4
NFV 2250 500-750* 33.84 28.13 15.72 3 3 1 3 3 4177 347.2 1941
NVP 400 300 6.02 5 9.43 3 3 1 3 3 743 61.73 116.5
MVC 1200 100-600* 18.05 15 3.15 10 3 1 1 3 200.5 166.7 34.94
RAL 800 800-1200* 12.03 10 25.16 3 1 1 1 3 1336.7 1111 2795.3
RTV 700 700-800 10.53 8.75 22.01 3 1 1 3 3 389.9 324.1 815.3
SQv 1600 - 24.06 20 3 3 1 3 3 297 246.9 0
d4T 60 60* 0.9 0.75 1.89 3 3 1 3 1 3.34 2.8 6.99
TDF 300 300* 4.5 3.75 9.43 3 1 1 3 3 167.1 138.9 349.4
DDC 2.25 - 0.03 0.03 3 3 1 3 3 04 0.35 0.0
ZDV 600 240 9.02 7.5 7.55 3 3 1 3 3 1114 92.6 93.2
ADI = acceptable daily intake; mcg = micrograms; POD = point of departure; UF = uncertainty factor; * = based on body mass; empty cells = no data available
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Table 5-13: Chronic daily intake (CDI) of antiretroviral drugs for various sub-populations as sampled from drinking water (aw), surface

water (sw), influent (inf) and effluent (ex).

CDlyw CDlsw CDlest CDlins

ARVD Child Adults Pregnant Child Adults Pregnant Child Adults Pregnant Child Adults Pregnant
ABC 0 0 0 0 0.11 0.09 0.4 0.19 0.16  1.82 0.87 0.72
ATV 0 0 0 0.08 0.04 0.03 .08 0.04 0.03
ddl 0 0 0 0 0 0

DRV 0.37 0.18 0.15 0.93 0.45 0.37
EFV 4.87 2.33 1.94 4.3 2.05 1.71  20.44 9.78 8.13 27.78 13.28 11.04
FTC 0.04 0.02 0.02 0.09 0.04 0.03 035 0.17 0.14
IDV 0.01 0 0 004 002 0.02
3TC 0.01 0.00 0.05 0.3 0.14 0.12 0.3 0.08 0.07
LPV 50.48 24.14 20.07 119.74  57.26 47.6 7229 34.57 28.74 7229 21.89 18.2
MVC 0 0.02 0.01 0.01 011 0.05 0.04
NFV 0.01 0 0 0.01 0 0

NVP 0.06 0.03 0.02 6.53 3.12 259 2592 12.39 10.3 32.57 15.57 12.94
RAL 0.04 0.02 0.01
RTV 1.84 0.88 0.73 4.84 2.32 193 1.84 0.88 0.73 3.02 1.44 1.2
d4T 0 0 0 0 0 0

SQv 0 0 0
TDF 0.01 0 0 0.05 0.03 0.02 0.10 0.05 0.04
DDC 0 0 0 0 0 0

ZDV 0.01 0 0 0.01 0 0 0.14 0.07 0.05 011 0.05 0.04

Values in bold = hazard potential (HQ > 1); empty cells = no data available.
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5.3.2.3 Risk characterisation

None of the ARVDs had HQ values > 1 (Table 5-14), according to the assessment of drinking
water, surface water, effluent, and influent for all three sub-populations. This suggests that for
all sub-populations across the various water sources, the possible non-carcinogenic hazards
linked to these ARVDs are below the threshold of concern. The highest observed HQ values
were documented for LPV in surface water towards children (0.34), and NVP in effluent water

also towards children (0.22).
5.3.3 Mixtures

The HI(x) values for ARVD mixtures varied widely across water sources and sub-populations
(Figure 5-2). Under HA1, all sources exceeded HI(x) > 1, signifying cumulative exposures far
surpassed safety thresholds and pose non-carcinogenic concerns for exposed populations.
The highest HI values were observed in influent (Hlaguts= 8707, Hlpegnant = 6644, and
Hlchigren = 850) and effluent samples (Hlaguts = 4401, Hlpregnant = 3359, and Hlchigren = 426,

respectively), indicating significant hazard exceedance well above the threshold.

Surface water had more moderate HI values compared with wastewater, particularly for
children (Hlchigren = 176), while drinking water presented the lowest but still concerning HI
values (Hlaquts = 104). Children consistently displayed lower absolute HI values (HA1) when
compared with adults, yet remain highly vulnerable due to their lower body weight and higher
relative water intake. Under HA2, all HI(x) < 1 (Figure 5-2). No significant differences in Hl(x)

values across water sources were found (H = 3.04, p = 0.23).
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Table 5-14: Hazard quotients of drinking water (4w), surface water (sw), influent (inf) and effluent (.#) for different sub-populations.

Hst HQeff HQinf
ARVD Child Adults Pregnant Child Adults Pregnant Child Adults Pregnant Child Adults Pregnant
ABC O 0 0 0 0.001  0.001 0 0 0 0.02 0.008 0.008
ATV 0 0 0 0 0 0 0.001 0.001 0.001
ddl 0 0 0 0 0 0
DRV 0 0 0 0.002 0.001 0.001
EFV 0 0 0 0.01 0 0 0.03 0.01 0.01 0.04 0.02 0.02
FTC 0 0 0 0 0 0 0 0 0
IDV 0 0 0 0
3TC 0 0 0 0 0 0 0.003 0.002 0
LPV 041 0.1 0.1 0.34 0.13 0.13 0.21 0.08 0.08 0.21 0.05 0.05
MVC 0 0 0 0 0 0 0.003 0 0
NFV 0 0 0 0 0 0 0 0 0
NVP 0 0 0 0.06 0.04 0.04 0.22 0.17 0.17 0 0 0
RAL 0.3 0.04 0.2
RTV 0 0 0 0.01 0.01 0.01 0 0 0 0.004 0.004 0.004
d4T 0 0 0 0 0 0 0 0
SQvV 0 0 0
TDF 0 0 0 0 0 0 0.001 0 0
DDC 0 0.0 0.01 0 0
ZDvV 0 0 0 0 0 0 0 0 0 0.001 0.001 0.001

Values in bold = hazard concern (HQ > 1) ; empty cells = no data available.
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Figure 5-2: Hazard index (HI) values of antiretroviral drug mixtures for separate
population groups in various water sources. Filled circles represent HI values
calculated from hazard assessment 2; empty circles represent values from hazard

assessment 1.

5.3.4 Reliability function

The reliability function (§Rrotal) indicated variable probabilities of non-carcinogenic hazard
exceedance (HQ > 1) across water sources (Table 5-15). In surface water, ARVDs such as
LPV (88%), RTV (81%), EFV, FTC, ABC, NVP, and ZDV exhibited high exceedance rates
(41-75%). In drinking water, the only noteworthy exceedances were for EFV (n = 3; 100%
reliability), DDC (n = 1; 100% reliability) and ZDV (n = 3; 43% reliability), suggesting potential

hazard through even after presumed treatment.

Wastewater revealed the highest probability of exceedance for several ARVDs ({Rrotal > 70%)
in water sources. Effluent samples showed great exceedance for EFV (35 occurrences,
100%), LVP (12 occurrences, 92%), and NVP (22 occurrences, 71%). Similarly, ABC and FTC
demonstrated high reliability percentages (100% and 90%, respectively), despite fewer
occurrences (n < 9). In influent, EFV (92%) and LPV (100%) again dominated, while FTC,
ZDV, 3TC, and ABC also showed high reliability (= 89%) despite fewer exceedances.
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Table 5-15: Reliability function of the non-carcinogenic hazard potential (§Rrota) for

ARVDs in various water sources.

Surface water  Drinking water Effluent Influent

ARVD HQ>1 &Rrota HQ>1 ¢&Rrota HQ>1 &ERrota HQ>1  ERrotal
(%) (%) (%) (%)

ABC 6 75 0 0 8 100 10 91
ATV 4 67 2 50
ddl 0 0 1 25
DRV 2 50 3 75
EFV 23 58 3 100 35 100 34 92
FTC 7 58 9 90 8 100
IDV 0 0 0
3TC 4 29 4 50 8 89
LVP 22 88 1 50 12 92 10 100
MRV 0 0 0
NFV 0 0 0 0
NVP 27 41 1 13 22 71 14 61
RAL 2 67 3 75
RTV 22 81 7 70 6 75
SQvV 0 0
d4T 3 60
TDF 2 33 1 10 3 60
DCC O 0 1 100
ZDV 20 56 3 43 7 70 5 100

Bold values = 100% reliability; Empty cells = no data available.

5.4 Discussion
5.4.1 Hazard assessment (HA1)

The HQ results provided insights into the worst-case scenarios where the possibility of harm
is greatest. The 99" percentile HQ values can aid regulators to protect not only the average
individual but also those who are exposed to higher-than-average levels of concern. Those
ARVDs with HQ values far greater than acceptable thresholds (HQ > 1), should be targeted
for mitigation strategies and additional risk assessments to reduce exposure despite the

majority of the population being within safer limits (HQ < 1).

The hierarchy of exposure severity followed the expected pattern: HQinr > HQerf > HQsw
> HQuqw, reflecting decreasing pharmaceutical load with increased water treatment. It is,
however, disquieting that EFV, LPV, RTV, and DDC had median HQqw > 1 for adults in such

meticulously treated water.
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Efavirenz and LPV were identified to be hazardous in drinking water for pregnant females
(median HQqw) and hazardous in extreme cases for children (99" percentile HQqw up to 5;
Table 5-9).

The HQ analysis revealed considerable potential hazards, particularly for adults and pregnant
women, with some concern for children. Abacavir consistently emerged as the ARVD with the
highest toxicity potential, showing elevated HQ values across all sub-populations, specifically
in adults and pregnant females. Efavirenz and LPV also demonstrated significant hazard
potential, in drinking water and wastewater, suggesting concern at higher exposure

concentrations.

Compounds such as TDF, NVP, and FTC showed high variability within some sub-
populations, particularly adults and pregnant women, facing apparent hazard, especially at
the upper exposure concentrations. In contrast, MRV, IDV, and certain other ARVDs, including
ZDV and d4T, posed lower hazards across all groups, with children consistently showing the
lowest HQs. Nevertheless, the analysis highlights the need for observation, as even lower
HQs in children do not entirely disregard potential adverse effects, specifically in cases of

overexposure.

Similar to this assessment, Ramirez-Morales etal. (2020) evaluated different
pharmaceuticals’ hazard potential across different water matrices in Costa Rica, documenting
elevated HQs in both influent and treated effluent. The authors identified the five most
hazardous compounds with median HQs ranging from 86 for fluoxetine to 600 for risperidone
(psychiatric drugs). Such high HQ values in wastewater were also documented in the present
study. The results emphasise the concern that raw sewage spills into surface water can
introduce ARVD concentrations high enough to pose significant non-carcinogenic hazards,
more than ever when untreated influent carries compounds with known high HQs such as
ABC, FTC, and EFV.

Threshold values often indicated inflexion points or tipping points where risk levels transitioned
from safe (HQ < 1) to unsafe (HQ > 1). In some cases, HQ values approached the threshold
value. These inflexion points suggest that even small increases in ARVD concentrations in
certain water sources could disproportionately increase hazard. For example, a slight increase
in d4T (median HQsw = 0.9) (Table 5-8), could rapidly escalate the hazard potential from
negligible to critical for pregnant women, illustrating the non-linear nature of threshold

exceedance.
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This analysis supports the idea that certain ARVDs, such as LPV and NVP, are more
hazardous than others (such as RTV or ZDV) in surface water and that the toxic potential is
not uniform across all ARVDs or population groups. This justifies prioritising specific
compounds for environmental risk management and further research. Overall, ARVDs such
as ABC, EFV, and TDF demand close attention due to their higher HQs, which could pose
measurable health hazard concern to adults and pregnant women, with variable extents of

toxic threat to children.
5.4.2 Hazard assessment (HA2)
5.4.3 Bioconcentration factor

The log BCF values suggest varying degrees of bioaccumulation potential, with some ARVDs
showing significant propensity to accumulate in aquatic organisms. Although logKow-derived
BCFs were used, they are less accurate than measured bioaccumulation values but are used
given the lack of experimental data (Salvito et al., 2020). The BCF further quantifies the
potential of ARVDs to accumulate in tissue, particularly in fish, from the surrounding water.
The high BCF values of LPV, NVP, and RTV reflect how much of these drugs are potentially

absorbed and retained in the fish exposed relative to its concentration in water.

A study by Robson et al. (2017) on Oreochromis mossambicus exposed to EFV in SA focuses
on the toxic effects of this ARVD on fish health, with significant liver damage and general
health decline observed at environmentally relevant concentrations. The BCF for EFV
determined in the current study (313 L/kg) supports the observed adverse health effects
documented by Robson et al. (2017), as it indicates the potential for EFV to accumulate in fish
tissue. Given that fish such as O. mossambicus (Mozambique tilapia) are part of local diets
(Mashaphu et al., 2025), the presence of bioaccumulated ARVDs in edible tilapia tissues
raises concerns for human health, especially regarding chronic exposure to pharmacologically

active substances through fish consumption.
5.4.4 Acceptable daily intake

Drugs assessed to have a high ADI value, such as RAL, EFV, RTV, and LVP (Table 5-12),
suggest that they have a wide safety margin. Whereas drugs such as IDV, SQV, and DDC
with very low ADI values suggest that they have a much narrower safety margin and potential

for harm at low exposure concentrations (Ellis et al., 2013).
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Sub-populations are therefore suspected to have higher toxicity or sensitivity towards these
drugs. Indinavir and SQV require a high TD to achieve their specific therapeutic effect. Higher
therapeutic dosing may theoretically lead to greater environmental release and human

exposure through water bodies.

In comparison, d4T and DDC have a much lower TD yet low ADI values, implying either
greater potency or a narrower margin between their therapeutic and toxic doses (Tamargo et
al., 2015). The consumption of IDV, DDC, and SQV by children is concerning due to a lack of
TD information and potential health hazards that could not be determined in the current study.
Zalcitabine in adults and pregnant women require more cautious consumption given the low
ADI values. Regarding pregnant women, the daily consumption of low amounts of d4T is also

concerning, even though d4T is not currently prescribed in present ARVD treatment regimes.

Using the minimum TD integrates both toxicological and therapeutic perspectives. Since
traditional POD values such as NOAEL or LOAEL derive from human or animal toxicity
studies, they might not always accurately reflect the dose levels relevant to clinical use. The
minimum TD, by contrast, is grounded in human clinical knowledge and provides a direct

linkage between safety and therapeutic efficacy (Schwab et al., 2005; Suh et al., 2016).

This approach can be particularly useful for ARVDs, where the therapeutic window is narrow
and the balance between efficacy and safety is critical (EMA, 2024; FDA, 2005; Soldin et al.,
2003). In general, the most sensitive TD was usually identified as the POD for the ADI
calculations, similar to that by Webb et al. (2003). The comprehensive set of toxicology data
from human clinical trials developed to support marketing as a human medicine allows
substantial certainty in determining the POD for the ADI calculations. Furthermore, by
incorporating uncertainty factors, the minimum TD can be adjusted to derive an ADI value that

provides a conservative estimate of safe daily exposure.

This approach maintains a safety margin while leveraging clinically relevant data. Scientific
literature supports the use of TDs in risk assessments under specific circumstances
(Cunningham et al., 2009; EPHC/NRMMC/AHMC, 2008; Schwab et al., 2005; Webb et al.,
2003). Some studies have used the minimum TD as POD to calculate ADI value. For example,
Schwab et al. (2005) used a minimum TD of acetaminophen (650 mg/d) as POD to calculate
the ADI value for children and adults’ sub-populations. This is particularly relevant for ARVDs,
where TDs are well-established, and their safety profiles are extensively documented. This
approach aligns with established practices in risk assessment and is supported by regulatory
and scientific precedents (Bull et al., 2011; Schwab et al., 2005).
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There exists a distinct positive correlation between the ADI and the total amount of active
pharmaceutical ingredient (API) that ultimately enters the environment (Cunningham et al.,
2009). When the ADI is derived from the TD, a more potent or efficacious drug, which

necessitates a smaller production volume, will have a lower environmental outcome.

Conversely, drugs that require higher TDs vyield greater production volumes, thereby
increasing the amount of API ultimately released into the natural environment (Daughton and
Runoy, 2009). Therefore, the total environmental release of an ARVD API is genuinely

inversely related to its potency.

However, certain characteristics of APIs might necessitate a more comprehensive risk
assessment for potential human health impacts. For example, APIs in ARVDs that exhibit
long-term persistence in the environment such as d4T, those that may impact non-target
cardiovascular systems such as LPV/RTV, those with potential endocrine-disrupting effects
such as EFV, ATV or RAL, or those that demonstrate a significant propensity for causing drug-
drug interactions in vulnerable populations such as LPV/RTV, EFV and ATV, should be

subjected to more thorough evaluation.
5.4.5 Chronic daily intake

The CDI analysis revealed continuous oral exposure to ARVDs across various sub-
populations and water sources under defined long-term exposure scenarios, with children
facing the highest intake, mainly for LPV, EFV, and RTV in drinking water. Surface water was
suggested to be a profound source of LPV, NVP, RTV, and EFV, especially among children.
Wastewater, representing a worst-case scenario, showed that LPV, NVP, RTV, and EFV had
substantial exposure concerns similar to surface water. Abacavir exposure was notable only

for children in influent water.

As a whole, surface water represents the most concerning source, followed by wastewater
with drinking water still posing a significant intrinsic toxicity due to certain ARVDs. This
assessment employed maximum concentrations to reflect the upper-bound scenarios; while

conservative, these values might not reflect typical exposure levels.
5.4.6 Risk characterisation (HA2)

While there are variations in HQ values across ARVDs and water sources, none exceeded
one, suggesting that the threat of non-carcinogenic effects is minimal under the current
exposure scenarios. This aligns with the observed low environmental concentrations for most

ARVDs (Abafe et al., 2018). Their pharmacological specificity might not have the same
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profound effects on the broader physiological systems that other classes of pharmaceuticals
do (Schoen et al., 2013). This selectivity, especially at low environmental concentrations, may

reduce the toxic potential of unintentional effects during exposure.

For the most part, children displayed higher HQs than adults and pregnant women, attributable
to greater water intake relative to body weight and physiological vulnerability (Duarte et al.,
2022; Kumar and Xagoraraki, 2010). The current study, as well as that of Duarte et al. (2022)
affirm that age-based differences in the intake rates and body mass are vital in driving
exposure assessments. This underlines the importance of including sensitive sub-populations

in hazard assessments and stresses age-related vulnerability in hazard modelling.

The TD of an ARVD is closely related to safe exposure levels. Moreover, ARVDs with higher
TDs, such as LPV, EFV, and NVP, were associated with slightly higher HQs, strengthening
the relationship between drug potency, production volume, and environmental presence
(Daughton and Runoy, 2009). This supports the concept that ARVDs requiring larger doses
are inclined to result in greater environmental release, increasing the potential for chronic

human exposure.

The bioconcentration in fish tissue is often not a significant route of exposure for human
consumption (Cummingham et al., 2009). Non-ionic ARVDs, tend to be less reactive and more
stable in environmental systems compared with ionic compounds. Non-ionic ARVDs are
potentially less likely to be absorbed by humans via passive diffusion across membranes,
which could result in lower toxic potentials estimated in such HQ models. Similar findings were
observed by Duarte et al. (2022) in the Vecht River, Germany, for pharmaceuticals. The
authors reported that under current exposure scenarios, chronic health concerns to humans

are low under average environmental conditions.

Duarte et al. (2022) found HQs ranging from 107° to 2.5. These HQs match the observed HQs
of ARVDs, such as EFV, LPV, and NVP (HQ < 0.3). The absence of data for several ARVDs
(RAL, DRV, DDC) in specific water sources or sub-populations exposes key gaps in current
environmental monitoring and toxicological datasets. Addressing these data gaps will be vital
for improving hazard assessments and developing a more comprehensive understanding of
long-term toxic potential associated with ARVD exposure through water sources in South
Africa.
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5.4.7 Comparison between approaches

This comparative HAs enhanced the scientific depth of the current study by capturing both
worst-case (acute or high-end) exposure scenarios and more realistic, chronic exposure
trends. The different methods and assumptions of these approaches shaped contrasting

hazard conclusions (see Annexures |, Table 7-13).

While the CDI/ADI approach (HA2) is generally regarded as more conservative for chronic,
population-level protection in regulatory contexts (FDA, 1999), the ADD/RfD approach (HA1)
in the present study yielded higher HQs due to its reliance on 99" percentile exposure
estimates and potentially more rigorous RfDs. This exemplifies how practical conservatism
can depend on input assumptions, emphasising the importance of contextualising hazard and
risk outcomes based on both method design (theory-based) and practical exposure data (real-

world results).

The HA1 was found to be more conservative in the current study design because it used safety
thresholds derived from NOAEL or LOAEL values, which are based on detailed toxicological
studies. Standardised UFs were applied to account for variability between individuals, adding
an extra layer of precaution. The outcome is a very cautious hazard estimate designed to
avoid any adverse effects, even in vulnerable populations. This approach identified ARVDs
such as ABC, EFV, LPV, and TDF with HQ values well above one, particularly for adults and
pregnant women, indicating health concerns. Median HQs were rather substantial, but
extreme values (e.g., ABC's 99" percentile HQ of 968) were stressed for regulatory purposes

and urgent mitigation strategies.

The HA2 was found to be less conservative (in practice) because it incorporated clinically
relevant thresholds like the ADI. When comparing the ADI (Table 5-12) and the RfD (Table
5-3) values used in the present study, it was found that RfDs were consistently lower than
ADIs for the majority of ARVDs. Consequently, the RfD-based HQ approach (HA1) produced
higher HQ values, making it more protective in identifying potential hazard exceedance.
Although ADls are largely derived with protective safety margins, the RfDs used in this specific
assessment were numerically ‘stricter’. Highlighting once again the importance of evaluating
reference value selection based on empirical data rather than theoretical assumptions alone,

yet it is important to note that this finding was data-specific to the present study.
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The HA2 approach concluded no significant health hazard across sub-populations and water
sources under standard exposure conditions. This is based on the observation that even the
highest HQ values remained below the threshold of concern. The assessment focused on
overall trends and broader toxicological considerations, including the selective action of
ARVDs on viral enzymes and their environmental persistence, which could limit both

bioavailability and inherent toxicity.

This approach focused on chronic hazard evaluation by interpreting HQ values as indicative
of long-term safety under ‘typical’ exposure conditions (Bull et al., 2011; Schwab et al., 2005).
Furthermore, HA2 mitigated concerns over short-term exposure spikes by demonstrating that

HQ values across all ARVDs and sub-populations remained well below one.

Cross-validation of the HAs revealed unexpected differences. It was expected that both
methods would agree (negligible HQs for most ARVDs) which would have added confidence
in safety conclusions. Yet, they diverged (HQ > 1in HA1 vs. HQ < 1 in HA2). This divergence
denoted that critical locations or sub-populations require additional assessment. Together,
these approaches did offer some complementary insights. The HA1 captured the potential for
episodic hazard exceedance and vulnerability between different populations in extreme cases
that should not be overlooked, while HA2 supported broader regulatory assurance where

hazard is minimal based on average exposure under most conditions.

Nevertheless, the dual approach would benefit from greater integration. For example, a tiered
decision-making framework could guide when suspected hazard warrants the escalation from
HA2 to HA1. The absence of full uncertainty analysis (probabilistic modelling) and data gaps
for several ARVDs point to areas for methodological improvement. Despite these limitations,
the dual HA assessment supports the practice of balancing conservativeness with contextual
realism. It also supports aligning human health protection objectives with the intricacies of

environmental pharmaceutical contamination in a changing South African context.
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5.4.8 Hazard index (ARVD mixtures)

The HI results gave a rudimentary insight into whether exposure groups are safe from the
cumulative effects of being exposed to all the ARVDs simultaneously in a specific water
source, even if each ARVD alone (HQs) did not indicate hazardous consequences. The Hl
values for ARVD mixtures in wastewater were extraordinarily high and consistent with some
international reports. Ramirez-Morales et al. (2020) reported high > HQ values in Costa Rican
urban wastewater for pharmaceutical mixtures (3YHQ = 1.0x10%), demonstrating a similar
magnitude of cumulative hazard. Compared with the Chinese meta-analysis reporting total
target HQ (~0.002) for antibiotics in river water, the ARVD HI results were 5-6 orders of
magnitude higher, highlighting that ARVD mixtures in South African surface water pose a

serious non-carcinogenic hazard compared to the study by Li et al. (2024).

According to a WRC report in South Africa, cumulative HIs for ARVDs generally ranged in the
same of order of magnitude as the current study with HI values up to 230 in the Hennops River
(Vogt et al., 2020). While some magnitudes differ, both studies support concern for non-
carcinogenic hazards, especially in surface water. The results are consistent with other global
assessments where >HQ exceeded 1 in untreated effluents (Kaur et al., 2020; Ramirez-
Morales et al., 2020).

These discrepancies underscore that, while low-level pharmaceutical contamination in rivers
may present minimal risk, the concentrated ARVD mixtures in wastewater constitute a far
more pressing local concern. This high HI values in the current study may stem from higher
ARVD concentrations in South Africa compared to other countries and/or additive effects of
multiple compounds. The observed threshold exceedance reinforces concerns about
inefficient ARVD removal during wastewater treatment, as well as the contribution of raw
sewage discharges and infrastructure failure, which remains a prominent challenge in many

parts of the country.

Worldwide, regulatory frameworks for pharmaceuticals in water are still evolving. This
regulatory gap is not unique as most countries, including South Africa, do not have enforceable
limits for individual pharmaceuticals such as ARVDs nor their mixtures in water (Adeola and
Forbes, 2022). The results of the current study are therefore essential in highlighting the risks
of cumulative environmental exposure associated with ARVD contamination, especially given
the high HIV/AIDS prevalence and considerable ARVD usage in ART, which will continue to
lead to their eventual release (in assortments) into the environment through excretion and

improper disposal.
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As an interim measure, a HA may be performed for those drugs in the mixture for which
sufficient exposure and health effects data are accessible. The data of the current study
emphasise the necessity for local environmental management schemes to alleviate ARVD
contamination, particularly in susceptible regions with poor sanitation infrastructure or high

dependency on potentially contaminated surface water.

An important limitation is that the HI assumes additive effects but does not account for
synergistic or antagonistic interactions between ARVDs with different mechanisms of action.
This simplification limits interpretation for long-term human health. Real-world mixtures may
display pairwise interaction effects, and additive HI may miscalculate combined toxicity unless

interaction-modified HI methods are applied, such as in the study by Duarte et al. (2022).

The current study also contributes to the growing body of evidence about the collective
toxicological effects of ARVDs in the environment and provides some insight into the
cumulative non-carcinogenic hazards of mixtures. Yet, further monitoring data are required to
adequately characterise the mixture’s exposure and potential hazards (Adeola and Forbes,
2022; Vogt et al, 2020). The results have implications for public health policy and
environmental risk assessment frameworks, by suggesting a requirement for updated
guidelines that account for cumulative mixture effects of ARVDs and a general need to
address water safety in South Africa, mainly for sub-populations such as children and pregnant

women who face greater vulnerabilities.
5.4.9 Reliability function

Analysing the reliability function for non-carcinogenic risks linked to ARVDs across various
water sources reveals important insights into the effects of ARVD contamination on the
environmental and public health. While no Monte Carlo simulation was performed, the
reliability function in the current study echoes a frequency-based exceedance probability,
estimated from observed HQ values across exposure scenarios. This provides an informative
summary of the proportion of scenarios where the ARVDs present potential non-carcinogenic

concern, even though it does not account for parameter uncertainty in a probabilistic sense.

The consistency of exceedance for EFV, DDC, LPV, and ZDV even in drinking water suggests
inadequate treatment, or infrastructure failures, highlighting a critical gap in water safety for
human consumption. The detection of ARVDs with high reliability percentages in water
sources further supports the assertion that preferential flow pathways and untreated
contaminant channels can transport hazardous compound mixtures beyond expected
exposure points (Henri et al., 2015).
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As the drugs may bypass proper treatment or filtration through these preferential or untreated
pathways, reaching populations in unexpected concentrations. Consequently, analysing
wastewater probabilities provides a worst-case scenario, offering insight into the maximum

environmental loads of ARVDs and their potential to infiltrate vulnerable water systems.

The consistency of exceedance (up to 88%) of these compounds (e.g. EFV, FTC, RTV, LVP,
ABC, NVP, and ZDV) in surface water, which is often used for informal domestic use, further
stress the need for monitoring frameworks that assess ARVD chronic toxicity and source-
control measures. The long-term exposure of aquatic ecosystems to these ARVDs, as well as
the possibility of human exposure through indirect ingestion pathways from contaminated

water supplies, are concerns raised by these exceedances.

The study focuses on deterministic rather than a full probabilistic investigation approach.
Although the reliability function added value to the research, it does not account for uncertainty
in input parameters (e.g., exposure variability or toxicity thresholds), which would be better
addressed by Bayesian models or Monte Carlo simulations (Henri et al., 2025; Kaur et al.,
2020; Liu et al., 2020).

5.5 Conclusions

The study conducted a comprehensive HHHA of selected ARVDs quantified in South African
water sources, encompassing surface water, wastewater, and drinking water. The primary
objectives were to evaluate potential health hazards by assessing both acute and chronic
exposure pathways, with ingestion as the primary route of exposure. It provided a population-
based HA which allowed for nuanced insights into vulnerable sub-populations, an aspect often
neglected in South African studies. Interestingly, the two HA approaches yielded substantially
different HQs, prompting further investigation into how methodological differences can
significantly affect risk characterisation outcomes of ARVDs. This comparative analysis
highlighted the importance of using multiple HA tools, particularly when dealing with emerging
contaminants for which regulatory toxicological data may be limited or lacking (Bull, 2011;
Schwab et al., 2005).

Continuous environmental exposure to ARVDs, particularly ABC, EFV, and LPV, poses
significant health hazards (HQs > 1), especially among vulnerable population such as adults
and pregnant women, who showed great susceptibility to these compounds in surface and
effluent water. The prolonged exposure could be more hazardous to these sensitive sub-

populations. The comparative HA demonstrated how differing methodologies can produce
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contrasting outcomes based on exposure assumptions and reference values. The first HA was
more responsive to acute, worst-case scenarios, identifying potential toxicity for particular
ARVDs and sub-populations, while the second HA exhibited chronic exposure safety
associated with regulatory thresholds. The findings underscore the value of a dual-
assessment strategy and the need to select reference values based on both empirical data

and contextual exposure patterns.

The study acknowledged uncertainties, particularly due to data limitations, which could affect
the accuracy of predictions. The HI results demonstrated hazards associated with cumulative
ARVD exposure across all water sources, with Hl values in wastewater samples well above
safe thresholds. Contributing factors may include raw sewage discharge, and infrastructure
failure challenges faced by South Africa. While children revealed lower HI values than adults
and pregnant females, their greater physiological susceptibility remains alarming. Surface and
drinking water also exceeded HI > 1, suggesting health hazards even post-treatment. The
reliability analysis confirmed a high probability of harm (> 70% for EFV, LVP, ABC, and ZDV).
Repeated exceedances in treated drinking water also suggest a plausible exposure route that

requires further risk-based evaluations.

The study exposed critical data gaps such as insufficient toxicological profiles, incomplete
environmental monitoring, and limited understanding of ARVD mixture effects. These gaps
can be addressed through targeted research, robust surveillance systems, and improved
coordination between scientists and regulators. Ultimately, this research contributes to the
field of environmental health by demonstrating the practical and scientific value of comparative
hazard approaches. It calls for a proactive, evidence-based strategy to manage ARVD
contamination through eco-pharmacovigilance, improved treatment technologies, systematic
monitoring programs, updated water quality guidelines, and inclusive public health
interventions. In doing so, South Africa can better protect human and ecological health without

compromising its commitment to life-saving HIV/AIDS treatment programs.
5.6 Recommendations

The study opted to assess health hazards from single ARVD exposure in various water
sources. Currently, ARVDs are not explicitly included in the regulatory framework of South
Africa's National Water Act (NWA) or Water Services Act (WSA). Yet, the findings of the
current study support that ARVDs are emerging contaminants of concern. Given the current

and foreseen significant ARVD treatment program, the consecutive presence of these drugs
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in the water, context-specific exposure scenarios, and the inefficiency of traditional wastewater

treatment plants to remove these drugs, regulatory action is required.

It is recommended that regulatory systems specific to ARVDs and other
pharmaceutical pollutants are established within South Africa's water quality
management strategies.

The regulatory framework should include plans for actions towards strategic intent of
removing or addressing ARVD pollution in South African waters, especially towards
vulnerable sub-populations such as children and pregnant women.

Follow-up studies on acute exposure risks and scenarios (e.g., from accidental
ingestion) are recommended (risk assessments). South Africa could benefit from
preparation strategies to combat acute risks of pharmaceutical spills.

Future studies should use empirical or model-based BCF data where available, as
variability could alter risk estimations considerably. Dietary exposure, e.g., via fish
consumption, also warrants investigation.

Frequently detected and high probability ARVDs such as EFV require targeted risk
management strategies.

Advanced treatment technologies, such as reverse osmosis, advanced oxidation
processes (AOPs), or granular activated carbon (GAC) should be considered as
wastewater facilities to improve ARVD removal (Kang et al., 2024).

It is recommended that a tiered decision-support tool be developed. For example, use
the CDI/ADI-based approach (HA2) for screening, when thresholds near or exceed 1
escalate to ADD/RfD-based approach (HA1). Such support tools can be used when
dealing with vulnerable populations or hotspot contamination sites.

High-risk areas dependent on untreated surface water should be prioritised for pilot
interventions using site-specific interventions such as constructed wetlands,
biofiltrations systems, ion exchange, or biochar sorption technologies for example
(Fakioglu et al., 2024), to mitigate these drugs.

South African treatment facilities could adopt similar approaches tailored to local
conditions.

National water quality guidelines should be updated to incorporate cumulative risk
assessments in the future. The outdated South African water framework guidance on
mixture risk should also be replaced with a more comprehensive approach.

Future cumulative risk assessments may help to identify ARVDs that greatly contribute
to mixture risks as candidates for pollutant prioritisation, even if they do not exceed

acceptable levels.
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South Africa could consider adapting elements of the European Water Framework
Directive (Directive 2000/60/EC and 2008/105/EC for example) to support chemical
mixture provisions, by prioritising high-risk zones identified in the current study.

New pollutant prioritisation schemes should be applied to target drugs and sites that
make substantial contributions to cumulative hazard.

Improved and stronger feedback between monitoring data for pharmaceuticals and

regulatory bodies is needed to close data gaps.
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Abstract

Antiretroviral drugs (ARVDs), widely used in the treatment of HIV/AIDS (human
immunodeficiency virus/ acquired immunodeficiency syndrome), are increasingly detected in
aquatic environments, raising concerns about their potential human and ecological health
risks. The current study developed and applied a multi-criteria decision analysis (MCDA)
model to prioritise 19 clinically relevant ARVDs commonly used in South Africa, based on
environmental occurrence, toxicity, and exposure data. Six weighted and normalised
indicators were integrated to compute a final priority score (FPS) for each compound: hazard
quotient score, hazard index, drinking water contribution, ecological risk score, priority index,
and reliability function. Among the evaluated ARVDs, abacavir (ABC), lopinavir (LPV),
emtricitabine (FTC), efavirenz (EFV), and nevirapine (NVP) emerged as highest-priority, with
ABC demonstrating the greatest overall hazard potential across both human health and
ecological risk metrics. The results emphasise the urgent need for targeted environmental
monitoring and regulatory attention to specific ARVDs, especially in regions with high
pharmaceutical usage and limited water quality management. This integrative model supports
evidence-based prioritisation in water quality management, advancing both eco-
pharmacovigilance efforts and public health protection strategies in regions burdened by high
pharmaceutical use, not just South Africa, but elsewhere as well. The model is adaptable, can
include many more compounds and may serve as a decision-support tool for policymakers

and environmental authorities globally.

Keywords: antiretroviral drugs; water contamination; human health hazard; ecotoxicological

risk.
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6.1 Introduction

Despite their critical role in managing HIV/AIDS (human immunodeficiency virus/ acquired
immunodeficiency syndrome), antiretroviral drugs (ARVDs) are increasingly recognised as
emerging contaminants in water systems. Designed to be pharmacologically potent and
persistent (Ramana et al., 2014), many ARVDs evade complete removal during conventional
wastewater treatment (Adeola and Forbes, 2022), resulting in their accumulation in surface
and drinking water systems. However, despite this growing environmental presence, ARVDs
remain largely unregulated and understudied in terms of risk prioritisation and are not currently
classified as priority substances under most international water quality frameworks (Bub et al.,
2025; Viana et al., 2021).

This regulatory gap is specifically concerning in high-burden regions such as South Africa,
where large-scale antiretroviral therapy (ART) programmes have contributed to the
widespread environmental dissemination of ARVDs. Studies have confirmed the presence of
these compounds in South African surface and drinking water (Abafe et al., 2018; Horn et al.,
2022; Vogt et al., 2020), raising concerns about their potential ecotoxicological affects and
chronic exposure risks to vulnerable human populations (Abers et al., 2014; Mangesi and
Mngeni, 2024; Ncube et al., 2018; Verhelst et al., 2002).

Existing environmental risk assessments for pharmaceuticals often focus either on ecological
or human health effects in isolation (Al Aukidy et al., 2012; Guleria, and Chakma, 2021),
limiting their capacity to holistically identify substances of highest concern. To address this
limitation, the present study proposes an integrative multi-criteria decision analysis (MCDA)
framework that combines multiple exposure and hazard endpoints into a unified prioritisation
model. This approach enables the systematic ranking of ARVDs based on environmental
occurrence, ecotoxicity, human health hazard, and the recurrence of exposure across water

sources.

Integrated approaches are rarely published (Olson et al., 2017; Spiesman and Speight, 2014)
because of differences in risk evaluations (WHO, 2022) and data scarcity (Pruss-Ustun et al.,
2017). Accordingly, integrated frameworks for the assessment of the drinking water risk posed
by emerging contaminants are needed (Hartman et al., 2021). The primary objective of the
present study was to apply the adapted MCDA model to prioritise 19 commonly used ARVDs
in South Africa, identifying those posing the greatest combined risk to human and

environmental health.
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The model was informed by and expanded upon existing methodologies (Hartmann et al.,
2021; Kumar and Xagoraraki, 2010; Sang et al., 2022; Woods et al., 2016), with specific
modifications to address the South African context and data availability. The resulting
prioritisation serves to guide future environmental monitoring, regulatory efforts, and eco-

pharmacovigilance strategies in water-stressed and pharmaceutically impacted regions.
6.1.1 Methods

The present study was approved by the NWU Ethics Committee (NWU-00002-23-A1) and
employed a MCDA model to prioritise ARVDs according to a priority control list based on their
combined ecological and hazard potential. The approach integrates multiple hazard and
exposure metrics into a final prioritisation score (FPS) to support evidence-based decision-

making (Clahsen et al., 2020) in water quality management.
6.1.2 Data collection

Environmental occurrence data for ARVDs were obtained from published literature and
validated analytical studies conducted between 2015 and 2023 in South Africa (Annexures A—
Annexures D). Toxicological endpoints and health-based reference doses were compiled from
peer-reviewed databases and regulatory documents. All relevant risk and index metrics used
in this MCDA were derived from data and calculations presented in previous chapters (see
Chapters 4-5). These values were integrated into the MCDA model as pre-calculated inputs

representing compound-specific human hazard and ecological risk indicators.
6.1.3 Ecological risk scoring (ECS) and prioritisation index (Pindex)

Consistent with previous ecological risk assessments (Roveri et al., 2022), the current study
calculated the risk quotient (RQ) for algae, daphnids, and fish. For balanced ecological
representation across trophic levels, average RQs were used. This treats all trophic levels
equally and reflects overall risk without biasing the score toward one trophic level. Higher ECS
values suggest greater potential toxicological risk to multiple aquatic species (algae,
crustaceans, and fish). High ECS can also reflect continuously elevated RQ values across

trophic levels, rather than a single outlier based on average values.

RQalgae + Rchust + Rinsh 6-1
3

ECS(4) =

Where:
ECS(i) = final ecological risk score for compound (i), representing its average impact on
aquatic organisms;
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RQuaigae = risk quotient calculated for algae;
RQcnust = risk quotient calculated for crustaceans;

RQrish = risk quotient calculated for fish.

To strengthen the model, the priority index (Pindex) based on the frequency of RQ exceedance
was included (Desbiolles et al., 2018; Liu et al., 2020). This index captures how often an ARVD
exceeds the ecological risk threshold (RQ > 1) (Grung et al., 2008) across multiple sites and

sampling events.
6.1.4 Reliability scoring and inversion for priority ranking

The reliability function (ER) was incorporated into the overall scoring model to reflect the
probability and persistence of risk across water sources (Guleria and Chakma, 2021). Higher
¢R values indicate greater potential for concern due to frequent exceedance of safety
thresholds (HQ > 1) (Table 6-1), as supported in mixture toxicity literature (Henri et al., 2015;
Li et al., 2024). A compound-specific average exceedance probability ({Rwtaii)) was calculated
across the four exposure pathways according to Eq. 6-2:

fst + fRdw + fReff + fRinf 6-2
$Riotary = 7

Where:

&Ruotal() = total reliability function for compound (i);
&Rsw = reliability of surface water;

&Rqw = reliability of drinking water;

¢Rerr = reliability of effluent;

¢Rins = reliability of influent.

Table 6-1: The interpretation of reliability values and their implications for prioritisation.

ERotal(i) Interpretation Priority implication
>20.8 Frequent exceedance High priority
0.5 < &Riotai) < 0.8  Occasional exceedance Moderate priority
<0.5 Rare/no exceedance Low priority

¢Rtotal(;) = total reliability function for compound (;).

6.1.5 Hazard index score

According to USEPA (2005), cumulative non-cancer hazards should be represented as the

sum of hazard index (HI) across exposure pathways. In the current study, this principle was
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adapted by calculating the arithmetic mean of maximum HI values across different population
and source combinations for each compound. This yielded a simplified composite hazard
index score (Hlscore). Allowing integration of population-level exposure scenarios into a
prioritisation model. The Hlscore for each compound (i) was calculated using E.q.6-3, based on
the HI approach of Dixit et al. (2024).

L& 6-3
Hlscore(i) = mz max (Hli,x)

XEX

Where:

Hlscore(iy = mean hazard index for compound (i) across all sources (s);

max (HI; ) = maximum hazard index for compound (i) via water source (x);
n = is the total number of sources (x) included in the calculation;

X = is the set of water sources (surface, drinking, effluent, influent);

|X| = is the number of water sources in the set (here, 1X| = 4).

This method provides a composite indicator of chronic non-carcinogenic hazard potential,
taking into account differences in exposure and vulnerability among various population groups
and water sources. By averaging the maximum HI values across all relevant combinations,
this approach ensures that each pathway and sub-population is weighted equally, allowing for

clear comparison and prioritisation across compounds.
6.1.6 Drinking water contribution

To assess the relative importance of drinking water as an exposure route in the overall human
health hazard posed by each ARVD, a drinking water contribution (DWC) score was
calculated. This score quantifies the proportion of total hazard attributable specifically to
drinking water exposure (adapted from Sang et al., 2020) and was computed for each

compound (i) using Eq. 6-4. This formula assumes equal weighting of population groups.

@) -
ZQEG HQg, drinking 6-4

DWC(i) } ZxEX (ZxEX HQ;:)x)

Eq. 6-4 can be broken down into the following parts (Eq. 6-5 to 6-7):

® _ ® 6-5
HQg, drinking ~— Z HQg, drinking
geG
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. . 6-6
HQLE:))tal = z (Z HQ;IL)x>

geEG “\x€eX

QW 6-7

g,drinking
HQ ®

total

DWC(4) =

Where:

DWC = drinking water contribution for compound (i);
HQg)x = hazard quotient value for group (g) and water source (x) for compound (i);

G = is the set of population groups (adults, children, pregnant women);

X = is the set of water sources (surface, drinking, effluent, influent);

HQg,, = is the average hazard quotient for drinking water;

HQ:ota1 = is the total hazard quotient for compound (i) across all water sources and population

groups.
6.1.7 Hazard quotient (HQ) scoring

To capture the maximum potential health hazard posed by each ARVD under any exposure
scenario, the HQscore Was defined as the maximum HQ observed across all population groups
(9) and water sources (x). This approach reflects a worst-case or acute exposure scenario,
consistent with the precautionary principle (Carolan, 2007) and methods outlined by Sang et

al. (2022). The HQscore Was calculated as follows:

HQscore(i) = max {HQ‘;)X} 6-8
Where:
HQscoreiy = hazard quotient score for compound (i);

Max = maximum hazard quotient value from the set;
HQg)x = is the hazard quotient for compound (i), in population group (g), and exposure

routes (x).

By selecting the maximum HQ value among all population-exposure combinations, this metric
emphasises compounds with the highest observed hazard, regardless of how limited or
localised the scenario may be. This ensures that ARVDs posing acute or disproportionate
toxic potentials to specific vulnerable groups are not masked by averaged values. This worst-
case-driven approach is aligned with public health prioritisation frameworks (Sharma et al.,
2019), where substances may warrant further control or monitoring if even a single exposure

scenario presents a significant risk.
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As shown in Sang et al. (2022), incorporating maximum estimates into prioritisation models
strengthens their ability to identify compounds that might otherwise be underestimated under

mean-based assessments.
6.1.8 Data normalisation and weighting

To ensure comparability across variables with different units and scales, all quantitative
components contributing to the overall prioritisation score were normalised (Hartmann et al.,
2021) using min—max normalisation (Jahan and Edwards, 2015; Vafaei et al., 2016). This
standardisation technique scales values to a common range of 0 to 1, allowing for unbiased
integration of metrics such as hazard indices, reliability scores, and drinking water

contributions. The normalised value for each data point X was calculated using the Eq. 6-9:

X — Xmin 6-9

Normalised value =
Xmax - Xmin

Where X is the original, unscaled value of the variable; X,,;, and X,,,, are the minimum and
maximum observed values for that variable across all compounds. This transformation

rescales all variables to a uniform range.

To integrate multiple variables of health and environmental hazard into a final priority score,
each component was also assigned a weight factor (w,) reflecting its relative importance in
the context of the study's emphasis on human health relevance (Eq. 6-10). The weights were
determined based on judgment, literature precedent, and the conceptual significance of each
component in the prioritisation model (Hartmann et al., 2021; Kumar and Xagoraraki, 2010;
LeBreton and Tonidandel, 2008). The weights assigned to the six normalised components are
shown in Table 6-2. The component weights w,—w, were set to reflect the study’s emphasis

on both human health and environmental relevance.

wy+ wy +ws+ wy+ ws+ wg=1 6-10

Table 6-2: Weight factors assigned to each variable for a human health emphasis.

Component Weight
HQscore(norm) 0.3
Hl(norm) 0.2
DWC(norm) 0.2
ECS(norm) 0.15
Pld(norm) 0.1
ER(norm) 0.05
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The FPS for each ARVD was calculated as a weighted sum of six nhormalised components
(Eq. 6-11 to 6-12):

FPSyy = wy+ ECS(norm) + w, - Pld(norm) + w3 - §R + wy - HI(norm) + ws 6-11
- HQscore(norm) + wg - DWC (norm)

FPSy = 0.3 ECS(norm) + 0.1+ PId(norm) +0.05 - ¢R + 0.2+ HI(norm) + 0.3 - 6-12
HQscore(norm) + 0.2 - DWC(norm)
Where:
FPS(;y = final priority score for compound (i);
(norm) = each component is normalised between 0 and 1 for comparability;

wr, = weight assigned to each variable.

6.2 Results

The FPS for each ARVD is illustrated in Table 6-3. This weighted aggregation enables the
ranking of compounds based on combined health and environmental relevance, with higher
scores indicating greater concern and higher priority for monitoring or control. Table 6-3
presents the ranked ARVD priority control list. The top five most hazardous ARVDs according
to the priority control list were as follows: ABC > LPV > FTC > EFV > NVP.
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Table 6-3: Ranked antiretroviral drug (ARVD) priority control list based on final priority

scores (FPS) weighted and normalised data.

ARVD ECS Pindex ER1otal HI HQscore DWC FPS Ranking
ABC 0.003 0.76 1 1 1.1x10° 0.539 1
LVP 1 0.04 0.94 0.096 0.06 0.108 0.409 2
FTC 0.003 2.6x10* 0.71 0.618 0.634 0.35 3
EFV 0.146 1 1 0.265 0.17 0.207 0.34 4
NVP 3x10* 0.53 0.7 0.48 0.002 0.312 5
ddl 4.7x10° 0.07 0.034 0.045 0.991 0.222 6
DCC 1.9x107 0.29 0.024 1 0.22 7
3TC 1.1x10° 0.48 0.42 0.37 0.219 8
NFV 3.4x10* 1.1x10° 0 0.81 0.162 9
ZDV 0.057 0.03 0.61 0.116 0.08 0.017 0.102 10
RTV 0.004 0.003 0.93 0.01 0.005 0.22 0.095 11
TDF 0.001 0.29 0.136 0.12 0.078 12
DRV 0 0.001 0.36 0.03 0.04 0.036 13
RAL 0.41 0.014 0.016 0.028 14
ATV 0.001 0.33 0.01 0.006 0.02 15
d4T 1.6x10* 0.17 0.007 0.009 0.003 0.013 16
IDV 0 2x10*  2.7x10* 1.2x10* 17
MRV 0 1.7x10*  1.9x10* 9.3x10° 18
SQV 0 0 5.7x10°  8.2x10° 3.6x10* 19

3TC = lamivudine; ABC = abacavir; ATV = atazanavir; bold values = highest score; d4T = stavudine; DCC = zalcitabine; ddl = didanosine;
DRV = darunavir;, DWC = drinking water contribution; ECS = ecological risk score; EFV = efavirenz; empty cells=no data available;
FTC = emtricitabine; HI = hazard index; HQscore = hazard quotient score; IDV = indinavir; LPV = lopinavir; MRV = maraviroc; NFV = nelfinavir;
NVP = nevirapine; Pindex = prioritisation index; RAL = raltegravir; RTV = ritonavir; SQV = saquinavir; TDF = tenofovir;

ZDV = zidovudine; {Rtotal = total reliability function.

6.3 Discussion

This prioritisation approach ensured that both human health and environmental endpoints
were considered in a specific South African context. By quantifying the recurrence of risk in
everyday environmental monitoring data, the Pindex complements indicators such as the HI and
HQ. While HQ and HI reflect the potential severity of human health impacts, the Pingex identifies
compounds that constantly exceeded safety parameters, representative of persistent or

widespread ecological risk.

This metric is particularly valuable for identifying compounds that pose lower-level but frequent
risks, which might be overlooked if only single exposure assessments are considered.
Together with the ¢ER and DWC, this model provided a comprehensive, precautionary

framework that accounted for both acute and chronic risks, as well as exposure recurrence.
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The ARVDs with the highest FPS (ABC >LPV >FTC >EFV > NVP) are those that
simultaneously demonstrate foremost concern across multiple hazard dimensions. These
compounds are the most hazardous to human health under standard and extreme exposure
scenarios, those that contribute meaningfully through drinking water exposure pathways, and
those that exhibit notable ecotoxicological potential in aquatic environments as well as

observed environmental recurrence of risk.

Abacavir ranked 1%, with a high score across all human health-related indicators and FPS
(Table 6-3). This compound has concerning maximum (HQ) and mean cumulative (HI)
exposure potentials. Despite its low DWC, its toxicological profile and frequency of safety
threshold exceedance ({Rwta) made it a top-priority. ABC’s dominance supports its urgent
consideration for regulatory focus and targeted environmental monitoring. ABC is one of the
most potent nucleoside reverse transcriptase inhibitors (NRTIs) used in ART (Nannou et al.,
2020).

Notably, Swanepoel et al. (2015) were the only authors to document ABC, alongside ddl, NFV,
and d4T, in drinking water samples. Despite its widespread and continuous clinical use, data
on ABCs’ presence in South African aquatic environments remain limited, with only a few
studies documenting its occurrence in wastewater (Abafe et al, 2018; Ngwenya and
Mahlambi, 2023; Spath et al., 2021; Xolo and Mahlambi, 2024).

Viana et al. (2022) support prioritising ABC due to its exclusive human use and frequent
detection in Portuguese waters, advocating regulatory action and eco-pharmacovigilance.
Their stance aligns with the current study’s monitoring goals. The findings by Selwe et al.
(2023) in wastewater in Botswana also provide strong regional support for the prioritisation of

ABC within Southern African environmental monitoring frameworks.

FTC was also identified as a high-priority compound due to its hazard potential for human
health and high probability of hazard exceedance across water sources, though it scored low
in terms of environmental priority concerns. The lack of DWC data might have caused an
underestimation of the actual exposure potential. To support precautionary action, drinking
water pathways warrant further investigation. The ECS for each compound was calculated as
a mean, thereby treating each trophic level equally and reflecting collective ecological impact

without overemphasising a single species.
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LPV, with an ECS of one, emerged as the most ecotoxic ARVD, suggesting considerable
disruption potential in aquatic ecosystems. LPV and FTC should be a priority for environmental
regulation, even if it is not the most hazardous ARVDs towards humans. EFV had a moderate
ECS (0.15), yet it had the highest Pingex, representative of a great environmental presence and
frequent risk exceedance, highlighting its ecological stress potential. Similarly, EFV had a total
reliability function of one, representing a high probability of hazard exceedance in all water

sources.

Some ARVDs with known clinical importance (DRV, MRV, and RAL) had low prioritisation in
this integrated model, likely due to low HQ values, limited environmental detection and toxic
concerns. Nevertheless, data gaps or underreporting could have masked hazard potential. In
contrast, several older generation ARVDs (ddl and DDC) warrant renewed scrutiny owing to
high DWC scores and persistent legacy effects. Sang et al. (2022) highlighted the significance
of drinking water pathways in disproportionate risk estimation, underlining the need to
integrate DWC into prioritisation frameworks for regulatory relevance. Incorporating DWC into
this prioritisation model ensured that ARVDs relevant to public health protection are
appropriately emphasised, particularly in contexts where drinking water standards are a

central focus of regulation.

Didanosine and DDC, introduced in South Africa in the early 2000s and 1990s respectively
(FDA approval records), were widely used in second-line HIV treatment (Nassar et al., 1993;
Steegen et al., 2014) before being phased out due to severe adverse effects including
significant peripheral neuropathy (RxList, 2021). Despite their discontinued clinical use (DDC
(Hivid®) was globally withdrawn by 2006) the elevated ranking in the top half of priority ARVDs
reflects concerns regarding environmentally persistent ARVDs, the legacy effects arising from
historical use, and the toxic potency of these substances. This emphasises the necessity of

incorporating both bequest and currently utilised pharmaceuticals in monitoring frameworks.
6.4 Conclusions

This research introduces a comprehensive, integrated prioritisation model designed to identify
ARVDs that pose the greatest concern for both human and ecological health within South
African aquatic environments. By integrating multiple exposure and hazard indicators into a
weighted multi-criteria model, the approach enabled evidence-based ranking of selected
pharmaceutical contaminants. Abacavir emerged as the top-priority compound, warranting
immediate consideration for inclusion in targeted environmental monitoring and regulatory

assessments.
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This approach aligns with international initiatives, such as the World Health Organization’s
guidance on pharmaceuticals in drinking water, the European Union’s Water Framework
Directive and Watch List mechanism, and the Organisation for Economic Co-operation and
Development (OECD) recommendations on pharmaceutical pollution mitigation. It also
supports Sustainable Development Goal 6, which advocates for improved water quality

through pollution reduction and safe reuse.

Given the high ARVD burden in South Africa, it is recommended that the Department of Water
and Sanitation incorporate such prioritisation tools into national water quality monitoring
strategies. Doing so would bolster eco-pharmacovigilance efforts and facilitate the
development of health-protective guidelines wherever used. Moreover, this model has the
potential to inform regulatory decision-making on both legacy and emerging contaminants,

thereby ensuring effective safeguarding of public health and ecosystem integrity.
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CHAPTER 7 CONCLUSIONS

7.1 Link to overall thesis objectives Introduction

This chapter provides a comprehensive summary of the thesis, synthesising the research
conducted across all chapters and addressing the overarching hypothesis, sub-hypotheses,

objectives, and aims.

Main hypothesis: “In South Africa, ARVDs in freshwaters pose an increasing ecological and
public health hazard, especially in regions with intensive antiretroviral treatment rollout and

inadequate environmental monitoring.”

Together, the sub-hypotheses in Table 7-1 substantiate the main hypothesis by providing a
multi-layered view of how ARVD pollution arises, persists, and threatens ecological and public
health, particularly in a resource-constrained and heavily HIV/AIDS-burdened regions of South
Africa. Table 7-1 provides strong, layered support for the main hypothesis by establishing the
presence and persistence of ARVDs; tracing patterns to regulatory gaps; and highlighting

consequences on ecosystems and public health.

Subsequently, the research provides enough empirical and observational evidence to accept

the main hypothesis.
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Table 7-1: Summary of sub-hypotheses, outcomes, and rationales.

Hypothesis Statement Accepted Rationale
type
Proposition/ Current wastewater treatment | Yes Descriptive: Current WWTP technologies are ineffective at removing
observational | technologies in South Africa are ARVDs to safe environmental concentrations. Data show 15 ARVDs in
(Chapters 2 | insufficient for removing ARVDs wastewater (0.3 ng/L—-172 pg/L), some with negative removal efficiencies
and 4) to environmentally safe levels. at WWTPs, exceeding safety thresholds. Most ARVDs had RQs > low-risk
threshold, posing environmental risks in both effluent and influent. Existing
waste water treatment technologies are not designed for pharmaceutical
removal, and toxicity data confirms ecologically significant concentrations
of ARVDs in surface water.
Proposition/ | Absence of national monitoring | Yes Descriptive: Literature review and interprovincial comparisons showed
observational | guidelines results in inconsistencies in data and regulation, with data gaps in nearly half of South
(Chapter 2) inconsistent  detection and Africa’s regions and large variability in analyte concentrations. The review
reporting of ARVDs across revealed a stark imbalance in the spatial distribution of ARVD monitoring
provinces. efforts, with data available for only some of the provinces and
disproportionately concentrated in a few high-density urban areas. The lack
of a centralised regulatory framework appears to have resulted in ad hoc
and inconsistent sampling efforts, which hinder comprehensive national risk
assessments.
Testable H; ARVD concentration in river | No, Hi is Empirical: Non-parametric tests (Mann-Whitney) revealed no significant
water will be higher at effluent- | rejected. differences between up- and downstream sites. Empirical data did not show
(Chapter 3) L . . . : . :
receiving and downstream sites | Hois accepted. | consistent upstream-downstream gradients, with elevated concentrations
compared to upstream sites. only at certain discharge points. There is not enough evidence to support
H1. More data is required to prove the statement.
Testable H; Environmental factors such as | No, H1 is Empirical: Statistical analysis of temporal effects indicated that monthly
(Chapter 3) temporal variation affect ARVD | rejected. variations observed were not statistically meaningful. The lack of significant

concentrations in South African
waters.

Hois accepted.

sample site vs. month interaction (p = 0.42) and month-effects (p = 0.6)
indicated that temporal variation is not the primary factor influencing ARVD
concentrations and suggested other driving factors. There is not enough
evidence to support H;.
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Testable H; ARVD concentrations vary | No, H1 is Empirical: ARVD concentrations showed spatial trends and site-level
(Chapter 3) significantly across different | rejected. variability across river systems, with certain hotspots (e.g., Klip River 5)
sites and river systems, showing | Hois accepted. | consistently displaying high concentrations. Although, the observed
spatial heterogeneity. concentration patterns and spatial interpolations support the presence of
spatial heterogeneity in ARVD distributions, these differences were not
statistically significant. As such, the hypothesis cannot be conclusively

supported without more comprehensive data.
Testable H, ARVD concentrations in aquatic | No, H1 is Empirical: Although high ARVD concentrations were observed in March and
(Chapter 3) environments are affected by | rejected. August (2018), no significant month-effect was found. The limited temporal

seasonal variations, reflecting
hydrological factors (such as
rainfall, river flow, and dilution
capacity).

Hois accepted.

scope of the study and the presence of multiple overlapping pollution
sources make it difficult to confidently attribute these patterns to
hydrological processes due to seasonal variation alone. As such, the
hypothesis cannot be conclusively supported without more comprehensive,
long-term data across multiple wet and dry seasons.

Proposition/ | ARVDs in South African | Yes Descriptive: Supported by toxicity data and risk assessment results. MECs
observational | freshwaters pose environmental of several ARVDs exceed PNEC thresholds: RQ values for EFV, LPV, RTV,
(Chapter 4) risks to aquatic ecosystems. and ZDV indicate moderate to high ecological risk, especially in surface
water. Ecological imbalances may occur due to the impact on primary
consumers (daphnids) and primary producers (algae), with cascading
effects on the entire aquatic food web.
Proposition/ | ARVD mixtures exhibit | Yes Descriptive: Supported by model predictions. The hybrid CA-RA model
observational | combined ecotoxicological demonstrated additive effects of drugs with similar modes of action and the
(Chapter 4) effects as predicted through a independent effects of compounds with different mechanisms, providing a
hybrid CA-RA model. more biologically relevant risk prediction. The model showed significant risk
in surface water, effluent, and influent, particularly from RTls and non-RTls,
with high probabilities (> 95%) of adverse effects, supporting the
effectiveness of the hybrid model in predicting combined ecotoxicological
effects of ARVD mixtures.
Proposition/ | ARVDs in  South African | Yes Descriptive: Supported by toxicity data and hazard assessment results of

observational
(Chapter 5)

freshwaters pose a measurable
non-carcinogenic health hazard
to different sub-populations.

chronic exposure in multiple scenarios. The HQ analysis in the HA1
revealed that several ARVDs (such as ABC, EFV, and LPV) posed
considerable potential toxic concerns, particularly for adults and pregnant
females with some concern for children. The reliability function analysis
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confirmed that several ARVDs pose frequent hazard exceedance across
several water sources. EFV, LVP, ABC, FTC, NVP, and ZDV exhibited very
high reliability values (= 70%, often up to 100%) across surface- and
wastewater. In a large proportion of sampled scenarios, these compounds
therefore consistently exceeded safety thresholds (HQ > 1) suggesting a
widespread and recurrent hazard.

Testable H,
(Chapter 5)

Certain sub-populations are at
greater concern from exposure
to hazardous ARVDs in water
sources.

Yes

Empirical: The HQ analysis highlighted significant (Kruskal-Wallis;
p < 0.0001) variability in hazard concern across different sub-populations
(adults, pregnant women, and children) in surface water. Pregnant women
and children had notable high HQs from ABC, EFV, and LPV, suggesting
these groups are more vulnerable to non-carcinogenic effects from ARVDs
in contaminated water sources, especially in scenarios of high exposure
levels.

Proposition/
observational
(Chapter 5)

Mixtures of ARVDs may pose
cumulative, unregulated non-
carcinogenic hazards.

Yes

Descriptive: The consistently raised hazard index values across all water
sources and sub-population confirmed that ARVD mixtures present
cumulative, unregulated non-carcinogenic hazard concerns. All
investigated water sources far surpassed safety thresholds and posed non-
carcinogenic concerns for exposed populations. This suggests that these
mixtures present substantial health hazards to exposed populations,
including those living near or consuming contaminated water.

Proposition/
Observational
(Chapter 6)

ARVDs of greatest concern can
be prioritised using a weighted
multi-criteria model
incorporating  both  human
health hazard and ecological
risk indicators.

Yes

Descriptive: Specific ARVDs, notably ABC, LPV, and FTC, ranked high
across various indicators of human health and environmental risk. These
indicators encompassed HQ scores, drinking water contribution, hazard
and prioritisation indices, ecological risk scores, and reliability of hazard
exceedance. Their high final priority scores confirmed that the integrated
scoring model effectively identified compounds of greatest concern (priority
control list), supporting their prioritisation for monitoring, regulatory action,
and interventions.

3TC = lamivudine; ABC = abacavir; ARVD = antiretroviral drug; CA-RA = concentration addition-response addition; DRV = darunavir; ;EFV = efavirenz; FTC = emtricitabine; H; = null hypothesis (represents the assumption that

there is no effect or no difference); H, = alternative hypothesis (represents the assumption that there is an effect or a difference); HA1 = hazard assessment approach 1; HQ = hazard quotient; LPV = lopinavir; MEC = measured

environmental concentration; NVP = nevirapine; P = probability; PNEC = predicted no effect concentration; RQ = risk quotient; RTI = reverse transcriptase inhibitor; RTV = ritonavir, WWTP = wastewater treatment plant;

ZDV = zidovudine.

283



The findings of my study provide a scientifically robust foundation for shaping future regulatory
policies on ARVD monitoring and management. This research reinforces the theoretical
implications discussed earlier by demonstrating the pseudo-persistent presence and
ecotoxicological relevance of ARVDs in treated freshwaters, thereby advocating for the
implementation of improved and advanced treatment technologies. This may advance policy
innovations that incentivise the integration of advanced technologies and strategic

interventions aimed at safeguarding water quality and protecting public health.

The identified gaps in monitoring and reporting across South African provinces, as highlighted,
further illustrates the complexity of implementing an equitable and effective pharmaceutical
regulatory framework. Conditions and concentrations may have changed since sample
collection. This relationship suggests underlying assumptions about institutional capacity and
coordination, supporting the need for a standardised and centralised system for ARVD
monitoring. Such a framework could ensure consistent sampling, data collection, and
reporting, thus enabling more comprehensive and comparable ecotoxicological risk

assessments across provinces and informing more nuanced management decisions.

Furthermore, the demonstrated risks posed by ARVDs, particularly the synergistic effects of
drug mixtures, encourage a shift toward more holistic ecotoxicological assessments. This may
echo prior arguments made by researchers who advocate for cumulative risk considerations
in environmental policy. Current regulatory paradigms often focus on individual contaminants.
However, this perspective complicates the initial interpretations by highlighting the
underestimated risk of compound mixtures in surface water and effluent. Consequently, policy
frameworks may need to be expanded. This could drive the development of new
environmental risk assessment and water quality frameworks that integrate the complexities

of ARVD mixtures, thereby aligning more closely with the realities of pharmaceutical pollution.

This shift toward cumulative risk assessment reveals a deeper layer of environmental justice,
as the identification of elevated toxic concerns to specific sub-populations (e.g., pregnant
women and children) due to ARVD exposure in contaminated water points to the urgent need
for tailored regulation. Regulatory policies could require monitoring at critical exposure points,
particularly in densely populated areas and locations proximal to WWTPs, reflecting a policy
shift towards protecting vulnerable communities and preventing disproportionate risks to at-

risk populations while also considering broader socio-economic factors.
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My research introduced a comprehensive, integrated prioritisation model for identifying
ARVDs of greatest concern to both human and ecological health within South African aquatic
environments. By synthesising multiple exposure and hazard indicators into a weighted multi-
criteria framework, the model enabled evidence-based ranking of selected compounds and
found ABC as the top-priority contaminant. Its frequent exceedance of safety thresholds,
alongside EFV and LPV, supports the case for revised environmental quality standards of
pharmaceutical pollutants. More stringent, evidence-based water quality standards could be
implemented to address risks proactively. This will ensure that ARVDs are monitored and

managed at concentrations that minimise both ecological and human health risks.

Finally, the call for a more uniform and integrated approach to ARVD monitoring suggests the
potential for this research to contribute to regional or international policy dialogues. This
example further illustrates the complexity of transboundary pharmaceutical pollution and may
catalyse data-sharing initiatives and collaborative governance frameworks aimed at

harmonising efforts to manage ARVDs in the environment.

In summary, my findings provide compelling evidence for the need to update and refine
existing policies related to wastewater treatment, ARVD monitoring, and public health
protection. By advocating for better treatment technologies, consistent monitoring,
comprehensive hazard and risk assessments, and stronger regulatory thresholds, my
research can meaningfully influence the development of future regulatory policies aimed at
safeguarding both the environment and public health from the risks posed by ARVD

contamination.
7.2 Recommendations

Based on the results of my study, several risk management strategies and urgent eco-
pharmacovigilance measures are recommended to mitigate the potential health hazards
associated with ARVDs in water. These include the establishment of permissible
concentration limits for ARVDs in aquatic environments, active engagement with relevant
stakeholders, and the application of diverse risk assessment tools to pinpoint and prioritise
high-risk areas. Moreover, the implementation of systematic monitoring programmes is key to

track the presence and trends of ARVDs in water sources.
Strengthening public health interventions to raise awareness about the potential risks of

contaminated water, particularly among vulnerable populations dependent on untreated or

inadequately treated water, is also critical. Ongoing assessment of ARVD contamination can
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assist the opportune refinement of treatment protocols to ensure they remain effective in
addressing the challenges posed by these pseudo-persistent pollutants. Future studies should
address: temporal and spatial monitoring suitable for the entirety of the country;
ecotoxicological data to assess the chronic and mixture effects of ARVDs and their metabolites
on aquatic organisms, especially under environmentally realistic exposure scenarios;
degradation pathways and transformation products of ARVDs; socio-economic factors
influencing pharmaceutical usage, disposal behaviour, and risk perception; the efficacy, cost-
effectiveness, and scalability of advanced treatment methods to guide technology adoption in

resource-limited settings.

Specific recommendations for a framework for studying ARVDs in resource-limited settings
such as South Africa.
Prioritisation and defining the scope:
o Identify priority ARVDs using prescription trends, water monitoring data, persistence
profiles, and prioritisation tools.
e Conduct a scoping review to identify knowledge gaps, assess existing methods or
current approaches, and locate regional data deficiencies.
o |dentify and engage key stakeholders in water, health, and environmental sectors (e.g.,
government, academia, and non-governmental organisations).
Sampling and analytical strategy:
e Create a risk-based or tiered sampling strategy (e.g., downstream waters, WWTP
influent/effluent).
e Record both spatial (urban vs. rural, upstream vs. downstream) and seasonal (wet vs.
dry) variability.
e When liquid chromatography—tandem mass spectrometry (LC-MS/MS) is not
affordable, use less expensive screening techniques (such as immunoassays).
o If lab capacity is limited, concentrate on pollution hotspots or collect pool samples.
o Collaborate with institutions or regional labs in nations with greater resources.
Wastewater treatment efficacy:
e Conduct audits of WWTPs to determine operational constraints and treatment types.
e Determine removal efficiencies by comparing influent and effluent ARVD
concentrations.
o ldentify specific infrastructure and process limitations linked to poor ARVD removal.
Environmental and public health integration:
e Select ecotoxicological endpoints pertinent to local ecosystems (e.g., algae,
invertebrates).

e Use existing toxicity thresholds or predictive models to estimate ecological risks.
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Link contamination data to human activities like drinking, bathing, or fishing.
Identify vulnerable populations (e.g., rural communities, immunocompromised
individuals).

When evaluating health risks, take local socioeconomic factors into account.

Data evaluation and quality assurance:

Use modified quality or risk-of-bias frameworks to assess previous research.

Assess internal study validity (sample size, replication, controls, quality assurance/
quality control).

Harmonise data by standardising concentration units, reporting formats, and metadata

(e.g., global positioning system location, sampling date).

Interdisciplinary synthesis and risk prioritisation:

Create a comprehensive dataset by combining usage, toxicity, treatment, and
environmental data.
Develop spatial risk maps using geographic information system (GIS) tools.

Prioritise ARVDs with high persistence, exposure potential, and ecological concern.

Communication, policy, and capacity building:

Propose interim policy actions, such as routine monitoring at high-risk WWTPs or basic
infrastructure upgrades.

Train local scientists and technicians in sampling, analysis, and data interpretation.
Disseminate findings in accessible formats (e.g., infographics, community reports in
local languages).

Collaborate with community health and environmental organisations to raise
awareness.

Public awareness on proper ARVD disposal should be increased. Educational
campaigns should encourage people living with HIV to return unused medications to

pharmacies, clinics, or take-back programs.

END
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ANNEXURES A:

Table 7-2: Quantifiable concentrations of antiretrovirals in groundwater from South Africa.

ARVD Max Con Matrix Location Reference

(ngl/L)

EFV 0.005 Ground water Hartbeespoort Dam catchment, North West Rimayi et al., 2018

NFV 0.0009 Ground water Potchefstroom — Vyfhoek 831, North West Swanepoel et al., 2015

NVP 0.0005 Gound water Potchefstroom — Wilgeboom, North West Swanepoel et al., 2015
0.0025 Gound water Wildfontein 1, Gauteng Swanepoel et al., 2015
0.0003 Gound water Potchefstroom — Bult, North West Swanepoel et al., 2015
0.0006 Gound water Potchefstroom — Haaskraal, North West Swanepoel et al., 2015
0.0053 Gound water Potchefstroom — Vyfhoek 831 GW, North West Swanepoel et al., 2015
0.0006 Gound water Potchefstroom — Miederpark, North West Swanepoel et al., 2015
0.0049 Gound water Boskop Garage, North- West Swanepoel et al., 2015
0.013 Ground water Hartbeespoort Dam catchment, North West Rimayi et al., 2018

SQVv 0.0013 Ground water Potchefstroom — Wilgeboom GW, North West Swanepoel et al., 2015

d4T 0.0009 Ground water Potchefstroom — Bult, North- West Swanepoel et al., 2015
0.0003 Ground water Potchefstroom — Vyfhoek 831, North-West Swanepoel et al., 2015

TDF 0.0024 Ground water Boskop Garage, North West Swanepoel et al., 2015

Table 7-3: Quantifiable concentrations of antiretrovirals in drinking water from South Africa.

ARVD Max Con Matrix Location Reference
(g/L)
ABC 0.0005 Drinking water Welverdiend, Gauteng Swanepoel et al., 2015
ddl 0.0033 Drinking water Orkney, North West Swanepoel et al., 2015
0.0004 Drinking water Potchefstroom, North West Swanepoel et al., 2015
0.00061 Drinking water Garsfontein Rd, Gauteng Swanepoel et al., 2015
EFV 24.6 Drinking water Olifantsfontein DS1, Gauteng Vogt et al., 2020
6.24 Drinking water Sunderland US DW, Gauteng Vogt et al., 2020
2.33 Drinking water Zeekoegat DS 1 DW, Gauteng Vogt et al., 2020
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LPV

NFV
NVP

RTV
d4T
DDC
ZDV

26.85
9.04
0.0011
0.0035
0.0005
0.0007
0.0001
0.0003
0.46
0.038
0.21
0.08
1.95
0.0009
0.008
0.073
0.0019
0.27
1.18
0.52
0.45
0.42

Drinking water
Drinking water
Drinking water
Drinking water
Drinking water
Drinking water
Drinking water
Drinking water
Drinking water
Drinking water
Drinking water
Drinking water
Drinking water
Drinking water
Drinking water
Drinking water
Drinking water
Drinking water
Drinking water
Drinking water
Drinking water
Drinking water

Olifantsfontein DS1, Gauteng
Zeekoegat DS 1 DW, Gauteng
Krugersdorp, Gauteng
Kutsong, Gauteng
Krugersdorp, Gauteng
Sunninghill, Gauteng
Muiskraal, North West
Klerksdorp, North West
Olifantsfontein DS1, Gauteng,
Waterval DS1 DW, Gauteng,
Zeekoegat DS 1 DW, Gauteng,
Hennops DW 3, Gauteng
Olifantsfontein DS1, Gauteng
Durban, Kwa-Zulu Natal
Hartbeespoort Dam, North West
Hartbeespoort Dam, North West
Kutsong, Gauteng

Jukskei DW 1, Gauteng,
Jukskei DW 3, Gauteng
Jukskei DW 4, Gauteng
Hennops DW 3, Gauteng

Croc DW 1, Gauteng

Vogt et al., 2020
Vogt et al., 2020
Swanepoel et al., 2015
Swanepoel et al., 2015
Swanepoel et al., 2015
Swanepoel et al., 2015
Swanepoel et al., 2015
Swanepoel et al., 2015
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Swanepoel et al., 2015
Wood et al., 2015
Wood et al., 2015
Swanepoel et al., 2015
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
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ANNEXURES B:

Table 7-4: Quantifiable concentrations of antiretrovirals in wastewater influent from South Africa.

ARVD Max Con Matrix Location Reference
(nglL)
ABC 3.5 WWTP Influent Northern WWTP, KwaZulu-Natal Abafe et al., 2018
1.4 WWTP Influent Phoenix WWTP, KwaZulu-Natal Abafe et al., 2018
0.29 WWTP Influent Newlands Mashu, eThekwini, KwaZulu-Natal Spath et al., 2021
278 WWTP Influent Darvil WWTP, KwaZulu-Natal Ngwenya and Mahlambi, 2023
621 WWTP Influent Northern WWTP, KwaZulu-Natal Ngwenya and Mahlambi, 2023
502 WWTP Influent Amanzimtoti, KwaZulu-Natal Ngwenya and Mahlambi, 2023
661 WWTP Influent Umhlathuzana WWTP (Marrianridge), Durban, KwaZulu-Natal Ngwenya and Mahlambi, 2023
605 WWTP Influent Umhlathuzana WWTP (Shallcross), Durban, KwaZulu-Natal Ngwenya and Mahlambi, 2023
814 WWTP Influent Umbilo WWTP, KwaZulu-Natal Ngwenya and Mahlambi, 2023
167.92 WWTP Influent Darvil WWTP, KwaZulu-Natal Xolo and Mahlambi, 2024
61.24 WWTP Influent Umbilo WWTP, KwaZulu-Natal Xolo and Mahlambi, 2024
ATV 0.064 WWTP Influent DEWATS, eThekwini municipality, KwaZulu-Natal Abafe et al., 2018
14 WWTP Influent Northern WWTP, KwaZulu-Natal Abafe et al., 2018
0.21 WWTP Influent Phoenix WWTP, KwaZulu-Natal Abafe et al., 2018
3.5 WWTP Influent Newlands Mashu, eThekwini , KwaZulu-Natal Spath et al., 2021
DRV 43 WWTP Influent DEWATS, eThekwini municipality, KwaZulu-Natal Abafe et al., 2018
0.92 WWTP Influent Northern WWTP, KwaZulu-Natal Abafe et al., 2018
0.069 WWTP Influent Phoenix WWTP, KwaZulu-Natal Abafe et al., 2018
17.0 WWTP Influent Newlands Mashu, eThekwini, KwaZulu-Natal Spath et al., 2021
EFV 174 WWTP Influent Wastewater Treatment Works, Gauteng Schoeman et al., 2015
0.0103 WWTP Influent Mvudi River, Vhembe District, Limpopo Robson et al., 2017
0.0103 WWTP Influent Mvudi River, Vhembe District, Limpopo Robson et al., 2017
34 WWTP Influent DEWATS, KwaZulu-Natal Abafe et al., 2018
24 WWTP Influent Northern WWTP, KwaZulu-Natal Abafe et al., 2018
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34
1.37
26.3
1.67
1.02
2.22
15.4
1.42
15.05
10.19
1.98
1.05
20.42
1.46
1.25
2.186
2.169
0.3453
140.4
96.9
114.4
89.8
13.66
14.2
4.32
6.39
9.39
9.6
1.6
23.3

WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent

Phoenix WWTP, KwaZulu-Natal

Amanzimtoti WWTP, KwaZulu-Natal

Northen WWTP, Durban, KwaZulu-Natal

Umbilo WWTP, KwaZulu-Natal

Umhlathuzana Shallcross, Durban, KwaZulu-Natal
Umhlathuzana Marrianridge, Durban, KwaZulu-Natal
WWTP, Western Cape Province

WWTP, Western Cape Province

Olifantsfontein WWTP, Gauteng

Sunderland WWTP, Gauteng

Vlakplaats WWTP, Gauteng

Zeekoegat WWTP, Gauteng

Zeekoegat WWTP, Gauteng

Zeekoegat WWTP, Gauteng

Baragwanath WWTP, Gauteng

Fliphuman WWTP, Gauteng

Daspoort WWTP, Pretoria, Gauteng

Apies River, Daspoort WWTP, Gauteng
Umbhlathuzana WWTP, Durban, KwaZulu-Natal
Amanzimtoti WWTP, Durban, KwaZulu-Natal
Umbilo WWTP, Durban, KwaZulu-Natal

Northern WWTP, Durban, KwaZulu-Natal

Northern WWTP, Durban, KwaZulu-Natal

Kingsburg WWTP, Durban, KwaZulu-Natal

Darvil WWTP, KwaZulu-Natal

Northern WWTP, KwaZulu-Natal

Amanzimtoti, KwaZulu-Natal

Umhlathuzana WWTP (Marrianridge), Durban, KwaZulu-Natal
Umbhlathuzana WWTP (Shallcross), Durban, KwaZulu-Natal
Umbilo WWTP, KwaZulu-Natal

Abafe et al., 2018
Mlunguza et al., 2020
Mlunguza et al., 2020
Mlunguza et al., 2020
Mlunguza et al., 2020
Mlunguza et al., 2020

Mosekiemang et al., 2019
Mosekiemang et al., 2019

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Mhuka et al., 2020a
Mhuka et al., 2020b

Mtolo et al., 2019

Mtolo et al., 2019

Mtolo et al., 2019

Mtolo et al., 2019

Sigonya et al., 2022
Sigonya et al., 2022
Ngwenya and Mahlambi, 2023
Ngwenya and Mahlambi, 2023
Ngwenya and Mahlambi, 2023
Ngwenya and Mahlambi, 2023
Ngwenya and Mahlambi, 2023
Ngwenya and Mahlambi, 2023
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10.09

6.78

4.76

4.08

713

28.75

48.72
FTC 3.1
0.3

1.47
172

31.3
14.782
101.2
44.65
IDV 0.26
0.59
0.3
3TC 2.2
0.84
1.9
20.9
3.67
1.001
0.0089
86
0.81
LPV 2.5
1.3
1.2

WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent

WWTP Influent
WWTP Influent

WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent

King Williams Town WWTP, Eastern Cape, South Africa

King Williams Town WWTP1, Eastern Cape, South Africa
Mdantsane Township WWTP, Eastern Cape, South Africa
Mdantsane Township WWTP, Eastern Cape, South Africa
Scenery Park WWTP, East London, Eastern Cape, South Africa

Darvil WWTP, KwaZulu-Natal

Umbilo WWTP, KwaZulu-Natal

Amanzimtoti WWTP, Durban , KwaZulu-Natal
Northen WWTP, Durban, KwaZulu-Natal

Umbilo WWTP, Durban, KwaZulu-Natal
WWTP, Western Cape Province

WWTP, Western Cape Province
Plankenburg WWTP, Stellenbosch, Western Cape
Northern WWTP, Durban, KwaZulu-Natal
Kingsburg WWTP, Durban, KwaZulu-Natal
DEWATS, eThekwini, KwaZulu-Natal
Northern WWTP, KwaZulu-Natal

Phoenix WWTP, KwaZulu-Natal

DEWATS, eThekwini, KwaZulu-Natal
Northern WWTP, KwaZulu-Natal

Phoenix WWTP, KwaZulu-Natal

WWTP, Western Cape Province

WWTP, Western Cape Province

Daspoort WWTP, Pretoria, Gauteng

Apies River, Daspoort WWTP, Gauteng
Newlands Mashu, eThekwini, KwaZulu-Natal
Plankenburg, Stellenbosch, Western Cape
DEWATS, eThekwini, KwaZulu-Natal
Northern WWTP, KwaZulu-Natal

Phoenix WWTP, KwaZulu-Natal

Netshithothole et al., 2024
Netshithothole et al., 2024
Netshithothole et al., 2024
Netshithothole et al., 2024
Netshithothole et al., 2024
Xolo and Mahlambi, 2024
Xolo and Mahlambi, 2024

Mlunguza et al., 2020
Mlunguza et al., 2020
Mlunguza et al., 2020

Mosekiemang et al., 2019
Mosekiemang et al., 2019

Holton et al., 2022
Sigonya et al., 2022
Sigonya et al., 2022

Abafe et al., 2018

Abafe et al., 2018

Abafe et al., 2018

Abafe et al., 2018

Abafe et al., 2018

Abafe et al., 2018

Mosekiemang et al., 2019
Mosekiemang et al., 2019

Mhuka et al., 2020a
Mhuka et al., 2020b
Spath et al., 2021
Holton et al., 2022
Abafe et al., 2018
Abafe et al., 2018
Abafe et al., 2018
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24 .35
8.55
1.85

5.1

20.11

10.23

5.5
NVP 2.1
2.8
2.1
0.67

0.681
0.41
0.09
0.22
0.08

1.3
0.3
0.2
0.06
0.1
0.026
0.0073
0.42
1.72
261
106
68.4
119.7
145.48

WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent

Olifantsfontein WWTP, Gauteng
Sunderland WWTP, Gauteng
Vlakplaats WWTP, Gauteng
Zeekoegat WWTP, Gauteng
Zeekoegat WWTP, Gauteng
Zeekoegat WWTP, Gauteng

Fliphuman WWTP, Gauteng

WWTP, Gauteng

Phoenix WWTP, KwaZulu-Natal
DEWATS, KwaZulu-Natal

Northern WWTP, KwaZulu-Natal
WWTP, Western Cape Province
Olifantsfontein WWTP, Gauteng
Sunderland WWTP, Gauteng
Vlakplaats WWTP, Gauteng
Welgedacht WWTP, Gauteng
Zeekoegat WWTP, Gauteng
Zeekoegat WWTP, Gauteng
Zeekoegat WWTP, Gauteng
Baragwanath WWTP, Gauteng
Fliphuman WWTP, Gauteng

Daspoort WWTP, Pretoria

Apies River, Daspoort WWTP, Gauteng
Newlands Mashu, eThekwini, KwaZulu-Natal
Pretoria, Gauteng

Darvil WWTP, KwaZulu-Natal
Amanzimtoti WWTP, KwaZulu-Natal
Umbhlathuzana WWTP, Durban, KwaZulu-Natal
Darvil WWTP, KwaZulu-Natal

Umbilo WWTP, KwaZulu-Natal

Horn et al., 2022
Horn et al., 2022
Horn et al., 2022
Horn et al., 2022
Horn et al., 2022
Horn et al., 2022
Horn et al., 2022
Schoeman et al., 2015
Abafe et al., 2018
Abafe et al., 2018
Abafe et al., 2018

Mosekiemang et al., 2019

Horn et al., 2022
Horn et al., 2022
Horn et al., 2022
Horn et al., 2022
Horn et al., 2022
Horn et al., 2022
Horn et al., 2022
Horn et al., 2022
Horn et al., 2022
Mhuka et al., 2020a
Mhuka et al., 2020b
Spath et al., 2021
Akawa et al., 2021

Ngwenya and Mahlambi, 2023

Ngwenya and Mahlambi, 2023

Ngwenya and Mahlambi, 2023
Xolo and Mahlambi, 2024
Xolo and Mahlambi, 2024
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MvC

RAL

RTV

sQv
TDF

ZDV

0.082
0.32
0.083
0.81
0.061
17.0
6.3
3.2
1.6
1.6
0.394
0.059
1.69
0.64
1.36
0.18
0.25
0.17
0.1
32.25
48.4
53
6.9
11
1.23
3.68

WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent
WWTP Influent

Phoenix WWTP, KwaZulu-Natal

Northern WWTP, KwaZulu-Natal

DEWATS, eThekwini, KwaZulu-Natal
Northern WWTP, KwaZulu-Natal

Phoenix WWTP, KwaZulu-Natal

DEWATS, eThekwini, KwaZulu-Natal,
Newlands Mashu, eThekwini, KwaZulu-Natal
DEWATS, eThekwini, KwaZulu-Natal
Northern WWTP, KwaZulu-Natal

Phoenix WWTP, KwaZulu-Natal

Daspoort WWTP, Pretoria, Gauteng

Apies River, Daspoort WWTP, Gauteng
Olifantsfontein WWTP, Gauteng

Sunderland WWTP, Gauteng

Zeekoegat WWTP, Gauteng

Phoenix WWTP, KwaZulu-Natal
Amanzimtoti WWTP, Durban, KwaZulu-Natal
Northen WWTP, Durban, KwaZulu-Natal
Umbhlathuzana, Marrianridge, Durban, KwaZulu-Natal
Northern WWTP, Durban, KwaZulu-Natal
Kingsburg WWTP, Durban, KwaZulu-Natal
DEWATS, eThekwini, KwaZulu-Natal
Northern WWTP, KwaZulu-Natal

Phoenix WWTP, KwaZulu-Natal

WWTP, Pretoria, Gauteng

Zeekoegat WWTP, Gauteng

Abafe et al., 2018
Abafe et al., 2018
Abafe et al., 2018
Abafe et al., 2018
Abafe et al., 2018
Abafe et al., 2018
Spath et al., 2021
Abafe et al., 2018
Abafe et al., 2018
Abafe et al., 2018

Mhuka et al., 2020a
Mhuka et al., 2020b

Horn et al., 2022
Horn et al., 2022
Horn et al., 2022
Abafe et al., 2018

Mlunguza et al., 2020
Mlunguza et al., 2020
Mlunguza et al., 2020
Sigonya et al., 2022
Sigonya et al., 2022

Abafe et al., 2018
Abafe et al., 2018
Abafe et al., 2018
Akawa et al., 2021

Horn et al., 2022
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ANNEXURES C:

Table 7-5: Quantifiable concentrations of antiretrovirals in wastewater effluent from South Africa.

ARVD Max Con Matrix Location Reference
(nglL)
ABC 0.57 WWTP Effluent Newlands Mashu DEWATS, eThekwini, KwaZulu-Natal Spath et al., 2021
40.8 WWTP Effluent  Darvil WWTP, KwaZulu-Natal Ngwenya and Mahlambi, 2023
85.2 WWTP Effluent Northern WWTP, KwaZulu-Natal Ngwenya and Mahlambi, 2023
124 WWTP Effluent  Amanzimtoti, KwaZulu-Natal Ngwenya and Mahlambi, 2023
116 WWTP Effluent Umhlathuzana WWTP, Durban, KwaZulu-Natal Ngwenya and Mahlambi, 2023
103 WWTP Effluent  Umbilo WWTP, KwaZulu-Natal Ngwenya and Mahlambi, 2023
36.5 WWTP Effluent Darvil WWTP, KwaZulu-Natal Xolo and Mahlambi, 2024
178.02 WWTP Effluent Umbilo WWTP, KwaZulu-Natal Xolo and Mahlambi, 2024
ATV 0.08 WWTP Effluent DEWATS, KwaZulu-Natal Abafe et al., 2018
0.74 WWTP Effluent Northern WWTP, KwaZulu-Natal Abafe et al., 2018
0.3 WWTP Effluent Phoenix WWTP, KwaZulu-Natal Abafe et al., 2018
0.31 WWTP Effluent Daspoort WWTP, Pretoria, Gauteng Mhuka et al., 2020a
0.31 WWTP Effluent Jukskei River, Northen WWTP, Gauteng Mhuka et al., 2020b
3.5 WWTP Effluent Newlands Mashu DEWATS, eThekwini, KwaZulu-Natal Spath et al., 2021
DRV 17 WWTP Effluent DEWATS, eThekwini, KwaZulu-Natal Abafe et al., 2018
0.35 WWTP Effluent Northern WWTP, KwaZulu-Natal Abafe et al., 2018
0.13 WWTP Effluent Phoenix WWTP, KwaZulu-Natal Abafe et al., 2018
12 WWTP Effluent  Newlands Mashu DEWATS, eThekwini, KwaZulu-Natal Spath et al., 2021
EFV 71 WWTP effluent WWTP, Gauteng Schoeman et al., 2015
4 WWTP effluent WWTP, Gauteng Schoeman et al., 2017
34 WWTP Effluent DEWATS, eThekwini, KwaZulu-Natal Abafe et al., 2018
33 WWTP Effluent Northern WWTP, KwaZulu-Natal Abafe et al., 2018
20 WWTP Effluent Phoenix WWTP, KwaZulu-Natal Abafe et al., 2018
3.63 WWTP Effluent  Amanzimtoti WWTP, Durban, KwaZulu-Natal Mlunguza et al., 2020
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37.3
3.27
3.64
9.15
18.1
24.6
19.96
4.61
1.43
1.17
7.28
1.53
20.3
2.04
0.51
1.97
86.9
78.8
93.1
12.98
7.57
12
2.47
22
4.45
9.01
3.13
6.0
4.0
28.75

WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent

Northen WWTP, Durban, KwaZulu-Natal
Umbilo WWTP, Durban, KwaZulu-Natal
Umhlathuzana, Durban, KwaZulu-Natal
WWTP, Western Cape Province

WWTP, Western Cape Province
Olifantsfontein WWTP, Gauteng
Olifantsfontein WWTP, Gauteng

Vlakplaats WWTP, Gauteng

Vlakplaats WWTP, Gauteng

Waterval WWTP, Gauteng

Welgedacht WWTP, Gauteng

Baragwanath WWTP, Gauteng

Fliphuman WWTP, Gauteng

Daspoort WWTP, Pretoria, Gauteng

Apies River, Daspoort WWTP, Gauteng
Jukskei River, Northen WWTP, Gauteng
Umbhlathuzana WWTP, Durban, KwaZulu-Natal
Amanzimtoti WWTP, Durban, KwaZulu-Natal
Umbilo WWTP, Durban, KwaZulu-Natal
Northern WWTP, Durban, KwaZulu-Natal
Northern WWTP, Durban, KwaZulu-Natal
Kingsburg WWTP, Durban, KwaZulu-Natal
Darvil WWTP, KwaZulu-Natal

Northern WWTP, KwaZulu-Natal
Amanzimtoti, KwaZulu-Natal

Umbhlathuzana WWTP, Durban, KwaZulu-Natal
Umbilo WWTP, KwaZulu-Natal

King Williams Town WWTP, Eastern Cape, South Africa
Mdantsane Township WWTP, Eastern Cape, South Africa

Darvil WWTP, KwaZulu-Natal

Mlunguza et al., 2020
Mlunguza et al., 2020
Mlunguza et al., 2020
Mosekiemang et al., 2019
Mosekiemang et al., 2019
Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Mhuka et al., 2020a

Mhuka et al., 2020b

Mhuka et al., 2020b

Mtolo et al., 2019

Mtolo et al., 2019

Mtolo et al., 2019

Mtolo et al., 2019

Sigonya et al., 2022

Sigonya et al., 2022

Ngwenya and Mahlambi, 2023
Ngwenya and Mahlambi, 2023
Ngwenya and Mahlambi, 2023
Ngwenya and Mahlambi, 2023
Ngwenya and Mahlambi, 2023
Netshithothole et al., 2024
Netshithothole et al., 2024
Xolo and Mahlambi, 2024
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FTC

IDV

3TC

LPV

103.32
0.22
0.22
0.35
0.11
41.7
4.06
0.55
0.53
36.75
39.38
0.03
0.04
0.04
0.13
0.32
0.01
0.1
47.02
52.89
150
0.01
0.13
3.8
3.8
1.9
26.85
38.45
33.64
5.9

WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent

Umbilo WWTP, KwaZulu-Natal

Amanzimtoti WWTP, Durban, KwaZulu-Natal
Northen WWTP, Durban, KwaZulu-Natal
Umbilo WWTP, Durban, KwaZulu-Natal
Umhlathuzana Effluent, Durban, KwaZulu-Natal
WWTP, Western Cape Province

WWTP, Western Cape Province

Plankenburg, Stellenbosch, Western Cape
Veldwagters, Stellenbosch, Western Cape
Northern WWTP, Durban, KwaZulu-Natal
Kingsburg WWTP, Durban, KwaZulu-Natal
DEWATS, eThekwini, KwaZulu-Natal

Northern WWTP, KwaZulu-Natal

Phoenix WWTP, KwaZulu-Natal

DEWATS, eThekwini, KwaZulu-Natal

Daspoort WWTP, Pretoria, South-Africa

Apies River, Daspoort WWTP, Gauteng
Jukskei River, Northen WWTP, Gauteng
Bellville South Industrial Area, Western Cape
Khayelitsha Informal Settlement, Western Cape
Newlands Mashu DEWATS, eThekwini, KwaZulu-Natal
Plankenburg, Stellenbosch, Western Cape
Hartbeesfontein WWTP Outflow, Gauteng
DEWATS, eThekwini, KwaZulu-Natal

Northern WWTP, KwaZulu-Natal

Phoenix WWTP, KwaZulu-Natal

Olifantsfontein WWTP, Gauteng

Olifantsfontein WWTP, Gauteng

Sunderland WWTP, Gauteng

Vlakplaats WWTP, Gauteng

Xolo and Mahlambi, 2024
Mlunguza et al., 2020
Mlunguza et al., 2020
Mlunguza et al., 2020
Mlunguza et al., 2020
Mosekiemang et al., 2019
Mosekiemang et al., 2019
Holton et al., 2022

Holton et al., 2022
Sigonya et al., 2022
Sigonya et al., 2022
Abafe et al., 2018

Abafe et al., 2018

Abafe et al., 2018

Abafe et al., 2018

Mhuka et al., 2020a
Mhuka et al., 2020b
Mhuka et al., 2020b
Olabode, 2021

Olabode, 2021

Spath et al., 2021

Holton et al., 2022

Wood et al., 2015

Abafe et al., 2018

Abafe et al., 2018

Abafe et al., 2018

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022
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NVP

0.91
0.8
5.35
2.04
15.3
0.0004
0.35
0.47
1.4
1.9
0.54
0.76
0.46
0.42
0.32
0.23
0.15
0.08
0.18
0.04
0.4
0.08
0.01
0.03
182.33
207.7
0.44
0.87
0.74
34.2

WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP effluent
WWTP Effluent

Vlakplaats WWTP, Gauteng
Waterval WWTP, Gauteng
Welgedacht WWTP, Gauteng
Baragwanath, Gauteng
Fliphuman WWTP, Gauteng
Boskoppies WWTP, Gauteng
WWTP, Gauteng

WWTP, Gauteng

Phoenix WWTP, KwaZulu-Natal
DEWATS, eThekwini, KwaZulu-Natal
Northern WWTP, KwaZulu-Natal

WWTP, Western Cape

Olifantsfontein WWTP, Gauteng
Olifantsfontein WWTP, Gauteng

Sunderland WWTP, Gauteng
Vlakplaats WWTP, Gauteng
Vlakplaats WWTP, Gauteng
Waterval WWTP, Gauteng
Welgedacht WWTP, Gauteng
Baragwanath WWTP, Gauteng
Fliphuman WWTP, Gauteng

Daspoort WWTP, Pretoria, Gauteng

Apies River, Daspoort WWTP, Gauteng

Jukskei River, Northen WWTP, Gauteng

Bellville South Industrial Area, Western Cape
Khayelitsha Informal Settlement, Western Cape
Newlands Mashu DEWATS, eThekwini, KwaZulu-Natal

Pretoria WWTP, Gauteng
Pretoria WWTP, Gauteng
Darvil WWTP, KwaZulu-Natal

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022
Swanepoel et al., 2015
Schoeman et al., 2015
Schoeman et al., 2017
Abafe et al., 2018
Abafe et al., 2018
Abafe et al., 2018
Mosekiemang et al., 2019
Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022
Mhuka et al., 2020a
Mhuka et al., 2020b
Mhuka et al., 2020b
Olabode, 2021
Olabode, 2021

Spath et al., 2021
Akawa et al., 2021
Akawa et al., 2021
Ngwenya and Mahlambi, 2023
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MvC
RAL

RTV

TDF

ZDbV

18.8
59.1
28.6
4.7
42.07
104.98
0.04
0.09
3.5

4.1

0.91
0.46
0.68
0.05
0.47
1.95
1.9
1.77
1.1
0.002
25.03
0.45
0.97
0.0003
0.5
0.09
0.43
66.98

WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent

WWTPS Effluent

WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent
WWTP Effluent

Northern WWTP, KwaZulu-Natal
Amanzimtoti, KwaZulu-Natal

Umhlathuzana WWTP, Durban, KwaZulu-Natal

Umbilo WWTP, KwaZulu-Natal
Darvil WWTP, KwaZulu-Natal
Umbilo WWTP, KwaZulu-Natal
Phoenix WWTP, KwaZulu-Natal
Northern WWTP, KwaZulu-Natal
DEWATS, eThekwini, KwaZulu-Natal

Newlands Mashu DEWATS, eThekwini, KwaZulu-Natal

DEWATS, eThekwini, KwaZulu-Natal
Northern WWTP, KwaZulu-Natal

Phoenix WWTP, KwaZulu-Natal

Daspoort WWTP, Pretoria, Gauteng
Apies River, Daspoort WWTP, Gauteng
Jukskei River, Northen WWTP, Gauteng
Olifantsfontein WWTP, Gauteng
Olifantsfontein WWTP, Gauteng
Sunderland WWTP, Gauteng

Fliphuman WWTP, Gauteng

Kutsong WWTP, Gauteng

Northern WWTP, Durban, KwaZulu-Natal
Hartbeesfontein WWTP Outflow, Gauteng
Zeekoegat WWTP Outflow, Gauteng
Kutsong WWTP, Gauteng

DEWATS, eThekwini, KwaZulu-Natal
Northern WWTP, KwaZulu-Natal

Phoenix WWTP, KwaZulu-Natal

Bellville South Industrial Area, Western Cape

Ngwenya and Mahlambi, 2023
Ngwenya and Mahlambi, 2023
Ngwenya and Mahlambi, 2023
Ngwenya and Mahlambi, 2023
Xolo and Mahlambi, 2024
Xolo and Mahlambi, 2024
Abafe et al., 2018

Abafe et al., 2018

Abafe et al., 2018

Spath et al., 2021

Abafe et al., 2018

Abafe et al., 2018

Abafe et al., 2018

Mhuka et al., 2020a

Mhuka et al., 2020b

Mhuka et al., 2020b

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Horn et al., 2022

Swanepoel et al., 2015
Sigonya et al., 2022

Wood et al., 2015

Wood et al., 2015

Swanepoel et al., 2015

Abafe et al., 2018

Abafe et al., 2018

Abafe et al., 2018

Olabode, 2021
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9.17 WWTP Effluent  Khayelitsha Informal Settlement, Western Cape Olabode, 2021
0.78 WWTP Effluent Pretoria WWTP, Gauteng Akawa et al., 2021
0.83 WWTP Effluent  Pretoria WWTP, Gauteng Akawa et al., 2021

DEWATS = decentralised wastewater treatment system
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ANNEXURES D:

Table 7-6: Quantifiable concentrations of antiretrovirals in surface water from South Africa.

ARVD Max Con Matrix Location Reference
(ngl/L)

ABC 0.0016 Surface water Central Port Elizabeth, Eastern Cape Swanepoel et al., 2015
0.0001 Surface water Vaal River, Barkley west, Free State Swanepoel et al., 2015
19 Surface water Northern WWTP, KwaZulu-Natal Ngwenya and Mahlambi, 2023
102 Surface water Amanzimtoti, KwaZulu-Natal Ngwenya and Mahlambi, 2023
57.4 Surface water Umhlathuzana WWTP, Durban, KwaZulu-Natal Ngwenya and Mahlambi, 2023
80.7 Surface water Umbilo WWTP, KwaZulu-Natal Ngwenya and Mahlambi, 2023
7.85 Surface water Msunduzi River, Camps Drift, Pietermaritzburg, KwaZulu-Natal Xolo and Mahlambi, 2024
13.15 Surface water Msunduzi River, Wood House, Pietermaritzburg, KwaZulu-Natal  Xolo and Mahlambi, 2024

ddl 0.054 Surface water Gariep Dam Oviston, Orange River System, Eastern Cape Wood et al., 2015
0.05 Surface water Hartbeespoort Dam, Meerhof, North-West Wood et al., 2015

EFV 0.01 Surface water Dzindi River, Vhembe District, Limpopo Robson et al., 2017
0.002 Surface water Nandoni Dam, Vhembe District, Limpopo Robson et al., 2017
0.0016 Surface water Luvuvhu River, Vhembe District, Limpopo Robson et al., 2017
0.15 Surface water Otter Bridge, Rietvlei Nature Reserve, Gauteng Wooding et al., 2017
0.0003 Surface water Rietvlei Spruit, Rietvlei Nature Reserve, Gauteng Wooding et al., 2017
0.08 Surface water Marais Dam, Rietvlei Nature Reserve, Gauteng Wooding et al., 2017
0.03 Surface water Marais Dam Channel, Rietvlei Nature Reserve, Gauteng Wooding et al., 2017
0.08 Surface water Harbour, Hartbeespoort Dam catchment, Gauteng Rimayi et al., 2018
0.3 Surface water Crocodile River, Hartbeespoort Dam catchment, North West Rimayi et al., 2018
0.01 Surface water Magalies River, Hartbeespoort Dam catchment, North West Rimayi et al., 2018
0.35 Surface water Midrand, Jukskei River, Gauteng Rimayi et al., 2018
0.13 Surface water N14, Jukskei River, Gauteng Rimayi et al., 2018
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FTC

0.17
0.17
0.3
0.14
2.38
4.18
3.62
2.74
1.86
1.38
1.25
1.5
1.49
0.83
2.49
0.83
2.2
1.59
0.09
2.45
9.89
3.56
18.7
5.67
8.52
21.7
218
1.95
0.01
0.002

Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water

Kyalami, Jukskei River, Gauteng

Buccleuch, Jukskei River, Gauteng

Marlboro, Jukskei River, Gauteng

uMngeni River, KwaZulu-Natal

Hennops 3, Hennops River, Gauteng

Hennops 4, Hennops River, Gauteng

Hennops 5, Hennops River, Gauteng

Hennops 6, Hennops River, Gauteng

Hennops 8, Hennops River, Gauteng

Hennops 9, Hennops River, Gauteng

Jukskei 1, Jukskei River, Gauteng

Jukskei 2, Jukskei River, Gauteng

Jukskei 4, Jukskei River, Gauteng

Jukskei 6, Jukskei River, Gauteng

Jukskei 8, Jukskei River, Gauteng

Jukskei 9, Jukskei River, Gauteng

Jukskei 10, Jukskei River, Gauteng

Crocodile 1, Crocodile River, Gauteng

Muldersdrift se Loop, Johannesburg, Gauteng

Bishopstowe, Msunduzi River, Pietermaritzburg, KwaZulu-Natal
Kingsburgh River, KwaZulu-Natal

uMngeni River, KwaZulu-Natal

Northern WWTP, KwaZulu-Natal

Amanzimtoti WWTP, KwaZulu-Natal

Umbhlathuzana WWTP, Durban, KwaZulu-Natal

Umbilo WWTP, KwaZulu-Natal

Msunduzi River, Wood house Pietermaritzburg, KwaZulu-Natal
Msunduzi River, Bishopstowe, Pietermaritzburg, KwaZulu-Natal
Marlboro, Jukskei River, Gauteng

Buccleuch, Jukskei River, Gauteng

Rimayi et al., 2018

Rimayi et al., 2018

Rimayi et al., 2018

Rimayi et al., 2018

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Mhuka et al., 2020b

Mtolo et al., 2019

Sigonya et al., 2022

Sigonya et al., 2022

Ngwenya and Mahlambi, 2023
Ngwenya and Mahlambi, 2023
Ngwenya and Mahlambi, 2023
Ngwenya and Mahlambi, 2023
Xolo and Mahlambi, 2024
Xolo and Mahlambi, 2024
Rimayi et al., 2018

Rimayi et al., 2018
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3TC

LPV

0.001
0.01
0.004
6.16
10.03
1.31
0.99

0.61
12.2
17.93
0.18
0.15
0.24
0.13
0.95
0.0009
0.0001
0.29
0.39
0.13
0.04

0.04
0.31
0.28
0.001
4.9
4.92
43.32

Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water

Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water

Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water

N14, Jukskei River, Gauteng

uMngeni River, KwaZulu-Natal

Eerste River, Stellenbosch, Western Cape

Plankenburg River, Stellenbosch, Western Cape
Plankenburg River, Stellenbosch, Western Cape
Plankenburg and Krom rivers, Stellenbosch, Western Cape

Plankenburg, Eerste, and Krom rivers, Stellenbosch, Western
Cape
Eerste River, Stellenbosch, Western Cape

Kingsburgh River, KwaZulu-Natal

uMngeni River, KwaZulu-Natal

S.E. Bank, Roodeplaat Dam System, Gauteng

Rowing Club Roodeplaat Dam System, Gauteng
Pienaars River Inflow, Roodeplaat Dam System, Gauteng
Southern Bank, Roodeplaat Dam System, Gauteng
Nouthern Bank, Roodeplaat Dam System, Gauteng
Orange River — Gariep Dam, Free State

uMngeni River, KwaZulu-Natal

Plankenburg River, Stellenbosch, Western Cape
Plankenburg River, Stellenbosch, Western Cape
Plankenburg and Krom rivers, Stellenbosch, Western Cape

Plankenburg, Eerste, and Krom rivers, Stellenbosch, Western
Cape
Eerste River, Stellenbosch, Western Cape

Hartbeespoort Dam, Meerhof, North-West
Hartbeespoort Dam, Meerhof, North-West
Kutsong, Gauteng

Hennops 1, Hennops River, Gauteng
Hennops 2, Hennops River, Gauteng
Hennops 3, Hennops River, Gauteng

Rimayi et al., 2018
Rimayi et al., 2018
Holton et al., 2022
Holton et al., 2022
Holton et al., 2022
Holton et al., 2022
Holton et al., 2022

Holton et al., 2022
Sigonya et al., 2022
Sigonya et al., 2022
Wood et al., 2015
Wood et al., 2015
Wood et al., 2015
Wood et al., 2015
Wood et al., 2015

Swanepoel et al., 2015

Rimayi et al., 2018
Holton et al., 2022
Holton et al., 2022
Holton et al., 2022
Holton et al., 2022

Holton et al., 2022
Wood et al., 2015
Wood et al., 2015

Swanepoel et al., 2015

Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
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NFV
NVP

45.52
34.12
63.69
18.44
53.15
52.31
7.73
19.51
16.17
8.38
15.13
3.24
18.17
2.97
4.23
4.88
171
6.26
23.12
0.0008
0.24
0.34
0.32
0.29
0.35
0.18
0.14
0.13
0.14
1.48

Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water

Hennops 4, Hennops River, Gauteng

Hennops 5, Hennops River, Gauteng

Hennops 6, Hennops River, Gauteng

Hennops 7, Hennops River, Gauteng

Hennops 8, Hennops River, Gauteng

Hennops 9, Hennops River, Gauteng

Crocodile 1, Crocodile River, Gauteng

Crocodile 2, Crocodile River, Gauteng

Crocodile 3, Crocodile River, Gauteng

Jukskei 1, Jukskei River, Gauteng

Jukskei 2, Jukskei River, Gauteng

Jukskei 3 Jukskei River, Gauteng

Jukskei 4, Jukskei River, Gauteng

Jukskei 5, Jukskei River, Gauteng

Jukskei 6, Jukskei River, Gauteng

Jukskei 7, Jukskei River, Gauteng

Jukskei 8, Jukskei River, Gauteng

Jukskei 9, Jukskei River, Gauteng

Jukskei 10, Jukskei River, Gauteng

Mooi River — Potchefstroom, North-West

Angling area, Roodeplaat Dam System, Gauteng

S.E. Bank, Roodeplaat Dam System, Gauteng
Motorboat Launch, Roodeplaat Dam System, Gauteng
Rowing Club, Roodeplaat Dam System, Gauteng
Roodeplaat Outflow, Roodeplaat Dam System, Gauteng
Nothern Bank, Roodeplaat Dam System, Gauteng
Ditholo, Gauteng

Hartbeespoort Dam, Meerhof, North-West
Hartbeespoort Dam, Meerhof, North-West

Pienaars River Inflow, Roodeplaat Dam System, Gauteng

Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020

Swanepoel et al., 2015

Wood et al., 2015
Wood et al., 2015
Wood et al., 2015
Wood et al., 2015
Wood et al., 2015
Wood et al., 2015
Wood et al., 2015
Wood et al., 2015
Wood et al., 2015
Wood et al., 2015
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0.004
0.002
0.001
0.001
0.007
0.001
0.07
0.02
0.07
0.02
0.02
0.23
0.02
0.04
0.04
0.04
0.07
0.05
0.02
0.06
0.02
0.07
0.18
0.62
0.54
0.64
0.53
0.34
0.35
0.11

Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water

Kutsong, Gauteng

Fochville, North-West

Pongola River — Pongola, KwaZulu-Natal

Vaal River — Potchefstroom, North-West

Mooi River — upstream from Potchefstroom, North-West
Mooi River — Boskop dam, North-West

Otter Bridge, Rietvlei Nature Reserve, Gauteng

STR Fam, Rietvlei Nature Reserve, Gauteng

Rietvlei Spruit, Rietvlei Nature Reserve, Gauteng

Bird Hide Stream, Rietvlei Nature Reserve, Gauteng
Marais Dam, Rietvlei Nature Reserve, Gauteng

Marais Dam Channel, Rietvlei Nature Reserve, Gauteng
Albasini, Rietvlei Nature Reserve, Limpopo

Dam wall 30m Hartbeespoort Dam catchment, North-West
Harbour, Hartbeespoort Dam catchment, North-West
Magalies River, Hartbeespoort Dam catchment, North-West
Crocodile River, Hartbeespoort Dam catchment, North-West
Midrand, Jukskei River, Gauteng

Kyalami, Jukskei River, Gauteng

Buccleuch, Jukskei River, Gauteng

N14, Jukskei River, Gauteng

uMngeni River, KwaZulu-Natal

Hennops 3, Hennops River, Gauteng

Hennops 4, Hennops River, Gauteng

Hennops 5, Hennops River, Gauteng

Hennops 6, Hennops River, Gauteng

Hennops 7, Hennops River, Gauteng

Hennops 8, Hennops River, Gauteng

Hennops 9, Hennops River, Gauteng

Jukskei 1, Jukskei River, Gauteng

Swanepoel et al., 2015
Swanepoel et al., 2015
Swanepoel et al., 2015
Swanepoel et al., 2015
Swanepoel et al., 2015
Swanepoel et al., 2015
Wooding et al., 2017
Wooding et al., 2017
Wooding et al., 2017
Wooding et al., 2017
Wooding et al., 2017
Wooding et al., 2017
Wooding et al., 2017
Rimayi et al., 2018
Rimayi et al., 2018
Rimayi et al., 2018
Rimayi et al., 2018
Rimayi et al., 2018
Rimayi et al., 2018
Rimayi et al., 2018
Rimayi et al., 2018
Rimayi et al., 2018
Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020
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RTV

0.15
0.24
0.15
0.01
0.19
0.13
0.15
0.22
0.001
0.5
1.64
0.62
0.58
0.83
0.95
0.75
0.78
0.58

28.5
35.6
36

52.3
2.33
6.38
1.15
2.25
3.06
3.51
4.52

Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water

Jukskei 2, Jukskei River, Gauteng

Jukskei 3 Jukskei River, Gauteng

Jukskei 4, Jukskei River, Gauteng

Jukskei 5, Jukskei River, Gauteng

Jukskei 8, Jukskei River, Gauteng

Jukskei 10, Jukskei River, Gauteng

Crocodile 2, Crocodile River, Gauteng

Crocodile 3, Crocodile River, Gauteng

Muldersdrift se Loop, JHB, Gauteng

S1 (Tembisa), Hennops River, Gauteng

S2 (Irene), Hennops River, Gauteng

S3 (Centurion Mall), Hennops River, Gauteng

S4 (Blackwood Road Bridge), Hennops River, Gauteng

S5 (Witstinkhout Road), Hennops River, Gauteng

S1 (US Hazelmere Dam), Umdloti River, KwaZulu-Natal

S2 (DS Hazelmere Dam wall), Umdloti River, KwaZulu-Natal
S3 (US Verulam WWTP), Umdloti River, KwaZulu-Natal

S4 (DS Verulam WWTP), Umdloti River, KwaZulu-Natal

S5 (Estuary), Umdloti River, KwaZulu-Natal

Northern WWTP, KwaZulu-Natal

Amanzimtoti WWTP, KwaZulu-Natal

Umbhlathuzana WWTP, Durban, KwaZulu-Natal

Umbilo WWTP, KwaZulu-Natal

Msunduzi River, Camps Dirift, Pietermaritzburg, KwaZulu-Natal
Msunduzi River, Bishopstowe, Pietermaritzburg, KwaZulu-Natal
Jukskei 4, Jukskei River, Gauteng

Jukskei 8, Jukskei River, Gauteng

Jukskei 10, Jukskei River, Gauteng

Klip 1, Klip River, Gauteng

Klip 2, Klip River, Gauteng

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Mhuka et al., 2020b

Khulu et al., 2022

Khulu et al., 2022

Khulu et al., 2022

Khulu et al., 2022

Khulu et al., 2022

Khulu et al., 2022

Khulu et al., 2022

Khulu et al., 2022

Khulu et al., 2022

Khulu et al., 2022

Ngwenya and Mahlambi, 2023
Ngwenya and Mahlambi, 2023
Ngwenya and Mahlambi, 2023
Ngwenya and Mahlambi, 2023
Xolo and Mahlambi, 2024
Xolo and Mahlambi, 2024
Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020

Vogt et al., 2020
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d4T

TDF

DDC

4.51
5.04
4.84
3.04
3.11
3.81
1.93
1.99

3.1
4.34
3.4
5.14
1.4
4.3

4.5
0.02
0.78
0.1
0.41
0.0007
0.0011
0.24
0.19
0.15
0.0006
0.11
2.71
0.07

Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water

Klip 3, Klip River, Gauteng

Klip 4, Klip River, Gauteng

Klip 5, Klip River, Gauteng

Klip 6, Klip River, Gauteng

Klip 7, Klip River, Gauteng

Klip 8, Klip River, Gauteng

Klip 9, Klip River, Gauteng

Crocodile 2, Crocodile River, Gauteng

Crocodile 3, Crocodile River, Gauteng

Hennops 3, Hennops River, Gauteng

Hennops 4, Hennops River, Gauteng

Hennops 5, Hennops River, Gauteng

Hennops 6, Hennops River, Gauteng

Hennops 7, Hennops River, Gauteng

Hennops 8, Hennops River, Gauteng

Hennops 9, Hennops River, Gauteng

Muldersdrift se Loop, JHB, Gauteng

Pienaars River inflow, Roodeplaat Dam System, Gauteng
Angling area, Roodeplaat Dam System, Gauteng
Roodeplaat outflow, Roodeplaat Dam System, Gauteng
Kutsong, Gauteng

Stormberg spruit, Eastern Cape

Pienaars River inflow, Roodeplaat Dam, Gauteng
Orange River (Bethulie) Orange River System, Northern Cape
Gariep Dam, Orange River System, Free State
Loopspruit — Potchefstroom, North-West

Hartbeespoort Dam, North-West

uMngeni River, KwaZulu-Natal

Orange River (Bethulie), Northern Cape

Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020
Vogt et al., 2020

Mhuka et al., 2020b

Wood et al., 2015
Wood et al., 2015
Wood et al., 2015

Swanepoel et al., 2015
Swanepoel et al., 2015

Wood et al., 2015
Wood et al., 2015
Wood et al., 2015

Swanepoel et al., 2015
Mlunguza et al., 2020

Sigonya et al., 2022
Wood et al., 2015
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0.03 Surface water Hartbeespoort Dam, Meerhof, North-West Wood et al., 2015

ZDV 0.34 Surface water Pienaars River Inflow, Roodeplaat Dam System, Gauteng Wood et al., 2015
0.63 Surface water Angling Area, Roodeplaat Dam System, Gauteng Wood et al., 2015
0.3 Surface water Angling area, Roodeplaat Dam System, Gauteng Wood et al., 2015
0.29 Surface water Motorboat Launch, Roodeplaat Dam System, Gauteng Wood et al., 2015
0.31 Surface water Rowing Club, Roodeplaat Dam System, Gauteng Wood et al., 2015
0.22 Surface water Roodeplaat Outflow, Roodeplaat Dam System, Gauteng Wood et al., 2015
0.16 Surface water Southern Bank, Roodeplaat Dam System, Gauteng Wood et al., 2015
0.19 Surface water Nouthern Bank, Roodeplaat Dam System, Gauteng Wood et al., 2015
0.05 Surface water Vaal Dam Inflow, Free State Wood et al., 2015
0.35 Surface water Hartbeespoort Dam, Meerhof, North-West Wood et al., 2015
0.14 Surface water Hartbeespoort Dam, Meerhof, North-West Wood et al., 2015
0.0009 Surface water Harts River — Spitskop dam, North-West Swanepoel et al., 2015
0.0006 Surface water Msunduzi river — Pietermaritzburg, KwaZulu-Natal Swanepoel et al., 2015
0.0003 Surface water Mooi River — Potchefstroom, North-West Swanepoel et al., 2015
0.87 Surface water Jukskei 1, Jukskei River, Gauteng Vogt et al., 2020
1.28 Surface water Jukskei 2, Jukskei River, Gauteng Vogt et al., 2020
0.31 Surface water Jukskei 3 Jukskei River, Gauteng Vogt et al., 2020
2.74 Surface water Jukskei 4, Jukskei River, Gauteng Vogt et al., 2020
1.14 Surface water Jukskei 5, Jukskei River, Gauteng Vogt et al., 2020
0.58 Surface water Jukskei 6, Jukskei River, Gauteng Vogt et al., 2020
0.86 Surface water Jukskei 7, Jukskei River, Gauteng Vogt et al., 2020
0.84 Surface water Jukskei 8, Jukskei River, Gauteng Vogt et al., 2020
0.75 Surface water Jukskei 9, Jukskei River, Gauteng Vogt et al., 2020
0.95 Surface water Jukskei 10, Jukskei River, Gauteng Vogt et al., 2020
0.34 Surface water Crocodile 1, Crocodile River, Gauteng Vogt et al., 2020
0.57 Surface water Crocodile 2, Crocodile River, Gauteng Vogt et al., 2020
0.52 Surface water Crocodile 3, Crocodile River, Gauteng Vogt et al., 2020
0.6 Surface water Hennops 1, Hennops River, Gauteng Vogt et al., 2020
0.34 Surface water Hennops 2, Hennops River, Gauteng Vogt et al., 2020
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1.91 Surface water Hennops 3, Hennops River, Gauteng Vogt et al., 2020

2.04 Surface water Hennops 4, Hennops River, Gauteng Vogt et al., 2020
2.22 Surface water Hennops 5, Hennops River, Gauteng Vogt et al., 2020
1.34 Surface water Hennops 6, Hennops River, Gauteng Vogt et al., 2020
0.75 Surface water Hennops 7, Hennops River, Gauteng Vogt et al., 2020
1.61 Surface water Hennops 8, Hennops River, Gauteng Vogt et al., 2020
1.04 Surface water Hennops 9, Hennops River, Gauteng Vogt et al., 2020

Detail on the precision of the analytical methods used in this review

Holton et al. (2022), Horn et al. (2022), and Swanepoel et al. (2015) report a %RSD range of >20%. This suggests high variability for certain
analytes, which may require method optimisation to reduce inconsistency for critical measurements. Such variability could arise from differences
in the chemical properties of analytes (solubility, stability) or challenges in the extraction/detection process for specific compounds. While the
majority of the remaining authors reported low %RSD (<10%). This narrower range of %RSD suggests better overall precision, making it a

potentially more reliable method for similar ARVD monitoring applications.

Horn et al. (2022) reported %RSD values as high as 196% for ARVDs in surface and wastewater, emphasising the inconsistencies associated
with matrix composition. Matrix-specific calibrations or surrogate standards may be necessary to address these issues. Wastewater often contain
high concentrations of organic and inorganic matter, as well as a complex mixture of chemicals (Bingul et al., 2023). This complexity increases
the likelihood of matrix effects, such as ion suppression or enhancement in mass spectrometry, which can reduce detection sensitivity and
accuracy. Studies like Mosekiemang et al. (2019) analysed wastewater and reported a broader LOD and LOQ range, likely reflecting these
interferences. To mitigate matrix effects, methods such as SPE with advanced cartridges (Oasis HLB) are commonly employed to improve analyte
recovery (Rimanyi et al., 2018; Xolo and Mahlambi, 2024).
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Swanepoel et al. (2015) and Vogt et al. (2020) used UHPLC/MS QTOF to detect ARVDs in drinking water, both reporting broad LOQ and LOD
ranges. Drinking water often comes from diverse sources and undergoes different treatment processes leading to variation in composition. This

variability could potentially influence method performance and contribute to broader LOD and LOQ ranges.
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ANNEXURES E:

{formeriy Northern Province)

Free State

Northern Cape

Eastern Cape

Figure 7-1: A map showing the nine provinces of South Africa.
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ANNEXURES F:

Table 7-7: Mean concentrations of selected ARVDs in surface water samples from the Klip River system over several months.

Sample month | Sample Site Mean concentration (ug/L)
EFV LPV NVP RTV ZbV
March Klip 1 <LOD 29.22 0.41 <LOQ <LOD
Klip 2 <LOD 22.91 <LOD <LOQ <LOD
Klip 3 <LOD 26.19 <LOD 2.44 <LOQ
Klip 4 <LOD 8.93 <LOD <LOD <LOD
Klip 5 <LOQ 41.27 <LOD 4.84 <LOQ
Klip 6 <LOD 16.48 <LOD <LOQ <LOD
Klip 7 <LOD 13.40 <LOD <LOQ <LOQ
Klip 8 <LOD 13.57 <LOD <LOQ <LOD
Klip 9 <LOD 5.58 <LOD <LOD <LOD
April Klip 1 <LOD 5.40 <LOD <LOD <LOD
Klip 2 <LOD <LOD <LOD <LOD <LOD
Klip 3 <LOD 3.56 <LOD <LOD <LOQ
Klip 4 <LOD 3.59 <LOD <LOD <LOQ
Klip 5 1.55 16.22 <LOD <LOQ <LOQ
Klip 6 <LOD 3.54 <LOD <LOD <LOQ
Klip 7 <LOD 274 <LOD <LOD <LOQ
Klip 8 <LOD <LOQ <LOD <LOD <LOQ
Klip 9 <LOD <LOQ <LOD <LOD <LOD
May Klip 1 <LOD 0.96 <LOD <LOD <LOD
Klip 2 <LOD <LOD <LOD <LOD <LOD
Klip 3 1.81 <LOD <LOD <LOD <LOQ
Klip 4 <LOQ 3.27 <LOD <LOD <LOD
Klip 5 <LOQ 4.06 <LOD <LOD <LOD
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Klip 6 <LOD 2.96 <LOD <LOD <LOD
Klip 7 <LOD 5.07 <LOD <LOD <LOQ
Klip 8 <LOD 1.66 <LOD <LOD <LOQ
Klip 9 <LOD 5.55 <LOD <LOD <LOD
August Klip 1 <LOQ 39.49 <LOD 3.51 <LOD
Klip 2 <LOQ 39.62 <LOD 4.52 <LOD
Klip 3 1.76 46.75 <LOD 4.51 <LOD
Klip 4 <LOQ 39.84 <LOD 5.04 <LOQ
Klip 5 <LOQ 30.69 <LOD 3.38 <LOQ
Klip 6 <LOQ 26.44 <LOD 3.04 <LOD
Klip 7 <LOQ 24.34 <LOD 3.1 <LOQ
Klip 8 <LOQ 24.45 <LOD 3.81 <LOQ
Klip 9 <LOQ 21.37 <LOD 1.93 <LOQ
October Klip 1 <LOD 2.02 <LOD <LOD <LOD
Klip 2 <LOD <LOQ <LOD <LOD <LOQ
Klip 3 <LOD 2.12 <LOD <LOD <LOD
Klip 4 <LOD <LOQ <LOD <LOD <LOD
Klip 5 <LOD 4.96 <LOD <LOD <LOD
Klip 6 <LOD <LOQ <LOD <LOD <LOD
Klip 7 <LOD <LOQ <LOD <LOD <LOD
Klip 8 <LOD <LOD <LOD <LOD <LOD
Klip 9 <LOD <LOQ <LOD <LOD <LOD

LOD = limited of detection; LOQ = limited of quantification; EFV = efavirenz; LPV = lopinavir; NVP = nevirapine; RTV = ritonavir; ZDV = zidovudine.
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Table 7-8: Mean concentrations of selected ARVDs in surface water samples from the Hennops River system over several months.

Sample month | Sample Site Mean concentration (ug/L)

EFV LPV NVP RTV ZDV
March Hennops 1 <LOD 4.90 <LOD <LOD <LOD
Hennops 2 <LOD 4.92 <LOD <LOD <LOD
Hennops 3 <LOD 43.32 <LOD 3.10 <LOQ
Hennops 4 <LOD 45.52 <LOQ 2.81 <LOQ
Hennops 5 <LOD 34.12 <LOQ 2.48 <LOQ
Hennops 6 <LOQ 63.69 <LOQ 5.14 <LOD
Hennops 7 <LOD 18.44 <LOD 1.40 <LOD
Hennops 8 <LOD 53.15 <LOQ 4.30 <LOQ
Hennops 9 <LOD 52.31 <LOQ 4.50 <LOD
April Hennops 1 <LOD <LOD <LOD <LOD <LOD
Hennops 2 <LOD 0.57 <LOD <LOD <LOD

Hennops 3 <LOQ 5.81 <LOD <LOD 1.91

Hennops 4 <LOD 3.17 <LOD <LOD 2.04
Hennops 5 <LOD 3.65 <LOD <LOD <LOQ
Hennops 6 <LOD 2.62 <LOD <LOD <LOQ
Hennops 7 <LOD 1.21 <LOD <LOD <LOQ
Hennops 8 <LOD 3.44 <LOD <LOD <LOQ
Hennops 9 <LOD 3.85 <LOD <LOD <LOQ
May Hennops 1 <LOD 4.1 <LOD <LOD <LOD
Hennops 2 <LOD 0.72 <LOD <LOD <LOD

Hennops 3 <LOD 0.98 <LOD <LOD 1.12

Hennops 4 <LOQ <LOD <LOD <LOD 1.17

Hennops 5 <LOD 1.08 <LOD <LOD 1.08
Hennops 6 <LOD <LOD <LOD <LOD <LOQ
Hennops 7 <LOD 0.69 <LOD <LOD <LOD
Hennops 8 <LOD <LOD <LOD <LOD <LOQ
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Hennops 9 <LOD 3.62 <LOD <LOD <LOQ
August Hennops 1 <LOD 2.32 <LOD <LOD <LOD
Hennops 2 <LOD 2.24 <LOD <LOD <LOD
Hennops 3 217 18.01 <LOD 2.23 1.17
Hennops 4 418 35.35 <LOD 4.34 <LOQ
Hennops 5 3.62 31.31 <LOD 3.40 1.41
Hennops 6 2.74 32.03 <LOQ 3.48 <LOQ
Hennops 7 <LOD 7.77 <LOQ <LOD <LOQ
Hennops 8 1.86 30.88 <LOD 3.04 <LOQ
Hennops 9 1.38 15.87 <LOD 1.58 <LOQ
October Hennops 1 <LOD 0.86 <LOD <LOD <LOQ
Hennops 2 <LOD 0.76 <LOD <LOD <LOQ
Hennops 3 2.38 3.66 <LOD <LOD 1.77
Hennops 4 3.20 5.15 <LOQ <LOD 1.35
Hennops 5 2.65 11.68 <LOQ 1.33 2.22
Hennops 6 1.68 8.61 <LOD <LOD 1.34
Hennops 7 <LOD 2.40 <LOD <LOD <LOQ
Hennops 8 1.40 7.72 <LOD <LOD 1.61
Hennops 9 <LOQ 9.99 <LOD <LOD <LOQ

LOD = limited of detection; LOQ = limited of quantification; EFV = efavirenz; LPV = lopinavir; NVP = nevirapine; RTV = ritonavir; ZDV = zidovudine.
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Table 7-9: Mean concentrations of selected ARVDs in surface water samples from the Jukskei River system over several months.

Sample month | Sample Site Mean concentration (ug/L)
EFV LPV NVP RTV ZDV
March Jukskei 1 <LOD 8.38 <LOD <LOD <LOD
Jukskei 2 <LOD 15.13 <LOD <LOD <LOQ
Jukskei 3 <LOD 3.24 <LOD <LOD <LOD
Jukskei 4 <LOD 18.17 <LOD <LOQ <LOQ
Jukskei 5 <LOD 2.97 <LOD <LOD <LOD
Jukskei 6 <LOD 4.19 <LOD <LOD <LOD
Jukskei 7 <LOD 2.26 <LOD <LOD <LOD
Jukskei 8 <LOD 15.83 <LOD <LOQ <LOQ
Jukskei 9 <LOD 3.54 <LOD <LOD <LOD
Jukskei 10 <LOD 14.56 <LOD <LOD <LOQ
April Jukskei 1 <LOD 0.71 <LOD <LOD <LOQ
Jukskei 2 <LOD 1.81 <LOD <LOD <LOQ
Jukskei 3 <LOD <LOD <LOD <LOD <LOD
Jukskei 4 <LOD 1.93 <LOD <LOD 1.18
Jukskei 5 <LOD <LOD <LOD <LOD <LOD
Jukskei 6 <LOD 2.78 <LOD <LOD <LOD
Jukskei 7 <LOD 2.53 <LOD <LOD <LOQ
Jukskei 8 <LOD 2.86 <LOD <LOD <LOQ
Jukskei 9 <LOD 1.38 <LOD <LOD <LOQ
Jukskei 10 <LOD 6.83 <LOD <LOD <LOQ
May Jukskei 1 <LOD 0.62 <LOD <LOD <LOQ
Jukskei 2 <LOD 3.22 <LOD <LOD <LOQ
Jukskei 3 <LOD 1.81 <LOD <LOD <LOD
Jukskei 4 <LOD 2.20 <LOD <LOD <LOQ
Jukskei 5 <LOD 0.58 <LOD <LOD <LOD
Jukskei 6 <LOD 3.17 <LOD <LOD <LOD
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Jukskei 7 <LOD 2.20 <LOD <LOD <LOQ
Jukskei 8 <LOD 1.98 <LOD <LOD <LOQ
Jukskei 9 <LOD 1.77 <LOD <LOD <LOD
Jukskei 10 <LOD 6.61 <LOD <LOD <LOQ
August Jukskei 1 <LOQ 2.17 <LOD <LOD <LOQ
Jukskei 2 1.50 6.09 <LOD <LOD 1.26
Jukskei 3 <LOD 0.80 <LOD <LOD <LOD
Jukskei 4 1.49 4.39 <LOD <LOD <LOQ
Jukskei 5 <LOD 0.74 <LOD <LOD <LOD
Jukskei 6 <LOQ 4.23 <LOD <LOD <LOQ
Jukskei 7 <LOD 4.88 <LOD <LOD <LOQ
Jukskei 8 2.23 17.10 <LOD 2.25 <LOQ
Jukskei 9 <LOQ 6.26 <LOD <LOD <LOQ
Jukskei 10 2.20 23.12 <LOD 3.06 <LOQ
October Jukskei 1 <LOD <LOD <LOD <LOD <LOD
Jukskei 2 <LOD 0.95 <LOD <LOD 1.28
Jukskei 3 <LOD <LOD <LOD <LOD <LOD
Jukskei 4 <LOQ 1.40 <LOD <LOD 2.74
Jukskei 5 <LOD <LOD <LOD <LOD 1.14
Jukskei 6 <LOD 0.51 <LOD <LOD <LOD
Jukskei 7 <LOD 0.62 <LOD <LOD <LOQ
Jukskei 8 2.49 3.67 <LOD <LOD <LOQ
Jukskei 9 <LOD 0.89 <LOD <LOD <LOD
Jukskei 10 1.99 3.60 <LOD <LOD <LOQ

LOD = limited of detection; LOQ = limited of quantification; EFV = efavirenz; LPV = lopinavir; NVP = nevirapine; RTV = ritonavir; ZDV = zidovudine.
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Table 7-10: Mean concentrations of selected ARVDs in surface water samples from the Crocodile River system over several months.

Sample month | Sample Site Mean concentration (ug/L)
EFV LPV NVP RTV ZDV
March Crocodile 1 <LOD 7.73 <LOD <LOD <LOD
Crocodile 2 <LOD 9.20 <LOD <LOD <LOD
Crocodile 3 <LOD 1.20 <LOD <LOD <LOD
April Crocodile 1 <LOD 1.68 <LOD <LOD <LOD
Crocodile 2 <LOQ 1.44 <LOD <LOD <LOQ
Crocodile 3 <LOD 1.54 <LOD <LOD <LOQ
May Crocodile 1 <LOD 1.53 <LOD <LOD <LOD
Crocodile 2 <LOD 1.03 <LOD <LOD <LOQ
Crocodile 3 <LOD 1.69 <LOD <LOD <LOQ
August Crocodile 1 <LOD 3.86 <LOD <LOD <LOD
Crocodile 2 1.59 19.51 <LOD 1.99 <LOD
Crocodile 3 <LOD 16.17 <LOD 1.83 <LOQ
October Crocodile 1 <LOD 1.50 <LOD <LOD <LOQ
Crocodile 2 <LOD 4.64 <LOD <LOD <LOD
Crocodile 3 <LOD 13.03 <LOD 2.00 <LOQ

LOD = limited of detection; LOQ = limited of quantification; EFV = efavirenz; LPV = lopinavir; NVP = nevirapine; RTV = ritonavir; ZDV = zidovudine.
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ANNEXURES G:

Table 7-11: Coordinates of samples collected in the Gauteng Province between March
and October 2018.

River and sample site Latitude Longitude
Crocodile 1 -25.895168 27.91374

Crocodile 2 -25.863174 27.93408

Crocodile 3 -25.797273 27.893952
Hennops 1 -25.878533 28.256195
Hennops 2 -25.888751 28.225992
Hennops 3 -25.951437 28.207384
Hennops 4 -25.922381 28.227477
Hennops 5 -25.88954 28.224148
Hennops 6 -25.829178 28.115976
Hennops 7 -25.840507 28.110298
Hennops 8 -25.822378 28.082272
Hennops 9 -25.793756 28.003707
Jukskei 1 -26.154441 28.130995
Jukskei 2 -26.084225 28.108553
Jukskei 3 -26.056121 28.118883
Jukskei 4 -26.032128 28.111185
Jukskei 5 -26.036721 28.055483
Jukskei 6 -26.009621 28.037822
Jukskei 7 -25.985702 28.002141
Jukskei 8 -25.955545 27.964965
Jukskei 9 -25.977999 27.962469
Jukskei 10 -25.955241 27.962657
Klip 1 -26.325093 27.987896
Klip 2 -26.328337 27.936846
Klip 3 -26.32011 27.941017
Klip 4 -26.306795 27.940254
Klip 5 -26.311805 27.918583
Klip 6 -26.336841 27.902994
Klip 7 -26.289923 27.885756
Klip 8 -26.239979 27.912726
Klip 9 -26.294204 27.836259

The two interpolation techniques that are most frequently employed are IDW and Kriging. IDW
is simpler than Kriging, yet some studies showed that it was preferred over the latter (Hodam
et al., 2017; Shukla et al., 2020). Also, IDW may handle parameters that are not normally
distributed, whereas the Kriging technique is limited to normal distributions and should be used
when transformation methods (e.g., log transformation) are applied (Chen and Liu, 2012). The
attribute of IDW is that nearby locations are more likely to have similar values and the linear
interpolator weights the interpolated data 2(x,), at unsampling location x,, as follows
(Mantzafleri et al., 2009):
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2(xg) = X7 wy X z(x;) (7-1)
Where:
z(xo,,-) = value of drug concentration in water (z) at sampling location (4)
s = number of neighbouring sample sites
w; = weights according to the distance between the unsampling locations (x,)
x,; = sampling locations
%y = unsampling locations

2(x,) = interpolated data

Therefore, it can be written as follows:
“ (7-2)

Z w} =1

i=1
The final formula for the IDW method is derived as follows (Zisou and Psilovikos, 2012):
S7eq 2(x)x 4 (7-3)

m —f
=1 4ij

2(xo) =

Where:
# = distance influence coefficient (power parameter)

d;; = distance between the unsampling location (4(x,)) and the sampling locations 7(x;)

In IDW, weights can be raised to the power of # (e.g., squared, linear, or cubed), causing
weights to decrease more rapidly as distance increases (Eq. (7-3). The power £ can also be
optimised. IDW presumes that the simulated surface is affected by local variations, which can
be depicted through the neighbourhood. Adjusting neighbourhood parameters such as

sectors, shape, and the number of neighbours can improve the model (Charizopoulos et al.,
2018).

Although IDW parameters may be optimized, the following assumptions were made to simplify
the method: the extent was set to the bounding box of the study area to avoid unnecessary
computation; pixel size was set to 0.01; distance weighting was set to two since it balances
local and distant influences; the neighbourhood type was standard (N - nearest neighbours)
since data was irregularly distributed. Given that QGIS does not have built-in anisotropy
settings, the following default behaviour was assumed: isotropic (circular) influence, which

means the anisotropy factor was also set to default 1.0 (no directional bias); the major and
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minor semi-axes are equal; the anisotropy angle was set to default 0° (no rotation). All

parameter selections were implemented within the IDW interpolation processing tool in QGIS.
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ANNEXURES H:

Table 7-12: Ecotoxicity data for antiretroviral drugs (ARVDs) to determine the predicted no effect concentration (PNEC), detailing test

species, toxicity endpoints, measured concentrations, and justification for assessment factors (AF) selection.

ARVD Species Test Result Result AF PNEC AF Reasoning
(ug/L) (mgl/L) (mg/L)
ABC Green Algae (Selenastrum NOEC 3x104 30 10 3 Long-term results (NOECs) from 3 trophic
caprocornutum) levels
Crustacean (Ceriodaphnia dubia) NOEC 5600 5.6 10 0.56 Long-term results (NOECs) from 3 trophic
levels
Fish (Pimephales promelas) NOEC 9.5x10* 95 10 9.5 Long-term results (NOECs) from 3 trophic
levels
ATV Green algae (Pseudokirchneriella  NOEC 4100 4.1 10 0.41 Long-term results (NOECs) from 3 trophic
subcapitata) levels
Crustacean (Daphnia magna) NOEC 5100 5.1 10 0.51 Long-term results (NOECs) from 3 trophic
levels
Fish (P. promelas) NOEC 8600 8.6 10 0.86 Long-term results (NOECs) from 3 trophic
levels
ddl Fish Chv 2113 2.1 10 0.21 Lowest value of classes
Daphnid Chv 8095 8.10 10 0.81 Lowest value of classes
Green Algae Chv 5840 5.84 10 0.58 Lowest value of classes
DRV Green algae (P. subcapitata) NOEC 4.3x10* 43 10 4.3 Long-term results (NOECs) from 3 trophic
levels
Crustacean (D. magna) NOEC 2600 2.6 10 0.26 Lowest long-term results (NOECs) from 3
trophic levels
Fish (Oncorhynchuss mykiss) NOEC 28d 9400 94 10 0.94 Long-term results (NOECs) from 3 trophic
levels
EFV Green Algae (S. capricornutum) NOEC 12d 26 0.026 10 0.0026 Long-term results (NOECs) from 3 trophic

(growth rate)
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FTC

IDV

3TC

LPV

MvC

NFV

NVP

Crustacean (D. magna)

Fish (P. promelas)

Fish (P. promelas)

Fish

Crustacean (Mysis diluviana)
Daphnid

Algae

Algae (Green Algae)
Crustacean (D. magna)

Fish (Lepomis macrochirus):
Fish

Algae

Mysid (SW)

Green Algae

Mysid

Fish (SW)

Green Algae (S. capricornutum)

NOEC 21d
(survival)
NOEC 33d
(growth)
NOEC 28d
ChVv

ChVv

ChVv
NOEC
ECs096h
LCso 48h
LCso 96h
ChVv

ChVv

ChVv

ECso

LCso 96h
LCso 96h

NOEC 10d

160 0.16
70 0.07
6100 6.1
1923 1.9
1412 1.4
42.8 0.04

9.69x10* 96.9

1914 1.91
2652 2.65
2082 2.08
74 0.07

1.15x10° 115

8 0.008
34.2 0.03
27.3 0.02
103.7 0.10
4.3x10* 43
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10

10

100

50

50

50

100

1000

1000

1000

10

10

10

1000

1000

1000

10

0.016
0.007
0.061
0.038
0.028
0.001
0.969
0.0019
0.0027
0.0021
7.4x10°3
1.2 x10°
7.5 x10*
0.034
0.0

0.1

4.3

Lowest long-term results (NOECs) from 3
trophic levels

Long-term results (NOECs) from 3 trophic
levels

One long-term NOEC from one trophic
level

Two long-term results (NOEC) from 2
trophic levels

Two long-term results (NOEC) from 2
trophic levels

Two long-term results (NOEC) from 2
trophic levels

One long-term NOEC from one trophic
level

One short-term L/ECso from 3 trophic
levels

One short-term L/ECso from 3 trophic
levels

One short-term L/ECso from 3 trophic
levels

Lowest long-term results (NOECs) from 3
trophic levels

Lowest long-term results (NOECs) from 3
trophic levels

Lowest long-term results (NOECs) from 3
trophic levels

One short-term L/ECso from 3 trophic
levels

One short-term L/ECso from 3 trophic
levels

One short-term L/ECso from 3 trophic
levels

Long-term results (NOECs) from 3 trophic
levels



RAL

RTV

daT

sSQv

TDF

DDC

Crustacean (D. magna)

Fish (O. mykiss)

Green Algae (S. capricornutum)
Crustacean (D. magna)

Fish (P. promelas)
Crustacean (D. magna)

Fish (L. macrochirus)

Acute crustacean

Green Algae

Fish

Green Algae (Raphidocelis
subcapitata)

Fish (O. mykiss)

Fish (Poecilia reticulata)
Crustacean (Artemia salina)
Algae (Microcystis novacekii)
Fish (P. promelas)

Fish

NOEC 48h
NOEC 96h
NOEC 96h
(growth rate)
LCso 48h
LCso 96h
ECs0 48h
LCso 24h
ICs0 24h
ECso

LCso
NOEC 72h
NOEC 96h
NOEC 96h
ICs0

ECso
NOEC 32d

ChV

76.9x10*

6.5x10*

3800

9500

9300

1500

1630

1.12x10°

16.10

1.07x10°

1120

3.88x10*

5490

6.18x10*

8.9x10*

9000

324

76.9

65

3.8

9.5

9.3

1.5

1.63

111

0.02

1070

38.8

5.49

61.83

89

9

2467

10

10

10

10

10

50

50

1000

1000

1000

10

10

10

1000

1000

1000

10

7.69

6.5

0.38

0.95

0.93

0.03

0.033

0.11

2x107°

1.07

0.112

3.88

0.549

0.062

0.089

0.009

246.7

Long-term results (NOECs) from 3 trophic
levels

Long-term results (NOECs) from 3 trophic
levels

Long-term results (NOECs) from 3 trophic
levels

Long-term results (NOECs) from 3 trophic
levels

Long-term results (NOECs) from 3 trophic
levels

Two long-term results (NOEC) from 2
trophic levels

Two long-term results (NOEC) from 2
trophic levels

One short-term L/ECso from 3 trophic
levels

One short-term L/ECso from 3 trophic
levels

One short-term L/ECso from 3 trophic
levels

Long-term results (NOECs) from 3 trophic
levels

Long-term results (NOECs) from 3 trophic
levels

Long-term results (NOECs) from 3 trophic
levels

One short-term L/ECso from 3 trophic
levels

One short-term L/ECso from 3 trophic
levels

One short-term L/ECso from 3 trophic
levels

Long-term results (NOECs) from 3 trophic
levels



Daphnid Chv
Green Algae Chv
ZDV Green Algae ChV
Crustacean (D. magna) NOEC
Fish ChVv

1.6x10*

47.2

413

0.01

16

2.28

10

10

10

10

10

4.7

41.4

0.001
1.6

0.228

Long-term results (NOECs) from 3 trophic
levels
Long-term results (NOECs) from 3 trophic
levels
Long-term results (NOECs) from 3 trophic
levels
Long-term results (NOECs) from 3 trophic
levels
Long-term results (NOECs) from 3 trophic
levels

ChV = chronic value (the geometric mean of the NOEC and the LOEC); d = days; h = hours; IC50 = inhibitory concentration 50%; LOEC = lowest observed effect concentration; NOEC = no observed effect concentration.
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ANNEXURES I:

Table 7-13: Comparative summary between the two approaches employed to assess the hazard caused by ARVDs in water sources.

Aspect HA approach 1 (ADD/RfD) HA approach 2 (CDI/ADI)

Less conservative: Focus on worst-case (99" percentile) More conservative per unit exposure:
HQ values. Used RfD based on strict UF adjustments. Based on ADI derived from TDs with

Conservativeness in

theory (by design) ,
conservative safety factors.
Acute vs. chronic Emphasises acute exposure via high-exposure Focuses on chronic exposure and general
exposure scenarios. safety trends across lifetime exposure.
Key findings e Quantitative prioritisation of hazardous ARVDs (e.g., ¢ No toxic potential identified (HQ < 1)
ABC, EFV, LPV, TDF) . for any ARVD or population.
e Suggests non-carcinogenic risks at high exposure e Exposure levels are unlikely to pose
levels. non-carcinogenic hazards to any sub-
¢ Linked population-specific vulnerability with population.
compound-specific toxicity. ¢ Validated the low toxicity profile of
e Highlighted vulnerable groups (adults and pregnant ARVDs in water sources under
women) while consistently noting lower HQs for standard conditions.
children. e Provided baseline for chronic
e Underlines significant variability across ARVDs, with exposure assessments.
some drugs (e.g., MRV, IDV) posing negligible risks
and others requiring mitigation strategies.
¢ Bridges hazard to risk by incorporating distribution-
based exposure (percentiles, 95% CI).
Regulatory implications Calls for targeted mitigation strategies and further risk Suggests no immediate need for
assessments for hazardous ARVDs. intervention.
Regulatory usefulness  Precautionary. Useful for setting limits, prioritising and Best for routine monitoring and chronic
hotspot analysis. risk flagging.

ABC = abacavir; ADI = acceptable daily intake; ADD = average daily dose; ARVD = antiretroviral drug; CDI = chronic daily intake; EFV = efavirenz; HA = hazard assessment; HQ =; IDV = indinavir;, MRV = maraviroc;

RfD = reference dose; TD = therapeutic dose; TDF = tenofovir; UF = uncertainty factor.
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