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ABSTRACT

Kairigo, Pius

Occurrence and fate Control of Antimicrobials and Antibiotic Resistance Genes in
Selected Urban Hydrological Cycles

Jyvéaskyla: University of Jyvaskyld, 2024, 68 p.

(JYU Dissertations

ISSN 2489-9003; 836)

ISBN 978-952-86-0334-4

Yhteenveto: Antibioottien ja antibioottiresistenssigeenien esiintyminen ja kontrolli
urbaanissa hydrologisessa kierrossa

Diss.

Presence of active pharmaceutical ingredients (APIs) in the environment below
therapeutic doses is accessory to driving resistance selection in micro-organisms. This
study evaluated the measured environmental concentrations (MEC) of selected
antimicrobials and antibiotic resistance genes in selected urban hydrological cycles in
Kenya and Zambia. The MEC for selected APIs in aqueous, suspended particulate
matter (SPM), and sediment samples ranged between < 0.1 to 956 pug11; < 0.1 to 82267
ng kg1; < 0.1 to 4125 ng kg, respectively. Emission of some APIs was through the
SPM phase which shows that SPM is an important phase for investigation. Profiles of
33 clinically important antibiotic resistant genes (ARGs) and 2 integrons (int/1_1 and
intl1_2) were analyzed from samples collected in Lusaka Zambia. ARGs against
sulfonamides, trimethoprim, tetracycline, quinolones, macrolides, rifamycin and p-
lactams (including carbapenems), showed the highest average relative gene
abundance of 10-3 to 10-! genes per 16S rRNA gene. The f-lactamase gene blarem had
the highest relative abundance (102, indicating 1 gene copy per 100 bacteria) in
sediment samples fecal sludge and in Manchinchi WWTP influent water, whereas in
water samples the relative abundance was one log lower (10-3). Widespread detection
of antibiotics and ARGs in surface water poses increased risk for downstream
environments, as well as animals and humans who are exposed to contaminated
surface water. Removal of model API from real urine by adsorption using wood and
peat based powdered activated carbon (AC) showed overall removal > 93 %. The
adsorption capacity of the AC in urine and pure water ranged between 0.75-16.6 mg
g1 and 10-200 mg g respectively. This could be attributed to the urine matrix effects.
Removal of APIs by AC offers possibility to further develop simple, robust, and
sustainable treatment technologies for point-of-source mass reduction method.

Keywords: Antibiotic resistance genes; antimicrobials; risk control; wastewater.

Pius Kairigo, University of Jyviskyld, Department of Biological and Environmental Science,
P.O. Box 35, FI-40014 University of Jyviskyld, Finland
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Laddkeaineiden esiintyminen ympdristossd voi aiheuttaa ympdéristolle ja terveydelle
riskejd. Varsinkin antimikrobiset lddkeaineet voivat aiheuttaa resistenssin syntymistd
ympadristossd jo terapeuttista annosta pienempind pitoisuuksina. Tadssd tutkimuksessa
mitattiin valittujen antibioottien sekd antiretroviraalisten lddkeaineiden pitoisuuksia
(MEC) wurbaanissa hydrologisessa kierrossa Keniassa ja Sambiassa. Tutkittujen
ladkeaineiden pitoisuus jdtevedessd vaihteli wvalillda <0,1-956 pg I, jdteveden
kiintoaineessa 0,1-82267 pug kg ja sedimenttindytteissd 4125 ng kgl. Jateveden sisdltama
kiintoaine on siis merkittdvd reitti ympdristoon. Sambian Lusakasta kerédtyistd
ympadristondytteistd analysoitiin 33 kliinisesti tdrkedn antibioottiresistentin geenin ja
kahden resistenssigeenien liikkumiseen liittyvan integronin (intl1_1 ja intl1_2) profiilieja.
Resistenssigeenejd, jotka antavat vastustuskyvyn sulfonamideja, trimetopriimid,
tetrasykliinid, kinoloneja, makrolideja, rifamysiinid ja p-laktaameja (mukaan lukien
karbapeneemit) vastaan esiintyi ndytteissd runsaasti. Niiden suhteellinen esiintyvyys
vaihteli 10-3-10-! kopiota 165 rRNA -geenid kohti. p-laktamaasigeeni, blarem, oli
suhteellisesti useimmin esiintyvéa resistenssigeeni (10-2, tarkoittaen 1 geenikopiota 100
bakteeria kohti) sakokaivolietteen késittelyaltaan sedimentissd ja Manchinchin jateveden
puhdistamolle  tulevassa jdtevedessd, kun taas vesindytteissdé suhteellinen
antibioottiresistenttien geenien runsaus oli kymmenesosa tuosta maédrasta (10-3).
Antibioottien ja niille resistenttien geenien runsas esiintyminen ja paatyminen pintavesiin
lisdd riskid alajuoksun ympadristoille sekd saastuneelle pintavedelle altistuville eldimille ja
ihmisille. Normaaliin virtsaan lisdtyt tutkittavat ladkeaineet poistuivat puusta ja turpeesta
valmistetun jauhemaisen aktiivihiilikdsittelyn avulla tehokkaasti, kokonaispoistuma oli
yli 93 %. Ladkeaineiden adsorptiokapasiteetti todellisessa virtsamatriisissa oli 0,75-16,6
mg g! verrattuna puhtaaseen veteen 10-200 mg g1. Tama johtuu siitd, ettd virtsassa
kilpailevan matriisin pitoisuus on useita kertaluokkia suurempi kuin ldadkeaineilla. Silti
ladkeaineiden poisto aktiivihiilen absorboitumalla tarjoaa mahdollisuuden kehittda
yksinkertaisia ja edullisia késittelymenetelmid lddkeaineiden poistamiseen erilliskeréatysta
virtsasta.

Avainsanat: Antibioottiresistenssigeeni; antiimikrobiaaliset lddkeaineet; jdtevesi;
riskinhallinta.

Pius Kairigo, Jyviskylin yliopisto, Bio- ja ympdristdtieteiden laitos PL 35, 40014 Jyviskylin
yliopisto
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1 INTRODUCTION

1.1 General introduction

Antimicrobials constitute a group of active pharmaceutical ingredients (APIs) that are
an essential part of successful management of infections, thereby curing fatal and
otherwise difficult diseases, increasing human and livestock lifespans, and raising
quality of life (Kiimmerer 2009a, Gelband et al. 2015, Larsson and Flach 2021).
Globally, pharmaceutical production and consumption trends including antibiotics
has increased, largely driven by factors such as: (i) increased disease burden; (ii) aging
populations; (iii) ease in accessibility due to expiring patents; (iv) availability of
antibiotics over the counter; and (v) rising incomes especially in developing countries.
Between years 2000-2015 the rate of antibiotic consumption by humans increased by
more than 65 % defined daily doses with low- and medium-income countries (LMICs)
having the bulk of consumption (Klein et al. 2018, Patel et al. 2019). However,
antimicrobials consumed by humans and animals are often poorly metabolised in the
liver and thus excreted as parent compounds or active metabolites (Zhou et al. 2021a,
Serrano et al. 2021, Imwene et al. 2022). These enter the environment through the
centralized and decentralized sanitation systems, or to the receiving water bodies as a
direct discharge of untreated excreta. APIs in the environment are accessory to
environmental dimensions for development of antimicrobial resistance (AMR)
(Larsson and Flach 2021, Kirchhelle 2023).

Previous studies have shown that conventional wastewater treatment plants
(WWTPs) do not sufficiently remove APIs including antibiotics (average removal
range between 10-90 %), mainly because of the slow microbial degradation of
recalcitrant pharmaceuticals. Furthermore, the APIs are pseudo persistent resulting to
ubiquitous detection in the urban hydrological cycle (Kiimmerer 2009a, Visca et al.
2021). This implies that even in developed countries with well-maintained sewage
networks, the WWTPs are point sources of antibiotics to the environment (Ngumba et
al. 2016b, Wang and Wang 2016). The situation in LMICs is of concern, especially
where there is non-existing sanitation systems or the existing sanitation treatment
systems are non-functional (Michael et al. 2013, Nantaba et al. 2020, K’ oreje et al. 2020).
For instance, some of the studied WWTDPs in this study were designed to release
biosolids through the effluent. This is due to absence of desludging and sludge
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recirculation mechanisms, leaving the opportunity for release of deconjugated,
resuspended and sorbed APIs through the effluent and effluent suspended particulate
matter (Jelic et al. 2015, Polesel et al. 2016).

The increased use of antimicrobials especially antibiotics, and eventual
discharge into the environment create a selective pressure resulting in the emergence
of antimicrobial resistance (Zhou et al. 2021b). For instance, antibiotic resistance is
currently considered as one of the most urgent threats to modern healthcare. In recent
times, the role of the environment in development of resistance is increasingly
recognized (Prestinaci et al. 2015, Dadgostar 2019, Murray et al. 2022, 2024). Previous
studies show that the development of antibiotic resistance is connected with human
activities including overuse and misuse of antibiotics in human and veterinary
medicine (Kiimmerer 2008, 2009b, Vikesland et al. 2017). These issues are further
amplified in LMICs where socioeconomic factors dictate the handling of antibiotics
(Collignon et al. 2018). For instance, it is a common practice in low- and medium-
income countries (LMICs) in this study for patients to self-diagnose and self-medicate
due to unavailability and inaccessibility to healthcare, easy access to over-the-counter
drugs and poor drug regulatory measures. This could potentially lead to wrong
diagnosis, under-medication, or over-consumption of antibiotic drugs (Oyediran et al.
2019). Furthermore, in LMICs the regimen for antibiotic and antiretroviral drugs
(ARVDs) used in the fight against human immunodeficiency virus and acquired
immunodeficiency syndrome (HIV/AIDS) and other opportunistic infections
contribute to increased consumption of antibiotics and ARVDs per capita, particularly
in Sub-Saharan Africa. Besides the antibiotic resistance development, concerns over
antiviral resistance evolution have increased due to the massive environmental
contamination especially in areas with high HIV/AIDS patients (Ncube et al. 2018,
Nannou et al. 2020).

The prevalence of antimicrobial resistance and its wider implications present a
growing healthcare crisis of post-antibiotic era declared by the WHO, where common
infectious diseases will be among the leading causes of global mortality by 2050
(Prestinaci et al. 2015, Gautam 2022). The situation is worsened by the possible spread
of antimicrobial resistance, resulting to co-morbidity and mortality among
populations. For instance, colistin resistance gene that emerged from pig farms in
China, has since spread and detection made elsewhere across the globe within few
years (Reardon 2017, Zhang et al. 2021). It is already estimated that by 2050, over 10
million people could die annually due to AMR related causes (Gautam 2022, Murray
et al. 2022). The environment is an important factor in the transmission of AMR
(Larsson et al. 2018). Ability to control environmental contamination by excreta is
paramount in implementing multibarrier approach to environmental dimensions of
antibiotic resistance development and transmission. This is because, excreta,
especially urine is among the point sources of residual APIs (Bischel et al. 2015, Viskari
et al. 2018, Imwene et al. 2022). Countries with subservient wastewater treatment
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infrastructure may contribute the bulk of environmental resistance transmission
(Larsson and Flach 2021).

The net drivers and pathways of antibiotic resistance development in the
environment are yet to be clearly understood due to the highly complex systems
driving the antibiotic resistance. However, consensus exists that environmentally
representative micro-contaminant concentrations of antibiotics facilitate antibiotic
resistance gene (ARG) spread via mobile genetic elements, such as plasmids (Kim et
al. 2014, Singer et al. 2016). Environmental microbiome has a massive diversity
(compared to human and animal hosts treated with antibiotics) that can provide a
wider resistance gene pool for acquisition by pathogenic microorganisms, which can
impede activity of antibiotics (Bengtsson-Palme and Larsson 2015, Larsson and Flach
2021).

Based on the negative effects associated with the presence of antimicrobials in
the environment, their control and removal is critical. Mitigating entry of APIs into
the urban hydrological cycles from known sources is critical instead of the reliance on
end of pipe technologies which are inefficient in API removal (Serrano et al. 2021).
Active discussions are ongoing concerning the allocation of responsibility between
key actors for managing antibiotics in the environment and the control of
antimicrobial resistance (AMR) formation, with proposals pushing for “polluter pays’
model (UNEP 2022, Malmqvist et al. 2023). For instance, the European commission
included “prevention and control” in the AMR action plan as one of the key areas of
focus (EC 2017). While existing WWTPs are not typically equipped to effectively
capture and remove pharmaceutical residues, some European countries such as
Switzerland, Germany, Finland, Netherlands, and Sweden have at least calculated the
extra cost for post-treatment options or have already started adapting advanced post-
treatment techniques such as combination of ozonation and adsorption to control the
flow of APIs (Michael et al. 2013, Pistocchi et al. 2022b).

1.2 Antibiotic resistance in the environment

1.2.1 Environmental dimensions of antimicrobial resistance

Emergence and spread of antibiotic resistance genes in the environment is a threat to
public health. This is due to potential impact to human microbiome resulting from
selection for antibiotic resistant bacteria (Brinkac et al. 2017, Lu et al. 2023). Although
intrinsic antibiotic resistance within microbial communities exists, the acquired
resistance arising via mutations in chromosomal genes and, more importantly, by
acquisition of external genetic determinants is selected under the influence of
antibiotics (Munita and Arias 2016, Larsson and Flach 2021). Mobilization of this
acquired resistance to new hosts and their expression under different contexts is a
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cause for concern and the main cause of modern problems with antibiotic resistance
(Peterson and Kaur 2018, Larsson and Flach 2021). Presence of antibiotic resistant
bacteria and antibiotic resistance genes in the environment have been previously
reported in literature (Hunter et al. 2008, Sobsey et al. 2014, Prestinaci et al. 2015, Sabri
et al. 2018, Hendriksen et al. 2019, Nadimpalli et al. 2020, Zhuang et al. 2021, Xu et al.
2024).

Selection of high-level resistance in successive bacterial generations can result
from overuse of antimicrobials as well as usage of sub-lethal concentrations (Reygaert
2018). Therefore, presence of residual APIs in the environment has potential to
mediate antimicrobial resistance in the environment whereby microbial organisms are
exposed to antibiotics in sub-lethal doses (Kiimmerer 2003). Under these conditions,
the resistant bacteria have selective advantage, leading to their enrichment in the
population (Gullberg et al. 2011, Li et al. 2016, Emara et al. 2023). Sub-lethal doses give
competitive advantage to growth of resistant strains that will become harder to treat
(Lindberg et al. 2005, Liu et al. 2011, Andersson and Hughes 2014, Li et al. 2016).

Widespread environmental releases of pollutants such as the APIs, ARBs, and
ARGs emanate from discharge of untreated human and animal excreta into the
environment (Kotwani ef al. 2021). Furthermore, untreated wastewater from
manufacturing of antimicrobial compounds contributes APIs in the environment
(Bengtsson-Palme et al. 2019). The release of AMR pollutants to the environment
occurs when containment barriers are missing or not working effectively.

Poor sanitation is direct contributor to the AMR contaminants in the
environment because properly functioning, adequate and efficient sanitation systems
are critical control barriers to direct discharge of untreated wastewater (Graham et al.
2019, Samreen et al. 2021, Sambaza and Naicker 2023). Furthermore, incompletely
treated effluent wastewater from pharmaceutical manufacturing and hospitals may
contribute largely because of elevated concentrations of diverse antimicrobial
compounds including last resort compounds, pathogens, and resistant microbes
(Kotwani et al. 2021, Kusi et al. 2022). Agricultural activities especially in food crop and
animal production also contributes AMR contaminants in the environment due to the
discharge of large amounts of fungicides, herbicides, antimicrobials and resistant
microbes through inappropriate disposal or untreated discharge of waste streams
(UNEP 2022). Furthermore, there are rising concerns over the use of biosolids in
agricultural activities (Sharma et al. 2017, Pozzebon and Seifert 2023).

1.2.2 Bacterial genomic flexibility and horizontal gene transfer

Genomic flexibility denotes the exchange of genetic material among organisms, either
conspecific or heterospecific, impacting the host's genetic, physiological, and
ecological performance (Emamalipour et al. 2020). Bacteria, characterized by genomic
flexibility, have amassed substantial diversity, enabling adept adaptation to diverse
ecological niches (Miller et al. 2009, Jiao et al. 2024). This adaptability predominantly
stems from mobile genetic elements (MGEs), comprising transferable DNA units
within or between genomes, thereby facilitating horizontal gene transfer (HGT). This
involves the acquisition of novel traits by the recipient lineage, culminating in the
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transmission of heritable genetic information not explicable by conventional vertical
parent-offspring transmission (Hall et al. 2017, Brito 2021). The main mechanisms of
HGT include transduction, conjugation, and transformation which collectively
encompass DNA transfer via bacteriophage, in contact cell-to-cell transfer, and via
free DNA uptake from the environment, respectively (Blakely 2015). Recent
revelations indicate that bacteria can also convey DNA fragments through membrane-
bound vesicles and nanotubes (Emamalipour et al. 2020). Despite the HGT
mechanism, a comprehensive understanding of the specifics within natural microbial
communities remains constrained due to challenges inherent in situ examination of
the mobile gene pool. However, strides in metagenomic sequencing provide avenues
for probing these intricate questions.

MGEs exert profound effects on host cells, endowing them with traits such as
antibiotic resistance, carbohydrate digestion, mercury resistance, virulence, and
catabolism pertinent to bioremediation (Brito 2021). HGT additionally contributes to
the augmentation of bacterial genome size through the incorporation of sequences, for
instance as genomic islands (Juhas et al. 2009, Rodriguez-Valera et al. 2016). Moreover,
HGT assumes a pivotal role in steering bacterial genome evolution, structural
dynamics, and environmental adaptation, encompassing the colonization of novel
environments, the exploitation of diverse carbon sources, and fortification against
toxins (Hall et al. 2017). Bacterial features conducive to HGT-mediated evolution
include heightened reproductive activity, ensuring the transference of mutations and
acquired genetic material across successive generations. The absence of membrane-
bound nuclei in bacteria amplifies the accessibility of their genomes to incoming DNA,
thereby facilitating the acquisition and integration of novel genes (Brito 2021).

1.2.3 Analysis of ARGs in the environment

In recent times, there is growing interest in characterization of environmental
resistome profiles because of the increasing realization that the environment is an
important vector in development and dissemination of AMR. Currently there are a
growing number of methods for characterization of phenotypic resistance
(identification of resistant bacteria) and genotypic resistance (characterization of
resistant genes). Phenotypic methods are mainly culture-based and include methods
such as disk diffusion, breakpoint agar test, and broth microdilution method. These
methods are relatively cheap, easy to perform, sensitive and have high reproducibility
of results. However, they are limited because of the extended periods of time needed
by some microorganisms to multiply and the inability to detect presence of valid but
non-cultivable microorganisms (Anjum 2015). Genotypic characterization of ARGs
mainly involves molecular methods whose principle is based on amplification of
target genes. These include PCR based methods (such as conventional PCR, real-time
PCR (qPCR), digital PCR among others) and DNA microarray. Resistance genes can
be also found using whole-genome sequencing or metagenomics, and the activity of
the genes can be detected using matrix-assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-TOF-MS) (Anjum 2015, Galhano et al. 2021). PCR-
based molecular methods have advantages which include the high sample



16

throughput and fast execution time. Furthermore, using metagenomics, it is possible
to identify all resistomes in a sample. Some limitations of molecular methods include
expensive special equipment and a trained operator, and the need for bioinformatic
expertise for data interpretation and analysis (Galhano et al. 2021). The choice of
method to use is influenced by of information sought, the threshold for detection
whether it is targeted gene analysis or whole genome sequencing among other factors
such as cost and availability of technology. Therefore, qPCR is a common method in
ARG surveys, because of the fast reaction times and ability to quantify relative and
absolute abundance of the targeted resistance genes.

1.3 Sources and fate of antimicrobials in the environment

Extensive studies on presence of pharmaceutical residues in the environment exist in
literature and measured environmental concentrations have been reported globally
(Ktiimmerer 2009b, Hanna et al. 2018, Wilkinson et al. 2022). Specific studies to survey
MECs in wastewaters and recipient waters in Finland and Sub-Saharan Africa have
also been made (Vieno et al. 2007, Ngumba et al. 2016b). The main sources of APIs in
the environment include effluent from incompletely treated effluent from
pharmaceutical industries, hospitals, agriculture, and domestic households. Domestic
households (Figure 1) are considered point sources because of disposal of unused
pharmaceuticals into the wastewater streams (Kasprzyk-Hordern et al. 2021,
Rogowska and Zimmermann 2022). Furthermore, pharmaceuticals consumed by
humans and animals do not metabolize completely in the body and therefore are
excreted in urine or fecal matter in their original form or as pharmacologically active
metabolites or transformational products (Jjemba 2006, Fan-Havard et al. 2013). The
percentage of the API excreted in its original form differs based on the category of the
compound and may be as high as 90 % (trimethoprim in urine) (Kiimmerer 2009a, b,
Tran et al. 2016, Li et al. 2021). The residual APIs and their active metabolites enter the
hydrological cycles either by direct discharge into the environment or through
incompletely treated wastewater effluents (Kiimmerer 2009b, Petrovic et al. 2009,
Matongo et al. 2015a, Zhang et al. 2015, Ngumba et al. 2016b, Tran et al. 2019). Once
released into the treatment systems, APIs undergo biotic and abiotic abatement
processes (Boxall 2004, Kaeseberg et al. 2018, Costa et al. 2019). However, removal of
micropollutants of pharmaceutical nature, especially antibiotics, is incomplete in the
current conventional treatment systems (Fatta-Kassinos et al. 2011, Wang and Wang
2016, Imwene et al. 2022). Furthermore, the removal of APIs can be due to adsorption
to biosolids. However, in treatments systems lacking biosolid collection and treatment
systems, desorption of API contaminants during resuspension, and deconjugation of
conjugated metabolites back to parent compounds, can occur under favorable
conditions (Radke et al. 2009, Bagnis et al. 2020). This influences the emission loads of
APIs into receiving surface waters which contributes the ubiquitous detection of APIs
in the surface waters.
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FIGURE1 Pathways of APIs in the environment with illustrating the risk of emission of
antimicrobial residues, antibiotic resistant bacteria, and genes into the water sources.

Understanding the physico-chemical properties (see Chapter 3 Table 4) of
pharmaceutical compounds is crucial because they influence metabolism,
distribution, and rate of environmental degradation. The important parameters to
consider include octanol-water partition coefficient (log Kow) which describes the
partition of an analyte between the two phases, water solubility (S), Henry’s law
constant (H.) acid dissociation constant (pK,) which describes the degree of ionization,
and biosolids/water distribution coefficient (Kio) which describes adsorption to
organic matter (Kiimmerer 2008, Khasawneh and Palaniandy 2021, Ohoro et al. 2022).
At a particular pH, pKa values are important for describing the availability to
biological organisms and chemical and physical reactivity which describes its
environmental fate (Kimmerer 2008). Several other factors can influence the
behaviour of API residues in the environment including solution pH, water quality,
temperature, microbial communities, tidal factors, and hydraulic retention time
among others (Joss et al. 2005, Zhao et al. 2015, Saleh et al. 2020).

1.4 Urine source separation and treatment

Adequate water supply and wastewater treatment are essential to reach several
interconnected sustainable development goals (SDGs). Concerted efforts are focused
on contributing provision of safe drinking water, adequate sanitation for all, as well
as protection of water resources against pollution (SDG 6). Furthermore, urine source
separation and effective treatment addresses SDG 14.1, on reducing nutrient
emissions to the aquatic environment. It is increasingly evident that conventional
water-based centralized sanitation practices are inadequate to achievement of
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environmental health targets globally (Larsen et al. 2021a, Obaideen et al. 2022).
Adoption of water-based centralized sanitation system in less developed countries is
slow, expensive, and insufficient to cover all the population (Larsen et al. 2007, Onu et
al. 2023). In addition, the ageing infrastructure of centralized sanitation in developed
countries is inadequate to fulfill the emerging challenges of controlling chemicals of
emerging concern (Kopping et al. 2020). Approximately 35 % of the global population
is covered by centralized sanitation systems (Adhikari and Halden 2022). Therefore,
innovative technologies that control the APIs point of entry to the urban hydrological
cycle should be promoted. Decentralized dry sanitation with urine diversion,
treatment and value addition could aid towards faster achievement of the SDGs
related to health, nutrition, and resource recovery (Oberg et al. 2020).

Urine contributes approximately 1 % by volume of the total wastewater
(Barbosa et al. 2019, Zhou et al. 2021a), but consists approximately 70 % of APIs and
the metabolites of ingested pharmaceuticals. Furthermore, urine contains
approximately 80-90 %, 50-65 %, and 50-85 % of the N, P, and K respectively
(Heinonen-Tanski et al. 2010, Viskari et al. 2018). Presence of nutrients and
micropollutants in the wastewater effluent poses a threat to the ecosystem in all
ecological realms, as the receiving surface water bears the burden of damage.
Discharge of essential nutrients to surface water is responsible for the rise in
eutrophication in surface water bodies across the globe, a serious problem
transcending planetary boundaries (Steffen et al. 2015). Low- and middle-income
countries (LMICs) are particularly vulnerable due to inadequate wastewater
collection, conveyance and treatment systems leading to direct discharge of domestic
waste into the environment (Oberg et al. 2020).

Efficient handling of urine source separation within a system, where treated
separated urine is purged of remaining pharmaceutical residues, has the potential to
act as a formidable critical barrier against environmental contamination arising from
human activities. This approach ensures the potential to recirculate vital plant
nutrients, especially nitrogen and phosphorus. Separation of urine at source and
repurposing it for fertilizer production, a self-sustaining nutrient cycle is fostered,
which benefits the sanitation value chain and agriculture (Simha and Ganesapillai
2017, Demissie et al. 2023). This strategy not only supports responsible nutrient
management but also provides a means to regulate the environmental influx of
antimicrobial residues.

Studies show that human excreta can be used as fertilizer to grow crops and
minimize loss of essential plant nutrients (Heinonen-Tanski and Van Wijk-Sijbesma
2005, Tran-Thi et al. 2017, Viskari et al. 2018, Kelova et al. 2021). However, uptake of
residual pharmaceuticals by plants especially food crops is a cause for concern (Pan
and Chu 2017, Akenga et al. 2021, Héafner et al. 2023). Based on literature values, API
concentrations in SSU are usually more than 2 orders of magnitude higher than those
in municipal wastewater treatment plants (Ngumba et al. 2020). This implies that
direct use of sanitized SSU bears some risk of fertilizing the soil with pharmaceutical
residues. This presents a need to develop efficient treatment methods for removal of
pharmaceutical residues from urine to produce a safe fertilizer (Jermakka et al. 2021,
Demissie et al. 2023). Source control measures should be taken first, because such
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measures are usually far more effective when the volumes are smaller, and
concentrations are higher (EurEau 2019). Furthermore, this would also decrease the
pressure to enhance the downstream mitigation measures.

Presently, several methods of pharmaceutical removal, mostly from synthetic
urine at laboratory scale have been evaluated. The common approach to urine
treatment includes hygienization, reducing volume, stabilization, nutrient recovery,
nutrient removal and addressing micropollutants (Larsen et al. 2021b). Adsorption of
pharmaceutical residues in urine using biochars is an alternative cheap, effective and
low-cost method of treatment (Chauhan et al. 2023). Adsorption of APIs using biochar
was studied with >90 % removal of sulfonamide antibiotics and human metabolite by
biochar and biochar/H:Oz in synthetic urine (Solanki and Boyer 2017, Sun et al. 2018).
However, the residual API concentration after the biochar treatment were above the
proposed PNEC values for resistance selection (Bengtsson-Palme and Larsson 2016)
and therefore potentially unsafe for release to the environment. World Health
Organization (WHO) proposed a urine storage time of at least six months to achieve
pathogen inactivation (WHO 2006). However, the recommended six months storage
can only partially remove the pharmaceuticals (Jaatinen et al. 2016, Duygan et al. 2021).
Other methods for treatment and resource recovery include struvite precipitation for
phosphorus recovery, freeze-thaw, reverse osmosis, electrodialysis, microfiltration,
ozonation, ammonia stripping, anaerobic ammonium oxidation, electrolysis,
distillation, ion exchange and nitrification (Maurer et al. 2006, Larsen et al. 2021b, Liu
et al. 2022, Imwene et al. 2022). These methods are applicable separately or in
combination (Table 2). For instance, a recent study showed removal of 75
micropollutants (mostly APIs) by photodegradation using ultraviolet light with
efficiencies of >99 % in water and 55 % (£36) in fresh urine samples (Demissie et al.
2023). Use of combinations of treatment technologies has been shown to achieve
better API removal efficiency (Sun et al. 2018, Képping et al. 2020, Duygan et al. 2021).

Urine diverting systems (UDS), or ecological sanitation systems have been
studied, piloted, and demonstrated for the control of pathogens, organic matter, and
eutrophication. The possibility to provide sanitation, conserve water, and recover
fertilizer was considered as the main drivers of UDS. Unfortunately, the technology
has not been adapted into the wider use and data is only limited to pilot studies (Ishii
and Boyer 2015, Larsen et al. 2021b). Furthermore, large scale commercialization has
been hampered by socio-technological challenges in the operation and maintenance
compared to conventional water-based sanitation (Larsen et al. 2021a). The possibility
to control the flow of problematic pharmaceuticals and AMR bacterial load and
prevention of further evolution of resistance genes can incentivize development of the
UDS technology and operation, collection, treatment, and safe disposal of sanitation
byproducts (Inyinbor et al. 2018). Additional relevant driver includes employment
creation especially in the LMICs, through service provision and maintenance of the
technologies.
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1.5 Technologies for removal of APIs, ABR and ARGs from
wastewater

Conventional end-of-pipe water-based treatment systems are not efficient in the
removal of micropollutants of pharmaceutical nature. Furthermore, these systems
have an added challenge to counter the emergence of antimicrobial resistance bacteria
and genes in the hydrological cycles. Instead of abatement of emerging environmental
micropollutants, conventional wastewater treatment systems were found to be a
gateway of residual APIs and resistance genetic material into the environment via
effluent emissions and biosolids (Munir et al. 2011, Gupta et al. 2021, Rumky et al.
2022).

Wastewater treatment processes across the globe differ. This is because of
varying composition, infrastructure, legislation and level adherence and
implementation to universal wastewater treatment practices (Obaideen et al. 2022).
Furthermore, climatic conditions, wastewater characteristics, type, and extent of
pollutants especially emerging micropollutants such as pharmaceutical residues, vary
greatly across geographical regions.

The common available treatment technologies are broadly classified as
conventional, non-conventional and advanced post-treatment technologies.
Conventional wastewater treatment methods mostly involve the centralized
treatment plants that comprise a combination of physico-chemical and biological
processes. Primary, secondary, or tertiary treatment stages may be applied to achieve
the desired water quality features (Maddela et al. 2021). The most common
conventional treatment systems include conventional activated sludge systems (CAS)
with disposal of formed biosolids, trickling filters, rotating biological contactors and
membrane bioreactors (MBR) (Gupta et al. 2021, Werkneh and Islam 2023). Non-
conventional treatment includes systems such as waste stabilization ponds (WSPs),
and constructed wetlands. They employ biological processes in treatment and are less
complicated and costly in terms of operation and maintenance but require more land
compared to conventional systems (Fahad et al. 2019).

The post-treatment technologies are tertiary steps that can be incorporated into
either the conventional or non-conventional treatment processes to further improve
the quality of the effluent. Common post-treatment methods include ozonation,
adsorption, filtration, and UV photolysis (Kovalova et al. 2013, Rizzo et al. 2019,
Ngumba 2020, Cheng et al. 2021, Werkneh and Islam 2023). Ozonation coupled with
activated carbon adsorption (Os and AC) is among the best available technologies
(BAT) for efficient elimination of micropollutants from wastewater (Rizzo et al. 2019,
Cantoni et al. 2024). In Europe, Oz and AC is the most adopted wastewater advanced
post-treatment step (Pistocchi et al. 2022a). On the contrary in LMICs, conventional
systems cover a small percentage of the population and mostly lack advanced post-
treatment steps (Obaideen et al. 2022). Furthermore, treatment systems in LMICs lack
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biosolid handling mechanisms such as removal or recovery from effluent. Most of the
population in the study areas are served by decentralized systems which are
inefficient for micropollutant removal or there is absence of wastewater collection and
treatment systems all together, leaving an opportunity window for direct discharge of
untreated excreta directly to the environment.

In terms of AMR, significant differences were reported between WWTPs
emission of genetic material (ARGs and ARB) in biosolids and aqueous phases (Munir
et al. 2011, Yang et al. 2014). This understanding can help reshape the focus of new
technologies purposed for the elimination of ARGs. For instance, special attention
should be focused on the biosolids, excess activated sludge and suspended matter not
removed from less sophisticated treatment plants. There are numerous studies on
elimination and removal efficiency of APIs and ARGs in water and wastewater (Table
3). The most studied methods are based on adsorption of APIs with low-cost
adsorbents. Besides the adsorption, there are several other technologies utilizing
biological, physical, and chemical treatments.
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2 OBJECTIVES OF THE STUDY

This thesis aimed at investigating occurrence and fate of selected antimicrobials and
antibiotic resistance genes in samples from urban hydrological cycles in Kenya and
Zambia.
The specific objectives included:
i. Measure the occurrence and phase partitioning, for selected antibiotics in
hydrological cycles of Kenya and Zambia (I, II).
ii. Assess the aquatic risk quotient for evolution of antibiotic resistance based on
measured environmental concentrations for the selected antibiotics (I, II, III).
iii. Analyze selected antibiotic resistant gene profiles of treated and untreated
wastewater, surface water, ground water, sediments and sewage sludge (III).
iv. Assess the feasibility for removal selected antibiotics and antiretroviral drugs
from source separated urine using powdered activated carbon as a point-of
source treatment technology (IV).
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3 MATERIALS AND METHODS

3.1 Chemicals and standards

In this study, common classes of first line antimicrobials were selected (Table 4). These
included antibiotics used for common ailments and antiretroviral therapy (ART) in
the selected areas of study.

The target compounds included ten antibiotics, doxycycline (DOX), amoxicillin
(AMO), sulfamethoxazole (SMX), trimethoprim (TMP), ciprofloxacin (CIP)
norfloxacin (NOR), ofloxacin (OFL), tetracycline (TET), erythromycin (ERY), and
rifampicin (RIF). Three antiretroviral drugs (ARVDs), nevirapine (NVP), zidovudine
(ZDV) and lamivudine (3TC) were included. The pharmaceutical standards were a
kind donation from Universal corporation, a pharmaceutical manufacturer in Kenya.
Isotopically labelled internal standards were purchased from Alsachim, France.

3.2 Study area and sample collection

Samples were collected in Kenya and Zambia (Table 5). The samples collected
included wastewater influent and effluent including the suspended particulate
matter, surface water upstream and downstream of the WWTP effluent discharge
points, ground water, WWTP sludge and river sediment.
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TABLE 4 Physicochemical properties and percentage of consumed APIs excreted in human
urine. These can be used to predict the behaviour of the APIs at the WWPs and
the receiving water bodies.
Mol Excrehox: as
API mass parent S H pKa Log Kow Kbiol
(g/mol) compound in
5 urine (%)
Sulfamethexazole 253.3 15-25 610 2.69x10-11 1.6-5.7 0.89 0.19-0.2
Doxycycline 70
Tetracycline 4444 80-90 3.3,7.68,9.69 3.3
Trimethoprim 290.3 80-90 400 9.89x10-13 712 091 060059_
Ciprofloxacin 331.3 80 3 x104 6.1-8.6 -0.28 0.55
Ofloxacin 361.4 6.05,8.2 -0.39
Norfloxacin 319.3 60 1.8x105 6.8x10-13 6.3-8.7 -1.03 O.(()) 13 -
Amoxicillin 365.4 60-80 3430 2.49x10-21 32 0.87 1.33
Rifampicin 822.9 17,79 4.24
Erythromycin 733.9 1.4 2.2x10-27 8.9 2.5-3.0
Lamivudine 229.3 70 7 x 104 43 -14
Nevirapine 266.3 2.7 7 x 104 3.3 x1017 2.8 2.5 0.03
Zidovudine 2673 15-20 2 x 104 9.86 0.05
S = solubility in water (mg 17!); H = Henry coefficient (1 g m™ air/1 g m= wastewater); pKa =
Dissociation constant; Ko octanol-water partition coefficient; kwoy = pseudo first-order

degradation constant (1 g1 SS day~!) (Ngumba et al. 2020, Ohoro et al. 2022).

TABLE 5

Sample type and collection sites for this study. SD = sediments; SL = sludge;
GW = groundwater; SSU = source separated urine; SW = surface water; WWE =
wastewater effluent/treated wastewater; WWI = wastewater influent/untreated
WW; WSPs = waste stabilization ponds/ lagoons, WWTP = wastewater treatment
plant, composite = 12-24 hour composite sample.

Country  Location Sample type No of Sampling time
samples
Kenya Nyeri (WWTP; WSP) (I, I) SL, SW grab, SD 36 Jan & Sep 2019
WWI/WWE composite
Machakos (WSP) (I, II) SW-grab, SD, WWI/WWE 24 Jan & Sep 2019
composite
Meru (WSP) SW-grab WWI/WWE 8 Jan & Sep 2019
composite
Zambia  Lusaka (WWTP)(III) WWI/WWE grab 4 Nov 2022; Mar 2023
Chunga River (I1II) SW grab 4 Nov 2022; Mar 2023
Lusaka (FSM) (I1I) SL grab 4 Nov 2022
Chunga (III) SSU grab 6 Feb-2023
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3.3 Sample treatment and analysis

The environmental samples were collected in clean plastic bottles, transported in
cooler boxes to the laboratory, and stored at 4 °C awaiting further processing within 7
days. 200 ml of 24 hr composite sample from the two WWTPs and four WSPs was
used, while 500 ml of surface water and ground water was used for analysis. Tandem
filtration of samples through 47 mm GF/D (2.7 pm) and GF/F (0.7 pm) was done to
clarify the samples and capture the suspended particulate matter. Clean-up and API
extraction was done using an optimized solid phase extraction (SPE) protocol
(Ngumba et al. 2016a). Extraction of target compounds from suspended particulate
matter (SPM), sludge and sediments was done using ultrasonic assisted extraction
based on a method published by Al-Khazrajy, Omar S. A. and Alistair 2017, with
modifications. Isotopically labelled standards were used as the internal standards for
the experiments.

A Waters Alliance 2975 liquid chromatograph (LC, Milford, MA, USA) was used
for separation fitted with Xbridge™ (3.5 pm x 2.1 mm x 100 mm) C18 reversed-phase
column with Vanguard® (2.1mm x 5mm) pre-column was used. Gradient elution
method was used the solvent systems comprising of ultrapure water and acetonitrile
acidified with 0.1 % formic acid. A Quattro micro tandem mass spectrometer
(MS/MS) set at positive ionisation mode (ESI) used for analyte detection and
quantification.

3.4 Calculated risk assessment for antimicrobial resistance
evolution in aquatic environment

The risk of residual APIs to bacteria in the environment was assessed (I, I, III). The
risk quotient (RQ) for evolution of antimicrobial resistance selection in aqueous
samples was calculated based on the MECs of individual compounds and their
aquatic PNEC for resistance selection (RS) (Tran et al. 2019). The PNEC for a
compound can be different between aquatic and terrestrial environments.
Compound-specific PNEC rs) values used in this study were proposed by (Bengtsson-
Palme and Larsson 2016) and factored multiple genera of microorganisms present in
the environment. The risk quotient (RQ) was calculated based on Equation 1.

MEC
RQ = PNEC(RS) (@)

where RQ = risk quotient, MEC = measured environmental concentration in the representative
aqueous samples, and PNECgs) = compound-specific predicted no-effect concentration for
resistance selection in aqueous samples. Interpretation RQ =1 = high risk, 1 > RQ 2 0.1 =
medium risk, and RQ < 0.1 = low risk (Hanna et al. 2018).
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3.5 DNA extraction, gene selection and high-throughput qPCR

The samples collected included wastewater influent and effluent, surface water
upstream and downstream of the effluent discharge point, and groundwater from a
community borehole (Table 6). Sediments corresponding to the aqueous samples were
collected where applicable. Fecal sludge sample from the dewatering point of the
Manchinchi fecal sludge management plant was also collected. The samples were
preserved in DNA/RNA shield buffer and transported to Finland under room
temperature conditions. Genetic material extraction was done at the Department of
Biological and Environmental Sciences, University of Jyvidskyld, Finland based on
protocol provided by QIAGEN DNeasy Powersoil pro kit (Qiagen Sciences,
Germantown, MD, USA). DNA quality and concentration were analyzed with a Qubit
fluorometer (Thermo Scientific, Wilmington, DE, USA). Gene detection and
quantification were performed using qPCR targeting 35 antibiotic resistance genes
and mobile genetic elements. The relative abundance of each gene in sample was
determined in relation to the 165 rRNA gene.

TABLE 6 Sample collection for the antibiotic resistance gene analysis.

Code Sample name Sample type
1RS Chunga river upstream Sediment
2RS Chunga river downstream Sediment
3WS Chunga WSP effluent Sediment
4WS Chunga WSP influent Sediment
5WS Manchinchi WWTP influent Sediment
6FS Fecal Sludge Management (FSM) Plant Sludge
7GW Borehole water Ground water
S8RW Chunga river upstream Surface water
IRW Chunga river downstream Surface water

10WW Chunga WSP effluent Wastewater
11TWW Chunga WSP influent Wastewater
12WW Manchichi WWTP influent Wastewater

RS = river sediment, WS = wastewater sediment, FS = fecal sludge, RW= river water, WW =
wastewater.

Various genes of interest that confer resistance to various classes of antibiotics were
selected for screening (Table 7). Genes selected for quantification in this study
included those that confer resistance to aminoglycoside (1), beta lactams (10),
multidrug resistant (1), macrolide-lincosamide-streptogramin-B (3), quinolone (2),
sulfonamides (2), tetracycline (5), trimethoprim (2), vancomycin (2), phenicol (2) and
others (5). Two integrons (2) were also included. Furthermore, genes that confer
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resistance to last resort antibiotics, such as colistin resistance genes (mcrl, mcrl_1,),
and vancomycin resistance genes (vanA, vanB_1) were selected.

TABLE 7 List of the selected genes for analysis in this study.
No. Gene Target antibiotics No. Gene Target antibiotics

1 aac(3)-iid_iia Aminoglycoside 18 qnrA Quinolone
2 blaCMY_1 Beta Lactam 19 qnrB_2 Quinolone
3 blaCTX-M Beta Lactam 20 sull_1 Sulfonamide
4 blaIMI Beta Lactam 21 sul4 Sulfonamide
5 blaKPC Beta Lactam 22 tetA_2 Tetracycline
6 blaNDM Beta Lactam 23 tetA/B_1 Tetracycline
7 blaOXY Beta Lactam 24 tetG Tetracycline
8 blaSFO Beta Lactam 25 tetW Tetracycline
9 blaTEM Beta Lactam 26 tetX Tetracycline
10 blaVIM Beta Lactam 27 dfrAl Trimethoprim
11 penA Beta Lactam 28 dfrB Trimethoprim
12 intl1_1 Integrons 29 vanA Vancomycin
13 intl1_2 Integrons 30 vanB_1 Vancomycin
14 mexE MDR 31 arr2 Other
15 ermA MLSB 32 arr3 Other
16 mphA MLSB 33 bacA Other
17 pikR2 MLSB 34 mcrl Other

35 mcrl_1 Other

3.6 Adsorption experiments

Adsorption experiments were done to determine adsorption capacity and kinetics of
selected API mixtures in SSU using different activated carbons (IV). The urine used in
this experiment was collected from healthy unmedicated individuals. The collected
urine was stored in room temperature for 21 days to guarantee the natural hydrolysis
to occur whereby the pH of the urine changes from slightly acidic to basic due to the
formation of ammonia (Cook et al. 2007). The resulting pH measurement was done
followed by spiking with the target model compounds with varying physicochemical
properties (SMX, TMP, 3TC and NVP) at concentrations ranges corresponding to
those previously measured SSU collected in Lusaka, Zambia. Four different
experimental wood and peat based powdered activated carbons were used as
adsorbents. The effect of urine matrix on adsorption capacity was tested by carrying
out the experiments in spiked ultrapure water Milli-Q (MQ) and in real human urine.
The removal of the spiked compounds was monitored for 24 hours at intervals of 15
minutes for the first hour, 30 minutes for the next three hours and hourly for six hours
and thereafter left overnight. Samples collected at various time intervals were
processed and analysed using SPE-LC-ESI-MS/MS method as described by (Ngumba
et al. 2016a). The control sample consisted of human urine without adsorbent and
underwent the same procedures and analysis. The analyte concentration in the
filtrates were measured for all the treated samples and control samples. Adsorption
capacity (ge) expressed in milligrams of API adsorbed per gram of adsorbent (mg g-1)
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was determined at equilibrium (Equation 2). The adsorption equilibrium
concentration was deduced to occur at a time when no significant change occurred in
the concentration of the solution (Otieno et al. 2021). The percentage removal of the
target APIs was also determined.

_ (Co—Ce)V

g = @

where g, is the adsorption capacity C, and C, are the concentrations of solute at the
initial time and at equilibrium (mg 1), respectively, V is the volume of solution (I),
and IV the mass of adsorbent (g)



32

4 RESULTS AND DISCUSSION

4.1 Occurrence and phase partitioning of APIs

4.1.1 Occurrence in the aqueous phase

Occurrence of the selected APIs in the different stages of the urban hydrological cycle
was studied. Aqueous samples included wastewater influent and effluent, surface
water and ground water. Measured concentrations of selected antimicrobials in
wastewaters ranged between < LOQ to 49.3 pug 11 (I), 1.4 to 956.4 pg I (II); and < LOQ
to 1.8 pg 111 (III) respectively. APIresidues in the surface waters ranged between <0.1
to 56.6 ug 11 (I), 1.1 to 228.3 pg 11 (II), and < LOQ to 1.78 pg 11 (III). The concentration
of APIs measured in these studies are summarized in Table 8 and compared with other
reported values in literature. TMP and SMX were consistently abundant antibiotics in
the aqueous phase. SMX was the most abundant antibiotic in the wastewaters with
measured concentrations of 49.3 pg 11 and 94.2 pg I'1 in WWTP influent samples (I, II),
in surface water upstream and downstream of the effluent discharge point with 56.6
pg 11 (I) and 142.6 pg 11 (II) respectively. TMP and SMX are often administered as
combination (co-trimoxazole) because of their synergistic treatment effects to a wide
range of infections, including prophylactic treatment in tuberculosis and HIV/AIDS
patients. For the antiviral category, lamivudine (3TC) was most abundant with
measured concentration of up to 228.3 pg 11 in surface water, downstream of the
effluent discharge point (II). 3TC is among the first-line ARVDs recommended for
antiretroviral therapy (WHO 2022).

Higher concentrations of some APIs were frequently measured in the WWTP
effluent relative to influent, mostly in the treatment systems without proper sludge
collection and removal. For instance, the treatment system WWTP 2 (I) which
employed waste stabilization ponds had CIP, NOR and AMO measured in higher
concentrations in effluent relative to influent. Furthermore, SMX occurred at higher
concentrations in the surface water (0.7 ug I'') compared to influent (0.4 pg 1) and
effluent (0.5 pg 1) (III). This increase could be attributable to the characteristics of
APIs, such as accumulation in the treatment system, deconjugation and
retransformation of metabolites as well as resuspension of sorbed compounds. This
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study did not focus on measurement of API transformational products (TPs), but their
potential influence on the amount of parent compound measured at the effluent
relative to the influence was suspected. For instance, deconjugation and
retransformation processes for TPs of SMX back to parent compound within the
wastewater treatment processes is documented in literature (Radke et al. 2009, Polesel
etal. 2016, Nguyen et al. 2018, Li et al. 2019, Brown et al. 2020, Castafio-Trias et al. 2023).

Surface waters receiving the discharged effluent had occasional higher MECs
compared to the corresponding effluent. The phenomenon was attributed to direct
release of untreated sanitation products (human excreta and blackwater), with higher
concentration of APIs that than that emitted from treatment systems, directly to the
receiving water bodies. The discharge would especially emanate from informal
settlements in the peri-urban areas of the city such as Lusaka with high population
density and relatively higher disease burden coupled with poorly managed sanitation
services. Furthermore, the receiving waters have perennial low volumes except in
rainy seasons, for instance in Machakos, Kenya because of the numerous direct
withdrawals of the water for domestic use and subsistence vegetable farming along
the riverbanks.

Occurrence of antibiotics and ARVDs used in ART at similar or occasionally
higher than other ARVDs in the environment was also noted. For instance, lamivudine
(3TC) was measured at 847 pg 11, 219 png I'1and 228 pg 11 in wastewater effluent, and
surface water (upstream and downstream) respectively (II). These concentrations
reflect the increased uptake (83 %) of antiretroviral therapy in selected sub-Saharan
countries compared to other parts of the world (Adeola and Forbes 2022, UNAIDs
2023). The ARVDs residues monitored in this study were part of a continuous
monitoring study. The environmental concentrations of ARVDs are of significance
because they were previously shown to have ecotoxicological effects on aquatic
organisms (Ngumba et al. 2016b, Mahaye and Musee 2022). Furthermore, there is
rising concern about the emergence of antiviral resistance in the environment and
more data to map out the MECs for ARVDs is needed (Nannou et al. 2020).

SMX, CIP, SDX, ERY, TMP, ZDV, NVP and 3TC were detected in ground water
from Lusaka Zambia at concentration ranging from <LOQ to 0.151 pg I'1(III). SMX
and ERY had the highest concentrations of 0.03 and 0.01 respectively while most of
the other compounds were below detection limit. Previously, SMX, CIP, TMP, AMO
and NVP was detected in the ground water samples in the peri-urban areas of Lusaka
at concentrations ranging from 0.14 ug 111 to 0.66 pg 11 (Ngumba et al. 2020). The
temporal variations are attributed to seasonal changes since the initial sampling (2016)
was done on drought conditions and the latter (2022) was done on rainy conditions.
Nevertheless, these concentrations were comparable with those reported in other
research areas (Table 8) with occasional higher values reported. Presence of APIs in
the ground water sources was attributed to the leaching effects due to proximity to
the pit latrines and compost pits to these water sources with high water table.
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Generally, the MECs of selected APIs in Kenyan and Zambian samples frequently
occurred at concentrations 10 to 1000-fold higher relative to literature values from
Finland and other high-income countries. The risk associated with APIs in the
environment is concerning, and getting more attention from governments, policy
makers/shapers and legislative institutions. In the European Union, new proposals
for legislation that will make risk assessment and risk mitigation measures for human
pharmaceuticals mandatory are already at various stages of advancement (Moermond
et al. 2023, Gildemeister et al. 2023). These proposals are aimed at making
environmental protection mandatory and connect the legislative framework for
pharmaceuticals and the environments. Some of the proposed APIs for inclusion in
the EU watchlist for stricter regulation were included in this study. For instance, MECs
for CIP, SMX and TMP (I, II) occurred above the concentration values proposed for
regulation and inclusion in the watchlist in the proposed EU water framework
directive; national environmental quality standards and other independent studies
(Bengtsson-Palme and Larsson 2016, Agerstrand et al. 2023). These compounds are
candidates in the EU watchlist compounds based on their potential health effects.

The divergence in the occurrence patterns of API residues in the representative
LMICs and the HICs potentially reflects the status of disease burden in the society,
pharmaceutical consumption patterns, sanitation systems, waste management
systems and wastewater treatment. Occurrence of APIs in the environment is
correlated to the medicine consumption patterns (Boulard et al. 2020). Concentration
values of selected APIs in global South have been reported (Table 8) at the the same
order of magnitude, or considerably higher than those reported in the global North.
The high concentration of APIs in environment in global South potentially means that
the local population are in a close contact with highly contaminated water sources, a
cause for concern for the wellbeing of the ecosystem.

4.1.2 Occurrence of APIs in SPM, sediments, and sludge

The concentrations of selected APIs in SPM, sediment and sludge samples was
determined. The SPM had concentrations ranging between < LOD to 82.3 mg kg1. In
the river sediments concentrations ranged between <LOD to 0.47 mg kg (I), and 0.11
to 4.125 mg kg (II) respectively. The sludge samples had concentrations occurring
between < LOQ to 31.6 mg kgl. NOR and CIP showed the highest concentrations in
both the SPM sediment and sludge, which was attributed to their specific
characteristics, such as their zwitterionic character in the wastewater pH conditions.
This renders CIP and NOR to sludge adsorption by hydrophobic and electrostatic
interactions (Lindberg et al. 2006, Verlicchi et al. 2012). AMO was the least detected in
the SPM, sludge, and sediment samples, and was also infrequently detected in the
aqueous phases. The API concentration in the SPM varied based on the specific
compound. Furthermore, lack of sludge removal or recycle mechanisms in all the
sampled WWTPs except WWTP3 (I) could potentially influence the measured
concentration of APIs due to resuspension of adsorbed APIs.

Higher concentrations of APIs were detected in the SPM phase and the sludge,
relative to the aqueous samples and the river sediments in some sampling sites (II).
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Therefore, the SPM is potentially an important route for emission of APIs to
environment in some of the sampled WWTPs. The APIs bound to SPM phase
potentially represented the unremoved part of the influent suspended matter and
escaping sludge that is formed in the WWTP where there was no removal or recycle
mechanism for the sludge. The mechanism used to bind the API residues to SPM is
complex and poorly understood but is mostly attributable to sorption. The type and
nature of sorption that occurs depends on both the properties of API compounds, such
as charge, hydrophobicity; as well as the SPM matrix such as clay content and amount
of organic matter (Boulard et al. 2020, Ledieu et al. 2021). The removal efficiency which
represented the extent of abatement of the selected API the wastewater treatment
process was evaluated. The overall removal factored both the aqueous and SPM
phases and ranged between 69 % and -89 %. Individual APIs were removed
differently based on the type of wastewater treatment (I, II). Therefore, it was
concluded that in calculation of API removal efficiency from treatment system the
contribution of all phases need consideration.

Quantification of APIs in aqueous matrices is a focal point in numerous
investigations, with insufficient attention often given to their presence within solid
particulate matter and river sediments (Castafio-Trias et al. 2023). Our current study
registered the notable capacity of the solid particulate matter (SPM) phase to enhance
API emissions from wastewater treatment plants (WWTPs), owing to the consistently
measured higher concentrations of pharmaceutical residues compared to the aqueous
phases. The mass emission of APIs to the environment from the WWTP can therefore
be biased by overlooking the contribution of the SPM phase (Ledieu et al. 2021).
Consequently, it becomes evident that the SPM phase assumes a critical role in the
context of pharmaceutical emissions within unconventional wastewater treatment
plants and lagoon systems (II). Furthermore, the downstream impact of effluent SPM
on river sediments is notable, as manifested by higher concentrations of
pharmaceutical residues downstream from the effluent discharge point in contrast to
upstream samples (I). This underscores the significance of accounting for the SPM
phase when assessing the emission dynamics of pharmaceuticals in non-conventional
wastewater treatment systems.

4.2 Calculated risk quotient for antibiotic resistance evolution in
aquatic environment

Development of antibiotic resistance in the environment is a complex issue in which
API residues are a contributing factor. According to literature, measured
environmental concentrations of APIs can be used to predict the risk quotient for
antibiotic resistance evolution in that environment (Bengtsson-Palme and Larsson
2016). Yet, the extent to which environmental pollution from antibiotics contributes to
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resistance development remains unclear. However, the observed concentrations of
environmental antibiotics in this thesis often surpass concentration predicted to favor
the selection of resistance (Biirgmann et al. 2018, Larsson and Flach 2021, Agerstrand
et al. 2023). Currently, many of the resistance factors faced at the clinic originate from
environmental bacteria (Ebmeyer et al. 2021, Agerstrand et al. 2023). In this thesis, the
aquatic risk quotients (RQs) for antibiotic resistance selection in Kenya and Zambia
were calculated based on the compound-specific PNECrs) concentration values as
proposed by (Bengtsson-Palme and Larsson 2016). Previously measured MECs were
used to calculate the PNECrs) for environmental samples collected from Finland
(Ngumba et al. 2016a). The proposed PNECs) included NOR (0.5 pg 1), CIP (0.064
pg 1), TMP (0.5 pg 1), SMX (16 ng 1'1), DOX (ng 1), and AMO (0.25 pg 1'1). The mean
concentrations reported in this thesis for the recipient waters included SMX (<0.01 to
8.9 pg I') CIP (0.78 to 9.4 png 1'1) NOR (0.18 to 3.2 pg 1'1) and TMP (0.03 to 8.7 ng 11).

Several pharmaceutical concentrations observed in the surface waters have
raised significant concerns as their calculated risk quotients surpass the proposed
threshold values for development of antimicrobial resistance. The RQs exhibited a
considerable range from 0.001 to 93.5 (Figure 2, with RQ >1 indicating high risk),
signifying low to high risk for evolution of antimicrobial resistance in aquatic
environments within the analyzed samples. Among the analyzed antibiotics,
ciprofloxacin (CIP) demonstrated the highest RQ of 93.8, 43,9, 8.4, 7.9 followed by
norfloxacin (NOR) with an RQ of 11.8, 3.2 and amoxicillin (AMO) with an RQ of 13.6
in surface water samples collected from Kenya. Zambian samples had RQ values
ranging from 0.22 to 14 (Table 9) signifying medium to high risk. In contrast,
previously analyzed environmental samples from Finland (Ngumba et al. 2016a) had
low to medium risk with risk quotients ranging between 0.001 and 0.7.
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FIGURE 2 Calculated risk for evolution of Antibiotic resistance in recipient surface waters.
RQ 21 = high risk, 1 >RQ 20.1 = medium risk, and RQ < 0.1 = low risk (Bengtsson-
Palme and Larsson 2016, Hanna et al. 2018).
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In the study of Lusaka Zambia, the MECs of antibiotic residues were measured
in samples collected in 2022 at relatively lower concentrations as compared to a
previous study done in 2016 (III). This could possibly be due to seasonal changes in
weather conditions such as rain and drought during the sampling periods.
Furthermore, lower MECs can be influenced by changes in medication consumption
patterns resulting from reduced disease burden, or increased access to improved
sanitation systems in the sampling areas. Nevertheless, medium to high risk for
evolution of antibiotic resistance was calculated in these samples (Table 9).

It should be noted that the antibiotic resistance in the environment can persist
longer even after elimination of selective pressure factors, due to horizontal gene
transfer (Larsson and Flach 2021). Therefore, the MECs may not reveal underlying RQ
or selection pressures happening in longer time scales.

TABLE 9 Temporal variation of antibiotic residues and risk of antibiotic resistance evolution
in surface waters of Lusaka Zambia in 2016 and 2023.

Previous d

stud Calculated PNEC Current study Calculated
Compound - Risk quotient (ng11)b Risk quotient

2016 d Hg 2022 (I1I) 1
Amoxicillin 25-34 10-13.6 (Highrisk)  0.25 <LOQ -

. . . . 0.02-2.72
Trimethoprim 05-24 1-5 (High risk) 0.5 0.01-1.36 (low -high risk)
Oxytetracycline na - 0.5 <LOQ -

<0.01-0.1
Ofloxacin na - 0.5 <LOD - 0.05 (low -medium
risk)
Tetracycline 0.22-4.6 0.22-4.6 1 <LOQ -
. . 3.6-11.6 0-4.8
Ciprofloxacin 0.23-0.74 (High risk) 0.064 <LOD -0.31 (low -high risk)
0.49-2.1 (medium 0.001-0.05
Sulfamethoxazole 7.8-333 - High risk) 16 0.01-0.72 (low risk)
Sulfamethoxypyrazine na - nr <LOQ -
Sulfadoxine na - nr 0.074 - 0.83 -
. <0.1-0.22
Erythromycin na - 8 0.030 -1.79 (low -medium risk)
Rifampicin na ; 0.5 <LOQ - 0.65 <01-13

(low -high risk)

na = Not analyzed, <LOQ = Below limit of quantification
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4.3 Presence of antibiotic resistance genes in the environment (III)

In recent times, there has been a growing interest to study the role of environment in
the evolution of antibiotic-resistant pathogens and their transmission pathways. The
reported evidence in literature shows the environment is an important vector in
resistance evolution and transmission mechanisms. The WWTPs have been identified
as hotspots for development and proliferation of ARBs and ARGs whereas the
recipient water bodies act as reservoirs and dissemination routes (Karkman et al. 2018,
Kim and Cha 2021)

In study III, genes that confer resistance to multiple classes of antibiotics,

including last resort antimicrobials were detected in the environmental samples from
Lusaka, Zambia. This is an issue of concern because of the possible mobilization to
pathogenic bacteria and possible spread to humans and animals. The number of
genes detected per sample out of the selected 33 resistant genes ranged between 29 to
32 (83-87 %), suggesting a relatively high detection rate. The gene abundance relative
to 16S rRNA ranged from 1.3 x 108 to 5.2 x 101 (Figure 3) with the ARGs that confer
resistance to beta-lactams, sulfonamides, trimethoprim and last resort antibiotic
rifamycin showing higher relative abundance values.
The impact of effluent wastewater on surface water sediments downstream of the
discharge point was noted, with almost similar relative gene density detected in the
surface waters and river sediments as the effluent wastewater. Accumulation of ARGs
in sediments may depend on factors such as deposition rates, sorption, enzymatic
degradation, and sediment type (Liu et al. 2020, Mcinnes et al. 2021). Furthermore, clay
particles provide further protection to bound DNA adsorbed to soil particles
(Deshpande and Fahrenfeld 2022). No ARGs were detected in the groundwater, which
is the main drinking water source in that locality.

Measured environmental concentrations in this study could be useful
indicators for assessment of environmental risk for evolution of ABR, especially in the
absence of the infrastructure needed for analysis of environmental resistomes.
Furthermore, the measured concentrations can be used to map the possible hotspots
based on the RQ values.
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Heatmap of the antibiotic resistance gene abundance relative to the 16S
rRNA gene in DNA samples extracted from water surface (W) and
sediment (S) in Lusaka, Zambia. Gene relative abundance
corresponding to values between 10-% to 10 is represented by light
yellow and 10! was represented by red. Undetected gene expression is
indicated by “X”.

4.4 Removal of APIs using activated carbon (IV)

Removal of four active pharmaceutical ingredients (APIs) from human urine using
wood and peat based activated carbons (RD1, RD2, RD3 and RD4) was investigated.
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This was done to assess the feasibility of using relatively simple technology to remove
APIs from SSU. The urine samples were spiked with four model compounds with
varying physico-chemical properties such as molecular properties, solubilities, acid
dissociation constant among others. These included sulfamethoxazole, nevirapine,
trimethoprim and lamivudine (SMX, NVP, TMP, and 3TC), each at 500 pg 11
concentration. This concentration was based on relevant concentrations previously
measured by a study in the research group which measured concentrations of selected
APIs in real urine collected in source separating urine collected in urine diverting dry
toilets (UDDTs) in Lusaka, Zambia (Ngumba et al. 2020). Effect of adsorbent dosage,
contact time, and initial concentration of the selected pharmaceutical residues were
studied.

The maximum adsorption capacities of activated carbon for the APIs in
ultrapure water (MQ) and real urine matrix ranged between 10-200 mg g and 0.75-
16.6 mg g respectively. The results showed that organic matter measured as DOC
(1500 mg 11) and total nitrogen (2570 mg 1) concentrations in urine had an
approximate 10-fold decrease in adsorption capacity compared to MQ water.
However, removal efficiencies were >99 % after 24 hrs. TMP, NVP and 3TC were best
described using Langmuir model, while Freundlich model was best for SMX,
respectively. Experiment conducted using the wood based RD2 carbon (Figure 4)
proved that approximately 18 g 11 of RD2 carbon is sufficient to eliminate the spiked
APIs (<1-15 mg 1) to below quantifiable limits in real urine in 12 hrs. This was
sufficient to remove even the highest API concentration (TMP at 12800 pg 171)
previously measured in real urine (Ngumba 2020). The RD activated carbons used in
this study could be effective adsorbent for the removal of APIs from urine, despite the
complex matrix that occurred 2-3 orders of magnitude more than the APIs. The
required dose for removal of APIs from SSU is realistic for practical purposes. For
instance, it has been reported that patients under medication are a point source of API
residues for that period of medication and sometimes slightly longer (Viskari et al.
2018). Concentration of the APIs in the human urine is extremely high relative to
concentration levels measured in the wastewaters and surface waters. Therefore,
controlling the emission of the pharmaceutical residues from individuals and
household could be an effective first control barrier using targeted tools and
technologies that are easily applicable at the individual level. It offers a starting point
for further development of simple and rapid technology with absorbents made of
inexpensive and locally available materials.

Removal of APIs from urine using carbon materials is favored because of ability
to eliminate APIs without significant reduction in beneficial nutrients present
(Kopping et al. 2020, Duygan et al. 2021). The adoption of urine diverting technology
can be accelerated by the opportunity of risk reduction of micropollutants, such as
antibiotics in urine that can cause spread of AMR bacteria and genes in environment.
This could be a proof of concept that treatment of low volumes, but high
concentrations is less complicated. With no centralized collection and treatment, the
on-site urine diversion and treatment could offer an alternative control method for
API mass flow to environment.
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5 CONCLUSIONS

Based on the objectives of this thesis, the following conclusions can be drawn:

1.

ii.

1ii.

iv.

End of pipe technologies, such as centralized WWTPs are unrealistic approach
in low- and medium-income countries to combating continuous flow of APIs
into the receiving waters because they are incapable of complete removal of
antibiotic residues (I, II).

The suspended particulate matter is a potential important phase for
consideration in the determination of API environmental concentrations (II).
Environmental contamination of water bodies by APIs and ARGs is
disproportionately higher in Kenya and Zambia compared to high-income
countries potentially due to limited sanitation coverage, ineffective and
nonfunctioning wastewater collection and treatment systems (I, II, III).
Furthermore, the measured concentrations can be used to map the possible
hotspots based on the RQ values.

Use of cheap and robust point-of-source technologies, such as adsorption of
micropollutants on activated carbon materials offers a promising starting point
for treatment of source separated urine. This is because of the efficacy in
removal of APIs from urine (IV).
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YHTEENVETO (RESUME IN FINNISH)

Ladkeaineiden esiintyminen ympdéristossd voi aiheuttaa ympadristolle ja terveydelle
riskejd. Varsinkin antibiootit edesauttavat antibioottiresistenssin syntymista
ympdristossd jo pienind pitoisuuksina ja titen pahentavat antibiooteille resistenttien
bakteerikantojen syntymistd. Bakteerien antibioottiresistenssi on nopeasti kasvava
ongelma ja se vaikeuttaa merkitsevéasti infektioiden ehkdisyd ja hoitoa ympaéri
maailman.

Tdssda vditoskirjassa mitattiin  valittujen antibioottien sekd antiretroviraalisten
ladkeaineiden pitoisuuksia Keniassa ja Sambiassa késitteleméattomistd ja kasitellyistd
jdtevesistd, vastaanottajavesistoistd sekd pohjavedestd. Erityistd huomiota
kiinnitettiin antibioottien jakaantumiseen nestefaasin ja kiintoaineen valilld
jatevedessd, lietteessd sekd vastaanottajavesistdjen vesifaasissa sekd sedimentissa.
Lagdkeaineiden pitoisuuksia mitattiin myos kohteista, jossa ei ole jarjestettyd jatevesien
kerdilya eikd késittelyd, vaan lddkeaineet pddtyivit muun orgaanisen aineen,
ravinteiden sekd patogeenien mukana mukana suoraan ymparistoon. Ladkeaineiden
pitoisuustasoja verrattiin vastaaviin pitoisuuksiin Suomessa. Sambian nédytteistd
analysoitiin my6s 35 antibioottiresistenssiin liittyvdn geenin suhteellinen osuus
bakteeriyhteisossd kvantitatiivisen PCR:n avulla.

Mitatut ladkeainepitoisuudet olivat tutkituissa kohteissa Keniassa ja Sambiassa
huomattavasti paljon korkeampia kuin Suomessa ja muissa korkean kehitystason
maissa. Kdésitelemadton jatevesi sisdlsi korkeita yhteispitoisuuksia tutkittuja
ladkeaineita, maksimissaan 49,3 pg I-1. Késitellyssa jatevedessd saattoi esiintyd jopa
kéasitteleméatontd jatevettd korkeampia pitoisuuksia, 956,5 pg 1. Kasitellyn jateveden
kiintoainefraktion lddkeainepitoisuus vaihteli Keniassa valillda 11-31117 pg kgl
Ladkeaineiden tarttuminen jdteveden kiintoaineeseen, lietteeseen ja sedimentteihin
todettiin olevan erittdin merkittdva reitti ymparistoon. Kirjallisuudessa mainitaan
yleensd vain lddkeaineet suodatetuista ndytteistd, jolloin saadaan aliarvioitu kuva
ympéristoon paatyvistd ladkeainemadarista.

Jateveden puhdistamoissa Keniassa ja Sambiassa ei tapahtunut juurikaan
ladkeaineiden poistumista. Pitoisuudet saattoivat joskus jopa kasvaa (-322 %), koska
ladkeaineita huuhtoutui karkaavan kiintoaineen mukana vastaanottajavesistoon ja
metaboloituneet ladkeaineet hajosivat puhdistamossa takaisin
aktiiviainemolekyyliksi. Jyvdskyldn kasitellyn yhdyskuntajiteveden tutkittujen
aktiiviaineiden yhteismddrd oli korkeimmillaan nanogrammoja litrassa, kun taas
Keniassa ja Sambiassa tasot olivat mikrogrammoja litrassa:
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Tutkimuksessa tarkasteltujen jokivesisttjen lddkeaineiden yhteispitoisuudet olivat
korkeita (96 pg 1) jo ennen kuin niihin johdettiin késiteltyja jatevesid, jonka jalkeen
liukoiset lddkeainepitoisuudet kohosivat (142 pg 11). Taméd johtuu asutuksen ja
karjatalouden aiheuttamasta hajakuormituksesta. Jokivesid kaytetddn sellaisenaan
kastelu- ja pesuvesind. My6s avoviemadrien vettd kdytetdan kasteluun ainakin kuivina
kausina. Jatevesid vastaanottavien jokien sedimentin lddkeainepitoisuudet olivat
purkupaikan alapuolella jopa neljd kertaa suurempia kuin ennen purkupaikkaa (4 125
png 1I1). Kaikissa tutkituissa ndytteissd esiintyi eniten siprofloksasiinia,
sulfametoksatsolia ja trimetopriimia.

Lusakassa tutkittiin lddkeaineita myos tutkimusalueiden kaivoista. Pohjaveden
ladkeainepitoisuudet vaihtelivat alle maddritysrajasta tasolle mikrogrammoja litrassa:
siprofloksasiini 0,14, norfoksasiini 0,14 ja amoksilliini 0,66 pg I1. Havaittujen
ladkeainepitoisuuksien avulla arvioitiin laskennallista riskid antibioottiresistenssin
synnylle. Laskennallinen riski vaihteli vélilld <0,1 ja 53, mika osoittaa keskisuuren tai
suuren  antibioottiresistenssin  kehittymisen  riskin. Sambian  Lusakassa
ympadristomikrobiomissa ja jatevesissd havaittiin lukuisia
antibioottiresistenssigeenejd, jotka antavat vastustuskyvyn = sulfonamideja,
trimetopriimid, tetrasykliinid, kinoloneja, makrolideja, rifamysiinid ja P-laktaameja
(mukaan lukien karbapeneemit) vastaan. Antibioottiresistenssigeenien esiintyvyys
jdtevesissd oli usean geenin kohdalla korkea, mutta pohjavedessd niitd ei havaittu.

Jarjestetty jatevesien kerdily ja kasittely on harvinaista kehitysmaissa, tai jos keskitetty
sanitaatio onkin olemassa, antibiootit ja antibioottiresistenssigeenit poistuvat vain
osittain késittelyssd, varsinkin Keniassa ja Sambiassa. Taman takia tydssd pyrittiin
vdhentamddn lddkeaineiden pddsyd ympdristoon tai ylikuormitettuun ja heikosti
toimivaan jdtevesien kerdys- ja késittelyjdrjestelmédn kuivasanitaation avulla. Siind
virtsa ja ulosteet kerdtddn erikseen ja lddkeaineita sisdltdava virtsa voidaan késitelld
pienessd tilavuudessa mutta korkeassa konsentraatiossa useilla eri tekniikoilla. Tédssa
tyossd keskityttiin ladkeaineiden poistoon aktiivihiilisuodatuksen avulla. Lidkeaineet
tarttuvat aktiivihiileen, joka voidaan erottaa nestefaasista ja kasitelty virtsa voidaan
hyodyntda turvallisesti lannoitteena ja kasteluvetena.

Ajatus lddkeaineiden talteenotosta ennen kuin ne pd&adtyviat ymparistoon tai
jatevesijdrjestelmddn on houkutteleva, silld erillisvirtauskerdyksessda puhutaan
muutamista litroista per henkilo pdivdssd. Veteen perustuva sanitaatiojdrjestelma
laimentaa lddkeainepitoisuudet hyvin pieniksi mutta satakertaistaa kasiteltavan
nestemddran. Kirjallisuudesta 16ytyy runsaasti laboratorio- ja pilot-tutkimuksia, jotka
osoittavat, ettd hyvin erilaiset ja paikallisista ja edullisista ldhtoaineita tehdyt
adsorbentit pystyvit poistamaan lddkeaineet erilliskerdtystd virtsasta. Erilliskeratty
virtsa sisélsi aikaisempien tutkimuksiemme perusteella lddkeaineita yhteensd useita
kymmenid  milligrammoja  litrassa. = Korkeimmillaan  pitoisuudet  olivat
suilfametaksatsoli 7 740 pg 1", trimetopriimi 12 800 pg 1! ja antiviraalinen lddkeaine



51

lamivudiini 10 010 pg 1. Laboratoriokokeissa lisattiin fysikaalisilta ja kemiallisilta
ominaisuuksiltaan erilaisia lddkeaineita 15 mg litraan hydrolysoitua virtsaa.
Puupohjainen aktiivihiilivalmiste pystyi poistamaan ravistelukokeessa ldhes kaikki
ladkeaineet virtsasta annoksella, joka vastaa paria ruokalusikallista pulverimaista
aktiivihiiltd virtsalitraa kohti. Tdllaista yksinkertaista tekniikkaa kdyttden voidaan
vdhentdd ympdriston lddkeainekuormitusta. Kasitelty virtsa on turvallinen
ravinteiden, typen, fosforin ja kaliumin ldhde. Tekniikka voi toimia panosperiaatteella
ravistelemalla tai késittely voidaan tuotteistaa esimerkiksi suodatinratkaisuksi ja
skaalata suurempaan mittakaavaan. Tuotekehitys virtsan kerdyksen, varastoinnin ja
aktiivihiilen = regeneroinnin tai hyddyntdmisen suhteen tulee olemaan
jatkotutkimuksen aihe yhteistyossd Jomo Kenyatta University of Agriculture and
Technologyn kanssa.
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Active pharmaceutical ingredients, especially antibiotics, are micropollutants whose continuous flow into hydro-
logical cycles has the potential to mediate antibiotic resistance in the environment and cause toxicity to sensitive
organisms. Here, we investigated the levels of selected antibiotics in four wastewater treatment plants and the
receiving water bodies. The measured environmental concentrations were compared with the proposed
compound-specific predicted no-effect concentration for resistance selection values. The concentration of doxy-
cycline, amoxicillin, sulfamethoxazole, trimethoprim, ciprofloxacin and norfloxacin within the influents, efflu-
ents, surface waters and river sediments ranged between 0.2 and 49.3 ng’l, 0.1to21.4 ng’1; “0.1 and 56.6
pel~"; and 1.8 and 47.4 ugkg ', respectively. Compared to the effluent concentrations, the surface waters up-
stream and downstream one of the four studied treatment plants showed two to five times higher concentrations
of ciprofloxacin, norfloxacin and sulfamethoxazole. The risk quotient for bacterial resistance selection in effluent
and surface water ranged between "0.1 and 53, indicating a medium to high risk of antibiotic resistance develop-
ing within the study areas. Therefore, risk mitigation and prevention strategies are a matter of priority in the af-
fected areas.
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1. Introduction

Consumption of antibiotics has increased globally (Klein et al.,
2018). This is due to increased disease burden, increased availability,
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especially of over-the-counter prescriptions, and increased resistance of
pathogenic bacteria to the available antimicrobial agents (Gelband et al.,
2015; Klein et al., 2018; Van Boeckel et al., 2014). The occurrence, fate
and removal of active pharmaceutical ingredients (APIs), especially an-
tibiotics, in hydrological cycles is an environmental pollution issue of
global concern (aus der Beek et al., 2016; Daughton, 2016). The pres-
ence of pharmaceuticals in aquatic environments is especially high in
developing countries. Studies across Africa have reported varying con-
centrations of common antibiotics ranging from ngL ! to several orders
of magnitude higher. According to a global review of API prevalence in
the hydrological cycles, Europe and North America indicated relatively
low prevalence (aus der Beek et al., 2016) compared with many devel-
oping countries, especially in Africa (Madikizela et al., 2017). In Kenya,
APIs have been assessed in only a few studies, covering the Nairobi
river basin, Nzoia river basin and Kisumu (K'oreje et al., 2016, 2018;
Ngumba et al., 2016). However, the prevalence of environmental resid-
ual antibiotics in most parts of the country remains unknown. High pop-
ulation densities in urban and peri-urban areas, characterized by
informal settlements, lack of proper sanitation facilities and high preva-
lence of disease (especially tuberculosis and HIV/AIDS) indicate the
need to systematically assess the presence of pharmaceuticals in the
environment.

The majority of pharmaceuticals do not metabolize completely and
therefore are excreted into the environment either in their original
form or as pharmacologically active metabolites or transformational
products (Carvalho and Santos, 2016). Depending on the category of
the compound, 50-90% of ingested APIs are excreted through urine
(Kimmerer, 2009; Tran et al., 2016). These APIs and their active metab-
olites flow into the hydrological cycles by direct discharge into the envi-
ronment or through wastewater treatment plants (Kiimmerer, 2008;
Luo et al., 2014; Matongo et al., 2015; Zhang et al., 2015).

The presence of antibiotics in the environment at levels below ther-
apeutic concentration may catalyze the ability of bacteria to develop an-
tibiotic resistance (Kiimmerer, 2003). As such, an environmental
concentration of antimicrobials at subinhibitory levels favors the
growth of both resistant and susceptible bacterial genotypes (Khan
et al,, 2017). These lower concentrations give competitive advantage
to the growth of resistant strains (Andersson and Hughes, 2014). This
may lead to the selection of highly resistant bacteria which present a
greater management challenge (Li et al,, 2016). Antimicrobial resistance
(AMR) in wastewater, surface and treated water has been reported in
various studies (Prestinaci et al., 2015; Sabri et al., 2018; Sobsey et al.,
2014). The World Health Organization (WHO) has previously pro-
nounced AMR a threat to global health (WHO, 2016).

This study was undertaken to determine the prevalence of selected
antibiotic residues in the wastewater, surface water and river sediments
from three counties in Kenya. Environmental sample processing and
trace level analysis was carried out using a liquid chromatography
electrospray ionization tandem mass spectrometer (LC-ESI-MS/MS) ac-
cording to methods published by Ngumba et al., 2016b for liquid sam-
ples and Al-Khazrajy and Alistair (2017) for river sediments.
Furthermore, we carried out risk assessments for resistance selection,
based on the compound-specific predicted no-effect concentrations
(PNEC) for resistance selection values proposed by Bengtsson-Palme
and Larsson (2016). The PNEC for resistance selection was calculated
based on the European Committee for Antimicrobial Susceptibility Test-
ing (EUCAST) database for multiple genera and families of pathogenic
microorganisms.

2. Materials and methods
2.1. Study area and sample collection
A five-day sampling campaign was carried out in the administra-

tive towns of the counties of Machakos, Nyeri and Meru in the Re-
public of Kenya. A total of four wastewater treatment plants were

sampled altogether: three wastewater stabilization ponds Machakos
(WWTP1), Gateei in Nyeri (WWTP 2), Meru (WWTP 4), and one
trickling filter treatment plant in Kangemi (WWTP 3) Nyeri County.
Machakos County is situated 80 km southeast of Nairobi while
Nyeri and Meru counties are located in the Mount Kenya region, ap-
proximately 150 km and 250 km north of the capital city, Nairobi.
The selected sampling area demographics are shown in Table 1. Cur-
rently, the actual number of inhabitants served by these treatment
plants cannot be accurately estimated due to the various informal
settlements mushrooming within the vicinity of the sewer line and
the illegal connections to it. Furthermore, wastewater soak pits, sep-
tic tanks and pit latrines are frequently found in these areas. Sam-
pling coordinates for all the sampling spots are provided in
Table S1 in the supplementary information.

Sampling was done in January 2019, which is usually a dry month
preceding short rains. Four different waste water treatment plants
(WWTPs) and the rivers to which they discharge were sampled, as
shown in Fig. 1. Hourly 1 L grab samples were collected from the
WWTPs influent and effluent over a period of 8 h with 60 min interval
and samples pooled to get representative 1 L composite samples. Dupli-
cate 1 L river water samples were collected approximately 200 m and
2 km upstream and downstream of the effluent discharge points. Sedi-
ment samples were also collected at a depth of approximately 5 cm
from all water sampling points and air dried indoors at room tempera-
ture (25 °C).

2.2. Chemicals and standards

The pharmaceutical standards used were of >99% purity and ob-
tained from Sigma Aldrich (US). The physicochemical properties of the
standards, including their structure and CAS registry numbers, are indi-
cated in Table S2 of the supplementary information. All the isotopically
labelled internal standards were purchased from Alsachim (France)
apart from [?He]-TMP which was purchased from Sigma-Aldrich
(Steinheim, Germany ). HPLC grade acetonitrile and methanol were pur-
chased from Merck (Germany), ammonium hydroxide (25%) solution
was purchased from Merck (Belgium), formic acid and formic acid
(98%) from Fluka (Germany). Stock solutions were prepared as outlined
by Ngumba et al. (2016a, 2016b) and stored at +4 °C in amber vials.

2.3. Sample extraction

200 mL duplicate sub-samples were measured from the pooled sam-
ple and 40 pL of 10 mgL ™! isotopically labelled mixed standard was
added to each before processing. Samples were filtered through a
47 mm GF/F (0.7 um) glass filter followed by solid-phase extraction
using Oasis HLB 6 cc (200 mg) cartridges. The extraction and analytical
method developed by Ngumba et al. (2016a, 2016b) was used for the
liquid samples. The sample concentration of the target compounds
doxycycline (DOX), amoxicillin (AMO), sulfamethoxazole (SMX), tri-
methoprim (TMP), ciprofloxacin (CIP) and norfloxacin (NOR) was mea-
sured. Target compounds were extracted from the sediment samples
using an ultrasonic bath. As outlined by Al-Khazrajy and Alistair
(2017), 5 g of the air-dried sediment samples was extracted and the ex-
tracts subjected to the solid-phase extraction process. In brief, the HLB
cartridges were conditioned with 6 mL of methanol followed by 6 mL
of Milli-Q ultrapure water at a flow rate of 5 mL/min . Samples spiked
with isotopically labelled internal standards were loaded at the same
flow rate, after which the target compounds of interest were eluted
with 4 mL of 50:50 acetonitrile-methanol solution. The eluting solvent
was evaporated under a stream of N, gas at 40 °C and the sample
reconstituted to 1 mL using 20:80 ACN:H,0 solvent. Filtration was
done through a 0.2 pm cellulose acetate membrane filter into HPLC
vials ready for analysis.
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Table 1
The population, percentage access to improved sources of water, sanitation and sewerage system for the selected sampling areas according to the Kenya National Bureau of Statistics
(2013).
Location Population Access to improved sources of water (%) Access to improved sanitation (%) Access to sewerage system (%)
Machakos town 195,029 422 61 5.7
Nyeri town 111,656 85 66 16.5
Meru town 144,275 79.5 92.2 34

source: https://www.knbs.or.ke

2.4. LC-ESI-MS/ MS analysis

A waters alliance 2975 liquid chromatograph (LC, Milford, MA, USA)
was used for separation. An Xbridge™ (3.5 pm x 2.1 mm x 100 mm) C;g
reversed-phase column fitted with a Vanguard® (2.1 mm x 5 mm) pre-
column was used. A Quattro micro mass spectrometer (MS) was used
for detection. The LC solvent systems and the MS/MS instrument pa-
rameters optimized by Ngumba et al. (2016a, 2016b) were used for
the targeted multiresidue analysis. The optimized LC-ESI-MS/MS instru-
ment parameters for the analysis of the target compounds are shown in
Table S3 of the supplementary information. Figs. S1 and S2 of the sup-
plementary information show the internal standard calibration and
the matrix matched calibration graphs, respectively.

2.5. Removal efficiencies

The percentage removal efficiency (RE %) of the selected APIs from
the WWTP was evaluated using Eq. 1.

(Cinr —Cp)
Inf

RE (%) = 100 (1)

where Cj, s and Cgg refer to the respective measured concentrations
(ugL™1) at the influent and effluent of the WWTP (Sun et al., 2015).

2.6. Risk assessment of antimicrobial resistance selection
The risk quotient (RQ) for antimicrobial resistance selection within

the sampled environments was indirectly determined (Tran et al.,
2019), according to the measured residual antibiotic concentrations in

SAMPLING SITES
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e Town

— River

the representative water samples and the predicted no-effect concen-
tration (PNEC) for resistance selection (RS) as illustrated in Eq. 2. The
compound-specific PNEC s values used for risk assessment were pro-
posed by Bengtsson-Palme and Larsson (2016) based on the EUCAST
database. The PNEC s values also factored multiple genera of patho-
genic microorganisms present in the environment.

MEC
RQ = m (2)

MEC is the measured environmental concentration in the represen-
tative samples and PNECgs) is the compound-specific predicted no-
effect concentration for resistance selection as proposed by Bengsston-
Palme and Larsson (2016). The RQ results were classified as low, me-
dium and high risk and the interpretation followed the format RQ >1
for high risk, 1 > RQ <0.1 for medium risk and RQ < 0.1 for low risk
(Abafe et al.,, 2018; Guo et al,, 2016; Hanna et al., 2018).

3. Results
3.1. LC-ESI-MS/MS analysis

The results of the LC-ESI-MS/MS analysis are illustrated in Table 2.
The linear correlation coefficient (r?) values of the calibration curves
was >0.99 for all the target compounds. The limit of detection (LOD)
and limit of quantification (LOQ) values varied relatively across the
analytes with the majority having an LOQ < 10 ngL™'. DOX had the
highest LOQ value of 135 ngL™".

Fig. 1. The map of Kenya and the extrapolated sampling sites in Machakos, Meru and Nyeri.
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Table 2
LC-ESI-MS/MS Method qualification results.
Compound RT (SD) 12 LOD (ngL™ ") LOQ (ngL™ 1)
AMO 1.77(0) 0.994 8 22
cIp 2.24 (0.08) 0.99 3 10
TMP 2.25 (0.05) 0.999 3 7
NOR 2.15 (0.06) 0.994 4 8
SMX 4.83 (0.02) 0.996 7 18
DOX 5.87 (0.01) 0.994 56 135

RT = Retention time, SD = Standard deviation, r* = linear regression coefficient, LOD =
Limit of detection, LOQ = limit of Quantification. (AMO = Amoxicillin, CIP = Ciprofloxa-
cin, TMP = trimethoprim, NOR = Norfloxacin, SMX = Sulfamethoxazole, and DOX =
Doxycycline).

3.2. Prevalence of antibiotics and removal efficiency

The concentration of the targeted antibiotics in the wastewater in-
fluents, effluents, surface waters and river sediments as well as the cor-
responding percentage removal are shown in Table 3. The standard
deviation of the measurements is shown in parenthesis. SMX was the
most abundant antibiotic in all the sampling sites with values ranging
from 0.03(0.01) pgL ™! to 56.6(4.0) ugL ™. The highest value was mea-
sured in the surface water grab sample MA7, sampled approximately
200 m downstream of the effluent discharge point of WWTP1. AMO,
which is a common aminopenicillin beta-lactam antibiotic, occurred at
concentrations of 0.9(0.1), 0.05(0.01) and 0.3(0.1) pgL ™" in surface
water samples MA7, MA8 and NY9, respectively. These were relatively
low levels compared with the corresponding river sediment phase, in
which concentrations of 4.6(0.3), 43.8(3.1), 11.7(3.2) and 7.8(1.6)
ugkg~! were measured for samples MA9, NY10, ME6 and ME10,
respectively.

The prevalence of the selected antibiotics was higher in the samples
taken from the river sediments than in those from the surface waters.

Table 3

River sediment sample MA9 had SMX, AMO and DOX concentrations
0f3.4(0.7),4.6(0.3) and 8.2(1.3) ugkg !, respectively, which were con-
siderably higher than the values of 1.2(0.1), 0.05(0.01) and 0.3(0.1)
peL ! found in the surface water sampled at the same location. Similar
trend in phase distribution of the antibiotics was recorded in sediment
samples NY10, NY12 and NY14 with the following concentration
ranges: AMO, 5.9(1.3) to 43.8(3.1); CIP, “ LOQ to 35.7(4.2); NOR, 6.6
(1.4) to 26.6(3.8); DOX, 7.8(2) to 32.2(5.7) pgkg . Sediment sample
MES6, which was collected upstream of WWTP4, had higher concentra-
tion of AMO, CIP and SMX compared with downstream samples from
the same site.

The removal efficiency of specific compounds at the WWTPs varied
between 0 and 95%. However, higher concentrations in the effluent rel-
ative to the influent, which accounted for the negative removal efficien-
cies, was noted especially for AMO, CIP, NOR and DOX, as shown in
Fig. 2.

Generally, these findings provide evidence of environmental con-
centrations of residual antibiotics above their respective PNECs for resis-
tance selection. This could signal the ineffectiveness of the existing
wastewater treatment plants in removing APIs.

3.3. Risk assessment of antibiotics for resistance selection

The RQ for antibiotic resistance selection, calculated based on the
compound-specific PNEC(gs) values as proposed by Bengtsson-Palme
and Larsson (2016) are shown in Table 5. The risk of resistance selection
in the aqueous phases ranged between medium and high. The high-risk
figures were for AMO, NOR and CIP, with RQ values of 6.4, 5.8 and 41, re-
spectively. Wastewater samples carried a higher risk than surface water
samples, except for SMX, which exhibited a higher risk in surface water.
The same compounds accounted for the increased risk of resistance se-
lection assessed in the sediment phase. Resistance selection was one to
two times more likely to occur in the wastewater and river sediment
phases than in the surface water.

concentrations (ugL.~") of the selected antibiotics in the sampled WWTP's. AMO = Amoxicillin, CIP = Ciprofloxacin, TMP = trimethoprim, NOR = Norfloxacin, SMX = Sulfamethoxazole,

and DOX = Doxycycline.

Site Sample type Code AMO CIp TMP NOR SMX DOX
Machakos WWTP 1 Influent MA 1 4.6(0.2) 1.6(0.4) 5.6(0.1) 1.2(0.1) 49.3(2.7) 2.7(0.2)
Effluent MA 3 1.6(0.3) 0.4(0.3) 0.3(0.2) 0.5(0.2) 8.5(0.4) 1.5(0.4)
Mitheu river Surface water grab (200 m upstream) MA 4 “LOQ 1.3(0.1) “LOQ 0.6(0.01) 49.7(1.5) 0.7(0.1)
river sediment (200 m upstream) MA 5 n.d® 29.3(7.2) “LOQ ‘LOQ ‘LOQ ‘LOQ
Surface grab (2 km upstream) MA 6 “LOQ 0.7(0.1) 0.2(0.1) 0.9(0.3) 0.06(0.02) "LOQ
Surface water grab (200 m downstream) MA 7 0.9(0.01) 0.5(0.1) 0.1(0.03) 2.2(04) 56.6(4.4) “LOQ
Mwania river Surface grab (2 km downstream) MA 8 0.05(0.01)  0.5(0.1) “LOQ 0.11(0.01)  1.2(0.1) 0.3(0.1)
River sediment (2 km downstream) MA9 4.6(0.3) “LOQ “LOQ “LOQ 3.4(0.7) 8.2(1.3)
Nyeri county ~ Gatei WWTP 2 Influent NY 1 0.2(0.06) ‘LOQ 0.9(1.8) 0.9(0.1) 24.9(1.7) ‘LOQ
Effluent NY 3 0.9(0.2) 1.8(0.2) 0.1(0.01)  2.9(0.1) 21.4(34) 0.7(0.01)
Sagana river Surface water (1 km downstream) NY 4 n.d 0.2(0.1) “LOQ ‘LOQ n.d n.d
river sediment NY 5 n.d n.d nd n.d n.d n.d
Kangemi WWTP 3 Influent NY 6 0.7(0.2) 0.8(0.1) 4.8(0.3) 2.8(0.1) 2547(1.8) 0.4(0.1)
Effluent NY 8 1.24(0.3) 0.3(0.1) 0.5(0.1) 0.8(0.3) 1.3(0.4) 0.4(0.1)
Chania river Surface warter (2 m downstream) NY 9 0.3(0.1) n.d ‘LOQ 0.1(0.03) 0.3(0.05) n.d
river sediment(2 m downstream) NY 10 43.8(3.1) n.d “LOQ 26.0(3.8) 16.3(3.9) “LOQ
Surface water (5 m upstream) NY 11 “LOQ “LOQ “LOQ “LOQ n.d n.d
river sediment (5 m upstream) NY 12 5.9(1.4) “LOQ 1.8(0.5) 26.6(3.8) “LOQ 32.2(5.7)
Surface water (200 m) NY 13 n.d ‘LOQ “LOQ 0.1(0.4) n.d ‘LOQ
river sediment NY 14  LOQ 35.7(4.2) 13.3(25) 6.6(14) ‘LOQ 7.8(2)
Meru county ~ WWTP 4 Influent ME 1 1.58(0.1) 3.0(0.7) 0.1(0.01)  1.2(0.3) 49.1(5.1) ‘LOQ
Effluent ME 3 1.4(0.1) 2.6(0.4) 0.1(0.04)  0.8(0.1) 17(1.7) 0.5(0.1)
Kanyuru river river source swamp (2 km upstream) ME 5 ‘LOQ 0.24 nd n.d ‘LOQ 0.1(0.01)
river sediment (2 km upstream) ME 6 11.7(3.2) 47.4(2.8) °LOQ “LOQ 44.7(3.9) ‘LOQ
surface grab (500 m downstream) ME 7 n.d 0.2(0.03) °LOQ “LOQ n.d 0.02(0.01)
river sediment (500 m downstream) ME 8 “LOQ “LOQ LOQ “LOQ 10.4(1.3) 13.9(24)
Surface grab (1 km downstream) ME 9 n.d 0.2(0.05) “LOQ “LOQ n.d 0.1(0.03)
river sediment(1 km downstream) ME10  7.8(1.6) “LOQ “LOQ ‘LOQ “LOQ 11.4(2.1)

@ Concentration of the analytes reported in gL~ () standard deviation,n = 2.

b “L0Q - Below Quantification limit.
C

n.d. - not detected/below limit of detection.
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Percentage removal efficiency of antibiotics in WWTP1-4
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Fig. 2. Percentage removal efficiencies of the antibiotics in the selected treatment plants.

4. Discussion
4.1. Fate of antibiotics in the natural environment

The MEC for the analyzed antibiotics mostly occurred in low concen-
trations in the aqueous samples as compared with the sediment sam-
ples. The low levels of AMO in the aqueous phase may be attributed to
the fact that beta-lactams are relatively hydrophobic, tend to migrate
to the sediment phase and are generally highly susceptible to hydrolysis
either by chemical or enzymatic agents (Hirte et al., 2016).

TMP was mostly detected in wastewater influent and river sedi-
ment, but infrequently in the surface water. TMP-SMX combinations
are used to treat broad spectrum infections including cholera. They are
also administered to immunosuppressed patients as prophylaxis
against opportunistic infections (Kronbichler et al., 2018; Walker et al.,
2010).

At one of the four sampling sites, the concentration of target com-
pounds in river water upstream and downstream of this treatment
plant (WWTP1) was considerably higher than the concentration in
the influent and effluent. This could be attributed to direct discharge
of untreated wastewater into water bodies, taking into account that
<10% of the population in these areas are connected to the centralized
sewage treatment system. Intentional tampering and blockage of the
sewer line en route to the plant was noted. This was done to divert
the sewerage water into the river for vegetable farming along the
river banks. It is highly likely that this directly contributed to the higher
levels of the pharmaceutical compounds in the river samples compared
to those found in the plant effluent samples.

The concentration levels determined in the sediment samples indi-
cated accumulation of some of the antibiotics, mostly SMX and DOX,
in the sediment phase as compared to the aqueous phase. The higher
measured concentrations in the sediment samples could mean that re-
sidual antibiotics exert higher selection pressure within the sediment
phase than in the aqueous phase.

The irregular flux in environmental concentrations of antibiotics be-
tween the influent, effluent, surface water and river sediments could be
attributed to hydrological flow conditions. During dry seasons, the con-
centration could be higher, and vice versa for wet seasons due to dilu-
tion. This automatically influences chemical and biological reactions
within the natural environment. Waste stabilization ponds, such as
those sampled in this study, have limited ability to remove recalcitrant
organic matter (Ignatev and Tuhkanen, 2019). Accumulation could be

the result of the sludge being removed with irregular frequency, as
well as the resuspension of the adsorbed APIs in the sludge, especially
when decomposition occurs in well aerated conditions (Ho et al., 2017).

Negative removal efficiencies for APIs have been reported (K'oreje
et al., 2018; Li et al., 2009; Polesel et al., 2016; Thiebault et al., 2017;
Udert et al., 2015). Factors causing this may include elimination of anti-
biotics adsorbed into the particulate matter during sample processing
and unaccounted-for hydraulic retention time during sampling. Physi-
cochemical changes during the treatment process influence the adsorp-
tion behavior of the antibiotics and hence affect the partition ratio
between the aqueous, suspended and sediment phases, and between
the influent and effluent concentration (Lindberg et al., 2005). API accu-
mulation, biotic or abiotic dissolution, as well as back transformation
and de-conjugation of metabolic products back to parent compounds,
can all lead to increased measured concentrations in the effluent rela-
tive to the influent (Archer et al., 2017; Haddad et al., 2015; Polesel
et al.,, 2016). SMX transformational products have been shown to back
transform to the parent compound under biological and photolytic deg-
radation conditions (Archer et al., 2017; Bagnis et al., 2020). Previous
studies in Kenya have reported the presence of 14-112 pgL ™! of SMX
and 4-20 pgL ! of TMP in wastewater influent, and 10 pgL ! of SMX
in the effluent (K'oreje et al., 2018). In addition, two independent stud-
ies of the Nairobi river surface water reported SMX concentrations of
13.76ugL ™! (Ngumba et al. (2016a, 2016b)) and 23.35 ugL ' (K'oreje
et al., 2012) and TMP concentrations 2.65 pglL~!' (Ngumba et al.
(2016a, 2016b)) and 9.48 pgL ! (K'oreje et al., 2012), respectively. In
this article, we report values of the same order of magnitude as other
Kenyan studies, but considerably higher than those reported in the
global North, as shown in Table 4.

4.2. Risk of evolution of antimicrobial resistance

Various studies have been conducted on environmental pollution by
pharmaceuticals and personal care products (Fatta-Kassinos et al.,
2011). However, less attention has been given to the risk associated
with the development and propagation of antimicrobial resistant bacte-
ria and genes in the hydrological cycles as a result of residual antibiotics.
Besides their effect on larger aquatic organisms, their impact on patho-
genic bacteria, especially the selection of resistant strains, is of great
concern.

Generally, most of the antibiotics were measured above their
compound-specific PNEC values for resistance selection. Increased
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Table 4

Previous observations of antibiotic concentrations (ugL ") in surface waters and urban lakes in different countries and regions. AMO = Amoxicillin, CIP = Ciprofloxacin, TMP = trimeth-

oprim, NOR = Norfloxacin, SMX = Sulfamethoxazole, and DOX = Doxycycline.

Location Sample type AMO CIp TMP NOR SMX Ref

Nairobi,kenya river water n.r 0.509 2.65 nr 13.765 (Ngumba et al. (20164, 2016b))
Nairobi,kenya river water nr 0.168 3.346 nr 11.25 (Bagnis et al., 2020)
Nairobi,kenya river water nr nr 9.48 nr 2335 (K'oreje et al., 2012)

Hanoi, Vietnam?® surface water <L0OQ - 1.126 <LOQ-0.115 0.002-0.07 na 0.11-3.5 (Tran et al., 2019)

Africa® surface water nr nd —0.51 0.024-6.95 nd-13.8 (Madikizela et al., 2017)
Global® surface water nr 18.99 0.037 3457 0.095 (aus der Beek et al., 2016)
Europe® surface waters nr 0.002 0.012 0.004 0.033 (aus der Beek et al., 2016)

n.r = Not reported.
@ =Concentration range.
b —average concentration.

prevalence of antibiotic resistant bacteria could be a result of environ-
mental bacterial communities undergoing resistance selection pressure
due to continuous contact with residual antibiotics (Michael et al., 2013;
Wu et al., 2018). It has been predicted that resistance resulting from
bacterial exposure to subinhibitory concentrations of antibiotics is irre-
versible, even in the absence of the antibiotic, since the mutants are
more stable than the bacteria selected at higher concentrations
(Sandegren, 2014). Enrichment and selective advantage of resistant
bacteria has also been confirmed at subinhibitory concentrations
(Gullberg et al., 2011; Liu et al., 2011).

The use of untreated wastewater for agricultural purposes was ob-
served during sampling. This potentially creates an enormous
biosecurity risk by exposing the environment and food chain to residual
APIs. Antimicrobial resistance can be transmitted to humans and ani-
mals through the food chain, by consumption of untreated water, or in-
directly through environmental emissions. Mortality due to drug
resistant bacterial infections, like tuberculosis, is on the rise in Kenya,
with approximately 169,000 deaths reported in 2017, 30% of which
were attributed to multi-drug resistant bacteria (WHO, 2017). Further-
more, 36.7% multidrug resistance among Klebsiella spp strains has been
reported on the central and western regions of Kenya (Taitt et al,, 2017).
Further research into AMR at the studied sites is needed.

5. Conclusions

This study presents a risk assessment of the prevalence and resistance
selection of six antibiotics (AMO, NOR, CIP, DOX, TMP and SMX), in the
wastewaters, surface waters and river sediments of four Kenyan wastewa-
ter treatment plants. Levels ranging from <0.1 to 56.6 ugL~! were found,
which are comparable to values reported in other parts of Kenya, and two
to three orders of magnitude higher than data reported in the global North.

Presence of APIs in the sediment phase was also reported in this
study. The findings present a broader picture of the situation in two pre-
viously unexplored, relatively smaller counties besides Nairobi and Ki-
sumu, which have been studied previously. Low connectivity to a
centralized wastewater treatment network (<10%) could be the biggest
driver directing discharge of untreated waste into the water bodies.

Table 5

In most cases, the antibiotic levels reported in this study were higher
than the PNEC values for resistance selection for multiple genera of
pathogenic bacteria. This implies a medium to high risk of selection
for antibiotic resistance within the respective environmental compart-
ments, a major threat to human health.

Data presented in this paper from previously unexplored areas can
help to improve the knowledge and risk assessment of the levels of ac-
tive antibiotics in the aqueous and sediment phases in Kenyan waters.
Based on this data, we recommend raising general public awareness of
the possible dangers of directly discharging human waste into water
bodies. Local authorities in the study areas are encouraged to increase
access to sustainable sanitation solutions in order to mitigate the direct
discharge of wastewater into water bodies, especially within informal
settlements. This information will help healthcare stakeholders and
policymakers to understand the possible sources and drivers of antibi-
otic resistance within natural environments. It will also be beneficial
in the process of formulating strategies to mitigate antimicrobial
resistance.
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Concentrations and risk quotient for resistance selection for the selected antibiotics in Kenya. MEC = Measured Environmental Concentrations, PNEC=Predicted no effect concentration
for resistance selection as proposed by Bengston-Palme and Larsson (2016). AMO = Amoxicillin, CIP = Ciprofloxacin, TMP = trimethoprim, NOR = Norfloxacin, SMX = Sulfamethoxazole,

and DOX = Doxycycline.

Covered genera® (families) Risk quotient (resistance selection)

API MEC (“g]:l) This study PNEC (rs) (ng—l)a (resistance selection)
Effluent Surface water

AMO 0.9-1.6 0.05-0.9 0.25

NOR 0.5-2.9 0.1-2.2 0.5

TMP 0.1-0.5 0.1-0.2 0.5

CIP 0.43-2.6 0.2-13 0.064

SMX 13-214 0.1-56.6 16

DOX 0.4-1.5 0.1-0.7 2

19(12) 0.2-6.4 (medium - high)
12(8) 0.2-5.8 (medium -high)
15(7) 0.2-1 (medium - high)
29(18) 3.1-40.6 (high)

6(4) °0.1-3.53 (low-high)
20(11) “0.1-0.7 (low-medium)

2 PNEC value corresponds to the size-adjusted lowest MIC divided by an assessment factor of 10 as proposed by Bengston-palme and Larsson (2016).

b The number of different bacterial genera and families tested against the specific antibiotic.
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Table S1: sample collection sites

Site Sample type Sample Code
WWTP 1 Influent MA 1
Effluent MA 3
Mitheu River Surface water grab (200m upstream) MA 4
§ river sediment (200m upstream) MA'S
g Surface grab (2 km upstream) MA 6
7 Surface water grab (200m downstream) MA 7
Mwania river Surface grab (2 km downstream) MA 8
River sediment (2 km downstream) MA 9
Gatei WWTP 2 Influent NY 1
Effluent NY 3
Sagana river Surface water grab (1km downstream) NY 4
river sediment NY 5
Z Kangemi WWTP 3 Influent NY 6
é Effluent NY 8
§ Chania river Surface grab (2m downstream) NY 9
3 river sediment(2m downstream) NY 10
Surface water grab (5m upstream) NY 11
river sediment (5Sm upstream) NY 12
Surface water grab (200m ) NY 13
river sediment NY 14
WWTP 4 Influent ME 1
Effluent ME 3
z Kanyuru River river source swamp (2km upstream) ME 5
8 river sediment (2km upstream) ME 6
80 surface grab (500m downstream) ME 7
5’ river sediment ME 8
Surface grab downstream 1km ME 9
river sediment ME 10

Table S2: physicochemical properties of selected API’s

compound 'molecular ICAS No. Zwater ’Excretion as parent  >log Kow
formula solubility mgL-"! compound (%)
Doxycycline (DOX) C22H24N20s 564-25-0 630 70
Amoxicillin (AMO) Ci16H19N305S 26787-78-0 958 60-80
Sulfamethoxazole(SMX) Ci10H11N303S 723-46-6 610 15-25 0.89
400 80-90 0.91
Trimethoprim (TMP) Ci4H18N4O3 738-70-5
C17H18FN303 80 80 0.28
Ciprofloxacin (CIP) 85721-33-1
Norfloxacin (NOR) Ci16H1sN3Os3F 70458-96-7 13500 60

1 Drugbank www.drugbank.ca 2 Ngumba et al., 2016b 3 Madikizela et al., 2017



Table S3: Optimized LC-ESI-MS/MS instrument parameters for the analysis of the target

compounds
Target ILIS? RT (Sd)® Precursor ion Quantifier Qualifier ion
compound [M+H]* ion (m/z) (CE)
(m/z)(CV)* (CE)!
TET n.a 2.63 (0.13) 445.0 (25) 154.0 (25) 410.0 (20)
AMO n.a 1.77 365.9 (15) 113.9 (19) 3489 (9)
CIP [*Hs]-CIP 2.24 (0.08) 332.1 (34) 288.0 (19) 314.1 (19)
TMP [’Ho]TMP 2.25(0.05) 291.1 (34) 123.0 (19) 230.0 (19)
NOR [*Hs]-NOR 2.15 (0.06) 320.3 (30) 276.0 (18) 302.0 (25)
SMX [PH4]-SMX 4.83 (0.02) 254.0 (28) 156.0 (18) 108.0(17)
DOX n.a 5.87(0.01) 445.4 (30) 428.0 (25) 410.1 (25)

3[LIS isotopically labelled internal standard. °RT retention time. °CV collision voltage ‘CE collision energy.
n.a not available!

INTERNAL STANDARD CALIBRATION GRAPH
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= CIP R?=0.9992
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Figure S1: Calibration graph for TMP, CIP, NOR and SMX constructed by plotting the ratio of

the Area of the standard divided by the area of the isotopically labelled internal standard against

the concentration.

MEAN PEAK AREA

MATRIX MATCHED CALIBRATION GRAPH

800
* .
- AMO R?=0.9945
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Figure S2: Matrix matched calibration graph for AMO and DOX constructed by spiking surface

water at concentration levels between Oppm (blank) and 1.4ppm
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Abstract: Presence of antimicrobial cocktails in the hydrological cycles is of interest because
of their potential to mediate antimicrobial resistance within the natural environment. In this
study, we determined the concentrations of selected antibiotics and antiretroviral drugs (ARVDs) in
wastewater treatment plant (WWTP) effluent, effluent suspended particulate matter (SPM), surface
waters and river sediments in Kenya in order to determine the extent of pollution within the
sampled environment. Target analysis for the most common antibiotics and ARVDs was done.
Sulfamethoxazole (SMX), ciprofloxacin (CIP), trimethoprim (TMP), norfloxacin (NOR), zidovidine
(ZDV), lamivudine (3TC) and nevirapine (NVP) were analyzed using LC-ESI-MS/MS. Effluent
aqueous phase had concentrations ranging between 1.2 pg L=! to 956.4 ug L~! while the effluent SPM
showed higher concentrations, ranging between 2.19 mg Kg~! and 82.26 mg Kg~!. This study shows
emission of active pharmaceutical ingredients (APIs) from WWTP to the environment mainly occurs
via the SPM phase, which is usually overlooked in environmental analyses. Concentrations in surface
waters and river sediments ranged between 1.1 pg L™! to 228 ug L™ and 11 pg Kg™' to 4125 pg Kg~!
respectively. ARVDs occurred at consistently higher concentrations than antibiotics in both the
aqueous and solid samples. The wastewater treatment plants and lagoons where sludge degradation
should occur, are sources of active pharmaceutical ingredients (APIs) including transformational
products, nutrients and organic matter that are released back to the aqueous phase.

Keywords: wastewater; antibiotics; antiretroviral drugs; antimicrobial resistance; suspended
particulate matter; sediments

1. Introduction

Pollution by pharmaceutical micropollutants is an emerging area of concern. The effect of
cocktails of active pharmaceutical ingredients (APIs) to non-target organisms is largely unknown [1].
Cocktails of APIs and their active metabolites enter the environment due to incomplete removal by
wastewater treatment plants (WWTPs) after human and veterinary use. Indeed, centralized wastewater
treatment plants are point sources of emerging micropollutants, especially active pharmaceutical
ingredients (APIs) into the environment [2]. This happens because pharmaceuticals are not completely
metabolized in the body and are excreted in urine and fecal matter, as either parent compounds
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or as pharmacologically active metabolites [3—-6]. In water-based sanitation, the active ingredients
and their metabolites undergo dilution with large volumes of water as they are flushed down the
drain, where they mix with other household chemicals and personal care products. Household,
hospital and industrial wastewater as well as a runoff water mix and are channeled into the centralized
WWTPs. Dilution of the organic micropollutants to very low concentrations (ng L™! or below) occurs,
which cannot be effectively removed from the WWTP, making them ubiquitously present in the water
bodies [7]. Pseudo-persistent APIs in the environment have the potential to mediate antimicrobial
resistance among the environmental pathogenic microorganism [8]. Effluent from healthcare facilities,
WWTPs, pharmaceutical and other industries—especially in low- and middle-income countries—is
insufficiently regulated [9]. WWTPs are beneficial for public health; however, they act as sinks to
important nutrients such as phosphorus and nitrogen as well as minerals. In wastewater, plants
where the activated sludge removal, treatment and discharge into landmines or fields occurs, the flow
of adsorbed recalcitrant micropollutants happens between aqueous phase to terrestrial systems.
Wastewater treatment plants such as lagoons, anaerobic and aerobic ponds and trickling filters in
which the excess sludge is meant to decompose, are where the nutrients and recalcitrant matter
including micropollutants are desorbed and released from the sludge into the effluent and eventually
into the receiving water bodies, where they potentially cause eutrophication and stress to aquatic
organisms [10,11].

Previous research work on this topic has focused on the aqueous phase, but here we also report
data on occurrence of active pharmaceutical ingredient (API) cocktails in suspended particulate matter
(SPM) and river sediments. This study was aimed at assessing the levels of selected common antibiotics;
sulfametoxazole (SMX), ciprofloxacin (CIP), trimethoprim (TMP), norfloxacin (NOR) and antiretroviral
drugs; zidovidine (ZDV), lamivudine (3TC) and nevirapine (NVP) in the effluent, SPM surface water
and river sediments of selected sampling sites in Kenya.

2. Materials and Methods

2.1. Study Area and Sample Collection

Effluent surface water grab and river sediment upstream and downstream of the effluent
discharge point from the wastewater treatment plant (WWTP) was collected in Machakos town, Kenya.
The WWTP Machakos in Machakos employs waste stabilization ponds for wastewater treatment.
Machakos town is the administrative town of the larger Machakos County. The Machakos town
constituency has a population of 50,753, with a WWTP serving 7.6% of the population while 13.1% and
55.2% of the population use septic tanks and pit latrines, respectively [12].

Two sampling campaigns in January and September 2019 were carried out. September is usually
a very dry month and most arid and semi-arid areas suffer drought, affecting the flow rates into the
treatment plant as well as in the rivers. The river Mitheu, which receives the effluent from the WWTP,
was almost drying up and the flowing waters were contaminated with raw sewage judging by the
odor and appearance. Generally, the water volumes in the rivers were significantly decreased during
the September sampling as compared to the January sampling. The physicochemical characteristics
of the samples are shown in Table 1. The effluent composite sample was constituted by combining
the eight hourly grab samples into a large container from which duplicate 1-L representative samples
were drawn and taken to the laboratory for further processing. Duplicate grab 1-L river water samples
were collected at approximately 500 m upstream and downstream of the effluent discharge point.
River sediment samples were collected at similar points corresponding to the aqueous samples and
dried indoors at room temperature (25 °C). The sample collection protocols are described in detail
in our previous publication [13]. The suspended particulate matter was obtained by successive
filtration of 100 mL of the aqueous sample through a Whatman GF/D (2.7 um) and GF/F (0.7 pm)
filter papers. The filter papers were dried at room temperature (25 °C) and processed similarly to the
sediment samples.
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Table 1. Psychochemical characteristics of the effluent and surface water samples showing the pH,
temperature, electrical conductivity, total dissolved solids and total suspended solids. ES = electrical
conductivity, TDS = total dissolved solids and TSS = total suspended solids.

Sample pH Temp (°C)  EC(dS/m) TDS (ppm)  TSS (mgL-1)
Effluent 7.88 30.2 5610 3.73 72.8
Surface water 6.36 27.6 1140 2.86 66.4

2.2. Chemicals and Standards

All pharmaceutical standards and corresponding isotope-labelled internal standards were of
>99% purity. All the isotopically labeled internal standards were purchased from Alsachim (Illkirch
Graffenstaden, France) apart from (*Hyg)-TMP which was purchased from Sigma-Aldrich (Steinheim,
Germany). HPLC grade acetonitrile and methanol were purchased from Merck (Darmstadt, Germany),
ammonium hydroxide (25%) solution was purchased from Merck (Overijse, Belgium), formic acid and
formic acid (98%) from Fluka (Munich, Germany). Stock solutions and the working standards were
prepared and stored at +4 °C in amber vials.

2.3. Sample Cleanup and Pre-Concentration

Environmental sample cleanup and pre-concentration for aqueous samples was carried out
following the protocol described by Ngumba et al., (2016) [14] without modifications. The river
sediment samples were analyzed by the method described elsewhere with some modifications [15].

Briefly, 1 g of dried sediment was weighed into a 50 mL centrifuge tube (VWR), spiked with
40 uL of 10 mg L~! mixture of isotopically labeled internal standards, and allowed to equilibrate for
~30 min at room temperature. Extracting solvent (methanol:water, 80:20) was added (6 mL) to the
mixture and vortexed for one minute. The mixture was sonicated for 20 min using a ultrasonic bath
sonicator, VWR USC 1200TH, Leicestershire, UK. Extracts were centrifuged at 4500 rpm with SANYO
HARRIER18/80, London, UK for 10 min and the supernatant collected in a 15 mL glass Kimax® test
tubes. A repeat extraction using 6 mL of 100% methanol was done and extracts were combined into the
15 mL tube. Evaporation under a stream of nitrogen to approximately 1 mL followed and reconstituted
to 10 mL using milli-Q water. The reconstituted sample cleanup followed the protocol described by
Ngumbea et al., 2016 [16] for surface and wastewater samples.

2.4. Instrumental Analysis

An isotope dilution method was employed in the analysis of all the target compounds. Eight-point
calibration curves were prepared for each analyte by plotting response ratio of the peak area of analyte
divided by peak area of internal standard (y-axis) against concentration ratio of the analyte divided by
concentration of internal standard (x-axis). The multiple reaction monitoring parameters are shown in
Table 2.

APIs were analyzed using a Quattro micro tandem mass spectrometer interfaced with a waters
alliance 2975 liquid chromatograph (LC, Milford, MA, USA). The C;g reversed-phase column used was
(3.5 um x 2.1 mm x 100 mm Xbridge™) fitted with a 2.1 mm X 5 mm Vanguard® and pre-column was
used for separation. Gradient elution method with Formic acid (0.1%) in water and acetonitrile (100%)
was used as the mobile phase. Multiple reaction monitoring (MRM) in positive ion mode was used for
the determination of the analytes. The multiresidue method for trace level analysis of antibiotics and
antiretroviral drugs previously published in our research group by Ngumba, Kosunen et al. (2016) [16]
was used without modification.



Water 2020, 12, 1376 40f 10

Table 2. The multiple reaction monitoring parameters. SMX = sulfamethoxazole, CIP = ciprofloxacin,
TMP = trimethoprim, NOR = norfloxacin, ZDV = zidovidine, 3TC = lamivudine, NVP = nevirapine.

a Precursor Ion [M + H]* Quantifier Ion e
Target Compound RT (m/z) (CV) b (m/2) (CE) € Qualifier Ion (CE)
3TC 15 229.9 (17) 112.0 (18) 95.0 (29)
ZDV 2.3 268.2 (16) 127.0 (17) 110.1 (25)
NVP 41 267.2 (40) 2262 (29) 198 (29)
CIP 22 332.1 (34) 288.0 (19) 314.1 (19)
TMP 22 291.1 (34) 123.0 (19) 230.0 (19)
NOR 21 320.3 (30) 276.0 (18) 302.0 (25)
SMX 5.1 254.0 (28) 156.0 (18) 108.0 (17)

2 RT retention time. ® CV collision voltage ¢ CE collision energy.

3. Results

3.1. Instrumental Analysis Results

Table 3 shows the LC-MS/MS-ESI method qualification results. All the target compounds were
detected in all the samples with the limit of detection ranging between 3 ng L' and 18 ng L.

Table 3. LC-MS/MS-ESI method qualification results. API = active pharmaceutical ingredient, ILIS =
isotopically labelled internal standard, DF = detection frequency, LOQ = limit of quantification, SMX =
sulfamethoxazole, CIP = ciprofloxacin, TMP = trimethoprim, NOR = norfloxacin, ZDV = zidovidine,
3TC = lamivudine, NVP = nevirapine.

API ILIS ? % Recovery (RSD)  DF (%)  LOQngL-1
NOR (®Hg)-CIP 0.996 92.6 (3.2) 100 12
TMP (*Hy)-TMP 0.999 111.3 (4.1) 100 9
CIP (®Hg)-CIP 0.993 84.3 (8.3) 100 10
SMX (*Hy)-SMX 0.997 101 (7.2) 100 17
3TC (13C%H, PN,)-3TC  0.993 98.8 (3.7) 100 15
ZDV (13C?H3)-ZDV 0.988 98.7 (19.4) 100 53
NVP (3H,)-NVP 0.989 87.7 (9.3) 100 19

3.2. Occurrence of API Cocktails in the Effluent, SPM, Surface Water and River Sediments

Prevalence of antibiotics and antiretroviral drug cocktails in the effluent, effluent SPM, surface
waters and sediments are shown Table 4, respectively. In the antibiotic category, SMX was predominant
in the aqueous phase with a concentration range of 96 pg L~! and 142 ug L™! measured approximately
500 m upstream and downstream to the effluent discharge point. ARVDs were also ubiquitously
present in the aqueous samples with 3TC occurring twice as much as SMX in the surface waters.
The concentration of APIs in the effluent discharged into the river ranged between 1.4 ng L~! and
956.4 pg L~ with 3TC and SMX having the highest concentration. APIs in the effluent SPM and the
river sediments occurred in pg kg~! to mg kg ! levels as shown in Table 4. These results indicate the
effluent SPM is the major pathway for emission of APIs from the WWTP into the receiving water.

Data from the two sampling campaigns showed significant variability, with SMX and 3TC
dominating. This could mainly be attributed to the drought situation during the September sampling,
whereby the receiving river was almost drying up. The seasonal variation of the January and September
sampling campaign results are illustrated in Figure 1.
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Table 4. Prevalence of antibiotics and antiretroviral cocktails in effluent, SPM, surface water and river
sediments in the September sampling. SPM = suspended particulate matter, SMX = Sulfamethoxazole,
CIP = ciprofloxacin, TMP = trimethoprim, NOR = norfloxacin, ZDV = zidovidine, 3TC = lamivudine,
NVP = nevirapine. (sd, n = 3) PNEC = compound specific predicted no effect concentration for
antimicrobial resistance selection, n.a = Not available.

Effluent Effluent SPM

-1 3 -1
c Aqueous Phase Phase Water ug L Sediments pg kg PNEC [15]
ompound
_ _ Upstream Downstream Upstream Downstream _
1 1 1
ug L ug kg 500 M 500 M 500 M 500 M wg L
NOR 4.2 (0.8) 82,267 (559) 1.6 (0.4) 49(1.2) 776 (22) 248 (35) 0.5
TMP 15.8 (1.1) 3080 (845) 3.8(1.2) 4.4(15) 11 (3.2) 90 (19) 0.5
CcIp 5.3 (0.6) 5017 (344) 2.5(0.9) 2.8(1.1) 4125 (236) 1275 (67) 0.064
SMX 956.4 (9.4) 23,448 (1959) 96.9 (4.6) 142.6 (8.3) 542 (13) 896 (25) 16
3TC 847.1 (25.3) 69,681 (5824) 219.6 (16.9) 228.3 (11) 491 (18.2) 107 (12) n.a
ZDV 1.4 (1) 3336 (119) 2.1(1.3) 1.1 (0.9) 510 (40) 118 (18) na
NVP 9.5(2.2) 3214 (146) 0.9(0.4) 2.3(1) 95 (14) 101 (11) na
Surface waters
ENOR ETMP CIP mSMX m3TC ZDV ENVP
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Figure 1. Seasonal variation of APIs in surface waters.

4. Discussion

4.1. Cocktails of APIs in the Natural Environment within Low- and Medium-Income Countries

This study confirms the presence of antibiotic and ARVD cocktails in the environmental samples.
Concentrations of sulfamethoxazole (SMX), ciprofloxacin (CIP), trimethoprim (TMP), norfloxacin
(NOR), zidovidine (ZDV), lamivudine (3TC) and nevirapine (NVP) in surface water and sediments
were analyzed using a robust LC-ESI-MS/MS method. Ubiquitous detection of the all target APIs
in all the collected representative samples was reported. This indicates the emission of substantial
amounts of the residual antibiotics and ARVDs into the environment within the sampling areas and
especially through the SPM. The measured concentrations of APIs upstream of the WWTP discharge
point signifies non-point loading. Furthermore, effluent from WWTPs are considered point sources
of APIs because they cannot completely remove pharmaceuticals and other personal care products
within the treatment process [17,18]. Sorption of API to the SPM within the WWTP effluent is a
pathway of emission of hydrophobic micropollutants to surface waters and river sediments. Active
ingredients adsorbed into the SPM enriches the sediments. Resuspension of adsorbed compounds
into the aqueous phase due to biotic and abiotic activity can maintain pseudo persistency of organic
micropollutants [19,20].

This can particularly occur in WWTPs where removal of sludge does not exist. The accumulated
and formed sludge decomposes and the nutrients and recalcitrant matter ends up as effluent and thus



Water 2020, 12, 1376 6 of 10

spills into the receiving water bodies [21]. Other point sources include directly discharged human
waste into the water bodies, because ingested drugs do not metabolize fully in the body and excretion
occurs in urine and fecal matter as a parent compound or active metabolites [22,23].

The relatively higher concentration levels of APIs measured upstream of the effluent discharge
point compared to the downstream samples could be attributed to the direct discharge of untreated
wastewater into water bodies from informal settlements, illegal health clinics or from veterinary use.
Furthermore, effluent from the WWTP is a major emission source of API into the receiving waters,
with the SPM phase accounting for the bulk of the APIs emitted into the receiving waters as compared
to the aqueous phase. Reduced flow rates of the surface waters due to drought in the sampling area in
September indicates a lack of sufficient dilution of the WWTP effluent, thereby recording relatively
high concentrations downstream of the discharge point. In most of the Kenyan towns, the centralized
sewerage system covers 7.6% of the population, with the rest of the population using other sanitation
solutions such as pit latrines [12]. Rapidly developing informal settlements within urban towns without
a proper sanitation system increases the probability of discharge of raw sewage to surface waters.

HIV and AIDS remain a major public health issue of concern with an estimated 770,000 global
fatalities in 2018. Out of the approximate 37.9 million people living with HIV/AIDS worldwide,
25.7 million are in the African region, out of which 16.3 are on lifelong antiretroviral therapy (ART).
As of 2018, Kenya had approximately 1.49 million patients of which 75% were on ART, while in the
same period South Africa had 7.7 million patients with approximately 62% of adults on ART. [24,25].
In 2015, it was estimated that 159,000 Kg of ARVDs reach water bodies annually in South Africa [26].
Prevalence of ARVDs in South African surface waters, ranging between 0.407 ug L™! t00.973 ug L1 [27],
0.003 pg L1 to 0.0067 pg L1 [26] and 0.0046 pg L~! to 34 ug L~! [28] was reported.

Recent studies done in Kenyan surface waters have reported concentration values ranging from
6 ng L' to 167 ug L7 [29], 0.5 to 1 pug L™! [30] and 0.5 pug L~! to 7.6 ug L= [14] for ZDV, NVP and
3TC. These results were in the same order of magnitude as the results reported in this study. Although
environmental data on residual API is still scanty in developing countries, results reported by other
recent studies done elsewhere on the African continent are shown in Table 5.

Table 5. Occurrence of antibiotic and antiretroviral drug residues in selected African surface waters
and WWTP effluents. <LOQ = below limit of quantification, <MQL = below method quantification
limit, n.d. = not detected.

Concentration

Category Compound Sample Range ug L1 Country Ref.
surface waters <LOQ to 9.64 Ghana
surface waters <LOQ to 49.56 Kenya
surface waters 0.511 to 53.83 Mozambique [31]
Sulfamethoxazole surface waters 0.0033 to 10.57 South Africa
surface waters 11.25 Kenya [32]
effluent/surface water ~ <MQL to 0.019 Egypt [33]
surface water <0.01to 1.5 Nigeria [34]
Antibiotics surface waters 0.014 to 1.37 Ghana
surface waters <LOQ to 11.38 Kenya
surface waters 0.31 to 6.22 Mozambique [31]
Trimethoprim surface waters 0.004 to 5.88 South Africa
surface water 3.35 Kenya [32]
surface water <0.01 to 0.4 Nigeria [34]
effluent/surface water 0.21 to 1.06 Egypt [33]
Ciprofloxacin surface water 0.51 to 14.33 South Africa, Ghana, Kenya [17]
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Table 5. Cont.

Concentration
1 Ref.
Category Compound Sample Range ug L1 Country e

. . effluent/surface water n.d. to 5.3 South Africa [35]
Zidovudine

effluent 12.1t020.13 Kenya [36]

ARVDs Nevirapi effluent/surface water <LOQ to 0.28 South Africa [35]
evirapine

effluent 0.0053 to 3.3 Kenya [36]

. . effluent/surface water 0.13 t0 20.93 South Africa [35]
Lamivudine

effluent 0.0325 to 60.68 Kenya [36]

4.2. Risk of APIs in the Environment

Measured environmental concentrations of APIs shown are above the compound-specific no-effect
concentrations and thus can affect non-target environmental microorganisms and aquatic life [13].
This could result in mediation of resistance selection in pathogenic microorganisms within the natural
environment, resulting in antibiotic resistant bacteria (ARB) and antibiotic resistant genes (ARG).
WWTPs were identified as point sources of ARBs and ARGs [37]. Antimicrobial resistance is a threat to
global public health and can affect anybody in any part of the world. Resistant pathogens developed
in the natural environment are harder to treat using available antimicrobials, and hence their infections
can lead to an increased cost of treatment, lengthy hospitalization periods and eventually death.
Pharmaceutical mixtures within the environment can have additive effects even though the risk of
individual compounds could be negligible. For instance, antibiotic drug combinations designed to
work synergistically, such as TMP-SMX (co-trimoxazole) with a combination ratio of 1:5 [38]. These
combination ratios can also exist within natural environments, where their synergistic activity continues
to act in the environmental microorganism, a precursor for antimicrobial resistance selection. Measured
environmental concentrations in this study were consistently higher in the river sediment phase as
compared to the surface water. This could mean that the risk of resistance selection could be greatest
in the sediment phase [14]. These phases were commonly overlooked in previous studies.

Similarly to bacteria, viruses can evolve resistance against antiviral drugs, especially in instances
where there is a co-existence of the virus to be treated with the antiviral drug [36]. More studies on the
development of antiviral resistance is needed. Resistant infections kill approximately 58,000 newborn
children in India every year [39]. Over 2.8 million resistant infections occur yearly in the United States
of America, resulting in over 35,000 deaths each year [40]. In Kenya, approximately 50,000 people die
each year due to multidrug-resistant tuberculosis [41]. At a time when antimicrobial resistance causes
major problems in healthcare and new viral diseases emerge, it is central to understand antimicrobial
contamination in the environment.

5. Conclusions

This study determined the prevalence and concentration of antibiotic and antiretroviral drug
cocktails in the effluent, SPM, surface waters and river sediments of selected sampling areas in Kenya.
To the best of our knowledge, this is the first study to report the occurrence of APIs in the SPM phase
within Kenyan WWTP effluents. The results indicate that SPM is an important phase for consideration
in the determination of emission of micropollutants from WWTPs. Surface waters and sediments were
found to be contaminated with elevated levels of the target compounds. APlIs in the environment can
have effects on public health on a global scale. Decentralized sanitation solutions, especially in informal
settlements in the peri-urban areas, can help mitigate the direct discharge of raw sewage into surface
waters. Sustainable sanitation solutions aimed at separating the urine at source are recommended,
since urine is a point source of human pharmaceuticals.
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