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The effective application of wastewater surveillance is dependent on testing capacity and sensitivity to obtain
high spatial resolution testing results for a timely targeted public health response. To achieve this purpose, the
development of rapid, high-throughput, and sensitive virus concentration methods is urgently needed. Various
protocols have been developed and implemented in wastewater surveillance networks so far, however, most of
them lack the ability to scale up testing capacity or cannot achieve sufficient sensitivity for detecting SARS-CoV-2
RNA at low prevalence. In the present study, using positive raw wastewater in Hong Kong, a PEG precipitation-
based three-step centrifugation method was developed, including low-speed centrifugation for large particles
removal and the recovery of viral nucleic acid, and medium-speed centrifugation for the concentration of viral
nucleic acid. This method could process over 100 samples by two persons per day to reach the process limit of
detection (PLoD) of 3286 copies/L wastewater. Additionally, it was found that the testing capacity could be
further increased by decreasing incubation and centrifugation time without significantly influencing the method
sensitivity. The entire procedure uses ubiquitous reagents and instruments found in most laboratories to obtain
robust testing results. This high-throughput, cost-effective, and sensitive tool will promote the establishment of

nearly real-time wastewater surveillance networks for valuable public health information.

1. Introduction

The Coronavirus Disease 2019 (COVID-19) pandemic has led to
several hundred million infections and several million death globally on
August 13, 2022. Continuous pandemics affect the social economy and
daily life in multiple aspects. To implement timely control measures and
policies, regular large-scale testing is of great importance for screening
the pandemic process. Wastewater Surveillance (WWS), or wastewater-
based epidemiology (WBE), was considered as a non-invasive and in-
dependent surveillance tool for large-scale population testing that is not
limited by the clinical testing capacity or individual health-seeking be-
haviors (WHO, 2022). More than 60 countries globally have started to
monitor SARS-CoV-2 RNA from wastewater to trace infection dynamics
and implement public health actions in response to the COVID-19
pandemic (Naughton et al., 2021), including the United States (Peccia
et al., 2020; Wolfe et al., 2021; Wu et al., 2021), Netherlands (Medema
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et al., 2020), Australia (Ahmed et al., 2020a), Finland (Tiwari et al.,
2022), Switzerland (Huisman et al., 2022), Spain (Carcereny et al.,
2021), and Singapore (Lee et al., 2021), etc.

In Hong Kong, the wastewater surveillance network has been
established for routine screening monitoring and has been proved to be a
useful tool in providing valuable public health information, such as
providing early warning signals of community outbreaks (Xu et al.,
2021), monitoring pandemic dynamics (Zheng et al., 2022b), informing
public health interventions (Deng et al., 2022b), and discovering
infected individuals with variants of concern from communities (Deng
et al., 2022a). Multiple analytical protocols have been developed during
this process to address technical concerns (Xu et al., 2022a, 2022b;
Zheng et al., 2022a), and practical experience has been compiled for
data interpretation (Deng et al., 2022b; Zhang, 2022).

Owing to the rapid onset and transmission of the virus, it is necessary
to obtain high-resolution wastewater surveillance results for near real-
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time testing and conduct a regular wastewater monitoring at a
community-scale level (Wu et al., 2022). Correspondingly, the current
testing protocol should be optimized to increase the wastewater testing
capacity for large-scale applications. Based on our previous systematic
evaluation, the ultracentrifugation method outperformed other meth-
odologies in terms of method sensitivity and has been implemented in
routine wastewater surveillance in Hong Kong (Zheng et al., 2022a).
However, samples scalability is a limitation, and it is dependent on the
expensive ultracentrifugation equipment. Therefore, in this study, we
aimed to develop a high-throughput, rapid, and sensitive method for the
large-scale application of wastewater surveillance.

For the whole analytical procedures, the bottleneck of increasing
testing capacity is the virus concentration and RNA extraction of viral
nucleic acids from wastewater samples. To date, limited high-
throughput methods have been reported (Daigle et al., 2022; Karthi-
keyan et al., 2021; Mailepessov et al., 2022) and their method sensitivity
needs to be optimized for the detection of SARS-CoV-2 RNA during the
post-vaccination pandemic stage with fewer infections and/or more
asymptomatic/mild infections. Furthermore, due to the variances in the
matrix effect from different wastewater treatment plants (WWTPs), the
applicability and feasibility of analytical methods should be adapted
according to the local wastewater samples.

In the present study, we focused on precipitation-based approaches
because of their potential scalability without the requirement of
specialized equipment or intensive labor. The performance of analytical
methods is evaluated using the following criteria: (1) method sensitivity,
(2) robustness, (3) turnaround time, and (4) scalability for large-scale
applications. To be more specific, this study focused on the evalua-
tions of (1) different flocculants (i.e., PEG, MgCly, AlCls, FeCls, skimmed
milk); (2) different extraction methods (i.e., QIAamp Viral RNA Kit,
MagMAX Microbiome Ultra Nucleic Acid Isolation Kit, Power Micro-
biome Kit); (3) different processing volumes (i.e., 1.6 mL, 40 mL); and
(4) different processing time lengths (i.e. incubation times of 0, 0.5, 2, or
8 h, and centrifugation times of 15, 30, or 60 min).

2. Materials and methods
2.1. Samples collection

This study used raw wastewater samples collected from the manhole
or WWTPs from March 1, 2022, to April 28, 2022, during the 5th COVID-
19 pandemic outbreak in Hong Kong for method evaluation. During the
sampling period, the daily incidence rates in Hong Kong were reported
to be 5 to 1027 cases per 100,000 individuals, covering the descending
stage of the 5th pandemic wave. The 3 h and 24 h composite samples
were taken by the Drainage Services Department for manhole samples
and WWTPs influent samples, respectively. The wastewater samples
were delivered to the laboratory on ice in a separate container. To
ensure laboratory safety, all wastewater samples were conducted heat-
inactivation at 60 °C for 30 mins before processing.

2.2. Preanalytical methods

The preanalytical methods used in this study were summarized in
Table S1.

Method 1 was the benchmark for PEG-precipitation method. Spe-
cifically, the wastewater samples were briefly centrifuged at 2000 x g
for 2 min to remove large particles. After separating the supernatant (40
mL), 4 g PEG (10%, w/v) and 0.8 g NaCl (2%, w/v) were added for
flocculation. The mixture was shaken in an orbital shaker at 25 °C for 2 h
with the speed of 180 rpm for incubation. After that, a second centri-
fugation was performed at 4750 x g for 30 min to obtain approximately
1~2 mL of precipitate for transferring into a new 2 mL microcentrifuge
tube. The third centrifugation at 20,000 x g was conducted for 2 min,
and the supernatant was discarded carefully without disturbing the
pellet at the bottom using a pipette. Next, the pellet was used for RNA
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extraction using the QIAamp Viral RNA Kit (Qiagen, referred to as
“QIAamp Viral” in the following description, Catalog number: 52904) in
the QIAcube Connect System (Qiagen). The elution volume was 50 pL.

2.2.1. Comparison of the flocculants

Methods 2-9 began with the addition of different flocculants into
the 40 mL supernatant after low-speed centrifugation at 2000 x g for 2
min, including single flocculants (MgCly/AlCl3/FeCls/skimmed milk)
and combined flocculants (PEG + MgCly/PEG + AlCl3/PEG + FeCls/
PEG + skimmed milk) as described in Table S1. These single flocculants
were selected for testing because they have been reported for the
application of the virus concentration method (Haramoto et al., 2020;
Langenfeld et al., 2021; Philo et al., 2021; Randazzo et al., 2020), and
the combination of multiple flocculants was used considering the
possible synergistic effects on the flocculation process (Cui et al., 2020).
The remaining steps were the same as those in Method 1.

2.2.2. Comparison of the extraction methods

Methods 10-11 used the MagMAX Magnetic-Bead Microbiome Ultra
Nucleic Acid Isolation Kit (Thermo Fisher, referred to as “Magnetic
Bead”, Catalog number: A42357, conducted manually in this study
following the manufacturer’s instructions), and RNeasy Power-
Microbiome Kit (Qiagen, referred to as “Power Microbiome” in the
following description, Catalog number: 26000-50) in QIAcube Connect
System for RNA extraction. These extraction kits were selected for
evaluation because they are widely applicable in SARS-CoV-2 waste-
water surveillance (Table S2) and in automated extraction platforms to
minimize labor requirements. The final RNA elution volume for Mag-
netic Bead and Power Microbiome was 50 pL, the same as those for
QIAamp Viral in the Method 1.

2.2.3. Comparison of the processing volumes

Method 12 proceeded 1.6 mL wastewater samples with 0.4 mL
liquid mixture of PEG and NaCl in a 2 mL microcentrifuge tube (“PEG-
small” method). In comparison to Method 1 (“PEG-large” method) of 40
mL wastewater samples, the startup volume of 1.6 mL in PEG-small
could simplify the processing procedure, increase the testing capacity,
and minimize the turnaround time. A liquid mixture of PEG (50%, w/v)
and NaCl (10%, w/v) was prepared in advance by heating in a water
bath at 60 °C for 30 min. The 2 mL microcentrifuge tube was then shaken
at 4500 x g for 15 min and further centrifuged at 20,000 x g for 15 min
to obtain the concentrated pellet for RNA extraction using QIAamp
Viral.

2.2.4. Comparison with ultracentrifugation method

Method 13 is based on ultracentrifugation method (called “UC”) as
described in our previous study (Zheng et al., 2022a) with slight
modification. In details, wastewater samples were first centrifuged at
4750 x g for 10 min to separate into two subsamples, i.e. supernatant
and pellet. Next, 30 mL supernatant was performed ultracentrifugation
at 150,000 x g for 30 min to obtain a 200 pL concentrated sample for
RNA extraction using QIAamp Viral.

2.2.5. Optimization of the method parameters

Methods 14-16 were modified versions of Method 1 using different
incubation time periods, i.e., 0 h (no incubation), shaking for 0.5h or 8 h
(representing overnight in most published papers).

Methods 17-18 were modified versions of Method 1 that used
different centrifugation time periods for the recovery of viral nucleic
acid, i.e., centrifugation at 4750 x g for 15 min or 60 min.

Method 19 was modified version of Method 1 by adding PEG as
water solution. The 32 mL supernatant was mixed with 8 mL PEG so-
lution mentioned in Method 12 for flocculation, and the following steps
were the same as in Method 1.

Although PEG solution has been used in the purification of exosomes
for total protein and RNA extraction (Rider et al., 2016), it has rarely
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been used to enrich viral nucleic acids from wastewater samples.
Considering the similarity in the size of exosomes (30-150 nm) (Doyle
and Wang, 2019) and SARS-CoV-2 viral particles (70-90 nm) (Lee,
2020), the PEG solution was tested and evaluated for viral enrichment.
To the best of our knowledge, this is the first trial in which SARS-CoV-2
was concentrated from wastewater samples using a PEG solution.

Method 20 used 200 pL raw wastewater for direct RNA extraction
using QIAamp Viral.

2.3. RT-qPCR detection

The SARS-CoV-2 virus concentration in the wastewater samples was
quantified by RT-qPCR using N1 primers and probe from the United
States Center for Disease Control (US CDC) (CDC, 2020). The RT-qPCR
was performed in a 20 pL reaction mixture containing 4 pL template
RNA, 5 uL 4 x TagMan Fast Virus 1-Step Master Mix (Thermo Fisher), a
forward primer concentration of 500 nM, a reverse primer concentration
of 500 nM, a probe concentration of 250 nM, and DEPC-treated water to
20 pL. The thermal cycling conditions were conducted at 50 °C for 5 min,
and 95 °C for 20 s, followed by 45 cycles of 95 °C for 5 s and 55 °C for 30
s on the Applied Biosystems ViiA7 qPCR system (Thermo Fisher).
Quantification of SARS-CoV-2 in wastewater samples was performed
with the standard curve generating from a synthetic plasmid containing
N1 target (Beijing Genomics Institute, Hong Kong, China). The con-
centration of the plasmid was quantified using a Qubit dsDNA HS assay
kit (Thermo Fisher, USA), and then the copy number of it was calculated
based on the sequence length and Avogadro’s number. For each 96-well
plate, the plasmid was conducted 10-fold serial dilution by ddH2O to
obtain the virus concentrations ranging from 10’ to 1 copy/pL. The
slope, Y-intercept, and R? values of each standard curve were obtained
using the linear regression. Each sample was run in duplicate and ddH,0
was served as the negative control in each test batch. Wastewater
samples with a Ct value less than 40 in one out of two reactions were
considered to have signals of SARS-CoV-2. Each batch experiment was
QA/QC checked according to the MIQE guidelines. The performance of
standard curves and MIQE checklist were summarized in Table S3 and
S4.

2.4. Experimental designs for the method comparison

To evaluate the performance of the different flocculants, each raw
wastewater sample was randomly divided into nine split samples and
processed independently using Method 1-9 as described in Section 2.2.
Biological duplicates were performed with six different wastewater
samples (n = 6), and technical duplicates were performed in the RT-
qPCR step by running two reactions for each RNA sample (n = 2).

Similarly, 20 raw wastewater samples were used as biological
duplicate for the evaluation of three extraction kits using Methods 1, 10,
and 11 (n = 20), 46 raw wastewater samples were used for the com-
parison of processing volume using Methods 1 and 12 (n = 46), 14 raw
wastewater samples were used for the comparison of incubation time
using Methods 1, 14, and 16 (n = 14), 12 raw wastewater samples were
used for the comparison with ultracentrifugation method using Methods
1 and 13 (n = 12), 16 raw wastewater samples were used for the com-
parison of centrifugation time using Methods 1, 17, and 18 (n = 16), and
18 raw wastewater samples were used for the comparison of PEG forms
using Methods 1 and 19 (n = 18).

2.5. Serial dilution of raw wastewater

Raw wastewater samples were screened to determine whether it is
positive or negative samples by the two-step ultracentrifugation method
using the US CDC N1 and E assays in Hong Kong routine wastewater
surveillance (Deng et al., 2022a). The positive raw wastewater with a
concentration of approximately 107 copies/L was 10-fold diluted using
the negative raw wastewater to obtain a SARS-CoV-2 virus
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concentration range of approximately 10%2-107 copies/L wastewater for
the evaluation of method sensitivity. For each virus concentration, the
wastewater samples were aliquoted into subsamples and processed by
Methods 1, 12, and 13 as mentioned in Section 2.2. The wastewater
samples at each virus concentration were proceeded in duplicate. To
calculate the theoretical value of the virus concentration in raw waste-
water, triplicate aliquots of 200 pL of positive raw wastewater (n = 3)
was extracted directly for detection The entire serial dilution experiment
was repeated in duplicate using positive wastewater samples at two
different timepoints, i.e. ST-052 on March 10, 2022, and KT Site 2-1 on
March 14, 2022. The process limit of detection (PLoD) was defined as
the lowest wastewater concentration at which above 95% detection can
be achieved throughout the entire processing procedure, from virus
concentration, RNA extraction to the RT-qPCR detection (Ahmed et al.,
2022b).

2.6. Calculation of recovery efficiency

The recovery efficiency (RE) of SARS-CoV-2 was calculated using the
following equation.

C etecte
Recovery efficiency (RE) = ~detected o 100%

raw

Where,

Cetected: Detected SARS-CoV-2 virus concentration in wastewater
samples using the evaluated methods, copies/L;

Craw : SARS-CoV-2 virus concentration in raw wastewater samples,
which was detected by direct extraction of 200 pL raw wastewater
samples for detection, copies/L.

This study calculated the relative recovery efficiency by using the
raw positive wastewater samples as stated in another study of Maile-
pessov et al. (Mailepessov et al., 2022), which may lead to the difference
of RE values obtained using the spiked wastewater.

2.7. Statistical analysis

The performance of the different preanalytical methods was evalu-
ated using the following four criteria: (1) method sensitivity, (2)
robustness, (3) turnaround time, and (4) scalability for large-scale ap-
plications. The method sensitivity was assessed by comparing Ct value,
detected virus concentration, and recovery efficiency for the same
wastewater samples. Lower Ct values in the same batch experiment was
considered to present higher method sensitivity. Higher detected virus
concentrations or higher recovery efficiency also indicated higher
method sensitivity. In addition, the detection dynamic range and PLoD
were compared in the serial dilution experiment to evaluate the method
sensitivity. Robustness was assessed by the variation of Ct values among
the technical replicates for the same wastewater samples. Turnaround
time was assessed by comparing required time for processing the same
number of wastewater samples. Scalability for large-scale applications
was assessed based on the requirements of the instruments.

One-way analysis of variance (ANOVA) was firstly used to determine
whether there were any statistically significant differences between the
means of three or more independent groups. If there were significant
differences, a post-hoc T-test was subsequently performed for pairwise
comparisons between group means, and to determine differences be-
tween specific groups. When p value was less than 0.05, the difference
was considered significant. All statistical tests and figures were per-
formed using R Studio version 1.3.

3. Results and discussions
3.1. Selection of the flocculant

Nine precipitation-based virus concentration methods with different
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flocculants, either individual or combined, were evaluated at the same
wastewater volume of 40 mL (n = 6) (Fig. 1a and Fig. 1b). For individual
flocculants, PEG showed significantly lower Ct values and higher virus
concentrations than other flocculants, including MgCly, AlCls, FeCls,
and skimmed milk, which demonstrated the superior performance of
PEG on virus enrichment and the highest recovery efficiency from
wastewater samples. Furthermore, PEG combined with MgCl, resulted
in higher virus concentrations than PEG-precipitation alone, while the
difference was insignificant. Additional wastewater samples (n = 8)
were evaluated using PEG-precipitation, and PEG combined with MgCl,
of different doses (1%, v/v, and 10%, v/v). As shown in Fig. 1c and 1d,
there was an insignificant difference in the detected Ct values and virus
concentrations among the three evaluated methods. Therefore, PEG-
precipitation was chosen as the benchmark method for subsequent
comparisons owing to its feasibility.

Similarly, PEG-precipitation presented higher recovery efficiency
than AlCI; flocculation (Perez-Cataluna et al., 2021), and skimmed milk
flocculation (Pino et al., 2021) in other studies comparing virus con-
centration methods. However, this result disagrees with our previous
study, which found that AICl3 flocculation outperformed
PEG-precipitation using SARS-CoV-2 spiked wastewater for method
evaluation (Zheng et al., 2022a). The difference may be caused by
different sample types for technical evaluation, such as spiked
SARS-CoV-2 in the latter study versus positive raw wastewater samples
in this investigation. For spiked wastewater, SARS-CoV-2 is inactivated
before spiking into wastewater by heat-treatment or gamma-irradiation,
which results in the disintegration of virion structure and the presence of

(a) 45{Anova, p =7.6e-06

Water Research 230 (2023) 119560

free RNA or intact viral particles (Wurtzer et al., 2021). The exogenously
spiked virus is different from the endogenous SARS-CoV-2 in wastewater
in terms of partitioning behaviors and ultimately affects the affinity for
different flocculants. Therefore, positive raw wastewater is closer to the
targeted samples for wastewater surveillance and is recommended for
method evaluation to identify an optimal protocol for applications.

In the current study, the synergistic effects on flocculation were not
efficient in terms of virus concentration. It is probable that the inhibitory
substances are co-enriched with viral nucleic acids together in the
flocculation procedure and further interfere with the nucleic acid
extraction and RT-qPCR detection. Significant inhibitory matrix effects
have been reported in virus detection when processing large-volume
wastewater samples for virus enrichment in Hong Kong (Xu et al.,
2022b).

Additionally, the recovery efficiency of the PEG precipitation
method ranged from 0.08% to 44% (Ahmed et al., 2020b; D’Aoust et al.,
2021; LaTurner et al., 2021), which was attributed to the differences in
processing sample volume, extraction method, and centrifugation time,
etc., Thus, these key parameters for PEG precipitation were selected for
evaluation in the subsequent analysis.

3.2. Selection of the extraction method

As shown in Fig. 2, the highest SARS-CoV-2 virus concentration was
observed in the QIAamp Viral, followed by the Magnetic Bead and
finally in the Power Microbiome (p > 0.05). Using QIAamp Viral as the
reference extraction method for comparison, 50% (10/20) of the

(b) Anova, p = 2.6e-06
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Fig. 1. Selection of flocculants on SARS-CoV-2 preanalytical methods. (a) Ct value and (b) detected SARS-CoV-2 virus concentration of single and combined
flocculants from six different wastewater samples (n = 6). (¢) Ct value and (d) detected SARS-CoV-2 virus concentration of single flocculants using PEG, and
combined flocculants with different percentage (PEG + 1% MgCl, and PEG+10% MgCl,) from eight different wastewater samples (n = 8). *: p < 0.05; **: p < 0.01;

**%: p < 0.001.
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Fig. 2. Selection of extraction methods on SARS-CoV-2 preanalytical methods. (a) Ct value and (b) detected SARS-CoV-2 virus concentration of different extraction

methods from twenty different wastewater samples (n = 20).

samples obtained lower Ct values in Magnetic Bead, while only 20% (4/
20) of the samples presented lower Ct values in the Power Microbiome
(Table S5). In terms of method sensitivity, the three selected extraction
methods are comparable to the extraction of SARS-CoV-2 RNA from
wastewater samples without significant difference (p > 0.05).
Meanwhile, wastewater surveillance aims to provide the early
detection of pandemics in the community, putting greater emphasis on
the turnaround time of reliable results. These three extraction methods
are all applicable for automation, and the main factor contributing to
turnaround time is the throughput of the automated extraction system,
for example, 24 samples per run for the KingFisher Flex Purification

©® PEG-large ® PEG-small

(a)

(b)

System and 12 samples per run for the QIAcube Connect System. Thus,
the turnaround time for extracting RNA from 24 samples was 2 h, 3 h
and 1 h for the QIAamp Viral, Power Microbiome and Magnetic Bead,
respectively. There could be different arrangements depending on the
available resources, the supply chain and the surveillance purpose. In
this study, the QIAamp Viral was selected as the extraction method in
the combination with PEG-precipitation method, and it was adaptable to
the QIAcube Connect System for automation.

© PEG-large ® PEG-small
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3.3. Selection of the processing volume

Currently, most reported PEG-precipitation methods focus on 40 - 50
mL (Ahmed et al., 2020b; Wu et al., 2020), or 200 - 250 mL (La Rosa
et al., 2021; LaTurner et al., 2021). The input volume of wastewater
influences the instrument requirements, reproducibility, sensitivity, and
variability (LaTurner et al., 2021). In this study, a small volume (1.6 mL)
of wastewater (PEG-small) combined with PEG solution was developed
and compared with a large volume (40 mL) PEG-precipitation method
(PEG-large). PEG-small exhibited the same detected dynamic range as
PEG-large in the serial dilution experiment, and obtained the same
detection rates as PEG-large for 46 raw wastewater samples at different
SARS-CoV-2 concentration levels (Fig. 3, Table S6).

In addition, we divided the evaluated wastewater samples into three
groups according to the detected Ct values using the PEG-large method:
high- concentration (Ct values of [26 — 30)), medium- concentration (Ct
values of [30 — 32)), and low-concentration (Ct values of [32 — 34)). As
shown in Table S6, the detection rate was the same for PEG-small and
PEG-large, regardless of SARS-CoV-2 levels. The average ACT (PEG-
small - PEG-large) values were 2.60, 1.81, and 0.28 for high-, medium-,
and low-concentration, respectively. All values were lower than the
theoretical Ct difference (4.64), with a volume factor of 25. These results
imply that PEG-small is applicable for wastewater surveillance, and its
recovery efficiency is higher than that of PEG-large.

Furthermore, when processing 48 samples/run, the required time for
PEG-small (1.5 h) is half that of PEG-large (3 h), indicating the viability
of generating timely data for high-resolution wastewater surveillance.
However, smaller volumes have the disadvantage of larger testing bia-
ses, and may be more influenced by the heterogeneous nature of
wastewater, which may compromise the robustness of the testing

(a)

KT Site 2-1
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results. Therefore, this new method was suggested to be applied into
smaller sewersheds with smaller population sizes and lower dilution
effects, or during the peak period of the pandemic.

3.4. Performance of the method sensitivity

To evaluate the sensitivity of the PEG-precipitation method, it was
compared with UC method, which is currently adopted in the Hong Kong
wastewater surveillance network owing to its superior method sensi-
tivity in previous evaluations (Zheng et al., 2022a). As shown in Fig. 4,
both methods were able to detect viral signal at the dynamic ranges of
2.52-7.77 log1o copies/L in serial diluted wastewater, and the PLoD was
estimated to be < 3286 copies/L wastewater samples. The good linear
regression for dilution (R2 > 0.85) revealed the reproducibility of
quantification for these two methods. In addition, the same detection
rate of 91.6% (11/12) was observed in raw wastewater for both the PEG
and UC method, while the recovery efficiency of the PEG method (22.49
+ 15.66%) was 3-fold higher than that of the UC method (7.49 + 6.83%)
(Fig. 5). Meanwhile, both of them obtained reproducible results, with
the standard deviation (SD) of Ct values between technical triplicate
within 0.6 Ct among four wastewater samples (n = 4) (Table S7), sug-
gesting their robustness in practical application. Taken together, PEG
approach is equivalent to or ever better than the UC method in term of
method sensitivity and reproducibility.

Calculation of RE and PLoD is an important process control for the
comparisons among different protocols and the evaluation of genome
loss during analytical procedures. Ideally, the RE and PLoD need to be
measured by spiking live SARS-CoV-2 virus with an exact known virus
amount into the residential toilets and then detecting the samples from
downstream manhole or WWTPs. This evaluation experiment, however,
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is difficult to carry out owing to the substantial risks associated with
handling live SARS-CoV-2. Alternatively, the negative raw wastewater
was spiked with proxy viruses in the laboratories to estimate the RE and
PLoD values, such as inactivated SARS-CoV-2 (Ahmed et al., 2022b;
Perez-Cataluna et al., 2021), bovine coronavirus (BCoV) (LaTurner
et al., 2021), Alphacoronavirus HCoV-229E (La Rosa et al., 2021), and
murine hepatitis virus (MHV) (Ahmed et al., 2020b), etc.

However, there are several uncertainties associated with spiked
wastewater. Firstly, the spike-in virus was treated with inactivation
methods before spiking into the wastewater, leading to changes in virus
forms, and the labile RNA came into contact with the highly RNase-
containing wastewater matrix (Wurtzer et al, 2021). Secondly,
spiking procedure was performed in a short time (0.5~2 h), even though
shaking completely by the shaker in our study, it is still difficult to
stimulate the real behavior of viral particles in wastewater trans-
portation. In this aspect, the difference between endogenous and exog-
enous viruses may result in differences in virus concentration methods
owing to the differences in viral partition behavior in the supernatant or
pellet. Thirdly, the wastewater samples matrix was associated with the
physico-chemical characteristics of different wastewater treatment
processes and varied among different WWTPs (Kantor et al., 2021).
Thus, the wastewater selected for spiking may not be representative of
the target wastewater for routine surveillance. Fourthly, the calculation
of RE and PLoD values relies on the quantification procedures, including
the quantification method for surrogate viruses, the quantification
platform (qPCR or digital PCR), and the standard curves of PCR assays,
etc. (Ahmed et al., 2022b; Kantor et al., 2021).

In contrast, the positive raw wastewater used in this study experi-
enced transportation procedures and used matrix-relevant samples for

quantification, which contributed to the selection of a more feasible
method for practical application. However, the exact amount of viral
nucleic acids in wastewater is unclear, although the aliquots of raw
wastewater were quantified directly to obtain the relative true values in
this study.

Considering the challenges and limitations with the calculation of RE
and PLoD values, it is suggested that the comparison of different con-
centration protocols is conducted using the local wastewater and then
evaluated by the measured Ct values or detected virus concentration in
the same batch experiment without the calculation of the real recovery
rates. In the future, more research is needed to standardize analytical
procedures and establish environmental reference standard materials
for virus quantification across studies, which are essential for longitu-
dinal trend analysis and quantitative epidemiological models.

3.5. Optimization of the PEG-precipitation method

Turnaround time for a protocol should be considered to proceed a
large number of samples and report testing results for a timely public
health response. In this study, we evaluated different incubation and
centrifugation times to examine the potential of PEG-precipitation
method to decrease turnaround time. As shown in Fig. 6, the detected
SARS-CoV-2 RNA virus concentrations showed insignificant difference
with the change in incubation or centrifugation time, implying that the
turnaround time could be further shortened without a significant change
in the method sensitivity. Interestingly, overnight incubation led to
similar results as those obtained without the incubation step, suggesting
that the incubation step in the conventional PEG-precipitation method
could be skipped to simplify the procedure and increase sample
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Fig. 6. Evaluation of different parameters on the method performances. (a) Ct value. (b) Detected SARS-CoV-2 virus concentration.

capacity.

Similarly, another study also found that overnight incubation did not
increase the recovery efficiency of MHV using the PEG-precipitation
procedure, and no incubation yielded a recovery efficiency compara-
ble to that of a 2 h incubation time (Torii et al., 2022). In a prior study,
the requirement of overnight incubation time hindered the choice of
PEG-precipitation  for  practical application, even though
PEG-precipitation had the highest recovery efficiency when compared to
other analytical procedures (Perez-Cataluna et al., 2021). The present
study overcomes this limitation with reliable experimental results to
shorten turnaround time, which could increase the sample capacity from
100 samples per day to 150 samples per day by two persons.

Next, we evaluated the use of PEG solution instead of PEG powder to
precipitate viral nucleic acid from wastewater because of its higher re-
action surface, which may lead to the potential of increasing method
sensitivity. Using 18 raw wastewater samples, it was found that the PEG
solution yielded similar Ct values and higher detected virus concentra-
tions than the PEG powder method, although the difference was not
statistically significant (p > 0.05) (Fig. 6). These findings suggest that
the PEG solution could also be used to concentrate viral nucleic acids
from wastewater samples, although it is insignificant to increase method
sensitivity. Regarding the practicality, the PEG solution of high con-
centration (>50%) used in the present study had high viscosity, leading
to difficulty in dispensing the PEG solution into wastewater samples.
Thus, the PEG solution is workable but may need further modification
for high-throughput virus concentration.

3.6. Implications and limitations

In the present study, we developed a high-throughput protocol to
process 100 samples within 6 h by two persons with a detection limit of
3286 copies/L in wastewater samples, which used ubiquitous reagents
and instruments and could be applied by most laboratories in large
SARS-CoV-2 wastewater monitoring schemes. This sensitive and rapid
method promotes the establishment of a near real-time wastewater
surveillance network for routine monitoring of viruses and other path-
ogens, and facilitates targeted sampling strategies at the communities/
districts level. In addition, considering supply chain stability and
consumable cost, the PEG precipitation method would be more practical

for wastewater testing in resource-limited settings. In addition, the
turnaround time could be shortened by decreasing centrifugation and
incubation time, which simplify the processing procedures and is
essential for timely public health responses. Moreover, we recommend
the use of positive raw wastewater from local WWTPs or manholes for
method evaluation to determine a suitable and tailored method for
wastewater surveillance in practical.

There are some limitations of this study. Firstly, to maintain con-
sistency for method comparison, different flocculants were evaluated
under the same specific experimental conditions. The optimization of
other flocculants under different experimental conditions (sample vol-
ume, pH, temperature, turbidity, etc.) may exhibit better performance
than PEG precipitation. Secondly, current studies only focus on
precipitation-based methods, whereas the ultrafiltration-based methods
also have the potential scalability (Mailepessov et al., 2022) and
Nanotrap beads-based method obtained high throughput performance
(Ahmed et al., 2022a; Karthikeyan et al., 2021) in previous studies.
Thirdly, the performances of the developed method to another virus like
PMMoV or CrAssPhage remain unclear, which relied on the
physico-chemical properties of specific virus, such as size of viral par-
ticles, surface affinity, and weight of viral particles, etc. Fourthly, the
method sensitivity could be further improved by modifying detection
process, for examples, RT-dPCR instead of RT-qPCR could be integrated
into the established protocols for more accurate absolute quantification
and higher sensitivity (Ahmed et al., 2022b; Graham et al., 2021).
Overall, the selection of wastewater testing methods should be
case-specific and decided according to the goals, required method
sensitivity, required turnaround time, and available resources (funding,
equipment, labor), etc.

4. Conclusions

e A PEG-precipitation method was developed for rapid, high-
throughput, and sensitive SARS-CoV-2 testing in wastewater,
which could significantly increase the testing capacity and could be
applied by most laboratories for large-scale surveillance to generate
nearly real-time datasets.

e This new method obtained a sensitivity comparable to that of the
ultracentrifugation method with a process limit of detection as low as



X. Zheng et al.

3286 copies/L, which could detect virus signals even in a low prev-
alence community.

e The turnaround time was optimized by reducing the centrifugation
and incubation time without significantly affecting the method
sensitivity, which is essential for obtaining timely results for public
health responses.

e Raw wastewater in Hong Kong was used for method evaluation,
which could provide a reference basis for establishing practical
methods in other regions.
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