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Impact of easing COVID-19 restrictions on
antibiotic usage in Eastern China using
wastewater-based epidemiology

Jinxin Zang 1, Lufang Jiang1, Yingying Wang1, Yue Chen2, Chaowei Fu 1,
Barbara Kasprzyk-Hordern 3,5 , Na Wang 1,5 , Qingwu Jiang 1 &
Helen Lambert4

Coronavirus Disease 2019 (COVID-19) emerged in December 2019, prompting
the implementation of a “zero-COVID” policy in Mainland China. The easing of
this policy inDecember 2022 led to a surge inCOVID cases, whichwas believed
to significantly increase antibiotic usage, potentially due to antibiotic misuse
or increased coinfections. Our study aimed to compare antibiotic consump-
tion and patterns before and after this policy adjustment. We utilised
wastewater-based epidemiology (WBE) to analyse antibiotic levels in samples
collected from five wastewater treatment plants in Eastern China during Jan-
uary and February of 2021 and 2023. 27 antibiotics were quantified using ultra-
high performance liquid chromatography coupled with triple quadrupole
tandem mass spectrometry (UPLC-MS/MS) and analysed via WBE, with the
resulting estimates compared with catchment-specific prescription data. 23
antibiotics were detected in wastewater samples, with a substantial increase in
usage in 2023 (ranging from 531% to 3734%), consistent with prescription data.
Here, we show a significant rise in antibiotic consumption during theCOVID-19
surge and this underscores the need for further investigation into the impacts
of inappropriate antibiotic use in China.

On 12th December 2019, the first case of Coronavirus Disease 2019
(COVID-19) was identified in Wuhan, Hubei province, China1. The
World Health Organization (WHO) declared COVID-19 a global pan-
demic in March 20202. In response to this challenge, the Chinese
government implemented a stringent zero-tolerance strategy or “zero-
COVID” policy aimed at rapidly reducing infections and minimising
transmission through targeted lockdowns andpopulation-wide testing
of affected communities together with hospitalisation of all positive
cases3. The “zero-COVID” policy was largely relaxed abruptly in
December 2022, leading to a surge of COVID-19 cases in Mainland
China, with the first wave lasting approximately two months4–6. As
mass testing and intensive contact tracing were suspended, the daily

number of confirmed cases reported by the government ceased to be
an accurate reflection of the epidemic, putting great pressure on the
healthcare system.

The pandemic witnessed widespread overuse and misuse of
antibiotics; a concern underscored by recent studies highlighting
antibiotic overuse during its early phase7. Data synthesis from the 118
studies included in a review shows that approximately 82.3% of hos-
pitalised COVID-19 patients were prescribed antibiotics7. In addition,
the practice of self-medicating for respiratory and other symptoms
using antibiotics purchased without prescription has been widely
documented in China. This practice has led to unforeseen con-
sequences for antibiotic resistance (ABR), with low andmiddle income
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countries being particularly affected8. To combat antimicrobial resis-
tance, the WHO established the AWaRe classification system, which
categorises key antibiotics into three groups: Access, Watch and
Reserve. The Access group is recommended for empirical treatment in
primary care due to these drugs having a narrow antimicrobial spec-
trum, low cost, favourable safety profile and reduced risk of resistance.
The Watch group includes antibiotics with a higher risk of toxicity or
resistance development, while the Reserve group should be used as a
last resort in specific clinical situations to preserve their effectiveness.
According to WHO, community settings account for 80% of all anti-
biotics dispensed9. Several factors, such as an increased incidence of
bacterial infections coincidingwith the lifting of COVID-19 restrictions,
the precautionary administration of antibiotics to COVID-19 patients,
or shifts in healthcare practices during the pandemic, could contribute
to the escalating use of antibiotics during the COVID-19 period10.
Whilst antibiotic prescription data can provide usage data, several
challenges exist to estimating true consumption, including antibiotics
purchased over the counter/online, unconsumed antibiotics, and
consumption/excretion of antibiotics in a different catchment from
prescription11.

Wastewater-based epidemiology (WBE) is a powerful tool for
comprehending community-wide pharmaceutical consumption pat-
terns and monitoring chemical residues12–21, including antibiotics22–24.
The core principle of WBE is that chemicals ingested within a com-
munity, along with their metabolites, are excreted into the wastewater
system23. Bymeasuring these chemical residues in influentwastewater,
it is possible to use a back-calculation approach to estimate the level of
consumption within the community24–26. In our previous study, WBE
was applied for the first time in Eastern China for the estimation of
community-wide exposure to antibiotics. The results showed similar
levels of consumption and usage patterns in summer (August, 2020)
and winter (January, 2021)22.

Eastern China, one of themost economically developed regions in
the country, is notable for its dense population (approximately 373
million), robust livestock production, and widespread antibiotic use.
This makes it as a critical region for addressing issues related to anti-
biotic use and ABR27–31. In this study, we specifically chose Zhejiang
Province (Site A) and Jiangsu Province (Site B) in this region. We
measured twenty-seven antibiotics and their metabolites in waste-
water before (January, 2021) and after (January to February, 2023) the
easing of the “zero-COVID” policy. Our objective was to assess the
impact of the relaxation of the “zero-COVID” policy on the patterns
and variations of community-wide antibiotic exposure. We hypothe-
sised that there would be a significant change in antibiotic usage fol-
lowing the policy relaxation. In this work, the primary aims of this
study were to:

1. Assess the longitudinal community-wide public exposure to
antibiotics (public intake vs total environmental burden) using a WBE
approach before and after the lifting of “zero-COVID” policy in Eastern
China and analyse the impact of easing COVID-19 restrictions on
antibiotic usage.

2. Estimate antibiotics intake and variation trends via WBE before
and after the easing of COVID-19 restrictions and compare with pre-
scription data in Eastern China.

Results and discussion
Detection frequency, classification and distribution of
antibiotics
A total of 23 out of 27 antibioticswere detected in both 2021 and 2023,
and their detection frequencies are shown in Fig. 1. Macrolides and
sulfonamides showed the highest detection frequencies. Azi-
thromycin, roxithromycin, clarithromycin, erythromycin and sulfa-
methoxazole were consistently detected in all samples (100%),
suggesting widespread usage in Eastern China. In 2021, more anti-
biotics were detected compared to 2023, with six specific antibiotics,

including pefloxacin, danofloxacin, difloxacin, acetylated sulfametha-
zine, chloramphenicol, and doxycycline, being absent in 2023. This
discrepancy might suggest that the surge in caseloads placed a strain
on medical resources during a critical period after the lifting of the
restrictions in December 2022. Doxycycline was not among the fre-
quently prescribed antibiotics for patients’ therapies in the second
phase of the COVID-19 pandemic, which is consistent with the findings
from previous studies7,10. Detection frequencies were similar at both
Site A and Site B, and the daily numbers of antibiotics detected in all
WWTPs are provided in Fig. S2.

The proportional abundances for each drug class across all
WWTPs are depicted in Fig. 2A. Quinolones emerged as the dominant
category in wastewater samples in both 2021 and 2023, contributing
between 18.36% and 96.51% to overall antibiotic composition. Fol-
lowing the WHO AWaRe (Access, Watch, and Reserve) metrics, there
is a recommended country-level target of consuming at least 60% of
overall antibiotics from the Access group32. Our findings in the stu-
died areas indicated that Access group antibiotics (nine in total) only
accounted for 5.84%–22.05% of all detected antibiotics, while Watch
group antibiotics (twelve in total) accounted for 77.95%–98.68%
(Fig. 2B), with similar results of antibiotic usage in COVID-19 patients
in a review study10. There was an even higher percentage of the
Watch group than the Access group in 2023. This shift is primarily
attributable to the increased contribution of quinolones and mac-
rolides, suggesting potentially inappropriate usage of these drugs
following the lifting of COVID-19 restrictions10. In May 2020, WHO
recommended against antibiotic use for patients with mild COVID-
1933. Several antibiotics on the WHO ‘Watch’ and ‘Reserve’ lists were
prescribed frequently in some countries, especially in low- and
middle-income countries34.
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Fig. 1 | Detection frequencies of antibiotics identified in 2021 (red, n = 35 bio-
logically independent samples) and 2023 (blue, n = 35 biologically indepen-
dent samples) at SiteA (n = 21biologically independent samples for both years)
and Site B (n = 14 biologically independent samples for both years). Source data
are provided as a Source Data file.
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Concentrations, daily mass loads and PNDLs
The concentration, daily mass load and population-normalised daily
load (PNDL) of antibiotics by drug class across all WWTPs are illu-
strated in Fig. 3 and Table S2. The level of compounds classified by
macrolides, quinolones, sulfonamides, phenicols and tetracyclines in
WWTPs are provided in the supplementary materials (Fig. S3). The
sampling period in 2023 showed higher overall concentration, daily
mass load and PNDLs as compared with the period under restrictions
in 2021. This increase can be attributed primarily to widespread
exposure of antibiotics during the specified timeframe. A longitudinal
study that measured various antibiotics in the urine of the general
Chinese population also found an increase in antibiotic use during the
COVID-19 pandemic35. Additionally, inappropriate antibiotic use and
high rates of antibiotic prescribing were found among COVID-19
inpatients in many low- and middle-income countries. These findings
are consistent with several other studies36–38 that also reported a surge
in antibioticuse forCOVID-19patients andwidespreaduseof empirical
antibiotic therapy among hospitalised COVID-19 patients39,40.

Results of concentrations classifiedby the studied compounds are
provided in the supplementary material (Fig. S4). Wastewater types
included domestic and combined domestic and industrial input.
Antibiotic concentrations were significantly higher in 2023 (p <0.05),
with all WWTPs exhibiting concentration increases ranging from 531%
to 2757%. In particularly, WWTP-A2, as a domestic WWTP, showed the
most substantial increase, underscoring the heightened antibiotic
usage during the period of extensive COVID-19 infections. Notably,
veterinary antibiotics such as enrofloxacin (WWTP-B5: 2.44 ± 1.32 ng/L
in 2021; 56.71 ± 40.16 ng/L in 2023) and florfenicol (WWTP-A2:
3.38 ± 2.95 ng/L in 2021; 193.24 ± 233.69 ng/L in 2023), were also
detected in wastewater samples from purely domestic WWTPs. This
implies widespread exposure to animal antibiotics within the com-
munity, potentially through food consumption or the introduction of
animal waste and surface runoff waste into domestic sewage pipelines.
Florfenicol, identified in various matrices including food41, drinking
water28,42 and urine43, constitutes amajor pathway for human exposure
to animal antibiotics due to its extensive use in livestock and fishery
production in China44.

Several antibiotics namely azithromycin, ciprofloxacin, clari-
thromycin, florfenicol, norfloxacin, ofloxacin, tilmicosin and tri-
methoprim, were observed to exceed the Predicted No Effect
Concentration (PNEC) derived fromMinimal Inhibitory Concentration
(MIC) data in 202345. This suggests the potential for antibiotics resis-
tance to develop in the sewer system. Persistent use of these critically
important antibiotics can lead to the emergence ofmultidrug resistant
(MDR) strains and a decline in the effectiveness of these drugs. This
poses a threat to survival rates for serious infections, neonatal sepsis,
and hospital infections, potentially undermining the health benefits of
surgery, transplants, and cancer treatment46,47. Widespread resistance
to azithromycin and other broad-spectrum antibiotics due to their
massive use during the pandemic could result in very few alternative
antibiotics available, which are likely to be unaffordable for most
patients, especially in low- and middle-income countries10. The wide-
spread usage and continuous introduction of these drugs pose a ser-
ious threat of pollution andABR in thewater environment48. Given that
antibiotics are used daily in humanmedicine, aswell as in the food and
agricultural sectors, a comprehensive and coordinated effort across
multiple sectors is imperative to prevent environmental exposure to
antibiotics as well as clinically unwarranted use.

Flow rates showed considerable variability corresponding to the
capacity of eachWWTP, with minimal inter-annual flow fluctuations in
WWTPs observed throughout the study period (Fig. S5). In 2021, the
overall daily mass loads varied between 3.661 g/day and 553.30 g/day,
reflecting the impact of flow variations across different WWTPs. The
sampling campaign in 2023 showed higher daily mass loads (133.43 g/
day-6099.77 g/day), marking a massive increase of 2348% compared
with 2021.WWTP-B4 (mixedWWTP) recorded the highest daily load in
the winter of 2023, mainly due to the contribution of ofloxacin (H/VA,
2482.74 ± 474.39 g/day), azithromycin (HA, 888.36 ± 445.74 g/day),
roxithromycin (H/VA, 728.49 ± 92.99 g/day) and florfenicol (VA,
190.82 ± 177.72 g/day) (Fig. S3). Notably, tilmicosin was exclusively
detected inWWTP-B4 in 2023, representing themost intricate influent
compositions involving communities, hospitals and animal husbandry.
The high-level load of tilmicosin (VA, 734.32 ± 361.95 g/day), accom-
panied by a 32% increase in 2023, highlights the concerning extent of
antibiotic use in industrial livestock and poultry farming in site B
during the sampling campaign of 2023.

The population size served by selected WWTPs was estimated
using local census data (Table S1). The surge in PNDLs was apparent
between 2021 (471.10 ± 272.51mg/day/1000inh) and 2023
(9403.31 ± 5349.66mg/day/1000inh), increasing by 63%–3734% in
2023. WWTP-A3, catering to industrial parks and townships, showed
the most significant increase (mixed WWTP: 3734%), followed by
WWTP-B5 (domestic WWTP: 3537%) in 2023, which recorded the
highest PNDLs at 5094.75 ± 3826.26mg/day/1000inh. Little variation
in population size between 2021 and 2023 is likely, given the country’s
strict controls during the period of “zero-COVID” policy. Therefore,
therewas no reason to believe that the changes of PNDLs of antibiotics
were due to population variation. More information about the PNDLs
of the studied compounds is presented in Section (Patterns of anti-
biotics). Additional support to the likelihood that our findings repre-
sent a genuine temporal increase in overall antibiotic concentrations
and PNDLs in stable populations is provided by our measurement of
NH4-N concentration, which can be regarded as a control compound
and population size indicator in this context since it is consistently
found in wastewater. As shown in Table S1, NH4-N concentrations were
maintained a steady level across the whole sampling period in both
2021 and 2023, and no statistically significant difference in NH4-N
concentrations was found between two groups.

Patterns of antibiotics
The changes in antibiotic levels between 2021 and 2023 are cate-
gorised by drug classes (Fig. 4). In the absence of robust data, there is a
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Fig. 2 | Proportional abundances of antibiotics in wastewater samples.
A Proportional abundances of each drug class. B Distribution of antibiotics
according toWHOAWaRe categories (Access,Watch and Reserve). Source data are
provided as a Source Data file.
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possibility that physicians, faced with the absence of effective treat-
ment, may have resorted to combining various antiviral drugs and
antibiotics for the management of COVID-19. Some patients with
ordinary influenza and other common respiratory tract infections are
likely to have self-medicated with the above-mentioned or similar
drugs in an attempt to treat suspected COVID-19 infection since many
antibiotics are available over the counter (without prescription) in
China. Consequently, a discernible increase in the population-
normalised daily load of antibiotics in 2023 was observed (p <0.05).

Macrolides. Azithromycin, detected across all WWTPs, was initially
considered as a potential therapeutic option for COVID patients in the
early stage of the pandemic49,50. Azithromycin was one of the anti-
biotics with the highest PNDLs, with a 1253% increase from
161.75 ± 83.73mg/day/1000inh in 2021 to 2027.91 ± 989.76mg/day/
1000inh in 2023 (p < 0.05). This trend aligns with previous studies
reporting a 400% increase in usage in Spain during the COVID-19
pandemic51, and a 36% increase in Greece20.

Roxithromycin (H/VAs), clarithromycin (HAs), and erythromycin
(H/VAs)were also detected in 100%ofWWTPswith increases of 2332%,

1172% and 2516%, respectively, in 2023 compared with 2021. The ele-
vated PNDLs of azithromycin, roxithromycin, clarithromycin and ery-
thromycin in the sampling period of 2023 suggest that these drugs
were preferred choices for symptomatic patients and prophylactic use
after exposure during the initial wave of cases following the easing of
COVID-19 related restrictions. The fact that these studies presented
similar increased trends in antibiotic use in the early stage of the
COVID-19 pandemic, provides confidence in our findings and
demonstrates that antibiotic usage increased worldwide7,20,51–53. How-
ever, during the first surge of cases in 2023, the increased rate of
macrolides in Eastern China was significantly higher than the historical
level in China22.

Quinolones. A previous study has demonstrated that fluor-
oquinolones, particularly ciprofloxacin, exert a strong capacity for
binding to SARS-CoV-2mainprotease, suggesting their potential utility
as an adjunct treatment inCOVID-1954. Ofloxacin, themost widely used
antibiotic in quinolones, showed the highest abundance across all
WWTPs in both 2021 and 2023, with PNDLs increasing from
109.52 ± 94.45mg/day/1000inh (2021) to 3968.54 ± 3670.12mg/day/

Fig. 3 | Concentration, daily mass load and population-normalised daily load of antibiotics in all WWTPs. A and B: sampling sites, 1–5: WWTPs, 2021 and 2023:
sampling periods (A2 and B5: domestic WWTPs. A1, A3 and B4: mixed WWTPs). Source data are provided as a Source Data file.
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1000inh (2023). Norfloxacin is the secondmost prevalent quinolone in
wastewater influent in both 2021 (21.43 ± 13.93mg/day/1000inh) and
2023 (506.62 ± 535.2mg/day/1000inh), representing a 2264% increase.

Distinctive usage patterns of ciprofloxacin and lomefloxacin were
found in the two sampling regions during the COVID-19 pandemic in
2023. While these drugs were not detected at the pure domestic
WWTP of Site A (WWTP-A2), they were detected at the pure domestic
WWTP of Site B (WWTP-B5), underscoring divergent antibiotic pre-
scribing practices between the two locations. Lomefloxacin, cate-
gorised as a Reserve group antibiotic by WHO, is prohibited in food-
producing animals and is recommendedas a last-line option for human
treatments. The high levels of lomefloxacin in WWTP-B5, observed in
both 2021 and 2023, suggest potential long-termmisuse of this drug at
Site B, emphasising the need for vigilant monitoring and regulation.

Sulfonamides. Sulfamethoxazole, primarily used as a human anti-
biotic in China, was consistently detected in all samples in both 2021
and 2023. There was an increase of 1647% in 2023 (PNDLs:
208.60 ± 150.60mg/day/1000inh) compared to 2021 (p <0.01). To
verify the potential disposal events in the sewage system, paired
parent-metabolite analysis was conducted24. The results showed that
the ratio of sulfamethoxazole and its metabolite (SMX/aSMX) was
consistent in all WWTPs, ranging from 0.61 to 1.41. The levels and
trends of sulfamethoxazole and its metabolite were similar over seven
days in wastewater in both sampling campaigns. This suggests that
direct disposal of unused sulfamethoxazole was not occurring, as
indicated by the stable SMX/aSMX ratio.

Phenicols and tetracyclines. Chloramphenicol and doxycycline,
classified as human antibiotics, were only detected in 2021, with the
PNDLs being 0.71 ± 1.07mg/day/1000inh and 36.21 ± 52.53mg/day/
1000inh, respectively. These drugs were not detected in the pure
domestic WWTP(B5) in 2021, suggesting that the contributions came

from pharmaceutical factories at Site B in that period. Many studies
have shown that tetracycline resistance persists for a long period even
after discontinuation of drug use55. Despite doxycycline being one of
the most widely used antibiotics globally, the results indicate that
tetracyclines, including doxycycline, were not commonly used or
produced in Eastern China in 2021 to 2023.

Correlations of antibiotics/metabolites: co-prescribing patterns.
Correlation analysis of weekly averages in wastewater samples was
performed to explore the potential of co-prescribing patterns in both
2021 and 2023 (Fig. 5). Several antibiotics in wastewater samples
showed significant correlations (p < 0.05) with more than 50% of all
analytes in both periods. Specifically, in 2021, ofloxacin, sulfadiazine,
and trimethoprim showed significant correlations, while in 2023,
roxithromycin, clarithromycin, erythromycin, norfloxacin, cipro-
floxacin, and sulfadiazine displayed such correlations. These findings
underscore the popularity of these antibiotics as broad-spectrum
options for co-prescribing across various drug classes. Co-prescribing
in 2023 showed a greater diversity of drug combinations exhibiting
strong correlations (p < 0.05) between macrolides and quinolones,
including roxithromycin and norfloxacin (r =0.71), roxithromycin and
ciprofloxacin (r =0.94), roxithromycin and lomefloxacin (r =0.84),
erythromycin and ciprofloxacin (r =0.84), clarithromycin and cipro-
floxacin (r =0.67), and erythromycin and lomefloxacin (r =0.71). Fur-
thermore, a strong correlation between ofloxacin and roxithromycin
(r =0.89, p < 0.01) was observed at Site A in 2023. This co-prescribing
pattern was not observed with ofloxacin as a broad-spectrum anti-
biotic, when co-prescribed with macrolides at Site B, underscoring
regional variations in ofloxacin usage between the two areas (Fig. S6).

The relationships between parent compounds and metabolites
were investigated further. Sulfamethoxazole and its major metabolite
also demonstrated strong positive correlations (r =0.85, p <0.05 for
2021; and r = 0.53, p < 0.05 for 2023). Furthermore, correlations
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between antibiotics commonly prescribed as a combination were also
observed. Specifically, sulfamethoxazole, sulfadiazine and trimetho-
prim, often prescribed as co-trimoxazole (sulfamethoxazole: tri-
methoprim= 5:1) and potentiated sulfonamides (sulfamethoxazole:
sulfadiazine: trimethoprim= 5:5:2), exhibited positive correlations56,57.
Positive correlations were observed between acylated sulfamethox-
azole and sulfadiazine (r =0.44 and 0.50 for 2021 and 2023 respec-
tively, both p <0.05), acylated sulfamethoxazole and trimethoprim
(r =0.52 and 0.73 for 2021 and 2023 respectively, both p <0.05) and
sulfadiazine and trimethoprim (r =0.80 and 0.75 for 2021 and 2023
respectively, both p <0.05). Similar PNDLs for sulfadiazine and tri-
methoprim may be due to concurrent mass production of these two
drugs in local manufacturing plants. The ratio of sulfamethoxazole/
trimethoprim, 3.19 ± 1.30 for 2021 and 5.33 ± 1.38 for 2023 respectively,
suggests that co-trimoxazole was a more common co-prescribing
pattern for sulfonamides in Eastern China, compared to potentiated
sulfonamides. This insight is crucial as it sheds light on consumption
anddisposal patterns, akin to the information derived from the ratioof
parent antibiotics to metabolites22. Understanding the correlations
among co-prescribed antibiotics in wastewater is pivotal for unravel-
ling the dynamics of antibiotic usage and disposal, providing valuable
data for informed decision-making and regulatory considerations.
Although guidance for treating COVID-19 and prescribing antibiotics
has been updated to improve the management of bacterial infections,
it remains crucial to develop comprehensive training curricula in Site A
and Site B. These curricula are essential for equipping healthcare
providers with a thorough understanding of best practices for anti-
biotic use, as well as risks and health implications associated with
unnecessary antibiotic prescribing. In addition, antibiotic stewardship
practices need to be extended into the community to address con-
tinuing practices of self-medication as well as agricultural anti-
biotic use.

Community-wide intake calculations of antibiotics
Back-calculations estimating population-normalised daily intake
(PNDI) were performed for 12 HAs and H/VAs using correction fac-
tors (CFs)58 and PNDLs (Fig. 6). These calculated CF values were used

to back-calculate the mass of the drug consumed at the community
level. This process involved utilising the quantified number of anti-
biotics or their respective metabolites in wastewater and considering
the proportion by which the target analyte is excreted through urine
or faeces.

There was an overall increase in the consumption of antibiotics in
2023 compared to 2021 (p <0.001, Tables S3 and S4). Upon the
application of the appropriate correction factors, an analysis was
conducted utilising indices of difference, ratio, and relative increase
rate for PNDIs. This analytical approach was employed to investigate
the variations in antibiotic consumption between the years 2021 and
2023. Azithromycin had the highest PNDI up to 16,899mg/day/
1000inh in 2023 with a relative increase rate of 1154% (p <0.001).
Azithromycin, as a macrolide antibiotic, gained attention as a possible
therapeutic agent for patients with COVID-19 in the early stage of the
pandemic and this may explain these results49,50. Ofloxacin was 36
times higher in 2023 (4960.67mg/day/1000inh) than in 2021
(1347.91mg/day/1000inh), with an increase of 3524% (p <0.001), and
was the most commonly detected quinolones antibiotic. A previous
study has confirmed the efficacy of acetylate sulfamethoxazole in
accurately estimating community antibiotic intake of
sulfamethoxazole48. Acetylate sulfamethoxazole increased by 1616% in
2023, surpassing consumption levels of antibiotics observed in his-
torical studies conducted in different periods in China59–62.

A study conducted in Shanghai, China, showed that the con-
centrations of urinary antibiotics during the COVID-19 pandemic were
significantlyhigher than those recordedbothbefore thepandemic and
during its less turbulent phases35. A meta-analysis showed that the
prevalence of bacterial infection in the early stage of the COVID-19
pandemic was approximately 8.6%53. Despite this relatively low pre-
valence, an average of 64% of patients received antibiotics based on an
analysis of 154 studies, with 115 conducted in China. The WHO
recommends against the empiric use of antibiotics in patients with
mild COVID-19. A review of 514 studies found that antibiotics pre-
scriptions in COVID-19 patients overall declined from 82.3% to 39.7%
between the first and second phases of the pandemic, but much more
markedly in mild and moderate cases10.

Fig. 5 | Correlation analysis among all antibiotics in sampled wastewater in 2021 and 2023 (n2021:35 and n2021:35 are biologically independent samples) White: no
statistical correlation; red: positive correlation; blue: negative correlation; numbers in squares: r value. Source data are provided as a Source Data file.
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Fig. 6 | Box plot comparisons of antibiotic PNDIs for 2021 and 2023. a PNDIs
across the surveyed catchment (Site A and Site B, n = 70 biologically independent
samples) community, b PNDIs for Site A (n = 42 biologically independent samples),
and c PNDIs for Site B (n = 28 biologically independent samples). The blue boxes
represent data from 2021, while the red boxes represent data from 2023. Box plots

display median (line within box), 25% and 75% percentiles (box limits), minima and
maxima (whiskers). Statistical differences between 2021 and 2023 were evaluated
using a two-sided Wilcoxon signed-rank test. Compounds marked with (*) indicate
statistical significance with p <0.05, (**) with p <0.01, and (***) with p <0.001.).
Source data are provided as a Source Data file.
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Notably, the total PNDIs in 2023were similar in Sites A andB,while
the rate of increasewashigher in Site A. PNDIswere in goodagreement
between two sites in 2023, except for roxithromycin (site A: 179.70mg/
day/1000inh, Site B: 4659.28mg/day/1000inh), clarithromycin (Site A:
846.78mg/day/1000inh, Site B: 1548.26mg/day/1000inh), ery-
thromycin (site A: 223.60mg/day/1000inh, Site B: 882.90mg/day/
1000inh), ciprofloxacin (Site A: 20.01mg/day/1000inh, Site B:
517.93mg/day/1000inh) and sulfadiazine (Site A: 11.89mg/day/
1000inh, Site B: 236.28mg/day/1000inh). Higher PNDIs in Site B
revealed different consumption patterns for these drugs between the
two regions, indicating more conservative use of antibiotics in Site A.

Comparison of WBE to prescription data
Catchment prescription data for Site A was compared with PNDIs in
wastewater (Table 1). Generally, the level of increase observed viaWBE
(919.23% ~ 5046.29%) was consistent with prescription data
(2484.00% ~ 3944.99%), suggesting a noteworthy increase in pre-
scriptions and antibiotic use following the surge of COVID-19 cases in
2023 after the lifting of restrictions. A previous study demonstrated
considerable empirical use of antibiotics for mild and moderate cases
of COVID-19, which is not recommended by WHO guidelines10.
Increased incidence of bacterial and other viral respiratory infections
(such as colds and flu) due to increased transmission and reduced
immunity following the end of prolonged restrictions on population
movement and mixing due to COVID-19 may also have contributed to
the unwarranted use of antibiotics in Site A.

Whilst prescribing data is an invaluable source of information for
identifying prescribing trends, it does not necessarily give a true
representation of how antibiotics are being used in the community.
The increase in prescription rates of Azithromycin and Clarithromycin
was higher than the levels detected in wastewater, indicating that
patients might not have been fully adherent to their prescribed treat-
ments andmight have been stockpiling antibiotics for subsequent use.
Conversely, some antibiotics were not recorded as prescribed in the
electronic record system at Site A, but were still quantifiable in was-
tewater. Their presence in wastewater could be due to several factors,
including prescriptions outside the catchment area, antibiotics pur-
chased over the counter or online, delayed prescriptions or potential
re-use of prescriptions These factors highlight the complexity of esti-
mating community consumption fromwastewater and underscore the
valueof prescriptiondata as a supplementarydata source for assessing
what is actually being used in the community.

Limitations
Several limitations should be noted in this study. First, the average
residence time of wastewater in sewers can vary with population size
and distance from the treatment plant, but our calculations assumed
uniform loss rates from toilets to WWTPs. Future research should
focus on improving understanding of the targets and specific sampling
regions. This could include modelling sewer system conditions to
account for predicted residence time, as well as incorporating factors
such as seasonal flow rates and temperature variations. Secondly, we
do not have WBE data on antibiotic levels before COVID-19. Thirdly, in
the present study, due to technical limitations, the presence of

cephalosporin antibiotics could not be determined. UPLC-MS/MS
conditions will be optimised for obtaining highly sensitive and selec-
tive analysis of cephalosporin antibiotics in future research. Further-
more, due to the small number of wastewater samples observed
and limited medical data available, more extensive analyses are
required. In future work, we will analyse antibiotics resistance data
from samples that were collected during the same period to evaluate
the impact of the “zero-COVID” policy on ABR trends in the surveyed
communities.

To the best of our knowledge, data about antibiotic consumption
monitoring during the pandemic period, particularly for specific drugs
of interest are limited. This studyproposedWBE as an effective tool for
estimating community-wide exposure to antibiotics, including the
analysis of both parent compounds and metabolites. In addition, this
study represents the first use ofWBE in China tomonitor and compare
antibiotics consumption and patterns before (2021) and after (2023) a
national policy change. Antibiotic usage increased substantially after
the easing of the “zero-COVID” policy in 2023. ABR requires ongoing
attention and will continue to be an important issue both in China and
globally. In 2023, therewas an increased proportion of antibiotic use in
our sampling sites from the Watch group and unwarranted combina-
tion prescribing, primarily driven by the contributions of macrolides
and quinolones. This suggests a rise in the empiric and potentially
inappropriate use of antibiotics or coinfections following the surge of
COVID-19 cases that year. WBE and prescription data showed similar
trends in antibiotic use. However, WBE is a superior monitoring tool,
particularly during exceptional periods, as it offers a more compre-
hensive view of antibiotic consumption within the catchment area.
Unlike prescription data, which only reflectmedications prescribed by
qualified healthcare providers that may or may not be consumed
within the monitoring catchment, WBE captures antibiotic consump-
tion from all sources including those bought without prescription and
those obtained outside the monitoring catchment area.

Methods
Chemicals and materials
The selected twenty seven antibiotics cover a wide range of antibiotic
classes including macrolides (azithromycin, roxithromycin, clari-
thromycin, erythromycin, spiramycin and tilmicosin), quinolones
(ofloxacin, norfloxacin, ciprofloxacin, lomefloxacin, pefloxacin, enro-
floxacin, danofloxacin, and difloxacin), sulfonamides and metabolites
(sulfamethoxazole and acetylated sulfamethoxazole, sulfadiazine, tri-
methoprim, sulfamethazine and acetylated sulfamethazine), phenicols
(chloramphenicol, florfenicol and thiamphenicol) and tetracyclines
(doxycycline, tetracycline, oxytetracycline and chlortetracycline). A
total of six stable isotope–labelled internal standards (ISTD) were used
for the quantification of the target compounds. A full list can be found
in Table 2.

Analytical standards and deuterated standards were purchased
from Dr. Ehrenstorfer (Germany). HPLC grade methanol (MeOH) and
acetonitrile were purchased from Supelco (USA) and formic acid
(>95%) was purchased from Aladdin (China), respectively. Stock solu-
tions were prepared in MeOH or acetonitrile at 1.0mg/mL and mixed
working solutions containing all analytes were diluted from the stock

Table 1 | Comparison of PDNIs to the monthly catchment prescription data

Antibiotics Prescription data-consumption (g) WBE-consumption (mg/day/1000 inh)

2021 2023 Difference Ratio Increase rate 2021 2023 Difference Ratio Increase rate

Azithromycin 273.00 6951.65 6678.65 25.46 2446.39% 1372.91 18,422.73 17,049.82 13.42 1241.87%

Clarithromycin 50.00 1292.00 1242.00 25.84 2484.00% 83.08 846.78 763.70 10.19 919.23%

Ofloxacin 596.80 24,140.50 23,543.70 40.45 3944.99% 92.76 4773.7 4680.93 51.46 5046.29%

Difference = 2023–2021; Ratio = 2023/2021; Increase rate = (2023–2021)/2021.
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solutions to a final concentration of 1.0mg/L in methanol. Stock and
working solutions were stored at −20 °C.

Study areas and sampling methods
Five WWTPs were selected, including three from Zhejiang Province
(Site A) and 2 from Jiangsu Province (Site B), (Fig. S1). These WWTPs
serve a range of population sizes, from 8730 to 634,000, and manage
various types of wastewater, including domestic, industrial, and a
combination of both. Detailed information on WWTPs coverage and
population sizes is provided in Table S1. The study comprised two
sampling campaigns which were carried out over seven consecutive
days in January and February of 2021 and 2023, respectively, during
which 24-hour flow proportional wastewater samples were collected
from the influents of the WWTPs. The sampling approach involved
using an auto-sampler (JH-8000D, Qingdao) to collect 10mL of the

influents at regular fifteen-minute time intervals for 24 hour. A total of
70wastewater samples were collected (Site A: n2021 = 21, n2023 = 21. Site
B: n2021 = 14, n2023 = 14.). On the day of sampling, 50mL of the com-
posite wastewater samples were spiked in duplicate with 50ng of an
internal standard mixture (50μL of 1mg/L mix) within 12 hours.

Sample preparation and analysis
A method utilising the isotope dilution ultra-high performance liquid
chromatography coupled with triple quadrupole tandem mass spec-
trometry (UPLC-MS/MS)was used tomeasure twenty-seven antibiotics
in wastewater samples. All samples were pre-treated and analysed
immediately after the end of the sampling campaigns in 2021 and in
2023, to avoid chemical degradation. Details on the methods used for
sample preparation and analysis can be found elsewhere63,64. The
method detection limits (MDLs) ranged from0.004 to 0.296 ng/L, and
the recoveries of 27 antibiotics varied between 70.0 and 120.8%
(Table S5).

Briefly, 50mL of samples were filtered through a GF/F glass fibre
filter (0.7 μm, Whatman, USA) and the filtrates were loaded under
vacuum onto pre-conditioned Oasis HLB cartridges (60mg, Waters,
USA) at 5mL/min. The cartridges were conditioned and equilibrated
with 2mLofMeOH, followedby 2mLofHPLCwater under gravity. The
retained antibiotics on the SPE cartridge were eluted with 4mL of
MeOH. The eluate was evaporated to dryness at 40 °C under a gentle
nitrogen flow (LabTech, China) and reconstituted with 0.5mL of 4:1
H2O: MeOH before transferring to injection vials (Waters, USA).

UPLC-MS/MS was performed using a ACQUITY UPLC™ system
(Acquity TMUltra Performance LC,Waters, USA) coupled to a ABSCIEX
QTRAP Mass Spectrometer (QTRAP 6500+, ABSCIEX, USA). A reverse-
phase ACQUITY UPLCHSS T3 column (2.1mm× 100mm, 1.8μm)were
used to separate analytes under a 11.5minmobile phase gradient using
2:3methanol: acetonitrile (mobile phase A) and 0.2% formic acid water
(mobile phase B). Mass spectrometry was performed via fully targeted
multiple reaction monitoring (MRM), involving two MRM transitions
per analyte and one per ISTD. Detailed information on chromato-
graphic separation as well as mass spectrometry parameters can be
found elsewhere54.

Quality control
All analyses of wastewater samples were performed by the same ana-
lytical team in the same laboratory. The detection was performed
under optimal conditions, and two parallel detections were performed
for each sample. Each batch analysed 70 real wastewater samples,
eight spiked wastewater samples, and five quality control samples
(QC). A QC sample was inserted into every 20 samples for quality
control to monitor analyte calibration and physical-chemical beha-
viour between the varying sample compositions. The accuracies of
quality control samples were between 89.2 and 114.7%. The inter-batch
relative standard deviations of recoveries ranged from 7.1% to 14.9%. In
addition, to check whether there was any potential contamination
during the sample preparation stage and instrument analysis, ultra-
pure water blanks were spiked only with IS and used to check for any
possible background concentration of target analytes. None of the
target analytes were detected in these spiked blanks, suggesting that
there was no contamination during the experiments.

Prescription data
Electronic medical record (EMR) data was obtained from the country
health authority with assistance from the Center for Disease Control
and Prevention (CDC) in Site A. The EMR data from one community
health centre and five township health centres were utilised to analyse
total prescription quantities of pharmaceuticals for the WWTP catch-
ments during the study periods of 2021 and 2023. Data on antibiotics
purchased over the counter or online as well as from private hospitals
were not available. The EMR data tracks daily transactions for

Table 2 | Target antibiotics, abbreviations and usage, ordered
by drug classes

Drug class Compounds Abbreviation Usagea WHO
AWaRe
Category

Macrolides Azithromycin AZM HA Watch

Roxithromycin RXM H/VA Watch

Clarithromycin CAM HA Watch

Erythromycin ETM H/VA Watch

Spiramycin SPM H/VA Watch

Tilmicosin TMC VA –

Azithromycin-d3 AZM-d3 – –

Roxithromycin-d7 RXM-d7 – –

Quinolones Ofloxacin OFX H/VA Watch

Norfloxacin NFX H/VA Watch

Ciprofloxacin CFX H/VA Watch

Lomefloxacin LFX H/VA Watch

Pefloxacin PFX H/VA Watch

Enrofloxacin EFX VA –

Danofloxacin DFX VA –

Difloxacin DIF VA –

Ciprofloxacin-d8 CFX-d8 – –

Sulfonamides Sulfamethoxazole SMX H/VA Access

Acetylated
sulfamethoxazole

aSMX H/VA Access

Sulfadiazine SDZ H/VA Access

Trimethoprim TMP H/VA Access

Sulfamethazine SMT H/VA Access

Acetylated
sulfamethazine

aSMT H/VA Access

Sulfamethoxazole-
d4

SMX-d4 – –

Phenicols Chloramphenicol CLP HA Access

Florfenicol FLN VA –

Thiamphenicol TPN VA –

Chloramphenicol-
d5

CLP-d5 – –

Tetracyclines Doxycycline DXC H/VA Access

Tetracycline TCN H/VA Access

Oxytetracycline OTC H/VA Watch

Chlortetracycline CTC H/VA Watch

Tetracycline-d6 TCN-d6 – –

aUsage:HAhumanantibiotic exclusivelyused inhuman,VAveterinaryantibiotic exclusivelyused
in animal, H/VA human/veterinary antibiotic used in both animal and human.
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healthcare services including the date, amount, location and name of
the healthcare facility, as well as inpatient and outpatient visits, diag-
noses, examinations, and treatment (including pharmaceuticals). In
January 2021, 407 antibiotic prescriptions were obtained from 1st to
31st of January, while in January 2023, 11,150 were recorded. Prescrip-
tion data were not available for Site B. The study was approved by the
Institutional Review Board of the School of Public Health, Fudan Uni-
versity (Ethics approval: IRB#2019-03-0733).

WBE calculations
The daily load (DL, mg/day), population-normalised daily load (PNDL,
mg/day/1000 inh) and population-normalised daily intake (PNDI, mg/
day/1000 inh) were calculated using the following equations accord-
ing to previous WBE publications20,22. (1) DLanalyte (mg/day) =
Canalyte× F; (2) PNDL (mg/day/1000 inh) = C × F

PE × 103; and (3) PNDI (mg/day/
1000 inh) = PNDL × CF. In equation (1), Canalyte is the concentration of
the analyte (ng/L) in influent wastewater, and F is the flow rate of
wastewater (L/day). In equation (2), PE is the population size of the
surveyed community. In equation (3), CF is the correction factors used
to justify metabolism rate for each analyte.

Statistical analysis
We employed the Wilcoxon test to examine the differences in the
levels of antibiotics and metabolites between 2021 and 2023. An ana-
lysis of variance (ANOVA) test was used to compare the antibiotic
levels across seven consecutive days. Pearson correlation analysis was
used to explore the potential relationships between parent com-
pounds/metabolites and co-prescribing patterns. Bonferroni-
adjustment for multiple testing was applied where appropriate. A
two-sided statistical significance level of was set at p < 0.05. All data
collection and analysis were performed using Microsoft Excel version
2019 (Microsoft Office, Redmond, USA), SPSS Statistics version 26.0
(IBM, Armonk, NY, USA), or GraphPad Prism version 9.0.0 (GraphPad
Software, San Diego, CA, USA).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated in this study are provided in the article, Source data
file and Supplementary Information file. The antibiotic prescribing
data and wastewater data from this study are held in coded form at
local Centers for Disease Control and Prevention (CDC) in study areas.
While legal data sharing agreements betweenCDCs and theirs superior
departments in charge (e.g., Health Commission or local government)
prohibit CDCs frommaking the data publicly available. Access may be
granted to those who through a request with specific data needs,
analysis plans, and dissemination plans to N.W. (e-mail: na.wang@fu-
dan.edu.cn). The author will give feedback within 30 days. Source data
are provided with this paper.
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