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Abstract
Wastewater-based epidemiology has been described as a valuable tool for monitoring the spread of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) in a community. However, there is no consensus on the best concentration 
method to allow reliable detection of SARS-CoV-2 in this matrix, considering different laboratory facilities. This study 
compares two viral concentration methods, ultracentrifugation (ULT) and skimmed-milk flocculation (SMF), for detecting 
SARS-CoV-2 in wastewater samples. The analytical sensitivity (limits of detection and quantification [LoD/LoQ]) of both 
methods was evaluated using a bovine respiratory syncytial virus (BRSV) as a surrogate. Three different approaches were 
conducted to establish LoD of each method based on the assays on the standard curve (ALoDsc), on the dilution of internal 
control (ALoDiC), and the processing steps (PLoD). For PLoD, ULT method had the lowest value (1.86 × 103 genome copy/
microliter [GC/µL]) when compared to the SMF method (1.26 × 107 GC/µL). The LoQ determination showed a mean value 
of 1.55 × 105 GC/µL and 3.56 × 108 GC/µL to ULT and SMF, respectively. The detection of SARSCoV-2 in naturally con-
taminated wastewater revealed 100% (12/12) and 25% (3/12) of detection using ULT and SMF with quantification ranging 
from 5.2 to 7.2 log10 genome copy/liter (GC/L) and 5.06 to 5.46 log10 GC/L, respectively. The detection success rate of 
BRSV used as an internal control process was 100% (12/12) for ULT and 67% (8/12) for SMF, with an efficiency recovery 
rate ranging from 12 to 38% and 0.1 to 5%, respectively. Our data consolidates the importance of assessing the methods 
used; however, further analysis should be carried out to improve low-cost concentration methodologies, essential for use in 
low-income and developing countries.
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Introduction

In January 2020, the world was surprised by the World 
Health Organization’s (WHO) declaration of an outbreak 
of a severe acute respiratory syndrome caused by a new 
beta-coronavirus, coronavirus-2 (SARS-CoV-2), thus 
announcing the beginning of the global pandemic of cor-
onavirus disease 2019 (COVID-19). Although the trans-
mission of SARS-CoV-2 is mainly by respiratory drop-
lets [1, 2], it is well known that SARS-CoV-2-infected 
patients shed viral particles in feces before, during, and 
after COVID-19 symptoms for a few days to several weeks 
[3–5] Based on this knowledge, studies have demonstrated 
the utility of wastewater-based epidemiology (WBE) as 
a complementary tool to massive community testing in 
controlling COVID-19 [6]. This approach has been used 
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since the beginning of the pandemic when studies were 
performed worldwide providing environmental data to 
early warning of an increase in virus transmission in a 
community [7–17].

Despite the diversity of available protocols performed in 
those studies, there is still no consensus on the best meth-
odology used to concentrate and recover SARS-CoV-2 
from wastewater samples, mainly due to the high complex-
ity of the matrix associated with analytical sensitivity that 
involves a sequence of steps that can directly interfere with 
viral detection and quantification [18]. In 2021, the Pan 
American Health Organization published a technical guide 
recommending concentration methods for Latin American 
countries, such as ultracentrifugation, adsorption and precip-
itation with aluminum hydroxide, flocculation with skimmed 
milk, ultrafiltration, and adsorption on charged membrane 
followed by ultrafiltration. The guide also recommended the 
use of a surrogate virus to evaluate the concentration method 
by calculating the recovery efficiency, in addition to the fact 
that all technical procedures are performed in a biosafety 
level 2 (NB2) laboratory [19].

Ultracentrifugation (ULT) method has been used by many 
laboratories to concentrate and recover enteric viruses from 
these matrices [8, 16, 20–22]. The method is a straightfor-
ward factor limiting the high cost of an ultracentrifuge, espe-
cially for research laboratories in low- and middle-income 
countries. As an alternative, a low-cost method based on 
skimmed milk flocculation (SMF), previously described for 
recovering viruses from seawater, has been applied for dif-
ferent environmental matrices as sewage [15, 23–28]. How-
ever, detecting enveloped viruses, such as SARS-CoV-2, 
which can be more easily degraded in water environments, 
is an issue to observe for both methods [29], as well as, 
the physical–chemical characteristics of wastewater that 
may vary according to the habits and size of the population 
served and thus interfering with viral detection methods [15, 
29]. To avoid all these difficulties, using an internal control 
process, as the target virus, is beneficial to ensure the effi-
ciency of all stages of the process. For SARS-CoV-2, bovine 
respiratory syncytial virus (BRSV) has been used since its 
genome consists of a single-stranded RNA molecule, with 
an envelope in its structure [16, 18].

This study aimed to compare ULT and SMF concentra-
tion methods for recovery of SARS-CoV-2 from wastewater 
samples determining the limits of detection (LoD), as well as 
the limit of quantification (LoQ) and the efficient recovery 
of both methods using BRSV as a surrogate virus [8, 18, 
30–32]. In order to establish the LoD for each method, three 
approaches were performed based on the standard curve 
(ALoDsc), on the dilution of the internal control (ALoDiC), 
and on the processing steps (PLoD) [18, 30]. After all, detec-
tion of the natural contamination by SARS-CoV-2 was per-
formed using both concentration methods.

Materials and methods

Study area and sampling collection points

In January 2021, samples of raw sewage were collected in 
the sanitary sewage system in the city of Niteroi, state of Rio 
de Janeiro, located in the southeastern region of Brazil. The 
city has around 515,000 inhabitants and based on data from 
the National Sanitation Information System, 94.5% of the 
population is attended by the sewage collection and treat-
ment service [33].

Sewage sample collection was obtained at eight different 
wastewater treatment plants (WWTP) and four sewer pipes 
(n = 12), being carried out in a compound way in 10 h, with 
a total volume of one liter per sample. The samples were 
placed in sterile polypropylene bottles and kept at 4 °C for 
24 h until processing. The collection was carried out during 
the highest effluent flow in each sample point.

For spiking experiments, a pool of 3 L of sewage contain-
ing 250 mL of each collection point was prepared for LoD/
LoQ triplicate assays. All 12 samples were investigated for 
SARS-CoV-2 occurrence in those matrices.

Virus surrogate

BRSV inoculum was prepared from the lyophilized Inforce 
3 intranasal cattle vaccine (Zoetis-Parsippany, NJ, USA), 
following the manufacturer’s recommendation. The resus-
pended inoculum was quantified, and aliquots of 1 mL con-
taining 107 genome copy/microliter (GC/µL) were stored 
at − 20 °C until use. BRSV inoculum was quantified at each 
use by RT-qPCR assay.

Viral concentration

Before the concentration step, each sample was inoculated 
with BRSV (500 µL), homogenized, and two aliquots with 
volumes of 42 and 50 mL were concentrated by ULT and 
SMF, respectively.

As previously described, the ULT method was performed 
[20]. Briefly, 42 mL of wastewater samples were centrifuged 
at 100,000 × g for 60 min at 4 °C. After discarding the super-
natant, the pellet was dissolved in 4 mL of 0.25 N glycine 
buffer (pH 9.5) and incubated at 4 °C for 30 min, under stir-
ring. Then, 4 mL of 2 × phosphate-buffered saline (PBS, pH 
7.2) added and then clarified by centrifugation at 12,000 × g 
for 20 min. Finally, supernatant samples (~ 8 mL) were cen-
trifuged at 100,000 × g for 60 min at 4 °C, and viral particles 
were suspended in 400 μL of 1 × PBS (pH 7.2).

The SMF was performed as previously described [24]. 
Briefly, 100 mL of glycine buffer 0.25 N, pH 9.5 (1:9, v/v) 
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was added to 50 mL of the sewage sample and stirred for 
30 min in ice, and centrifuged at 8000 × g for 30 min at 
4 °C. The supernatant (150 mL) was transferred to a new 
bottle, and the pH was adjusted to 3.5 with HCl 6 N. The 
pre-flocculated skimmed-milk solution (1%, w/v) was added 
to the supernatant to obtain a final concentration of 0.01% 
(w/v). Samples were stirred for 8 h at room temperature, and 
flakes were pelleted by centrifugation at 8000 × g for 30 min 
at 4 °C. The supernatant was carefully removed, and the pel-
let was dissolved in 1000 μL of phosphate buffer (pH 7.5). 
Final concentrated sample volume was immediately stored 
at − 80 °C until viral nucleic acid extraction.

Nucleic acid extraction

Viral nucleic acid was extracted from 140 μL of each sam-
ple using the QIAamp® Viral RNA Mini kit (QIAGEN, 
CA, USA) in a QIAcube® automated system (QIAGEN), 
as indicated by the manufacturer, obtaining a final volume 
of 60 μL. The extracted samples were immediately stored 
at − 80 °C for later use.

Viral detection and quantification

Primers and probes used for BRSV and SARS-CoV-2 quan-
tification were based on the TaqMan® protocol. BRSV 
detection was performed by targeting the conserved region 
of the N gene, according to the protocol previously described 
[34]. The reactions were performed using 5 µL of RNA 
extracted, 10 µL of the AgPath-ID™ One-Step RT-PCR 
Reagents kit, 0.8 µL primers BRSV-F and BRSV-R (final 
concentration 0.4 µM), and probe BRSV-P (final concentra-
tion 0.2 µM). The detection of SARS-CoV-2 was performed 
by targeting the N2 region (nucleocapsid gene) [35]. It was 
used 5 μL of RNA, 10 µL of SuperScriptTM III Platinum 
TM kit qRT-qPCR One-Step (Invitrogen), and 1.5 µL of 
primer and probe mix for the N2 region (2019-nCoV RUO 
Kit, Integrated DNA Technologies, Coralville, IA, USA). 
Reactions were performed in the ABI PRISM 7500 (Applied 
Biosystems, Foster City, CA, USA), according to the manu-
facturer’s instructions. The reaction cycle was programmed 
for 30 min at 50 °C, 10 min at 95 °C, and 40 cycles of 15 s 
at 95 °C, 30 s at 60 °C.

The quantification of BRSV and SARS-CoV-2 RNA was 
estimated using a standard curve, in which serial 10-fold 
dilutions were used, with copies ranging from 100 to 106 
GC/µL and 101 to 105 GC/µL, respectively, of a fragment of 
double-stranded DNA (gBlock Gene Fragment, Integrated 
DNA Technologies) containing the sequence of the specific 
target amplification region. Samples were considered posi-
tive when at least two of the four wells (diluted and undi-
luted) had a cycle threshold (Ct) value lower than 40.

To preserve samples from cross-contamination, qual-
ity control of molecular procedures was ensured with the 
use of different rooms in each of the processing activities. 
Negative process controls (RNAse-free water) and no tem-
plate controls were included in each RT-qPCR running.

LoD/LoQ determination

The LoD was defined as the smallest number of genomic 
copies (GC) of a given target capable of generating a 
positive result in the RT-qPCR reaction in at least 95% 
replicates while LoQ as the smallest amount of detection 
and quantification with precision and accuracy, with pre-
defined variability and coefficient of variation (CV) < 25% 
[30, 36].

To explore all the data generated, we conducted three dif-
ferent approaches to estimate the LoD: (i) assay determined 
by the standard curve (ALoDsc), (ii) assay by the serial dilu-
tion of the internal control (ALoDic), and (iii) assay based 
on entire sampling process (PLoD) [18, 32].

The ALoDsc was determined based on the 10-fold serial 
dilution of the standard curve used (1.6 × 102 to 106 GC/
µL). To estimate the ALoDic, a 10-fold serial dilution of 
the internal control was applied: 100 to 107 GC/µL. The esti-
mated values for PLoD and LoQ were obtained by evaluat-
ing the results performed in triplicate (A, B, and C). For each 
replicate, eight aliquots were spiked with a 500-µL serial 
10-fold dilution of the BRSV inoculum (with theoretical 
concentrations ranging from 100 to 107 GC/µL.). After the 
extraction step, the viral RNA was subjected to detection by 
the RT-qPCR assay, evaluating undiluted and diluted rep-
licas. ALoDsc, ALoDic, and PLoD were estimated using 
a logistic regression model (equation p). It was possible to 
identify the concentration at which the probability of a posi-
tive response was at least 95%.

The LoQ was determined to follow a previously proposed 
model [37]. The probability distribution of the log-normal 
type was considered for the generated data, where the coef-
ficient of variation (CV) (geometric) was based on the stand-
ard deviation (SD) of the concentrations on a logarithmic 
basis, according to equation CV.

where p is probability of positive responses; L is propor-
tionality constant; e is Euler’s number; K is model inflec-
tion rate; (log GC/µL) is concentration (number of genomic 
copies/ microliter); SD standard deviation; Ln (CG/µL) is 
natural logarithm of concentrations.

p =
L

L + e−k.(logGC∕μL)

CV =

√

e(SD(ln (
GC∕�L ))

2

− 1
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Internal process control and recovery efficiency 

To evaluate the efficiency of the viral concentration meth-
ods, samples were seeded with a 500-µL of BRSV vaccine 
suspension containing 107 GC/µL as an internal control 
process.

The recovery efficiency was calculated considering the 
values recovered in the RT-qPCR assays (raw data). Then, 
the cutoff values obtained in ALoDsc, ALoDic, and PLoD 
were applied.

The recovery efficiency (%) was calculated according to 
equation E.

Statistical analysis

Mathematical models to obtain ALoD, PLoD, and LoQ 
values were performed using the Microsoft Excel software 
(2013). Descriptive statistical analysis, Mann Whitney test, 
and elaboration of figures were performed using the Graph-
Pad Prism v 9.3.0 software (GraphPad Software, San Diego, 
CA, USA).

Statistical analyzes were performed using a significance 
level of 0.05 with 12 samples for the study.

Results

LoD/LoQ determination

Initially, we searched for the natural occurrence of BRSV 
in the wastewater samples demonstrating virus’s absence 
in the environmental samples collected. Following, the 
analytical sensitivity of the RT-qPCR assay was assessed 
by the values established for ALoDsc and ALoDic with 
both results presenting the same order of magnitude 
(102 GC/µL) with average values of 6.6 × 102 GC/µL and 

E (%) =
number of

GC

mL
of BRSV af ter concentration

number of
GC

mL
of spiked BRSV

× 100

1.7 × 102 GC/µL, respectively. The results obtained for 
PLoD revealed ULT with average values four logs lower 
when compared to the SMF method. The ULT LoQ deter-
mination showed an average of 1.86 × 103 GC/µL, while 
SMF results showed a mean value of 3.56 × 108 GC/µL 
(Table 1).

Internal process control recovery

BRSV were detected in 100% (12/12) of the samples 
when concentrated by ULT and 92% (11/12) by the SMF 
method. The recovery rates ranged from 12 to 38%, mean 
19%, for ULT, and 0.1 to 5%, 2%, for SMF. The samples 
concentrated by ULT showed viral concentrations rang-
ing from 7.4 to 7.9 log10 genome copy/microliter (GC/
µL) ± 0.17. On the other hand, the viral quantification of 
the samples concentrated by SMF showed lower values 
ranging from 0.9 to 6.6 log10 GC/µL ± 1.6 (Fig. 1A).

Once the LoD values were established, we calculated 
the recovery efficiency by applying the limits obtained by 
ALoDsc, ALoDic, and PLoD (Fig. 1B, C, and D). After 
applying the cutoff values, the ULT concentration method 
showed the same detection success (100%) in all com-
parative evaluations. However, significant differences 
were observed in the recovery efficiency of samples con-
centrated by SMF, varying between 17 and 33% after the 
cut made for the limits obtained by ALoDsc and ALoDic, 
respectively. None of the samples concentrated by SMF 
showed values higher than the established limit for PLoD. 
The discrepancy of the results obtained between the con-
centration methods was statistically confirmed using the 
Mann–Whitney test, and the statistical significance was 
determined by the p-value, where p < 0.0001 in the raw 
results; p = 0.0011 obtained after cutting by ALoDsc; 
p = 0.0220 for ALoDsc.

As for the evaluation of quantification, 100% (12/12) of 
the samples concentrated by ULT showed values higher 
than the LoQ, while none of the samples concentrated by 
SMF showed values greater than or equal to the LoQ.

Table 1   Evaluation of analytical 
sensitivity by obtaining 
limit of detection (LoD) and 
quantification (LoQ) according 
to ultracentrifugation (ULT) 
and skimmed milk flocculation 
(SMF) concentration methods

ALoDsc assay limit of detection determined by the standard curve, ALoDic assay limit of detection deter-
mined by the serial dilution of the internal control, PLoD process limit of detection, LoQ limit of quantifi-
cation

ALoDsc1 (GC/µL) ALoDic2 (GC/µL) PLoD (GC/µL) LoQ (GC/µL)

ULT SMF ULT SMF

A 6.61 × 102 4.47 × 101 1.26 × 103 2.14 × 107 6.06 × 104 9.40 × 108

B 4.27 × 102 3.09 × 103 7.76 × 106 1.24 × 104 1.05 × 108

C 3.72 × 101 1.23 × 103 8.71 × 106 3.91 × 105 2.44 × 107

Mean 6.61 × 102 1.69 × 102 1.86 × 103 1.26 × 107 1.55 × 105 3.56 × 108
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Detection and quantification of SARS‑CoV‑2

SARS-CoV-2 was detected in 100% (12/12) of samples con-
centrated by ULT with viral load ranging from 5.2 to 7.2 

log10 GC/L ± 0.6. Using the SMF, only three of the twelve 
samples (25%) were positive for SARS-CoV-2, and the viral 
concentration was 5.06, 5.08, and 5.46 log10 GC/L ± 0.2. 
Samples detected by SMF do not correspond to the samples 

Fig. 1   Box plot of bovine respiratory syncytial virus detection and 
recovery results for evaluation between viral concentration methods. 
The raw data are shown in A. The other figures represent the dis-

tribution of results after processing the data with the ALoDsc (B), 
ALoDic (C), and PLoD (D)
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that presented the highest quantification values when con-
centrated by ULT (6.54, 7.22, and 7.15 log10 GC/L, respec-
tively) (Fig. 2).

Discussion

A comparative study comparing the analytical sensitiv-
ity (LoD/LoQ) between two viral concentration methods 
revealed the importance of quantification of those limits 
using different approaches (ALoDsc, ALoDic, and PLoD) 
for assessing the recovery efficiency of a specific virus in 
each matrix such as wastewater. Here, we demonstrated 
that ULT presented a better analytical sensitivity and 
recovery efficiency compared to SMF for BRSV, as well 
as for detecting SARS-CoV-2 from naturally contami-
nated samples.

To estimate the detection of BRSV RNA, whose prob-
ability of a positive response must be ≥ 95% [36, 38, 39], we 
used qPCR data as a categorical variable allowing the adjust-
ment of the sigmoid function given a linear combination of 
different attributes. Our results regarding ALoD were lower 
than obtained in a previous study (4.42 GC/reaction) where 
a multiple viral concentration protocols for SARS-CoV-2 in 
wastewater samples was used [18]. However, different stud-
ies conducted to evaluate concentration methods using other 
surrogate viruses presented values for ALoD ranging from 
5 × 103 to 6.6 × 103 GC/reaction [8, 15, 26, 30, 32].

Since ALoD approach does not evaluate all the sample 
processing steps, not allowing the comparison between 
the concentration methods, we added PLoD concept to 
this analysis. PLoD results demonstrated that ULT method 
detected values lower (103 GC/µL) than those obtained 
for ALoDsc and ALoDic, showing that the methodology 
used is able to remove enzyme reaction inhibitors present 
in this matrix. In contrast, SMF PLoD was considerably 
higher (107 GC/µL) revealing a lower capacity to minimize 
the inhibitory or the effect of employing milk protein to 
concentrate virus. Using the adsorption extraction (AE) 
concentration method, Ahmed et al. [32] obtained values 
of PLoD using RT-qPCR and RT-dPCR for SARS-CoV-2 
ranging from 3.9 to 6.6 GC/50 mL, respectively.

Concerning LoQ analysis, we also demonstrated that 
ULT was able to detect viral RNA at lower concentra-
tions when compared to SMF using CV of 25%. Previous 
studies using CV of 35% have established values for LoQ 
for different concentration methods and surrogate virus, 
obtaining values from 4.56 × 104 to 1.22 × 105 GC/reaction 
[26]; 2.56 × 103 to 2.56 × 105 GC/reaction [31]; 2.35 × 104 
GC/L to 3.56 × 103 GC/L [30]; 1,000 and 100 gene copies 
[15]; 5 GC/reaction [8].

Using estimated analytical sensitivity, ULT maintained 
the same results, for both detecting success rate and recov-
ery efficiency. On the other hand, samples concentrated 
by SMF had a stronger influence on the results. Similar 
results were previous reported using ULT and BRSV, but 
our results were higher when compared using heat-inacti-
vated SARS-CoV-2 as surrogate [16, 40].

Despite the low recovery efficiency of SFM using 
BRSV (1% ± 1.7), our results were similar previous stud-
ies evaluating this method with different surrogate viruses. 
For instance, Salvo et al. [28] found a recovery rate of 
1.9% and 8.9% for BCoV for undiluted and diluted sam-
ples, respectively; Monteiro et al. [26] found a recovery 
efficiency of 14% for PEDV; and Barril et al. [23] found 
a recovery rate of 1% for feline coronavirus. In another 
study, using human coronavirus as a surrogate, it was dem-
onstrated a slightly improvement in the recovery efficiency 
of SMF method, with results ranging from 9 to 4% using 
Vertrel™ treatment, and 6 to 2.6% without treatment [15, 
27]. The SMF method has been described as a low cost 
method being used to detect different enteric viruses in 
several aquatic matrices with satisfactory results without 
the use of Vertrel™ treatment [41–43]. Although with ini-
tial high cost relating to the ultracentrifuge acquisition, the 
ULT method proved to be efficient to detect SARS-CoV-2 
[16] (Prado et al., 2021). More recently, Zheng et al. [40] 
adapted the ULT method using only one ultracentrifuga-
tion step achieving an average recovery efficiency of 25.4% 
using inactivated SARS-CoV-2.Fig. 2   Box plot of SARS-CoV-2 detection and quantification results 

for comparative analysis, demonstrating a statistically significant dif-
ference between the concentration methods (p = 0.0088)
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In a recent study comparing different protocols for 
SARS-CoV-2 detection, the method of Centrifuge-UF-15 
(100 kDa) presented a better performance with 57% (12/21) 
[18]. The variability in the detection of SARS-CoV-2 RNA 
between different methods was associated with the fact that 
the viruses were found at levels close to the LoD of the 
evaluated techniques, mainly due to effluent dilution, low 
persistence of the virus in the environment, and/or high pres-
ence of inhibitory charge [15].

Our study comparing those previously standardized viral 
concentration protocols for non-enveloped enteric viruses 
[20, 25] aimed to evaluate their performance in detecting and 
quantifying enveloped viruses so a single protocol could be 
used in environmental surveillance studies using wastewater 
as a research matrix. ULT overcome SMF method, present-
ing results in concordance with recent published data [8, 16, 
40]. The attempt to optimize the SMF method, previously 
carried out by Philo [27], showed a small increase in the 
recovery rate, suggesting that further studies aimed at reduc-
ing inhibitors may allow the use of this method.

Conclusion

Based on our analysis, the ULT method showed higher ana-
lytical sensitivity for the detection of enveloped viruses com-
pared to samples concentrated by SMF, being this result cor-
roborated by the high percentage of SARS-CoV-2-positive 
samples detected in naturally contaminated samples than 
using the SMF method.
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