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Abstract

:

The main goal of this study was to apply magnetic bead surface functionalization in the form of immunomagnetic separation (IMS) combined with real-time polymerase chain reaction (qPCR) (IMS-qPCR) to detect Human mastadenovirus species C (HAdV-C) and F (HAdV-F) in water samples. The technique efficiency was compared to a nonfunctionalized method (ultracentrifugation) followed by laboratory detection. Tests were carried out to standardize IMS parameters followed by tests on 15 water samples concentrated by IMS and ultracentrifugation. Microscopic analyses detected a successful beads–antibody attachment. HAdV was detected up to dilutions of 10−6 by IMS-qPCR, and samples concentrated by IMS were able to infect cell cultures. In water samples, HAdV-C was detected in 60% (monoclonal) and 47% (polyclonal) by IMS-qPCR, while 13% of samples concentrated by ultracentrifugation gave a positive result. HAdV-F was positive in 27% of samples by IMS-qPCR (polyclonal) and ultracentrifugation and 20% by IMS-qPCR (monoclonal). The rate of detection varied from 4.55 × 102 to 5.83 × 106 genomic copies/L for IMS-qPCR and from 2.00 × 102 to 2.11 × 103 GC/L for ultracentrifugation. IMS showed to be a more effective concentration technique for HAdV than ultracentrifugation, improving the assessment of infectious HAdV in water resources.
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1. Introduction


Contamination of water resources by domestic sewage releases remains a concern for human health. This impact is greater in places with developing agricultural systems, industry, and urbanization but with lack of investments in wastewater treatment [1]. A large number of microbial pathogens may reach water bodies through human fecal contamination [2]. Every year, diarrheal diseases cause about 1.4 million deaths (data from 2016) [3], with viral pathogens considered as the major cause of waterborne diseases [4]. Enteric viruses are found in the gastrointestinal tract and transmitted by a variety of routes, including person-to-person contact, zoonotic, and mainly fecal–oral [4,5]. A wide variety of viruses can occur in human sewage, including DNA and RNA viruses such as adenovirus, polyomavirus, enterovirus, norovirus, rotavirus, astrovirus, hepatitis A, and E viruses [2,4].



Human mastadenovirus (HAdV) is a double-stranded nonenveloped DNA virus with an icosahedral capsid measuring approximately 90 nm in diameter. HAdV belongs to the Adenoviridae family and Mastadenovirus genus comprising 86 genotypes classified into seven species (HAdV-A through to HAdV-G) [6,7,8]. HAdV is responsible for a wide range of diseases in humans, including respiratory infections, conjunctivitis, hemorrhagic cystitis, and gastroenteritis [7,8,9,10]. The fecal–oral route is the main route of HAdV transmission; some serotypes can be eliminated in feces of the host asymptomatically and excreted for months and even years [8,9,11]. This enteric virus is used as a reliable indicator of fecal contamination in different aquatic environments [12,13,14,15]. Its wide use in fecal contamination monitoring is due to its greater stability under adverse conditions, such as physical and chemical treatments, UV light, and pH and temperature changes [16]. Therefore, HAdV is considered to be one of the most resistant viruses in the environment [17].



Even though viruses are discarded in large quantities from the feces of infected individuals, they may be present in very low concentrations in water resources due to dilution, making direct analysis detection a challenge and requiring large sample volumes [18,19]. To overcome this issue, analysis of viruses in water samples is divided into two main steps, namely sample concentration or enrichment and virus detection [18,20,21]. Nevertheless, rapid and reliable methods are needed to detect a small number of viral particles, especially infectious ones, in environmental samples [20].



Ultracentrifugation technique is a concentration method that separates viral particles based on their density and size [21]. This method needs minimal manipulation, is fast, and does not introduce external polymerase chain reaction (PCR) inhibitory substances like other concentration methods [22]. The main drawbacks are the high costs and system portability, which hinders its use at sampling sites [21], along with the fact that inhibitory substances present in the water sample are present in the final concentrate [22]. Another method that is well recognized but not widely used is immunomagnetic separation (IMS), which can concentrate viral particles by an antibody–antigen complex. In this assay, paramagnetic particles are coated with a specific antibody for a target pathogen. The pathogen binds to the specific antibody, and the antigen–antibody complex can be easily concentrated in a small volume by applying an external magnetic field [18,21,23]. IMS is considered as a versatile assay because, depending on the target pathogen, it is possible to vary the antibodies, bead type, and size accordingly with very high specificity [23].



Among the viral detection methods, molecular applications have the highest level of sensitivity and specificity. Therefore, the PCR method is widely used to detect viruses in environmental samples [20]. As an improvement in viral analyses, the use of quantitative real-time PCR (qPCR), which is a rapid and quantitative technique of detection, has been an important advance for molecular analyses [16,21]. However, qPCR also has some disadvantages. Firstly, this method alone cannot discriminate between infectious and noninfectious viral particles, leading to an overestimation of the presence of viruses in water samples [16,21]. Another problem is the PCR inhibitory substance concentration, which is found in water samples, along with viruses; these substances can result in false negatives and consequently underestimation [20,24].



Surface modification and functionalization are good approaches to improve device efficiency [25] and sensor selectivity [26,27,28]. To overcome the drawbacks of both concentration and detection steps, the use of surface functionalization of magnetic beads and IMS combined with PCR (IMS-PCR), and their variations such as IMS-qPCR, may lead to an important and reliable method, especially for detection of infectious viruses. This method detects viral genomes packed in capsid proteins rather than naked viral genomes and reduces PCR inhibitory substances, which improves the sensibility of molecular assay [24,29,30,31].



The main goal of this study was to detect HAdV species C and F in different sources of water samples by IMS-qPCR. The specific aims were to investigate the capacity of the IMS technique to concentrate HAdV infectious particles, to establish a more adequate antibody (monoclonal or polyclonal) for a better viral capture rate, and to compare the difference in the viral concentration methods between ultracentrifugation and IMS in water samples.




2. Materials and Methods


2.1. Samples and Sampling


2.1.1. Samples for Standardization of IMS Parameters


In order to evaluate the efficiency of viral capture using the IMS approach, HAdV serial dilutions were used with standard samples to be concentrated by IMS. For this, 10-fold serial dilutions were performed from a standard HAdV-5 with known quantification of 1.13 × 108 genomic copies (GC)/mL, detected by digital PCR (dPCR) as described below. The dilutions went from 10−1 to 10−13. Besides the concentrated samples by IMS, these dilutions were also analyzed without performing any prior concentration step. These steps were repeated three times following the same protocol. The samples were submitted to DNA extraction, nested PCR, qPCR, and viral isolation as described below. We also used HAdV-5 samples to carry out microscopic analyses and an effluent sample from wastewater treatment without previous knowledge about its HAdV contamination.




2.1.2. Validation in Naturally Contaminated Water Samples


Seberi is a city in Rio Grande do Sul, Southern Brazil, with an area of 301.223 km2, a population of 10,897 people, and a demographic density of 36.15 hab/km2 (data described in the most recent census in 2010 [32]). According to 2016 figures, only 16% of residences in Seberi had adequate sanitary sewage; the average child mortality rate in the city was 11.49 per 1000 live births, and hospitalization due to diarrhea was 3 per 1000 inhabitants [32]. The city reported a major diarrhea outbreak in 2019, and tap, well, and surface water samples were collected soon after the event and evaluated for the presence of HAdV. A total of 15 water samples were collected in sterilized glass bottles in April 2019. The sources of these samples were varied over the city, with both potable and nonpotable water sources. The samples were submitted to both ultracentrifugation and IMS concentrations techniques before DNA extraction and molecular analyses.





2.2. Magnetic Bead Functionalization


Both monoclonal (mouse antiadenovirus clone B025-AD51) and polyclonal (goat antiadenovirus) anti-HAdV antibodies from Bio-Rad AbD Serotec Ltd. (Oxford, UK) were used to couple with paramagnetic beads. Before magnetic bead coupling, the antibodies were conjugated with biotin using the LYNX Rapid Plus Biotin (Type 2) Antibody Conjugation Kit® (Bio-Rad AbD Serotec Ltd., Oxford, UK.) following the manufacturer’s instructions.



Then, 1 μm of Dynabeads® MyOne™ Streptavidin C1 (Invitrogen, Carlsbad, CA, USA) with streptavidin coating covalently linked to the bead surfaces was coupled to biotinylated antibodies following the protocol described by Ahmed et al. [23] with some modifications. Briefly, 1 mg (~108) of washed beads and antibodies (1 μg) was suspended in 1 mL of phosphate-buffered saline buffer at pH 7.4 + 0.01% Tween 20 (PBST) and incubated at room temperature for 30 min with rotation of 1000 rpm in a shaker. After the bond, the antibody-coated beads (immunomagnetic beads (IMBs)) were separated with a magnet for 3 min, and the supernatant was disposed of. The coated IMBs were washed two times with PBST and resuspended in 1 mL of the same buffer. The process is illustrated in Figure 1.




2.3. Concentration Steps


2.3.1. IMS Method


IMS was carried out following the protocol described by Ahmed et al. [23] with some modifications. Briefly, 50 μL of IMB was incubated with 1 mL of the sample at room temperature for 30 min with rotation of 1000 rpm in a shaker. After the bond, the coated IMBs were separated with a magnet for 3 min, and the supernatant was disposed of. The coated IMBs were washed three times with phosphate-buffered saline buffer at pH 7.4 containing 0.1% bovine serum albumin (PBS–BSA) and resuspended in 200 μL of the same buffer. The extraction process was immediately carried out with the resuspended samples.




2.3.2. Ultracentrifugation Method


Here, 36 mL of water was concentrated by the ultracentrifugation method following the protocol described by Girardi et al. [13]. Briefly, the samples were centrifuged at a rate of 41,000× g at 8 °C for 3 h. The centrifugation pellet was resuspended in 2 mL of Tris-ethylenediaminetetraacetic acid (EDTA) buffer (pH 8.0) and homogenized by vortexing for 1 min. The resuspended samples were aliquoted and stored at −80 °C until the extraction process.





2.4. Viral Extraction


Here, 200 mL of each sample was used for DNA extraction using the Viral Mini Spin Plus extraction kit (Biopur®, Pinhais, Brazil) following the manufacturer’s protocol. The IMS concentrate was extracted with the same kit, but only one modification was carried out to remove the beads. After the first step responsible for sample lysis, the beads were separated from the concentrate by a magnet, and the supernatant was used in the next extraction steps [24].




2.5. Quantitative Real-Time Polymerase Chain Reaction


qPCR was performed to analyze HAdV molecular detection using primers and probe sequences to HAdV-C (VTB2) and HAdV-F (VTB1) [33]. Their sequence and location in the HAdV genomes are given in Table 1. The volumes used were as follows: 5 μL of extracted DNA, 1 μL of each primer and probe, 10 μL of GoTaq® Probe qPCR Master Mix (consisting of GoTaq® Hot Start Polymerase, MgCl2, dNTPs, and a reaction buffer; Promega, Madison, WI, USA), and 2 μL of ultrapure water (RNAse/DNAse-free water). The final reaction volume was 20 μL. Assays were performed in duplicate in 384-well plates adding positive and negative controls. To generate standard curves, 10-fold serial dilutions of standards with known quantification were prepared of HAdV-5 and HAdV-41. Both no template control (NTC) and negative controls of ultrapure water (RNase/DNase-free) were included in each run to confirm the lack of contamination. Dilutions of DNA were performed when needed to dilute the possible inhibitors present in the samples. The plate was inserted into a CFX384 optical reaction module combined with a C1000TM thermal cycler (Bio-Rad Laboratories, Hercules, CA, USA). Results were analyzed using Bio-Rad CFX Manager 3.1 software, and the sensitivity of the reactions was 5.65 GC/5 μL. The reaction steps followed the protocol described by Wolf et al. [33], namely initial activation of the Hot Star polymerase at 95 °C for 5 min, followed by a two-step cycling protocol comprising denaturation step at 95 °C for 15 s and an annealing/extension step at 59 °C for 1 min over 45 cycles. Fluorescence data were collected during the annealing/extension step.




2.6. Nested Polymerase Chain Reaction (Nested PCR)


Nested PCR was carried out to amplify a partial sequence of the DNA polymerase gene. The reaction was carried out for a final volume of 50 μL as follows: 25 μL of GoTaq® Colorless Master Mix (Promega), 18 μL of ultrapure water (RNAse/DNAse-free water), 1 μL of each primer (Pol-F and Pol-R) [34] described in Table 1, and 5 μL of nucleic acid extracted. After initial incubation at 94 °C for 5 min, 40 cycles of amplification were performed. These consisted of denaturation at 94 °C for 30 s, annealing at 50 °C for 30 s (−0.5 °C per cycle), extension at 72 °C for 1 min, and a final extension at 72 °C for 10 min. Amplification was performed in a Bio-Rad® thermal cycler. The last PCR reaction was performed using the same reagents, quantities, and amplification cycles as the first reaction, with changes in the use of the product of the first PCR, i.e., sample and replacement of both primers (Pol-nF and Pol-nR), as described in Table 1. After amplification, PCR products were analyzed on 2% agarose gel with 0.5 mg of ethidium bromide/mL added. The running time was 60 min at 70 V. The molecular size of the products was compared to a 100 bp DNA standard (Ludwig). The bands were visualized in UV light, and the images were photographed with an Easy Doc 200 UV transilluminator equipment.




2.7. Digital Polymerase Chain Reaction


To quantify the viral strains used as qPCR control and artificially contaminated samples in IMS analyses, 10 serial 10-fold dilutions of HAdV-5 and HAdV-41 were made to undergo dPCR. Dilutions were applied to find the proper target concentration in order to achieve an acceptable level of precision of below 5% confidence interval (CI) in the quantification results. dPCR was carried out in such a way that the target molecules were dispensed into a wider number of partitions following a Poisson distribution. As positive partitions may contain more than one target molecule, Poisson statistics was applied to correctly estimate the number of the target within the analyzed sample presuming that each molecule had the same chance of landing in any partition [35]. dPCR reaction was carried out in a QuantStudio 3D® system (Thermo Fisher Scientific™), with the assays in a final volume of 14.5 μL as follows: 7.25 μL of the Master Mix v2 kit (QuantStudio 3D®, Thermo Fisher Scientific™, Frederick, MD, USA), 5.05 μL of ultrapure water (RNAse/DNAse-free water), 0.75 μL of primer and probe assay targeting VTB2 for HAdV-5 and VTB1 for HAdV-41 [33] (Table 1), and 1.45 μL of DNA sample. The chips used in the reactions presented 20,000 partitions (QuantStudio™ 3D Digital PCR 20K Chip Kit v2). Chips were loaded with the final reaction and sealed in a QuantStudio 3D sealer. Amplification was performed in a ProFlex® thermal cycler (Applied BiosystemsTM, Frederick, MD, USA). The reaction steps followed an initial stage at 95 °C for 15 min, followed by 40 cycles at 95 °C for 10 s, 55 °C for 20 s, and 72 °C for 15 s. A QuantStudio 3D® chip reader was used to read the chips, and the results were analyzed using the AnalysisSuite dPCR application provided by Thermo Fisher ConnectTM. The results had 1.83% of precision for HAdV-5 and 1.44% for HAdV-41.




2.8. Phylogenetic Analysis


Samples that were positive for AdV were also submitted to DNA sequencing for species identification. Sequencing was carried out by Ludwig Biotec, Alvorada, Brazil (Sequencing Service) using an automated sequencer (ABI PRISM 3500 Genetic Analyzer Applied Biosystems). The assessment was performed by comparing the genomic sequences obtained by direct DNA sequencing with other nucleotide fragments available from GenBank according to the neighbor-joining methodology [36]. The phylogenetic tree was elaborated with the calculation of evolutionary distances with the Kimura parameter 2 method [37] and the Molecular Evolutionary Genetics Analysis software version 7 (MEGA7) [38].




2.9. Viral Isolation


A549 cell culture was used to value the presence of HAdV infectious particles in samples following the same protocol described by Gularte et al. [15] with some modifications. Briefly, 24-well plates were used to carry out the assays. Samples were tested to identify the capacity of HAdV concentrated by IMS to be viable particles. Thus, the test was performed using different types of sample preparation for inoculation into the cells. Two 10-fold serial dilutions of standard HAdV-5 with known quantification were prepared and concentrated by IMS. One volume was immediately used for inoculation. The others were frozen and thawed three times at −20 and −80 °C to examine the possibility of viral particles being released from the complex antibody–virus; one part was used directly for inoculation, and the other was filtered through 0.22 μm diameter membrane filters coupled with sterile needles to avoid possible negative interaction between beads and cells. All samples were previously diluted in Eagle’s minimal essential medium MEM (1:2) to prevent cell cytotoxicity. A final volume (200 μL) of each sample was inoculated into A549 cell monolayers and submitted to two passages of five days each, with the samples compared to control cells under a light microscope to identify potential cytopathic effects (CPE). All samples were treated with DNAse, submitted to a DNA extraction protocol, and tested using the same qPCR protocol as described above.




2.10. Microscopic Analysis


The microscopy images were generated using two microscopes—ORION NanoFab helium ion microscope (HIM) (Carl Zeiss, Germany) and Hitachi S-4800 scanning electron microscope (SEM)—at the University of Southern Denmark. The beads were morphologically characterized with the following steps: before and after antibody binding and after binding with concentrated HAdV and effluent samples from a sewage treatment plant. HIM was carried out at 25 keV beam energy with a probe current ranging from 0.1 to 0.3 pA. No conductive coatings were applied to the samples prior to imaging in order to preserve the sample surface information. Charge compensation was ensured through a low-energy electron beam (flood gun, 600 eV) directed at the sample [39]. SEM was carried out at 3 keV in magnetic mode.




2.11. Viral Recovery


Viral recovery (%) was performed with results found in the standardization tests to evaluate the best antibody to detect HAdV concentration by IMS and make comparisons with the unconcentrated samples. The calculation used to provide the viral recovery was the mean of virus detected (GC/mL) by each approach divided by the known quantification of HAdV-5 inoculated (GC/mL) multiplied by 100.




2.12. Statistical Analysis


The variables analyzed were the data found in standardization tests (samples concentrated by IMS using monoclonal and polyclonal antibody and unconcentrated samples) and water analyses (samples concentrated by IMS using monoclonal and polyclonal antibody and ultracentrifugation). The statistical analyses were performed using SPSS 24.0 software, with p < 0.05 used to determine statistical significance. To verify the normal distribution of data, the Kolmogorov–Smirnov’s test was applied, which showed the data did not present normal distribution. Therefore, the nonparametric Friedman test was performed in the analyses of the results of standardization tests, and the nonparametric multiple comparisons Kruskal–Wallis test was carried out in the analyses of the results of water sample tests.





3. Results


3.1. Standardization of IMS Parameters


In order to analyze the success of the conjugation between magnetic beads and antibodies, we performed microscopic analyses in order to identify morphological differences in the surface of the beads. Figure 2 shows the images generated by SEM of magnetic beads before conjugation (a, b) and after complex beads–antibody (IMBs) coupling (c, d). According to these images, we may differentiate morphological characteristics, such as increased thickness and roughness, after the antibody conjugation.



A preliminary IMS test was also performed using effluent from a sewage treatment plant as a sample to detect the binding of IMBs to possible HAdV viral particles present in the effluent, and the results were compared with a standard HAdV-5 sample. In the images generated by HIM (Figure 3b), we could notice visible protuberances in the beads that were exposed to these samples. In order to confirm viral particle attachment, beads exposed to standard HAdV-5 sample were analyzed by HIM (Figure 3c), and the resulting morphology was consistent with the protuberant morphology found on the beads exposed to wastewater (Figure 3b). The characteristic sizes of these protuberances, combined with high antibody binding selectivity as well as similar morphology on wastewater and standard samples, indicated capture of viral particles by the bead–antibody conjugate.



The IMS technique was performed with both monoclonal and polyclonal antibodies using serial dilutions of HAdV-5 standard strain as samples. For virus detection, after the concentration step, a nested PCR was performed with the DNA extracted from the samples that were concentrated by IMS. For comparison, we also analyzed the same standard HAdV samples but without the previous concentration process. According to the PCR result, the presence of HAdV was detected in the three sample groups (Supplementary Materials—Figure S1).



The qPCR analyses were performed for both viral genomic fragment detection and quantification in genomic copies of samples in dilutions from 10−1 to 10−13. As shown in Figure 4 (Supplementary Materials—Table S1), positive results were found in samples of the three groups (monoclonal, polyclonal, and unconcentrated). However, the unconcentrated samples and the samples concentrated by IMS (monoclonal) presented positives results until dilution of 10−4, and samples concentrated by IMS (polyclonal) showed detection until dilution of 10−6. Polyclonal antibody presented the best averages of detection in most dilutions. This same pattern was also seen in the analysis of viral recovery. The highest values of HAdV recovery were found in samples concentrated by polyclonal antibody in all dilutions, followed by monoclonal antibody and unconcentrated samples (Supplementary Materials—Table S1). These results were also corroborated with the statistical analyses. According to the Friedman test, results showed a significant difference (p < 0.05) between samples concentrated by IMS (polyclonal) and unconcentrated samples (Supplementary Materials—Figure S2). Ultrapure water was also concentrated by IMS with both antibodies to evaluate the possibility of nonspecific binding to occur during the concentration assay, but these samples were negative as expected.



Results of the viral infectivity showed that HAdV-5 concentrated by IMS might be considered as an infectious virus as all samples were positive in viral isolation in cell culture followed by qPCR (Figure 5). In the first passage of inoculation, the sample that was directly inoculated into cells presented better results in almost all antibodies and dilutions when compared to other types of samples. Unexpectedly, the sample that was frozen at −80 °C and afterwards thawed and filtered showed the worst results among almost all evaluated data in both passages. In the first passage, the highest value detected was 2.10 × 106 GC/5µL in dilution sample 10−1, and in the second passage, it was 1.70 × 107 GC/5µL in dilution sample 10−2, with both of these values being concentrated with polyclonal antibody as shown in Figure 5 (Supplementary Materials—Table S2).




3.2. Water Samples Analyses


AdV detection in water samples was performed by nested PCR. The samples that were concentrated by IMS using monoclonal antibody presented 13% (2/15) positivity (Supplementary Materials—Figure S3a), and those using polyclonal antibody showed 7% (1/15) positivity (Supplementary Materials—Figure S3b). These samples were also concentrated by the ultracentrifugation method; however, no samples were positive for this analysis (Supplementary Materials—Table S3). Nucleotide sequencing and phylogenetic analysis were performed on the positive samples. The result of these analyses confirmed that HAdV-C was the species found in these water samples (Figure 6).



HAdV was detected in all sampling sites by qPCR assays as represented by potable and nonpotable water sources. HAdV-C was positive in 60% (9/15) of the samples concentrated using monoclonal antibody, 47% (7/15) of the samples using polyclonal antibody, and 13% (2/15) using ultracentrifugation. The highest value of HAdV-C was detected at site 5688, represented by 5.83 × 106 GC/L (monoclonal antibody). HAdV-F was positive in 27% (4/15) of the water samples that were concentrated using polyclonal antibody and ultracentrifugation and 20% (3/15) in samples concentrated using monoclonal antibody. The highest value of HAdV-F was detected at site 5689, represented by 5.68 × 104 GC/L (monoclonal antibody; Figure 7) (Supplementary Materials—Table S3). The statistical analysis, according to the Kruskal–Wallis test, showed a significant difference (p < 0.05) in positivity to HAdV-C between water samples concentrated by IMS (monoclonal) and samples concentrated by ultracentrifugation (Supplementary Materials—Figure S4).





4. Discussion


4.1. Standardization of IMS Parameters


The images generated from the microscopy analyses demonstrated morphological changes, including spikes and protrusions on the surface of the magnetic particles, which is evidence of the binding between beads and antibody, forming the expected complex (IMBs). Preliminary testing with an effluent sample from a wastewater treatment plant and HAdV-5 also demonstrated the presence of attached projection on the IMBs that may correspond to HAdV particles. Furthermore, we could confirm this evidence through the use of molecular analyses, which have shown important results on HAdV detection by demonstrating that IMS is an important technique for concentrating virus and other pathogens as previously reported [23,31,40].



Evaluating the results presented in Figure 5, it was possible to ensure the ability of the IMS technique to concentrate viral particles as it was possible to the detect them until the dilution of 10−6. The test was applied in replicates, and the results had the same pattern in all assessments. We also used ultrapure water as a negative control that was concentrated by IMS for both antibodies. These results did not show contamination; consequently, it demonstrated the specificity of the technique as nonspecific binding was not found. Our results are corroborated by other studies that have also demonstrated important findings on the capacity of IMS to concentrate viruses and on the increase of sensibility when combined with a molecular approach such as PCR or qPCR [29,31,41,42]. A result that must be noted is the increase of efficiency in detecting samples with low amounts of HAdV genomic copies when these were concentrated by IMS. This finding is very useful in environmental studies as a huge problem in this field is the potential dilution of viral particles in water resources, which may compromise viral detection [19,43].



In this step, we noticed some differences between the results obtained when comparing the two types of antibodies. Polyclonal antibody presented a better average of detected genomic copies and viral recovery in standard HAdV samples. In addition, it was more sensitive in detecting lower viral concentrations when compared to monoclonal antibody. Antibodies have the same function and structure, but they have different characteristics, such as their origin, production, and specificity. Monoclonal antibodies are produced by a single clone of cells; thus, they have a single epitope detection and consequently have high specificity and sensitivity. In contrast, polyclonal antibodies are produced by numerous clones and are more tolerant of variation in epitopes without losing the recognition of specific antigens. They are also more resistant to degradation and are recognized as a better choice to be used in immunological tests [44]. The antibodies we used can recognize a wide range of HAdV (following the manufacturer’s description). The monoclonal antibody used reacts with adenovirus-specific hexon polypeptide and polyclonal with numerous adenovirus proteins, including hexon protein. As no significant difference was seen while comparing the use of these antibodies in standardization analyses, both antibodies can be good options to use in IMS-qPCR.



We tested samples of HAdV-5 that were concentrated by IMS and seeded into A549 cells in order to see the capacity of these samples to infect cells after the concentration step. As we had no previous knowledge about the possibility of beads interfering in monolayer cells, different types of processing were carried out. All samples were successfully detected as infectious virus particles, not only in CEP but also in posterior qPCR. In the first passage, samples that were seeded directly into cells showed the best results, indicating that beads did not cause damage to the cells. Unexpectedly, samples that were frozen–thawed at −80 °C and filtered presented the worst results. This could be an indication that viruses were not released, and the complex was stuck in the filter, decreasing the number of detected viable particles. Our detection results were similar to another study that investigated the detection of infectious human enteroviruses. The study compared the results of IMS-qPCR with plaque assay, and it was found that the two protocols provided the same detection sensitivity [45]. These results support our claim about the advantages of using the IMS-qPCR approach in environmental virology analyses. The main benefit is the decreased detection of nonviable viruses as damage in the viral capsid may change the antigenic properties. Consequently, the antibody will not be able to bind into the viral antigen or naked genomic material [20,24,29]. The detection of infectious viral particles in water resources is very important to estimate the health risk associated with human contact with contaminated waters [21]. HAdV is described as a difficult virus to propagate in cells due to its slow growth in cell cultures without always producing cytopathogenic effects [16,46]. Therefore, IMS combined with a qPCR can be an important tool to quantify the number of infectious viruses in aquatic resources, contributing to relevant and valuable data for microbiological risk assessment [31].




4.2. Water Sample Analyses


The positive water samples detected by nested PCR were sequenced and identified as HAdV-C. The qPCR results also showed HAdV-C as the most prevalent species in water samples concentrated by IMS to both antibodies. In the literature, HAdV-C has also shown to be more prevalent than other HAdV species in environmental analyses. In samples of sewage sludge from wastewater treatment distributed throughout continental U.S., there was an average of 78% prevalence of HAdV-C [47]. This species has been described as the most prevalent HAdV species circulating in Brazil as well. A study carried out in Rio de Janeiro identified 28 of the 36 sequenced water samples as having HAdV-C, while qPCR analysis detected HAdV-C in 93% of the water samples [48]. Coastal areas of Santa Catarina, Brazil, were evaluated for the presence of HAdV, and the phylogenetic analyses showed HAdV-C as the most common circulating species on these beaches [49]. In a recent study carried out on the beaches of southern Brazil, the phylogenetic analysis showed a prevalence of HAdV-C in environmental samples. The results detected 14% (22/160) of the samples as being representative of species C, while qPCR analysis also showed HAdV-C as the most detected species (26% or 42/160) [15]. Although HAdV-C has been related especially with cases of respiratory infections [50,51,52], it has been frequently detected in stools [53,54] and water samples as described above.



On the other hand, a study conducted in recreational waters in the south of Brazil presented different findings when concentrated and unconcentrated water samples were analyzed. The most prevalent HAdV species in the concentrated samples was species F (10.9%) followed by C (7.2%), while both species F and C presented the same results in the unconcentrated samples (10.9%) [13]. Although HAdV-F was not the most prevalent species found in our study, the rate of detection was higher than the previously cited research for all concentration techniques used. This may be explained by the fact that this city reported an outbreak of gastroenteritis before the sampling, and HAdV-F is mainly responsible for acute gastrointestinal infections, especially in children and immunocompromised individuals [8,51,55].



The assessment of HAdV in water samples provided interesting results when the two concentration approaches were compared. Analyzing the findings of HAdV-C and -F together, six water samples concentrated by the ultracentrifugation method presented positivity. However, samples concentrated by IMS showed important results in HAdV detection, with 11 and 12 positive water samples using polyclonal and monoclonal antibodies, respectively. The different antibodies used did not present a significant difference in the detection of HAdV-C and -F when testing water samples that were naturally contaminated. Therefore, both antibodies can be successfully used to concentrate HAdV as we saw with the results of artificially contaminated samples. However, the statistical analysis showed a significant difference between the water samples concentrated by ultracentrifugation and IMS (monoclonal) for the detection of HAdV-C. Thus, we emphasize that the IMS technique proved to be a better concentration methodology when compared to ultracentrifugation. IMS provides better sensitivity due to higher specificity as the functionalized particles search and bind to the specific target due to antibody–antigen compatibility. Ultracentrifugation separates the particles due to their physical properties, which is not as specific as immune binding. It is true that ultracentrifugation allows for higher volume handling, but it might not be necessary to handle such large volumes, especially in waters contaminated through anthropic activities, such as in Brazilian water resources.



Another relevant result corresponds to variation in genomic copies. While samples concentrated by ultracentrifugation ranged from 2.00 × 102 to 2.11 × 103 GC/L, samples concentrated by IMS showed values ranging from 4.55 × 102 to 5.83 × 106 GC/L. Other studies have used the ultracentrifugation method to concentrate viral particles with good results [15,56]. However, this approach has some drawbacks that should be considered, such as the capacity to concentrate inhibitory substances that can interfere on PCR analyses, thereby decreasing the sensibility of detection and even providing false negatives [22]. The presence of inhibitory substances in samples concentrated by IMS is very rare because this technique is very specific and has more than one wash step, which considerably increases the possibility of concentrating only desired viral particles [18,21]. The ability to remove inhibitory substances has been previously described in seawater [29], food samples [57], and stool samples [30]. Probably, these differences between concentration methods can explain the increase in positive samples and genomic copy results found in the qPCR analyses for water concentrated by IMS.



Currently, various concentration methods for virus analysis have been developed; however, different kinds of water and enteric viral species have hampered the standardization of only one concentration technique [43]. A reliable concentration step should have some important characteristics, such as being technically viable, having a high recovery rate, producing a small volume of concentrate, and being cost-effective and suitable for a wide range of different viruses [21]. The IMS technique was found to have most of these qualities except when the analysis required a wide range of viruses to be concentrated. Therefore, this method is very specific and only the desired virus can be concentrated at a time. If the goal is to concentrate more species of viruses, IMS could be used as a second concentration step. Even with this drawback, other researches have shown the benefits of using IMS combined with a molecular assay to detect enteric viruses in water samples, as has been already described for rotavirus [29,31] and HAdV-F [24]. Nevertheless, to our knowledge, this is the first research to use IMS to detect HAdV-F and HAdV-C using monoclonal and polyclonal antibodies and to compare the IMS and ultracentrifugation concentration methods in water samples.



For the next advance, microfluidic-based techniques have emerged in recent years as an approach to detect biological matter in fluidic samples [58,59]. These techniques allow for miniaturized solutions with a lab-on-chip approach with reduced costs and high resolution. IMS combined with microfluidic technology to produce a lab-on-chip platform for pathogen detection is a promising method to improve the response of in situ detection [60]. After the standardization of IMS parameters, the data may be used for applications in an on-chip microfluidic environment, as has been already shown for food-related bacteria [23,60]. Therefore, data generated in this study could be applied to microfluidic technology in the future with the aim of establishing real-time, faster, cheaper, simpler, more specific, and more sensitive alternatives for detection devices that may help in water safety monitoring.





5. Conclusions


In this study, it was possible to establish the use of IMS as a concentration method for the detection of HAdV-C and -F in water samples. To our knowledge, this is the first time that microscopic analyses using SEM and HIM helped assess the surface of magnetic beads coated with antibody and sample. We showed that both monoclonal and polyclonal antibodies demonstrated important advantages to capture HAdV in water samples. Therefore, both antibodies can be used in future studies to generate significant results.



Comparing the ultracentrifugation and IMS approaches, it was possible to notice that IMS-qPCR demonstrated a higher number of samples positive to HAdV and provided a higher rate of genomic copy detection as well. The same method was also more efficient at detecting few HAdV particles in samples. As viruses can be dispersed in waterbodies, this technique seems to be a good choice to avoid false-negative samples.



The most important advantages of IMS combined with qPCR include processing samples in shorter time, concentrating no inhibitory substances, and increasing the possibility of detecting viable viral particles. These advantages confirm this approach as an important tool for virological analyses in environmental samples. The data generated by IMS-qPCR may be used for more accurate results in risk assessment studies and help in watershed management by identifying and controlling sources of contamination to prevent outbreak of waterborne disease. These public decisions would directly impact the quality of life of the population.



Furthermore, the possibility of integrating this approach as an enrichment step on microfluidic platforms may be an important stage in the development of new sensors. Biosensors will be the next generation of technologies to improve the detection of pathogens in water resources in an easy and precise real-time manner, thereby contributing to more accurate microbial source tracking.
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Figure 1. Magnetic bead surface functionalization with antibodies and immunomagnetic separation (IMS) procedure. 
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Figure 2. Images of the beads generated by SEM before the conjugation with antibodies (a,b) and after the conjugation (c,d). 
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Figure 3. Images of the magnetic beads generated by HIM after conjugation with antibody (a), after exposure to wastewater effluent (b), and after the exposure to standard HAdV-5 sample (c). 






Figure 3. Images of the magnetic beads generated by HIM after conjugation with antibody (a), after exposure to wastewater effluent (b), and after the exposure to standard HAdV-5 sample (c).



[image: Chemosensors 09 00019 g003]







[image: Chemosensors 09 00019 g004 550] 





Figure 4. Averages of qPCR results to standard HAdV analyses of unconcentrated and concentrated samples by the IMS method. 
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Figure 5. Detection of viral infectious particles in HAdV-5 serial dilution samples concentrated by the IMS method. 
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Figure 6. Phylogenetic analysis in water samples positive to HAdV using IMS as a concentration method. 
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Figure 7. Results of HAdV-C and -F in water samples comparing ultracentrifugation and IMS methods detected by qPCR. 
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Table 1. Primers and probes used to detect Human mastadenovirus (HAdV) in nested PCR and qPCR.
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Virus

	
Target Gene

	
Name

	
Sequence (5′–3′)

	
Sense

	
Product Length

	
References






	
HAdV-C (1,2,5,6)

	
Hexon

	
VTB2-HAdVCf

	
GAGACGTACTTCAGCCTGAAT

	
+

	
101 bp

	
[33]




	
VTB2-HAdVCr

	
GATGAACCGCAGCGTCAA

	
-

	

	




	
VTB2-HAdVCprobe

	
CCTACGCACGACGTGACCACAGA

	
+

	

	




	
HAdV-F (40,41)

	
Hexon

	
VTB1-HAdVFf

	
GCCTGGGGAACAAGTTCAGA

	
+

	
137 bp

	
[33]




	
VTB1-HAdVFr

	
GCGTAAAGCGCACTTTGTAAG

	
-

	

	




	
VTB1-HAdVFprobe

	
CAGTCGCTGYGACCTGTCTGTGGTT

	
-

	

	




	
AdV

	
DNA polymerase

	
Pol-F

	
CAGCCKCKGTTRTGYAGGGT

	
+

	
261 bp

	
[34]




	
Pol-R

	
GCHACCATYAGCTCCAACTC

	
-

	

	




	
Pol-nF

	
GGGCTCRTTRGTCCAGCA

	
+

	

	




	
Pol-nR

	
TAYGACATCTGYGGCATGTA

	
-
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