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Abstract

:

Objectives: Limitations of widespread current COVID-19 diagnostic testing exist in both the pre-analytical and analytical stages. To alleviate these limitations, we developed a universal saliva processing protocol (SalivaSTAT) that would enable an extraction-free RT-PCR test using commercially available RT-PCR kits. Methods: We optimized saliva collection devices, heat-shock treatment, and homogenization. Saliva samples (879) previously tested using the FDA-EUA method were reevaluated with the optimized SalivaSTAT protocol using two widely available commercial RT-PCR kits. A five-sample pooling strategy was evaluated as per FDA guidelines. Results: Saliva collection (done without any media) showed performance comparable to that of the FDA-EUA method. The SalivaSTAT protocol was optimized by incubating saliva samples at 95 °C for 30-min and homogenization, followed by RT-PCR assay. The clinical sample evaluation of 630 saliva samples using the SalivaSTAT protocol with PerkinElmer (600-samples) and CDC (30-samples) RT-PCR assay achieved positive (PPA) and negative percent agreements (NPAs) of 95.0% and 100%, respectively. The LoD was established as ~60–180 copies/mL by absolute quantification. Furthermore, a five-sample-pooling evaluation using 250 saliva samples achieved a PPA and NPA of 92% and 100%, respectively. Conclusion: We have optimized an extraction-free RT-PCR assay for saliva samples that demonstrates comparable performance to FDA-EUA assay (Extraction and RT-PCR).
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1. Introduction


The emergence of COVID-19 in the city of Wuhan, China in December 2019 has rapidly evolved into a pandemic. Since then, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has infected more than 40,997,453 individuals across the globe and has resulted in at least 1,127,637 COVID-19 related deaths (https://coronavirus.jhu.edu/map.html, last accessed 21 October 2020). The high transmission rate, along with the high percentage of asymptomatic infected individuals, have been identified as the major reason for the spread of the disease. Under these circumstances, diagnostic testing for COVID-19 remains the most rational approach for containing the virus, and is of unprecedented importance, because if infected individuals are detected early in the course of their infection, globally implemented strategies such as quarantine and contact tracing can be more effective [1,2].



The diagnostic testing for COVID-19 has relied heavily on nasopharyngeal (NPS) or oropharyngeal swab (OPS) samples collected in universal/viral transport medium (UTM/VTM), followed by RT-PCR based assays that target selected regions of the SARS-CoV-2 nucleocapsid (N), envelop (E), spike (S) and/or open reading frame (ORF) genes [3]. However, the massive global demand for testing has reached a crisis level, with clearly identifiable regional disparities. The emergence of a second upsurge in infections in countries previously showing a decline in cases highlights the need for a rapid, sensitive, cost-effective, and mass population testing methodology that can be implemented on a global scale [4,5]. The major limitations of the current COVID-19 diagnostic testing regimen lie at both the pre-analytical and analytical stages. The pre-analytical variables that influence the performance of the tests pertain primarily to sample type. Although NPS remains the gold standard sample type recommended for COVID-19 diagnostic testing, the collection of NPS samples poses challenges that include exposure risk to healthcare workers, and supply chain constraints pertaining to swabs, transport media, and personal protective equipment, with self-collection being difficult and yielding less sensitive results. Furthermore, several reports have highlighted the relatively poor sensitivity of NPS samples in early infection and longitudinal testing [6,7,8]. The analytical variables that determine the performance of the test are a combination of factors that include the efficiency of RNA extraction, RNA purification, and the sensitivity of the RT-PCR reaction. RNA extraction and purification have been identified as the major rate-limiting steps in the global testing protocol, leading to increased turnaround time. Additionally, the prolonged turnaround time for results, as well as the need for expensive kits, automated instrumentation, and trained personnel, have created additional economic and technological constraints.



The scientific community has attempted to eliminate some of these pre-analytical and analytical constraints by utilizing saliva as a sample type and/or performing extraction-free RT-PCR assays, respectively. Several groups have shown comparable or higher sensitivity of saliva compared to NPS samples [9,10,11,12,13,14]. Although some conflicting reports have been published [15,16,17], we have previously optimized the processing of saliva samples and demonstrated higher sensitivity of saliva compared to NPS samples in both the healthcare and community setting [18]. Extraction-free RT-PCR assay eliminates the major limiting step in the analytic phase of COVID-19 testing. Several groups have demonstrated the feasibility of extraction free RT-PCR reaction maintaining the high sensitivity of the assay with NPS samples [19,20,21,22]. It is noteworthy that performing extraction free RT-PCR assay using saliva samples is a feasible method but only with the following caveats: (a) effective for the asymptomatic population; (b) requires early morning saliva (pure saliva); and, (c) has a limit of detection (LoD) of 6000–12,000 copies/mL [23]. Although the study is encouraging, the prerequisite conditions render it unsuitable for mass population screening, especially because the precise sample collection requirement and the low test sensitivity would lead to a high percentage of false-negative results. To address these limitations, we have developed and validated a highly sensitive (limit of detection ~60–180 copies/mL) extraction free RT-PCR assay (SalivaSTAT) using saliva samples collected in both the healthcare and community setting. The SalivaSTAT protocol enabled us to not only achieve high sensitivity but also simplified saliva processing, which allowed us to validate a five-sample pooling strategy using the SalivaSTAT- extraction free RT-PCR test (Figure 1).




2. Material and Methods


2.1. Study Site and Ethics


This single-center diagnostic study was conducted at Augusta University, GA, 30901, USA. This site is a CLIA accredited laboratory for high complexity testing and is one of the main SARS-CoV-2 testing centers in the State of Georgia, USA. The study was performed under AUIRB-HAC: 611298.




2.2. Patient Specimens and Setting


The study evaluated 879 saliva samples collected in either healthcare or community settings. Saliva samples were collected in 2 mL vials without any transport media. All samples were stored at 4 °C and transported to the SARS-CoV-2 testing facility at Augusta University within 12 h of collection. Of these 879 samples, 29 were used for assay optimization, 600 were used for clinical evaluation, and 250 were used for the pooling experiment.




2.3. Assay for the Detection of SARS-CoV-2 (FDA-EUA Method)


The assay is based on nucleic acid extraction followed by TaqMan-based RT-PCR assay to conduct in vitro transcription of SARS-CoV-2 RNA, DNA amplification, and fluorescence detection (PerkinElmer® New Coronavirus Nucleic Acid Detection kit, FDA-EUA assay (PerkinElmer Inc., Waltham, MA, USA). The assay targets specific genomic regions of SARS-CoV-2: nucleocapsid (N) and ORF1ab gene. The TaqMan probes for the two amplicons are labeled with FAM and ROX fluorescent dyes, respectively, to generate target-specific signals. The assay includes an RNA internal control (IC, bacteriophage MS2) to monitor the processes from nucleic acid extraction to fluorescence detection. The IC probe is labeled with VIC fluorescent dye to differentiate its fluorescent signal from SARS-CoV-2 targets.




2.4. Routine Diagnostic Screening (RNA Extraction and RT-PCR)


All 879 saliva samples were tested using the FDA-EUA approved assay. In brief, the saliva samples were collected in 2 mL Omni tubes (2 mL reinforced tubes, SKU: 19-628D, Omni International, USA) and homogenized at 4.5 m/s for 30 s using the Omni bead mill homogenizer (Bead Ruptor Elite, SKU: 19-040E, Omni International, USA). An aliquot of 300 μL from each sample, positive and negative controls, was then added to respective wells in a 96 well plate. A 5 μL internal control (IC), 4 μL Poly(A) RNA, 10 μL proteinase K and 300 μL lysis buffer were then added to each well. The plate was placed on a semi-automated instrument (Chemagic 360 Instrument, PerkinElmer Inc.) following the manufacturer’s protocol. The nucleic acid was extracted in a 96 well plate, with an elution volume of 60 μL. From the extraction plate, 10 μL of extracted nucleic acid and 5μL of PCR master mix (3.75 μL reagent A, 0.75 μL reagent B, and 0.5 μL enzyme) were added to the respective wells in a 96 well PCR plate. The PCR method was set up as per the manufacturer’s protocol on Quantstudio 3 or 5 (ThermoFisher Scientific, Waltham, MA, USA). The samples were resulted as positive or negative, based on the Ct values specified by the manufacturer (Supplementary file 1).




2.5. Extraction-Free RT-PCR Assay (SalivaSTAT) Optimization


The following parameters were optimized: (a) Saliva collection devices, (b) Heat-shock treatment and homogenization; (c) Heat shock with and without homogenization; (d) Saliva sample homogenization.




2.6. Saliva Collection Devices


Saliva samples were collected in three different collection devices viz. DNA/RNA shield from Zymo Research (DNA/RNA Shield Saliva Sputum Collection Kit—DX, Cat. No R1210-E, Zymo Research, Irvine, CA, USA), Spectrum DNA from Spectrum solutions (cat no. SDNA-1000), and Omni tubes (2 mL reinforced tubes, SKU: 19-628D, Omni International, USA). The Zymo and Spectrum devices contain transport media that is mixed in a 1:1 ratio with saliva, whereas saliva collected in the Omni tubes was media-free. Four previously characterized SARS-Co-V-2 positive samples collected in each device were subjected to 95 °C for 10, 20, and 30 min respectively, followed by homogenization at 4.5 m/s for 30 s using the Omni bead mill homogenizer (Bead Ruptor Elite, SKU: 19-040E, Omni International, USA). Following homogenization, the samples were directly processed for RT-PCR using the PerkinElmer RT-PCR kit. The RT-PCR reaction was set up with 20 µL saliva sample and 10 µL reaction master mix (5.5 µL reagent A, 2 µL IC, 1.5 µL reagent B, 1 µL enzyme). The PCR method was set up as per the manufacturer’s protocol on Quantstudio 3 or 5 (ThermoFisher Scientific, USA). The samples were resulted as positive or negative, based on the Ct values specified by the manufacturer.




2.7. Heat-Shock Treatment and Homogenization


Our group and others have previously attempted to optimize the temperature required for direct RT-PCR for NPS samples [19,24]. The next step was to optimize the duration of heat treatment by subjecting four previously characterized positive saliva samples (used in Section 2.6) to 95 °C for 10, 20, and 30 min, respectively, followed by homogenization at 4.5 m/s for 30 s using the Omni bead mill homogenizer (Omni International, USA). Subsequently, the samples were directly processed for RT-PCR.




2.8. Heat Shock with and without Homogenization


Twenty-five saliva samples were subjected to 95 °C for 30 min, and an aliquot from each sample was either vortexed for 30 s or homogenized at 4.5 m/s for 30 s using the Omni bead mill homogenizer (Omni International, USA). Following the respective treatment, all samples were directly tested by RT-PCR.




2.9. Saliva Sample Homogenization


Our group has previously demonstrated the need for homogenization of saliva samples for optimized processing for SARS-Co-V-2 testing. Herein, we perform additional studies to demonstrate that optimal results are achieved using saliva samples for extraction-free RT-PCR using homogenization [18].



2.9.1. Determination of Saliva Viscosity


Disposable viscometers were constructed from plastic tubing and plastic transfer pipettes, called Setup A and Setup B, respectively (Supplementary file 2, Figure S1). Standard curves for these viscometers were constructed using water-glycerol solutions and data reported by Segur and Oberstar [25] for the viscosity of water-glycerol mixtures at room temperature ranging from 1 cP (100% water, 0% glycerol) to 1400 cP (0% water, 100% glycerol). Several water-glycerol standards were loaded onto viscometer Setup A for low viscosity liquids (1 cP to 10 cP) and Setup B for higher viscous liquids (100 cP to 1400 cP). To generate the standard curves, the amount of time required for a specific weight of solvent to flow between two marks on each viscometer was plotted versus the reported viscosity of several water-glycerol mixtures. For Setup A, the viscometer was constructed from plastic tubing with an inner diameter of 1.19 mm and timing marks separated by 240 mm (Figure S1A). For Setup B, the viscometer was constructed from a wide-bore pipette (Cat # 13-711-6M, Fisher Scientific, Pittsburgh, PA, USA), with the top removed for easy loading, and timing marks separated by 50 mm (Figure S1B). Standard curves for both viscometers revealed excellent linear correlations between the measured time for water-glycerol samples to travel between timing marks and the reported viscosities of each mixture (Figure S2). The viscosities of saliva samples were measured by loading on either viscometer Setup A or Setup B and measuring the time required for travel between timing marks. The travel times were converted to viscosity measurements by using the standard curves shown in Figure S2. We note that our method for viscosity measurement represents an inexpensive and safe (disposable apparatus) adaptation of the Ostwald viscometer [26] which is based on Poiseuille’s law or Poiseuille’s equation. Briefly, Poiseuille’s equation for viscosity determination can be approximated to η = Aρt, where η corresponds to the viscosity, A is a constant associated to the viscometer, ρ is the density of the liquid and t is the time the liquid requires to travel a set distance for a given volume of the liquid at a particular temperature. If the Poiseuille equation applies to a solvent, then a plot of η/ρ versus travel time will reveal in a linear relationship. The excellent linear correlation of these values for the glycerol-water system confirms the proper functioning of our disposable viscometers (Figure S1).




2.9.2. Weight Distribution


The entire saliva sample was transferred to a preweighed 1.5 mL Eppendorf tube and then weighed again to determine the total weight of the saliva. Samples were centrifuged at 4500× g for 2 min to pellet their high viscosity elements. The low viscous fraction was transferred back to the original tube and the remaining saliva was reweighed to determine the weight of the high viscosity fraction. The difference between the total weight and the weight of the high viscosity fraction provided the weight used for viscosity measurements.





2.10. SalivaSTAT: Clinical Sample Evaluation Using Commercial Kits


Six hundred previously tested saliva samples were evaluated using SalivaSTAT protocol and tested with modified Perkin Elmer Inc. (FDA-EUA) RT-PCR assay. The SalivaSTAT assay was optimized with the following conditions: saliva collected in the media-free Omni tubes was subjected to 95 °C for 30 min followed by homogenization at 4.5 m/s for 30 s using the Omni bead mill homogenizer (Omni International, USA). Following homogenization, the samples were directly tested with an RT-PCR assay using 10 µL of master mix (5.5 μL reagent A, 2 μL IC 1.5 μL reagent B, and 1 μL enzyme) and 20 µL of sample, and 30 saliva samples were repeated with the CDC RT-PCR assay.




2.11. Pooling Saliva Samples for Mass Population Screening


A five-sample pooling strategy was evaluated as per FDA guidelines (https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizations-medical-devices/vitro-diagnostics-euas, last accessed 15 April 2021). Briefly, 25 previously confirmed positive saliva samples were identified to create 25 positive pools each comprised of one positive and four negative samples. For pooling, samples were homogenized (4.5 m/s for 30 s using the Omni bead mill homogenizer) and 50 µL of each sample was pooled (five samples in one vial) and processed as per SalivaSTAT protocol. The Ct values of positive samples ranged from (N: 19.8–36.8, ORF1ab: 25.3–Undetermined). Similarly, 25 negative sample pools were created comprised of five negative samples. All saliva samples were processed with the SalivaSTAT protocol and tested using the PerkinElmer RT-PCR assay.




2.12. Data Analysis


Data were analyzed for descriptive statistics and presented as a number (%) for categorical variables and mean ± standard deviation (SD) for continuous variables. Ct values were compared using Paired t-test. Regression analysis with slope and intercept along with a 95% confidence interval was determined in the pooling sample study.





3. Results


3.1. Saliva Collection Devices


For the saliva samples collected in Zymo, Spectrum, and Omni devices, the amplification for IC and SARS-CoV-2 N and ORF1ab target genes was observed only in saliva samples collected in Omni vials (which were devoid of any media), whereas no amplification was observed in saliva samples collected in Spectrum or Zymo devices. Thus, the process variables for extraction free PCR were optimized using saliva samples collected in Omni devices.




3.2. Heat-Shock Treatment and Homogenization


Four previously tested positive samples were subjected to 95 °C for 10, 20, and 30 min followed by homogenization and direct RT-PCR. Of the four samples, the Ct values for N and ORF1ab gene were comparable at all three conditions. However, in samples 3 and 4, the Ct value for the ORF1ab gene, and in sample 3, the Ct value of the N gene, remained undetermined at 10 min treatment, whereas it was comparable at 20 and 30 min treatment (Figure 2).




3.3. Heat-Shock Treatment with and without Homogenization


Twenty-five saliva samples (25 negative and 1 positive) were subjected to 95 °C for 30 min, and an aliquot from each sample was either vortexed for 30 s or homogenized followed by direct RT-PCR. The Ct values for IC (37.12 ± 2.93 vs. 35.03 ± 2.36) were significantly higher in samples that were vortexed compared to homogenization. The amplification curve for the positive sample did not result in an S-shaped curve with vortexing, while a standard amplification curve with comparable Ct value to the FDA-EUA method was identified with the homogenization method. Furthermore, six samples remained invalid with the vortex protocol compared to no invalid samples with the homogenization method (Figure 3).




3.4. Saliva Sample Homogenization


The effect of homogenization of the saliva samples was evaluated by performing viscosity measurement studies.



3.4.1. Viscosity Determination


The various saliva samples were loaded onto either of two types of readily-fashioned, disposable viscometers (see Methods for more information) to obtain the time required for each sample to pass between two timing markings (see Supplemental Table S1A,B). The average time for each sample was divided by the sample density and these values were compared to the standardized curves Figure S2A,B, to determine the sample viscosity, as shown in Supplemental Table S2. The unprocessed samples had the highest viscosity ranging from 176 cP to 677 cP (between the viscosity of olive oil and honey), compared to processed samples with 2.1 cP to 3.1 cP, which have a viscosity close to the viscosity of water (1 cP).




3.4.2. Weight Distribution


Saliva samples do not have uniform consistency, and vary from watery, thick, sticky, to frothy depending on the amount of proteins present [27]. For viscosity measurements, it was necessary to use a benchtop centrifuge to separate nonflowable material from the flowable material that could be run through a viscometer. To determine the percentage of flowable material that was used for the viscosity studies, it was necessary to separate and weigh these two phases of the saliva material (see Methods for more information). The inconsistency of the unprocessed samples spanned a range of 61.2% to 98.4%, and nonflowable material that could not be used in viscosity measurements (Table S3).





3.5. SalivaSTAT: Clinical Sample Evaluation Using Commercial Kits


The SalivaSTAT method was optimized with the following conditions: saliva collected in the media-free Omni tubes was subjected to 95 °C for 30 min followed by homogenization at 4.5 m/s for 30 s using the Omni bead mill homogenizer (Omni International, USA). Following homogenization, the samples were directly tested with an RT-PCR assay. Six hundred (600) saliva samples, comprised of 61 positive and 539 negative samples, were tested with the SalivaSTAT method using the PerkinElmer RT-PCR assay. The Ct values (mean ± SD) for the N gene were comparable (29.3 ± 4.8 vs. 28.3 ± 5.6), whereas the Ct value for IC (34.5 ± 3.7 vs. 32.2 ± 1.9) and ORF1ab (33.0 ± 4.3 vs. 25.9 ± 5.5) genes were significantly higher with SalivaSTAT compared to FDA-EUA method, respectively (Figure 4).



Of the 61 positive samples, 95.0% (58/61) were accurately detected by the SalivaSTAT method compared to the FDA-EUA method. The positive samples were selected to represent both strong and weak positives, with Ct values ranging from 16.8–38.5 for the N gene, and 14.5–39.0 for the ORF1ab gene with the FDA-EUA method. Three very weak positive samples (with Ct values of N: 38.5, 38.4, 38.2; ORF1ab, Und., 36.9, Und., respectively) identified with the FDA-EUA method were not detected with the SalivaSTAT method. Of the 539 negative samples, 509 resulted as negative and 30 as invalid. It must be noted that 5% (30/600) samples resulted as invalid with the SalivaSTAt method. Similarly, 30 saliva samples, comprised of 16 positive and 14 negative samples were tested with the SalivaSTAT method using the CDC RT-PCR assay. The Ct values of the 16 positive samples for N gene [27.6 ± 5.1 vs. 28.8 ± 4.4 vs. N1: 27.5 ± 5.1, N2: 29.1 ± 5.0) were found to be comparable with the FDA-EUA method and SalivaSTAT-PerkinElmer RT-PCR assay, respectively (Figure 5). The overall positive and negative percent agreement was found to be 96% and 100%, respectively. The LOD was determined to be ~60–180 copies/mL by absolute quantification calculation.




3.6. Pooling Saliva Samples for Mass Population Screening


The five-sample pooling strategy was evaluated by comparing the results of the 25 positive and negative pools to individual sample testing results. The pooled testing results demonstrated a 92% positive and 100% negative percent agreement. The N and ORF1ab gene Ct values were compared between pooled and individual testing. Regression analysis with slope and intercept along with a 95% confidence interval was determined. The shift in Ct value was found to be significant with pooled testing towards higher Ct values, nonetheless, the pools containing positive samples with viral loads close to the assay’s LoD (i.e., weak positives) were accurately detected (Figure 6).





4. Discussion


The COVID-19 pandemic has placed an enormous burden on the health care systems globally, to the point of exhausting currently available resources to manage and/or contain its spread. This has led groups to explore alternative methods to diagnose COVID-19 [28]. However, testing for SARS-CoV-2 has been the most critical measure implemented across the globe [1]. The current COVD-19 diagnostic testing regimen primarily relies on NPS samples, followed by qualitative RT-PCR-based methods for the detection of SARS-CoV-2. However, several limitations exist in the current methodology at both pre-analytical and analytical stages. In the pre-analytical stage, NPS is associated with exposure risk to healthcare workers, high cost, invasive collection, and supply-chain constraints [6,7,8]. Furthermore, the RNA extraction step in the analytical stage is the most significant rate-limiting step in this protocol because of a wide range of reasons that include, the requirement for competent testing personnel, cost of reagents/kits, equipment, and turnaround time.



To overcome the pre-analytical and analytical limitations of current COVID-19 testing methods, saliva samples and extraction-free RT-PCR assays have recently been explored. Significant efforts have been made to develop an extraction-free RT-PCR assay using NPS swabs, and several groups have optimized dry swabs, transport media, heat inactivation, different RT-PCR reaction chemistries, and RT-PCR methods [19,20,21,22], but minimal information has emerged on extraction-free RT-PCR assay using saliva samples. To our knowledge, only one report has evaluated the performance of extraction-free RT-PCR assay using saliva samples, and this assay was limited to an asymptomatic population, used early morning saliva, and yielded low sensitivity [23]. Hence, the goal of this study was to optimize both pre-analytical and analytical variables by developing a universal saliva processing protocol that would enable an extraction-free RT-PCR test using any of the commercially available RT-PCR kits.



In the pre-analytical stage, the most important variables are the collection method and the collection device. Several studies have demonstrated comparable or higher sensitivity of early morning saliva, deep throat saliva, and typical saliva compared to NPS samples, in both the healthcare and community settings [9,10,11,12,13,14]. Furthermore, most of these studies have used specialized saliva collection devices that mix saliva in a 1:1 ratio with a transport media. In the present investigation, saliva samples collected in two specialized collection devices (with media), and one in-house collection device (without media) were evaluated for extraction-free RT-PCR assay. The saliva samples collected in specialized collection devices did not show amplification for either internal control or the two SARS-CoV-2 N and ORF1ab gene targets, whereas the saliva samples collected in the in-house collection devices showed amplification for each target with Ct values comparable to the FDA-EUA method. This is consistent with our previous report on extraction-free RT-PCR assay using NPS samples, where NPS samples collected in VTM/UTM did not show amplification for any of the three targets.



The VTM/ UTM appears to inhibit the PCR reaction and is a consistent observation, as several groups developing the extraction-free RT-PCR assay have either designed their PCR chemistries or have validated the input of sample that would allow amplification in their respective RT-PCR methods [19,22]. In addition to being cost-prohibitive and difficult to implement globally, designing alternate PCR chemistries would be challenging in achieving high sensitivity. We, therefore, attempted to collect saliva samples in the in-house collection device (media-free) which is in alignment with a previous report [23].



We and others have also previously optimized the temperature required for direct RT-PCR for NPS samples [19,24], and thus, our aim was to optimize the duration of the temperature treatment by subjecting four previously characterized positive saliva samples to 95 °C for 10, 20, and 30 min followed by homogenization. Of the four samples, the Ct values for IC, N, and ORF1ab gene were compared with all three conditions. However, in samples three and four, the Ct value for N and ORF1ab gene remained undetermined at 10 min intervals, whereas it was comparable at 20 and 30-min intervals, respectively. Thus, a 30-min incubation time was deemed optimal for further experiments, as, in addition to comparable Ct value results, the 30-min interval would inactivate the virus rendering it safe to process in clinical and nonclinical laboratories around the globe. The importance of homogenization of saliva samples after the 30-min incubation at 95 °C, was evident from the significantly lower Ct values for IC, N, and ORF1ab targets compared to the samples subjected to vortexing alone.



Homogenization also addresses several critical issues associated with saliva samples. Saliva samples collected in specialized devices or without the use of media are difficult to pipet by testing personnel, which leads to increased processing time [29]. In addition, the gel-like consistency of saliva samples has led to lower sensitivity and resulted in a higher percentage of invalid results. Saliva samples do not have uniform consistency, varying from watery to thick, sticky, or frothy, depending on the amount of constituent proteins. We have previously demonstrated the importance of homogenization of saliva samples, which not only eliminates the processing challenges but also renders them more sensitive compared to NPS samples [18]. We also evaluated the viscosity of saliva samples before and after homogenization. The unprocessed samples had the highest viscosity ranging from 176 cP to 677 cP compared to the processed samples with 2.1 cP to 3.1 cP, which have a viscosity close to that of water (1 cP). This observation highlights and explains the difficulty these unprocessed samples would pose inaccurate pipetting and during the extraction procedure, where uniform mixing of reagents would be challenging. Thus, to eliminate processing challenges and taking cues from our previously published studies that demonstrate the role of homogenization in increasing the sensitivity of saliva samples, we processed each sample with the homogenization step.



The 600-sample clinical evaluation of this optimized extraction-free RT-PCR assay (SalivaSTAT protocol) using two commercial kits, demonstrated an overall positive and negative percent agreement of 96% and 100%, respectively. Interestingly, the Ct value for the SARS-CoV-2 N gene with the SalivaSTAT protocol was comparable to that of the FDA-EUA method. The Ct value for ORF1ab and IC were significantly higher with SalivaSTAT compared to the FDA-EUA method. These results are in alignment with previously published reports on heat-inactivated direct PCR assay using NPS samples, where comparable Ct values were observed for the N1 gene compared to other targets (E and ORF). Heat treatment cleaves the RNA into short fragments and the best results are obtained with the N1 gene primers, as reported previously [19]. Only three samples that were very weakly positive were not detected with the SalivaSTAT method. It is recommended that samples be given after rinsing the mouth with water and fasting for 2 h, as residual food/beverages, medications, recreational products such as cigarette smoke residues, and oral hygiene products such as toothpaste and gargles can inhibit the RT-PCR reaction, given that no RNA extraction/purification step is involved in the extraction-free protocol. As the instructions are not always followed, it may have accounted for the invalid results with the SalivaSTAT method using the PerkinElmer RT-PCR. The evaluation using the CDC RT-PCR kit might be deemed more suitable for extraction-free assays, because the assay employs an N gene target, and the housekeeping RnaseP gene target is extracted in abundance which would lead to zero or minimal invalid results. The salivaSTAT is cost-effective method, as it does not require RNA extraction kits or automatic extractors and 96 samples can be reported in ~3 h (Table 1).



In addition to clinical sample evaluation with the SalivaSTAT protocol, we were also able to successfully validate saliva samples with a five-sample pooling strategy. The pooled testing results demonstrated a positive percent agreement of 92% (23/25 pools showing positive results), with two pools that contained the sample with a very high Ct value being undetectable. The negative percent agreement was found to be 100%. We have previously demonstrated the feasibility and accuracy of a sample pooling approach with NPS and saliva samples for wide-scale population screening for COVID-19. Herein, we extend the utility and potential benefits of the sample pooling approach for population screening using the SalivaSTAT protocol for saliva samples.



Considering the evolving epidemiology of COVID-19 and the reopening of educational and professional institutions, travel, tourism, and social activities, monitoring SARS-CoV-2 will remain a critical public health need for the near future. Therefore, the use of a noninvasive diagnostic test (i.e., saliva collection) and extraction-free RT-PCR methodology will significantly enhance screening and surveillance activities. Taken together, we have optimized an extraction-free direct RT-PCR assay for saliva samples that demonstrated comparable performance to FDA-EUA assay (extraction and RT-PCR). The SalivaSTAT protocol is a rapid, sensitive, and cost-effective method that can be adopted globally, has the potential to accelerate testing needs, and could play a significant role in helping to curb the current pandemic.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/diagnostics11050904/s1. Supplementary file 1. Result interpretation based on Ct cutoff values as per manufacturer’s recommendations. Supplementary file 2. Figure S1: Home-built, disposable viscometers. Figure S2: Standard curves for viscosity determination. Supplemental Table S1: Raw data of saliva samples. Supplemental Table S2: Viscosity of saliva samples. Supplemental Table S3: Weight Distribution.





Author Contributions


Conceptualization, N.S.S. and R.K.; methodology, N.S.S., A.K.M., N.V.H., R.K.; software, N.S.S., A.K.M.; validation, N.S.S., A.K.M., S.A., A.N., G.N., A.L.-C., N.V.H., R.K.; formal analysis, N.S.S., A.K.M., S.A., A.N., G.N., A.L.-C., N.V.H.; investigation, N.S.S., A.K.M., G.N., A.L.-C., N.V.H., R.K.; resources, R.K., N.V.H.; data curation, N.S.S., A.K.M., S.A., A.N., P.A., G.N., A.L.-C.; writing—original draft preparation, N.S.S., N.V.H.; writing—review and editing, N.V.H., V.K., T.M.R., M.D.R., S.F., A.C., M.H., A.M.R., R.K.; visualization, N.S.S., N.V.H.; supervision, N.V.H., R.K.; project administration, R.K.; funding acquisition, R.K. All authors have read and agreed to the published version of the manuscript.




Funding


This project has been funded by the National Institute of Allergy and Infectious Diseases, a component of the NIH, Department of Health and Human Services, under contract 75N93019C00052.




Institutional Review Board Statement


The study was performed under AUIRB-HAC: 611298.




Informed Consent Statement


Patient consent was waived as the current study is a CLIA test validation for clinical use and performed on discarded samples under AUIRB-HAC: 611298.




Data Availability Statement


All relevant data is made available in the manuscript and supplementary files.




Conflicts of Interest


R.K. has received honoraria, travel funding, and research support from Illumina, Asuragen, QIAGEN, PerkinElmer, Bionano and BMS. M.H. holds stock options at PerkinElmer Inc. A.C. is an employee at Bionano Genomics Inc.




Ethics Committee Approval


The study was performed under AUIRB-HAC: 611298.




References


	



Taipale., J.; Romer, P.; Linnarsson, S. Population-scale testing can suppress the spread of COVID-19. medRxiv 2020. [Google Scholar] [CrossRef]

	



Bedford, J.; Enria, D.; Giesecke, J.; Heymann, D.L.; Ihekweazu, C.; Kobinger, G.; Lane, H.C.; Memish, Z.; Oh, M.D.; Schuchat, A.; et al. COVID-19: Towards controlling of a pandemic. Lancet 2020, 395, 1015–1018. [Google Scholar] [CrossRef]

	



Patel, R.; Babady, E.; Theel, E.S.; Storch, G.A.; Pinsky, B.A.; George, K.S.; Smith, T.C.; Bertuzzi, S. Report from the American Society for Microbiology COVID-19 international summit, 23 March 2020: Value of diagnostic testing for SARS–CoV-2/COVID-19. mBio 2020. [Google Scholar] [CrossRef]

	



Xu, S.; Li, Y. Beware of the second wave of COVID-19. Lancet 2020, 395, 1321–1322. [Google Scholar] [CrossRef]

	



Ali, I. COVID-19: Are We Ready for the Second Wave? Disaster Med. Public Health Prep. 2020, 14, e16–e18. [Google Scholar] [CrossRef] [PubMed]

	



Wölfel, R.; Corman, V.M.; Guggemos, W.; Seilmaier, M.; Zange, S.; Müller, M.A.; Niemeyer, D.; Jones, T.C.; Vollmar, P.; Rothe, C.; et al. Virological assessment of hospitalized patients with COVID-2019. Nature 2020, 581, 465–469. [Google Scholar] [CrossRef] [PubMed]

	



Zou, L.; Ruan, F.; Huang, M.; Liang, L.; Huangm, H.; Hongm, Z.; Yu, J.; Kang, M.; Song, Y.; Xia, J.; et al. SARS-CoV-2 viral load in upper respiratory specimens of infected patients. N. Engl. J. Med. 2020, 382, 1177–1179. [Google Scholar] [CrossRef]

	



Wang, W.; Xu, Y.; Gao, R.; Lu, R.; Han, K.; Wu, G.; Tan, W. Detection of SARS-CoV-2 in different types of clinical specimens. JAMA 2020, 323, 1843–1844. [Google Scholar] [CrossRef]

	



To, K.K.; Tsang, O.T.; Leung, W.S.; Tam, A.R.; Wu, T.C.; Lung, D.C.; Yip, C.C.; Cai, J.P.; Chan, J.M.; Chik, T.S.; et al. Temporal profiles of viral load in posterior oropharyngeal saliva samples and serum antibody responses during infection by SARS-CoV-2: An observational cohort study. Lancet Infect. Dis. 2020, 20, 565–574. [Google Scholar] [CrossRef]

	



To, K.K.; Tsang, O.T.; Yip, C.C.; Chan, K.H.; Wu, T.C.; Chan, J.M.; Leung, W.S.; Chik, T.S.; Choi, C.Y.; Kandamby, D.H.; et al. Consistent detection of 2019 novel coronavirus in saliva. Clin. Infect. Dis. 2020, 71, 841–843. [Google Scholar] [CrossRef]

	



Azzi, L.; Carcano, G.; Gianfagna, F.; Grossi, P.; Dalla, G.D.; Genoni, A.; Fasano, M.; Sessa, F.; Tettamanti, L.; Carinci, F.; et al. Saliva is a reliable tool to detect SARS-CoV-2. J. Infect. 2020, 81, e45–e50. [Google Scholar] [CrossRef]

	



Yoon, J.G.; Yoon, J.; Song, J.Y.; Yoon, S.Y.; Lim, C.S.; Seong, H.; Noh, J.Y.; Cheong, H.J.; Kim, W.J. Clinical Significance of a High SARS-CoV-2 Viral Load in the Saliva. J. Korean Med. Sci. 2020, 35, e195. [Google Scholar] [CrossRef]

	



Wyllie, A.L.; Fournier, J.; Casanovas-Massana, A.; Campbell, M.; Tokuyama, M.; Vijayakumar, P.; Geng, B.; Muenker, M.C.; Moore, A.J.; Vogels, C.B.; et al. Saliva is more sensitive for SARS-CoV-2 detection in COVID-19 patients than nasopharyngeal swabs. medRxiv 2020. [Google Scholar] [CrossRef]

	



Rao, M.; Rashid, F.A.; Sabri, F.S.; Jamil, N.N.; Zain, R.; Hashim, R.; Amran, F.; Kok, H.T.; Samad, M.A.; Ahmad, N. Comparing nasopharyngeal swab and early morning saliva for the identification of SARS-CoV-2. Clin Infect. Dis. 2020, 72, e352–e356. [Google Scholar] [CrossRef] [PubMed]

	



Lai, C.K.; Chen, Z.; Lui, G.; Ling, L.; Li, T.; Wong, M.; Ng, R.W.; Tso, E.Y.; Ho, T.; Fung, K.S.; et al. Prospective study comparing deep-throat saliva with other respiratory tract specimens in the diagnosis of novel coronavirus disease (COVID-19). J. Infect. Dis. 2020, 222, 1612–1619. [Google Scholar] [CrossRef] [PubMed]

	



Jamal, A.J.; Mohammad, M.; Coomes, E.; Powis, J.; Li, A.; Paterson, A.; Anceva-Sami, S.; Barati, S.; Crowl, G.; Faheem, A.; et al. Sensitivity of nasopharyngeal swabs and saliva for the detection of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Clin. Infect. Dis. 2020, 72, 1064–1066. [Google Scholar] [CrossRef]

	



Becker, D.; Sandoval, E.; Amin, A.; De Hoff, P.; Leonetti, N.; Lim, Y.W.; Elliott, C.; Laurent, L.; Grzymski, J.; Lu, J. Saliva is less sensitive than nasopharyngeal swabs for COVID-19 detection in the community setting. medRxiv 2020. [Google Scholar] [CrossRef]

	



Sahajpal, N.S.; Mondal, A.K.; Ananth, S.; Njau, A.; Ahluwalia, P.; Chaubey, A.; Kota, V.; Caspary, K.; Ross, T.M.; Farrell, M.; et al. SalivaAll: Clinical validation of a sensitive test for saliva collected in healthcare and community settings with pooling utility for SARS-CoV-2 mass surveillance. medRxiv 2020. [Google Scholar] [CrossRef]

	



Smyrlaki, I.; Ekmanm, M.; Lentini, A.; Rufino de Sousa, N.; Papanicolaou, N.; Vondracek, M.; Aarum, J.; Safari, H.; Muradrasoli, S.; Rothfuchs, A.G.; et al. Massive and rapid COVID-19 testing is feasible by extraction-free SARS-CoV-2 RT-PCR. Nat. Commun. 2020, 11, 4812. [Google Scholar] [CrossRef]

	



Kiran, U.; Gokulan, C.G.; Kuncha, S.K.; Vedagiri, D.; Tallapaka, K.B.; Mishra, R.K.; Harshan, K. Improved and Simplified Diagnosis of Covid-19 using TE Extraction from Dry Swabs. bioRxiv 2020. [Google Scholar] [CrossRef]

	



Srivatsan, S.; Han, P.D.; van Raay, K.; Wolf, C.R.; McCulloch, D.J.; Kim, A.E.; Brandstetter, E.; Martin, B.; Gehring, J.; Chen, W.; et al. Preliminary support for a “dry swab, extraction free” protocol for SARS-CoV-2 testing via RT-qPCR. bioRxiv 2020. [Google Scholar] [CrossRef]

	



Wee, S.K.; Sivalingam, S.P.; Yap, E.P.H. Rapid direct nucleic acid amplification test without RNA extraction for SARS-CoV-2 using a portable PCR thermocycler. Genes 2020, 11, 664. [Google Scholar] [CrossRef] [PubMed]

	



Vogels, C.B.; Watkins, A.E.; Harden, C.A.; Brackney, D.; Shafer, J.; Wang, J.; Caraballo, C.; Kalinich, C.C.; Ott, I.; Fauver, J.R. SalivaDirect: A simplified and flexible platform to enhance SARS-CoV-2 testing capacity. medRxiv 2020. [Google Scholar] [CrossRef]

	



Sahajpal, N.S.; Mondal, A.K.; Njau, A.; Ananth, S.; Kothandaraman, A.; Hegde, M.; Chaubey, A.; Padala, S.; Kota, V.; Caspary, K.; et al. Clinical validation of innovative, low cost, kit-free, RNA processing protocol for RT-PCR based COVID-19 testing. medRxiv 2020. [Google Scholar] [CrossRef]

	



Segur, J.B.; Oberstar, H.E. Viscosity of glycerol and its aqueous solutions. Ind. Eng. Chem. Res. 1951, 43, 2117–2120. [Google Scholar] [CrossRef]

	



Sorrell, C.A. Liquid viscosity measurement using a buret—Instructional technique. J. Chem. Educ. 1971, 48, 252. [Google Scholar] [CrossRef]

	



Cunha-Cruz, J.; Scott, J.; Rothen, M.; Mancl, L.; Lawhorn, T.; Brossel, K.; Berg, J. Salivary characteristics and dental caries: Evidence from general dental practices. J. Am. Dent. Assoc. 2013, 144, e31–e40. [Google Scholar] [CrossRef]

	



Sambataro, G.; Giuffrè, M.; Sambataro, D.; Palermo, A.; Vignigni, G.; Cesareo, R.; Crimi, N.; Torrisi, S.E.; Vancheri, C.; Malatino, L.; et al. The Model for Early COvid-19 Recognition (MECOR) Score: A Proof-of-Concept for a Simple and Low-Cost Tool to Recognize a Possible Viral Etiology in Community-Acquired Pneumonia Patients during COVID-19 Outbreak. Diagnostics 2020, 10, 619. [Google Scholar] [CrossRef]

	



Landry, M.L.; Criscuolo, J.; Peaper, D.R. Challenges in use of saliva for detection of SARS-CoV-2 RNA in symptomatic outpatients. J. Clin. Virol. 2020, 130, 104567. [Google Scholar] [CrossRef]








[image: Diagnostics 11 00904 g001 550] 





Figure 1. Schematic overview of sample processing and SARAS-CoV-2 assay workflow depicting main steps: Saliva samples collected in healthcare and community setting were tested and validated as follows: Upper panel: Saliva samples processed with SalivaAll protocol for nucleic acid extraction using a semi-automated instrument, followed by RT-PCR for N, ORF1ab gene targets and IC used as extraction and RT-PCR internal control; Middle panel: Saliva samples processed with SalivaSTAT method that included treatment of samples at 95 °C for 30 min and homogenization using a bead mill homogenizer followed by direct RT-PCR; Lower panel: Saliva samples homogenized using a bead mill before pooling samples with a five-sample pooling strategy followed by SalivaSTAT method for SARS-CoV-2 testing. 
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Figure 2. N and ORF1ab gene Ct values of four previously tested positive samples treated at 95 °C for 10, 20, and 30 min followed by homogenization and direct RT-PCR. Ct value of 45 was considered as undetermined and used for plotting. 
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Figure 3. IC Ct values of twenty-two saliva samples subjected to 95 °C for 30 min, and either vortexed for 30 s or homogenized followed by direct RT-PCR. *** p < 0.001. 
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Figure 4. Comparison of Ct values for N, ORF1ab genes, and IC of 600 saliva samples evaluated with FDA-EUA (RNA extraction and RT-PCR) method and SalivaSTAT (Direct RT-PCR) method. *** p < 0.001. 
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Figure 5. Comparison of N gene Ct values of saliva samples evaluated with FDA-EUA method, and SalivaSTAT method using PerkinElmer Inc. (PE) RT-PCR assay and CDC RT-PCR assay. 
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Figure 6. The Ct values comparison of N and ORF1ab gene with individual testing vs. pool testing. 
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Table 1. Comparison between Routine diagnostic assay and SalivaSTAT method.
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	Routine Diagnostic Assay
	SalivaSTAT





	Saliva collection devices
	Specialized devices containing VTM/UTM or Saliva collected without media.
	Saliva collected without media



	Homogenizer
	Required
	Required



	RNA extraction
	Manual or automated
	Not required



	RT-PCR
	Required
	Required



	Limit of Detection
	20–60 copies/mL
	60–180 copies/mL



	TAT (96 samples)
	~5 h
	~3 h
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