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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Campus-scale wastewater co-monitoring 
of SARS-CoV-2 and emerging contami
nants reflects evolving COVID-19 
pandemic. 

• Wastewater SARS-CoV-2 viral loads 
positively correlated with reported 
COVID-19 cases. 

• An increase in the use of quaternary 
ammonium compounds (QACs), and 
acetaminophen was seen. 

• Antibiotics (TET, LIN and AZT) con
sumption correlated with the total 
number of reported COVID-19 cases. 

• Being positively correlated with various 
pandemic markers, BAC-12 is suggested 
as a potential chemical marker.  
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A B S T R A C T   

In this study, we report the implementation of a comprehensive wastewater surveillance testing program at a 
university campus in Singapore to identify Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) 
infected individuals and the usage of pharmaceuticals and personal care products (PPCPs) as well as other 
emerging contaminants (ECs). This unique co-monitoring program simultaneously measured SARS-CoV-2 with 
chemical markers/contaminants as the COVID-19 situation evolved from pandemic to endemic stages, following 
a nationwide mass vaccination drive. SARS-CoV-2 RNA concentrations in wastewater from campus dormitories 
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Emerging contaminants 
Disinfectants 

were measured using real-time reverse transcription-polymerase chain reaction (RT-qPCR) and corroborated 
with the number of symptomatic COVID-19 cases confirmed with the antigen rapid test (ART). Consistent results 
were observed where the concentrations of SARS-CoV-2 RNA detected in wastewater increased proportionately 
with the number of COVID-19 infected individuals residing on campus. Similarly, a wide range of ECs, including 
disinfectants and antibiotics, were detected through sensitive liquid chromatography with tandem mass spec
trometry (LC-MS/MS) techniques to establish PPCPs consumption patterns during various stages of the COVID-19 
pandemic in Singapore. Statistical correlation of SARS-CoV-2 RNA was observed with few ECs belonging to 
disinfectants, PCPs and antibiotics. A high concentration of disinfectants and subsequent positive correlation 
with the number of reported cases on the university campus indicates that disinfectants could serve as a chemical 
marker during such unprecedented times.   

1. Introduction 

Wastewater testing for biological and chemical markers, i.e., 
wastewater based epidemiology (WBE), has been used to monitor health 
threats due to viral outbreaks, antimicrobial resistance and illicit drug 
use in populations [1-4]. Since the beginning of the COVID-19 
pandemic, scientific groups around the world, in collaboration with 
public health authorities, have used sewage testing for the monitoring of 
Severe Acute Respiratory Syndrome Coronavirus- 2 (SARS-CoV-2) as a 
tool to study infection and transmission dynamics in entire communities 
(“COVID-19 WBE Collaborative Dashboard,” 2020; [5,6]. 

SARS-CoV-2 is an enveloped positive-sense single-stranded RNA 
virus (+ssRNA) belonging to the Betacoronavirus genus (family Coro
naviridae), and its RNA has been detected in sewage samples through 
urinary and faecal matter excretion from symptomatic, asymptomatic 
and pre-symptomatic individuals [7-12]. Although health professionals 
worldwide have tirelessly worked to diagnose infections, clinical testing 
is generally limited to symptomatic individuals and case ascertainment 
rate is influenced by surveillance system and health care seeking 
behavior or the community [13]. Based on different seroprevalence 
studies, the symptom-based PCR-testing strategy missed 62 % of 
COVID-19 diagnoses, and ~36 % of individuals with SARS-CoV-2 
infection were asymptomatic [14]. Therefore, monitoring SARS-CoV-2 
in sewage provides an indication of SARS-CoV-2 transmission that is 
independent of prevailing clinical test protocols or clinical presentation 
[15]. 

During the COVID-19 pandemic, several attempts have been made 
where WBE was helpful for early case detection in passenger flights 
[16], cities [17], apartments [18] and schools [19]. Such surveillance 
can save manpower involved in door-to-door COVID-19 testing, costs in 
the purchase of reagents and, most importantly, time consumed and 
logistic costs in mass-scale testing regimes. WBE holds promise for the 
surveillance of university campuses, where a large numbers of students 
reside in close quarters and transmission could potentially be very rapid. 
Additionally, on-campus quarantine and stay-home practices on uni
versity campuses would increase the concentration of SARS-CoV-2 in 
campus sewage [5,20-22]. Initial wastewater surveillance studies were 
focused mainly on reporting the presence of SARS-CoV-2 before diag
nosis and reports of clinical cases, so that WBE could be used for early 
detection tool of any spread of infection [18]. With the help of WBE, 
asymptomatic individuals could be detected in a campus dorm in the 
University of North Carolina at Charlotte, USA, with a capacity of 
150–200 residents [20]. Results obtained from WBE were also used to 
develop an automated wastewater notification system and correspond
ing alert for building residents at the University of California (UC) San 
Diego to take precautionary measures [23]. As the pandemic evolves to 
an endemic phase worldwide, the application of WBE has also changed. 
Bivins and Bibby recently studied the correlation of SARS-CoV-2 RNA 
with increased mass vaccination and observed a corresponding decrease 
in SARS-CoV-2 RNA in wastewater samples from a university campus in 
Notre Dame, USA [5]. However, studies have generally been limited to 
date. 

Singapore reported its first confirmed case of COVID-19 on 23 
January 2020, which quickly led to the implementation of risk 

mitigation measures. The country’s response to the pandemic was 
focused on rapid detection, active case finding, containment of infection 
and suppression of community transmission chains. Wastewater sur
veillance testing (WST) was also used early in the pandemic as a com
plementary tool to clinical testing. Singapore commenced WST in 
February 2020 and progressively rolled out a surveillance programme 
comprising a network of more than 500 surveillance sites. The country- 
wide testing points include water reclamation plants, regional residen
tial hubs, high-density living premises types such as student dormitories, 
among others. WST supported the management of COVID-19 through 
several waves of transmission. In mid-April 2020 when COVID-19 cases 
were reported among migrant workers dormitories [24], WST was 
deployed to facilitate early case detection. Combined with good clinical 
surveillance and the timely implementation of infection control and 
prevention measures, the wave was effectively contained and did not 
spread further. Similarly, WST also supported the monitoring of student 
dormitories and residential blocks at risk of COVID-19 spread when the 
population was still being vaccinated and active case-finding was 
necessary. After majority of the population was vaccinated (Ministry of 
Health, Singapore), control measures were gradually eased with a shift 
towards living with COVID-19. In tandem with the overall management 
of COVID-19, WST also shifted from case detection to situational 
monitoring, providing an independent indicator of transmission rates, 
especially when new and more transmissible delta and omicron variants 
emerged in Oct/Nov 2021 and Jan/Feb 2022, respectively [25,26]. 

The impact associated with unprecedented lockdowns from the virus 
outbreak may, from time to time, put a large sector of the population 
under stress, potentially leading to higher consumption of several anti
depressants during this pandemic [27]. In some cases, the lack of 
knowledge has prompted people to take several antibiotics [28], anti
virals [29] and nonsteroidal anti-inflammatory drugs (NSAIDs) [30] as a 
precautionary measure. After consumption, these drugs may undergo a 
series of biochemical transformations in the human body and are finally 
discharged both in conjugated and unconjugated forms with the po
tential to cause ecotoxicity effects [31-33]. Many of these pharmaceu
ticals and personal care products (PPCPs) are known to produce adverse 
secondary effects and thus, could pose chronic impacts to aquatic biota 
[34-36]. Previous studies have reported selected emerging contaminants 
(ECs) such as caffeine and N,N-diethyl-3-methylbenzamide (DEET) as 
chemical markers for anthropogenic pollution in surface water [37,38]. 
WBE has also been used to track illicit drug consumption patterns in 
several countries to safeguard the public from drug abuse [39-41]. 
Recent studies reported increased consumption of recreational drugs 
during the pandemic [42,43]. In addition to pharmaceuticals, there is a 
rapid surge in the use of disinfectants, with quaternary ammonium 
compounds (QACs) being the active ingredients [44]. Based on a recent 
list released by the U.S. EPA, out of 430 registered disinfectants, 216 
contained QACs which may eventually enter wastewater treatment 
plants (WWTPs) through the sewerage network [44]. The National 
Environment Agency (NEA) in Singapore has also recommended using 
household disinfectants containing QACs such as benzalkonium chlo
ride, and didecyldimethylammonium chloride as disinfectants against 
SARS-CoV-2 [45]. Another study reported increase in the QACs, sur
factants and biocides load at WWTPs by 331 %, 196 % and 152 %, 
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respectively, during the COVID-19 pandemic [46]. Thus, monitoring the 
presence of selected chemical markers and concomitant viral targets in 
wastewater could provide insights on community’s response to the 
pandemic as the situation evolves. 

In this study, we applied WST across dormitories in a university 
campus that has a well-connected sewerage network. WST was used to 
track the spread of disease from Jan 2021 to Mar 2022, during which the 
nation went from strict movement control to the resumption of socio
economic activities, as social and travel restrictions were progressively 
lifted following a successful vaccination program. This study was a part 
of a larger national effort to monitor SARS-CoV-2 in the community 
through WST. Here, we also sought to identify suitable chemical 
markers in wastewater that were associated with the virus during the 
pandemic and its transition to endemic phase. We report the combined 
occurrence of both SARS-CoV-2 with ECs in a university campus. By 
comparing the latter with pre-COVID measurements, we can establish 
health-related trends that reflect the evolving pandemic situation. 

2. Methods 

2.1. Sampling site, collection, and analysis approach 

More than 30,000 students are currently enrolled at the National 
University of Singapore (NUS). The university offers 14 residential fa
cilities, grouped into seven sites (A-G; Fig. 1) and divided into different 
blocks (Table S1). Although the main teaching mode was online during 
the pandemic, a considerable number of students were residing in 
various student dormitories, making the university campus a potential 
hot spot for disease transmission and consequent outbreaks. Thus, 
wastewater monitoring of SARS-CoV-2 was conducted in campus dor
mitories from January 2021 to March 2022, with the initial aim to trace 
the source of infection to prevent outbreaks, and subsequently, to track 
the prevalence of SARS-CoV-2 in the community as the situation evolved 
from pandemic to endemic stages. Usage patterns of PPCPs were also 
tracked to understand their correlation with SARS-CoV-2 viral loads. 

Systematic WST was implemented over 14 months, from January 
2021 to March 2022. There were two main considerations for planning 
and executing the wastewater surveillance program in the campus 
dormitories – identification of appropriate (i) sampling points and (ii) 
sampling times. The sewage from each residential block/building drains 
into a manhole/inspection chamber (IC) and subsequently, sewage from 
these ICs drains into a final discharge (FD) chamber before entering the 

main sewer line (Fig. 1). 28 FD chambers were identified from 14 resi
dential facilities and 110 auto-samplers were deployed at ICs and FD 
manholes throughout campus (Table S1). A two-tier “group testing 
strategy” was adopted to sample sewage from the university residential 
areas: Firstly, sewage samples collected from the FD chambers were 
tested for SARS-CoV-2. If these samples tested positive for SARS-CoV-2, 
the next step was to screen the corresponding upstream IC samples to 
help trace to the positive cases at the block level. A confirmed signal in 
the wastewater would result in PCR swab testing of the residents at the 
implicated block, followed by isolation and contact tracing of the resi
dents of the affected dormitory. 

A survey was initially conducted to identify the peak usage of toilets 
for campus residents and to determine the appropriate sampling time 
intervals. Two autosamplers namely Aquacell (W2 Industrial Services 
Pte Ltd, Singapore) and Maxx (Horiba Instruments Singapore Pte Ltd, 
Singapore) were used in this study. The samplers were programmed and 
4 bottles were placed to collect 6-hour composite samples (i.e., 4 times a 
day) at 2 or 15 mins intervals from 05:00–11:00, 11:00–17:00, 
17:00–23:00 and 23:00–05:00 on a daily basis, including weekends and 
public holidays. Later, as surveillance objectives shifted from case 
detection to situational monitoring (i.e. from November, 2021 on
wards), the 6 h composite samples were changed to 12 h composites 
from 05:00–17:00 and 17:00–05:00. Of note, although the composite 
timing was changed, the sensitivity of detection was not compromised. 

2.2. Sample preparation, virus concentration and RNA extraction 

As described above, only wastewater samples from the FD manholes 
were tested daily, following the two-tier group sampling strategy. All 
wastewater samples were first heat-inactivated in a water bath (60 oC 
for 30 min) prior to laboratory analysis to ensure the safety of laboratory 
personnel [47]. The effectiveness of thermal treatment for virus inacti
vation was reported for SARS-CoV-2 without affecting RNA integrity 
[48,49]. After heat inactivation, samples were then subjected to viral 
concentration. Briefly, an aliquot of 20 mL of heat-inactivated raw 
sewage was centrifuged at 4000 g for 30 min at 4 oC to remove larger 
solid particles/debris and bacteria. 15 mL of this supernatant was then 
concentrated using centrifugal ultrafiltration at 4000 g for 20 min at 
4 oC (Amicon® Ultra-15, Merck) to produce virus concentrates. Viral 
RNA was extracted from 200 µl of the concentrated sample using the 
KingFisher Flex System and MagMAX Viral Pathogen II Kit (Thermo
Fisher, USA), according to manufacturer’s instructions. 

Fig. 1. Sampling sites for collection of wastewater samples. Left panel: Residential areas of Kent Ridge Campus of the National University of Singapore (NUS) 
monitored in this study. The hostel dormitories are divided in to 7 sampling sites, A-G. For details see Table S1. Right panel: Sampling distribution of Inspection 
Chambers (ICs) and Final Discharge (FD) Chambers are shown in detail for site A (University Town). 
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2.3. Molecular detection of SARS-CoV-2 

One-step quantitative real-time reverse transcription-polymerase 
chain reaction (RT-qPCR) assay was used to quantify SARS-CoV-2 and 
Pepper mild mottle virus (PMMoV) gene markers in wastewater sam
ples. All the primers and probes used in this study are listed in Table S2. 
The faecal indicator, PMMoV, was used as a process control to act as an 
indirect indicator of PCR inhibition. Each amplification reaction was 
carried out in a 20 µl final reaction volume containing 2.5 µl of template 
RNA, one step reaction mix (2x) and RT enzyme mix (2x) were used from 
Luna Universal Probe One-Step RT-qPCR Kit (NEB, USA) with either 
0.5 μM (N1) or 0.9 μM (PMMoV) of each primer and either 0.25 μM (N1) 
or 0.2 μM (PMMoV) of the probe. The thermal cycling protocol consisted 
of reverse transcription for 10 min at 55 oC, initial denaturation at 95 oC 
for 1 min, and 45 amplification cycles of denaturation at 95 oC for 10 s 
and extension at 55 oC for 30 s. The SARS-CoV-2 RNA synthetic control 
(complete genome based, Twist Synthetic SARS-CoV-2 RNA Control 2, 
MN908947.3; Twist Bioscience, USA) and PMMoV RNA synthetic con
trol (110 bp; Integrated DNA Technologies, Singapore) were used to 
generate their respective standard curves and used to convert cycle 
threshold (Ct) values into copies per well and further, into Copies/L of 
sewage. The PMMoV quantification was subsequently used to derive a 
normalised SARS-CoV-2 RNA concentration by accounting for differ
ences in building occupancy and human waste input [50]. Limits of 
detections (LOD) were determined based on the lowest copy number of 
the synthetic RNA templates with detectable Ct values. The LOD for both 
gene targets was five gene copies per reaction. 

2.4. Epidemiological data source and individual level testing 

In early August 2021, NUS conducted a pilot-scale study to introduce 
self-testing Antigen Rapid Test (ART) kits for individual COVID-19 
testing. These tests were subsequently made mandatory for monthly 
self-swab testing from 10 August 2021 onwards. However, when SARS- 
CoV-2 transmission rates increased during Delta variant wave, NUS 
implemented a mandatory COVID-19 testing policy once and twice a 
week for vaccinated and unvaccinated individuals, respectively. This 
lasted from about 4 October 2021–3 April 2022. Test results from ART 
kits were individually uploaded into the university’s COVID-19 health 
declaration database, and anonymized data from NUS regulatory au
thorities were made available for subsequent correlation analysis with 
the WBE results on SARS-CoV-2 and emerging contaminants. 

2.5. Sample preparation and target analysis of emerging contaminants 

A portion of the wastewater samples from the FDs collected for SARS- 
CoV-2 analysis was used for chemical analysis. Sampling sites were 
grouped into three major final discharges corresponding to A2, A4 and 
A5 (Fig. 1). The chemical samples were analyzed biweekly from 28 June 
2021–11 December 2021 and subsequently, weekly from 11 December 
2021–28 March 2022 for ECs. Sampling frequency was increased from 
biweekly to weekly as the number of COVID positive cases increased on 
campus as discussed in Section 3.1. 

2.6. Chemicals and reagent preparation 

LC-MS grade pharmaceuticals standards and labelled isotopes were 
procured from Sigma Aldrich (US) at their best available purity. LC-MS 
grade solvents such as acetonitrile, methanol and acetone were also 
procured for solid-phase extraction and LC-MS analysis. 

2.7. Sample preparation 

200 mL of the wastewater samples obtained after centrifugation was 
subjected to filtration through 0.45 µm membrane (PALL, corporation, 
US) filtration followed by pH adjustment to 3 by 37 % HCl solution. The 

acidified samples were spiked with ethylenediaminetetraacetic acid 
(EDTA) and surrogate isotope labelled standards which accounted for 
analyte losses during sample preparation and matrix effects due to 
organic matter during LC-MS analysis [32,51-53]. The final concentra
tion of these standards in the 1 mL of the concentrated sample would be 
100 ppb at 100 % recovery. After several hours, samples were subjected 
to solid pahse extraction (SPE) as previously described [37,38]. Briefly, 
HRX cartridges were conditioned with methanol (MeOH 5 mL) and 
acidified water (5 mL) and the wastewater was allowed to pass through 
preconditioned cartridges at 5 mL/minute flow rate. The HRX cartridges 
were then cleaned with acidified water, vacuum dried and finally eluted 
with MeOH (5 mL) MeOH:acetone (50:50) (5 mL). The eluent was 
evaporated under nitrogen, reconstituted with MeOH:water (50:50) to 
1 mL, and stored at − 20 ◦C before analysis with liquid chromatography 
with tandem mass spectrometry (LC-MS/MS) instrument. 

2.8. LC-MS/MS analysis of ECs 

Isotope dilution technique was used to quantify the targeted ECs in 
wastewater samples where the contaminants were separated using an 
Agilent Poroshell 120 EC-C18 reverse-phase column (100 × 4.6 mm i.d.; 
2.7 µm particle size) and water (0.1 % formic acid (FA)) and acetonitrile: 
MeOH (50:50 % and 0.1 % FA) as mobile phases within 25 min runtime, 
as previously described [37,38]. The ECs were analysed using 
HPLC–MS/MS, i.e., Agilent based 1290 Infinity LC coupled to an 
Agilent-based 6490 Triple Quadrupole MS/MS system at their optimised 
collision voltage and cell accelerator voltage. The list of ECs and cor
responding surrogate isotope labelled standards used to analyse these 
compounds are presented in Table S3. Table S3 also lists the MRM 
transition for ECs. Detailed optimised parameters for HPLC-MS/MS 
operation are provided in our previously published manuscripts [38]. 
The analytes were quantified via the calibration curve constructed from 
the peak area response ratio of each analyte to the corresponding sur
rogate isotope labelled standards. 

2.9. Quality control 

To curtail contamination during (i) nucleic acid extraction, (ii) 
preparation for RT-qPCR reagents, and (iii) RT-qPCR, these procedures 
were carried out in separate laboratories. An extraction negative control 
was included during nucleic acid extraction. The RT-qPCR procedure 
included the extraction negative control and the reagent negative con
trol. All negative controls were negative for the analyzed targets. Simi
larly, appropriate QA/QC criteria were adopted for ECs’ analysis as per 
our previously published protocols [54]. Briefly, the linearity of the 
method was evaluated by least-squares regression analysis for 15 con
centrations ranging from 0.01 ng/mL to 240 ng/mL and the regression 
coefficients were all greater than 99.8 %. MeOH-solvent blank and 
calibration verification standards were injected after every 10 samples 
to monitor the instrument background and the validity of the calibra
tion. The method detection limit (MDL) and method quantification limit 
(MQL) were defined to be the lowest observable concentration of ana
lytes in spiked extracts at a signal-to-noise (S/N) of 3 and 10, respec
tively. The method validation data, including MDLs, MQLs and relative 
recoveries (RR) are shown in Table S4. The repeated injection (five 
times) (100 ng/mL) during the same day (repeatability) and on different 
days yielded method precision reported as relative standard deviation 
(reproducibility). Both were found to be less than 20 %. In addition, field 
and procedural water blanks were prepared and analyzed to check for 
possible contamination during the sampling and sample preparation. All 
analytes in these blanks were below MDLs. 

2.10. Statistical data analysis 

The correlation between SARS-CoV-2 (Copy/L) detected in waste
water samples and the number of reported COVID-19 cases on campus 
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were analysed at both the dormitory’s cluster and campus levels. 
Accordingly, total SARS-CoV-2 (Copy/L) concentrations for each cluster 
were derived from the mean concentrations detected in the wastewater 
samples from FD network belonging to the same cluster. The sum of new 
COVID-19 cases recorded in a week was used to estimate the total 
number of cases for that particular week, with weekly SARS-CoV-2 
(Copy/L) average values used to account for variations in weekly sam
ple frequency. Furthermore, the correlations between weekly average 
SARS-COV-2 (Copy/L) normalised by PMMoV (Copy/L) was also 
calculated. 

To examine the correlation of ECs with pandemic markers, ECs were 
grouped into six groups, namely, antibiotics, antivirals, antimalarials, 
acetaminophen, caffeine and disinfectants. The COVID-19 pandemic 
markers chosen for this correlation analysis were SARS-CoV-2 viral load 
(Copy/L), normalised SARS (Copy/L per PMMoV Copy/L) detected in 
wastewater, and the number of COVID-19 cases and COVID-19 cases 
normalised by the student population in the dormitories. The analysis 
was performed on average EC concentrations from 3 hostels from Site A 
(i.e., A2, A4 and A5). As ECs were analysed once weekly, the weekly 
average of the pandemic markers was used for the correlation analysis. 

R version 4.1.1 was used for the correlation analysis and the strength 
and direction of the correlations were quantified using Spearman’s Rank 

Correlation Coefficient (ρ). The smoothing method was used for the 
trend analysis of SARS-CoV-2 viral load (Copy/L) and normalised SARS- 
CoV-2 (Copy/L per PMMoV Copy/L) in sewage samples [20]. 

3. Results and discussion 

3.1. Prevalence of SARS-CoV-2 in wastewater 

3.1.1. Temporal trends in the university campus 
The wastewater samples from seven sites encompassing 28 sampling 

FD chambers were tested daily using the protocol described in the 
Methods (Fig. 1, Table S1) from January 2021 to March 2022. The first 
positive signal was detected in wastewater samples collected on 20th 
March 2021 with low levels of SARS-CoV-2 RNA in wastewater collected 
from the FD chamber of the North tower hostel block with an estimated 
population of approximately 450 residents (A5, Table S1). Based on the 
positive FD result, stored samples which had earlier been concurrently 
collected from three ICs upstream of the chamber were subsequently 
tested for tracing. Of these, only one of the IC samples tested positive for 
SARS-CoV-2. As this IC served 192 residents, the smaller population, 
instead of 450 of the whole apartment block, underwent PCR swab tests 
the next morning (21st March 2021). However, none of them was found 

Fig. 2. Wastewater surveillance results from Jan 2021 – March 2022: (a) Cumulative viral load (SARS-CoV-2 copy/L) in wastewater samples from the university 
campus dormitories and (b) national epidemic curve (positive COVID-19 cases) in Singapore showing predominant variant 
(Source: MOH Singapore). 
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to be positive, despite persistent positive signals from the samples 
collected from the same locations the following day, i.e., 21st March 
2021. A thorough examination of the health records later discovered a 
student who had just been recently discharged from an external quar
antine facility where he was treated for COVID-19. When the student 
was shifted to another facility outside the campus monitoring network, 
the positive signal from the A5 FD/ICs ceased. This data suggests that 
the positive signal detected in the wastewater was likely due to the 
prolonged shedding of SARS-CoV-2 in the faeces of a recovered patient. 
Wong et al. [18] also reported the detection of positive signals from 
wastewater samples due to viral shedding from recovered cases and 
suggested continued monitoring and trend analysis to distinguish signals 
from a new or recovered case. Nevertheless, this detection provides 
evidence of the sensitivity of the adopted approach and highlights the 
need for careful interpretation of results from wastewater testing [18, 
55]. 

No further positive signals in wastewater were detected on campus 
until 30th September 2021. It was followed by two waves of signals 
which corresponded with two waves of reported COVID-19 infection: 
the first wave was detected in the week of 27th September and lasted till 
mid-December 2021 while the second wave was observed from January 
2022 to March 2022 (Fig. 2a). In the initial week of first wave, we 
detected SARS-CoV-2 RNA signals from four dormitory locations, i.e., 
A3, A6, F1, G1 (Fig. 3a and Fig. 4a). Almost immediately, in the ensuing 

week, the number of locations that showed positive signals rose to 7 and 
rapidly reached its peak (Fig. 3 and Fig. 4a). Thereafter, both virus 
signals and the number of positive cases subsided, reaching a minimum 
by mid-December 2021 (Fig. 3). This first transmission wave from 
October to November 2021 was reportedly due to widespread dissemi
nation of the Delta variant of SARS-CoV-2 in Singapore at that time 
(Fig. 2b) [25], which was subsequently confirmed by the detection of 
mutation P681R and L452R in spike protein (using Promega variant 
panel Cat No: CS3174B02) and absence of E484Q in positive wastewater 
samples from the campus. The second transmission wave started in the 
second week of January 2022, resulting in rapidly rising positive signals 
in wastewater samples (Fig. 3), culminating in a peak around 
mid-February 2022 with 9 locations affected (Fig. 3a), and subsequent 
decline by late March 2022 (Fig. 3b). This second peak corroborated the 
widespread transmission of the Omicron variant throughout the country 
(Fig. 2b; MOH, Singapore). The representative positive wastewater 
samples of the second wave showed the detection of mutation N510Y, 
K417N, and H69-/V70- in the spike protein, that further indicates the 
presence of the Omicron variant in the campus during that time [56]. 

3.1.2. Correlation between wastewater surveillance and antigen rapid test 
(ART) detection of SARS-CoV-2 

Viral load in WWT was analysed with the number of COVID-19 cases 
detected with the antigen rapid test (ART), according to the data from 

Fig. 3. Weekly details of WST results from Sep 2021 – 
March 2022:(a) Overview of sample collection and detec
tion from 7 sites and their residential hostel dormitories, 
showing the weekly viral load (SARS-CoV-2 Copy/L) 
detected by RT-qPCR for SARS-CoV-2 N1 gene. COVID-19 
cases detected using ART kits is shown by “+ ”, (b) 
Spearman co-relation between viral load in wastewater 
samples and reported positive cases on the campus. Each 
data point represents the aggregate viral load of SARS-CoV- 
2 (Copy/L, blue line) and FET cases (red line) from each of 
the hostels on campus.   
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the health declaration database. For this study, campus dormitories 
were divided into 7 clusters based on their proximity with each other. 
The goal of this analysis was to investigate the effect of different pop
ulation size on the utilisation of WST as a tool to study infection and 
transmission dynamics in communities with low disease incidence and 
prevalence. 

3.1.3. Site level correlation analysis 
Fig. 4 shows an overview of the weekly SARS-CoV-2 virus detection 

across different sites with corresponding COVID-19 cases. Site A had 6 
hostel dormitories (A1, A2, A3, A4, A5 and A6) and is linked to a pop
ulation size of around 3060 residents (Table S1). A reasonably strong 
correlation with COVID-19 cases was observed for the site A (Fig. 4a; 
Spearman’s correlation, ρ = 0.75, p < 0.05). Similar to site A, site E that 
had two hostels, E1 and E2, with a population size of 1030 residents also 
showed strong correlation (ρ = 0.76, p < 0.05). Sites B, C and D showed 
no statistically significant correlation. This is likely due to frequently 
missing samples from sites B-D due to low or negligible wastewater 
flows. Site F has around 400 residents, whereas site G has a population 
size of ~ 2500 residents but both showed moderately positive correla
tion and association with COVID-19 cases [site F (ρ = 0.50, p < 0.05); 
site G (ρ = 0.62, p < 0.05)]. 

3.1.4. Campus level correlation analysis 
Overall, the weekly average SARS-CoV-2 concentrations in waste

water samples correlated well with the weekly average of COVID-19 
cases reported on campus hostels (Fig. 4b, ρ = 0.76, p < 0.05), sug
gesting a strong positive association between the SARS-CoV-2 concen
trations in wastewater samples and the number of COVID-19 cases. Our 
results showed that the viral load present in wastewater correlated with 
the reported COVID-19 cases at both site level (Fig. 4a) and campus level 
(Fig. 4b). This is consistent with the earlier study where authors showed 
association of SARS-CoV-2 RNA with COVID-19 cases at individual, 

multiple-building level and campus level [57]. Other studies also 
showed that wastewater signals largely correlated with COVID-19 cases 
at different scale from individual college dormitories to the larger sewer 
shed area at the municipality or county level [58,59]. Although many 
studies report success in the detection and quantitation of SARS-CoV-2 
RNA, challenges do exist with assay sensitivity and systematic varia
tion in establishing correlation with COVID-19 cases, particularly in 
regions with low COVID-19 prevalence [60]. 

During the Delta wave (October – December 2021), SARS-CoV-2 
concentrations in wastewater peaked in the week of 4th October 2021 
whereas the peak in the number of COVID-19 cases was observed about 
a week later, i.e., week of 18th October 2021 (Fig. 3b). This lag in 
clinical detection (by 2–9 days) relative to wastewater detection has 
been reported in other cohorts [61-64]. However, during the Omicron 
wave (January – March 2022), the wastewater SARS-CoV-2 concentra
tions mirrored the fluctuations in COVID-19 cases (Fig. 3b), similar to 
correlations studies by Duvallet and colleagues [59]. They studied 
temporal trends from 55 locations distributed across 39 counties in USA 
and found that wastewater measurements mirrored reported COVID-19 
cases in most of the locations with variations in the correlation factor. 
The difference in correlation for the Omicron wave could also be 
explained by the commencement of the school term in January 2022. 

In summary, our analysis showed that the concentration of SARS- 
CoV-2 detected in wastewater increased proportionately with the 
number of COVID-19 cases and thus, wastewater surveillance could be 
used as a tool for monitoring trends of COVID-19 burden in the com
munity. However, the effect of the SARS-CoV-2 variant on the temporal 
variations in wastewater concentrations and COVID-19 cases cannot be 
ruled out. Since, WST relies on the viral RNA shedding from infected 
individuals the differences between RNA concentration per COVID-19 
case observed could also be due to the different dominant variant in 
the two waves. Of note, Delta variant has been associated with higher 
viral load and longer duration of shedding [65]. Overall, though WST is 

Fig. 4. Correlation analysis between viral loads in wastewater samples and reported COVID positive cases A) Site level B) Campus level C) Normalization at campus 
level. Each data point represents the aggregate viral load of SARS-CoV-2 (Copy/L, blue line) and ART cases (red line) from each of the hostel dormitories. 
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able to capture the evolving spread of COVID-19, the interpretation of 
disease burden of a community must take the varying shedding of 
different variants into consideration. 

We next normalized the raw SARS-CoV-2 RNA concentrations across 
different sites with the PMMoV concentration to account for variations 
in population over time (Fig. 4c). The normalization by PMMoV did not 
substantially improve the correlation of COVID-19 cases with viral load 
in waste water (Fig. 4c, ρ = 0.78, p < 0.05); that was observed with raw 
virus concentrations (Fig. 4b, ρ = 0.76, p < 0.05). Similar to ours, others 
have reported no improvement when normalized SARS-CoV-2 RNA 
concentrations were used [57,66]. In contrast, normalization with 
PMMoV has been shown to improve the correlation between viral loads 
present in wastewater and COVID-19 incidence data [67,22,68]. 
Normalization accounts for changes in wastewater dilution and differ
ences in relative human waste input over time and also account for viral 
losses that occur between faecal inputs into the manhole and quantifi
cation losses in the laboratory. 

3.1.5. Variation in the concentrations of emerging contaminants and 
correlation analysis 

Parallel to SARS-CoV-2 monitoring, several ECs belonging to various 
classes were also monitored on the university campus to understand the 
patterns of pharmaceutical consumption, personal care products and 
disinfectants usage, and to establish correlations between ECs with 
SARS-CoV-2 viral loads detected in wastewater and the number of 
COVID-19 cases (raw and normalised). Although PMMoV was found to 
be the promising population biomarker as discussed before, population 
chemical markers were also investigated, as discussed below. 

3.1.6. Variation in the total concentration 
The overall variation in the concentrations of ECs in wastewater 

across all the sampling points is shown in Table 1. Among the contam
inants analyzed, acetaminophen (ACT), erythromycin (ERY-H2O), 
caffeine (CF), doxycycline (DXC), and benzyldimethyldodecylammo
nium chloride (BAC-12) were detected at high concentrations in campus 
wastewater compared to the other analytes. Among 19 analyzed com
pounds, a maximum concentration of 157.2 µg/L was detected for the 
over-the-counter medication, ACT (paracetamol/panadol), commonly 
used as a NSAID. This was followed by ERY-H2O and CF, with concen
trations detected up to 130.7 and 72.9 µg/L, respectively (Table 1). 
Overall, the total concentrations of ECs ranged from 1.7 to 468 µg/L. A 
considerable variation in the concentrations of individual ECs was seen 
(Fig. 5), reflecting PPCPs consumption patterns during the pandemic, as 
discussed in the next section. Due to the non-availability of EC 

concentrations in university wastewater samples prior to the COVID-19 
pandemic, the EC results obtained from this study were compared with 
raw wastewater samples taken as influent into a local WWTP in pre- 
COVID-19 times, where available. 

3.1.7. Variation in the concentrations of disinfectants 
The overall variation in the concentrations of disinfectants (BCl, 

DADMAC-10, and BAC-12) is shown in Fig. S1. Among the disinfectants, 
benzethonium chloride (BCl) was detected in only 37 % of the samples 
analysed, with an average concentration of 0.05 ± 0.04 µg/L, possibly 
due to their limited application as a topical antimicrobial agent in first 
aid antiseptics. BAC-12 and DADMAC-10 were detected at concentra
tions ranging from 0.004 to 24.8 and 0.1–9.9 μg/L, respectively 
(Table 1). Both these compounds were detected at a detection frequency 
of 99 %, with the maximum detected concentration of BAC-12 being 
24.8 μg/L. Both BAC-12 and DADMAC-10 are the most common cationic 
surfactants used as the active components in disinfectants, biocides, 
detergents and personal care products. As an active ingredient of many 
disinfectants, it is expected that high concentrations of these compounds 
should be detected in wastewater during the pandemic and their total 
concentrations specifically peaked in the second wave i.e., from January 
2022 to March 2022 (Fig. 6, Fig S1). Unfortunately, there is no data on 
these compounds in wastewaters in Singapore for comparison. Never
theless, the concentrations for BAC-12 detected in our campus waste
water (0.004–24.8 μg/L) were considerably higher than concentrations 
reported in raw wastewater from China (0.3–06 μg/L) [69] and Sweden 
(0.4–1.4 μg/L) [70] measured prior to the pandemic. However, the 
concentrations of DADMAC-10 (0.141–9.884 μg/L) were lower than the 
concentration reported for wastewater in Sweden (1.6–208 μg/L) before 
the pandemic [70]. 

Among several ECs considered for the correlation analysis, the total 
concentrations of disinfectants showed a relatively strong positive as
sociation with the SARS-CoV-2 viral load in wastewater (Spearman’s 
Coefficient, ρ = 0.64, p < 0.05) (Fig. S2a) and with the normalised 
SARS-CoV-2 data (ρ = 0. 69, p < 0.05) (Fig. S2b). The concentration of 
disinfectants also showed a moderate positive association with the 
number of COVID-19 cases (ρ = 0.45, p < 0.05) (Fig. S2c) and the 
number of student population (ρ = 0.7, p < 0.05) (Fig. S2d). Thus, when 
individual disinfectants were tested, except BAC-12, other disinfectants 
(BCl and DADMAC-10) did not show any statistical correlation with the 
pandemic markers, i.e., SARS-CoV-2 viral load, normalised SARS-CoV-2, 
and the number of student population (Fig. 6). The spatial-temporal 
variation and subsequent correlation of BAC-12 with the SARS-CoV-2 
viral load in wastewater (ρ = 0.5, p < 0.05) (Fig. 6a) and with the 

Table 1 
Minimum, maximum, mean, stand deviation and frequency of detection of the emerging contaminants.  

Target ECs Abbreviations Min (µg/L) Max (µg/L) Mean (µg/L) Stand deviation Frequency (%) 

Acetaminophen ACT 1.144 157.207 35.519 35.372 86 
Azithromycin AZT 0.002 0.640 0.044 0.106 90 
Benzethonium Cl BCl 0.007 0.192 0.057 0.048 37 
Benzyldimethyldodecylammonium chloride BAC-12 0.004 24.767 4.481 5.441 99 
Caffeine CF 0.163 72.857 14.941 13.164 99 
Clarithromycin CLAR 0.001 0.486 0.062 0.101 47 
Clindamycin CLI 0.001 7.566 0.161 0.903 96 
Chlortetracycline CTC 0.014 0.027 0.018 0.003 18 
Didecyldimethylammonium chloride DADMAC-10 0.141 9.884 2.073 1.782 99 
Doxycycline DXC 0.062 59.107 7.204 11.604 79 
Erythromycin-H2O ERY-H2O 0.109 130.738 16.329 30.100 79 
Lincomycin LIN 0.004 0.151 0.030 0.030 82 
Oxybenzone OXB 0.015 2.565 0.317 0.410 99 
Oxytetracycline OXY 0.000 0.014 0.005 0.003 25 
Sulpiride SUL 0.000 0.031 0.013 0.008 41 
Triclocarban TCC 0.001 0.167 0.021 0.024 89 
Triclosan TCS 0.017 0.871 0.243 0.194 90 
Tetracycline TET 0.003 0.758 0.071 0.142 55 
Tylosin TYL 0.005 0.010 0.007 0.002 15  
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normalised SARS-CoV-2 data (ρ = 0. 6, p < 0.05) (Fig. 6b) highlights the 
increased use of disinfectants with BAC-12 as an active ingredient 
among hostel residents during the second wave of COVID-19 (January 
2022 to March 2022). In addition, a moderate positive correlation was 
observed between disinfectant use and the number of the student pop
ulation (ρ = 0.7, p < 0.05) (Fig. 6c), indicating BAC-12 is a reliable 
population chemical marker during the pandemic. The moderate asso
ciation could possibly also be attributed to consistent disinfectant use 
irrespective of the first COVID-19 peak seen between 30 September and 
mid-December 2021 attributed to the delta variant discussed before 
(Fig. 2). 

3.1.8. Variation in the concentrations of Personal care products 
Out of three personal care products (TCC, TCS, OXB) shown in 

Fig. S3, the UV sunscreen, OXB, was detected at a high frequency (99 %) 
with a maximum concentration of 2.6 μg/L (Table 1). It is reasonable to 
have OXB in wastewater at a high frequency due to its frequent use in 
tropical Singapore. However, its mean concentration was one order of 
magnitude less than the mean concentration (~2.6 μg/L) reported for 
raw wastewater samples in Singapore in our previous study [38]. OXB is 
also an active ingredient in several hand sanitisers, which might have 
contributed to its concentrations in wastewater. As a result of which 
OXB was moderately correlated with SARS-CoV-2 viral load in 

Fig. 5. The log10 concentrations of emerging contaminants in the university campus over 9 months of sampling.  

Fig. 6. Correlation analysis between BAC-12 and (a) SARS-CoV-2 (copy/L) (p < 0.05), (b) normalized SARS-CoV-2 (Copy/L per PMMoV Copy/L) (p < 0.05), (c) 
student population (p < 0.05). 
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wastewater (ρ = 0.6, p < 0.05) (Fig. S4a), normalised SARS-CoV-2 data 
(ρ = 0. 6, p < 0. 05) (Fig. S4b), and the number of COVID-19 cases 
(ρ = 0.5, p < 0.05) (Fig. S4c). Compared with the concentrations re
ported previously [38], the detected maximum concentrations of TCS 
(0.2 µg/L) and TCC (0.9 µg/L) in the campus wastewater (Table 1) were 
much lower probably due to their restricted use in soap and other per
sonal care products to avoid the development of antimicrobial resistance 
[71]. Since 2016, TCS along with 8 other antimicrobial chemicals from 
household soap products have been banned by the United States Food 
and Drug Administration (FDA), which was later adopted by other 
countries. Even when they are present at a low concentration, TCC 
showed statistically significant correlation with SARS-CoV-2 viral load 
in wastewater (ρ = 0.6, p < 0.05) (Fig. S5a), normalised SARS-CoV-2 
data (ρ = 0. 6, p < 0. 05) (Fig. S5b), and the number of COVID-19 
cases (ρ = 0.5, p < 0.05) (Fig. S5c). In the contrary, there was no sig
nificant correlation between TCC and the total number of campus resi
dents, indicating increased use of disinfectants containing TCC among 
the COVID-positive students. Although the quantum of sanitisers sold in 
Singapore during the pandemic is not available, the available data in
dicates that the mean revenue generated from hand sanitisers between 
2020 and 2022 was 2.2 million USD higher than in 2019 [72]. Thus, 
such disinfectants could also serve as a reliable population chemical 
marker during such an unprecedented time. 

3.1.9. Variation in the concentrations of antibiotics 
Several antibiotics were detected in the wastewater (Table 1, Fig. 5); 

however, antibiotics belonging to tetracyclines, lincosamide, and mac
rolides showed a significant correlation with various pandemic markers. 

The total concentrations of tetracyclines (Fig. S6, Fig. S7) peaked 
from January 2022 to March 2022, i.e., second wave of the pandemic 
(Fig. 7b). Among the tetracyclines, DXC was detected at a maximum 
concentration of 59.1 µg/L with a 79 % detection frequency (Table 1). 
Its detected concentrations during the pandemic were higher than the 
pre-pandemic concentrations in wastewater samples (2.4 µg/L) 
collected in Germany [73]. It is also one of the most commonly used 
antibiotics to treat COVID-19 respiratory symptoms in UK [74]. CLI was 
detected at a high frequency among the lincosamides (Fig. S8). The 
concentrations of CLI were in the range of 0.001–7.6 µg/L, which is 

higher than the concentrations reported for wastewater from Singapore 
(0.024–0.03 µg/L) [37,75]. Literature evidence suggests that among the 
lincosamides, CLI was used to treat bacteria-related infections more 
frequently among COVID-19 patients in the neighbouring country of 
Singapore, i.e., Malaysia [28]. Even though the concentration DXC and 
CLI were present at high concentrations, when each subgroup of tetra
cyclines and lincosamides were considered individually, only TET 
(Fig. 7a) and LIN (Fig. 7b) showed a moderate positive correlation with 
the number of COVID-19 cases (ρ = 0.7 and 0.5, respectively, p < 0.05). 
Compared to LIN (Fig. S9), a strong correlation was observed for TET 
with SARS-CoV-2 viral load in wastewater (ρ = 0.7, p < 0.001) 
(Fig. S9a), normalised SARS-CoV-2 data (ρ = 0. 75, p < 0. 001) 
(Fig. S9b) indicating TET as a reliable population chemical marker. 

Macrolides such as AZT [76-78] and ERY-H2O [79] were suggested 
for COVID-19 treatment. Earlier studies also suggested combining AZT 
and hydroxychloroquine for COVID-19 treatment [78]. Thus, in this 
sewage surveillance study, macrolides were also targeted. Among the 
macrolides, ERY-H2O was detected at high levels with a frequency of 79 
% (Fig. S10, Table 1). On the other hand, AZT was detected at a higher 
frequency (~90 %), but with concentrations far below ERY-H2O, 
ranging from 0.002 to 0.6 µg/L (Table 1). While the maximum con
centration for AZT was several orders lower than its reported concen
tration in wastewater (1.5–2.9 µg/L) before the pandemic [37,75], 
detected concentrations for ERY-H2O were higher than previously re
ported concentrations in wastewater (07–2.9 µg/L) from Singapore [37, 
75]. However, only AZT showed statistical correlation with pandemic 
markers such as SARS-CoV-2 viral load in wastewater (ρ = 0.6, 
p < 0.05) (Fig. S11a), normalised SARS-CoV-2 data (ρ = 0.5, p < 0. 05) 
(Fig. S11b), and the number of reported COVID-19 cases (ρ = 0.62, 
p < 0.05) (Fig. S7c) monitored in the university campus. Such correla
tion indicates that AZT might be prescribed on the university campus 
during the pandemic, which can also be used as a chemical marker. Even 
in Singapore, the health authority found an increase in antibiotic use 
among patients suspected or confirmed COVID-19, raising concerns 
about misuse [80]. 

3.1.10. Variation in the concentrations of other pharmaceuticals 
Among other pharmaceuticals presented in Fig. S12, acetaminophen 

Fig. 7. Time series and correlation analysis between the number of reported COVID cases and (a) tetracycline (p < 0.05), (b) lincomycin (p < 0.05), (c) azithromycin 
(p < 0.05), and (d) acetaminophen (p > 0.05). 

S. Mohapatra et al.                                                                                                                                                                                                                             



Journal of Hazardous Materials 446 (2023) 130690

11

followed by caffeine was detected at high levels with concentrations 
ranging from 1.1 to 157.2 µg/L and 0.2–72.9 µg/L, respectively 
(Table 1). While the detected concentrations of caffeine were only 
slightly higher than previously reported concentrations (0.8–60.5 µg/L) 
in wastewaters in Asia [38], acetaminophen was detected at a higher 
concentration than previously reported values (0.07–147.7 µg/L). With 
a high excretion rate (~90 %), a large amount of acetaminophen can be 
expected in wastewater due to its frequent use as an NSAID during the 
pandemic and it is readily available over the counter. It was also rec
ommended as the main medication to relieve symptoms arising from 
mass-vaccination which was carried out on a nationwide scale during 
the sampling period and around 81 % of the population in Singapore 
were already vaccinated by early September 2021. A recent study con
ducted in the USA also indicated that the proportion of acetaminophen 
ingestion increased from 0.13 % to 0.28 % between 2016 and 2018, 
decreased to 0.24 % in 2019, then increased to 0.44 % in 2020 during 
the pandemic [30]. From the time series analysis of acetaminophen 
(Fig. 7d), it can be clearly seen that acetaminophen concentration 
peaked during late June, September, November 2021 and Januar
y/February 2022, possibly attributed to its consumption during mass 
vaccination and various COVID waves. Even a surge in Panadol (acet
aminophen-based products in Singapore) use was noticed during the 
second half of 2021 and in the first quarter of 2022 amid the Omicron 
wave [81]. Thus, the concentrations detected in the campus wastewater 
were possibly attributed to its use for vaccination and recovery from 
COVID-19; hence the concentrations of acetaminophen were not sta
tistically correlated with the pandemic markers considered in this study 
(Fig. S13, Table S5). 

No clear trend in coffee consumption during the pandemic was re
ported [82]. Even though caffeine was suggested as a population 
chemical marker [37,38], both caffeine and acetaminophen did not 
show any statistically significant correlation with the pandemic markers 
even though students were quarantined in the university dorms from the 
beginning of the first wave, i.e., September 2021 (Fig. S14, Table S6). 

4. Conclusions 

Due to the probability of evolution of different variants of SARS-CoV- 
2 and their immune escape mechanism, a cost-effective, nonintrusive, 
mass surveillance tool is required for the long-term monitoring of SARS- 
CoV-2 and ECs in the endemic phase of COVID-19. This study demon
strates that WST can be used as a core epidemiological indicator of 
infection prevalence for supporting policy-making as it allows for pas
sive community-wide screening without interfering in the normal ac
tivities of the general population. This study also presented the chemical 
consumption pattern of various ECs during the same period, reflecting 
the effect of lockdowns, mass vaccination and other measures, including 
health and lifestyle changes on the campus residents. A strong positive 
correlation was established between WBE results and the campus ART 
results. Similarly, except for a few ECs, disinfectants (BAC-12), PCPs 
(TCS and OXB), and antibiotics (TET, LIN and AZT) showed a statisti
cally significant correlation with the number of COVID-19 cases, sug
gesting that changes in PPCP use patterns were likely attributed to 
COVID-19. Our study suggests these selected ECs could potentially be 
used as a chemical marker during the COVID-19 pandemic and possibly, 
other similar viral epidemics in the future. 

Environmental implication 

The continuous evolution of different variants of SARS-CoV-2 and 
the use of pharmaceuticals and QACs based disinfectants during the 
COVID-19 pandemic has raised the necessity for a cost-effective, 
nonintrusive, and mass surveillance tool. Besides the SARS-CoV-2 
monitoring, there is a change in the consumption pattern of emerging 
contaminants reflecting the effect of lockdowns, mass vaccination and 
other measures, including health and lifestyle changes on the campus 

residents. In general, this paper provides a comprehensive discussion on 
the occurrence and correlation analysis between several pandemic 
markers, including SARS-CoV-2, the number of active cases and 
emerging contaminants. 
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