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s in the receiving rivers of direct-
discharge sources of sewage across Shanghai:
occurrence and source analysis†

Dong Li,a Haiyang Shao,*a Zhuhao Huo,a Nan Xie,a Jianzhong Gua and Gang Xu *abc

In Shanghai, the antibiotics in the receiving rivers of direct-discharge sources of sewage (aquaculture farms,

cattle farms and wastewater treatment plants) were investigated. Water and sediment samples from the

receiving rivers of these sources were collected, and were screened for 19 typical antibiotics. The

concentration of the antibiotics in the water and sediment ranged from not detected (ND) to

530.05 ng L�1 and ND to 1039.53 ng g�1, respectively, and sulfonamides and fluoroquinolones were

identified as the main antibiotics in the water and sediment, respectively. According to principal

component analysis with multiple linear regression (PCA-MLR), source contributions were estimated:

wastewater treatment plants (66.8%) > aquaculture farms and cattle farms (21.2%), indicating that the

contribution of human antibiotics was higher than veterinary antibiotics. Based on the risk quotients,

ciprofloxacin was identified as the main antibiotic that causes medium risk in the aquatic ecosystem. This

work systematically reflected the profile and source apportionment of antibiotics in Shanghai, which is

helpful for antibiotic contamination control and environmental management.
1. Introduction

Antibiotics are effective in treating and preventing bacterial
infection and promoting the growth of animals, and are widely
used in humans and animals. However, owing to the heavy use
and even abuse of antibiotics, the occurrence and potential
risks of antibiotic residues in the environment are getting
worse, and are the focus of attention worldwide.1,2 Over recent
years, antibiotic residues have been frequently detected in
different matrices (e.g. water, sediments, soil and biological
samples), among which water and sediments are the main
receptors.3 The detected concentrations of antibiotics in various
environmental media are in the ng–mg level.2,4 Although the
residues of antibiotics in the environment are in trace amounts,
long-term and continuous exposure shows a potential risk to
the ecosystem and human health.5 For example, Anna et al.6

found that sulfonamides are highly phytotoxic to duckweed,
with an EC50 of 0.02–4.89 mg L�1. Besides, antibiotic resistant
bacteria (ARB) and antibiotic resistance genes (ARG), a global
gineering, Shanghai University, Shanghai
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the Royal Society of Chemistry
health crisis, are widespread in the global environment, caused
by the abuse of antibiotics.7,8

Shanghai is one of the most developed and urbanized cities
in China, with a population of up to 25 million. The volume of
disposed wastewater amounts to 2.66 billion tons per year.
Aquaculture and animal husbandry are relatively developed,
with their output value reaching 4.83 billion yuan and 3.07
billion yuan, respectively.9 The river system in Shanghai is
complex, with a river network density of 4.17 km km�2.
Numerous inputs of antibiotics from potential sources of
pollution discharged into nearby rivers. In previous studies,
multiple antibiotics were detected in the Huangpu River, which
is the most important waterway in Shanghai.10–12 Besides, these
studies suggested that animal farming sites were the main
polluting sources into the river,10,11 and antibiotics could not be
completely eliminated in WWTPs.12 The elimination efficiency
of antibiotics through the existing wastewater treatment
process is incomplete, or even negative.12,13

The release of antibiotics into the environment have
different channels such as medical waste,14 wastewater from
concentrated animal feeding operation15 and industrial and
agriculture elds.16 In Shanghai, domestic and industrial
wastewater enters the municipal pipeline. Aquaculture tailwater
is directly discharged into surface rivers, and wastewater from
livestock and poultry farms is discharged into water environ-
ment aer simply treatment such as lagoons and sedimentation
tanks. Therefore, wastewater treatment plants (WWTPs), live-
stock and poultry farms and aquafarms are the primary sources
of wastewater entering the environment. For human antibiotics,
RSC Adv., 2021, 11, 21579–21587 | 21579
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Fig. 1 Sampling sites of the receiving rivers of pollution sources in the
Shanghai.
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WWTPs are the main sources. Aquaculture and animal
husbandry are potential pollution sources of veterinary antibi-
otics.17,18 In Shanghai, there is no comprehensive regional study
conducted on the relative antibiotic contributions from direct-
discharge sources of sewage (WWTPs, livestock and poultry
farms and aquafarms). Therefore, comprehending the occur-
rence of antibiotics in different pollution sources in Shanghai is
completely necessary.

The major objectives of present study were: (1) to determine
the concentrations of typical antibiotics in surface water and
sediments of the receiving rivers of WWTPs, cattle farms, and
aquaculture farms in Shanghai; (2) to evaluate ecological risk of
target antibiotics based on risk quotient, and (3) to estimate the
contribution of the target antibiotics from the rivers near the
four types of pollution sources based on principal component
analysis-multiple linear regression (PCA-MLR) model, and
compare the impact of veterinary antibiotics and human
medical antibiotics on the surrounding natural water environ-
ment. This study can provide information for pollution regu-
lation and source control of antibiotic in Shanghai.
2. Materials and methods
2.1 Chemicals and reagents

Nineteen target antibiotics were selected for analysis, included
9 sulfonamides (SAs): sulfadiazine (SDZ), sulfamerazine (SMR),
sulfamethazine (SMZ), sulfamethoxazole (SMX), sulfathiazole
(STZ), sulfapyridine (SPD), sulfamethoxydiazine (SMT), sul-
soxazole (SIA), and trimethoprim (TMP; commonly used to be
a synergist with SMX19); 5 uoroquinolones (FQs): noroxacin
(NOR), ciprooxacin (CIP), enrooxacin (ENR), ooxacin (OFL),
and saraoxacin (SAR); 3 macrolides (MLs): erythromycin–H2O
(ETM–H2O, a major degradation product of erythromycin),
clarithromycin (CLR) and roxithromycin (ROX); 2 chloram-
phenicols (CAPs): orfenicol (FF) and chloramphenicol (CAP).
All the antibiotic standards were purchased from A Chemtek
Inc. (Tianjin). Erythromycin–H2O (ETM–H2O) was the major
degradation of erythromycin and prepared by previous
method.20 Detail information of these compounds is shown in
ESI Table S1.† Isotope-labeled 13C3-caffeine used as an alter-
native standard was purchased from Cerilliant (Austin, TX,
USA). Methanol and formic acid (HPLC-grade) were obtained
fromMerck (Darmstadt, Germany). Ethylenediamine tetraacetic
acid disodium salt (Na2EDTA), citrazinic acid and sodium
citrate tribasic dehydrate were acquired from J&K® (Beijing,
China). Ultra-pure water was provided by a Milli-Q water puri-
cation system.
2.2 Sample collection

The sampling locations are exhibited in Fig. 1. All samples
(water and sediments) were collected in November, 2020. Sites
A1–A6 are aquaculture farms, sites C1 and C2 are both cattle
farms and sites W1–W8 are WWTPs. Sampling points were
located in the receiving rivers, approximately 500 m down-
stream of their discharge points. Water samples (n ¼ 16) were
collected from 0 to 50 cm below surface using a stainless-steel
21580 | RSC Adv., 2021, 11, 21579–21587
bucket and then packed into a 2 L amber glass bottle, which
rinsed with ultrapure water and methanol in advance. The
surcial sediment (n ¼ 16) was collected from a top 5 cm layer
by a stainless steel grab bucket, then wrapped in aluminum foil,
and stored into sealed polyethylene bags. All samples were in
triplicate, stored at 4 �C and immediately transported to the
laboratory and processed within 48 h.

2.3 Sample preparation

The preparation and instrumental analysis of water and sedi-
ments samples were ameliorated based on previous studies.12,21

The water samples were ltered using 110 mm neutral lter
papers and 47 mm glass ber lters (Whatman, Maidstone,
England), and glass ber lters were pre-baked in muffle for 6
hours. H2SO4 was added to acidify the ltrate to pH 3.0, then
added 0.2 g of Na2EDTA and stirred until complete dissolution.
Before the samples passed through Oasis HLB cartridges (6 mL,
200 mg, Waters) for solid phase extraction (SPE), 100 ng 13C3-
caffeine was spiked into samples to monitor the recovery. The
Oasis HLB cartridges were preconditioned with 6 mL methanol,
6 mL ultrapure water and 6 mL 10 mmol L�1 Na2EDTA buffer
(pH 3.0). Then, the mixtures were passed through the cartridges
at a ow rate of 10 mL min�1. Aer loading, the cartridges were
rinsed with 10 mL of ultrapure water (pH 3.0) and dried for 1 h.
The analytes were eluted with 10 mL of methanol into 20 mL
nitrogen blowpipes and evaporated to approximately 0.2 mL
under nitrogen purge. Methanol was added to each tube to
a nal volume of 1 mL. Thereaer, the solution was ltered
through a 0.22 mm organic phase needle lter (Anpel, Shanghai,
China) into a 2 mL glass sample vial for analysis.

The sediment samples were all freeze-dried and ground into
powder and then sieved through a 100-mesh screen. Approxi-
mately 2 g of samples (dry weight) were weighed into a 50 mL
centrifuge tube. The 13C3-caffeine and appropriate amounts of
acetonitrile were spiked into the tubes. These tubes were vor-
texed on a vortex mixer and le overnight in the dark. 30
milliliters of acetonitrile solution (acetonitrile : 0.1 M EDTA–
McIlvaine buffer, 50 : 50, v/v, pH ¼ 3) was papered as extract.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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The extracting agent was added into centrifuge tubes and vor-
texed for 1 min. The samples were ultrasonic treated for 15 min
at 25 �C, and then centrifuged in a centrifuge at 5000 rpm for
15 min. The extraction process was repeated 3 times. All the
supernatant was mixed and transferred to a 250 mL round-
bottom ask. The extract was concentrated at 50 �C via rotary
evaporator, aer which the residues were re-dissolved with
200 mL ultrapure water. Strong anion exchange-HLB (SAX-HLB)
cartridges in tandem were used for enrichment and clean-up.
The subsequent steps were repeated following the same
procedures in the water sample treatment.
2.4 Instrumental analysis

High performance liquid chromatography-tandem mass spec-
trometry (HPLC-MS/MS) was used to monitor the target anti-
biotics. Chromatographic separation was performed with
a UHPLC system (Waters Corp., Milford, MA) with a Phenom-
enex C18 reversed-phase column (100 � 3 mm, 2.6 mm).
Tandem mass spectrometry was performed on a QTRAP 5500
hybrid triple quadrupole/linear ion trap mass spectrometer (AB
Sciex, Ontario Canada) with a Turbo V™ ion source and ESI
probe was used to achieve separate of the target compounds.
The injection volume was 2 mL, the ow rate was 0.4 mL min�1,
and the column temperature was set at 40 �C. The mobile phase
in positive ionization mode (ESI+) was ultrapure water with
0.1% (v/v) formic acid (solvent A) and 100% methanol (solvent
B). In negative ionization mode (ESI�), solvent A was ultrapure
water and solvent B was 100% methanol. The gradient program
was as follows: 5% B held for 1 min, raised to 100% B over 5 min
over 0.1 min, held for 3 min, returned to 5% B over 0.1 min, and
maintained for 1 min. The MS parameters were as follows:
multiple reaction monitoring (MRM) mode, capillary voltage
(+): 5.5 kV, capillary voltage (�): 4.5 kV, nebuliser pressure: 45
psi, source gas temperature: 400 �C, drying gas temperature:
400 �C, source gas ow: 10 L min�1 and drying gas ow: 5
L min�1. Detailed optimization parameters about target
compounds are shown in Table S2.†
2.5 Quality assessment and quality control (QA/QC)

Using external standard method to quantitatively target anti-
biotics, due to the low commercial availability of corresponding
internal standards for each analyte. We used 13C3-caffeine as the
surrogate standard to all samples prior to enrichment to avoid
possible losses during the analytical procedure, and added
a blank control for every ve samples. Seven standard solution
concentrations (1, 2, 5, 10, 20, 50, 100 mg L�1) were used to
calculate the calibration curves (R2 > 0.99). The method detec-
tion limits (MDLs) and the method quantitative limits (MQLs)
were dened as the sample concentrations at signal-to-noise
ratio (S/N) of 3 and S/N of 10, respectively. The MDLs of the
water and sediment samples ranged from 0.53 ng L�1 to
10.13 ng L�1 and from 0.01 ng g�1 to 0.81 ng g�1, respectively.
The recoveries of water and sediment samples ranged from 67%
to 96% and 57% to 92%, respectively. The details are shown in
Table S3.†
© 2021 The Author(s). Published by the Royal Society of Chemistry
2.6 Environmental risk assessment

The antibiotic ecotoxicological risk assessment is usually based
on the European Medicines Agency (EMA), in which risk
quotient (RQ) is calculated as ratio between the measured
environmental concentration (MEC) and the predicted no-effect
concentration (PNEC),22 as exhibited in eqn (1) and (2):

RQ ¼ MEC/PNECwat (1)

PNECwat ¼ (L(E)C50)/AF or PNECwat ¼ NOEC/AF (2)

where the L(E)C50 represent acute toxicity, and NOEC represent
chronic toxicity. The assessment factor (AF) shows whether the
toxicity is acute (1000) or chronic (100).23 Generally speaking,
NOEC is preferred according to European technical guidance
document. The toxicity data for the most sensitive organism are
obtained according to the ECOSAR model or published litera-
ture (Table S3†). For interpretation, RQs were classied into
four levels: RQ < 0.01 indicates insignicant risk; 0.01 < RQ < 0.1
a low risk; 0.1 < RQ < 1.0 a medium risk; RQ > 1.0 a high risk.24

Due to the lack toxicities of antibiotics in soils, few studies
reported the risk of antibiotics in the sediments. The value of
PNEC in the sediments (PNECsed) was estimated from PNECwat

values through the soil–water equilibrium partitioning
approach as the following equation:25

PNECsed ¼ PNECwat � Ksed (3)

where Ksed is the partition coefficient of compound between
sediment and water.
2.7 PCA-MLR model

The source contribution analysis was conducted using the PCA-
MLR mode,26 which was calculated according to the following
formula:

Ĉsum ¼ P
BkFSk (4)

Ĉsum ¼ (Csum � mean[Csum]/s) (5)

where Ĉsum is the standard normalized deviation of the sum of
the antibiotic concentrations, s is the standard deviation of the
antibiotics concentration, Bk is the regression coefficient, and
FSk is the factor score calculated by the PCA analysis.

The equation of the mean percentage contribution of each
source (factor) is calculated by Bk/

P
Bk, and the contribution of

each source k is as follows:

Contribution of source k (ng L�1) ¼ mean[Csum]

� (Bk/
P

Bk) + BksFSk (6)
2.8 Statistical analysis

Data was analyzed by IBM SPSS Statistics 21. If the P value <0.05,
analysis was considered to be signicant. The gures were
made by Origin 9.0, ArcMap 10.4.1 and Heml 1.0.
RSC Adv., 2021, 11, 21579–21587 | 21581
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Table 1 The concentrations of the target antibiotics in water samples and sediment samples

SAs FQs MLs CAPs

SDZ SMR SMZ SMX STZ SPD SMT SIA TMP NOR CIP ENR OFL SAR ETM–H2O CLR ROX FF CAP

Water samples (ng L�1)
Freq (%) 87.5 100.0 100.0 100.0 100.0 93.8 93.8 93.8 81.3 25.0 62.5 0.0 75.0 25 18.8 25.0 56.3 100.0 0.0
Mean 17.89 40.38 68.14 21.05 17.64 80.88 15.80 6.44 6.26 13.05 20.46 ND 25.12 1.68 ND 3.76 2.27 3.96 ND
Max 76.75 140.20 331.50 35.14 47.51 530.05 39.80 15.63 9.86 26.74 35.68 ND 40.02 5.85 7.25 10.05 7.09 11.58 ND
Min NDa 7.26 10.86 8.83 2.42 ND ND ND ND ND ND ND ND ND ND ND ND 3.44 ND

Sediment samples (ng g�1)
Freq (%) 81.5 93.8 81.3 18.8 18.8 100.0 18.8 37.5 62.5 68.8 56.3 25.0 100.0 0.0 87.5 75.0 93.8 6.3 0.0
Mean 0.69 2.14 0.28 0.06 0.17 2.90 0.04 0.37 0.35 5.21 16.07 0.43 102.98 ND 0.40 0.72 0.54 ND ND
Max 2.21 7.98 0.92 0.63 2.69 18.46 0.47 3.13 4.13 32.34 64.58 3.46 1039.53 ND 2.02 4.14 3.31 0.09 ND
Min ND ND ND ND ND 0.23 ND ND ND ND ND ND 0.19 ND ND ND ND ND ND

a Not detected.
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3. Results and discussion
3.1 Occurrence of antibiotics in surface water

The occurrence and concentration of target antibiotics in all
water samples were presented in Table 1. Among the nineteen
antibiotics from four classes, two antibiotics (ENR and CAP)
were not detected, while other antibiotics had high detection
rate above 60% except NOR (25%), SAR (25%), ETM–H2O
(18.8%) and CLR (25%). The mean concentration ranged from
not detected (ND) to 80.88 ng L�1 (SPD), and the maximum
concentration was 530.50 ng L�1 (SPD).

Relatively, all SAs had higher detection frequency (>80%).
The total concentration of SPD was the highest (ND to
530.50 ng L�1), with detection frequency of 93.8%. Compound
SMR and SMZ were also predominant antibiotics, with total
concentrations ranged from 7.26 ng L�1 to 142.20 ng L�1 and
10.86 ng L�1 to 331.50 ng L�1, respectively. The occurrence of
high concentrations of SMR and SPD was similar to previous
study of the surface water of Shanghai,39 which may be attrib-
uted to the extensive use of these chemicals. Previous study
indicated that sulfonamides have a good activity of water-
Fig. 2 Compositional patterns of different antibiotics in water samples (

21582 | RSC Adv., 2021, 11, 21579–21587
solubility with weakly adsorption to sediments or sludge,
which was also a reason for their high concentration and
detection frequencies in the surface waters.40 In the groups of
FQs, CIP and OFL were predominant antibiotics. Relative to low
detected for NOR and ENR, CIP and OFL were detected ranged
from ND to 35.68 ng L�1 and ND to 40.02 ng L�1, respectively,
with detection frequencies of 62.5% and 75.0%, respectively. It
is because CIP and OFL are more stable and have longer half-
life.41,42 Duong et al. indicated that FQs are easily photo-
degraded and adsorbed by sediments.43 Regarding MLs, ROX
was the predominant antibiotics, with total concentration of ND
to 7.09 ng L�1. The detection frequency of ROX was the highest
(56.3%), but the maximum concentration was CLR
(10.05 ng L�1). The low concentrations of MLs was similar to
related studies,39,44 which was attributed that MLs might be
photodegraded under the action of organic carbon as photo-
sensitizer in natural water.45 Zero detected for the antibiotic
CAP can be attributed to the prohibition of CAP in China since
2002, which is similar to previous study.39 The phase-out of CAP
led to the increasing use of FF, which was the substitute of CAP.
FF was detected at all sample sites and the average
A) and sediment samples (B) of three source types.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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concentration reached 4.98 ng L�1. This result was consistent
with previous study in Huangpu River,11 but the average
concentration of FF (116.3 ng L�1) in previous study was much
higher than those in present study, which could indicate
a decrease in the use of FF in Shanghai.

The concentrations of antibiotics for receiving water body
near the three source types (aquaculture farm, cattle farm and
WWTP) are shown in Fig. 2(A). This gure contains thirteen
antibiotics (SDZ, SMR, SMZ, SMX, STZ, SPD, SIA, TMP, CIP,
OFL, ROX and FF) and other six compounds (NOR, ENR, SAR,
ETM–H2O and CAP) are excluded due to their lower detection
frequencies (<30%). In the group of aquaculture farm, SMR and
SMZ were the predominant antibiotics, and the highest
concentration of SMZ reached 145.46 ng L�1. SMZ was aqua-
culture approved antibiotic in China [http://www.shrst.cn/
article-35467-1.html], which lead to relatively high residues in
present study. As a human antibiotic, SMR in such high
concentration maybe due to the discharge of other pollution
sources. Occurrence of SMZ and SMR is 1–2 order of magnitude
higher than those in upper Huangpu River in Shanghai,46 which
can be attributed to the attenuation in stream. Although
massive consumption in aquaculture, the detection frequency
of FQs was low (33.3%) in this study, which can be attributed to
the relatively fast rate of photodegradation. In the group of
cattle farm, FQs, MLs and CAPs were not detected except for FF.
Specically, eight SAs were 100% discovered and the concen-
tration of SMX was relatively higher. In the group of WWTP,
almost all SAs could be detected for their stability in water, of
which high concentrations of SPD with a peak concentration of
530.05 ng L�1 were detected in W1. FQs had the detection rate
Table 2 Global concentration comparison of main compounds in surfa

SDZ SMR SMZ SMX SPD TMP ENR

The group of WWTPs
Shanghai 27.45 45 74.64 26.09 150.25 6.55 ND

Kunming ND 21.3 5.8
Girona (Spain) 40.2
Kenyan 750 3.5
The Ebro delta (Spain) 0.1 2 0.2 0.15 0.4
Durban (South Africa) 194.27

The group of aquaculture farms
Shanghai 9.14 42.26 59.57 11.23 11.89 4.92 ND

Hangzhou Bay 1.59 20.42 6.87 ND
Pearl River Delta ND ND ND 0.7 ND 0.3
Guangdong 2.03 18.25 18.1
Bangladesh 1.84 1.56 6.71 8.94

The group of cattle farms
Shanghai 5.82 15.74 14.18 22.76 10.39 ND ND

Guangxi 109.29 82.4 7.74
Jiangsu 270 100 90
America ND 0.16
Thailand 95 0.58 58.3

© 2021 The Author(s). Published by the Royal Society of Chemistry
of 54.16% at the eight sampling sites. Among them, OFL and
CIP was obvious higher with the highest concentration of
40.02 ng L�1 and 35.68 ng L�1, respectively. OFL and CIP were
widely used human pharmaceutical. In a word, the concentra-
tion of antibiotics in the WWTPs groups was higher than those
of other sources, indicating signicant contribution of WWTPs
to total antibiotic residues in Shanghai. In addition, this study
also conrmed that cattle farms have limited contribution of
antibiotics in surface water bodies in Shanghai.

The status of antibiotics in water of the WWTPs and cattle
farms receiving rivers were comparable with those in WWTPs
and livestock and poultry farms-impacted rivers in other liter-
atures. Since studies on the detection of antibiotics in the
receiving rivers of aquaculture farms were few, the antibiotic
concentrations in the receiving rivers of aquaculture farms were
compared with those in the water in aquaculture farms (Table
2). In the group of WWTPs, the antibiotic levels in this study
were similar to those in Kunming,27 higher than those in the
Ebro delta (Spain)30 and lower than those in Kenyan,29 Durban
(South Africa)31 and Girona (Spain).28 In the group of aquacul-
ture farms, the concentrations of antibiotics in this study were
comparable to those in Hangzhou Bay,32 Guangdong34 and
Bangladesh,35 but higher than those in Pearl River Delta
(PRD).33 This result may be attribute to there is a mariculture in
PRD and its dilution effect is relatively strong. In the group of
cattle farms, the antibiotic concentrations were lower than
those in Guangxi,18 Jiangsu36 and Thailand,38 but higher than
America.37 Overall, the antibiotics pollution level in Shanghai is
moderate compared with other research areas at domestic and
overseas.
ce water (ng L�1)

NOR CIP OFL ETM–H2O CLR ROX FF References

8.25 22.18 32.12 4.11 ND 3.02 4.35 This present
study

ND 4 13.9 27
50 100.7 61.3 28

54.5 300 29
0.05 0.6 0.45 0.2 30

0.6 310.75 33.45 13.48 ND 31

15.08 12.19 20.56 ND ND ND 7.02 This present
study

55.24 32
6.4 ND 5.5 ND ND ND 33

8 31.33 27.77 34
ND ND 35

ND ND ND ND ND ND 5.07 This present
study

7.4 4.46 7.25 26.05 18
36

ND ND ND ND 37
2.65 7.75 38
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3.2 Occurrence of antibiotics in sediments

The occurrence and concentration of antibiotics in sediments
were summarized in Table 1. Except SAR and CAP, all target
antibiotics were detected in the sedimentary phase. The mean
concentration of antibiotics ranged from ND to 102.98 ng g�1

(OFL), and the maximum concentration was 1039.53 ng g�1

(OFL) (on a dry weight basis). Due to the stable existence state,
sediments are important sink of contaminants to enrich anti-
biotics. Moreover, sediments are in an anaerobic environment
that inhibit the degradation of antibiotics. Therefore, the
concentrations of some antibiotics in sediments are greater
than in water.

In comparison, FQs was predominant class of contaminants.
As mentioned above, it was attribute to the strong adsorption of
FQs to particles, which delay their degradation.50 OFL had the
highest concentration and detection frequency in sediments,
which can be explained by the extensive use and low degrada-
tion in the environment. NOR, CIP and ENR, as widely use
drugs, had high detection concentrations. However, SAR was
not detected in sediments. This may be due to the reasons that
SAR is an animal-specic medicine, mainly used to treat poultry
colibacillosis, and there is no large-scale livestock and poultry
breeding base. The compounds ETM–H2O, CLR and ROX were
at similar level, ranging from ND to 2.02 ng g�1, ND to 4.14 ng
g�1 and ND to 3.31 ng g�1, respectively. The concentrations of
MLs were low, but their detection frequencies were high, 87.5%
(ETM–H2O), 75.0% (CLR) and 93.8% (ROX). Although previous
study reported that MLs mainly existed in cationic form and
adsorbed on particles because of high KOW.51 The low concen-
trations of MLs can be attributed to limited usage in present
study area. In the group of SAs, the concentrations were low due
to their stronger hydrophilicity.52 The groups of CAPs showed
the least content detection, and the antibiotic CAP were also not
detected in sedimentary phase. This shows that local aquacul-
ture farmers strictly abide by the ban of antibiotics.
Table 3 Global concentration comparison of main compounds in sedim

SDZ SMR SMZ SMX STZ SPD SIA TMP

The group of WWTPs
Shanghai 1.07 6.06 0.27 0.07 0.40 2.36 ND 1.86

Beijing 0.4 0.53
Kenyan 10.03 3.5
Córdoba (Argentina) ND ND

The group of aquaculture farms
Shanghai 0.22 1.35 0.29 0.07 ND 3.67 0.76 0.40

Hangzhou Bay ND 1.37 ND
Pearl River Delta ND ND ND ND ND ND 0.2
Guangdong 3.91 3.25

The group of cattle farms
Shanghai 0.22 1.35 0.14 ND ND 2.33 ND ND

Guangxi ND 4.75 ND
Jianghan Plain (China) 1.5 1.6 ND 2.7 ND

21584 | RSC Adv., 2021, 11, 21579–21587
Fig. 2(B) exhibits the compositional patterns of the selected
antibiotics in the sediments of the receiving rivers near the four
source types. According to the detection frequencies greater
than 30%, thirteen antibiotics (SDZ, SMR, SMZ, SPD, SIA, TMP,
NOR, CIP, ENR, OFL, ETM–H2O, CLR and ROX) are contained.
In the groups of aquaculture farm and cattle farm, the average
concentrations of all the selected antibiotics were lower than 10
ng g�1. Among them, OFL was the predominant antibiotic with
the highest concentrations of 15.48 ng g�1 and 2.77 ng g�1 in
two groups, respectively. OFL also was the main antibiotic in the
groups of WWTP. Besides, the average levels of OFL in WWTP
(151.63 ng g�1) was 2 orders of magnitude larger than aqua-
culture farm and cattle farm (5.92 ng g�1 and 2.43 ng g�1). This
phenomenon was different from those in water, which can be
attribute to various adsorption of antibiotics. Relatively
speaking, the antibiotics contribution of WWTP in sediment
were higher.

Table 3 showed the comparison of antibiotic concentrations
in sediments in this research and those in other literatures. The
results of comparison of three sources showed that the overall
concentrations of antibiotic in this study is moderate. It is
worth that OFL content in sediments in the receiving river of
WWTPs was at a high level. This phenomenon might be caused
by its extensive use in Shanghai. Mei et al. reported that the high
concentration of OFL discharge from WWTPs in Shanghai (102

to 103 ng L�1).53
3.3 Potential sources of antibiotics in Shanghai

The source contributions were further determined by principal
component analysis, followed by multiple linear regression
(PCA-MLR). Thirteen compounds used for PCAs are shown in
Table 4 (antibiotics with low detection rate are not shown). Four
principal components (PC1, PC2, PC3, and PC4) obtained aer
varimax rotation, which accounted for 21.64%, 15.01%, 14.74%
and 12.92% of the total variance, respectively. The rst rotated
ent (ng g�1)

NOR CIP ENR OFL ETM–H2O CLR ROX Reference

5.58 21.66 ND 151.63 0.41 1.12 0.79 This present
study

10.5 39.5 6.55 47
11.33 5 29
ND ND ND ND 48

0.69 2.45 0.87 5.92 0.06 0.14 0.16 This present
study

7.33 1.22 32
2.2 0.2 0.4 0.04 0.2 0.2 33
1.15 4.07 366.75 34

ND ND ND ND ND ND ND This present
study

23.75 14.61 79.15 126.35 18
47.6 17.7 16.9 0.9 2.0 49
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Table 4 Varimax-rotated component matrix of all water samplesa

Antibiotics

Component

1 2 3 4

SDZ 0.900 0.025 �0.077 0.088
SMR �0.107 0.552 �0.181 �0.011
SMZ 0.131 0.814 �0.030 0.126
SMX 0.701 0.307 0.147 �0.316
STZ 0.007 �0.162 0.046 �0.249
SPD 0.783 �0.338 �0.108 �0.115
SMT 0.686 0.349 �0.239 �0.003
SIA 0.015 0.012 �0.079 0.903
TMP 0.391 0.211 �0.681 0.324
CIP �0.031 0.430 0.115 0.307
OFL �0.086 �0.146 0.805 0.205
ROX 0.486 �0.271 �0.343 �0.642
FF 0.047 0.731 0.450 �0.106
Percentage
variance explained (%)

21.64 15.01 14.74 12.92

a Extraction method: principal component analysis; rotation method:
varimax with Kaiser normalization.
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component (PC1) is mainly associated with ve antibiotics:
SDZ, SMX, SPD and SMT, which are important antibiotics used
in the therapy of human. Thus, PC1 can indicate human
pharmaceutical use and domestic discharge to water environ-
ment from WWTPs. The prole of the second rotated compo-
nent (PC2) is characterized by high loading of three antibiotics:
SMR, SMZ and FF, which are widely used in veterinary drugs.
Therefore, PC2 appears to be indicative of veterinary drugs.
Previous studies reported that animal farms were main pollu-
tion sources in the Huangpu River, Shanghai.11,46 OFL is the
largest loading on the third rotated component (PC3). SIA is the
largest loading on PC4. These chemicals can indicate human
pharmaceutical.

In order to conrm the mass apportionment of the four
components, multiple linear regression of elements in the
factor scores matrix (FSk) against the standard normalized
deviate of the sum antibiotics values (Ĉsum) performed on PCA
score was analyzed. The equation was as follows:
Fig. 3 Spatial ecological risk differences of 19 individual antibiotics in rec
and WWTP) (group (a) represents ecological risk variation in surface wat

© 2021 The Author(s). Published by the Royal Society of Chemistry
Ĉsum ¼ 0.813FS1 + 0.259FS2 + 0.145FS3 (R
2 ¼ 0.751)

The Ĉsum equation can be expanded as follows:

Ĉsum ¼ 0.813FS1s + 0.259FS2s + 0.145FS3s + mean[Ĉsum]

where s was 294.48 ng L�1; and mean[Ĉsum] was 195.65 ng L�1.
The analysis demonstrated that the rst three components
(PC1, PC2, and PC3) were retained. The mean contribution Bk/P

Bk of each factor was estimated, and the WWTPs (factor 1)
accounted for 66.8%. The contribution from aquaculture farms
and cattle farms (factor 2) was 21.2%, and human pharmaceu-
tical (factor 3) was 11.9%. Therefore, the contribution of human
antibiotics to the aquatic environment was relatively higher
than veterinary antibiotics in Shanghai.
3.4 Environmental risk assessment

Fig. 3 shows different pollution sources of ecological risks for 19
antibiotics in surface waters and sediments. In case of surface
water (group a), the average RQtotal values in aquaculture farms,
cattle farm and WWTP were 0.88, 0.09 and 1.42, respectively.
The calculated RQ values of most antibiotics were lower than
0.1, indicating the relatively low risk in the aquatic environ-
ment. CIP and SPD were the dominant risk contributors, and
the RQ value ranged from 0 to 0.71 and 0 to 1.15, respectively.
To be specic, CIP showed insignicant and medium risk in
37.5% and 62.5% of all samples, respectively. SPD showed
insignicant, low and medium risk in 16.7%, 16.7% and 62.5%
of all samples, respectively, while only 4.17% of all samples
exhibited high risk. The highest risk occurred in WWTPs, of
which SPD, CIP and ETM–H2O were the central contributors,
with mean RQ values of 0.32, 0.72 and 0.21, respectively. With
regard to sediment (group b), the mean RQtotal values were 0.55,
0.31 and 1.12 in aquaculture farms, cattle farm and WWTP,
respectively. As was the case with surface water, higher risks
were evaluated in sediments of WWTP. Besides, the calculated
RQtotal values of WWTP were also higher in sediments. CIP was
the main risk contributor, and the RQ values were larger than
0.1 in 58.33% samples and posed medium risk. Meanwhile
ETM–H2O and CLR also presented medium risk (>30%) in
eiving water body of three source types (aquaculture farm, cattle farm
er; group (b) represents ecological risk variation in sediments).
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sediments. Especially, compared to SAs, FQs and MLs posed
higher ecological risks to the relevant sensitive aquatic organ-
isms. This result was consistent with the multimedia fate
modelling of antibiotics in the previous study of Beijing that
FQs and MLs had higher ecological risks than SAs.54 All in all,
the levels of antibiotics detected in surface water and sediments
would not cause a high risk to aquatic organisms. However,
long-term continuous emissions into aquatic ecosystems may
lead to negative effects and thus should be vigilant. Further-
more, given the fact that interaction of various antibiotics may
exert higher ecological risk,55 further investigations are needed.
4. Conclusion

Nineteen antibiotics were investigated in the surface water and
sediment of receiving rivers near potential sources in Shanghai.
The results showed that SAs and FQs were the predominant
antibiotic in surface water and sediment, respectively. The
pollution of human antibiotics was greater than that of veteri-
nary antibiotics, and WWTPs should be considered as a main
source of antibiotics in Shanghai. Given this situation, waste-
water treatment efficiency need to be improved. Risk assess-
ment revealed that CIP posed medium risks to aquatic
ecosystem. Further study is needed to better understand the
transmission mechanism of potential sources of antibiotics in
Shanghai, and their impact on the public health.
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