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Pharmaceuticals (PRs) can be only partly metabolised during therapeutic use, resulting in the excretion and release of

residual fractions into the sewer. Then, unchanged or in the form of metabolites or conjugates, PRs reach local municipal

wastewater treatment plants (WWTPs). Indeed, most medications, designed to maintain their chemical structure during

the course of the therapeutic treatment, may remain active in treatment facilities for a long time. Many studies have shown

that most drugs are significantly recalcitrant, and conventional treatment solutions for wastewater (WW) are not designed

to eliminate these compounds. Consequently, a consistent flow of pharmaceuticals and their metabolites reach the

aquatic environment, disturbing the ecological balance of rivers, lakes and other habitats and polluting groundwater,

surface water and drinking water.
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1. Introduction

The release of pharmaceutical residues (PRs) in the environment is arousing growing concern due to the significant risks

posed towards humans, animals and microbial communities. Many studies have highlighted the ecological toxicity of PRs

in waters environments . However, the most immediate concern regarding the release of PRs in the

aquatic environment is related to the spread of antimicrobial resistance (AMR) among several classes of pathogens, first

and foremost bacteria and fungi . Within PR compounds, antibiotics , antifungals  and personal care

products  play a primary role in accelerating this process. Due to the selective pressure imposed on bacteria, antibiotics

particularly drive the spread of antimicrobial resistance genes in environments in which there is constant contact between

the microorganisms and antimicrobials . Therefore, hospital and municipal WWTPs may be deemed potential

hotspots for the development of AMR due to the high prevalence and persistence of PRs in WW teeming with bacteria

and fungi.

Antimicrobial resistance undermines the efficacy of antimicrobials, causes treatments to be unsuccessful, elongates

morbidity and increases mortality . According to the briefing note by the Organisation for Economic Co-operation and

Development (OECD) in collaboration with the European Centre for Disease Prevention and Control (ECDC), AMR

causes 33,000 mortalities and costs EUR 1.1 billion per year to the health care systems in the European Union and

European Economic Areas . In this context, in March 2015, the European Commission considered it necessary to

resort to a new mechanism to provide high-quality monitoring information on emerging pollutants in the aquatic

environment. For this purpose, the Commission under the Directive 2008/105/EC  on Environmental Quality Standards

devised a watch list with numerous substances suspected to pose a significant threat to aquatic organisms, mammals and

human health via drinking water and various pathways into the food chain . Among these pollutants, several antibiotics

responsible for the development of AMR, such as erythromycin, clarithromycin, azithromycin and ciprofloxacin, found a

place on the list.

This systematic review aimed to collate, synthesise and critically appraise all the relevant literature on the occurrence and

distribution of antimicrobial substances in WW. In particular, attention has been paid to the PRs responsible for the

development of the AMR, mainly antibiotics, antifungals and personal care products commonly found in municipal and

hospital WWTPs. This study intended to answer the following review question: what are the main PRs relevant for the

development of AMR found in hospital and municipal WWTPs? In addition to establishing the PRs of primary concern, this

work attempted to define potential correlations between the presence and concentration of PRs and certain variables

across studies. Emphasis has been placed on the country and season in which research was conducted, the sample

source (municipal or hospital WW) and the removal performances of WWTPs. On these premises, a classification of the

most harmful PRs was proposed. There is a general paucity of well-controlled studies investigating knowledge gaps in this

area which this study, through constructive evaluation and criticism, hopes to address. Through due process, the present

review aims to fill knowledge gaps and produce directives for future management of AMR in WWTPs.
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2. Method

The literature search was conducted using four different electronic databases: Web of Science, PubMed/Medline,

ProQuest and BASE on 29 January 2021. The latter two were included to minimise publication bias  and prevailing

paradigm bias , as they contain grey literature reporting non-significant results. Regarding the search period, the year

in which the European Commission established the first watch list  was chosen as the start date for the literature

search. In order to reduce potential temporal bias , a search of references before 2015 was conducted to establish

whether more than 50% of the literature would be excluded. If that were the case, 2008 (the year of the Directive

2008/105/EC ) would have been set as starting date. All the relevant references during the bibliographic databases

searches were collated, regardless of the publication language. However, language bias and publication bias 

occurred during the article screening phase, when only studies in English, Italian or Spanish were included.

The main criteria of selection and common denominator during the three screenings were based on retaining the papers

dealing only with PRs responsible for AMR. A pre-determined list of 218 PRs correlated to the development of resistance

was selected. Moreover, additional criteria were identified during the title and abstract sifting phases (see the chapter of

results).

External validity was assessed by considering to what extent the information of the studies included in the review fulfilled

the review question and whether the answers to the query could be applied directly into real-world conditions. Emphasis

was given to specific information such as the environmental risk assessment: studies that contextualised the presence of

PRs with the risk posed to the environment were particularly informative and considered more significant than

investigations that give a simple overview of the PRs concentrations. The same applied to analyses that made use of

solid-phase extraction or direct injection, a technique that increases the detection capacity of a study considerably .

Moreover, the number of examined treatment facilities or the size of samples were taken into account to assess the

external validity.

Using a pre-set list of potential information about the significant characteristics and results of studies,  relevant data were

extracted from the validated studies. Results were combined in a narrative synthesis subdivided into five sections that

comment on main findings, namely the PR concentrations in influents and effluents of the treatment facilities, seasonal

variations of PRs, differences between hospital and municipal WW, environmental risk assessment of the antimicrobial

substances and removal efficiencies of the plants. Sub-group analyses were performed to investigate significant

differences between PR concentrations in effluents and influents, or municipal and hospital WWTPs, and between

seasons. Statistical analyses were performed using Microsoft Excel 2016 (Microsoft Corporation, Washington, DC, USA)

and SPSS Statistics V26.0 (IBM SPSS Statistics, Armonk, NY, USA). The independent t -test, based on Levene’s Test for

equality of variances, was used to determine differences in PR concentrations between effluents and influents and

municipal and hospital WWTPs. One-way ANOVA, following the Bonferroni correction method, was used to determine

differences between seasons.

3. Main Results

Within the eighteen studies included in the review, 45 different PRs were detected. More than half of the studies (ten)

analysed 10 or more different antimicrobial substances responsible for AMR. In total, the selected literature appraised in

this study considered 88 WWTPs (75 municipal treatment facilities and 13 dealing with hospital WW) within 25 countries

in three continents (Europe, Africa, Asia).

Among the 218 PRs ascertained responsible for the development of AMR, 45 were detected within the eighteen studies in

88 different WWTPs. The PRs belong to 16 different classes of antibiotics, antifungals, antiprotozoals and antimalarials.

Among them, quinolones, sulfonamides, macrolides, tetracyclines and azoles represent 69% of all the PRs reported by

the authors. Seven of those, namely ciprofloxacin, clarithromycin, erythromycin, metronidazole, ofloxacin,

sulfamethoxazole and trimethoprim, occurred in more than 50% of studies (nine). In particular, ciprofloxacin,

sulfamethoxazole and trimethoprim were detected in more than 75% of papers (fourteen). Azithromycin, clindamycin,

norfloxacin, oxytetracycline, roxithromycin, sulfadiazine and tetracycline occurred within five and nine studies (25–50%).

When looking at the highest PRs concentrations in the effluents of the 88 WWTPs (Table 1), sulfamethoxazole, ofloxacin

and erythromycin were detected in more than 61% of studies (eleven) as the substances with the highest concentrations

among the other antimicrobial substances. In studies in which sulfamethoxazole represented the most abundant PH,

authors reported values ranging from 275 to 21,400 ng/L , all detected in municipal WW samples.

Table 1. List of 45 pharmaceuticals detected in 88 WWTPs, investigated in the eighteen studies. Maximum and minimum

average concentrations and means were reported and expressed in ng/L.
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Class Pharmaceutical

No. of Studies in
Which the PR Was
Detected
(% of the Total)

Max. Average Conc.
(ng/L) Detected in
Effluents

Min. Average Conc.
(ng/L) Detected in
Effluents *

Mean across
Studies
(ng/L)

Amphericols Chloramphenicol 3 (16.7) 97 5.9 50

Azoles Fluconazole 3 (16.7) 170 3 , H 73

Metronidazole 10 (55.6) 3000 , H 1.2 330

Tinidazole 1 (5.6) 12 9.1 10

Cephalosporins Cefalexin 2 (11.1) 308 5.0 117

Ceftazidime 1 (5.6) 1600 , H 1600 , H 1600

Dehydropeptidase
Inhibitors

Cilastatin 1 (5.6) 4100 4100 , H 4100

Diphenylethers Triclosan 1 (5.6) 7.4 0.9 4.2

Folic Acid Inhibitors Trimethoprim 14 (77.8) 26,100 1.6 1979

Glycopeptide
antibiotics

Vancomycin 2 (11.1) 162 81 119

Lincosamides Clindamycin 5 (27.8) 290 0.5 71

Lincomycin 4 (22.2) 56 1.5 26

Macrolides Azithromycin 8 (44.4) 56,666 0.1 4387

Clarithromycin 12 (66.7) 15,000 , H 0.2 750

Erythromycin 11 (61.1) 1187 0.1 304

Roxithromycin 6 (33.3) 6272 3.6 882

Penicillins Ampicillin 4 (22.2) 790 , H 60 254

Penicillins-Like Amoxicillin 4 (22.2) 1600 40 463

Quinolones Ciprofloxacin 15 (83.3) 24,000 , H 0.6 1137

Flumequine 3 (16.7) 63 3.0 , H 28

Lomefloxacin 2 (11.1) 4.6 0.3 1.6

Marbofloxacin 1 (5.6) <LOD <LOD <LOD

Nalidixic Acid 2 (11.1) 50 7.8 24

Norfloxacin 8 (44.4) 2900 0.5 221

Ofloxacin 12 (66.7) 200,000 , H ** 2.7 7405

Oxolinic Acid 3 (16.7) 60 4.6 19

Sparfloxacin 1 (5.6) <LOD <LOD <LOD

Sulfamerazine 1 (5.6) 28 0.3 8.0

Rifamycins Rifampicin 1 (5.6) 2.9 2.9 2.9

Rifaximin 2 (11.1) 12 3.8 7.0
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Class Pharmaceutical

No. of Studies in
Which the PR Was
Detected
(% of the Total)

Max. Average Conc.
(ng/L) Detected in
Effluents

Min. Average Conc.
(ng/L) Detected in
Effluents *

Mean across
Studies
(ng/L)

Sulfonamides Sulfadiazine 8 (44.4) 373 , H 0.8 53

Sulfadimidine 2 (11.1) 106 3 54

Sulfadoxine 1 (5.6) <LOD <LOD <LOD

Sulfamethazine 4 (22.2) 21 0.8 7.0

Sulfamethizole 2 (11.1) 19 0.04 3.6

Sulfamethoxazole 16 (88.9) 21,400 1.0 , H 1217

Sulfamoxole 1 (5.6) <LOD <LOD <LOD

Sulfathiazole 1 (5.6) 138 0.9 21

Sulfisoxazole 1 (5.6) 20 1.6 8.1

Tetracyclines Chlortetracycline 2 (11.1) 12 , H 0.5 4.0

Doxycycline 3 (16.7) 1500 0.4 191

Minocycline 1 (5.6) 210 21 116

Oxytetracycline 5 (27.8) 416 0.1 65

Tetracycline 6 (33.3) 231 0.6 41

Thioamides Ethionamide 1 (5.6) 9.3 0.2 4.8

* LOQ values were not considered; H, Hospital; ** the effluent WW of this facility undergoes treatment in a municipal

biological WWTP, of which data were not available . The second-highest concentration of ofloxacin in effluent WW was

3051 ng/L .

Out of the 45 antimicrobial substances detected amongst the target studies, ciprofloxacin, clarithromycin, erythromycin,

metronidazole, ofloxacin, sulfamethoxazole and trimethoprim constitute a considerable risk in terms of ubiquitous

distribution. In particular, sulfamethoxazole frequently appeared in the studies as the compound with the most worrying

high concentrations, RQ values and capacities to resist removal treatments. However, in order to establish a classification

of the most concerning antimicrobial substances relevant to the question of this review, it is crucial to consider the

potentialities of the PRs to induce AMR. Looking at the classification, ciprofloxacin, clarithromycin and ofloxacin are the

most worrying antimicrobial substances that may lead to AMR.

4. Conclusions and Recommendations

The present study aimed to appraise all relevant literature for the presence of pharmaceuticals responsible for the

development of antimicrobial resistance in wastewater and to provide detailed and updated information valuable for the

management of AMR dissemination in wastewater treatment plants.

The review of 18 studies covered 25 countries; 21 are European. Therefore, it can be asserted that notwithstanding that

the discharge of harmful antimicrobials is a widespread global issue, research is of particular significance to Europe.

Here, a list of the seven most concerning pharmaceuticals commonly found in the influents and effluents of wastewater

treatment plants is proposed. Ciprofloxacin, clarithromycin, erythromycin, metronidazole, ofloxacin, sulfamethoxazole and

trimethoprim constitute a considerable risk in terms of ubiquitous distribution, worrying concentrations and RQ values and

capacities to resist removal treatments. Especially concerning were the PRs ciprofloxacin, clarithromycin and ofloxacin as

these were frequently detected at levels above the predicted no-effect concentrations for resistance selection, which make

these compounds the most concerning antimicrobials that encourage the development of antimicrobial resistance.

In conclusion, based on the gaps in knowledge identified during this systematic review, the main recommendations are as

follows: The reliability of study outcomes must be improved through the implementation of standardised guidelines for the

suitable selection of analytical procedures, data representation, and statistical analysis. The experiments should not be

based on daily campaigns composing of a singular grab sample, but instead, values for concentrations should be the
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result of the mean of at least three replicates. The need remains for time-weighted screenings to capture seasonal

variations in both the influent levels of pharmaceuticals and the effluent levels discharged into aquatic matrices to better

assess the impact of wastewater treatment plants on the environment. The necessity of studies dealing specifically with

the presence of antimicrobial substances in hospital wastewater or correlating the removal efficiencies of wastewater

treatment plants with treatments used is stressed. Call for awareness about the problem of pharmaceuticals compounds

in wastewater and the related spread of antimicrobial resistance: the research in this field needs to be expanded to a

global level.
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