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To successfully implement wastewater-based epidemiology (WBE), a rapid, cost-effective, and sensitive method of concentrating SARS-CoV-2 virus RNA in wastewater is necessary. This study aimed to design a wastewater concentration device with an ultrafiltration membrane system and evaluate its performance by comparing its recovery rate (%) of virus RNA to the polyethylene glycol precipitation method. The results showed that there was no significant difference (p > 0.05) between the two methods, with recovery rates ranging between  80 – 85 %. This suggests that an ultrafiltration membrane system is a viable option for targeting COVID-19 in wastewater, as it can save time, and energy and reduce costs, making it suitable for the implementation of WBE.
Introduction
The COVID-19 pandemic is affecting millions of people worldwide, making community surveillance and early disease outbreak monitoring crucial (Jia et al., 2021). As SARS-CoV-2 virus RNA is excreted into the sewer system via feces, saliva, swabs, and sputum of infected individuals, the COVID-19 outbreak can be described using the RNA load-shedding profile from the total amount of virus RNA in wastewater several times points after infection called as wastewater-based epidemiology (WBE) (Galani et al., 2022; Kitajima et al., 2020). Therefore, the WBE has been demonstrated as a useful, viable, and efficient method to track COVID-19 and potentially other infectious diseases (Daughton, 2020).

The detection of SARS-CoV-2 virus RNA in untreated municipal wastewater has already been reported in numerous studies from countries across the globe including the United States, Japan, Italy, and Latvia (Ahmed et al., 2021; Gudra et al., 2022; Haramoto et al., 2020; la Rosa et al., 2020). Previous studies have also shown that the concentration of viral RNA correlates with the community prevalence of SARS-CoV-2 (Weidhaas et al., 2021). However, one of the most challenging steps of WBE is the concentration step and detection of relatively low viral particle loadings in large volumes of wastewater (Lu et al., 2020; Polo et al., 2020). Thus, the development of a rapid, cost-effective, and sensitive method for concentrating RNA of the SARS-CoV-2 in wastewater is essential for virus quantification and successful implementation of WBE (LaTurner et al., 2021).

The wastewater concentration methods applied for SARS-CoV-2 RNA vary widely from electronegative filtration with bead beating (Ahmed et al., 2020), electronegative filtration with ultrafiltration (Westhaus et al., 2021), polyethylene glycol precipitation (PEG) (La Rosa et al., 2021), ultracentrifugation (Wurtzer et al., 2021) to direct extraction (Dimitrakopoulos et al., 2022). So far, the PEG precipitation method has been selected most often, however, this method is time-consuming, especially with large samples of wastewater (Zheng et al., 2022). Thus, there is a need for the WBE community to search for an optimal concentration method for virus RNA detection and quantification in wastewater (Kabdaşlı and Tünay, 2021). The main objective of this study was to design the wastewater concentration device with an ultrafiltration membrane system and compare the recovery rate of virus RNA with the PEG precipitation method. To achieve this objective, the main tasks of the study were to (i) design the wastewater concentration device and evaluate its performance by comparing the recovery rate of RNA; (ii) compare the recovery rates of RNA from the concentration device and precipitation method. 
Material and methods
2.1 Wastewater sampling
Samples of untreated wastewater were taken from an entry tank after the screening unit at Daugavgriva WWTP in Riga (Latvia). The 6 L of the sample was collected in a PET tank and stored at 4 C, afterward transported to the laboratory, and processed within 24 hours.
2.2 Design of wastewater concentration device
The wastewater concentration device design and schematic scheme of sampling are presented in Figure 1. Briefly, the wastewater concentration device consists of concentrate and permeates tanks, microfilter, feed gear pump (Iwaki, module MDG-R2BB), pressure gauge, flowmeters, and ultrafiltration membrane (Bergof hyperflux tubular module MO P22U (1M) I5LE). The surrogate-recombinant, replication-defective, and GFP gene-containing Semliki Forest virus (SFV) particles were constructed at Latvian Biomedical Research and Study Centre and used for the performance evaluation tests. For sample concentration, 150 μL of SFV particles were spiked into 5.2 L of wastewater. After wastewater spiking, the sample was stirred, and 200 mL of the sample was taken for further analysis. After that 5 L, the wastewater was pumped to a concentration tank with a peristaltic pump through a microfilter to purify the wastewater from macro particles and decrease the risk of ultrafiltration membrane fouling. After the microfiltration, the gear pump was started for the first circulation of 3 min and the wastewater was circulated in an ultrafiltration membrane and pipes. After ultrafiltration, a sample from the concentration tank for further analysis was taken. The wastewater concentration process with ultrafiltration was performed in crossflow mode and the process run until the device’s dead capacity. Samples from concentrate and permeate were taken for further analysis. After concentration, the cleaning with a sodium hypochlorite mixture for ultrafiltration membrane was done, according to the manufacturer’s instructions. After the cleaning process, the sample for further analysis was also collected.
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Figure 1. Design of wastewater concentration device and schematic scheme of experimental design and sampling (created by BioRender.com)
2.3 Performance evaluation of wastewater concentration device
During the performance evaluation, tests were done for investigating (1) the attachment of SFV to the microfilter surface (tests were carried out using deionized water instead of wastewater and spiked with SFV particles; the standard protocol of wastewater concentration was applied from 2.2 paragraph and samples were taken for recovery rate analysis); (2) the attachment of SFV to wastewater particles (tests were carried out using microfiltered wastewater instead of untreated wastewater and spiked with SFV particles; samples after microfiltration were not taken; the standard protocol of wastewater concentration device was carried out according to the 2.2 paragraph); (3) the impact of SFV negative charge attachment to wastewater macro-particles (SFV particles were sonicated for 30 sec to reduce viral particle attachment to each other; sonicated particles were added to microfilter treated wastewater; samples after microfiltration were not taken). The standard protocol of the wastewater concentration device was carried out in duplicate or triplicate for each test.
2.4 Wastewater concentration with PEG precipitation and RNA extraction
The wastewater sample (180 mL, 4 x 45 mL) was centrifuged at 8000 x g for 30 min at 4 °C to remove larger particles, such as bacterial cells and debris, and virus particles were precipitated using polyethylene glycol (PEG). Briefly, the supernatant was transferred to new tubes containing 8 % PEG 8000 (Sigma-Aldrich) and 0.5 M NaCl (PanReac AppliChem). The mixtures were incubated for 2 h at 4 °C with gentle agitation. The precipitated virus particles were recovered by centrifugation at 12,000 x g for 10 min at 4 °C and RNA was isolated with Tri reagent (Sigma-Aldrich) according to the manufacturer's instructions. Viral RNA was eluted in molecular-grade water. RNA samples were stored at – 80 °C. RNA concentration was estimated using the Qubit RNA HS Assay kit and Qubit 2.0 fluorometer (Thermo Fisher Scientific) according to the manufacturer's instructions.
2.5 Sample analysis with dd-PCR
Analyses of ddPCR were carried out on a single region of the surrogate, the recombinant SFV (rSVF) GFP gene. All assays were performed in 22 µL reaction mixtures using a One-Step RT-ddPCR Advanced Kit for probes (Bio-Rad, Hercules, CA, USA). The reaction mixture contained 5 μl of Supermix, 2 μl of reverse transcriptase, 1 μl of 300 mM dithiothreitol, 1.2 μM of each appropriate forward and reverse primers, and 0.3 μM of probe (Metabion, Planegg, Germany), 2 μl of extracted WW RNA. The following steps included droplet generation with a QX200 Droplet Generator (Bio-Rad), amplification in a T100 Thermal Cycler (Bio-Rad) (under the following conditions: ramp rate setting 1; 50 °C for 60 min; 95 °C for 10 min; 40 cycles of 94 °C for 30 s and 60 °C for 2 min; 98 °C for 10 min), at least 4 h equilibration and droplet stabilization at 4 °C and positive/negative droplet quantification in a QX200 Droplet Reader (Bio-Rad). Acquired data were analyzed using QuantaSoft software (Bio-Rad).
2.6 Performance evaluation of wastewater concentration device and precipitation method
A concentration comparison between ultrafiltration and precipitation was carried out, i.e., 5.2 L of untreated wastewater was spiked with SFV particles. A sample for precipitation of 180 mL of spiked wastewater was taken. The rest of the wastewater was concentrated following the standard protocol in section 2.2, except for only taking 4 ml of concentrated virus samples for RNA isolation with Tri reagent. The experimental comparison was carried out in triplicate. For recovery rate calculation, the Equation (1) and (2) were used:

		(1)

	 (2)

All statistical analyses and graphs were completed in GraphPad Prism, version 9.3.1 (LaJolla, CA). The wastewater virus RNA concentrations were reported as gene copies in concentrated wastewater; t-tests were used to compare results after confirming that data were normally distributed.
0. Results and discussion
3.1 Performance evaluation for wastewater concentration device
As viruses, including SARS-CoV-2, are charged colloidal particles that can adsorb on surfaces, their adsorption interaction with solid particles is very important for their behavior in aquatic and soil environments and their elimination or concentration (Lahrich et al., 2021). Semliki Forest virus (SFV) has long been utilized as a model system for studying the molecular biology of RNA viruses. As such, it can serve as a useful control for investigating SARS-CoV-2, since both are enveloped, positive-sense, single-stranded RNA viruses (Atkins et al., 1999). Therefore, to gain a more comprehensive understanding of the performance of the concentration device and the recovery rate of the SARS-CoV-2 virus from wastewater, tests were conducted to assess the interaction between SFV and the microfilter surface, as well as any potential adsorption of SFV onto the wastewater's solid particles. For this purpose, the tests were conducted using (1) deionized water as a control matrix to assess SFV particle interaction with the concentration device; (2) filtered wastewater with the microfilter to investigate suspended particle effect on SFV particle recovery rate; and (3) wastewater filtered through the microfilter with SFV particles added and then sonicated to assess possible adsorption interaction and effect on recovery rate. 
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Figure 2.  Effects of control matrix and adsorption interactions on SFV particle recovery rate (n=3)

The results of the tests, represented in Figure 2, revealed that there was no statistically significant difference (p > 0.05) in concentration performance when using deionized water as a matrix and that filtered wastewater or pre-treatment with sonication did not significantly (p > 0.05) alter the recovery rate. Although the SFV particle recovery rates were not significantly different among the samples analyzed (p > 0.05), the samples with pre-treatment with sonification demonstrated the relatively highest mean recovery rate (90 % compared to the control sample with synthesized SVF particles). This is likely caused by using the pre-treatment step by sonication. For example, Juel et al. (2021) have demonstrated that sonication treatment can increase the viral recovery rate by causing the desorption of viral particles from organic substances and the release of viral particles from host cells. The sonication step may partly solve a problem common to all ultrafiltration-based concentration methods, in which some part of the virus is lost with the pellet during centrifugation (Juel et al., 2021). Therefore, based on the results of the study, it can be concluded that pre-treatment with sonication can be a promising approach for increasing the recovery rate of RNA in untreated wastewater. 
3.2 Comparison of recovery rate between wastewater concentration device and centrifugation method
The wastewater concentration device demonstrated a recovery rate ranging from 80 to 85 % in comparison to the control sample with synthesized SVF particles. The performance of the concentration device was then compared to the classical precipitation method, with the results presented in Figure 3. The results revealed no significant difference (p > 0.05) between concentration devices with ultrafiltration membrane and precipitation method. Both techniques exhibited a recovery rate between 80 – 85 % when compared to the positive control, i.e., the sample that presents a total number of added SVF particles to the sample before the concentration. Consequently, both methods demonstrate relatively good performance and can be employed to concentrate untreated wastewater for the analysis of the SARS-CoV-2 virus RNA.
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Figure 3. Number of RNA gene copies in concentrate from ultrafiltration and PEG precipitation methods compared with the total number of added SVF particles to the sample as a positive control (n=2)
The PEG precipitation method that includes centrifugation steps is time-consuming and energy-intensive (Zheng et al., 2022). For example, the most used centrifugation systems can concentrate 300 ml of wastewater per run and take up to 3 hours, whereas 5 up to 10 L is reported as the optimal volume for wastewater that needs to be concentrated for sample analysis (Corpuz et al., 2020). Consequently, the concentration device system designed by this study can save time and energy (e.g., 5 L concentration takes approx. 1 hour), reducing costs by enabling the concentration of wastewater with the same recovery rate compared to the centrifugation in a single run. Overall, both ultrafiltration membrane and precipitation techniques demonstrate a relatively high-performance recovery rate (%) and can be employed to concentrate untreated wastewater for the analysis of the COVID-19 virus. Additionally, the concentration device system designed by this study provides an efficient solution to save time and energy while reducing costs. Although ultrafiltration can be an effective method for viral concentration from wastewater samples, it can be affected by high turbidity which can clog the small pore size of filters (Zheng et al., 2022). Therefore, further research is necessary to ascertain the optimal concentration levels and limits for the device's operation. 
0. Conclusions
The results of this study have demonstrated that both ultrafiltration membrane and PEG precipitation methods can be used to effectively concentrate untreated wastewater for the analysis of the viral RNA. Furthermore, ultrafiltration gave comparable results to the already well-established PEG method and provided an efficient solution to save time and energy while reducing costs. Further research is necessary to ascertain the optimal concentration levels and limits for the device's operation. Overall, the results of this study will be useful for the WBE community, as it is the first to design a wastewater concentration device with an ultrafiltration membrane system and compare the recovery rate of RNA with the classical precipitation method. This could lead to improved methods for the concentration of SARS-CoV-2 RNA in wastewater, which will enable faster, more accurate, and cost-effective tracking of the virus.
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