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Abstract: Pharmaceutical pollution of surface waters has emerged as a significant environmental
health concern worldwide. In this study, we investigated the presence and concentration of
pharmaceuticals in aquatic environments within Vhembe District Municipality, South Africa. To
achieve this, grab samples of water were collected from various locations across the Thulamela Local
Municipality, encompassing rivers, streams, and dams. A targeted solid-phase extraction method
with ultra-high-pressure liquid chromatography coupled with quadrupole time-of-flight mass
spectrometry (UHPLCQTOF) was used to screen, detect, and quantify 99 pharmaceutical
compounds in the collected water samples. The findings revealed the presence of a range of
pharmaceutical compounds, including the antiretrovirals nevirapine and lopinavir, the
anticonvulsant/anti-epileptic carbamazepine, and the analgesic and antipyretic acetaminophen. The
central nervous system stimulant caffeine was also detected in various water bodies across the
region. The presence and concentrations of the pharmaceuticals varied across different water
bodies, with nevirapine present at nine sites out of 21 (up to 166 ng/L), lopinavir at two sites (up to
42 ng/L), carbamazepine at one site (21 ng/L) and acetaminophen at two sites with the highest
concentration of 427 ng/L. Caffeine was present at 15 sites (up to 975 ng/L). This study provides
valuable insights into pharmaceutical pollution in surface water resources from one of South
Africa's rural areas, Vhembe District Municipality in Limpopo Province.

Keywords: water quality; emerging contaminants; aquatic environments; pharmaceutical pollution;
rural water resources; environmental health; Vhembe district

1. Introduction

South Africa is situated in the southern African subregion, where the human immunodeficiency
virus and acquired immunodeficiency syndrome (HIV/AIDS) are most prevalent on the continent.
According to the Statistics South Africa 2022 mid-year report, the country has an estimated
population of 60.6 million, with the total number of people suffering from HIV infection estimated to
be approximately 8.45 million [1]. South Africa has the world's largest antiretroviral (ARV) treatment
program, where approximately 5.55 million people were on ARV treatment in 2021 [2]. The Vhembe
District Municipality, where the present study was conducted, is part of the Limpopo Province, and
it is the northernmost part of the country, sharing a border with Zimbabwe in the north, Botswana in
the northwest, and Mozambique in the southeast [3]. Limpopo is the fifth most populated province
in South Africa, with a population estimated at 5 941 439 people in 2022; it comes after Gauteng (16
098 571), KwaZulu Natal (11 538 325), Western Cape (7 212 142) and Eastern Cape (6 676 691) [1].
Available data from the fifth South African National HIV Prevalence, Incidence, Behaviour, and
Communication Survey conducted in 2017 shows that the HIV/AIDS epidemic prevalence in people
aged 15 — 49 years varies from one province to another: the most populated provinces, Gauteng,
KwaZulu Natal, and Western Cape, recorded a prevalence of 17.6%, 27% (the highest prevalence)
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and 12.6% (the lowest prevalence) respectively. The least populated province, the Northern Cape (1
308 734 people), recorded the second-lowest HIV prevalence of 13.9% [4].

There are over 20 ARVs available for HIV treatment worldwide; the most used in South Africa
include lamivudine, stavudine, didanosine, zidovudine, tenofovir, lopinavir, abacavir, ritonavir,
nevirapine, emtricitabine and efavirenz [5,6]. Most of these ARVs have been detected in aquatic
environments in Gauteng, KwaZulu Natal, Western Cape, and Eastern Cape at quantifiable levels,
sometimes up to micrograms per litre [7-13]. However, little is known about ARV concentrations in
aquatic environments in other parts of the country, including Vhembe District Municipality in
Limpopo Province. Although Limpopo is the fifth most populated province in the country, its HIV
prevalence was 17.2% in 2017, which is comparable to the prevalence of HIV in the Gauteng Province
(17.6%), the most populated province [4]. The number of HIV patients on ART in Limpopo Province
was counted at 296,000 people, while it was 1 248,000 people in KwaZulu Natal and 896,000 in
Gauteng [4].

In their study, Robson et al. [14] investigated the presence of the ARV efavirenz in three rivers
that feed the Nandoni Dam in the Vhembe District Municipality, the Dzindi, Mvudi and Luvuvhu
Rivers. Efavirenz was present in the water from all three rivers at concentrations varying from 1.6
ng/L (Luvuvhu River) to 10.3 ng/L (Mvudi River). This was a once-off sampling conducted in 2016;
since then, no other sampling has been conducted to show the situation of pharmaceutical pollution
in the region. Since South Africa is the leading country in ART worldwide, it is important to monitor
the levels of pharmaceuticals in aquatic environments across the country, as it is done for other
chemicals, such as metals and pesticides. This will help implement measures to prevent further water
pollution and ensure that future generations have clean water, as highlighted by Goals 6 and 14 of
the 2030 United Nations” Sustainable Development Goals (SDGs) [15].

Pharmaceuticals and other chemical pollutants enter surface water mostly via inefficient
pathogen and micropollutant removal from wastewater treatment works (WWTWs) [16-18].
Although there is some information on the levels of heavy metals, pesticides, and nutrients in the
rivers around the Vhembe District Municipality [19-21], there is currently insufficient information
on the levels and types of pharmaceuticals in these rivers [14]. As discussed previously, most of the
studies on the presence of pharmaceuticals in South African waters have focused on the Gauteng and
KwaZulu Natal provinces, where major rivers, dams and WWTWs’ effluents, have shown the
presence of diverse types of pharmaceuticals, including ARVs and antibiotics [7-10,12,13,18,22-24].
This is understandable, as KwaZulu Natal is the second most populated province in South Africa
after Gauteng and the one with the highest HIV prevalence. In contrast, Limpopo is among the least
populated provinces with a lower HIV prevalence [4]. In the Vhembe District, 89.7% of the population
lives in rural areas [25]; they mostly use pit latrines and wastewater treatment is mostly done in
oxidation ponds [26]. Around Thohoyandou Town, there are currently three public hospitals and
nine WWTWs, including a treatment plant, Thohoyandou WWTP (biological process), and eight
oxidation ponds. Recently, WWTWs in this area were found to be inefficient in removing chemicals,
such as metals and pesticides, mainly because the technology or infrastructure is outdated and
sometimes unable to accommodate the excessive amounts of wastewater in the region [26]. Thus, the
surface waters in this area receive seepage from pit latrines, oxidation ponds, and solid waste disposal
sites [25,26], carrying diverse types of chemicals and their metabolites, including pharmaceuticals.

Recent laboratory studies have shown that some ARVs used in ART in South Africa may affect
fish health at their current levels in the Gauteng and KwaZulu Natal surface waters [27,28]. This
raises concerns that uncontrolled levels of ARVs in surface water in the Vhembe district could have
profound implications not only for the exposed fish and other non-target aquatic organisms but also
for water users downstream of the local wastewater treatment plants. Previous studies in this region
have shown that local communities sometimes utilise water directly from rivers, streams, and dams
[29,30] and are at risk of exposure to ARVs and other pharmaceuticals. The contamination of surface
water affects human life and chronically exposes aquatic wildlife species inhabiting these waters [31].
In 2016, efavirenz, an ARV used in South Africa, was detected in the Mvudi River in the Vhembe
District, with a 10.3 ng/L concentration [14]. A laboratory exposure study of efavirenz (10.3 ng/L and
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20.6 ng/L) showed liver damage and a decline in the health of adult Oreochromis mossambicus [14].
Another study using the same concentrations showed efavirenz’s capacity to cause physical
deformities in O. mossambicus larvae at such low concentrations [32]. This is concerning for aquatic
life in the rivers of the Vhembe District Municipality, as pharmaceutical levels in water are expected
to continue increasing as the country strives to reach the 90-90-90 HIV treatment goals, according to
the World Health Organization (WHO) [33].

Another alarming fact is that ARVs are believed to have endocrine-disrupting properties,
enabling them to interfere with the normal function of the endocrine system in vertebrates [31,34].
Thus, the presence of ARVs in surface waters may have an additive detrimental effect on other EDCs
in the water. Therefore, it is important to monitor the presence, levels, and effects of ARVs in all South
African aquatic environments, as it is done for other known EDCs. This study reports on the state of
pharmaceutical pollution in Vhembe District Municipality surface waters, where ARVs and other
commonly used pharmaceuticals were screened from rivers, streams and dams near the region's main
hospitals, clinics, and WWTWs.

2. Materials and Methods

2.1. Study Area and Sampling Sites

In the Vhembe District Municipality, where this study was conducted, water samples were
primarily collected in areas with informal settlements within the Nzhelele River catchment,
Thulamela Local Municipality, around Thohoyandou town, one of the four towns in the Vhembe
District Municipality [25]. The Thulamela Local Municipality (Error! Reference source not found.) is
the most populated in the Vhembe District, with a population of 618 462, which forms 47.7% of the
Vhembe District’s population [1].

2.2. Samples Collection, Extraction, and Quantification

Grab water samples were collected using sterilized 1L Schott bottles from different sites covering
major rivers, streams, and dams in the Thulamela Local Municipality, focusing on nearby hospitals,
clinics, and WWTWs, as shown on the map in Error! Reference source not found. and Error!
Reference source not found.. The collected water samples were kept in a large cooler box away from
sunlight and delivered to the laboratory for analysis on the same day of collection. The samples were
then stored for extraction and analysis at -20°C.

Extraction and analysis were conducted at a South African National Accreditation System
(SANAS) certified laboratory, Protechnik Laboratories (Pty) Ltd. (ISO/IEC 17025:2017 (T0032)). The
targeted solid-phase extraction method used is a slight modification of Ferrer and Thurman's method
[35]; it was modified and validated by Wood et al. [22]. Ultra-high-pressure liquid chromatography
coupled to quadrupole time-of-flight mass spectrometry (UHPLCQTOF) was used to quantify the
pharmaceuticals. In total, 98 pharmaceuticals commonly used in South Africa and caffeine, as listed
in Error! Reference source not found. (Annexure A), were targeted. The instrument’s quantification
limits were between 3 ng/L and 10 ng/L. The reference standards (= 97% purity) used in this analysis
were purchased from Sigma-Aldrich in Johannesburg, South Africa. Dimethyl sulfoxide (DMSO) was
used as a solvent for the target compounds at 1 mg/mL and as a dilution for the standard solutions
at 10 ug/mL. The prepared solutions were stored at -20°C until use.
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Figure 1. Location of the Thulamela Local Municipality (red circle) in Vhembe District, Limpopo
Province (blue circle), South Africa, where the study was conducted [36,37].
Table 1. Sampling sites’ location in the Vhembe District Municipality, Limpopo Province.
Sites Location Coordinates Elevation

1  Nzhelele River after Mutshedzi River joint 22°53'10.59” S; 746 m
30°08'13.90” E

2 In the river below Mutshedzi Dam 22°56'43.30” S 846 m

3  Mutshedzi Dam 22°56'47.30” S; 865 m
30°10'14.00” E

4  Tshiluvhadi River 22°57'18.59” S; 93 m
30°11'56.26” E

5 Nzhelele River below Shiloam Hospital oxidation 22°54'15.86” S; 787 m
ponds 30°10'50.53” E

6  Next to Shiloam Hospital, receiving water from 22°54'09.21” S; 801 m
the hospital 30°11'40.17” E

7 Below point 8 (stream below the oxidation 22°54'14.48"S; 796 m
ponds) 30°11'32.65” E

8  Upstream Nzhelele River at Fondwe near 22°55'23.17" S; 848 m
villages 30°16'08.56” E

9 Holy Forest Lake 1 (HFL1) inflow 22°54 ‘17.06” S; 1084 m
30°20'54.62” E
10 HFL1 22°54'12.62" S;

30°21'08.36” E 1083 m
11  HFL1 22°54'02.65” S;

30°21'33.14” E 1082m

12  Before overflow HFL1 22°53'56.05" S; 1085 m
30°21'47.29” E

13  Below the overflow HFL1 22°53'48.50” S; 1081 m
30°22'00.82” E

14  Tshinane River inflow stream below old 22°53'49.92” S; 585 m
oxidation ponds 30°29'58.11” E

15  The small stream next to the tea plantation 22°54'57.04” S; 681 m
flowing into Tshinane River 30°25'21.97” E

16  Tshinane River before no 19 flows in 22°54'56.41” S; 676 m

30°25'23.58” E
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17  Before the outflow of the Tate Vondo Dam 22°56'49.55” S; 870 m
30°21'09.67” E

18  Along the TateVondo Dam shores 22°56'41.48" S; 871 m
30°20'29.79” E

19  Closer to the inflow of the TateVondo Dam 22°56'26.78” S; 871 m
30°20'11.44” E

20  In the Tshikhwikhwikhwi River 22°57'39.25” S; 885 m
30°10'51.63” E

21  Below the Thohoyandou WWTW and oxidation 23°00'11” 5; 30°29'14” E 517 m

ponds in the Mvudi River

Sampling points location map SHIDZWHE AKWARAN Legend
Theoged PUEIME @ HospealCine
@ Sampling pont
WY @ Thohoyandou Torn
@ University of Venda
# Water body

Figure 2. Google map view of 21 sampling points from rivers, streams, and dams in Vhembe District

Municipality. The sampling points were located near hospitals, clinics, and WWTWs. (Generated
with Google Earth, Image © 2024 Maxa Technologies).

The Ferrer and Thurman [35] extraction method was used with a few modifications: 500 mL of
each water sample was filtered through a 1 mm glass-fibre syringe-driven filter before extraction with
the Smart Prep Extraction System (Horizon USA). Solid phase extraction (SPE) cartridges (Oasis LB,
6 cc, 500 mg, Waters, Milford, MA, USA) conditioned with 4 mL of methanol and 6 mL of HPLC-
grade water were loaded with 500 mL of the filtered sample at a flow rate of 10 mL/min. The SPE
cartridges were dried under nitrogen for 3 min and eluted twice with 5 mL of methanol in 500 mL
DMSO containing 13C3 caffeine (1 mg/mL). The eluates were then dried under a gentle stream of
nitrogen to remove methanol. Samples were extracted at 18 + 0.5°C) in a dedicated area, and the
extracts were stored at - 20°C until analysis. Error! Reference source not found. and Error! Reference
source not found. below show the calibration curves for caffeine and abacavir used as standards for
this study.
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Figure 3. The calibration curve for caffeine was used as a standard sample. Note the correlation
between the change in concentrations and the signal response.

Abacavir - 6 Levels, 6 Levels Used, 18 Points, 18 Points Used, 0 QCs
x10 77 y =9953.588918 * x + 63509.424936
7 R*2 =0.99894839
14 Type:Linear, Origin:Ignore, Weight:None
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Figure 4. The calibration curve from abacavir was used as a second standard to determine the limits
of detection and quantification of the targeted pharmaceuticals.

To quantify the 98 targeted pharmaceutical compounds and caffeine, ultra-high-pressure liquid
chromatography coupled with quadrupole time-of-flight mass spectrometry (UHPLCQTOF) was
used. Each extracted sample was injected three times in its mass spectral acquisition mode. The first
injection was a full-scan mode-targeted screening, which resulted in the formation of unfragmented
pseudo-molecular ions. This was followed by a second injection, untargeted screening, targeting
highly abundant ions that were automatically fragmented, generating tandem mass spectra (auto
MS/MS). In the third injection, all low-abundance ions missed in the second injection were targeted
and fragmented. A fixed collision energy was applied to all detected ions to ensure that all low-
abundance ions were fragmented. The full details of the extraction and quantification methods used
in this study have been previously described by Wood et al. [22].

2.3. Data Processing and Analysis
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The target pharmaceuticals were identified and confirmed using the Agilent Personal
Compound Database Library (PCDL) Manager software package. The software is part of the Agilent
MassHunter suite for mass spectrometry analysis. Its advanced data mining and processing options
allow quick and accurate detection and confirmation of targeted or unknown compounds. The
software can combine multiple chemical libraries, which allows quick comparison of the results from
chemical screening against a vast collection of chemicals. This study integrated three chemical
libraries (METLIN, Veterinary Drugs and Forensics Toxicology libraries) into one compound
database to identify and confirm the targeted pharmaceuticals. Results and reports from the analysis
produced in CSV files using MassHunter Qual software were processed, sorted, filtered, and
presented in Microsoft Excel.

3. Results

Ninety-eight pharmaceuticals and caffeine were targeted during analysis (Error! Reference
source not found.), and only six pharmaceuticals and caffeine were detected in the Vhembe District
Municipality aquatic environments. These pharmaceuticals represent five classes of the most
consumed medicines in the country: ARVs for HIV treatment, anticonvulsant/antiepileptic,
analgesic/antipyretic, antibiotics, and antifungals. The presence and concentrations of the detected
pharmaceuticals varied across different water bodies, as shown in Error! Reference source not
found.. The most prevalent drug was nevirapine, detected at nine sites at the highest concentration
of 166 ng/L. Acetaminophen was detected at two sites only, with the highest concentration of 427
ng/L. Caffeine was detected at 15 sampling sites, with 975 ng/L being its highest quantifiable
concentration.

The sites that showed the presence of two or more pharmaceuticals were site 1 at the joint of the
Nzhelele River and Mutshedzi River, site 7 in the stream below the Siloam Hospital oxidation ponds,
site 20 in the Tshikhwikhwikhwi River outflow from the Mutshedzi Dam below the Phadzima Clinic,
and site 21 in the Mvudi River below the Thohoyandou WWTW and oxidation ponds (Error!
Reference source not found. and Error! Reference source not found.).

The site with the most pharmaceuticals was the stream Mutangwi, which passes below the
oxidation ponds near the Siloam Hospital (site 7) and flows into the Nzhelele River (Error! Reference
source not found.). Five pharmaceuticals were detected here; these were nevirapine (166 ng/L),
lopinavir (42 ng/L), fluconazole (outside the instrument calibration range), sulfamethoxazole (below
the instrument LQ), and carbamazepine (21 ng/L) as shown in Error! Reference source not found..
This stream receives effluent from the oxidation ponds via groundwater and possible overflow.

The sampling site in the Mvudi River (site 21) was below the WWTW and oxidation ponds in
Thohoyandou (Error! Reference source not found.). It showed the presence of nevirapine (7 ng/L),
clindamycin (below the instrument LQ), carbamazepine (below the instrument LQ), and the highest
acetaminophen concentration in this study (427 ng/L). The Mvudi River is one of the tributaries of
the Luvuvhu River; its water feeds Nandoni Dam (Error! Reference source not found.), one of the
drinking water sources in Thohoyandou.

The Nzhelele River (site 1), after joining with the Mutshedzi River, also showed levels of
nevirapine at 109 ng/L and lopinavir (non-quantifiable, < 10 ng/L). The Nzhelele River is one of the
main rivers in Limpopo Province; one of its tributaries is the Mutshedzi River, on which the
Mutshedzi Dam is situated. It is worth mentioning that nevirapine was also detected in the
Mutshedzi Dam water (site 3 on the map in Error! Reference source not found.) but under the
instrument LQ (10 ng/L). Below the Mutshedzi Dam, in the Tshikhwikhwikhwi River flowing from
the dam, near the Phadzima Clinic (site 20), nevirapine, as well as clindamycin, were also detected at
non-quantifiable levels. However, at this site, acetaminophen was present at 292 ng/L (Error!
Reference source not found. and Error! Reference source not found.).

Table 2. Pharmaceuticals detected in Vhembe District Municipality waters (concentrations in ng/L).

SIT Caffei Nevirap Lopina Acetamino Fluconaz Sulfamethox Clindam Carbamaze
ES ne ine vir phen ole azole ycin pine
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1 n.d 109 n.q n.d n.d n.d n.d n.d
2 181 nd n.d nd n.d n.d nd nd
3 584 n.q n.d nd n.d n.d n.d nd
4 110 n.d nd n.d nd nd n.d n.d
5 >1000 nd nd n.d n.d nd n.d n.d
6 n.d n.q n.d n.d n.d nd nd n.d
7 nd 166 42 nd >1000 n.q n.d 21
8 94 n.d nd n.d nd nd n.d n.d
9 >1000 nd nd n.d n.d nd n.d n.d
10 >1000 n.d n.d nd n.d n.d n.d nd
11 nd n.d n.d nd n.d n.d n.d nd
12 >1000 n.d nd n.d nd nd n.d n.d
13 >1000 nd nd n.d n.d nd n.d n.d
14 159 nd n.d nd n.d n.d n.d nd
15 >1000 n.q n.d nd n.d n.d n.d nd
16 n.d n.d n.d n.d n.d n.d n.d n.q
17 479 n.q n.d n.d n.d n.d n.d n.d
18 217 nd n.d nd n.d n.d n.d nd
19 nd n.q n.d nd n.d n.d n.d nd
20 690 n.q n.d 292 n.d n.d n.q n.d
21 975 7 n.d 427 n.d n.d n.q n.q

Abbreviations: n.d = not detectable (target S/N < 3 ng/L); n.q = detected but not quantifiable by the instrument
(target S/N > 3 ng/L but < 10 ng/L); >1000 = signal outside the calibration range.

4. Discussion

The present study examined the situation of pharmaceutical pollution since 2019 in the Vhembe
District Municipality surface waters, focusing on ARVs, as a previous study conducted in this area
in 2016 revealed the presence of the ARV efavirenz in the Mvudi River water in this district with the
highest concentration of 10.3 ng/L [14]. Robson et al. [14] studied only three rivers: Mvudi, Dzindi
and Luvuvhu. The present study screened for pharmaceuticals in most rivers, streams, and dams in
the Thulamela Local Municipality, the most populated area in the Vhembe District Municipality.
Among the detected pharmaceuticals, only a few, including the antiretrovirals nevirapine and
lopinavir, anticonvulsant/anti-epileptic ~ carbamazepine, and analgesic and antipyretic
acetaminophen, were quantifiable at least at one study site. Most of the present study's
pharmaceutical compounds and caffeine have previously been detected nationwide but at varying
concentrations in different water bodies.

Caffeine was detected at 15 sites, varying from 94 to 975 ng/L concentrations. This was not
surprising, as this lifestyle substance is common in different water bodies worldwide, including
South Africa [7,8,13,22,31,38]. Studies have shown that the caffeine removal rate is high (up to
86.40%), and the levels in WWTWSs’ effluents are much lower than those in influents [8,13]. This
implies that caffeine levels in the environment may be a result of direct human pollution from pit
latrines, raw sewage, or WWTWs not coping with high loads of wastewater in highly populated areas
[18]. Therefore, the levels of caffeine in the Vhembe District Municipality waters are not surprising
as previous studies showed that pit latrines are common in this region, and wastewater treatment is
mostly done in oxidation ponds, which are inefficient at removing most chemicals [26].

Caffeine is a known central nervous system stimulant which, consumed in high quantities, can
have negative effects on cognitive function [39]. Although many studies have reported the presence
of caffeine in surface water around the world, there is still insufficient information on its potential
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effects on non-target aquatic biota. However, only a few studies have investigated the potential
effects of caffeine on the environment. One study has shown that caffeine may cause a significant
change in the brain and liver phase I biotransformation enzyme ethoxy resorufin-O-demethylase
(EROD) activity in fish, Prochilodus lineatus, exposed to up to 30 p/L of caffeine for 168 hours [40].
Two other studies have shown that caffeine at current concentrations in aquatic environments is not
yet a health concern for fish [41,42]. However, at concentrations higher than those in the environment,
effects on fish were observed, including impaired reproduction in Ceriodaphnia dubia and inhibited
growth in Pimephales promelas exposed to 44 mg/L and 71 mg/L of caffeine for 7 days, respectively
[41]. Skeletal deformations and reduced growth were also observed in Neotropical catfish larvae,
Rhamdia quelen, exposed to 16 mg/L caffeine for 30 days [42]. Therefore, there is some evidence that
increasing caffeine in the world’s aquatic environments may hurt aquatic biota soon; biomonitoring
programs and guideline measures are needed for this compound. It is important to note that caffeine
has recently been detected in marine water and marine biota (seaweed and invertebrates) on the coast
of Camps Bay in Cape Town, South Africa [43]. In Europe, environmental scientists have suggested
classifying caffeine as a high-priority emerging environmental pollutant [44,45].

As mentioned above, this study followed Robson et al. [14], who detected the ARV efavirenz in
the Mvudi River in Vhembe District Municipality at a low ng/L level. Thus, we expected to find
efavirenz in the water samples collected in this area; however, it was surprising that efavirenz was
not detected in any of the water samples. Instead, nevirapine not detected by Robson et al. [14] was
present at quantifiable levels in the Mvudi River (7 ng/L). Nevirapine was present at 9 of the 30 sites
screened in Vhembe District Municipality; its highest concentration was 166 ng/L in a small stream
near the Shiloam Hospital oxidation ponds. The presence of nevirapine in Vhembe District
Municipality waters confirms what has been previously stated by various studies across the country
that this compound is one of the most common pharmaceuticals in the environment [18,22,24,46,47].
A decade ago, Nevirapine was among the first pharmaceuticals detected in South African waters [11].
Since then, it has occurred at varying concentrations in different water bodies. Nevirapine
concentration in the present study was lower compared to the concentrations reported from the
Roodeplaat Dam and the Hartbeesspruit River in Gauteng Province, where the highest
concentrations were 1.48 ug/L [11] and 1.3 pg/L [18] respectively. Both water bodies are situated near
major WWTWs in the Province. The Rietvlei Nature Reserve rivers, also in Gauteng, showed the
presence of nevirapine up to 227 ng/L [48]. This was the first time nevirapine was reported in the
waters of Vhembe District Municipality. Although Wood et al. [22] reported that nevirapine was the
most commonly occurring pharmaceutical in South African waters, up to 379 ng/L, rivers in rural
areas such as the Thulamela Local Municipality were not investigated. The only previous studies
which investigated the presence of pharmaceuticals in the Vhembe District were by Robson et al. [14]
in Mvudi, Dzindi and Luvuvhu rivers and Wooding et al. [48] in Albasini Dam, but nevirapine was
not detected.

Nevirapine is a non-nucleoside reverse transcriptase inhibitor (NNRTI) ARV, which is mainly
used as a first-line treatment for HIV in adults and to prevent the transmission of HIV-1 from
pregnant mothers to children [49]. Until recently, NVP was the first choice of first-line ARVs in
developing countries because it is affordable and has proven to be efficient in decreasing HIV-related
deaths in burdened countries [33]. However, as both nevirapine and efavirenz have been associated
with serious undesired effects (such as liver toxicity) in patients with HIV [50-52], the WHO has been
discouraging their use [6,53]. However, in developing countries, including South Africa, the two
ARVs are still used, as they are more affordable than the other ARVs [47,54]. Research on the
behaviour of these two pharmaceuticals during South African WWTWSs’ processes has shown that
these ARVs are partially resistant to the process, and some of their metabolites resulting from the
treatment may still be bioactive [16,55,56]. Additionally, many WWTWs nationwide are in poor state
and struggle to cope with the heavily loaded influent in highly populated areas [18]. Consequently,
efavirenz and nevirapine are still commonly detected in aquatic environments across South Africa
[17,18,24,47].
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The other ARV detected in the water from the Vhembe District Municipality is lopinavir, which
has also been previously detected in different aquatic environments around the country. Abafe et al.
[56] previously detected lopinavir (up to 3.8 pg/L) in WWTWs’ inflow and effluent in the eThekwini
Municipality in KwaZulu-Natal. However, lopinavir was not detected in the surface water samples
in the area. The highest concentration of lopinavir (38.45 pg/L) was detected in the Gauteng Province
in the Pienaar River, near a WWTW [18]. The same study also reported different ARVs, including
nevirapine and lopinavir, in the Olifantsfontein River System and Gauteng, with a higher total
concentration than other river systems in the country. Lopinavir was one of the common
pharmaceuticals at the sites investigated by Horn et al. [18] in the Gauteng Province with a frequency
of 77%. Previously, Wood et al. [22], in their national screening of pharmaceuticals in South African
waters, also detected lopinavir at most of the investigated sites (36 occurrences) with the highest
concentration of 859 ng/L. However, it is important to note that the screening of the above two studies
mainly focused on the Roodeplaat Dam system and included only major rivers and dams around the
country.

Lopinavir is a protease inhibitor ARV, mainly prescribed in combination with ritonavir, another
ARV protease inhibitor, to increase its bioavailability for the treatment of HIV [57]. Recently, during
the coronavirus disease 2019 (COVID-19) pandemic, lopinavir and ritonavir were among the many
other drugs used to treat the virus [58]. This may explain the detection of lopinavir in WWTWs’
effluent and, consequently, its detection in water bodies around WWTWs and hospitals/clinics, as
discussed above. In addition, the classic wastewater treatment technique, activated charcoal, used in
South Africa, is inefficient in removing many of the ARVs, including lopinavir, from WWTWs’
influent [16,18,55]. Czech et al. [57] investigated the potential effects of lopinavir’s predicted no-effect
concentration (PNEC) in ng/L in aquatic animals and revealed a possible high chronic toxicity.

As discussed previously, nevirapine is known to cause liver injury in humans [50-52]. In
contrast, lopinavir combined with ritonavir has been suspected to contribute to inhibiting endothelial
cell function and cardiovascular complications in patients receiving ARV treatment [59,60]. In aquatic
environments, some ARVs have also shown the potential to harm non-target aquatic animals, such
as fish. Recent results from a few laboratories experimental studies have shown that the NNRTI ARVs
nevirapine and efavirenz can cause physical deformities in larval stages and liver toxicity in
Oreochromis mossambicus at environmental concentrations [14,28,32]. There is no information on the
potential effects of protease inhibitors ARVs such as lopinavir on fish. Although ARVs occur at lower
concentrations (ng/L) in Vhembe district waters, in other parts of the country, such as Gauteng
Province, the concentrations are higher and increasing as more people are put on ARV treatment.
This means that in the waters of Vhembe District Municipality, the occurrence and concentrations of
ARVs and other commonly consumed pharmaceuticals will also continue to increase. Therefore, as
previously recommended by various studies, there is a need to monitor human pharmaceutical
occurrences in WWTWSs’ effluents and surface waters around the country.

This study detected the analgesic and antipyretic acetaminophen/paracetamol with the highest
concentrations at two sites in the Tshikhwikhwikhwi and Mvudi Rivers. The Tshikhwikhwikhwi
River is situated in the vicinity of a clinic, the Phazima Clinic, and there is also a WWTW nearby. In
contrast, the Mvudi River is near the Thohoyandou WWTW and Thohoyandou oxidation ponds, as
shown on the map in Error! Reference source not found.. Acetaminophen is one of the over-the-
counter drugs which are overused globally, resulting in its occurrence in aquatic environments
around the world [24,45]. In South Africa, previous studies have shown the presence of
acetaminophen in different water bodies around the country at varying concentrations.
Acetaminophen was detected in the Umgeni and Msunduzi rivers in Kwa-Zulu Natal Province up to
58700 ng/L [9,61]. It was also detected in the Eerste River in Western Cape [13], in the ocean water
(0.09 - 0.10 ng/L), and in invertebrates and seaweed collected at the coast of Cape Town [43].
Acetaminophen was also detected in drinking water in some parts of the world, including South
Africa [45,62]. The ubiquitous presence of this compound in waters around the world can be
explained by its easy accessibility as an over-the-counter medication, resulting in overuse and poor
removal from wastewater at WWTWs [45,63,64].
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Acetaminophen current concentrations in the environment are believed to be safe for humans
[65]; however, little is known about how this drug may affect aquatic biota. Madikizela et al. [66]
were able to quantify and determine the hazard quotient of acetaminophen in the Klip River in
Gauteng Province at 0.432 ug/L. They showed that at this concentration, which is a little bit higher
than the concentrations detected in water from Vhembe District in the present study, the
acetaminophen hazard quotient was < 1. This means that there are no health concerns for aquatic
biota at this concentration in Vhembe District Municipality waters. However, as acetaminophen's
predicted no-effect concentration (PNEC) is estimated at 9200 ng/L [67], there is already a problem in
South African waters as concentrations are increasing. In the Umgeni and Msunduzi rivers in
KwaZulu Natal, concentrations are above the PNEC [61,67]. Developed countries have proposed
guidelines on the acceptable levels of acetaminophen in drinking water; for example, in Europe, the
suggested acceptable level of acetaminophen in drinking water is < 71 ug/L and in the US, in
Minnesota State, it is <200 pg/L [63,68]. It is time that South Africa and other African countries also
take steps to protect our aquatic environments by establishing guidelines for emerging pollutants of
concern, such as acetaminophen.

The anticonvulsant/anti-epileptic carbamazepine was detected at three sites but was only
quantifiable at one site, in a small stream below the Siloam Hospital oxidation ponds, at low ng/L
levels. Many studies worldwide have shown that carbamazepine’s occurrence in aquatic
environments is becoming common [45]. In South Africa, carbamazepine had been previously
detected in surface water in Umgeni River water in Kwa-Zulu Natal up to 1.65 p/L [9], in
Hartbeespoort Dam water up to 95 ng/L and the Jukskei River up to 74 ng/L both in Gauteng Province
[69]; in Western Cape waters [13] and in the Swartkops River in Eastern Cape from 36576.2 ng/L [12].
Carbamazepine was also detected in seawater at the coast of Cape Town up to 0.14 ng/L [43]. This
shows that carbamazepine is present in surface water around the country, including in Vhembe
District Municipality. Its occurrence may increase in the future as its consumption increases.

The common detection of carbamazepine in rivers worldwide may be explained by its resistance
to WWTWSs' treatment with a low removal rate of 10% [12,70,71]. However, there is good news as a
recent study in South Africa using a water-soluble protein extracted from a plant (Moringa stenopetala)
has shown a high removal rate of carbamazepine from wastewater (80 — 86%); this is a potential
opportunity that needs to be investigated further to reduce this drug from wastewater [72].

Carbamazepine's presence in surface water is a concern as it can interfere with human thyroid
hormones' function [73,74]. Thyroid hormones in teleost fish regulate physiological processes,
including reproduction and development [75]. Thus, carbamazepine in surface water may be a health
risk to fish health. A few studies have shown that this compound may harm aquatic life. A study by
Fraz et al. [76] exposed zebra fish adults to 10 pg/L of carbamazepine in a chronic exposure (6 weeks);
the results showed effects on reproduction not only in the exposed adult fish but also in the offspring
up to the F4 generation. This is overly concerning and shows that carbamazepine effects in South
African aquatic environments should be investigated further, as the concentrations observed in some
parts of the country are >1 pg/L.

The other detected pharmaceuticals worth mentioning are the antibiotics clindamycin and
sulfamethoxazole. Clindamycin was detected at two sites together with nevirapine, acetaminophen
and carbamazepine, while sulfamethoxazole was detected only at one site, but both drugs were not
quantifiable. Sulfamethoxazole is one of the most commonly detected antibiotics in surface water
worldwide and one of the widely investigated pharmaceuticals in aquatic environments [24,45,77].
Although it was under the LOQ in the present study, sulfamethoxazole has been previously detected
and quantified in water bodies around the country since a decade ago. In KwaZulu Natal,
sulfamethoxazole was found in the Umgeni and Msunduzi Rivers at concentrations varying from
3.68 ug/L to 6.01 ug/L [7-9]. In their national screening of pharmaceuticals in South African surface
waters, Wood et al. [22] reported that sulfamethoxazole was one of the most common drugs in waters
across South Africa at a concentration of up to 252 ng/L. As mentioned, this screening focused more
on the Roodeplaat Dam System in Gauteng Province. In the Eastern Cape, sulfamethoxazole was
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found in river water up to 6968 ng/L [12]. It was also among the pharmaceuticals detected in Cape
Town’s seawater and aquatic biota (invertebrates and seaweed) tissues [43].

Sulfamethoxazole is one of the medications prescribed to HIV patients for the prevention of
opportunistic infections such as TB [78]; thus, in African surface waters, it commonly occurs
alongside ARVs at high levels compared to elsewhere in the world as its occurrence in each region
mirrors its consumption [24,45]. Previous studies have shown that sulfamethoxazole is not entirely
removed by the activated sludge process mainly used in different WWTWs in South Africa; this may
explain why it occurs at higher levels in surface water across the country [13,48,55].

Sulfamethoxazole effects on aquatic biota have been investigated, and available information
shows that in a mixture of other xenobiotic compounds in water, sulfamethoxazole may affect fish
through the hypothalamic-pituitary-thyroid axis [79]. This can negatively affect gametogenesis,
gonad development, ovulation and egg fertilisation rate [75]. Madureira et al. [80] exposed male and
female zebrafish to a mixture of pharmaceuticals, including sulfamethoxazole, at their environmental
concentrations, and a decrease in mature gametes in both male and female fish were observed.
Nibamureke et al. [27] investigated the effects of a mixture of sulfamethoxazole, trimethoprim and
nevirapine on adult fish, Oreochromis mossambicus, in a laboratory chronic exposure. The
environmentally relevant concentration detected in the Umgeni River in KwaZulu Natal, 3.68 ug/L,
was used. The adult female fish exposed to the mixture showed significant histopathological changes
in the gonads. Thus, sulfamethoxazole levels in South African surface waters should be monitored,
and WWTWs around the country need to be upgraded to cope with the high load of pollutants that
are emerging concerns [62].

Contrary to sulfamethoxazole, the antibiotic clindamycin had never been detected in South
Africa's surface water. Wood et al. [22] previously conducted a nationally targeted and non-targeted
screen of pharmaceutical compounds in South African waters, but clindamycin was not detected at
any of the investigated sites. However, the study did not cover small streams and rivers in rural
Limpopo Province that were covered in the present study, which may explain why clindamycin had
not been detected before. This shows that pollutant monitoring in aquatic environments in
developing countries should not leave out rural areas as these often lack proper wastewater treatment
works. Consequently, these areas experience direct upload of pollutants into local small streams and
rivers from households, pit latrines, waste dumping sites or seepage from malfunctioning local
WWTWs such as oxidation ponds [26,61].

Although clindamycin is only available on a doctor’s prescription, it is one of the commonly
used and prescribed antibiotics designed to treat various infections, such as septicaemia, Gram-
positive infections and anaerobic infections. Clindamycin possesses both bacteriostatic and
bactericidal properties depending on the concentration and the site of infection [81]. After oral
administration, clindamyecin is metabolised in the liver and its concentration peaks in blood plasma
within 60 minutes. With a half-life of three hours, Clindamycin is excreted mainly through the urine
as a mixture of active and inactive metabolites [81]. Clindamycin was previously detected in aquatic
environments in Germany, and it is believed to be resistant to WWTWSs’ removal process, which may
explain its presence in the environment [77]. Given that this was the first time this drug was detected
in South African waters and was present only at two sites, more studies are needed to investigate its
occurrence and potential effects in South African aquatic environments.

In general, all the pharmaceuticals reported in the present study, except for clindamycin, have
been previously reported in different water bodies around the country and at higher concentrations
compared to this study. As these pharmaceuticals were detected in surface waters near hospitals,
clinics and WWTWs/oxidation ponds, there is a need for improved waste management practices at
hospitals/clinics as well as maintenance of existing WWTWs/ oxidation ponds in Vhembe District
Municipality to reduce the upload of pharmaceutical waste into rivers and streams. Public awareness
programs to educate the population on the best practices for disposing of unused pharmaceuticals
are also needed to mitigate pharmaceutical pollution effectively. Lastly, continued monitoring of
pharmaceutical pollution and research are also essential to understanding the long-term potential
effects of these emerging contaminants on the environment. The environmental presence of some of
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these pharmaceuticals, including acetaminophen, sulfamethoxazole and carbamazepine, is believed
to be a health risk around the world [45]. In developed countries, it has been suggested that these
three pharmaceuticals be added to the ‘watch list’ for pollutants of emerging concern in the
environment [63,68,82].

5. Conclusions

Pharmaceutical pollution in South African aquatic environments is a reality that needs to be
addressed by all stakeholders. This study contributes valuable insights into pharmaceutical pollution
in Vhembe District Municipality waters. Pharmaceuticals such as the ARVs nevirapine and lopinavir,
the anticonvulsant/anti-epileptic carbamazepine, as well as the analgesic and antipyretic
acetaminophen detected in the Vhembe District Municipality waters are a potential threat to the
health of aquatic animals and humans in the area. Thus, continued monitoring of pharmaceutical
pollution in aquatic environments around the country and research is essential to understanding the
long-term potential effects of these emerging contaminants on the environment. This study shows
that small rivers and streams in rural areas should be included in studies investigating the occurrence,
fate, and effects of pollutants of emerging concern in the country.
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paper posted on Preprints.org, Figure S1: Map of sampling sites; Table S1: Water Analysis Results.

Author Contributions: Conceptualization, Irene Barnhoorn; Data curation, Uwineza Marie Clémentine
Nibamureke; Formal analysis, Uwineza Marie Clémentine Nibamureke; Funding acquisition, Irene Barnhoorn;
Investigation, Uwineza Marie Clémentine Nibamureke; Methodology, Irene Barnhoorn; Project administration,
Irene Barnhoorn; Resources, Irene Barnhoorn; Software, Uwineza Marie Clémentine Nibamureke and Irene
Barnhoorn; Supervision, Irene Barnhoorn; Visualization, Uwineza Marie Clémentine Nibamureke; Writing —
original draft, Uwineza Marie Clémentine Nibamureke; Writing — review & editing, Uwineza Marie Clémentine
Nibamureke and Irene Barnhoorn. Both authors approved the published version of the manuscript.

Funding: This research was funded by the University of Venda Research and Publication Funds (Project number:
RPC SMNS/17/Z00/03) and the National Research Foundation (NRF) Postdoctoral Grant to U.M.C. Nibamureke
(Grant Number: PSTD230504102593).

Data Availability Statement: The necessary data and supplementary materials have been included in the
manuscript. Any other information needed will be provided on request.

Acknowledgements: The authors want to acknowledge Dr. Timoty Wood's help with water analyses at
Protechnik Laboratories, Pretoria, South Africa.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the study's design,
in the collection, analyses, or interpretation of data, in the writing of the manuscript, or in the decision to publish
the results.

Appendix A

Table A1. List of pharmaceuticals/compounds tested in this study.

Compound name

1. Lamivudine

2. Method pyrazinamide
3. Chlorothiazide
4. Theophylline

5. Chloroquine phosphate

6. Azathioprine
7. Methotrexate
8. Amoxicillin

9. Metoprolol
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10. Tartrate
11. Methocarbamol
12. Methylparaben (Methyl parahydroxybenzoate)

13. Erythromycin

14. Prednisone

15. Benzylpenicillin

16. Fluoxetine
17. Hydrochloride
18. Ketoprofen
19. Valsartan
20. Cholecalciferol
21. Taurine
22. Zalcitabine
23. Emtricitabine
24. Famotidine
25. Abacavir
26.Cyclosporin A

27.Cefotaxime

28. Oseltamivir

29. Chloramphenicol

30. Diphenhydramine
31. Hydrochloride
32. Chlorhexidine

33. Prednisolone

34. Clarithromycin
35. Cloxacillin
36. Naproxen

37.Diclofenac sodium salt

38. Lovastatin
39. Metformin
40. Hydrochloride
41. Tenofovir
42. Ethionamide
43. Hydrochlorothiazide
44.Lidocaine
45. Doxycycline hyclate

46. Lamotrigine

47. Guaifenesin

48. Azithromycin
49. Labetalol
50. Hydrochloride
51. Dextromethorphan hydrobromide
monohydrate

52.Indinavir

53. Lansoprazole

54. Ketoconazole

55. Clotrimazole

56. Praziquantel
57. Gemfibrozil
58. Isoniazid
59. Metronidazole
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60. Cimetidine

61. Ranitidine

62. Hydrochloride

63. Didanosine

64. Stavudine

65. Trimethoprim

66. Ofloxacin

67. Metoclopramide

68. Hydrochloride

69. Chlorpheniramine maleate

70. Omeprazole

71.Nevirapine

72. Enalapril

73.Maleate

74. Carvedilol

75. Tetracycline

76. Hydrochloride

77. Loperamide

78. Rifampicin

79. Lopinavir

80. Gentamicin

81. Ethambutol

82. Acyclovir

83. Acetaminophen

84. Gabapentin

85. Zidovudine

86. Aspartame

87.Fluconazole

88. Sulfamethoxazole

89. Clindamycin

90. Hydrocortisone

91. Carbamazepine

92. Loratadine

93. Chlorpropamide

94. Flucloxacillin

95. Indomethacin

96. Atorvastatin

97. Ritonavir

98. Efavirenz

99. Caffeine
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