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Abstract

:

The environmental dissemination of selected antibiotics from hospital wastewater into municipal wastewater and lastly to a receiving water body was investigated. Selected antibiotics (azithromycin (AZM), ciprofloxacin (CIP), clindamycin (CDM), doxycycline (DXC) and sulfamethoxazole (SMZ)) present in effluents of academic hospital wastewater, influents, sewage sludge, and effluents of municipal wastewater, receiving water, and its benthic sediment samples were quantified using the Acquity® Waters Ultra-Performance Liquid Chromatography System hyphenated with a Waters Synapt G2 coupled to a quadrupole time-of-flight mass spectrometer. The overall results showed that all assessed antibiotics were found in all matrices. For solid matrices, river sediment samples had elevated concentrations with mean concentrations of 34,834, 35,623, 50,913, 55,263, and 41,781 ng/g for AZM, CIP, CDM, DXC, and SMZ, respectively, whereas for liquid samples, hospital wastewater and influent of wastewater had the highest concentrations. The lowest concentrations were observed in river water, with mean concentrations of 11, 97, 15, and 123 ng/L, except for CDM, which was 18 ng/L in the effluent of wastewater. The results showed that the highest percentages of antibiotics removed was SMZ with 90%, followed by DXC, AZM and CIP with a removal efficiency of 85%, 83%, and 83%, respectively. The antibiotic that showed the lowest removal percentage was CDM with 66%. However, the calculated environmental dissemination analysis through the use of mass load calculations revealed daily release of 15,486, 14,934, 1526, 922, and 680 mg/d for SMZ, CIP, AZM, DXC, and CDM, respectively, indicating a substantial release of selected antibiotics from wastewater to the river system, where they are possibly adsorbed in the river sediment. Further research into the efficient removal of antibiotics from wastewater and the identification of antibiotic sources in river sediment is needed.
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1. Introduction


Hospital wastewater (HW) in many low to middle income countries (LMICs) is released without any prior treatment to the municipal sewer network, despite the knowledge of the existence of highly toxic organic compounds such as endocrine-disrupting chemicals and antibiotics [1]. Antibiotics are of particular interest, as it has been shown to induce antimicrobial resistance at the sublethal level if found in the environment [2]. Antimicrobial resistance is a significant public health issue of the 21st century, and it has been predicted that it will claim up to 10 million lives yearly if adequate solutions are not implemented [3,4]. Hence, extensive research has been conducted to quantify antibiotics in the environment, particularly in municipal or urban wastewater [2,5,6,7,8,9].



Antibiotics have been quantified from different environmental matrices worldwide [10,11,12]. Numerous classes of antibiotics have been reported in HW [6,13], wastewater treatment plants (WWTP) influent (IW) and effluent (EW) [2], sludge (AS) [14], surface water (RW) [2], and water body sediments (RS) [15]. The concentrations reported are in higher µg/g to low mg/g for solid samples such as AS and sediment and in low ng/L to few µg/L for aqueous samples such as wastewater effluents and RW. Generally, HW has been reported to carry up to 150 times the concentration of antibiotics that municipal wastewater [16]. Studies reporting residual concentrations of different antibiotics in HW, IW, AS, EW, RW and RS are presented in Table 1. As it can be seen in Table 1, the current research has mainly focused on high-income countries, while for LMICs, there are little to no data reported, especially on the assessment of numerous classes of antibiotics [6]. Even in the available literature, studies relating to antibiotics have not yet investigated the concentration of antibiotics in soil fertilised with sewage sludge for growing crops.



While the quantities of antibiotics in different environmental compartments are known, especially in aquatic environments; their dissemination from HW to natural resources is poorly understood in LMICs. Currently, studies relating to antibiotics have not yet investigated the concentration of antibiotics that are removed from sewage sludge that is applied to crop fields as fertiliser, which can be found in nearby water bodies through run-off. As stated above, low concentrations have been reported from surface water bodies [25]. Furthermore, to the best of our knowledge, the environmental dissemination of multi-class antibiotics has not been investigated, and their quantity in AS and RS is not well elucidated. Although the concentrations reported are in trace levels, these have been reported to contribute to the development of antibiotic resistance; hence urgent attention needs to be directed to understanding the full spectrum of the environmental dissemination of antibiotic.



While reports from high-income countries reports low quantities of antibiotics in no HW, their presence has been shown to contribute to the development of antibiotic resistance. Hence urgent attention needs to be directed towards understanding the full spectrum of the environmental dissemination of antibiotics. Hence, the objective of the current study was to quantify the antibiotics and assess the dissemination of commonly used antibiotics from an academic hospital in Gauteng, South Africa (SA) to the receiving aquatic environment. Antibiotic selection was based on a prescription pattern consulted at a major medical aid scheme and consultation with the pharmacy department of the sampled academic hospital. The complete list with corresponding physicochemical properties of the antibiotics investigated is present in Table 2. Multi-class antibiotics, namely azithromycin (AZM), ciprofloxacin (CIP), clindamycin (CDM), doxycycline (DXC), and sulfamethoxazole (SMZ), were quantified in different matrices that channel the dissemination of antibiotics from HW through WWTP to mainly the RW matrix, to establish the dissemination trends and contribution to antibiotic pollution from different wastewater matrices. The matrices investigated included HW, IW, and EW of WWTP, municipal AS, and RS.




2. Materials and Methods


2.1. Reagents and Materials


LC-MS grade acetonitrile (ACN), methanol (MeOH), ammonium acetate, formic acid and hydrochloric acid and analytical grade disodium ethylenediaminetetraacetate (Na2EDTA) ACS reagent were all purchased from Sigma Aldrich (Sigma Aldrich, Johannesburg, South Africa). European Pharmacopeia standards of all selected antibiotics were purchased from LGS standards (Industrial Analytics, Johannesburg, South Africa) and are listed in Table 2 with their corresponding information. One mg/L stock solution of the standard antibiotic mixture was prepared in MeOH/dH2O in a 20:80 ratio (v/v), except for ciprofloxacin, which was prepared in MeOH containing 0.5% hydrochloric acid. A solution of ACN/2 mM ammonium acetate solution/formic acid in 3/97/0.05 (v/v/v) was used as mobile phase A, while mobile phase B was made up of ACN/2 mM ammonium acetate/formic acid 95/5/0.05 (v/v/v). Mobile phase C (ultra-pure water containing 10 mmol/L ammonium acetate/MeOH) was used to increase ionisation. Mobile phases were filtered (0.22 µm, Sigma Aldrich, South Africa) before use. All prepared standards were stored in the dark at 4 °C. Deionised water used throughout the study was obtained from a Purite RO Water Purification System (Suez Water, Lasec SA, Cape Town, South Africa). Liquid samples (HW, IW, EW, and RW) were filtered using 0.45 µm nitrocellulose filters paper (Merck, Johannesburg, South Africa) to remove debris before extraction, using Supel-Select HLB cartridges (500 mg/12 mL) from Sigma Aldrich, South Africa.




2.2. Sample Sites, Collection and Preparation


HW was collected from an academic hospital in Gauteng Province, SA. IW, AS and EW were collected from the HW-receiving municipal WWTP. In addition, receiving RW and its RS, as illustrated in Figure 1 were also collected. The selected academic hospital, situated in the City of Tshwane, Gauteng, SA, has more than 1077 beds for the hospitalisation of inpatients afflicted with various diseases. Its receiving municipal WWTP, also located in the City of Tshwane, Gauteng, SA, has built a capacity of 51 megalitres per day and serves more than 40,000 residents. This wastewater plant employs technologies such as biological nutrient removal through activated sludge and biological filters for liquid processing, whereas sludge treatment is achieved through dissolved air flotation thickening, anaerobic digestion, and solar drying beds.



Amber bottles were washed with formic acid, MeOH and dH2O and wrapped in aluminium foil before use. Samples collected as part of a 24-h composite sample were collected on arrival at the municipal wastewater plant from the IW, AS, and EW compartments. For the sampling of HW and RW, a method previously used by Ekwanzala et al. [26,27] was followed, where one sample consisted of a composite of five grab samples collected at 30-min intervals for better environmental representativeness of the matrix sampled. RW samples were collected within 100 m of the WWTP outlet (EW). For RS samples, surface bed sediment from the top 2 cm was collected with a flat hand shovel as sub-samples from several points with low current velocities, in order to obtain the finest-grained sediment. Thus, RS settled during low and medium discharge were sampled. Four sampling campaigns were conducted on 15 May, 10 June, 18 September, and 6 November 2018. Prior to sampling, 10% formaldehyde was added to the sampling bottle to preserve the antibiotics from degradation, and 500 mL of water samples was spiked with 0.8 mg/mL of Na2EDTA to prevent metal ions that could hinder DXC recovery. During every sampling, three true replicates (~1 L each) were sampled in amber bottle containers. The samples were immediately taken to the laboratory on ice packs (4 °C) for analysis. Upon arrival, samples were then manually shaken and filtered through 0.45 µm nitrocellulose membrane filter paper to remove debris and then stored in the dark at 4 °C.



Fifty grams of AS and RS were sequentially extracted with 45 mL of acetone/acetic acid in a 20/1 (v/v) and 3 × 45 mL ethyl acetate. In each event, the slurries were hand-shaken, sonicated for 25 min at 30 °C and centrifuged (4000 rpm). The supernatant from the four extraction events was then combined and concentrated to 1–3 mL using a Buchi rotary evaporator (Labotec, Johannesburg, South Africa). The sample’s pH was adjusted to 3.5 for optimal extraction of antibiotics in the solid phase extraction (SPE), as described by Rossmann et al. [17].




2.3. Solid-Phase Extraction


HW, IW, EW, and RW were extracted using SPE (Supel-Select HLB cartridges, a hydrophilic-lipophilic-balanced reversed-phase sorbent set on a vacuum 12-position SPE Extraction Manifold from SupelCo—Sigma Aldrich, South Africa) for the extraction of the selected antibiotics from wastewater. The extraction method using the Supel-Select HLB cartridges was adapted as optimised by Rossmann et al. [17], with slight modification. Briefly, Supel-Select HLB cartridges were conditioned with 3 × 3 mL of MeOH/dH2O/formic acid in a 90/9/1 (v/v/v) followed by 3 × 3 mL of dH2O and 3 × 3 mL of 10 mmol/L of Na2EDTA. Samples were then passed through the conditioned SPE-cartridge at a flow rate of 3 mL/min. Thereafter, the cartridge was washed using 3 mL of dH2O and vacuum air-dried for 5 min. Finally, compounds were eluted using 3 × 2 mL of MeOH/dH2O/formic acid 90/9/1 (v/v/v). Eluates were evaporated to dryness using nitrogen at room temperature and reconstituted with 250 µL of mobile phase A and B (125 µL each). Analysis was carried out using UPLC-MS, as described below.




2.4. Sample Analysis


Selected antibiotics were quantified using the Acquity® Waters Ultra-Performance Liquid Chromatography System hyphenated with a Waters Synapt G2 coupled to a quadrupole time-of-flight mass spectrometer (UPLC-QTOF-MS). A reversed-phase Waters UPLC® C18 Ethylene Bridged Hybrid 1.7 µm particle size (2.1 mm ID × 100 mm length) column (incubated at 30 °C) was used for chromatographic separation, where 10 µL of the extracts was injected. The antibiotic separation was performed using a binary mobile phase, mobile phases A and B. A gradient elution programme at a flow rate of 0.2 mL/min without any split was developed. The gradient elution started with mobile phase A, was maintained for 1 min, and then increased with a linear gradient from 20% to 50% within 1 min and 80% over the next 3 min with a curve-2 gradient. Subsequently, the amount of mobile phase B was lowered to 20% in 3 min and maintained for the next 5 min. The system was equilibrated (mobile phases A and B, 50/50) before the next run.



Direct flow and scan mode were used to determine the precursor ions from the 0.01 ng/L standards mixture. Each antibiotic was then optimised to generate product ions. Instrumental parameters were optimised and are indicated in Table 3 and Table 4. Data acquisition was carried out in selected reaction monitoring mode, and data processing was done with MassLynx™ (v4.1) Mass Spectrometry Software (Waters, Milford, MA, USA). Detection was done in a HESI+ mode.




2.5. Statistical Analysis


Antibiotic concentrations detected from different environments and dates were exported to Microsoft Excel and then transferred into BioVinci Software (BioTuring, San Diego, CA, USA) for statistical analysis. For better visualisation across matrices, antibiotic concentrations detected in ng/L were log10 transformed and visualised in Figure 2. Two-way ANOVA (using sampled dates and antibiotic concentrations as variables) and Spearman’s correlation (correlations were monotonic, not linear) were applied to antibiotic concentrations to compare and investigate the correlation between assessed matrices. Furthermore, a two-way ANOVA with a Tukey HSD post hoc test (honest significant difference) was performed to assess the difference in collection dates. A p value was Bonferroni corrected and considered statistically significant if less than or equal to 0.05.





3. Results


3.1. Calibration Curve and Quality Assurance


All parameters related to the method development, calibration curve, validation, sensitivity, accuracy and precision are presented in Table 3 and Table 4. The calibration was conducted from 10 to 2000 ng/L (8 points) using the working standard solutions in MeOH-dH2O (20:80, v/v) containing all the target antibiotics. The correlation coefficients (R2) of the obtained calibration curves of all the target compounds ranged from 0.9902 to 0.9959 (Table 3). The limit of blank (LoB) assessing matrix effects was calculated as per Equation (1). The limit of detection (LoD), defined as the concentration that corresponds to three times the standard deviation of blanks, was measured using Equation (2) below. The limit of quantification (LoQ) was determined as ten times the LoD, and it was calculated using Equation (3). Low LoQs were achieved, ranging from 0.3 to 3.70 ng/L for the target antibiotics (Table 4). The recovery of the target compounds was carried out by spiking three replicates of river water samples with standard antibioticss at 50, 200, and 500 ng/L, respectively, with blank subtraction. The recovery of the antibiotics generally exceeded 75%, and the relative standard deviations were less than 20% (Table 4). Both parameters were calculated using Equations (4) and (5), respectively. Spiked matrices (no less than 50% of the number of samples) were treated and analysed to determine the recoveries during the measurements to guarantee the precision of quantification. Quantification was based on peak areas of selected ion chromatograms on target parent ions, product and retention time. Procedure blanks, solvent blanks, and quality standards were also analysed, alongside the measurements to monitor the performance of the method.


LoB = meanblank + 1.645(SDblank)



(1)






  LoD =    Lowest   concentration   of   standard    Instrumental  S N   for   lowest   concentration   of   standard    × 3  



(2)






  LoQ =    Lowest   concentration   of   standard    Instrumental  S N   for   lowest   concentration   of   standard    × 10  



(3)






   %   Recovery  =    Intrument   quantification     Standard   spiked   concentration    × 100  



(4)






   %   RSD  =    Standard   deviation    mean   × 100  



(5)








3.2. Antibiotics Quantities


Twenty-four composite pooled samples were collected during the sampling procedures, and the log10 transformed concentrations of all assessed antibiotics across different matrices are displayed on bar plots (Figure 2). Overall, all assessed antibiotics were found in all matrices with detection frequencies of 98%, 100%, 100%, 93%, and 100% for AZM, CIP, CDM, DXC, and SMZ, respectively. For solid samples, RS had the highest concentrations as compared to AS, with mean concentrations of 34,834 (4.54 log10), 35,623 (4.55 log10), 50,913 (4.71 log10), 55,263 (4.74 log10), and 41,781 ng/g (4.62 log10) for AZM, CIP, CDM, DXC, and SMZ, respectively. For liquid samples, the lowest concentrations were observed in RW, with mean concentrations of 11 (1.07 log10), 97 (1.99 log10), 15 (1.19 log10), and 123 ng/L (2.09 log10), except for CDM, which was 18 ng/L (1.26 log10) in EW. IW had mean concentrations in the same order of magnitude as did HW with 247 (2.39 log10), 2379 (3.37 log10), 53 (1.73 log10), 160 (2.21 log10), and 4440 ng/L (3.65 log10) for AZM, CIP, CDM, DXC, and SMZ, respectively. Lastly, EW also had considerably higher mean concentrations of the assessed antibiotics compared to RW [40.58 (1.60 log10), 397 (2.60 log10), 18 (1.26 log10), 24 (1.39 log10), 411 ng/L (2.61 log10)]. The two-way ANOVA is illustrated in Supplementary Figure S1. This analysis shows a significant p-value for antibiotic concentrations (p = 0.000429), which indicates that the concentration of the residue of antibiotics was significantly different across matrices. The p-value for the interaction between antibiotics concentration and sampled dates was also significant (p = 0.02), indicating that the concentrations of antibiotic in assessed samples were significantly different across different sampled dates.



The Spearman’s correlation among assessed matrices that was performed is visualised in Supplementary Figure S2. Significantly positive correlations were found between the quantities of antibiotics in HW-RW (r2 = 0.71), HW-EW (r2 = 0.72), HW-AS (r2 = 0.59) and HW-IW (r2 = 0.62). The correlation between the quantities of the assessed antibiotic concentrations in IW against other matrices also showed positive correlations [IW-RW (r2 = 0.70), IW-EW (r2 = 0.74) and IW-AS (r2 = 0.89)]. The correlations between the quantities of antibiotics in AS against other matrices were also positive (AS-RW, AS-EW, and EW-RW). These positive correlations indicate a direct relationship between the two assessed matrices, e.g., if the antibiotic concentrations in IW were high, they were also high in the associated positively related matrix. When plotting RS quantities against other matrices, the correlation coefficients were found to be inverse and low [RS-HW (−0.19), RS-IW (−0.19), RS-AS (−0.16), RS-EW (−0.16), and RS-RW (−0.19)]. Supplementary Figure S2 indicates that the concentrations in RS are not directly proportional to other assessed matrices.



To assess the treatment plant removal efficiency, Equation (6) was used:


   Removal   efficiency    % =    mean   concentration   IW    –  mean   concentration   EW     Mean   concentration   of   IW    × 100          



(6)







Results showed that the highest removed antibiotics were SMZ with 90%, followed by both DXC, AZM and CIP with a removal efficiency of 85%, 83%, and 83%, respectively. The antibiotic that showed the lowest removal efficiency was CDM with 66%.



To assess the environmental dissemination of selected antibiotics from the WWTP to the aquatic environment, mass loads defined as the mass of pollutant being discharged from the wastewater per day were calculated as described by Kibambe et al. [28,29]. Therefore, the mass loads of selected antibiotics were determined using Equations (7) and (8) below:


Mass load of antibiotics in EW (mg/d) = CEW × QEW



(7)






QEW = QIW − QWAS



(8)




where:



CIW: concentration of the antibiotic in the IW (mg/ML)



CEW: concentration of the antibiotic in the EW (mg/ML)



QEW: flow rate of the effluent (ML/d)



QIW: influent flow rate (ML/d)



QWAS: waste activated sludge flow rate (ML/d)



The QEW was calculated to be 37.618 ML/d, based on an average influent flow rate of 38 ML/d, sewage sludge wasting rate of 0.382 ML/d. The results of the environmental dissemination revealed that the highest mass load of antibiotics disseminating from EW to RW was found to be SMZ with an average of 15,486 mg/d, CIP followed this with an average of 14,934 mg/d. The disseminating mass load of AZM was found to be 1526 mg/d, whereas the disseminating mass load of 922 mg/d was determined for DXC. The antibiotic which showed the lowest disseminating mass load was CDM with an average of 680 mg/d.





4. Discussion


The occurrence and detection of clinically relevant antibiotics in wastewater and surface have been extensively explored [9,20,30,31]. However, the trail of environmental dissemination of antibiotics used in the hospital to the aquatic environment is poorly understood, since many reports do not consider RS or AS when assessing antibiotic residue levels in environmental matrices. Concerning AS, it is a common practice worldwide to use dried AS (compost) as fertiliser on crop soil. In fact, recent studies have shown the enrichment of agricultural soil with antibiotic-resistant bacteria and genes after application of AS [32,33]. It stands to reason that antibiotics may also be transferred to such soil selecting for antibiotic-resistant bacteria and promoting horizontal gene transfer among soil microcosms. Thus, its assessment should shed light on the transfer of antibiotics from WWTP to agricultural soils. On the other hand, when it comes to RS, recent reports have highlighted a high occurrence of resistant bacteria and genes [26,27]. Knowing that riverbed sediment can resuspend and re-enter the water column [34], it is important to assess such a vital component of the RW system. In the light of the above, this study investigated the environmental dissemination of some selected frequently used antibiotics (AZM, CIP, CDM, DXC and SMZ) from HW to the aquatic environment, considering both AS and RS. Therefore, the current research article contributes to the existing literature by (i) determining the quantities of selected antibiotics in AS and RS; (ii) establishing the dissemination of antibiotics in liquid and solid matrices and (iii) establishing the antibiotic relationship among assessed matrices. Due to the lack of the exact quantity used per day or month, the correlation between antibiotic use and dissemination could not be established.



Antibiotics were detected in all assessed matrices of this study, which is consistent with other published studies [6,9,15,17,20,22,23,24], except for AS that is quantified for the first time in our study (Table 1). The antibiotic concentrations in HW in this current study were slightly higher than those reported in other countries. It has been shown that the concentrations of antibiotics in HW are directly proportional to antibiotic use in the hospital [6,22]. This can consequently explain the different variations of antibiotic concentrations found in this study compared to others. In a country devastated by two notable pandemics, human immunodeficiency virus, acquired immunodeficiency syndrome and tuberculosis, this might explain the use of antibiotics and their subsequent occurrence in the environment. Furthermore, SA has been listed as the 23rd highest consumer of antibiotics worldwide [35]. Gros et al. [9] reported a concentration of AZM and CDM in HW, as in Table 1, which is comparable with the mean concentrations of the same antibiotics found in this study. However, the concentration of CIP reported by Gros et al. [9] was higher than the mean concentration found in our study. In this study, the concentration of SMX 7884.50 ng/L is significantly lower than that reported by Brenner et al. [36]. In our study, the lowest frequency of detection was from DXC, and the detected mean concentration was low compared to that reported by Pena et al. [37]. In SA, DXC is mostly used as a prophylactic treatment for malaria. However, the sample area is not a malaria zone, which can explain its low detection frequency rate.



The average detected mean concentration of CIP in IW was found to be congruent to the quantities reported in other studies [9,17,18]. CIP was found to be the most extensively explored antibiotic among all assessed antibiotics in IW (Table 1). Two South African studies, in particular, reported two different mean concentrations found in IW. Kanama et al. [22] reported a lower concentration compared to the one reported by Agunbiade and Moodley [20]. The difference in concentration could be due to the frequency of antibiotics used, the WWTP process and population size. Furthermore, Kanama et al.’s [22] IW consisted of HW only, whereas in the current study and that of Agunbiade and Moodley [20] IW included wastewater from HW and households. In other countries, the concentration of CIP was found to be lower (Table 1) than in our study. Such a high concentration could be attributed to the high use of CIP in developing countries, as forecast by Green and Tillotson [38], who stated that CIP could be misused, leading to antibiotic pollution and resistance in microorganisms. Minimal concentrations of CDM were reported in Spain, but Germany recorded the same magnitude of concentration found in the current study. In a study conducted in Spain, DXC was not detected [9]. However, in the current study and a study conducted in Germany, it was found as highlighted in Figure 2 and Table 1, respectively. Apart from a study in SA, which reported a higher concentration of SMX in IW [24], further emphasising the country’s high SMX concentration in IW, other studies (Table 1) reported a mean concentration lower than the one detected in our study.



A limited number of studies [32,39] have reported antibiotic occurrence in wet AS. However, many studies are assessing the quantity of dried AS (compost), e.g., [40,41]. These studies have highlighted the enrichment of agricultural soil with antibiotic-resistant bacteria and genes to soil-applied AS over a prolonged period. Thus, the reported antibiotic quantity might also select for resistant microorganisms when applied to agricultural soil. As highlighted in the results section, the reported AS mean concentrations were slightly higher than concentrations found in IW. This might be due to low solubility organics, thus promoting organics to be adsorbed in AS [42]. These concentrations will subsequently be reduced in solar drying beds when AS is transformed to compost before application to agricultural soil [43]. However, sublethal concentrations are being reported to induce resistance in pathogenic and commensal microorganisms [40,41]. Since sewage treatment with activated sludge relies on biodegradation by microbial organisms, further study is needed to decipher if these reported concentrations and some high predictive concentrations may affect the functioning of AS and removal efficiency.



The EW mean concentrations found in this study were as follows: 40 (AZM), 397 (CIP), 18 (CDM), 24 (DXC), and 411 (SMZ) ng/L. Reported concentrations of AZM elsewhere were higher than those found in our study. Studies in Spain and Germany reported similar AZM concentrations in EW. Concerning CIP concentrations in EW, only studies from South Africa [20] and Vietnam [5] reported higher concentrations than our study. Studies from China, Australia, and Spain reported lower concentrations than reported in this study. It has been reported that higher-income countries tend to have lower concentrations of antibiotics in EW than LMICs due to their strict prescription policy on the use of antibiotics and proper running of WWTP [44]. When assessing the concentration of CDM, the mean concentration in this study was lower than those reported in other studies (Table 1). Although in both Spain and Germany [9,17] DXC was not found in EW, in the current study, a mean concentration of 24.5 ng/L was found. In this study, a mean concentration of 411.67 ng/L was found for SMZ. However, in another study in SA, SMZ was not detected in EW [24]. The only study to report a higher concentration for SMZ was from Vietnam. Other studies reported lower concentrations (Table 1) than observed in this study.



Different factors, such as octanol/water partition coefficient and adsorption ability, affect the removal efficiency of antibiotics through WWTP compartments [45]. In addition to this, other physicochemical parameters, including molecular mass, solubility in water, pKa, and vapour pressure, may significantly influence their removal in WWTP. As per their pKa values (Table 2), most pharmaceutical compounds, including antibiotics, are considered weak acids and/or bases. Polar nature, polycyclic aromatic hydrocarbon structures and occurrence of multifunctional groups (Table 2) can also enable antibiotics to diffuse across treatment processes [46,47]. Most antibiotics settle out in the settling tank. However, subsequent removal of antibiotics occurs through biodegradation and transformation [30]. In terms of removal rate between IW to EW, we observed a removal efficiency of 83%, 83%, 66%, 85%, and 90% for AZM, CIP, CDM, DXC, and SMZ, respectively. These figures are comparable to those reported by others that also used biological nutrient removal treatment plants [6,9,15,17,20,22,23,24]. Removal efficiency is affected by several factors. In a review by Polesel et al. [48], factors influencing the removal of antibiotics were identified as (i) retransformation of the antibiotic to its parent pharmaceuticals form, for example, conjugated metabolites and analogues, (ii) solid retention time, (iii) fractions adsorbed onto solids, and (iv) dynamics in influent and effluent loading. Such factors, as well as those mentioned above, might also have played a role in the removal of antibiotics in the current study. In our attempt to achieve 100% removal efficiency, further studies on green chemical technologies and bioprospection of suitable microbial candidates for effective removal of selected antibiotics are needed.



While the occurrence of antibiotics in RW systems has been reported extensively (Table 1), studies assessing their dissemination from HW are scarce. As highlighted in the current study, antibiotic concentrations found in RW were comparable to those found in China by Zhou et al. [19]. When relating the antibiotic concentrations in RW and EW, studies [49,50,51] have reported that sublethal concentration of therapeutic antibiotics may select for antibiotic resistance in commensals and pathogenic microorganisms in the environment. It stands to reason that the RW might be acting as a diluting medium for the incoming EW, thus explaining the decrease in antibiotic concentrations in RW.



The RS compartment exhibited elevated concentrations. Similar concentrations have been reported elsewhere [15,20,52,53]. This calls for further investigation to reveal the source of such elevated concentrations of antibiotics. In this study, such high concentrations might be attributed to gradual dissemination from EW and surrounding runoff that gets adsorbed onto RS [54,55]. The first plausible explanation of such elevated concentrations of antibiotics in RS might originate from the occasional direct release of raw sewage into freshwater by many LMICs, as reported by another study [56]. As in AS, antibiotics with low solubility get adsorbed further in RS. Thus, the elevated concentration found in RS could also be attributed to the gradual dissemination of used antibiotics in RS. The second plausible explanation is surface runoff from farming areas around the RW transporting such antibiotics used in animal and crop production [55], which then get absorbed onto RS.



In terms of environmental dissemination, as highlighted in the results section, considerable mass loads of antibiotics were found to be disseminating from WWTP to the aquatic environments and subsequently might be adsorbed onto RS. The normalised mass load reported in this study when normalised to 1000 habitants as per Verlicchi et al. [57]. The mass loads per 1000 habitants per day were lower than those reported by Verlicchi et al. [57], except for CIP (44 mg/1000 inh/d) and SMZ (79 mg/1000 inh/d), which were in the same order of magnitude as calculated by Verlicchi et al. [57]. Furthermore, the reported mass load can explain the transfer of antibiotic residues from WWTP to RW. However, the concentrations in the aquatic environment may not solely be attributed to WWTP, as possible other sources of antibiotics pollution have been reported in the literature. In fact, studies by Almakki et al. [54] and Manyi-Loh et al. [55] stated the importance of urban runoff in the hydrologic transfer of antibiotics from areas with anthropogenic sources. Thus, runoff also carries antibiotics applied in crop and animal farm production [58]. Antibiotics in runoff might come from agricultural soil and farm production, as it has been reported that 80% of antibiotics produced worldwide are directly used in animal agriculture for the prevention of infection and as growth promoters [59]. The use of antibiotics in agriculture and animal production in SA has also been reported [60], and highlights another possible source of the detected antibiotics. This might explain the high presence of antibiotic concentration, considering that the entire catchment is populated with farms. Another contributor to antibiotic pollution in freshwater might be the direct release of antibiotics by pharmaceutical companies [61]. However, in the current study, there was no pharmaceutical company in the catchment where samples were taken.




5. Conclusions


In conclusion, high variations were observed among assessed antibiotics across all assessed matrices. The assessed sewage treatment plant was able to remove 83%, 83%, 66%, 85%, and 90% of AZM, CIP, CDM, DXC, and SMZ, respectively. Of the assessed matrices, the RS matrix carried a considerable concentration of antibiotics, followed by HW, AS, IW, and EW. The lowest concentrations of antibiotics were detected in RW. The environmental dissemination analysis using mass load calculations revealed a substantial release of selected antibiotics from EW to the river system, where they are possibly adsorbed in the RS over a period of time. Since observed concentrations in different matrices can select for antibiotic resistance in commensals and pathogenic bacteria, as reported previously, further studies on the bioprospection of antibiotic degraders and green chemistry technologies in the WWTP are needed to curb the environmental dissemination of antibiotics.








Supplementary Materials


The following are available online at https://www.mdpi.com/2079-6382/9/7/431/s1, Figure S1: Two-way ANOVA visualisation of data interactions between assessed antibiotics (AZM, CIP, CDM, DXC and SMZ) and sampled dates on HW (A), IW (B), AS (C), EW (D), RW (E) and RS (F), Figure S2: Spearman correlation heat map with correlation coefficient among assessed matrixes.





Author Contributions


Conceptualisation: M.D.E. and M.N.B.M.; Data curation: M.D.E. and R.F.L.; Formal analysis: M.D.E. and R.F.L.; Funding acquisition: M.N.B.M.; Investigation: M.D.E., T.K.K. and R.F.L.; Methodology: M.D.E., T.K.K. and R.F.L.; Project administration: M.N.B.M.; Resources: M.N.B.M.; Software: M.D.E.; Supervision: M.N.B.M. and J.B.D.; Validation: T.K.K. and R.F.L.; Visualization: M.D.E.; Writing—original draft: M.D.E.; Writing—review & editing: T.K.K., R.F.L., J.B.D. and M.N.B.M. All authors have read and agree to the published version of the manuscript.




Funding


This research was funded by National Research Foundation (grant numbers: UID112851 and UID121222), South African Research Chairs Initiative in Water Quality and Wastewater Management (grant number: UID87310) and the Tshwane University of Technology. Opinions expressed, and conclusions arrived at are those of the authors and are not necessarily to be attributed to the funders.




Conflicts of Interest


The authors declare that they have no competing interests.




Ethics Approval


This article does not contain any studies concerned with the experiment on human or animals.




References


	



Oliveira, T.S.; Al Aukidy, M.; Verlicchi, P. Occurrence of common pollutants and pharmaceuticals in hospital effluents. In Hospital Wastewaters; Verlicchi, P., Ed.; Springer: New York, NY, USA, 2017; pp. 17–32. [Google Scholar]

	



Chunhui, Z.; Liangliang, W.; Xiangyu, G.; Xudan, H. Antibiotics in WWTP discharge into the Chaobai River, Beijing. Arch. Environ. Prot. 2016, 42, 48–57. [Google Scholar] [CrossRef]

	



O’Neill, J.; By, C.; Neill, J.I.M.O.; O’Neill, J. Securing new drugs for future generations: The pipeline of antibiotics. Rev. Antimicrob. Resist. 2015, 42. [Google Scholar]

	



Ekwanzala, M.D.; Dewar, J.B.; Kamika, I.; Momba, M.N.B. Systematic review in South Africa reveals antibiotic resistance genes shared between clinical and environmental settings. Infect. Drug Resist. 2018, 11, 1907–1920. [Google Scholar] [CrossRef] [PubMed]

	



He, K.; Soares, A.D.; Adejumo, H.; McDiarmid, M.; Squibb, K.; Blaney, L. Detection of a wide variety of human and veterinary fluoroquinolone antibiotics in municipal wastewater and wastewater-impacted surface water. J. Pharm. Biomed. Anal. 2015, 106, 136–143. [Google Scholar] [CrossRef] [PubMed]

	



Lien, L.; Hoa, N.; Chuc, N.; Thoa, N.; Phuc, H.; Diwan, V.; Dat, N.; Tamhankar, A.; Lundborg, C. Antibiotics in wastewater of a rural and an urban hospital before and after wastewater treatment, and the relationship with antibiotic use—A one year study from Vietnam. Int. J. Environ. Res. Public Health 2016, 13, 588. [Google Scholar] [CrossRef] [PubMed]

	



Ben, W.; Qiang, Z.; Adams, C.; Zhang, H.; Chen, L. Simultaneous determination of sulfonamides, tetracyclines and tiamulin in swine wastewater by solid-phase extraction and liquid chromatography–mass spectrometry. J. Chromatogr. A 2008, 1202, 173–180. [Google Scholar] [CrossRef]

	



Chen, C.; Li, J.; Chen, P.; Ding, R.; Zhang, P.; Li, X. Occurrence of antibiotics and antibiotic resistances in soils from wastewater irrigation areas in Beijing and Tianjin, China. Environ. Pollut. 2014, 193, 94–101. [Google Scholar] [CrossRef] [PubMed]

	



Gros, M.; Rodríguez-Mozaz, S.; Barceló, D. Rapid analysis of multiclass antibiotic residues and some of their metabolites in hospital, urban wastewater and river water by ultra-high-performance liquid chromatography coupled to quadrupole-linear ion trap tandem mass spectrometry. J. Chromatogr. A 2013, 1292, 173–188. [Google Scholar] [CrossRef]

	



Kemper, N. Veterinary antibiotics in the aquatic and terrestrial environment. Ecol. Indic. 2008, 8, 1–13. [Google Scholar] [CrossRef]

	



Hernández, F.; Sancho, J.V.; Ibáñez, M.; Guerrero, C. Antibiotic residue determination in environmental waters by LC-MS. TrAC Trends Anal. Chem. 2007, 26, 466–485. [Google Scholar] [CrossRef]

	



Moreno-Bondi, M.C.; Marazuela, M.D.; Herranz, S.; Rodriguez, E. An overview of sample preparation procedures for LC-MS multiclass antibiotic determination in environmental and food samples. Anal. Bioanal. Chem. 2009, 395, 921–946. [Google Scholar] [CrossRef] [PubMed]

	



Conte, D.; Palmeiro, J.K.; da Silva Nogueira, K.; de Lima, T.M.R.; Cardoso, M.A.; Pontarolo, R.; Degaut Pontes, F.L.; Dalla-Costa, L.M. Characterization of CTX-M enzymes, quinolone resistance determinants, and antimicrobial residues from hospital sewage, wastewater treatment plant, and river water. Ecotoxicol. Environ. Saf. 2017, 136, 62–69. [Google Scholar] [CrossRef]

	



Martínez-Carballo, E.; González-Barreiro, C.; Scharf, S.; Gans, O. Environmental monitoring study of selected veterinary antibiotics in animal manure and soils in Austria. Environ. Pollut. 2007, 148, 570–579. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.; Carlson, K. Quantification of human and veterinary antibiotics in water and sediment using SPE/LC/MS/MS. Anal. Bioanal. Chem. 2007, 387, 1301–1315. [Google Scholar] [CrossRef] [PubMed]

	



Carraro, E.; Bonetta, S.; Bonetta, S. Hospital wastewater: Existing regulations and current trends in management. In Hospital Wastewaters; Verlicchi, P., Ed.; Springer: New York, NY, USA, 2017; pp. 1–16. [Google Scholar]

	



Rossmann, J.; Schubert, S.; Gurke, R.; Oertel, R.; Kirch, W. Simultaneous determination of most prescribed antibiotics in multiple urban wastewater by SPE-LC–MS/MS. J. Chromatogr. B 2014, 969, 162–170. [Google Scholar] [CrossRef]

	



Harrabi, M.; Varela Della Giustina, S.; Aloulou, F.; Rodriguez-Mozaz, S.; Barceló, D.; Elleuch, B. Analysis of multiclass antibiotic residues in urban wastewater in Tunisia. Environ. Nanotechnol. Monit. Manag. 2018, 10, 163–170. [Google Scholar] [CrossRef]

	



Zhou, H.; Ying, T.; Wang, X.; Liu, J. Occurrence and preliminarily environmental risk assessment of selected pharmaceuticals in the urban rivers, China. Sci. Rep. 2016, 6, 34928. [Google Scholar] [CrossRef]

	



Agunbiade, F.O.; Moodley, B. Occurrence and distribution pattern of acidic pharmaceuticals in surface water, wastewater, and sediment of the Msunduzi River, Kwazulu-Natal, South Africa. Environ. Toxicol. Chem. 2016, 35, 36–46. [Google Scholar] [CrossRef]

	



Costanzo, S.D.; Murby, J.; Bates, J. Ecosystem response to antibiotics entering the aquatic environment. (Special issue: Catchment to Reef: Water Quality Issues in the Great Barrier Reef Region.). Mar. Pollut. Bull. 2005, 51, 218–223. [Google Scholar] [CrossRef]

	



Kanama, K.M.; Daso, A.P.; Mpenyana-Monyatsi, L.; Coetzee, M.A.A. Assessment of pharmaceuticals, personal care products, and hormones in wastewater treatment plants receiving inflows from health facilities in north west province, South Africa. J. Toxicol. 2018, 2018, 3751930. [Google Scholar] [CrossRef]

	



Batt, A.L.; Kostich, M.S.; Lazorchak, J.M. Analysis of ecologically relevant pharmaceuticals in wastewater and surface water using selective solid-phase extraction and UPLC-MS/MS. Anal. Chem. 2008, 80, 5021–5030. [Google Scholar] [CrossRef]

	



Matongo, S.; Birungi, G.; Moodley, B.; Ndungu, P. Pharmaceutical residues in water and sediment of Msunduzi River, KwaZulu-Natal, South Africa. Chemosphere 2015, 134, 133–140. [Google Scholar] [CrossRef] [PubMed]

	



Kümmerer, K. Antibiotics in the Aquatic Environment. In Antimicrobial Resistance in the Environment; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2011; pp. 325–335. [Google Scholar]

	



Ekwanzala, M.D.; Dewar, J.B.; Kamika, I.; Momba, M.N.B. Comparative genomics of vancomycin-resistant Enterococcus spp. revealed common resistome determinants from hospital wastewater to aquatic environments. Sci. Total Environ. 2020, 719, 137275. [Google Scholar] [CrossRef] [PubMed]

	



Ekwanzala, M.D.; Dewar, J.B.; Kamika, I.; Momba, M.N.B. Tracking the environmental dissemination of carbapenem-resistant Klebsiella pneumoniae using whole genome sequencing. Sci. Total Environ. 2019, 691, 80–92. [Google Scholar] [CrossRef]

	



Kibambe, M.G.; Momba, M.N.B.; Daso, A.P.; Van Zijl, M.C.; Coetzee, M.A.A. Efficiency of selected wastewater treatment processes in removing estrogen compounds and reducing estrogenic activity using the T47D-KBLUC reporter gene assay. J. Environ. Manag. 2020, 260, 110135. [Google Scholar] [CrossRef] [PubMed]

	



Kibambe, M.G.; Momba, M.N.B.; Daso, A.P.; Coetzee, M.A.A. Evaluation of the efficiency of selected wastewater treatment processes in removing selected perfluoroalkyl substances (PFASs). J. Environ. Manag. 2020, 255, 109945. [Google Scholar] [CrossRef] [PubMed]

	



Kümmerer, K. Antibiotics in the aquatic environment—A review—Part I. Chemosphere 2009, 75, 417–434. [Google Scholar] [CrossRef]

	



Tong, L.; Li, P.; Wang, Y.; Zhu, K. Analysis of veterinary antibiotic residues in swine wastewater and environmental water samples using optimized SPE-LC/MS/MS. Chemosphere 2009, 74, 1090–1097. [Google Scholar] [CrossRef]

	



Birošová, L.; Mackuľak, T.; Bodík, I.; Ryba, J.; Škubák, J.; Grabic, R. Pilot study of seasonal occurrence and distribution of antibiotics and drug resistant bacteria in wastewater treatment plants in Slovakia. Sci. Total Environ. 2014, 490, 440–444. [Google Scholar] [CrossRef]

	



Chen, C.; Pankow, C.A.; Oh, M.; Heath, L.S.; Zhang, L.; Du, P.; Xia, K.; Pruden, A. Effect of antibiotic use and composting on antibiotic resistance gene abundance and resistome risks of soils receiving manure-derived amendments. Environ. Int. 2019, 128, 233–243. [Google Scholar] [CrossRef]

	



Li, S.; Huang, Z.; Wang, Y.; Liu, Y.-Q.; Luo, R.; Shang, J.-G.; Liao, Q.-J.-H. Migration of two antibiotics during resuspension under simulated wind–wave disturbances in a water–sediment system. Chemosphere 2018, 192, 234–243. [Google Scholar] [CrossRef] [PubMed]

	



Klein, E.Y.; Van Boeckel, T.P.; Martinez, E.M.; Pant, S.; Gandra, S.; Levin, S.A.; Goossens, H.; Laxminarayan, R. Global increase and geographic convergence in antibiotic consumption between 2000 and 2015. Proc. Natl. Acad. Sci. USA 2018, 115, E3463–E3470. [Google Scholar] [CrossRef] [PubMed]

	



Brenner, C.G.B.; Mallmann, C.A.; Arsand, D.R.; Mayer, F.M.; Martins, A.F. Determination of Sulfamethoxazole and Trimethoprim and Their Metabolites in Hospital Effluent. CLEAN Soil Air Water 2011, 39, 28–34. [Google Scholar] [CrossRef]

	



Pena, A.; Paulo, M.; Silva, L.J.G.; Seifrtová, M.; Lino, C.M.; Solich, P. Tetracycline antibiotics in hospital and municipal wastewaters: A pilot study in Portugal. Anal. Bioanal. Chem. 2010, 396, 2929–2936. [Google Scholar] [CrossRef] [PubMed]

	



Green, S.; Tillotson, G. Use of ciprofloxacin in developing countries. Pediatr. Infect. Dis. J. 1997, 16, 150–159. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Dechesne, A.; He, Z.; Madsen, J.S.; Nesme, J.; Sørensen, S.J.; Smets, B.F. Estimating the transfer range of plasmids encoding antimicrobial resistance in a wastewater treatment plant microbial community. Environ. Sci. Technol. Lett. 2018, 5, 260–265. [Google Scholar] [CrossRef]

	



Chen, Q.; An, X.; Li, H.; Su, J.; Ma, Y.; Zhu, Y.-G. Long-term field application of sewage sludge increases the abundance of antibiotic resistance genes in soil. Environ. Int. 2016, 92–93, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Urra, J.; Alkorta, I.; Mijangos, I.; Epelde, L.; Garbisu, C. Application of sewage sludge to agricultural soil increases the abundance of antibiotic resistance genes without altering the composition of prokaryotic communities. Sci. Total Environ. 2019, 647, 1410–1420. [Google Scholar] [CrossRef]

	



Ding, R.; Zhang, P.; Seredych, M.; Bandosz, T.J. Removal of antibiotics from water using sewage sludge- and waste oil sludge-derived adsorbents. Water Res. 2012, 46, 4081–4090. [Google Scholar] [CrossRef]

	



Moretti, S.M.L.; Bertoncini, E.I.; Abreu-Junior, C.H. Composting sewage sludge with green waste from tree pruning. Sci. Agric. 2015, 72, 432–439. [Google Scholar] [CrossRef]

	



Nadimpalli, M.; Delarocque-Astagneau, E.; Love, D.C.; Price, L.B.; Huynh, B.-T.; Collard, J.-M.; Lay, K.S.; Borand, L.; Ndir, A.; Walsh, T.R.; et al. Combating global antibiotic resistance: Emerging one health concerns in lower- and middle-income countries. Clin. Infect. Dis. 2018, 66, 963–969. [Google Scholar] [CrossRef] [PubMed]

	



Golet, E.M.; Xifra, I.; Siegrist, H.; Alder, A.C.; Giger, W. Environmental exposure assessment of fluoroquinolone antibacterial agents from sewage to soil. Environ. Sci. Technol. 2003, 37, 3243–3249. [Google Scholar] [CrossRef] [PubMed]

	



Madikizela, L.M.; Tavengwa, N.T.; Chimuka, L. Status of pharmaceuticals in African water bodies: Occurrence, removal and analytical methods. J. Environ. Manag. 2017, 193, 211–220. [Google Scholar] [CrossRef] [PubMed]

	



Manallack, D.T. The pK(a) distribution of drugs: Application to drug discovery. Perspect. Medicin. Chem. 2007, 1, 25–38. [Google Scholar] [CrossRef] [PubMed]

	



Polesel, F.; Andersen, H.R.; Trapp, S.; Plósz, B.G. Removal of antibiotics in biological wastewater treatment systems—A critical assessment using the activated sludge modeling framework for xenobiotics (ASM-X). Environ. Sci. Technol. 2016, 50, 10316–10334. [Google Scholar] [CrossRef] [PubMed]

	



Diwan, V.; Hanna, N.; Purohit, M.; Chandran, S.; Riggi, E.; Parashar, V.; Tamhankar, A.; Stålsby Lundborg, C. Seasonal variations in water-quality, antibiotic residues, resistant bacteria and antibiotic resistance genes of Escherichia coli isolates from water and sediments of the Kshipra River in Central India. Int. J. Environ. Res. Public Health 2018, 15, 1281. [Google Scholar] [CrossRef]

	



Kraemer, S.A.; Ramachandran, A.; Perron, G.G. Antibiotic pollution in the environment: From microbial ecology to public policy. Microorganisms 2019, 7, 180. [Google Scholar] [CrossRef]

	



Barancheshme, F.; Munir, M. Strategies to combat antibiotic resistance in the wastewater treatment plants. Front. Microbiol. 2018, 8, 2603. [Google Scholar] [CrossRef]

	



Li, W.; Shi, Y.; Gao, L.; Liu, J.; Cai, Y. Occurrence of antibiotics in water, sediments, aquatic plants, and animals from Baiyangdian Lake in North China. Chemosphere 2012, 89, 1307–1315. [Google Scholar] [CrossRef]

	



Pei, R.; Kim, S.-C.; Carlson, K.H.; Pruden, A. Effect of River Landscape on the sediment concentrations of antibiotics and corresponding antibiotic resistance genes (ARG). Water Res. 2006, 40, 2427–2435. [Google Scholar] [CrossRef]

	



Almakki, A.; Jumas-Bilak, E.; Marchandin, H.; Licznar-Fajardo, P. Antibiotic resistance in urban runoff. Sci. Total Environ. 2019, 667, 64–76. [Google Scholar] [CrossRef] [PubMed]

	



Manyi-Loh, C.; Mamphweli, S.; Meyer, E.; Okoh, A. Antibiotic use in agriculture and its consequential resistance in environmental sources: Potential public health implications. Molecules 2018, 23, 795. [Google Scholar] [CrossRef] [PubMed]

	



Edokpayi, J.N.; Odiyo, J.O.; Durowoju, O.S. Impact of wastewater on surface water quality in developing countries: A case study of South Africa. In Water Quality; InTech: Rijeka, Croatia, 2017. [Google Scholar]

	



Verlicchi, P.; Al Aukidy, M.; Zambello, E. Occurrence of pharmaceutical compounds in urban wastewater: Removal, mass load and environmental risk after a secondary treatment—A review. Sci. Total Environ. 2012, 429, 123–155. [Google Scholar] [CrossRef] [PubMed]

	



Danner, M.-C.; Robertson, A.; Behrends, V.; Reiss, J. Antibiotic pollution in surface fresh waters: Occurrence and effects. Sci. Total Environ. 2019, 664, 793–804. [Google Scholar] [CrossRef]

	



Martin, M.J.; Thottathil, S.E.; Newman, T.B. Antibiotics overuse in animal agriculture: A call to action for health care providers. Am. J. Public Health 2015, 105, 2409–2410. [Google Scholar] [CrossRef]

	



Tatsing Foka, F.E.; Kumar, A.; Ateba, C.N. Emergence of vancomycin-resistant enterococci in South Africa: Implications for public health. S. Afr. J. Sci. 2018, 114, 1–7. [Google Scholar] [CrossRef]

	



Lübbert, C.; Baars, C.; Dayakar, A.; Lippmann, N.; Rodloff, A.C.; Kinzig, M.; Sörgel, F. Environmental pollution with antimicrobial agents from bulk drug manufacturing industries in Hyderabad, South India, is associated with dissemination of extended-spectrum beta-lactamase and carbapenemase-producing pathogens. Infection 2017, 45, 479–491. [Google Scholar] [CrossRef]








[image: Antibiotics 09 00431 g001 550] 





Figure 1. Overview of the sampling points. Stars indicate sample matrices. 
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Figure 2. Concentrations of targeted antibiotics in the assessed matrices as arithmetic means (columns) with error bars indicating the range of results; HW, IW, EW and RW were quantified in ng/L, whereas AS and RS were quantified in ng/g. 
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Table 1. Selected studies reporting residual concentrations of targeted antibiotics in hospital wastewater, wastewater influent, wastewater effluents, sewage sludge and benthic sediments of receiving water bodies.
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Antibiotics

	
Concentrations in ng/L or ng/g for RS

	
Matrix

	
Country

	
References






	
Azithromycin (AZM)

	
85–113

	
HW

	
Spain

	
[9]




	
ND-437

	
IW




	
225–592

	
EW




	
285

	
IW

	
Germany

	
[17]




	
277

	
EW




	
690.5

	
IW

	
Tunisia

	
[18]




	
135.45

	
EW




	
ND-67

	
RW

	
China

	
[19]




	
Ciprofloxacin (CIP)

	
13,600–139,000

	
RS (in ng/g)

	
South Africa

	
[20]




	
14,300

	
RW




	
27,100

	
IW




	
14,100

	
EW




	
222

	
IW

	
China

	
[2]




	
104.6

	
EW




	
90

	
IW

	
Australia

	
[21]




	
132.2

	
EW




	
41.5

	
RW




	
5329–7494

	
HW

	
Spain

	
[9]




	
185–613

	
IW




	
ND-147

	
EW




	
422

	
IW

	
Germany

	
[17]




	
146

	
EW




	
990

	
HW

	
South Africa

	
[22]




	
4280

	
HW

	
Vietnam

	
[6]




	
2150

	
EW




	
Clindamycin (CDM)

	
184–1465

	
HW

	
Spain

	
[9]




	
14–37

	
IW




	
18–57

	
EW




	
41

	
IW

	
Germany

	
[17]




	
151

	
EW




	
Doxycycline (DXC)

	
ND

	
HW

	
Spain

	
[9]




	
ND

	
IW




	
ND

	
EW




	
10–20

	
RW

	
USA

	
[15]




	
13,000–27,600

	
RS (in ng/g)




	
259

	
IW

	
Germany

	
[17]




	
ND

	
EW




	
Sulfamethoxazole (SMZ)

	
60–80

	
RW

	
USA

	
[15]




	
12,000–17,000

	
RS (in ng/g)




	
98–2200

	
IW

	
USA

	
[23]




	
140

	
RW




	
304

	
IW

	
China

	
[2]




	
100.4

	
EW




	
65–200

	
HW

	
Spain

	
[9]




	
ND-528

	
IW




	
19–198

	
EW




	
35,000

	
IW

	
South Africa

	
[24]




	
ND

	
EW




	
515

	
IW

	
Germany

	
[17]




	
191

	
EW




	
365.5

	
IW

	
Tunisia

	
[18]




	
126.7

	
EW




	
9800

	
HW

	
Vietnam

	
[6]




	
6400

	
EW








ND: Not detected; HW: hospital wastewater; IW: influent of wastewater; EW: effluent of wastewater; RW: river water; RS: river sediment. Studies reporting residual concentrations of different antibiotics in hospital wastewater, wastewater influent, wastewater effluents, sewage sludge and benthic sediments of receiving water bodies.













[image: Table] 





Table 2. General physicochemical properties of selected antibiotics.






Table 2. General physicochemical properties of selected antibiotics.





	Antibiotics
	Class of Antibiotics
	Molar Mass (g/mol)
	pKa Values a
	Structures





	AZM
	Macrolide
	748.984
	12.43, 9.57
	 [image: Antibiotics 09 00431 i001]



	CIP
	Quinolone
	331.346
	5.76, 8.68
	 [image: Antibiotics 09 00431 i002]



	CDM
	Lincosamide
	424.98
	5.91, 6.74
	 [image: Antibiotics 09 00431 i003]



	DXC
	Tetracycline
	444.43
	−2.2, 7.75
	 [image: Antibiotics 09 00431 i004]



	SMZ
	Sulphonamide
	253.279
	6.16, 1.97
	 [image: Antibiotics 09 00431 i005]







pKa: acidic or basic dissociation constant; AZM: azithromycin; CIP: ciprofloxacin; CDM: clindamycin; DXC: doxycycline; SMZ: sulfamethoxazole; a Source: www.chemaxon.com/products/calculator-plugins/property-predictors; Major physicochemical properties of the selected antibiotics.
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Table 3. Mass spectrometric parameters for detection.
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	Antibiotics
	m/z
	Products Ions
	Rt/min
	Linear-Range ng/L





	AZM
	748.98
	749.51
	7.16
	10–2000



	CIP
	331.34
	332.14
	3.23
	10–2000



	CDM
	424.98
	425.18
	4.49
	10–2000



	DXC
	444.43
	443.14
	4.47
	10–2000



	SMZ
	253.27
	254.05
	1.43
	10–2000







m/z: mass per charge number of ions, Rt/min: retention tine per minute.
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Table 4. Method validation parameters.






Table 4. Method validation parameters.





	Antibiotics
	r2
	Regression Equation
	LoD (ng/L)
	LoQ (ng/L)
	Mean Recovery (%)





	AZM
	0.9959
	y = 2.2261x − 15.562
	0.2 × 10−5
	0.8 × 10−4
	94.1 ± 4.1



	CIP
	0.9902
	y = 0.9879x − 46.064
	13.5 × 10−5
	45.0 × 10−4
	97.4 ± 7.4



	CDM
	0.9948
	y = 3.6348x + 230.9
	1.1 × 10−5
	1.4 × 10−4
	95.4 ± 5.4



	DXC
	0.9914
	y = 1.6894x + 493.81
	8.8 × 10−5
	29.2 × 10−4
	95.3 ± 15.3



	SMZ
	0.9902
	y = 1.6286x + 119.91
	5.1 × 10−5
	17.1 × 10−4
	95.2 ± 5.2







r2: correlation coefficient, LoD: limit of detection, LoQ: limit of quantification.
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