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Abstract

Very little information on the occurrence and risk assessment of antibiotics in the aquatic
environment is reported for Vietnam, where antibiotics are assumed to be omnipresent in urban
canals and lakes at high concentrations due to the easy accessibility of antibiotics without doctor
prescription. This study provides comprehensive analysis of the occurrence of 23 antibiotics in
urban canals (To Lich and Kim Nguu) and lakes (West Lake, Hoan Kiem, and Yen So) in Hanoi,
Vietnam. Of these 23 antibiotics, 18 were detected in urban canals at above 67.9% detection
frequency (DF). The concentrations of detected antibiotics were in the range from below
quantification limit (MQL) to almost 50,000 ng/L, depending on the compound and sampling site.

In urban canals, median concentration of amoxicillin, erythromycin, and sulfamethoxazole
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was >1000 ng/L while other antibiotics such as ampicillin, chloramphenicol, clindamycin,
sulfamethazine, tetracycline, tylosin and vancomycin were detected at median concentrations of
<100 ng/L. Similarly, 16 target antibiotics were also detected in urban lakes. Macrolides
(azithromycin, clarithromycin, and erythromycin-H;0), fluoroquinolones (enrofloxacin and
ofloxacin), lincosamides (clindamycin and lincomycin), and trimethoprim were ubiquitously
detected in urban lakes (DF=100%). In this study, potential risks of antibiotics in the investigated
urban canals and lakes were assessed based on the predicted no-effect concentration (PNEC)
from the existing literature for antibiotic resistance selection (PNECarm) and ecological toxicity to
aquatic organisms (PNECgwtwx). Ampicillin, amoxicillin, azithromycin, ciprofloxacin,
clarithromycin, enrofloxacin, erythromycin, ofloxacin, tetracycline, and trimethoprim were found
in the investigated urban canals at concentrations exceeding their PNECarm and PNECgcotox-
Similarly, most of the target antibiotics (i.e. amoxicillin, ciprofloxacin, clarithromycin, clindamycin,
enrofloxacin, erythromycin, lincomycin, ofloxacin, sulfamethoxazole, tetracycline, trimethoprim
and tylosin) were found in the investigated urban lakes at concentrations close to or exceeding
PNECkctox for aquatic organisms. Further investigations on the occurrence and fate of antibiotic
residues and antibiotic resistant bacteria (ARB) and antibiotic resistance genes (ARGs) in surface

waters are recommended

Keywords: Antibiotics; Antibiotic resistance bacteria; Ecological toxicity; Environmental risk

assessment; Surface water; Wastewater.

1. Introduction

Antibiotics are routinely used in both human and veterinary medicine to prevent and treat
microbial infections (Kummerer, 2009; Blair et al,, 2015). In addition, they are also widely used
as growth promoters in livestock/poultry animals and aquaculture farms (Kiimmerer and
Henninger, 2003; Kummerer, 2009). Due to incomplete metabolism in humans or animals, 50-90%
of the administrated antibiotics are excreted via urine and feces as a mixture of parent and
metabolite forms (Kummerer, 2009; Le-Minh et al,, 2010; Zonja et al., 2016), resulting in frequent

detection in wastewater and receiving surface water bodies (Hirsch et al,, 1999; Le-Minh et al,,
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2010; Tran et al, 2018). In fact, antibiotic residues enter into the aquatic environment via a
number of routes, including (i) the direct discharge of untreated sewage from residential areas
(Al Aukidy et al,, 2012; Verlicchi et al., 2012) hospitals (Duong et al,, 2008; Kosma et al,, 2010;
Verlicchi et al., 2010; Al Aukidy et al.,, 2014), poultry and meat processing manufacturers, and
household pets; (ii) discharge of treated wastewater effluents from wastewater treatment plants
(Le-Minh et al,, 2010; Luo et al,, 2014; Tran et al., 2016b; Tran et al., 2018); (iii) surface runoff; (iv)
infiltration from manure-amended agricultural lands (Kreuzinger et al., 2004; Cha and Cupples,

2009).

In recent decades, the widespread occurrence of antibiotics in the aquatic environment has
gained increasing attention due to the proven or potential adverse effects on aquatic ecosystems
and human health (Andreozzi et al., 2004; Knapp et al., 2010; Al Aukidy et al,, 2012; Drury et al,,
2013). A major concern associated with the occurrence of antibiotics in the environment is the
development of antibiotic resistance bacteria (ARB) and the proliferation of antibiotic resistance
genes (ARGs) (Kim and Aga, 2007; Rizzo et al,, 2013; Blair et al., 2015). Previous studies found
the frequent occurrence of ARB and ARGs in wastewater and surface waters (Jong et al., 2018;
Lamba et al,, 2018; Le et al, 2018). In addition, these antibiotics can also be toxic to sensitive
aquatic organisms at concentration reported in the literature (Halling-Sgrensen et al., 2000;

[sidori et al., 2005; Ando et al., 2007; Richardson and Ternes, 2011; Minguez et al., 2016).

The occurrence of antibiotics in the aquatic environment has been well documented in many
developed countries in North America, Europe, and East Asia. By contrast, very little information
on the distribution of antibiotics is available for low- and lower middle-income countries, where
the application of antibiotics for medical and veterinary purposes is very significant (Duong et al.,
2008; Phan et al,, 2011). A notable example is Vietnam. With a population exceeding 96 million,
Vietnam is the world’s 15t most populous country. The demand for antibiotics has increased
rapidly as a result of high economic growth, rising income per capita, higher urbanization as well
as ageing population (Nguyen et al., 2013). In earlier studies, Nguyen et al. (2013) and Nga et al.

(2014) reported that the most commonly sold antibiotics were the second- and third-generation
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cephalosporins, followed by macrolides, azalides and fluoroquinolones. It is noteworthy that
relatively new injectable antibiotics (e.g., carbapenems) are sold in hospitals, while banned
antibiotics (e.g. chloramphenicol) are still obtained in retail pharmacies (Nguyen et al., 2013).
Unlike developed countries, antibiotics and other pharmaceuticals in Vietnam can be readily
obtained over-the-counter without doctor prescription (Duong et al., 2008; Tran et al., 2018) and
self-medication is a common practice (Nguyen et al., 2013; Hoai and Dang, 2017). For these
reasons, the emission, occurrence and environmental risks of antibiotics in the environment in
Vietnam have raised serious concerns. In an earlier study, for example, it was reported that
Vietnam had the highest prevalence of penicillin-resistant (71.4%) and erythromycin resistant

(91.2%) Streptococcus pneumoniae (Song et al., 2004).

Despite being a country with high antibiotics consumption, information on the occurrence of
antibiotics in the aquatic environment of Vietnam is still very limited (Le and Munekage, 2004;
Duong et al, 2008; Phan et al.,, 2011; Thai et al, 2018). A major limitation of the few earlier
studies in Vietnam is the focus only on wastewater compartment, while information regarding
the occurrence of antibiotics in surface water (i.e. lakes and rivers) has not been investigated.
Duong et al. (2008) investigated the occurrence of two fluoroquinolone antibiotics (i.e.
ciprofloxacin and norfloxacin) in hospital wastewater samples. The information on the
distribution of antibiotics in other environmental compartments (i.e. municipal wastewater and
surface water) was not available in Duong et al. (2008). Phan et al. (2011) focused on the
determination of selected antibiotics (i.e. sulfonamides, macrolides and trimethoprim) in
wastewater samples from urban canals and fish/pig farms. Thai et al. (2018) measured the
occurrence of several antibiotics in effluents from a hospital, pharmaceutical manufacturing plant
and aquaculture farming. In addition, another drawback of these earlier studies is the lack of
isotopically labeled internal standards (ILISs) for compensating and correcting the losses of
target antibiotics during sample preparation and matrix effects during LC-MS/MS analyses. For
example, the losses of target antibiotics throughout sample preparation, especially in terms of the

losses by degradation during transportation from Vietnam to Japan in a previous study by Phan et



al. (2011), were not compensated and corrected due to the lack of ILISs. In a recent study by Thai
et al. (2018), the use of trimethoprim-13C3 as a surrogate and internal standard could be
inefficient for antibiotics belonging to beta-lactams, macrolides, sulfonamides and
fluoroquinolones due to the differences in physicochemical properties (i.e. log Kow and pKa),
chemical structure, extraction efficacy, and chromatographic retention time between
trimethoprim-13C3 and other investigated antibiotics. For these reasons, the monitoring data of
antibiotics in the environmental water samples in those studies (Duong et al., 2008; Phan et al,,

2011; Thai et al., 2018) could be underestimated or overestimated.

To fill the existing knowledge gap, therefore, the first objective of this study was to provide
quantitative information on the occurrence of antibiotics in surface waters (i.e. urban lakes),
especially regarding the antibiotic classes with possible public health risks for antibiotic
resistance selection, such as beta-lactams (Graham et al., 2016; Jong et al.,, 2018; Lamba et al,,
2018), lincosamides (Koike et al., 2010), tetracyclines (Knapp et al., 2010; Gao et al,, 2012),
glycopeptides (Schwartz et al.,, 2003), amphenicols (Hanna et al., 2018), sulfonamides (Le et al.,
2018), fluoroquinolones (Rodriguez-Mozaz et al., 2015), and macrolides (Koike et al., 2010).
Occurrence data of antibiotics in urban canals and lakes of this study were compared to those in
other countries. The second objective was to evaluate the possible risks of antibiotics in urban
canals and lakes based on their measured environmental concentrations (MEC) and predicted no-
effect concentration for antibiotic resistance selection (PNECarm) and ecological toxicity to
aquatic ecosystems (PNECgcow0x). To the best of our knowledge, to date, little information on
possible risks of antibiotics for resistance selection based on MEC and PNECarm is reported for the

nonclinical environment.

2. Materials and methods

2.1. Target antibiotics, chemical reagents and solvents

In this study, 23 target antibiotics (ABs) belonging to nine different classes were investigated.

They include:



[1] B-lactams: ceftazidime [CFZ], meropenem [MER], ampicillin [AMP], cefixime [CFEX]
and amoxicillin [AMX].

[2] Fluoroquinolones: ciprofloxacin [CIPX], enrofloxacin [ENFLX], and ofloxacin [OFLX]

[3] Lincosamides: lincomycin [LIN] and clindamycin [CLI].

[4] Macrolides: erythromycin [ERY], azithromycin [AZT], clarithromycin [CLAR], and
tylosin [TYL].

[5] Sulfonamides: sulfamethazine [SMZ] and sulfamethoxazole [SMX].

[6] Reductase inhibitor: trimethoprim [TMP].

[7] Tetracyclines: tetracycline [TET], minocycline [MIN], chlortetracycline [CTC], and
oxytetracycline [OXY].

[8] Glycopeptide: vancomycin [VCM].

[9] Amphenicol: chloramphenicol [CAP].

The physicochemical properties of the target ABs are presented in Table A.1 (Supplementary
Information). All the target ABs as well as other chemical reagents/solvents are of analytical
grade (>99% in purity) and were purchased from Sigma-Aldrich (Sigma-Aldrich, Singapore). In
this study, 13 2H-isotope labelled internal/surrogate standards (ILISs) were purchased from
Toronto Research Chemicals (Toronto, Canada), including ceftazidime-ds [CFZ-ds], meropenem-
de¢ [MER-de¢], ciprofloxacin-dg [CIPX-dg], lincomycin-d3 [LIN-d3], clindamycin-ds [CLI-d3],
azithromycin-ds  [AZT-d3], clarithromycin-ds  [CLAR-d3], erythromycin-d¢  [ERY-dg],
sulfamethazine-ds [SMZ-d4], sulfamethoxazole-ds [SMX-d4], trimethoprim-ds [TMP-ds],

tetracycline-de [TET-ds], and chloramphenicol-ds [CAP-ds].
2.2. Study area and sample collections

This study was conducted in Hanoi, which is the capital of Vietnam and the nation’s second
biggest city with a population of over 7.6 million inhabitants. Water consumption per person per
day in Hanoi is estimated at approximately 150 liters (Tran et al, 2014). The occurrence of
antibiotics in open-air urban canals was investigated at To Lich (TL) and Kim Nguu (KN) rivers.

These two canals were once distributaries of the Red river. In more recent years, due to
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urbanisation, they have been fortified with concrete embankment to carry household wastewater,
hospital effluents, and stormwater runoff away from the city (Huong et al., 2010). To investigate
the occurrence of antibiotics in urban lakes, three freshwater lakes in Hanoi including Hoan Kiem
(HK), West Lake (WL), and Yen So (YS) were selected for this study. West Lake is the largest lake
in Hanoi with a shore length of about 17 km and 500 hectare in area. West Lake, Yen So, and Hoan
Kiem receive urban stormwater runoff from surrounding residential areas. Due to urbanisation, it
is widely acknowledged that untreated wastewater can also enter West Lake. In addition to a
small portion of untreated wastewater, Yen So lake also receives secondary treated effluent from

the Yen So wastewater treatment plant. HK only receives urban stormwater runoff.

This study consisted of five sampling campaigns (November 2016, January 2017, May 2017,
August 2018, and December 2018) at different sampling locations as shown in Fig. 1 and Table
A.2 (Supplementary Information). Briefly, urban canal samples were taken at the following
sampling points, TL1 (n=3), TL2 (n=3), TL3 (n=3), TL4 (n=3), TL5 (n=2), KN1 (n=2), KN2
(n=2), KN3 (n=2), KN4 (n=2), KN5 (n=2), KN6 (n=2), and KN7 (n=2), located in TL and KN
canals (Fig. 1). Urban canal samples were collected at the central portion of the investigated
canals with a sampling depth of about 20-30 cm. Urban lake samples were collected at the
sampling points, WL1 (n=3), WL2 (n=3), WL3 (n=3), WL4 (n=3), HK1 (n=2), HK2 (n=2), and
HK3 (n=2), YS1 (n=2), YS2 (n=3), and YS3 (n=2), which are situated in the investigated urban
lakes (WL, HK and YS) as shown in Fig. 1. It was noted that urban lake water samples were taken

at the locations with their distance from shoreline about 1.5 m.

All water samples were collected as grab samples, filled in 500-mL bottles, and immediately
carried to the laboratory. Once samples arrived at the laboratory, the samples were filtered using
1.2 um glass fiber filters (GF/C, Whatman, UK), followed by 0.45 um membrane filters (PALL,
corporation, US). Subsequently, the filtrate samples were spiked with a constant amount of ILISs
(100 ng). The addition of ILISs (i.e. CFZ-ds, MER-ds, CIPX-ds, LIN-d3, CLI-d3, AZT-d3, CLAR-d3, ERY-

de, SMZ-d4, SMX-d4, TMP-d3, TET-ds, and CAP-ds,) to the filtered water samples before storage at 4



oC can correct for any degradation and the loss of target analytes during the storage and sample

treatment.

2.3. Chemical analysis

Concentrations of the 23 target ABs in aqueous phase of the collected urban canal and lake water
samples were analyzed using solid phase extraction (SPE) coupled with ultrahigh performance
liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) and isotope dilution as
reported by (Tran et al., 2016a) with slight modifications. Briefly, the SPE cartridges used in this
study were Chromabond® HR-X (500 mg, 6 mL), and SPE was carried out at sample pH of 3.0.
Firstly, the SPE cartridges were preconditioned with 5 mL of methanol, followed by 5 mL of
acidified Milli Q water (pH 3) at a flow rate of 3 mL/min. Subsequently, 200 mL of urban canal
water samples or 300 mL of urban lake water samples, which were earlier spiked with a constant
amount of ILISs (100 ng) and acidified to pH 3.0, were loaded onto the cartridges at a flow rate of
5 mL/min. After all water samples were passed through SPE cartridges, the cartridges were
rinsed with 5 mL of acidified Milli-Q water (pH 3.0) in order to remove weakly bound impurities
and Na4EDTA. Before elution, the SPE cartridges were dried for 30 min under vacuum. Elution of
the target analytes from the SPE cartridges were performed using 5 mL of methanol at a flow rate
of 1 mL/min. The resulting extracts containing the target analytes were dried under a gentle
stream of nitrogen at 35 °C. The dried extracts were finally dissolved again with 1 mL of a mixture
of methanol and Milli-Q water (50:50, v/v). The final aliquots were transferred into 2 mL amber

vials and stored at-20° C until UHPLC-MS/MS analyses.

The UPLC-MS/MS used here was an Agilent 1290 Infinity LC coupled to an Agilent 6490 Triple
Quadrupole MS/MS system. UPLC-MS/MS parameters, such as precursor ions and product ions
for the target ABs and their ILISs, were adjusted and optimized with collision voltage (CE) and
cell accelerator voltage (CAV) for the UPLC-MS/MS instrument employed in this study (Agilent
1290 Infinity LC+Agilent 6490 Triple Quadrupole MS/MS, USA). Detailed information about the

optimized ESI-MS/MS parameters for the detection of the target ABs as well as their ILISs by the



multiple reaction monitoring (MRM) mode are shown in Table A.3 (Supplementary Information).
In addition, detailed information about the instrumental detection limits (IDLs), instrumental
quantification limits (IQLs), and SPE recoveries of target antibiotics are summarized in Tables
A4-A5 (Supplementary Information). Method detection limit (MDL) and method quantification

limit (MQL) for target antibiotics in urban canal and lake samples are summarized in Table 1.

2.4. Environmental risk assessment

As aforementioned, the occurrence of antibiotics in the environment may result in genetic or
mutational changes in sensitive bacteria, which allows bacteria to survive and further multiply as
ARB that carry ARGs (Martinez, 2009; Knapp et al., 2010; Graham et al., 2016). Antibiotic residues
in the environment may create selection pressure on the environmental microbiome and
generate environmental reservoirs of ARB and ARGs (Forsberg et al,, 2012; Blair et al,, 2015; Ben
et al, 2019). In addition, the occurrence of antibiotics in the water environment has been well
documented to be potentially toxic to sensitive aquatic organisms such as algae, crustaceans or
fish (Isidori et al., 2005; Ando et al., 2007; Richardson and Ternes, 2011; Havelkova et al., 2016;
Minguez et al., 2016). Therefore, an environmental risk assessment of antibiotics in urban canals
and lakes should be considered in light of the two following aspects: (i) antimicrobial resistance
(AMR) development and (ii) ecological toxicity to aquatic organisms. It was noted that the
potential risks of antibiotics in urban canals and lakes were indirectly assessed based on their

MEC and PNEC values collected from the literature.

2.4.1 Possible risk of antibiotics for resistance selection

The possible risk of antibiotics for antimicrobial resistance selection (RQamgr) Was indirectly
evaluated based on the maximal MEC in water sample and lowest PNEC g for each single

compound as depicted in Eq. (1).

MECyax

R = 1
Qamr PNEC,m €Y)



The risk was categorized into two levels: (i) low risk with RQ sy £1.0 and (iii) possible risk with

the RQamr>1.0. In this study, the lowest PNECaumr value collected from the literature (Kiimmerer

and Henninger, 2003; Bengtsson-Palme and Larsson, 2016) was used to calculate RQ ppr-
2.4.2. Ecological risk of antibiotics to aquatic organisms

The environmental risk of antibiotics to aquatic organisms (i.e. algae, crustaceans, or fish) was
calculated as the ratio between the measured environmental concentrations in water (MEC) at
the highest level and predicted no effect concentration (PNECkcot0x) for each single compound as

depicted in Eqg. (2).

MECprax

R = _Aax
QECOtOX PNECECOtox

(2)

where RQgcotox iS the risk quotient, RQg¢otox>1.0 indicating a risk to aquatic organisms, while the

ecological risk is minor when RQgcotox<1.0.

In this study, PNECgcot0x Values were estimated based on one of the following concentrations: no
observed effect concentration (NOEC), lowest observed effect concentration (LOEC), half
maximal inhibitory concentration (ICso), half maximal lethal concentration (LCso), or half-
maximal effective concentration (ECso) values from a set data of short-term or long-term toxicity

tests and an appropriate assessment factor (AF) as represented in Eq. (3).

Min {NOEC, LOEC, ECs, LCsq, ICso}

PNECgcotox = AF

(3)

where AF varies from 10 to 1000, depending on the nature of toxicological data. For example, AF
of 1000 is often used to calculate PNECg o10x USing short-term ecotoxicological data (LCso, ICso, or
ECso), while lower AF values (e.g., 10-100) are frequently used to determine PNECg ,t0x based on
long-term ecotoxicological data (LOEC or NOEC) with a relevant tested organisms (EC, 2003). It is
noteworthy that toxicological data for each compound is largely dependent on target species,
exposure time and endpoint test. For example, NOEC of AMP for Anabaena cylindrical NIES-19

was 13x103 ng/L, while its value for Microcystis aeruginosa NIES-44 was 31 ng/L (Ando et al,,
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2007). Similarly, there is significant difference in the ECso value of AMX between Microcystis
aeruginosa (3.7x103 ng/L) and Pseudokirchneriella subcapitata (1.5x10°) (Litzhgft et al., 1999;
Gonzalez-Pleiter et al., 2013). In this study, toxicological data were collected from the published
literature and database as summarized in Table A6 (Supplemetary Information). PNECgcotox Of
antibiotics is calculated based on the lowest value of toxicological data from the existing

literature and summarized in Table 4.

3. Results and discussion

3.1. Occurrence of antibiotics in urban canals

Table 2 shows the concentration and detection frequency (DF) of antibiotics in urban canals
impacted by raw wastewater sources. All target antibiotics, except CFEX, CFZ, CTC, MER and MIN,
were detected in urban canal water samples with the DF ranging from 25 to 100%, depending on
the compound. For instance, AZT, CLAR, CLI, ENFLX, ERY-H0, LIN, OFLX, SMX, and TMP were
ubiquitous (DF = 100%) in urban canal water samples. The concentrations of detected
antibiotics significantly varied from below method quantification limit (MQL) to several tens of
micrograms per liter. Sulfonamides (SMX and SMZ), fluoroquinolones (CIPX, ENFLX, and OFLX),
macrolides (AZT, CLAR, ERY, ERY-H;0, and TYL), lincosamides (LIN and CLI) and trimethoprim
were frequently found in urban canal water samples. In contrast, beta-lactams (AMP, CFEX, CFZ,
and MER), tetracyclines (CTC, MIN, and OXY) were rarely detected in urban canals. Monitoring
results also showed that there was a variation in the concentration between sampling points at
each urban canal (Fig. A2-A3, Supplementary Information). However, no statistically significant
difference (unpaired T-test, p>0.05) in the concentrations of most antibiotics was observed

between TL and KN canals (Fig. 2).
3.1.1. Occurrence of beta-lactams

Among the five investigated beta-lactam antibiotics, only AMX and AMP were detected in urban
canals with the DF >67.9% (Table 2) Although beta-lactams belonging to the second and third-

generation cephalosporins were reported to be the most commonly sold antibiotics in Vietnam
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(Nguyen et al, 2013; Nga et al, 2014), CFEX and CFZ were not found in any sewage samples
collected from urban canals in this study. The absence of the third-generation beta-lactam (CFZ
and CFEX) and carbapenem (MER) might be due to the lower consumption of these drugs
compared to other antibiotics. Another possible reason for the absence of CFEX, CFZ and MER in
urban canals might be due to their rapid degradation in the human body via the renal route
(Kemmerich et al., 1983) and high environmental attenuation rates (i.e. biodegradation, sorption,
and other abiotic degradations) in urban canals. Previous studies reported that degradation of
beta-lactam antibiotics could take place under acidic/alkaline conditions or by reactions with
weak nucleophiles such as water or metal ions in wastewater samples (Le-Minh et al., 2010; Hirte
et al, 2016). In a previous study, Hirte et al. (2016) found that the hydrolytic half-life of AMX in
water was largely dependent upon environmental conditions. For example, half-lives of AMX
were 128.2 and 208.3 h under acidic (pH = 3) and neutral (pH = 7) conditions, while it was only
9.7 h under alkaline conditions (pH=11). Alternatively, beta-lactam antibiotics in urban canals
can be degraded under sunlight (Timm et al., 2019). In a recent study, Timm et al. (2019) found
that half-lives of beta-lactam antibiotics under simulated environmental conditions (1 kW/m?)
varied from 3.2 to 7 h. In addition, beta-lactam antibiotics might be enzymatically hydrolysed by
beta-lactamases (Rodriguez et al., 2018), which are widespread enzymes and produced by many
species to inactivate the pharmacological effects of the beta-lactam antibiotics. These are reasons
why beta-lactam antibiotics are generally detected at relatively low concentrations in urban
canals or not detected at all, although this kind of antibiotics are among the most widely used
prescribed antibiotics (Cha et al, 2006; Watkinson et al., 2007; Nguyen et al, 2013). In
comparison to other countries, the concentrations of beta-lactam AMX in urban canal water
samples (i.e. municipal wastewater) of this study are comparable to those reported in China,

India, Japan, and Singapore (Minh et al., 2009; Matsuo et al,, 2011; Tran et al,, 2016b).

3.1.2. Occurrence of macrolides

Macrolide antibiotics (AZT, CLAR, ERY, ERY-H;0, and TYL) were the most frequently detected

compounds in urban canals with the DF ranging from 67.9 to 100% (Table 2). AZT, CLAR and
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ERY-H,0 were omnipresent in urban canal water samples (DF =100 %), while ERY and TYL was
at a lower DF (67.9-75%). The lower DF of ERY in urban canals could related to its rapid
transformation to ERY-H;0 under acidic conditions (pH<7.0) (Diaz-Cruz and Barcel6, 2005; Zhou
etal., 2012; Tran et al,, 2016b; Tran et al,, 2018). In fact, the detection of ERY-H20 in urban canals

in this study indicated that there was a transformation of ERY in the environmental samples.

The concentrations of macrolides significantly fluctuated from <MQL to a few tens of micrograms
per liter. Among the investigated macrolides, ERY was found at the highest median concentration
(5,542 ng/L), followed by CLAR (700 ng/L), ERY-H;0 (581 ng/L), AZT (524 ng/L), and TYL (28
ng/L). The distribution patterns of macrolide antibiotics in urban canals impacted by raw
municipal wastewater sources of this study are quite different from those in raw wastewater in
other countries (Miao et al, 2004; Gobel et al, 2007; Tran et al, 2016b). For example, in
Singapore, CLAR and AZT were more frequently detected in raw wastewater at higher
concentrations compared to ERY/ERY-H,0 (Tran et al., 2016b). However, this study found that
the median concentration of ERY appeared to be higher than that of AZT and CLAR by one order
of magnitude, probably due to its usage pattern. In fact, ERY was reported to be one of the most
commonly sold antibiotics in Vietnam (Nguyen et al., 2013; Nga et al., 2014). Moreover, Nga et al,,
(2014) also reported that the price of ERY (i.e. 0.08 USD for Pack/250 mg) was significantly
lower than that of AZT (5.19 USD for Bottle/200 mg/5 ml) or CLAR (0.43 USD for Tablet/250 mg)
by a factor of 5-60. For this reason, the usage patterns of macrolides in Vietnam can be different
from developed countries (i.e. Singapore, Canada or Switzerland). In addition, the differences in
the distribution characteristics and concentrations in urban canals of an antibiotic could be due
to the difference in land use patterns, population, weather conditions, and sewer systems

(combined or separate sewer systems).

3.1.3. Occurrence of sulfonamides and reductase inhibitor

Sulfonamides (SMX and SMZ) and the reductase inhibitor (TMP) were ubiquitously detected in
urban canals with DF >92.9% (Table 2), especially the two compounds, SMX and TMP, which

were omnipresent in urban canal water samples (DF=100%). The concentrations of sulfonamide
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antibiotics (SMX and SMZ) significantly ranged from <MQL to 15,591 ng/L. In general, the
concentrations of SMX in urban canals impacted by raw wastewater sources in Hanoi were
substantially higher than those in raw wastewater in North America, Europe, and other Asian
countries (Tran et al, 2018). The coexistence of SMX and TMP in urban canals could be
interpreted by the simultaneous consumption of these two drugs in effective treatment against a
wide variety of potential bacterial infections. In fact, SMX and TMP are often administered in
combination at a ratio of 1:5 (Gobel et al., 2005). However, the median concentration of TMP in

this study was significantly lower than that of SMX by one order of magnitude.

3.1.4. Occurrence of fluoroquinolones

Fluoroquinolone antibiotics (e.g., CIPX, ENFLX, and OFLX) are commonly used to treat a large
number of human infection diseases caused by several types of Gram-negative and Gram-positive
bacteria. In this study, fluoroquinolone antibiotics were the most frequently detected antibiotic
classes in the urban canals. The detection frequency of these compounds ranged from 85 to 100%
(Table 2), depending on the compound. The concentrations of fluoroquinolone antibiotics largely
varied from <MQL to several thousands of ng/L (Table 2). For example, the highest concentration
of CIPX in urban canal water was 3,035 ng/L. Generally, the concentrations of CIPX in urban
canals impacted by raw municipal wastewater sources of this study tend to be lower than those
in raw wastewater in other countries. For example, Tran et al. (2016b) found that the median
concentration (3,496 ng/L) of CIPX in raw municipal wastewater in Singapore was significantly
higher than that in this study (302 ng/L, Table 2) by one order of magnitude. The presence of
CIPX in urban canals could be a result of the direct discharge of hospital effluents as well as
household effluents from residential areas (Duong et al., 2008). In general, the concentrations of
CIPX in urban canals of this study are much lower than those in hospital effluents (1,100-10,900
ng/L) as reported by Duong et al. (2008). Similarly, the median concentration of OFLX in urban
canals of this study (272 ng/L) appeared to be significantly lower than that in hospital effluent
(7,500 ng/L) as reported by Thai et al. (2018). It is noteworthy that ENFLX (a veterinary

antibiotic) was also detected 100% in the collected urban canal samples. This finding seems to be
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in contrast to an earlier study by (Rodriguez-Mozaz et al., 2015), in which ENFLX was reported to
be absent in Spain’s domestic wastewater samples. However, the detection of ENFLX in urban
canal water samples (i.e. urban sewage) in this study is in agreement with that reported in USA
(Karthikeyan and Meyer, 2006) and Tunisia (Harrabi et al., 2018). The occurrence of ENFLX in
urban canals could be attributed to the presence of certain veterinary practices, as ENFLX is
widely used to treat bacterial infections in animals (e.g. cats and dogs) caused by Gram-positive
and Gram-negative bacteria, such as Pseudomonas aeruginosa, Klebsiella, E.coli, Enterobacter,
Campylobacter, Shigella, Salmonella, Aeromonas, Haemophilus, Proteus, Yersinia, Serratia, Vibrio,
Brucella, Chlamydia, Staphylococci, Mycoplasma, and Mycobacterium. In fact, feces from dogs and

cats of households in Hanoi tend to be directly discharged into the environment (urban canals).

3.1.5. Occurrence of lincosamides

To date, lincosamines (CLI and LIN) have been less reported in domestic wastewater from North
American and European countries (Watkinson et al,, 2007; Tran et al., 2018) as they are mainly
used to treat animal infections. However, CLI and LIN were ubiquitously detected (DF =100%) in
urban canal water samples in Hanoi. The omnipresence of CLI and LIN in urban canals is in
agreement with their usage. In fact, Nga et al. (2014) reported that CLI and LIN were 2 out of 20

most commonly sold antibiotics in Vietnam.

The concentrations of lincosamide antibiotics largely fluctuated from ng/L to pg/L (Table 2). For
example, concentrations of LIN ranged from 67 to 1,968 ng/L. The concentrations of LIN in urban
canal water samples tend to be higher than those of CLI by 1-2 orders of magnitude. This
distribution pattern is consistent with that reported in earlier studies (Behera et al,, 2011; Gurke
etal, 2015; Subedi et al., 2015; Tran et al,, 2016b; Yang et al,, 2017; Tran et al., 2018). Until now,
there is no report on the occurrence of lincosamides in the aquatic environment in Vietnam. As
such, this study provides the first information on the occurrence of this antibiotic class in urban

canals impacted by raw municipal wastewater sources.

3.1.6. Occurrence of tetracyclines
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Among the investigated tetracyclines (CTC, MIN, OXY and TET), only OXY and TET were detected
in urban canal water samples with a DF of 25 and 92.5%, respectively (Table 2). The
concentrations of OXY and TET also varied significantly from <MQL to 635 ng/L. The
concentrations of OXY and TET in urban canals of this study are significantly lower than those
found in raw wastewater in North America and other Asian countries, e.g.,, China and Singapore
(Miao et al,, 2004; Karthikeyan and Meyer, 2006; Gulkowska et al., 2008; Sun et al., 2016; Tran et
al, 2016b; Tran et al, 2018). In comparison to other antibiotic classes (e.g. beta-lactams,
macrolides, and fluoroquinolones), tetracyclines are not the most commonly sold antibiotics in
Vietnam (Nguyen et al., 2013; Nga et al.,, 2014). As a result, the concentrations of tetracyclines in
urban canal water samples were significantly lower than those observed for other classes of
antibiotics. In a previous study, it was reported that tetracyclines (OXY and TET) were detected
in different sources of water (e.g. aquaculture, animal husbandry, hospital and household) at
concentrations <1,000 ng/L (Shimizu et al, 2013). In addition, the low concentration of
tetracyclines in urban canals could be due to their abiotic transformation (photo-degradation by
direct sunlight irradiation (Chen et al, 2008; Zaranyika et al, 2015), sorption onto
sediment/suspended solids (Zaranyika et al., 2015), possible complexation with divalent metal
cations such as Cu?+, Mg2?+ or Ca2t(Carlotti et al,, 2012) and biodegradation (Huang et al., 2012;
Zaranyika et al., 2015). In an earlier study, Chen et al (2008) found that direct photolysis is the
main process of photodegradation of tetracycline under sunlight irradiation. In addition, the
presence of nitrate, bicarbonate, ferric ions and humic acids also contributed to the indirect

photolysis of tetracycline.

3.1.7. Occurrence of other antibiotic classes

The glycopeptide antibiotic, VAN, was often detected in urban canal water samples with a DF of
71.4%. The concentrations of this compound ranged widely from <MQL to 249 ng/L. The low
concentrations of VAN could be explained by the lower consumption of this antibiotic in
households. In fact, VAN is still considered as gold standard to treat methicillin-resistant

Staphylococcus aureus (Holmes et al., 2015). In Vietnam, VAN is strictly reserved for the hospital
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sector and rarely sold/bought in the over-the-counter market. In comparison to other countries,
the concentrations of VAN in urban canals impacted by raw municipal wastewater sources in this
study are significantly lower than those in raw wastewater as reported in European countries

(Dinh et al., 2017) and Singapore (Tran et al,, 2016b).

[t is noteworthy that chloramphenicol (CAP) was also often detected (DF=96.4%) in urban canal
water samples, but its concentrations appeared to be significantly lower than other antibiotic
classes (i.e. beta-lactams, macrolides, sulfonamides, and fluoroquinolones). The concentrations of
CAP in urban canals fluctuated considerably from <MQL to 155 ng/L. The low concentrations of
CAP can be attributed to the lower consumption of this banned antibiotic in many countries

(Kasprzyk-Hordern et al., 2009; Tong et al., 2009; Tran et al., 2016b).

In comparison with other countries, the concentrations of CAP in urban canals of this study are
comparable with those in raw wastewater in Europe (Kasprzyk-Hordern et al., 2009; Gracia-Lor
et al, 2012) and Singapore (Tran et al., 2016b). In China, however, CAP was more often detected
in wastewater with concentrations up to 2,430 ng/L in raw wastewater and 1,050 ng/L in treated
wastewater (Peng et al.,, 2006; Minh et al., 2009; Sui et al,, 2011). The high concentrations of CAP
in China could be interpreted by the high consumption and easy accessibility of this antibiotic in

over-the-counter markets.

3.2. Occurrence of antibiotics in urban lakes

Table 3 summarises the concentration and detection frequency of the investigated antibiotics in
urban lakes in Hanoi, Vietham. 16 out of 23 antibiotics were detected in urban lakes with the DF
ranging from 8 to 100%, depending on the compound and sampling site. For example, macrolides
(AZT, CLAR, and ERY-H;0), fluoroquinolones (ENFLX and OFLX), lincosamides (CLI and LIN),
sulfonamide (SMX) and TMP were omnipresent in urban lakes (DF=100%), while beta-lactams
(AMP, AMX, CFEX, CFZ, and MER) were rarely detected. The concentrations of antibiotics
fluctuated largely from <MQL to several thousand ng/L, depending on the compound and

sampling location. The variation in the concentrations of detected antibiotics in urban lakes is
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larger than in urban canals due to dilution. As shown in Fig. 3, most of the antibiotics were found
in the WL and YS lakes at higher concentrations compared to those in HK lake. Of the 3 urban
lakes, WL has the highest concentration of antibiotics followed by YS lake since YS lake receives
treated effluent rather than raw wastewater. In addition, it was noted that there was a variation
in the concentrations of antibiotics at different sampling points in two urban lakes (WL and YS).
For example, the concentrations of most antibiotics at the sampling WL1 in West Lake tended to
be higher than those at other sites in this urban lake (Fig. A4, Supplementary Information).
Among the investigated lakes, HK has the lowest concentration of antibiotics and least variation

(Fig. A6, Supplementary Information) because it only take stormwater runoff and is a small lake.

In comparison to urban canals, the concentrations of the vast majority of target antibiotics in
urban lakes were significantly lower (unpaired T-test, p<0.05) than those in urban canals
possibly due to dilution (Fig. A.1, Supplementary Information). The presence of antibiotics in
these urban lakes could be attributed to at least one of the following pollution sources: (i) sewer
leakage (Phillips and Chalmers, 2009; Tran et al, 2019), (ii) illicit discharge of raw sewage
(Phillips and Chalmers, 2009), (iii) combined sewer overflows (Phillips and Chalmers, 2009; Tran
etal,, 2019), and (iv) urban stormwater runoff (Phillips and Chalmers, 2009). The occurrence of

each class of antibiotics is discussed in more detail in the following sections.

3.2.1. Beta-lactam antibiotics in urban lakes

Similar to occurrence patterns in urban canals, the investigated beta-lactam antibiotics (AMP,
AMX, CFZ, CFEX and MER) were rarely detected in urban lakes. Only AMX was detected in several
water samples collected from WL and YS lakes (Table A.8, Supplementary Information). As
aforementioned, WL and YS lakes are impacted by both point- and non-point pollution sources
(i.e. discharge of untreated/treated sewage, combined sewer overflows, sewer leakage, and urban
runoff). In particular, YS Lake is receiving treated wastewater from a local municipal sewage
treatment plant (STP). The detection of AMX in surface water samples in this study is consistent
with that in other countries such as France (Dinh et al.,, 2011), Italy (Riva et al,, 2019), and UK

(Kasprzyk-Hordern et al., 2008).
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However, AMP was not detected in any urban lake water samples of this study. This result seems
to be different from observations in other countries, e.g., USA, Ghana, and South Africa (Cha et al,,
2006; Agunbiade and Moodley, 2016; Azanu et al., 2018). For example, Agunbiade and Moodley
(2016) and Azumu et al (2018) reported that AMP was found in 100% of surface water samples
in Africa with concentrations up to 5,509 ng/L. For other investigated beta-lactams (CFEX, CFZ
and MER), their absence in urban lakes is consistent with the pattern observed in the urban

canals.

In short, the rare occurrence of beta-lactams in the urban lakes could be interpreted by their
rapid attenuation rates (i.e. biodegradation, sorption and abiotic degradation) in the aquatic

environment (Gozlan et al,, 2010; Hirte et al., 2016; Tran et al., 2018; Timm et al,, 2019).

3.2.2. Macrolide antibiotics in urban lakes

All the investigated macrolide antibiotics (AZT, CLAR, ERY, ERY-H;0, and TYL) were detected in
urban lakes. The DF of these compounds varied from 24 to 100% (Table 3), depending upon the
compound and sampling site. For example, AZT, CLAR and ERY-H;0 were omnipresent in all the
studied urban lakes (DF=100%), while TYL was rarely in WL and HK lakes with a DF<8.3%
(Table A.8, Supplementary Information). In general, the occurrence pattern of macrolides in lake
water of this study is in agreement with that of surface water from Singapore (Tran et al., 2016a),
Spain (Rodriguez-Mozaz et al., 2015), China (Zhou et al., 2016) and Pakistan (Khan et al., 2013),

in which macrolides were more frequently detected in surface waters with a DF>90% (Table 3).

The concentrations of macrolides in urban lakes also ranged substantially from <MQL to a few
hundreds of ng/L. ERY was the most abundant macrolides detected in urban lakes with its
concentration up to 741 ng/L. It was noted that the concentrations of ERY and CLAR in two urban
lakes (WL and YS) were sometimes close to or exceeding PNECaur value for antibiotic resistance
selection (Table 4) as reported by Kiimmerer and Henninger (2003) and PNECgcotox for ecological
toxicity to aquatic ecosystems (Table 5). In contrast, AZT and TYL were consistently detected at

concentrations lower than their PNECawmr for antibiotic resistance selection (Table 4). However, it
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is noted that PNECsrm and PNECkgcx values are largely dependent on target species and

assessment factor (i.e. AF 1-1000).

In addition to the occurrence in dissolved phase, macrolide antibiotics (i.e. AZT, CLAR, and ERY)
were reported to be present in sediments/suspended solids in urban lakes (Zhao et al., 2016;
Kafaei et al, 2018) since these compounds have log Kow >3.0 (Table A1, Supplementary
Information) and exist mainly as cations under environmental pH 6-8 (Tran et al., 2016b).
Indeed, Zhao et al. (2016) found that ERY was detected in river sediment at concentrations up to
13.89 ng/g. In a recent study, Kafaei et al (2018) also observed the presence of two macrolide
antibiotics (AZT and ERY) intertidal sediment. Therefore, the occurrence of CLAR and ERY in

urban lakes might have the possible risks for resistance selection and aquatic ecosystems.

3.2.3. Sulfonamides and trimethoprim in urban lakes

Sulfonamides (SMX and SMZ) and trimethoprim (TMP) were ubiquitously detected in urban lakes
with a DF>96%, in which SMX and TMP were omnipresent in lake water samples (DF=100%).
The concentrations of sulfonamides significantly ranged from <MQL to a few thousands of ng/L.
SMX was found to be the most abundant compound detected in urban lake water samples with a
median concentration of 255 ng/L. The concentrations of SMX in lake waters of this study are
higher than those in the surface water of Singapore (Tran et al., 2016a), Spain (Rodriguez-Mozaz
et al,, 2015), Germany (Hirsch et al,, 1999) and China (Zhang et al., 2014), but comparable with
other regions such as France and Pakistan (Dinh et al., 2011; Khan et al, 2013). The high
concentration of SMX in urban lakes (YS and WL) could be attributed to the direct discharge of
untreated/treated wastewater and urban runoff into the urban lakes. For SMZ and TMP, their
concentrations in urban lakes in this study seem to be comparable with those observed in China,
Singapore, and Spain (Zhang et al.,, 2014; Rodriguez-Mozaz et al., 2015; Tran et al., 2016a), but
significantly lower than other regions such as Africa and Asia-Pacific, as reported by aus der Beek
et al. (2016). Despite the ubiquitous detection (DF=96%, Table 3), the concentrations of SMX,

SMZ and TMP in all urban lakes were lower than their PNECamr for antibiotic resistance selection
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(Table 4), but sometimes exceeded their PNECkcotox for ecological toxicity to aquatic organisms

(Table 5).
3.2.4. Fluoroquinolones in urban lakes

Fluoroquinolones (CIPX, ENFLX and OFLX) were often found in the urban lakes with a DF ranging
from 60 to 100%, in which ENFLX and OFLX were omnipresent in the urban lakes (DF=100%).
The concentrations of fluoroquinolone antibiotics in urban surface waters substantially varied
from <MQL to several hundreds of ng/L, depending on the compound and sampling site. For
example, CIPX, ENFLX and OFLX were consistently detected at WL and YS lakes at significantly
higher levels (unpaired T-test, p<0.05) compared to those in HK lake (Fig. 3). The concentrations
of the three fluoroquinolone antibiotics in two of three urban lakes (WL and YS) were sometimes
greater than their PNECamr for antibiotic resistance selection (Kiimmerer and Henninger, 2003;
Bengtsson-Palme and Larsson, 2016), but lower than their PNECkowx for ecological toxicity to

aquatic organisms (Tables 4-5).
3.2.5. Lincosamides in urban lakes

In this study, lincosamides (CLI and LIN) were detected at 100% frequency in urban lake water
samples, but their concentrations tended to be less than 100 ng/L (Table 2). The occurrence
pattern of CLI and LIN in the urban lakes is similar to that in the urban canals. For example, the
concentrations of LIN were consistently higher than those of CLI. Like other antibiotics, the
occurrence pattern of lincosamides in urban lakes in this study is similar to that observed in
surface water from China, Pakistan and Singapore (Khan et al., 2013; Tran et al., 2016a; Chen et
al., 2018). The concentrations of lincosamides in the urban lakes of this study were substantially
lower than their PNECaumr for resistance selection as well as PNECkct0x for ecological toxicity to

aquatic organisms (Tables 4-5).
3.2.6. Tetracyclines in urban lakes

Among the investigated tetracyclines, only TET was detected in WL lake with a low DF (16.7%),

as represented in Table A.8 (Supplementary Information). The absence of other tetracyclines (i.e.

21



CTC, MIN, and OXY) in urban lakes is consistent with their occurrence patterns in urban canals as
discussed in section 3.1.6. This absence of tetracyclines in urban lakes might be interpreted by
lower consumption of tetracyclines compared to other antibiotic classes (Nguyen et al., 2013).
Generally, the concentrations of TET in urban lakes of this study are comparable with those in
surface water in some countries, e.g., China, France and Pakistan (Dinh et al.,, 2011; Khan et al,,
2013; Chen et al., 2018). Results showed that the concentrations of TET in urban lakes were
substantially lower than its PNECaur for antibiotic resistance selection as well as PNECgcotox fOr

ecological toxicity to aquatic organisms (Tables 4-5).

3.2.7. Glycopeptide and amphenicol antibiotics in urban lakes

Chloramphenicol (CAP) was detected relatively frequently in urban lakes with a DF of 68%,
however, its median concentration was <10 ng/L. In general, the concentrations of CAP in urban
lakes in this study are comparable with those in surface waters of Germany, Korea and Singapore

(Hirsch et al,, 1999; Choi et al,, 2008; Tran et al,, 2016a).

The glycopeptide VCM was also often detected in WL and YS lakes (Table A.8, Supplementary
Information), but its concentrations were relatively low (<26 ng/L). In general, the
concentrations of CAP and VCM in urban lakes were significantly lower than their PNECaru for
antibiotic resistance selection as well as PNECkcw0x for ecological toxicity to aquatic organisms

(Tables 3-4).

3.3. Environmental risk assessment for antibiotics

3.3.1. Environmental risk of antimicrobial resistance development

The environment risk of antibiotics for antimicrobial resistance selection in urban canals and
urban lakes is shown in Table 6, in which RQamr value was calculated based on the maximal
measured environmental concentrations (MECmnax) and lowest PNECaumr for antibiotic resistance
selection (Table 4). As summarised in Table 6, most of the antibiotics detected in urban canals,
such as beta-lactams (AMP and AMX), macrolides (AZT, CLAR, and ERY), fluoroquinolones (CIPX,

ENFLX and OFLX) and trimethoprim (TMP) sometimes were found at concentrations higher than
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their PNECarm (i.e. RQamr >1.0), indicating that the occurrence of these antibiotics in urban canals
perhaps lead to a possible risk for antibiotic resistance evolution. Indeed, Phan et al. (2011)
found the ubiquitous occurrence of SMX- and ERY-resistant bacteria in urban canals in Hanoi at
significantly high levels up to 2.5x10¢ CFU/mL for SMX-resistant bacteria and 2.5xX105 CFU/mL
for ERY-resistant bacteria. The percentage of the isolates from urban canal water samples
resistant to SMX and ERY were relatively high, up to 99.44% for SMX-resistant bacteria and 38.8%
for ERY-resistant bacteria. In addition, Phan et al (2011) was observed that there was a positive
correlation between the concentrations of antibiotics and their resistant bacteria under the dry
weather conditions. Other detected antibiotics, such as LIN, TET, SMX VCM, CAP and CLI, showed
a low risk (RQamr <1) for antibiotic resistance development in urban canals as their

concentrations were observed to be considerably lower than PNECagrw.

In short, the occurrence of antibiotic residues in urban canals might pose a possible risk to public
health because water from the urban canals is mainly used for irrigation activities in suburban
areas. Consequently, antibiotic residues may accumulate in crops (i.e. vegetables and grains)
through uptake from urban sewage-irrigated croplands (Li et al., 2014; Pan et al., 2014). For
example, Li et al. (2014) reported that three quinolone antibiotics (i.e. ciprofloxacin, enrofloxacin,
and norfloxacin) were found in vegetables in Shandong Province, China at concentrations up to
658.3 pg/kg for norfloxacin, 32.3 pg/kg for enrofloxacin, and 27.5 pg/kg for ciprofloxacin. In
another study, Pan et al. (2014) also observed the presence of four selected antibiotics (i.e.
tetracycline, sulfamethazine, norfloxacin, and chloramphenicol) in Chinese radish. In particular,
Pan et al. (2014) also reported that chloramphenicol and norfloxacin exhibited higher

concentrations in vegetables than those of tetracycline and sulfamethazine.

Regarding the possible risk of antibiotics for resistance selection in urban lakes, Table 6 shows
that beta-lactam AMX, macrolides (CLAR and ERY), and fluoroquinolones (ENFLX and OFLX)
were found in WL and YS lakes at concentrations sometimes higher than their PNECarm (i.e.
RQarm >1), indicating that the presence of these antibiotics in urban lakes might lead to a possible

risk for antibiotic resistance evolution in the nonclinical environment. For other detected
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antibiotics, low risk (RQamr <1) was posed for resistance selection. However, there has been no
report on the occurrence of ARB and ARGs in urban lakes in Hanoi, especially for WL where
recreational activities (i.e. boating, rowing, kayaking, fishing and swimming in surface water)
often take place. Therefore, further studies on the occurrence of ARB and ARGs in urban lakes are

recommended.

3.3.2. Environmental risk of antibiotics to aquatic ecosystems

The environmental risk of antibiotics to aquatic ecosystems in urban lakes and canals was
assessed based on their maximal MEC and PNECkgcwx. The PNECgwtox used in this study was
estimated based on the ecotoxicological data (NOEC, LOEC, and ECso) collected from the literature
(Table A6, Supplementary Information) and a suitable assessment factor, as summarized in Table

5.

The environmental risk assessment for the detected antibiotics in the investigated urban lakes
and urban canals is shown in Table 7. Among the detected antibiotics in urban lakes, beta-lactam
AMX, macrolides (CLAR, ERY, and TYL), lincosamides (CLI and LIN), fluoroquinolones (CIPX,
ENFLX, and OFLX), sulfonamides (SMX and SMZ), tetracycline (TET), and trimethoprim (TMP)
exhibited their RQgcotox>1.0, implying that the presence of these antibiotics in the investigated

urban lakes perhaps lead to a possible ecological risk to aquatic organisms (i.e. algae).

For urban canals, several detected antibiotics (such as AMP, AMX, CLAR, ERY, and SMX) were
sometimes found at concentrations higher than their ECso or NOEC, implying that these
antibiotics might pose a possible ecological risk to the aquatic ecosystems and should be given

priority controls.

4. Conclusions

This study provides comprehensive analysis of the occurrence of 23 target antibiotics in urban
canals and urban lakes in Hanoi. Of these, 18 target antibiotics were detected in urban canal
water samples with a DF ranging from 25 to 100%. SMX, ERY, and AMX were the most abundant

antibiotics detected in urban canals with median concentrations >1000 ng/L, while other
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antibiotics (e.g.,, AMP, CAP, CLI, SMZ, TET, TYL, and VCM) were often detected in urban canals
with median concentrations <100 ng/L. The concentrations of most detected antibiotics in urban
canals sometimes exceeded or was close to their PNECamr for antibiotic resistance selection or
PNECkcotox for ecological toxicity to aquatic organisms. Similarly, macrolides (AZT, CLAR, ERY, and
ERY-H0), fluoroquinolones (ENFLX and OFLX), lincosamides (CLI and LIN), sulfonamides (SMX
and SMZ) and trimethoprim (TMP) were frequently detected in urban lakes, while other classes
such as beta-lactams and tetracyclines were rarely found. The highest concentration of several
antibiotics (AMX, CIPX, CLAR, ENFLX, ERY, and OFLX) in urban lakes was above PNECamr for
antibiotic resistance selection, and significantly higher than PNECgc0x for aquatic organisms. The
concentration and detection frequency of most antibiotics in surface waters in Hanoi were higher
than those of developed countries (North America, Europe and Japan). Further studies to reveal
the occurrence of antibiotic resistance bacteria (ARB) and antibiotic resistance genes (ARGs) in

urban canals and lakes are recommended.
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Table 1. Method detection limit (MDL) and method quantification limit (MQL) for antibiotics in urban canal and lake

samples.
Target antibiotics Urban lake samples Urban canal samples

MDL (ng/L) MQL (ng/L) MDL (ng/L) MQL (ng/L)
AMP 0.5 2.0 1.0 3.5
AMX 15 50 25 80
AZT 0.05 0.15 0.1 0.3
CAP 0.4 1.3 0.5 1.5
CFEX 0.15 0.5 0.3 1.0
CFZ 20 60 30 100
CIPX 0.4 1.5 0.8 2.5
CLAR 0.05 0.15 0.2 0.8
CLI 0.03 0.1 0.15 0.5
CTC 1.0 3.5 2.0 6.0
ENFLX 0.2 0.8 0.4 1.2
ERY 0.1 0.4 0.3 0.9
ERY-H20 0.1 0.4 0.15 0.5
LIN 0.05 0.15 0.08 0.25
MER 2.0 7.0 5.0 15
MIN 12 35 40 125
OFLX 0.3 1.0 0.5 1.5
oXY 8.0 30 18 60
SMX 0.1 0.4 0.15 0.5
SMZ 0.05 0.15 0.1 0.3
TET 6.0 20 10 40
TMP 0.1 0.4 0.2 0.6
TYL 0.2 0.8 0.4 1.5
VCM 4.0 12 8.0 30

AMX: amoxicillin; AMP: ampicillin; AZT: azithromycin; CAP: chloramphenicol; CEFX: cefixime; CFZ: ceftazidime; CIPX: ciprofloxacin;
CLAR: clarithromycin; CLI: clindamycin; CTC: chlortetracycline; ENFLX: enrofloxacin; ERY: erythromycin; LIN: lincomycin; MER:
meropenem; ERY-H20: anhydroerythromycin; OFLX: ofloxacin; OXY: oxytetracycline; SMX: sulfamethoxazole; SMZ: sulfamethazine;

TET: tetracycline; TMP: trimethoprim; TYL: tylosin; VCM: vancomycin.
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Table 2. Concentrations and detection frequency of antibiotics in wastewater from two urban canals in this study

compared to the raw wastewater in other countries

Target In this study (n=28) In other geographical regions
antibiotics  Range Median DF Range Region Reference
8 (ng/L) (ng/L) (%) (ng/L)
AMX <MQL-20,608 3,162 89.3 <MQL-6,516 Asia (Minh etal,, 2009; Tran et al., 2018)
- North America (Palmer et al.,, 2008; Tran etal.,, 2018)
<MQL-18 Europe (Zuccato etal,, 2010; Tran et al,, 2018)
AMP <MQL-357 71 67.9 <MQL-4,340 Asia (Zhi etal,, 2018)
<MQL-3,920.4 North America (Kibuye etal., 2019)
<MQL-1,805 Europe (Papageorgiou etal., 2016)
AZT 4.9-3,766 524 100 1,537-303,500 Asia (Mohapatra et al., 2016; Tran et al., 2018)
61-2,500 North America (Guerra etal.,, 2014; Tran etal,, 2018)
77-1,139 Europe (Gobel et al., 2007; Tran et al., 2018)
CAP <MQL-155 57 96.4 <MQL-2,430 Asia (Minh etal,, 2009; Tran et al., 2018)
- North America (Tran etal,, 2018)
<MQL-319 Europe (Tran etal,, 2018)
CEFX <MQL <MQL 0 <MQL-318.6 Asia (Mirzaei et al., 2018)
- North America -
- Europe -
CFZ <MQL <MQL 0 <MQL Asia (Tran etal,, 2018)
- North America (Tran etal, 2018)
- Europe (Tran etal, 2018)
CIPX <MQL-3,035 302 89.3 15.5-6,453 Asia (Mohapatra etal,, 2016; Tran et al., 2018)
<MQL-246,100 North America (Guerra et al.,, 2014; Tran etal.,, 2018)
<MQL-13,625 Europe (Tran etal,, 2018)
CLAR 7-3,944 700 100 26-1,854 Asia (Tran etal, 2016b; Yang et al,, 2017)
<MQL-8,000 North America (Guerra etal.,, 2014; Tran etal.,, 2018)
0.4-647 Europe (Gobel etal,, 2007; Tran et al.,, 2018)
CLI 6-29 10 100 23.8-26.6 Asia (Tran etal., 2018)
- North America (Tran etal.,, 2018)
<MQL-101 Europe (Tran etal., 2018)
CTC <MQL <MQL 0 2,333-15,911 Asia (Minh etal,, 2009; Tran et al., 2018)
<MQL-310 North America (Guerra etal.,, 2014; Tran etal,, 2018)
- Europe (Tran etal,, 2018)
ENFLX 55-2,869 226 100 <MQL-1,690 Asia (Zhi etal,, 2018)
5.9-250 North America (Guerra etal.,, 2014; Tran etal,, 2018)
<MQL-18 Europe (Tran etal,, 2018)
ERY <MQL-48,517 5,542 67.9 111.4-403.3 Asia (Tran etal,, 2018)
- North America (Tran etal,, 2018)
<MQL-2,130 Europe (Miége etal, 2009; Tran et al,, 2018)
ERY-H20 6-2,141 581 100 226-20,600 Asia (Minh etal,, 2009; Tran et al.,, 2018)
<MQL-3,900 North America (Guerra etal.,, 2014; Tran etal., 2018)
24-6,755 Europe (Gobel etal,, 2007; Tran et al,, 2018)
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Table 2. Continued.

Target In this study (n=28) In other countries
ABs Range Median DF Range Region Reference
(ng/L) (ng/L) (%)  (ng/L)

LIN 67-1,968 952 100 <MQL-19,401 Asia (Tranetal., 2016b; Tran et al,, 2018)
<MQL-360 North America (Guerra et al.,, 2014; Tran et al.,, 2018)
<MQL-281 Europe (Tranetal,, 2018)

MER <MQL <MQL 0 264.8-433.6 Asia (Tranetal, 2018)
- North America (Tranetal., 2018)
- Europe (Tranetal, 2018)

MIN <MQL <MQL 0 730.9-3,808 Asia (Tranetal, 2016b; Tran et al.,, 2018)
- North America (Guerra etal,, 2014; Tran et al., 2018)
- Europe (Tranetal, 2018)

OFLX 45-2,867 272 100 54.8-1,274 Asia (Minh et al,, 2009; Tran et al., 2018)
470-1,000 North America (Guerra etal,, 2014; Tran et al., 2018)
- Europe (Dinh etal., 2017; Tran et al., 2018)

()44 <MQL-116 <MQL 25 <MQL-30,049 Asia (Minh et al, 2009; Tran et al.,, 2018)
<MQL-47,000 North America (Guerra et al.,, 2014; Tran et al,, 2018)
<MQL-7 Europe (Pailler et al,, 2009; Tran et al,, 2018)

SMX 310-15,591 7,631 100 3.0-1,389 Asia (Minh et al,, 2009; Tran et al,, 2018)
<MQL-4,200 North America (Guerra etal., 2014; Tran et al., 2018)
<MQL-11,555 Europe (Tranetal, 2018)

SMZ <MQL-128 53 92.9 <MQL-1,814 = Asia (Minh et al, 2009; Tran et al.,, 2018)
<MQL-300 North America (Guerra etal., 2014; Tran et al., 2018)
<MQL-680 Europe (Miége et al., 2009; Tran et al., 2018)

TET <MQL-635 101 92.9 <MQL-12,340 Asia (Minh et al, 2009; Tran et al.,, 2018)
<MQL-48,000 North America (Guerra etal.,, 2014; Tran et al.,, 2018)
<MQL-790 Europe (Tranetal, 2018)

TMP 48-853 256 100 19.5-570 Asia (Gulkowska et al.,, 2008; Tran et al.,, 2018)
<MQL-6,796 North America (Guerra etal,, 2014; Tran et al.,, 2018)
<MQL—-4,342 Europe (Gobel et al,, 2007; Tran et al., 2018)

TYL <MQL-692 28 75 <MQL Asia (Minh et al,, 2009; Tran et al,, 2018)
<MQL-1,500 North America (Guerra et al.,, 2014; Tran et al,, 2018)
<MQL Europe (Tranetal, 2018)

VCM <MQL-249 25 71.4 962-43,740 Asia (Tran et al, 2016b; Tran etal,, 2018)

North America

Europe

(Tranetal, 2018)
(Dinh etal., 2017; Tran etal., 2018)

DF: detection frequency; MQL: method quantification limit; —: not available in the literature;
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Table 3. Concentrations and detection frequency of antibiotics in urban lakes in this study compared to that in surface

waters from other countries.

Target In this study (n =25) From the previous literature
ABs Range Median DF Range DF Region Reference
(ng/L) (g/L) (%) (ng/L) ®%)

AMP <MQL <MQL 0 <MQL-11 3 USA (Chaetal, 2006)
21-184 100 Ghana (Azanu etal,, 2018)
3,211-5,509 100 South Africa  (Agunbiade and Moodley, 2016)

AMX <MQL-1,126  <MQL 24 1.9-25.2 100 Italy (Riva etal, 2019)
<MQL 0 Singapore (Tran et al., 2016b)
<MQL-68 <100 France (Dinhetal, 2011)
<10-622 0-100 UK (Kasprzyk-Hordern et al., 2008)
<MQL-200 30 Australia (Watkinson et al., 2009)
<MQL-2.7 <100 Ghana (Azanu etal,, 2018)

AZT 4-89 11 100 0.2-79.2 100 Singapore (Tran etal., 2016b)
<MQL 0 Iran (Mirzaei et al,, 2018)
10-3,400 100 Croatia (Bielen etal,, 2017)
<MQL-115.5 <100 Spain (Rodriguez-Mozaz et al., 2015)
<MQL-8.6 - Pakistan (Khan etal, 2013)
<MQL-67 83 China (Zhou et al,, 2016)

CAP <MQL-22 6 68 <MQL-8.0 <100 Singapore (Tran etal., 2016b)
<MQL-60 7.7 Germany (Hirsch et al,, 1999)
4.2-284 100 China (Jiang et al., 2011)
<MQL-53.8 <100 Korea (Choi etal,, 2008)

CEFX <MQL <MQL 0 <MQL-136.31 <100 Germany (Mirzaei et al., 2017)

CFZ <MQL <MQL 0 <MQL 0 Singapore (Tran et al,, 2016b)

CIPX <MQL-115 11 56 <MQL 0 Singapore (Tran etal., 2016b)
2.4-50 100 Spain (Rodriguez-Mozaz et al., 2015)
172-34 - Africa (aus der Beek et al., 2016)
61,9402-65%10° - Asia-Pacific (aus der Beek et al., 2016)
22-13,600 - Europe (aus der Beek et al., 2016)
<MQL-1,300 30 Australia (Watkinson et al.,, 2009)
<MQL-135 <100 France (Dinh etal, 2011)
3.56-24.8 100 China (Zhangetal, 2014)
<MQL-110 <100 Pakistan (Khan etal,, 2013)

CLAR 4-65 16 100 0.05-55.42 100 Singapore (Tran et al., 2016b)
35.4-96.3 100 Spain (Rodriguez-Mozaz et al., 2015)
<MQL-48 93 China (Zhou et al,, 2016)
<MQL-260 21.2 Germany (Hirsch etal.,, 1999)
0.5-130 100 Pakistan (Khan etal,, 2013)
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Table 3. Continued.

Target In this study (n =25) From the previous literature
ABs Range Median DF Range DF Region Reference
(ng/L) (ng/L) (%) (ng/L) (%)

CLI 2-17 5 100 0.02-2.28 100 Singapore (Tran etal, 2016b)
<MQL-3.1 - Pakistan (Khan etal,, 2013)
<MQL-10 57 Australia (Watkinson et al.,, 2009)

CTC <MQL <MQL 0 <MQL 0 Singapore  (Tran etal, 2016b)
<MQL 0 Germany  (Hirsch etal,, 1999)
<MQL 0 France (Dinh etal, 2011)
<MQL-16.8 53 China (Jiang et al,, 2011)
<MQL-40.6 83.33 China (Zhangetal, 2014)

ENFLX 5-169 18 100 <MQL-59 27.3-54.5 Vietnam (Nguyen etal., 2015)
0.55-13.41 100 China (Zhangetal, 2014)
<MQL-300 44 Australia (Watkinson et al.,, 2009)
<MQL-1.8 <100 Pakistan (Khan etal,, 2013)

ERY <MQL-741 10 56 <MQL-2.5 <100 Singapore (Tran etal, 2016b)
<MQL-10,600 <100 Croatia (Bielen etal,, 2017)
<MQL-43 - Pakistan (Khan etal,, 2013)
<MQL-131 - France (Dinh etal., 2011)

ERY-H20 4-181 25 100 11.5-218.5 100 Singapore  (Tran etal, 2016b)
<MQL-22,000 <100 Croatia (Bielen etal,, 2017)
<MQL-1,700 59.6 Germany (Hirsch et al., 1999)
<MQL-6.9 79.5 China (Chenetal, 2018)

LIN 5-82 37 100 <MQL-3.6 <100 Singapore  (Tran et al.,, 2016b)
<MQL-250 <100 Pakistan (Khan etal,, 2013)
<MQL-50 67 Australia (Watkinson et al., 2009)
0.13-10.4 100 China (Chen etal, 2018)

MER <MQL <MQL 0 <MQL 0 Singapore (Tran etal, 2016b)

MIN <MQL <MQL 0 <MQL 0 Singapore (Tran etal, 2016b)

OFLX 3-518 36 100 <MQL-137.6 <100 Spain (Rodriguez-Mozaz et al,

2015)
122-36 - Africa (aus der Beek et al., 2016)
6172-17,700 - Asia- (aus der Beek et al., 2016)
Pacific

0.32-8,770 - Europe (aus der Beek et al., 2016)
2.3-231 100 France (Dinh etal, 2011)
1.34-102 100 China (Zhangetal, 2014)
<MQL-96 <100 Pakistan (Khan etal,, 2013)
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Table 3. Continued.

Target  In this study (n =25) From the previous literature
ABs Range Median  DF Range DF Region Reference
(ng/L) (ng/L) (%) (ng/L) (%)

OXY <MQL <MQL 0 <MQL 0 Singapore (Tran etal,, 2016b)
<MQL-10,000 <100 Croatia (Bielen etal., 2017)
<MQL 0 Germany (Hirsch et al.,, 1999)
<MQL-135.5 94.9 China (Chenetal, 2018)
<MQL-100 91.67 China (Zhang et al,, 2014)
<MQL-1,100 <100 Pakistan (Khan etal,, 2013)

SMX 108-3,508 255 100 0.05-168.6 100 Singapore (Tran etal., 2016b)
<MQL-239 72.7-93.9  Vietnam (Nguyen etal., 2015)
<MQL-71.8 <100 Spain (Rodriguez-Mozaz et al.,, 2015)
25302-21,000 - Africa (aus der Beek et al., 2016)
2582-14,300 - Asia-Pacific (aus der Beek et al., 2016)
332-29,000 - Europe (aus der Beek et al., 2016)
<MQL-480 50 Germany (Hirsch et al., 1999)
3.6-1,435 100 France (Dinh etal., 2011)
4.29-230 100 China (Zhang et al, 2014)
14-2700 100 Pakistan (Khan etal,, 2013)

SMZ <MQL-209 34 96 0.05-89.9 100 Singapore (Tran etal., 2016b)
100-12,000 100 Croatia (Bielen etal, 2017)
<MQL 0 Germany (Hirsch etal., 1999)
2.05-623.3 100 China (Jiang et al,, 2011)
<MQL 0 France (Dinh etal, 2011)

TET <MQL-138 <MQL 8 <MQL 0 Singapore (Tran etal,, 2016b)
<MQL-50 - Pakistan (Khan etal,, 2013)
<MQL 0 Germany (Hirsch et al.,, 1999)
<MQL-111.5 92.3 China (Chenetal,, 2018)
<MQL-7.4 - France (Dinh etal, 2011)
<MQL-113.9 89.5 China (Jiang et al.,, 2011)
<MQL-11 83.33 China (Zhangetal, 2014)
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Table 3. Continued.

Target  In this study (n =25) From the previous literature
ABs Range Median  DF Range DF Region Reference
(ng/L) (ng/L) (%) (ng/L) %)

TMP 2-70 26 100 <MQL-96.4 0 Singapore (Tran et al., 2016b)
<MQL-330 74.1-100 Vietnam (Nguyen etal., 2015)
<MQL-1,100 <100 Croatia (Bielen etal,, 2017)
<MQL-92.7 <100 Spain (Rodriguez-Mozaz et al., 2015)
9852-5,500 - Africa (aus der Beek et al., 2016)
1282-13,600 - Asia-Pacific (aus der Beek et al., 2016)
122-10,000 - Europe (aus der Beek et al., 2016)
<MQL-130 30 Australia (Watkinson et al.,, 2009)
3-26 100 China (Zhou et al,, 2016)

TYL <MQL-47 <MQL 24 <MQL 0 Singapore (Tran et al., 2016b)
<MQL-1.6 74.4 China (Chen et al,, 2018)
<MQL-0.61 63.2 China (Jiang et al.,, 2011)
<MQL-2.8 <100 France (Dinh etal., 2011)
<MQL-60 81 Australia (Watkinson et al.,, 2009)
<MQL-15 <100 Germany (Burke etal,, 2016)

VCM <MQL-26 12 52 <MQL 0 Singapore (Tran etal,, 2016b)
<MQL-90 <100 France (Dinh etal., 2011)

a: average concentration; DF: detection frequency; MQL: method quantification limit; —: not reported.
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Table 4. Predicted no-effect concentrations (PNECarm) for antibiotic resistance development.

Target antibiotics Collected from the literature To be used in this study
PNECamr (ng/L) Reference Lowest PNECaumr (ng/L)

AMP 75 (Kiimmerer and Henninger, 2003) 75
250 (Bengtsson-Palme and Larsson, 2016)

AMX 100 (Kiimmerer and Henninger, 2003) 100
250 (Bengtsson-Palme and Larsson, 2016)

AZT 150 (Kimmerer and Henninger, 2003) 150
250 (Bengtsson-Palme and Larsson, 2016)

CAP 1600 (Kiimmerer and Henninger, 2003) 1600
8000 (Bengtsson-Palme and Larsson, 2016)

CEFX 40 (Kiimmerer and Henninger, 2003) 40
64 (Bengtsson-Palme and Larsson, 2016)

CFZ 100 (Kiimmerer and Henninger, 2003) 100
500 (Bengtsson-Palme and Larsson, 2016)

CIPX 20 (Kiimmerer and Henninger, 2003) 20
64 (Bengtsson-Palme and Larsson, 2016)

CLAR 40 (Kiimmerer and Henninger, 2003) 40
250 (Bengtsson-Palme and Larsson, 2016)

CLI 500 (Kiimmerer and Henninger, 2003) 500
1000 (Bengtsson-Palme and Larsson, 2016)

CTC nr nr nr

ENFLX 64 (Bengtsson-Palme and Larsson, 2016) 64

ERY 40 (Kiimmerer and Henninger, 2003) 40
1000 (Bengtsson-Palme and Larsson, 2016)

ERY-H.0 nr nr nr

LIN 2000 (Bengtsson-Palme and Larsson, 2016) 2000

MER 80 (Kiimmerer and Henninger, 2003) 64
64 (Bengtsson-Palme and Larsson, 2016)

MIN 300 (Kiimmerer and Henninger, 2003) 300
1000 (Bengtsson-Palme and Larsson, 2016)

OFLX 40 (Kiimmerer and Henninger, 2003) 40
500 (Bengtsson-Palme and Larsson, 2016)

OXY 500 (Bengtsson-Palme and Larsson, 2016) 500

SMX 20,000 (Kiimmerer and Henninger, 2003) 16,000
16,000 (Bengtsson-Palme and Larsson, 2016)

SMZ nr nr nr

TET 300 (Kiimmerer and Henninger, 2003) 300
1000 (Bengtsson-Palme and Larsson, 2016)

TMP 1,000 (Kiimmerer and Henninger, 2003) 500
500 (Bengtsson-Palme and Larsson, 2016)

TYL 4000 (Bengtsson-Palme and Larsson, 2016) 4000

VCM 600 (Kiimmerer and Henninger, 2003) 600
8000 (Bengtsson-Palme and Larsson, 2016)

PNECawmr: predicted no-effect concentrations for resistance selection/development; —: not calculated; n.r: not reported.
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Fig. 1. Sampling map for two urban canals and three urban lakes. Sampling points TL1-TL5 are located in To Lich (TL)
canal; KN1-KN7 are situated in Kim Nguu (KN) canal; sampling points WL1-WL4 are located in West Lake (WL);

sampling points HK1-HK3 are situated in Hoan Kiem (HK) lake; sampling points YS1-YS3 are located in Yen So (YS)

lake.
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14). Levels of significance of p <0.05 (*), p<0.01 (**), p<0.001 (***); p>0.05 indicates
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14) and Kim Nguu (KN, n

Fig. 2. Box-and-whisker plots showing the concentrations of detected antibiotics in the two urban canals, To Lich (TL,

no significant difference (ns).
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Fig. 3. Box-and-whisker plots showing the concentrations of detected antibiotics in the three urban lakes, West Lake

7). Levels of significance of p <0.05 (*), p<0.01 (**), p<0.001

Hoan Kiem (HK, n=6), and Yen So (YS, n=

12),

(WL, n

(***); p>0.05 indicates no significant difference (ns).
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