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• Post-pandemic detection and risk as-
sessment of PPCPs were performed in
Wuhan.

• The occurrence of ribavirin and
azithromycin was higher than historical
reports.

• WWTP-river-estuary system had higher
waterborne contents of PPCPs than
lakes.

• Sulfamethoxazole and azithromycin
may pose risks to aquatic species in
Wuhan.
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The consumption of pharmaceuticals and personal care products (PPCPs) for controlling and preventing the
COVID-19 would have sharply increased during the pandemic. To evaluate their post-pandemic environmental
impacts, five categories of drugs were detected in lakes and WWTP-river-estuary system near hospitals of
Jinyintan, Huoshenshan and Leishenshan in the three regions (J, H and L) (Regions J, H and L) in Wuhan,
China. The total amount of PPCPs (ranging from 2.61 to 1122 ng/L in water and 0.11 to 164 ng/g dry weight in
sediments) were comparable to historical reports in Yangtze River basin, whereas the detection frequency and
concentrations of ribavirin and azithromycinwere higher than those of historical studies. The distribution of con-
cerned drugs varied with space, season, media and water types: sampling sites located at WWTPs-river-estuary
systemaround two hospitals (Regions L and J) usually had relatively highwaterborne contamination levels, most
of which declined in autumn; lakes had relatively lowwaterborne contamination levels in summer but increased
in autumn. The potential risks of detected PPCPs were further evaluated using the multiple-level ecological risk
assessment (MLERA): sulfamethoxazole and azithromycin were found to pose potential risks to aquatic organ-
isms according to a semi-probabilistic approach and classified as priority pollutants based on an optimized risk
assessment. In general, the COVID-19 pandemic did not cause serious pollution in lakes and WWTPs-river-
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estuary system inWuhan City. However, the increased occurrence of certain drugs and their potential ecological
risks need further attention. A strict source control policy and an advanced monitoring and risk warning system
for emergency response and long-term risk control of PPCPs is urgent.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Since December 2019, the whole world has encountered a serious
and challenging period due to the outbreak of coronavirus disease
2019 (COVID-19). The pandemic of COVID-19 has a substantial impact
on the world in diverse ways (Ahmed et al., 2020; Kargar et al., 2020).
In line with the menace to human health, another substantial issue is
the environmental impacts. As reviewed by Shakil et al. (2020), the im-
pacts of COVID-19 pandemic by and on environmental factors can been
summarized into four research clusters including the environmental
degradation, air pollution, climate/metrological factors and tempera-
ture. While many studies have reported dropped remarkably pollution
levels in air, noise and water quality due to governmental restrictions
on human and industrial activities and even lockdown of cities (Bao
and Zhang, 2020; Wang and Su, 2020; Wang et al., 2021; Yunus et al.,
2020; Zambrano-Monserrate et al., 2020; Zheng et al., 2020), the nega-
tive consequences due to the increasing amount of anti-epidemic
chemicals should not be neglected.

For example, the sharply increased drug use for controlling and
preventing COVID-19 would probably cause environmental pollu-
tion and risks for the ecology. According to the diagnosis and treat-
ment program of COVID-19 recommend by the National Health
Commission of the People's Republic of China, antiviral drugs such
as ribavirin and antibiotics such as moxifloxacin hydrochloride are
widely used in the treatment of COVID-19 (NHCC, 2020). Glucocorti-
coids such as methyl prednisone and dexamethasone are also used in
therapy for the severe COVID-19 patients (Chen et al., 2020; Li et al.,
2020). In addition, due to the limitation of hospital beds at the begin-
ning, a great majority of COVID-19 cases with mild symptoms re-
ceived therapy at home. Even some patients of ordinary influenza
also took the above mentioned or similar drugs because of panic
since many antiviral and antibiotics were sold as over-the-counter
(OTC) drugs in China. Therefore, the consumption of these drugs
would have sharply increased during this period. Consequently, the
unconsumed drugs could be dumped into sewers and lead to ele-
vated loads in the environment (Castillo-Zacarías et al., 2020;
Reinstadler et al., 2021).

These drugs all can be cataloged as pharmaceuticals and personal
care products (PPCPs). Since the treatment processes used in thewaste-
water treatment plants (WWTPs) are not designed for removing these
substances, PPCPs could be discharged to receiving waters along with
the effluents. The risk of PPCPs have during the past years been a
major concern and intensively studied in the field of environmental tox-
icology (Nkoom et al., 2018; Wu et al., 2014; Wu et al., 2021). The
aquatic environment is probably susceptible to PPCPs, because these
substances have been reported to be bio-accumulative in non-target
aquatic organisms at different trophic levels and specifically interact
with certain target in the organisms at very low concentrations
(Gaffney et al., 2015; Kumar et al., 2020; Zhang et al., 2020). Hence, it
is urgent to evaluate the pollution levels and risks of the anti-
epidemic pharmaceuticals in the aquatic environment post COVID-19
pandemic. Therefore, in the present study, the aimswere to (1) investi-
gate the occurrence, spatial and seasonal distributions of PPCPs in the
surface water and sediments from lakes and WWTP-river-estuary
system around hospitals in Wuhan, China and (2) evaluate the post-
pandemic ecological risk of the detected PPCPs in the aquatic
environment.
2

2. Materials and methods

2.1. Study area and sample collection

Wuhan (E113°41′–E115°05′, N29°58′–N31°22′), the capital of
Hubei province, China, has a population of 14.19 million. A total of 19
sampling sites were designed near hospitals of Jinyintan, Huoshenshan
and Leishenshan in the three regions (J, H and L), including six lakes (L1,
L6–7, L12–13 and L19), three sewage discharge outlets and riverswithin
1 km and 2 km from the sewage outlets (R2–4, R8–10 and R14–16),
three estuaries (E5, E11 and E17) of Yangtze River and Xunsi River
(R18) (Fig. 1). The detailed information of sampling sites is shown in
Table S1.

To investigate the occurrence, spatial and seasonal distributions of
PPCPs in the surface water and sediments in Wuhan City after COVID-
19 epidemic, two sampling events were respectively performed in
June (summer) and October (autumn) 2020 because the COVID-19 ep-
idemic was well under control and the three Hospitals had been all
closed before May 2020. Thirty-eight surface water samples (20 cm)
were obtained with a 5-L glass sampler. Qisodium ethylenediamine
tetraacetate (Na2EDTA) (0.25 g) and ascorbic acid (150 mg) were
added in 1-L water samples for antibiotics and ribavirin analysis.
Thirty-seven surficial sediments (0–5 cm) were collected using a Van
Veen grab, and all samples were immediately kept on ice in the dark.
Water samples were passed through 0.45 μm glass fiber filters and the
filtered water samples were stored in the dark at 4 °C before extraction
within 24 h. The sediments were freeze-dried, homogenized, filtered
through a 100-mesh sieve, and stored at−20 °C.

2.2. Sample pretreatment and instrumental analysis

Water samples were extracted by using solid-phase extraction (SPE)
method, while sediment samples were extracted by using ultrasonic-
assisted extractionmethod, followed by clean-up stepwith SPE according
to thepreviously publishedmethods (Liu et al., 2015;Xu et al., 2019; Zhou
et al., 2019). Antibiotics, glucocorticoids and ribavirin in the extractswere
quantified by ultra-high-performance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS) (Waters Acquity UPLC coupled to
Waters Xevo TQD) coupled to a Colochem 5600 A electrochemical detec-
tor (ESA) equipped with a BEH-C18 column (2.1 mm× 100mm, 1.7 μm)
(Waters, USA). The present study detected 72 drugs (1 antiviral drug,
9 macrolides, 10 fluoroquinolones and 12 sulfonamides and 40 glucocor-
ticoids) from5categories (Tables S2–S5),whichwerewidely used against
COVID-19 (NHCC, 2020; Chen et al., 2020) or frequently detected in
aquatic environment (Li et al., 2019; Liu et al., 2015). Details for the pre-
treatment, analysis and also the quality control are given in the
Supporting Information.

2.3. Mass loadings of PPCPs from WWTPs

Since effluents from WWTPs is a major source of PPCPs dumping to
aquatic environment (Reinstadler et al., 2021), the mass loading of the
determined drugs from outlets of the three WWTPs was estimated
during two periods (April to June and July to October) according to
the following equation: Mass loadings (kg) = Concentration (g/L) ×
wastewater loadings (L/d) × T (d) / 1000. April was selected as the be-
ginning of post-pandemic time because most COVID-19 patients have



Fig. 1.Map showing the sampling sites in the lakes and WWTP-river-estuary system in Wuhan City.
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been cured and discharged from hospital and people began to return to
work from then on. The measured concentrations of drugs in June and
October were as used as their concentrations at the two periods, respec-
tively. Thewastewater treatment ability of the threeWWTPs is 10× 107

L/d (WWTP-J), 5 × 107 L/d (WWTP-H) and 30 × 107 L/d (WWTP-L) as
indicated on their official websites.

2.4. Ecological risk assessment

2.4.1. Tier-1: a primary screening
A primary risk assessment of ribavirin, antibiotics and glucocorti-

coids in water was performed using the deterministic quotient ap-
proach. The deterministic risk quotients (RQs) of PPCPs was calculated
by the following equations:

RQ ¼ C=PNEC ð1Þ

here, C is the detected environmental concentration or median concen-
tration of a single chemical in the water samples. PNEC is the predicted
no-effect concentration of each chemical for aquatic organisms. PNEC is
obtained from the most sensitive toxicity data with assessment factors
(AFs) of 10 or 1000 based on test endpoints of EC10, EC50 or LC50

(Godoy et al., 2018; Liu et al., 2020). The EC10, LC50 and EC50 of individ-
ual chemicals were obtained from references, experimental data in this
study or ECOSAR Program developed by the US EPA's Office of Chemical
Safety and Pollution Prevention (Table S6). The commonly used ecolog-
ical risk ranking criterion was following: RQ ≥ 1, high risk; 0.1 ≤ RQ< 1,
medium risk; 0.01 ≤ RQ < 0.1, low risk; and RQ < 0.01, insignificant
(Hernando et al., 2006; Sanchez-Bayo et al., 2002).

2.4.2. Tier-2: a semi-probabilistic assessment
Although the RQ approach can preliminarily reflect relative

risks posed by pollutions, it cannot indicate at what degree the
pollutions might actually affect the aquatic creatures. Thus, a semi-
probabilistic assessment was carried out depending on the framework
for ecotoxicological risk assessment (US EPA, 1998). Briefly, to calculate
the frequency of exceeding PNEC, the measured environmental
3

concentration of individual PPCPs at each sampling site was compared
to its PNEC values. Concentration of pollution exceeding PNEC poses a
potential risk,while concentration lower than PNEC is regarded as insig-
nificant risk to aquatic creatures. Therefore, the frequency of exceeding
PNEC can be used to prioritize the pollutants (Johnson et al., 2018). The
frequency of exceeding PNEC (F) of a target chemical can be calculated
as the number of sampling sites with concentration exceeding PNEC di-
vided by the total number of sampling sites (Eq. (2)). The results sug-
gest the proportion of sites which showed a possibility of potential
risk (Ohe et al., 2011).

F ¼ n=Nð Þ � 100% ð2Þ

where F is the frequency of exceeding PNEC, n is the number of sam-
pling sites with concentration exceeding PNEC and, N is the total num-
ber of sites.

2.4.3. Tier-3: an optimized risk assessment
An optimized risk assessment was conducted in line with the

NORMAN Network (NORMAN Association, 2013; Tousova et al., 2017).
Prioritization index (PI) was adopted to further highlight the priority
of PPCPs which needed the greatest concern in lakes and WWTP-
river-estuary system in Wuhan. PI was calculated by the following
equation:

PI ¼ RQm � F ð3Þ

here, RQm represents the risk quotient of a single chemical based on its
median concentrations and PNEC, F represents the PNEC exceeding
frequency.

3. Results and discussion

3.1. Occurrence of PPCPs in water and sediments from lakes and WWTP-
river-estuary system in Wuhan City

The detection frequencies and concentrations of PPCPs in water and
sediments are shown in Table 1. Twenty-seven among the 72 quantified

Image of Fig. 1


Table 1
Occurrence of ribavirin, antibiotics and glucocorticoids in water (ng/L) and sediments (ng/g dry weight) from Wuhan, China.

Analyte Water in summer
(n = 19)

Water in autumn
(n = 19)

Sediment in summer
(n= 18)

Sediment in autumn
(n = 19)

DFa

(%)
Min Max Median DF

(%)
Min Max Median DF

(%)
Min Max Median DF

(%)
Min Max Median

Anti-virus drug Ribavirin 89.5 1.04 52.2 4.36 57.9 1.11 2.26 1.55 100 0.13 2.46 0.86 100 0.10 10.4 1.39
Sulfonamides antibiotics Sulfadimidine 94.7 0.12 8.91 0.69 94.7 0.97 2.21 1.45 11.1 0.11 0.13 0.12 26.3 0.18 0.22 0.19

Sulfamethoxazole 84.2 1.12 16.6 8.48 94.7 1.42 11.7 2.63 11.1 0.18 0.19 0.18 10.5 0.11 0.11 0.11
Sulfadiazine 63.2 0.10 2.56 0.49 57.9 0.84 9.14 1.48 – – – – – – – –
Sulfamonomethoxine 52.6 0.53 8.81 1.46 47.4 1.23 17.8 3.07 33.3 0.22 0.29 0.25 31.6 0.31 0.39 0.32
Sulfachloropyridazine 42.1 0.59 8.15 1.42 42.1 0.90 6.00 3.50 – – – – 26.3 0.09 0.10 0.09
Sulfaquinoxaline 10.5 0.17 0.58 0.38 21.1 1.08 1.08 1.08 – – – – 5.3 0.09 0.09 0.09
Sulfadimethoxine 5.3 0.18 0.18 0.18 – – – – – – – – – – – –
Sulfamethizole 5.3 1.36 1.36 1.36 – – – – – – – – 10.5 0.01 0.13 0.07
Sulfamerazine 5.3 0.11 0.11 0.11 – – – – – – – – – – – –
Sulfisoxazole – – – – – – – – 33.3 0.28 0.35 0.31 – – – –
ΣSulfonamides – 0.33 24.9 16.5 – 2.39 32.5 10.0 – 0.11 0.78 0.29 – 0.01 0.70 0.39

Fluoroquinolones antibiotics Norfloxacin 10.5 0.49 4.51 2.50 11.1 0.62 2.65 1.63 21.1 1.84 25.2 6.27
Ofloxacin 5.3 21.0 21.0 21.0 10.5 39.0 172 106 50.0 0.15 17.0 0.37 89.5 0.04 125 0.73
Moxifloxacin hydrochloride – – – – – – – – 33.3 0.87 2.80 1.49 31.6 0.53 2.26 0.76
Enoxacin – – – – – – – – 27.8 0.11 8.48 0.54 10.5 2.62 3.47 3.04
Enrofloxacin – – – – – – – – 22.2 0.10 5.45 1.10 31.6 0.02 7.70 0.06
Ciprofloxacin – – – – – – – – 16.7 0.11 0.38 0.12 31.6 0.17 0.78 0.24
ΣFluoroquinolones – 0.49 21.0 4.51 – 39.0 172 106 – 0.11 19.2 1.64 – 0.08 152 1.40

Macrolides antibiotics Erythromycin 100 0.06 5.75 0.49 78.9 0.91 12.9 1.15 61.1 0.10 8.51 0.38 73.7 0.14 0.37 0.16
Azithromycin 94.7 3.14 935 43.9 84.2 1.98 920 17.4 83.3 2.70 41.1 12.6 52.6 0.43 39.2 4.87
Clarithromycin 89.5 0.18 266 5.93 10.5 1.65 1.99 1.82 5.6 2.10 2.10 2.10 – – – –
Tilmicosin 42.1 1.26 7.30 2.60 10.5 4.80 11.3 8.03 66.7 0.12 14.5 2.88 – – – –
Tylosin 5.3 2.14 2.14 2.14 – – – – – – – – – – – –
Spiramycin – – – – – – – – – – – – 42.1 0.95 1.05 0.97
ΣMacrolides – 0.06 1100 29.6 – 1.07 937 16.1 – 0.19 45.5 14.0 – 0.14 40.6 1.56

Glucocorticoids Triamcinolone acetonide 21.1 0.28 0.89 0.35 10.5 1.13 2.24 1.68 – – – – – – – –
Hydrocortisone 10.5 0.64 2.03 1.34 10.5 0.90 2.18 1.54 – – – – 10.5 0.01 0.02 0.01
Budesonide 10.5 6.65 15.5 11.1 – – – – – – – – – – – –
Beclomethasone 5.3 32.5 32.5 32.5 – – – – – – – – – – – –
Hydrocortisone 17-valerate 5.3 1.17 1.17 1.17 – – – – – – – – – – – –
Prednicarbate 5.3 0.27 0.27 0.27 – – – – – – – – – – – –
Mometasone furoate 5.3 10.8 10.8 10.8 – – – – – – – – – – – –
Cortisone – – – – 26.3 0.47 3.69 0.91 – – – – – – – –
Fludroxycortide – – – – 10.5 2.86 5.36 4.11 – – – – – – – –
Fluoromethalone – – – – 10.5 0.66 0.67 0.67 – – – – 10.5 0.10 0.11 0.10
Prednisone 21-acetate – – – – – – – – 100 0.22 0.88 0.48 5.3 0.01 0.01 0.01
Hydrocortisone 21-acetate – – – – – – – – – – – – 15.8 0.02 0.03 0.03
Prednisolone – – – – – – – – – – – – 5.3 0.08 0.08 0.08
ΣGlucocorticoids – 0.28 32.5 2.03 – 0.47 5.72 2.99 – 0.22 0.88 0.48 – 0.01 0.12 0.03

a DF: detection frequency.
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pharmaceutical compounds, including 1 antiviral drug, 9 sulfonamides,
3 fluoroquinolones, 4 macrolides and 10 glucocorticoids, were detected
in water samples, and twenty-six pharmaceutical compounds (1 antivi-
ral drug, 7 sulfonamides, 8 fluoroquinolones, 4 macrolides and 6 gluco-
corticoids) in sediment samples. Among the detected PPCPs, the
detection frequency of sulfadimidine, sulfamethoxazole, azithromycin,
erythromycin and clarithromycinwere higher than 78.9% inwater sam-
ples and ribavirin up to 100% in sediments in both summer and autumn,
indicating that these drugs were commonly pollutants in Wuhan city.

The concentration of each drug in surface water was lower than
1000 ng/L and usually varied from ND (not detected) to hundreds
ng/L, which was similar to most of previous studies on PPCPs in the
world (Arikan et al., 2008; Bu et al., 2013; Kim et al., 2007; Simazaki
et al., 2015). The total concentrations of PPCPs ranged from 2.61 to
1122 ng/L (median: 45.2 ng/L) inwater and 0.11 to 164 ng/g dryweight
(dw) (median: 12.0 ng/g dw) in sediments from lakes and effluents-
rivers-estuary system inWuhan City, whichwere comparable to histor-
ical reports of Yangtze River basin of China (Zhou et al., 2019; Xu et al.,
2019). Thus, the COVID-19 pandemic did not aggravate the PPCPs pollu-
tion in aquatic environment in Wuhan City. In this study, antibiotics
were the mainly PPCPs category, which was consistent with previous
studies in China (Bu et al., 2013; Xu et al., 2019). For sulfonamides, the
concentrations of sulfamethoxazole in water in Wuhan City were com-
parable to those in central and lower Yangtze River (ND– 18.5 ng/L)
4

(Wu et al., 2014), but the highest level of sulfadiazine in water was
nearly two orders of magnitudes lower than those in the Pearl Rivers
(726 ng/L) (Yang et al., 2011). For fluoroquinolones, themaximum con-
centration of ofloxacin in water (172 ng/L) were comparable to those in
lakes along the middle and lower reaches of the Yangtze River Basin
(106 ng/L) (Li et al., 2019), and ofloxacin, norfloxacin and enrofloxacin
in sediments similar to those (235 ng/g, 14.5 ng/g and 2.45 ng/g) in the
streams near livestock farms in China (Zhou et al., 2013). However, for
macrolides, the detection frequency as well as concentrations of
azithromycin were much higher than those in studies before COVID-
19 pandemic, where azithromycin was detetected with frequency of
11.9% (up to 4.3 ng/L) in the water and 7.96% (up to 6.68 ng/g dw) in
the sediments from the lower-middle reaches of the Yangtze River
(Zhou et al., 2019).

3.2. Spatial and seasonal variation of PPCPs in surface water and sediments
from lakes and river-estuary system in Wuhan

3.2.1. Surface water
In summer, the total concentrations of PPCPs in water samples of

lakes were much lower than those in WWTP-river-estuary system
(Fig. 2A), because the sewage from the hospitals and residents living
were passed though wastewater treatment plants and discharged into
rivers instead of lakes. This result was consistent with previous studies



Fig. 2. Occurrence of five categories of PPCPs in surface water fromWuhan City. (A) Spatial and seasonal distributions of PPCPs in three regions. (B) The composition of PPCPs in surface
water in summer. (C) The composition of PPCPs in surface water in autumn. RBV: ribavirin; FQs: fuoroquinolones; SAs: sulfonamides; MLs: macrolides; GC: glucocorticoids.
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that the contents of antibiotics in lakes were lower than those in Yang-
tze River (Wu et al., 2014). Among the five categories of drugs,
macrolides were dominant in 17 out of 19 of water samples in summer
with contribution rates ranging from 38.5% to 97.7% (Fig. 2B). The dom-
inance of the macrolides has been observed in urban rivers of Japanese
(Murata et al., 2011) and in the Yangtze River of China (Li et al., 2019;
Liu et al., 2020; Wu et al., 2014). The spatial distribution pattern of
total PPCPs concentration in WWTP-rivers system in the Region L was
significantly higher than those in the Region H and Region J (P < 0.01)
(Fig. S1). Region H has the lowest concentrations of total PPCPs, which
may be because it has the lower population density, and that Huoshen
Hospital has been closed in 15th, April 2020. Jinyintan Hospital is the
first to receive COVID-19 patients, and still be responsible for the re-
maining patients after Leishen and Huoshen Hospital closed. Therefore,
the concentrations of PPCPs in the rivers of Region J was higher than
5

that in the Region H. Although Leishen hospital in Region L was also
closed, the concentrations of anti-epidemic drugs at R14–R16 were
the highest among the three regions. There may be several reasons:
(i) the population density in the Region L has higher than that in the Re-
gion J and Region H; (ii) Qingling River received additional wastewater
from otherWWTPs, and it had poor dilution capacity compared with Fu
River andHanRiver. In addition, thewater fromSouth lake andTangxun
Lake was also delivered via Xunsi River and Qingling River, then
pumped into underground culvert, and discharged into Yangtze River
through a pumping station located near E17. Therefore, the estuary of
Qingling River (E17) has the highest concentrations of PPCPs among
the three estuaries (E5, E11 and E17), and even among all sampling
sites.

In autumn, the total amount ofwaterbornedrugs inmost of the sam-
pling sites located at rivers and their estuaries were lower than those in

Image of Fig. 2
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summer, whichweremainly due to the decreases ofmacrolides (Fig. 2A
and C). The three highest concentrations of PPCPs inwater were located
at R2, R8 andR18, but their concentrations in autumnwere 3 to 11 times
higher than those in summer. The sampling sites of R2 and R8 were
nearby the drain outlets, whereas R18 located at Xunsi River, where
small drain outlets were also observed. These results also supported
previous reports that wastewater effluents were a major source of anti-
viral and antibiotics to aquatic environment in rivers-estuary system
(Reinstadler et al., 2021).

In addition, in most sampling sites of lakes (5 out of 7), the total
amounts of waterborne drugs were increased to varying degrees. One
possible explanation is that during the lockdown, human activities that
may cause pollution have also been prohibited. Furthermore, the amount
Fig. 3. Occurrence of five categories of PPCPs in sediments fromWuhan City.
(A) Spatial and seasonal distributions of PPCPs in three regions. (B) The composition of PPCP
ribavirin; FQs: fuoroquinolones; SAs: sulfonamides; MLs: macrolides; GC: glucocorticoids.

6

of precipitation in Wuhan city in June of rainy season was more than
3 times than that in October of dry season, which caused dilution of the
PPCPs concentrations. Improved water quality has been reported in
several studies after the pandemic (Yunus et al., 2020). However, in
autumn, the production and life have almost recovered as before the
pandemic, and the increased human activities may be responsible for
the increased drugs concentrations in lakes post pandemic.

3.2.2. Sediment
In summer, the total amount of PPCPs in sediments from river-

estuary system in Region J (R2–R4 and E5) and Region L (R14– R16
and E17) were higher than those in Region H (R8–R9 and E11)
(Fig. 3A). Among the five categories of drugs, macrolides were still
s in sediments in summer. (C) The composition of PPCPs in sediments in summer. RBV:

Image of Fig. 3
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dominant in all sampling sites located at rivers and their estuary in sum-
mer, followed by fluoroquinolones and ribavirin (Fig. 3B). It should be
noted that the concentrations of macrolides and total PPCPs in sedi-
ments in summer were both statistically related to those in water (P <
0.01) (Fig. S2), suggesting the pollution of PPCPs in sediments could
be sourced from those in water.

In autumn, the total amount of PPCPs were decreased in sediments
from a majority of sampling sites in rivers and estuaries in Region
H and Region L. These spatial and seasonal variance of PPCPs in
sedimentswere similar those inwater phase, suggesting that the source
of drugs in sedimentsmay due to their adsorption and sedimentation in
water. In contrast, the total amounts of PPCPs in sediments fromR2– R4
and E17 in autumn were higher than those in summer. It is noted that
the levels of fluoroquinolones in sediments in autumn are obviously
higher than those in summer and became the dominant among
the five categories in most rivers and their estuary (Fig. 3C).
Furthermore, the concentrations of fluoroquinolones in sediments
in autumn were statistically related to those in summer (P < 0.01)
(Fig. S3). These results indicated that fluoroquinolones could be
accumulated in the sediments, which could be attributed to their
low biodegradation, hydrolysis and photodegradation in water
(Jiao et al., 2008; Kümmerer, 2009) or their high organic carbon-
water partition coefficients (Kd) resulting in their accumulation to
sediment (Rabølle and Spliid, 2000). Previous studies have also re-
ported that fluoroquinolones had relative high contribution rates
comparing with macrolides and sulfonamides, because of their high
partitioning and low biodegradation rates in sediment (Liu et al.,
2020; Ying et al., 2013).

3.3. Mass loadings of drugs from WWTPs

As we have estimated, the usage of anti-epidemic pharmaceuticals
according to the reported number of cases and recommended prescrip-
tion, the total usage of seven recommended pharmaceuticals (lopinavir/
ritonavir, ribavilin, albido, moxifloxacin hydrochloride, chloroquine
phosphate, methyl prednisolone) could be about 2472 kg in Wuhan
during the COVID-19 pandemic, with ribavilin at the top place
(Table S7). However, this does not include the usage by COVID-19 pa-
tients as well as ordinary influenza patients received therapy at home,
which could be much more both in quantity and in variety. The resid-
uals of these chemicals can be dumped to the sewers and discharged
into rivers along with effluents from WWTPs. Moreover, these drugs
will surely be continuously used post pandemic not only for human
health, but also for animal husbandry. The total amounts of the deter-
mined drugs discharged into rivers were estimated to be 40.0 kg,
2.57 kg and 8.50 kg fromWWTP-J,WWTP-H andWWTP-L, respectively
(Table 2).While themass loading ofmost drugswas declined in the sec-
ond period, fluoroquinolones and macrolides from WWTP-J as well as
sulfonamides andmacrolides fromWWTP-Hwere increased in the sec-
ond period, indicating increased use of these drugs post pandemic. The
widely usage and continuously inputs of these drugs could cause seri-
ously pollution in water, and then could induce potential risk to the
aquatic environment.
Table 2
Estimated mass loading of determined drugs from three WWTPs in Wuhan post COVID-19 pa

Drugs WWTP-J (kg) WWTP-H (kg

March–June July–October Total March–June

Antiviral drug 0.34 0.04 0.38 0.04
Sulfonamides 0.68 0.54 1.22 0.08

0.20 6.36 6.56 0.00
Macrolides 5.46 26.3 31.7 0.12
Glucocorticoids 0.01 0.08 0.09 0.00
Total (kg) 6.69 33.3 40.0 0.25
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3.4. Ecological risk assessment

The potential ecological risk for the detected PPCPs in surface water
from the lakes and WWTP-river-estuary system of Wuhan City was
assessed using the multiple-level ecological risk assessment (MLERA)
in accordance with previously published methods (Liu et al., 2020).
Due to lack of toxicity data for benthons and risk assessment methods
for the sediment, this study only evaluated the potential risks upon wa-
terborne exposure by the target drugs.

The RQ based on the measured environmental concentration is a
useful method which can be indicated whether the relative risk is high
or low in water samples. As shown in Fig. 4, the RQs for glucocorticoids
were all less than 0.01 in either summer or autumn indicating insignif-
icant risks. Ribavirinwas found to low ecological risk in 3water samples
in summer, and insignificant in autumn. However, certain antibiotics
posed medium to high risk in the aquatic environment of Wuhan city,
especially in WWTPs-river-estuary system. For sulfonamides, sulfa-
methoxazole posed high risk in 16 out of 19 sampling sites in summer
and 18 out of 19 in autumn, while sulfamonomethoxine was found to
medium risk in 4 sampling sites in summer and 7 sites in autumn. For
fluoroquinolones, ofloxacin was occasionally appeared with high risk,
occurring at site R9 in summer and sites R2 and R18 in autumn. For
macrolides, azithromycin posed high risks in 12 out of 13 river-
estuary sampling sites in summer and 6 sites in autumn, while
azithromycin posed medium risks in 5 out of 6 lakes. In summer,
clarithromycin posed high risks in 7 out of 19 sampling sites, and eryth-
romycin posed medium risks in 8 out of 19 sites, which were all occur-
ring in WWTPs-river-estuary system of Region J and Region L. It is
noticed that the sampling sites facing high risk were mostly occurring
at WWTPs- river-estuary system, and the ecological risk of antibiotics
in the rivers were higher than those in the lakes. Previous studies in
the Yangtze River Basin before COVID-19 pandemic also reported me-
dium to high risks of sulfamethoxazole, sulfamonomethoxine and
ofloxacin to aquatic organisms, but no risk of azithromycin, erythromy-
cin and clarithromycin (Li et al., 2019; Guo et al., 2019; Zhou et al.,
2019).

The RQ values based on the median concentrations of detected
PPCPs were ranked in descending order (Fig. 5A). Among 26 PPCPs
that posted potential ecological risk in the aquatic environment (RQ ≥
0.01) were all antibiotics. Sulfamethoxazole was found to pose greatest
risk to the aquatic organisms, with the RQ of 579 in summer and 252 in
autumn, due to its toxic potency to Caenorhabditis elegans (Yu et al.,
2011). Azithromycin posed high risk to aquatic systems in summer,
but dropt to medium risk in autumn. Clarithromycin, erythromycin
and sulfamonomethoxine could also have low ecological risk. In this
study, a number of antibioticswere detected at relatively high detection
frequencies and concentrations. However, only sulfamethoxazole and
azithromycin were considered to pose high risks to aquatic organisms
in surface water of Wuhan city. This was consistent with previous re-
ports that, among18 antibiotics, only tetracycline and sulfamethoxazole
were found to pose high risks in river system of China (Liu et al., 2020).

The RQm based on median concentration could be distort by the
detection frequency, so the potential risks of PPCPs were further
ndemic.

) WWTP-L (kg)

July–October Total March–June July–October Total

0.01 0.05 0.01 0.00 0.01
0.18 0.26 0.17 0.04 0.21
0.00 0.00 0.06 0.00 0.06
2.14 2.26 7.75 0.46 8.22
0.00 0.00 0.00 0.01 0.01
2.32 2.57 8.00 0.50 8.50



Fig. 4. RQs of detected PPCPs to the most sensitive species across sampling sites.
The risk quotients (RQ) based on the measured concentration of PPCPs in surface water at an individual location of Wuhan City in summer (A) and autumn (B). SAs: sulfonamides; FQs:
fuoroquinolones; MLs: macrolides; GCs: glucocorticoids; RBV: ribavirin; SMZ: sulfamerazine; SMIZ: sulfamethizole; SDM: sulfadimidine; SCP: sulfachloropyridazine; SDX:
sulfadimethoxine; SQL: sulfaquinoxaline; SDZ: sulfadiazine; SMM: sulfamonomethoxine; SMO: sulfamethoxazole; NFX: norfloxacin; TMS: tilmicosin; OFX: ofloxacin; TYL: tylosin; EM:
erythromycin; AZM: azithromycin; CLA: clarithromycin; HYD: hydrocortisone; BEC: beclomethasone; TAA: triamcinolone acetonide acetate; BUD: budesonide; MF: mometasone
furoate; COR: cortisone; FM: fluoromethalone; FC: fludroxycortide.

X. Chen, L. Lei, S. Liu et al. Science of the Total Environment 792 (2021) 148352
evaluated using a semi-probabilistic approach and optimized risk as-
sessment. A semi-probabilistic approach screened sulfamethoxazole
and azithromycin which were found to have potential risks (Fig. 5B).
A possible threat was found in ofloxacin that posed no risk to aquatic
species according to the RQ method. To make priority drugs more
sensible, the exceeding PNEC value was compare with the detection
frequency. For instance, the exceeding PNEC values of sulfamethoxa-
zole were the same as detection frequencies, both of which were 84%
in summer and 95% in autumn. So aquatic species could be at ecological
risk once sulfamethoxazole was found in surface water. In optimized
risk assessment method, both frequency and concentration were con-
sidered. As shown in Fig. 5C, there were 4 prioritized PPCPs in summer
and 3 PPCPs in autumn based on PI in descending order, which were
similar to those in semi-probabilistic approach. Sulfamethoxazole and
azithromycin were classified as priority drugs in accordance with the
optimized risk assessment, with PI of 48,793 for sulfamethoxazole and
90 for azithromycin in summer. Liu et al. (2020) also reported in
Chinese surfacewaters that sulfamethoxazole was categorized as prior-
ity pollution, with PI of 5666 and 94% frequency of exceeding PNEC. It is
8

noticed that the ecological risk of ofloxacin in water of Wuhan city
was found to insignificant using the optimized method and the RQ
method based on median concentration, but it could not be completely
ignored due to the 11% frequency of exceeding PNEC. Over all, in the
present study, the environmental risks of certain antibiotics were
ranked higher than other drugs to aquatic species, which was consisted
with those in stream and drinking water of United Sates (Kumar and
Xagoraraki, 2010). The potential ecological risks of sulfamethoxazole
and azithromycin is need to take more attention and controll seriously
in wastewater effluents and receiving rivers in the future.

4. Conclusions

Above all, the total concentrations of PPCPs, ranging from 2.61 to
1122 ng/L in water and 0.11 to 164 ng/g in sediments, were comparable
or lower than those reported in Yangtze River basin before COVID-19
pandemic. However, ribavirin and azithromycin had higher detection
frequency and concentrations in aquatic environment of Wuhan than
historically reported. Ribavirin and azithromycin, as well as many

Image of Fig. 4


Fig. 5. The RQm (A), frequency of exceeded PNEC (B) and prioritization indexes (C) based on the median concentration of PPCPs in surface water of Wuhan City.

X. Chen, L. Lei, S. Liu et al. Science of the Total Environment 792 (2021) 148352
other antiviral and antibiotics, are sold as over-the-counter (OTC) drugs
in China, thus our resultsmay indicate that a strict usage control of these
drugs is needed. The spatial distribution revealed relative high environ-
mental loads of PPCPs in wastewater receiving rivers when compared
with those in lakes. The order of environmental loads of PPCPs among
the three regions was: Region L > Region J > Region H. Although the
waterborne concentrations of most concerned drugs showed decline
in autumn when compared to summer, those of azithromycin were
notably increased especially in river-estuary locations receiving
effluents. The ecological risk assessment using MLERA indicated
that ribavirin and glucocorticoids posed low to insignificant risks,
but 6 antibiotics (sulfamethoxazole, sulfamonomethoxine, ofloxacin,
azithromycin, erythromycin and clarithromycin) posed medium to
high risks in the aquatic environment of Wuhan city. Sulfamethoxazole
and azithromycin were classified as priority pollutions in accordance
with the optimized risk assessment. At the beginning of 2021, the
9

second round of COVID-19 storm is coming around China as well as
all over the world. A mature monitoring and risk warning system
concerning PPCPs basing on both emergency response and long-term
risk control is extremely urgent. Only in this way, can we be prepared
for the challenges in the future.
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