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Decentralized Point-of-Care (PoC) diagnostics hold momentous potential for rapid and accessible viral infection disease detection. Presented is a unique design application of an easy-to-use (plug-and-play) platform for viral detection. The platform leverages a simplified multiplex Reverse-Transcription Loop-mediated Isothermal Amplification (RT-LAMP) Lateral Flow Biosensor (LFB) assay with a lyophilized master mix, eliminating the need for RNA isolation or special reporting equipment. A user-friendly Saliva Measuring Tube (SMT) ensures accurate saliva volume self-collection, and a Syringe-based PoC (SPoC) platform automates sample treatment, reagent mixing, and temperature control using readily available components and consumables. The platform’s performance was evaluated by multiplexed detection of the SARS-CoV-2 N2 target gene and human ACTB gene from saliva samples. The SPoC platform achieved a detection limit of spiked 500 copies/mL for SARS-CoV-2 and consistent internal control readout. The presented PoC system offers a promising initial step for further development toward a decentralized solution for viral infection testing.
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1 INTRODUCTION
Infectious diseases remain a significant challenge in global public health, causing morbidity and mortality worldwide (Bloom and Cadarette, 2019). Viral infections, in particular, pose a substantial threat due to their rapid transmission and diverse clinical presentations, exemplified by the 2019 global COVID-19 pandemic (Kaur et al., 2021). Accurate and timely diagnosis of viral pathogens is crucial for effective patient management, infection control, viral genotyping, and the development of targeted therapies (Fraser et al., 2004). Traditional diagnostic methods, while definitive, often require specialized equipment and laboratory expertise, leading to delays in diagnosis and hindering patient care, particularly in resource-limited settings (Matsumura et al., 2023; Yalley et al., 2022). This highlights the critical need for a rapid, sensitive, cost-effective, and user-friendly point-of-care (PoC) diagnostic platform for viral infections at the early stages of infection.
Most global diagnostics efforts to fight against viral infection have been site-centralized: sample collection and laboratory detection of viral load are at a centralized site where patient-provided samples are collected and transported to a specialized laboratory for diagnostics. On the other hand, a site-decentralized diagnostics platform tests at the location of patients’ convenience on a low-throughput scale and poses a great alternative to centralized diagnostic efforts. Decentralized diagnostics could help decrease community spread drastically if patients are often screened at early asymptomatic infection stages (Nikolai et al., 2020).
Presented is an assay workflow for detecting viral infections, specifically SARS-CoV-2, using an automated duplex single-throughput PoC platform. The platform’s performance was evaluated by multiplexed detection of the SARS-CoV-2 N2 target gene and human ACTB gene from saliva samples. The N2 gene is a region of the nucleocapsid (N) gene of SARS-CoV-2 responsible for developing the N protein with essential structural functions (Wu et al., 2023). The N2 gene is highly conserved and specific to the virus, making it ideal for specific diagnostics. The ACTB gene, on the other hand, encodes the beta-actin protein, a common housekeeping gene in humans. It is often included as an internal control to ensure the integrity of the sample and the amplification process in many nucleic acid amplification tests (Ostheim et al., 2022).
Nasopharyngeal (NP) swab, a sample collection method that inserts a long shaft into the nasal cavity in the upper respiratory tract of patients, is a reliable and standard process for collecting specimens from patients with a respiratory viral infection (Kinloch et al., 2020). However, the collection process can be mildly painful and often requires contact with medical personnel. Saliva is a comparable alternative specimen, as it is minimally invasive, easily self-administered, and has a higher viral load compared to NP swabs in early detection of SARS-CoV-2 (Wyllie et al., 2020; McPhillips and MacSharry, 2022). For example, Beyene et al. (2021) found that saliva samples had higher viral load than NP swabs (proxy measure of viral load indicated by cycle threshold (Ct) value for NP swabs was 32.66 while saliva was 24.21) suggesting saliva as an effective in detecting the virus early in the infection (Beyene et al., 2021). Positive viral infection testing from saliva has also been reported in cases of human papillomavirus (HPV), positive oropharyngeal cancer (OPC), hepatitis C virus, human herpes simplex virus, human cytomegalovirus, and influenza A and B viruses (Tang et al., 2019; Sosa-Jurado et al., 2014; Waters et al., 2019; Vohra et al., 2020; Galar et al., 2021). Hence, the proposed PoC platform was developed to work directly with saliva samples, further simplifying testing efforts.
The reverse transcription-quantitative PCR (RT-qPCR) amplification testing method has been the gold standard for the sensitive and specific detection of viral RNA (Hasan et al., 2020). However, typical RT-qPCR methods often require complex processes such as RNA isolation from collected specimens, reverse transcription, amplification via thermal cycling, and fluorescence signal detection. These processes, therefore, require complex instruments with thermal drive and imaging capacity, sufficient technical expertise for prepping samples, and relatively long turnaround times. Such challenges can be addressed with high throughput automation systems but at a high cost (Cassedy et al., 2021; Dhibika et al., 2023). Additionally, the manual nature of traditional diagnostic methods often suffers from human error and is a significant factor in cross-contamination. Automated systems can help mitigate this risk by reducing the number of manual steps or reagent interactions and the required direct handling (Chen et al., 2021a).
Here, we sought to streamline the testing process using an alternative assay, reverse transcription-loop mediated isothermal amplification (RT-LAMP), a one-pot nucleic acid amplification and detection method. LAMP has proven to be a reliable PoC diagnostic technique because of its specificity and ability to amplify target genes using a single constant temperature (Notomi et al., 2000). The unique properties of the assay complemented the simple design of the platform through two designs: 1) LAMP requires a single temperature during amplification instead of a temperature cycle, and 2) lateral flow biosensors (LFBs) to detect amplicons easily without special detection modules. Compared to PCR workflows, where amplifying viral loads requires expensive thermocyclers to cycle through different temperatures, the LAMP reaction can sufficiently happen, allowing for a simple heating instrument with a constant single temperature to amplify the target gene, making it ideal for PoC workflows. While LAMP has been used in multiple PoC testing efforts, detecting amplified amplicon products has become a significant difficulty due to the lack of simple analytical tools. For example, different detection techniques, such as fluorescent agents, colorimetric agents, and gel electrophoresis, have been used to analyze LAMP products but require sophisticated instrumentation to collect and interpret the results (Alhamid et al., 2022; Saxena et al., 2022).
In this study, the LAMP reaction was coupled with LFBs as an amplicon detector due to their low cost, ease of use, and fast visualization capabilities, bypassing any need for advanced detection tools. LFBs are common point-of-care detection paper-based lateral-flow tool that employs a sandwich detection system and uses tracers with conjugates to generate detectable signals that are easily observable with the naked eye. They are commonly used in antigen tests and are ideal for rapid diagnostics. They are ubiquitous in infectious disease detection due to their robustness, low cost, and quick assay performance ability (Vealan et al., 2023). Another bottleneck of PoC systems is the difficulty of supplying reagents in cold-chain transportation; hence, lyophilization of master mixes has also been explored to bypass the cold-chain transportation difficulty in SARS-CoV-2 (Song et al., 2022; Prado et al., 2024). Multiple researchers have reported different iterations of the RT-LAMP’s primer mix to detect SARS-CoV-2 on LFB (Zhu et al., 2020; Zasada et al., 2022; Thompson and Lei, 2020; Li et al., 2022; Chen et al., 2021b; Choi et al., 2023; Agarwal et al., 2022; Zhang et al., 2021; Tang et al., 2024). However, a unique combination of LFB with LAMP utilizing multiplexed Forward inner primer and Loop forward-tagged primers for detecting spiked saliva in a PoC instrument has yet to be explored. This provides an easily accessible platform for patients to use at their convenience at a high sensitivity level and with low consumables. The proposed design of our platforms uses a simple consumable tube for collecting self-administrative saliva samples, a control system for handling saliva volumes, and techniques for resuspending lyophilized master mix with primers and reagents specific to SARS-CoV-2 detection by RT-LAMP LFB assay (Figure 1).
[image: Figure 1]FIGURE 1 | Comparison of conventional and proposed PoC platform workflows for detecting SARS-CoV-2 from saliva samples. (A) Conventional workflow consisting of viral RNA extraction, amplification setup, and RT-qPCR amplification for typical viral infection detection via fluorescence signal. (B) Proposed PoC detection systems utilizing RT-LAMP reaction and LFB strips.
2 RESULTS AND DISCUSSION
2.1 RT-LAMP LFB assay
RT-LAMP with LFB assay was designed to detect the highly conserved N2 target region of the SARS-CoV-2 genome and human ACTB target housekeeping gene as an internal control (Table 1). (Lee et al., 2021; Valente et al., 2009) Similar RT-LAMP LFB assays have been verified and reported for detecting various infectious diseases but have yet to integrate the whole workflow for a PoC using saliva samples (Saxena et al., 2022; Zhang et al., 2021; Tang et al., 2024; Mytzka et al., 2023). The assay required no RNA isolation but utilized lysis treatment to expose the ssRNA from the virus. A custom lyophilized reverse-transcriptase and Bst warm start polymerase were used to transcribe and amplify the target RNA (Figure 2). Similar to Notomi et al., 2000, six LAMP primers, including the loop forward and reverse primers, were utilized for amplification in this study (Notomi et al., 2000). However, the Forward inner primer (FIP) was modified to have Biotin conjugate at the 5′-end. Similarly, the Loop forward (LF) primer was modified to have Fluorescein Amidite (FAM)or Digoxigenin (DIG) at the 5′-end of the primer specific to the target sequence. These conjugates allow the detection of any amplified products on the LFB. The LFB detectable amplicons in the sixth generation of amplification had target sequences of interest, the N2 gene and ACTB gene, sandwiched between the FAM-Biotin conjugation and FAM-DIG conjugation, respectively (Figure 2). The amplicons were then added to the sample pad section of the LFB strip, wherein the presence of SARS-CoV-2 target RNA or housekeeping ACTB gene, the FAM conjugates bind with the goat anti-FAM antibody gold nanoparticle complex. The products immobilize when streptavidin or anti-DIG antibodies bind to their respective conjugate from N2 or ACTB gene amplicons. The concentrated gold nanoparticles then make the bands observable with visual inspection when immobilized. Any leftover FAM-gold nanoparticle complexes bind to the anti-goat antibody in the control band. Amplicons with biotin or DIG but without FAM end are common and can occupy the binding sites on the LFB and go undetected (Figure 2VI). These undetected products are inherent byproducts of the amplification method and can compete with the detectable products, potentially compromising the detection limit on the LFB. Such products may be mitigated by modifying different primers with the conjugates, but doing so will change the detectable products and may interfere with the sensitivity, which will need further investigation.
TABLE 1 | Custom primer sequences targeting N2 and ACTB genes with respective Biotin and DIG conjugate tags for detecting amplicons on LFB.
[image: Table 1][image: Figure 2]FIGURE 2 | Schematic illustration and principles of RT-LAMP LFB assay. The viral RNA from SARS-CoV-2 is isolated and used as a template for converting the RNA to complementary DNA (cDNA) through reverse transcription (RT). Six primers (FIP, BIP, LF, LB, F3, and B3) amplify the cDNA using Loop-mediated isothermal amplification (LAMP), where various amplicon byproducts are made. The LFB-detectable products are formed with FAM-Biotin or FAM-DIG conjugates after six generations (VI) of strand displacement and hybridization from LF and FIP primers. The sandwiched products are added to the sample pad of the LFB strips, where two test bands and an LFB control band with corresponding streptavidin, anti-DIG antibodies, and anti-goat (gt) antibodies—the goat anti-FAM gold nanoparticle—where the amplicons complex exhibit visible red bands when immobilized. Any excess or unimmobilized products are absorbed in the wicking pad. The presence of visible lines on the test bands indicates a positive result for SARS-CoV-2 and the presence of the ACTB housekeeping gene (human control). The control band is always visible for a valid test.
The RT-LAMP assay is designed to work with at least 50 μL input saliva sample. Cases of direct SARS-CoV-2 detection from patient saliva samples have been explored, and this is often done by pretreating the saliva samples before the amplification step (Naranbat et al., 2022; Castillo-Bravo et al., 2022; Fathi Karkan et al., 2022). The addition of thermolabile Proteinase K directly to saliva has been a common way to digest proteins, inactivate nucleases, and lyse cells and viruses (Kim et al., 2024; Vogels et al., 2021). Often, Proteinase K is stored at −20°C or 4°C depending on the composition of the stock mix (Sweeney et al., 1993). Hence, to eliminate cold chain transportation struggles in PoC platforms, a room-temperature stable thermolabile Proteinase K was used directly in this assay. A final concentration of 2.22 mg/mL of Proteinase K was used to inactivate the sample. Proteinase K retains most of its activity at nearly 60°C but will degrade irreversibly at 95°C (Sweeney et al., 1993; Schokker and van Boekel, 1997). Any residual effect of Proteinase K impeded the LAMP reaction by denaturing the polymerase and invalidating any LFB reading. Hence, it was crucial to deactivate the Proteinase K-saliva sample mix by heat-inactivation before any downstream processing.
A 1:1 ratio of 2X RT-LAMP primer mix and deactivated Proteinase K-saliva sample mix was homogenized before the lyophilized 2X RT-LAMP enzyme master mix pellet was dissolved (1:1, primer-Proteinase K-saliva mix: RT-LAMP enzyme master mix). The entire mix was incubated at 63°C for 30 min for a complete LAMP reaction and diluted with chase buffer before being loaded onto the LFB. The LAMP primers mix had a total of 12 primers for the duplex reaction - a set of six primers for each target gene. Benchtop experiments showed LFB valid results for all tested conditions - NTC, positive readouts for ACTB gene amplification from saliva, positive readouts for N2 gene amplification from SARS-CoV-2 spiked waters, and positive readouts for ACTB + N2 gene amplification from spiked saliva (Figure 3).
[image: Figure 3]FIGURE 3 | Interpretation of LFB RT-LAMP results. (A) Targeted regions of the N2 and the ACTB genes. (B) The different versions of LFB readout. No band is an invalid result; a single line at the control band is a negative LFB readout; a red line at the test band II is a positive result for internal control ACTB gene amplification and a valid negative result for N2 gene; a red line at the test band I is a positive result for N2 target gene amplification; and a red line at both of the test band is a positive result for ACTB and N2 gene amplification. Comparison of electropherogram, gel electrophoresis, and LFB results in (C) NTC sample with no target genes, (D) saliva sample with ACTB gene, (E) sample with spiked N2 gene, and (F) saliva sample with ACTB gene and spiked N2 gene.
The corresponding electropherogram from the LFB readouts showed the different amplicons from the LAMP reaction in size distribution depending on the location of the targeted region (Figure 3A). In the negative control condition, without any amplification, the primers, ranging from 20–42 nucleotide lengths, are shown in the NTC condition electrophoresis below 100 bp size (Figure 3C). Positive results, however, produce longer strands of LAMP products, as seen in both the ACTB and N2 targeted duplex amplification (Figures 3D–F). The predicted dumbbell shapes of the amplicon sizes were analyzed using a mathematical model to predict false positive results, as mentioned by Schneider et al. (2019), but with the addition of LF and BF primers (Schneider et al., 2019). The first dumbbell amplicon size from the LAMP reaction for the N2 target gene was 134 mers, while the ACTB target gene was 165 mers (Supplementary Table S1), as reflected on the electropherogram with correct amplicons produced (Figures 3C–F). The capacity to multiplex targeted genes in a single reaction and detection was advantageous compared to other PoC RT-LAMP assays detection, such as colorimetric assay limited to a single targeted gene amplification (Rivas-Macho et al., 2023). However, the limitation of the assay is that to interpret the amplification results, the lateral strips need to be submerged into the final amplicon, which can lead to false-positive results due to aerosol contamination when the reaction tube is opened (Tang et al., 2024). Hence, this study focused on a closed PoC system capable of containing RT-LAMP reaction and adapting sample input.
2.2 Saliva measuring tube (SMT)
Ideal PoC platforms are self-administrable, requiring minimal user interaction with the device and no need for expert laboratory skills. The proposed platform in this study requires only a single point of contact for the user to run self-diagnostic testing: the saliva input step. During this step, it is crucial to input a consistent volume of saliva, which is often done by a pipette with laboratory-proficient personnel in a laboratory setting. The ratio of lysis reagent volume for the rupture of the viral lipid membrane and the input saliva sample volume is critical as this dictates the success of downstream amplification procedures (Bustos-Garcia et al., 2022). Hence, part of this study’s goal was to design an easy-to-use, self-saliva-collection tube capable of accurately and precisely measuring and displacing 200 μL saliva directly from the mouth by passive drooling. The saliva measuring tube (SMT) design consists of three parts: 1) the mouthpiece, 1) the metering tube, and 3) the piercer (Figure 4B).
[image: Figure 4]FIGURE 4 | Saliva measuring tube volume displacement capacity and design. (A) Comparison of saliva measuring tube (SMT) and bench-top pipette (control) set at 200 μL. Statistical significance level ***p < 0.001 observed between two groups (n=20 per condition). (B) SMT assembly and the cross-sectional view of SMT: 1) The mouthpiece, 2) the metering tube, and 3) the piercer. The mouthpiece and the metering tube are assembled. Users passively drool into the mouthpiece, and the saliva is collected in the metering tube. Samples are accessed through the double piercer by transporting the saliva to the next chamber by puncturing the aluminum foil.
The custom-designed SMT was 3D-printed using a medical-grade resin to minimize any carryover or compromise integrity of the sample. The SMT was designed in three parts to simplify assembly. The clip pre-attaches the mouthpiece and the metering tube, as shown in Figure 4 B1 and B2. The user places the mouthpiece into their mouth and drools passively, without spitting, and the targeted volume of the saliva is collected in the saliva metering zone (Figure 4 B2). The junction between the mouthpiece and the metering tube is a straw to consolidate the saliva at the bottom of the metering zone without forming any bubbles. Saliva creates air pockets without the straw and does not fill the saliva metering zone due to its viscous nature. Any excess saliva is collected in the excess saliva collection zone, positioned radially around the saliva metering zone. The measured saliva volume is directly correlated with the height of the saliva collection zone wall, and the height was adjusted to compensate for the loss of saliva by the piercing mechanism and the walling in between. The collected saliva was kept intact using an adhesive aluminum foil. The foil was punctured using a 20॰ double-sided piercer that collects any leftover aluminum foil between the piercers, allowing all liquid to dispense (Figure 4 B3). Multiple different piercing mechanisms were tested (data not shown) to maximize the accuracy and precision of the collection, where the double piercer showed the best volume transport capacity and least failure rate. The piercer has an adaptative end to transport the saliva to the PoC device.
The SMT collected saliva from an individual, and the volume displacement was measured to assess transport accuracy and precision (Supplementary Table S2). The individual’s saliva viscosity was measured at 1.22 ± 0.12 cPa (n=3). The saliva metering tube section had a height of 12.67 mm with a radius of 2.5 mm to collect ∼250 μL. During displacement, saliva volumes were inherently adhered to the wall and left in the junction between the metering tube and the piercer. The larger volume capacity of the metering tube compensated for this volume loss. Spraying the tubing with surfactant improved the consistency of displaced volume. After collection, the mouthpiece is removed, and the piercer punctures the metering tube to transport the remaining measured saliva sample. A p200 pipettor set at 200 μL displaced 0.1953 ± 0.0056 g of saliva while the SMT transported 0.2043 ± 0.0074 g of saliva (n=20; Figure 4A). The higher viscosity of saliva or the timestamp of when the saliva samples were collected (e.g., after waking up or after eating) may interfere with the precision of the saliva volume transportation. Additionally, the onset of symptoms or physiological stress response could also affect the viscosity of saliva in patients, potentially affecting the precision and accuracy of sample collection. For example, Govindaraj et al. (2019) found that saliva viscosity increased under stress and may be attributed to increased sympathetic activity and altered salivary gland function (Gholami et al., 2017; Govindaraj et al., 2019). While Katayama et al. (2022) found that there was no significant difference in viral loads based on the timing of saliva collection within 9 days of symptom onset, Serrato et al. (2023) highlighted the number and diversity of other microbiomes presence due to the initial infection which may affect the physical properties of the saliva (Katayama et al., 2022; Larios Serrato et al., 2023; Rereddy et al., 2023).
The set volume of the input saliva can be altered depending on the specific assay or required input volume by changing the volume of the saliva metering zone and the height of the piercer. The angle between the two piercer edges must be 20° to keep the sharp edge. To handle low volumes of saliva (<100 μL), the diameter of the piercer can be decreased, and at the same time, the angles between piercers may need to be increased to shorten the height of the metering tube. It is anticipated that an increased piercer angle will not be as precise at transporting the saliva volume. The SMT was designed as a plug-in to the PoC platform for the RT-LAMP LFB assay.
2.3 Syringe-based PoC (SPoC) platform
The duplex RT-LAMP LFB assay was adopted onto a stand-alone single-pot SPoC platform (Figure 5A). Based on the assay procedure, the platform was designed to displace volume, mix reagents, and control temperature at a specified sequence order. Users load their measured saliva sample onto the SPoC platform using the SMT and start the installed script. The script displaces the liquid using off-the-shelf leur lock syringes and mixes the saliva samples with a pre-loaded primer and Proteinase K before heat treatment (Figure 5B I). The heat-treated samples are displaced and mixed with lyophilized RT-LAMP before running a 30-min LAMP reaction (Figure 5B II and III). The amplicons were displaced to mix with the chase buffer (1X TE buffer) before being loaded onto the LFB (Figure 5B IV and V). At each step, the 3-way valves are positioned for 2-way openings to connect the syringe with the desired reagent to the syringe pump during volume displacement.
[image: Figure 5]FIGURE 5 | A syringe-based PoC (SPoC) platform for running the RT-LAMP LFB assay. (A) Overview of SPoC assembly with specified device parts (yellow) and the consumables (blue). The device uses 3-way valves to connect 5x leur lock syringe ports, displace liquid, and heat at different temperatures. (B) Schematic illustration of operation order: I) Mix saliva and primer mix with Proteinase K and heat treat sample, II) dissolve lyophilized RT-LAMP master mix pellets after heat treatment, III) isothermal amplification, IV) mix the chase buffer (1X TE buffer) with the amplicon, V) add diluted amplicon with chase buffer to LFB. (C) Temperature profile of the heating station set at three different temperatures (55°C, 95°C, 63°C). (D) Sensitivity of the control assay (RT-LAMP LFB bench-top SOP) and the SPoC platform (see Supplementary Figure S1 for LFB readouts).
The platform aimed to introduce the least number of custom cartridge consumables to run the RT-LAMP LFB assay. Hence, off-the-shelf valving and reagent containers (leur-lock syringes) were utilized. The off-the-shelf parts were then adapted to the platform using custom 3D-printed parts and servo motors to drive the syringe plunger and the valving positions. A series of simple resistor heaters drove the heat conduction for the sample treatment and amplification steps. The system’s capacity to displace the required volume was a crucial function in the RT-LAMP LFB procedure; given the larger volume of saliva sample input (200 μL) added to the system, scaled-up volumes of subsequent downstream reagents were required. A volume of ∼20 μL was consistently lost in each junction between the valving and the syringes. Therefore, air was pumped into each syringe container before changing valving positions.
To compensate for any volume loss and to converse, the reagents were displaced at 8 mm/s during operation. Bubble formation between each volume displacement step was typical; hence, variations of syringe pumping speeds were enforced to ensure the mixed samples’ complete homogeneity and bubble removal. A lower speed of 8 mm/s was first implemented to aspirate the reagent from its containing syringe to the heating zone, and then a faster speed of 16 mm/s was used to mix reagents.
To maximize the activity of and to deactivate Proteinase K, 55°C and 95°C temperatures were driven by a heat resistor, respectively. A simple bang-bang controller feedback system was used to control the desired temperatures, where the local minimum and maximum temperatures fluctuated from 57.02°C ± 0.39°C to 58.08°C ± 0.18°C at an average temperature of μT1=57.6°C and from 95.61°C ± 0.38°C to 97.31°C ± 0.20°C at an average temperature of μT2=96.2°C for set 55°C and 95°C, respectively. From lab room temperature to 55°C and 95°C, the average ramp-up rate was ΔT1,2=0.2°C/s, while the average cool-down rate from 95°C to 65°C was ΔT3=−0.1°C/s. Conduction of the heat was distributed from the heat resistors by an aluminum block around the 1 mL syringe, while brushless fans next to the heat resistors dissipated the heat. The LAMP reaction rate was most optimum between 60°C and 65°C (Saxena et al., 2022); hence, the SPoC platform was set at 63°C for 30 min for amplification to yield consistent detectable products. Here, local minimum and maximum temperatures fluctuated from 63.50°C ± 0.05°C to 65.11°C ± 0.06°C at an average temperature of μT3=64.2°C for set 63°C (Figure 5C).
In LFB detection, a high concentration of label-specific analytes (the label-conjugated amplicons from the LAMP reaction) can cause a high dose hook effect on the lateral flow’s finite quantity of binding (anti-conjugate) sites (Ross et al., 2020; Ma et al., 2019). When the concentration of the labeled products surpassed the capacity of available binding sites without dilution, a reduction in the formation of signal sandwiches occurred, leading to false-negative results. Hence, the high dose hook effect is often compensated by dilution of the amplicons. Therefore, in the SPoC platform, the amplicons are diluted with chase buffer after the LAMP reaction before loaded onto the LFB to avoid false-negative results. On the other hand, false-positive results are avoided by minimizing cross-contamination issues and ensuring the heating unit syringe path is never open to the atmosphere. The contamination is prevented by never positioning the syringe pump’s valve to the open atmosphere and using a polyethylene frit filter at the syringe opening to block any aerosol contamination while not creating vacuum conditions during aspirate and dispense (Figure 5A). The single-use cartridge consumable (the syringe and the syringe valve connector) is completely disposed of in a biohazard bag after the run is complete. The cartridge consumable is replaced run-to-run.
SARS-CoV-2 spiked in saliva samples at 250, 500, 1000, and 2000 copies/mL was used to determine the limit of detection (LoD) for the two-target gene RT-LAMP LFB assay in the SPoC platform and the bench-top SOP control procedures (Figure 5D). 500 copies/mL was the established LoD for both procedures at which the target gene N2 (with the presence of ACTB) was amplified and detected on the LFB simultaneously. The LoD values are important for comparing different tests, where tests with high analytical sensitivity methods (such as RT-qPCR test) have LoD of ∼102–103 copies/mL compared to tests with low analytical sensitivity methods (such as antigen test) that have LoD of ∼105–107 copies/mL (Caruana et al., 2021; Cubas-Atienzar et al., 2021; Corman et al., 2021; Olearo et al., 2021). The viral load in patients with COVID-19 may vary significantly depending on several factors, including the stage of the infection, symptom severity, and the presence of different SARS-CoV-2 variants (Zheng et al., 2020; Han et al., 2020; Stankiewicz Karita et al., 2022). Multiple studies have found that in the early stage of the infection, patients suffering from COVID-19 may have a SARS-CoV-2 viral load as low as 103–105 copies/mL of saliva; therefore, a highly sensitive detection method is important in early detection of SARS-CoV-2 (Savela et al., 2022; Winnett et al., 2020; Kissler et al., 2021a; Kissler et al., 2021b). Testing the device with real patient saliva samples would be a critical milestone in determining the full capacity of the instrument.
The RT-LAMP method simplifies the workflow by bypassing the RNA isolation protocol and combining lysis, reverse transcription, and amplification steps. The reported results in LFB from amplification are easily read by visual inspection without requiring specialized analytical instruments such as a quantitative thermo-cycler. The SPoC platform utilized simple off-the-shelf syringes and valving consumables to automate the amplification and detection workflow. This module signified the possibility of adopting the lyophilized duplex RT-LAMP master mix with added proteinase K and primers of interest with LFB assay into an automated workflow using off-the-shelf parts without expensive detection equipment. Further simplification and miniaturization of the instrument and the assay can make the instrument truly PoC-friendly, promoting the decentralization of infectious disease diagnostics. The system is limited by its inability to quantify the amplified products in the LAMP reaction in real time or estimate the viral load from the sample. While the RT-LAMP master mix has been lyophilized and used in this study, the Proteinase K and the specific target primers were not lyophilized. However, cases of lyophilized mixes of amplification enzymes and primers are a common practice that can be utilized (Promega, 2024).
3 MATERIALS AND METHODS
3.1 RT-LAMP LFB assay design and workflow
Saliva samples were collected with the individual’s informed consent and were verified for SARS-CoV-2 negative through a routine Verily COVID-19 RT-PCR Test (Verily, San Francisco, CA). The viscosity of the collected saliva samples was measured using an AR2000 Rheometer (TA Instruments, New Castle, DE). The COVID-19 negative saliva samples were spiked at different 2-fold serial dilutions (250, 500, 1000, and 2000 copies per mL of saliva), concentrations with NATtrol SARS-CoV-2 Stock External Quality Control (ZeptoMatrix, Franklin, MA). Water-based samples were spiked with the SARS-CoV-2 control to detect the N2 target gene separately. At least 50 μL of saliva samples were treated with room temperature stable 20 mg/mL Proteinase K solution (Promega, Madison, WI) to a final concentration of 2.22 mg/mL (50 μL saliva +6.25 μL of 20 mg/mL Proteinase K). The saliva-Proteinase K sample mix was heat-treated using SimpliAmp Thermal Cycler (Applied Biosystems, Waltham, MA) set at 55°C and 95°C, 10 min each. The treated samples were mixed with a custom 2X 100 μL per pellet lyophilized WarmStart RT-LAMP Kit (New England Biolabs, Ipswich, MA), where a single pellet was used per 50 μL of saliva sample. The primers for the targeted genes N2 (region of nucleocapsid gene for SARS-CoV-2) and ACTB (Actin beta gene for humans) were previously designed and described by Zhang et al. (2020). (Zhang et al., 2020). The N2 gene primers set targeted the SARS-CoV-2 genome region between 29,136 and 29323 (GeneBank: MT007544.1), while the ACTB gene primers set targeted Homo sapiens actin beta sequence between 287 and 498 (NCBI Reference Sequence: NM_001101.5) (NCBI, 2020; NCBI, 2024). The primers were synthesized by Integrated DNA Technologies (IDT, Coralville, IA), as shown in Table 1. The stock RT-LAMP mix and the primers (2X) were mixed at a final concentration of 1X and were amplified at 63°C for 30 min in the SimpliAmp Thermal Cycler. The amplicons were diluted with 1X TE buffer (Promega, Madison, WI) as the chase buffer at 2 parts to 1 part of the amplicons. Finally, an LFB HybriDetect 2T (Milenia-Biotec, Gießen, Germany) was dipped into the final diluted amplicons.
3.2 Saliva measuring tube (SMT) fabrication and measurement
Custom SMT parts were designed using Fusion 360 (Autodesk, San Francisco, CA). The piercer had a thickness of 0.5 mm, an inner radius of 1.9mm, a height of 10.46 mm, and a cut angle of 20° between edges (Figure 4 B3). The outer lip of the piercer where the metering tube is placed was designed with a 7.35 mm radius at a thickness of 2 mm. The metering tube had a base diameter of 14.50, while the saliva metering zone had a height of 12.67 mm and an inner radius of 2.5 mm. The total height of the metering tube was 30.79 mm (Figure 4 B2). The straw for the mouthpiece part had a height of 21.88 mm with a thickness of 0.5 mm. The distance between the mouthpiece’s base and the straw’s end was 16.88 mm long. The mouthpiece opening had a diameter of 6.25 mm and a thickness of 1 mm (Figure 4 B1). The SMT was printed using a Form 3 3D printer (Formlabs, Somerville, MA) with BioMed Clear Resin (Formlabs, Somerville, MA). The SMT was assembled, and an Adhesive PCR Plate Foil (Thermo Scientific, Waltham, MA) was applied at the bottom of the metering tube. Gravimetric measurement by an LB-200-124e Analytical Balance (Cole-Palmer, Vernon Hills, IL) was used to measure the displaced saliva into a 5 mL tube. When used with the SPoC platform, the collected saliva samples were spiked in with SARS-CoV-2 Verification Panel Full Genome before the aluminum seal was pierced with the piercer on the SPoC platform.
3.3 Syringe-based PoC (SPoC) platform fabrication
The SPoC platforms’ consumables were assembled from 4x sterile 1 mL Luer Lock Syringe (Filtrous, Poway, CA), cut 1x sterile 10 mL Luer Lock Syringe (Filtrous, Poway, CA) where the SMT piercer sits, 1x 5-Gang Stopcock Manifold Female Luer Lock (QOSINA, Ronkonkoma, NY), and 3x 5.33 mm Standard Polyethylene Cone Filter (Transcat Pipettes, Milford, MA). From the left to the right end of the 5-gang stopcock valve, the syringes were leur locked in and encapsulated the 1 strip LFB, 850 μL chase buffer, 4 pellets of RT-LAMP, 25 μL of Proteinase K, and 200 μL primers mix, as shown in Figure 5A. The polyethylene frit filters were fitted into the three of the 1 mL syringes in place of the plungers, while the remaining 1 mL syringe was used with the plunger to drive the displacement of reagents, as shown in Figure 5B.
The heating unit of the SPoC instrument used 4x 10W 20R Metal Aluminum Chassis Mount Resistors (Riedon, Alhambra, CA) mounted to a 1 mL syringe-fit custom aluminum block, 2x at each side. The temperature was controlled using a thermocouple and amplifier (Sparkfun, Boulder, CO). 2x brushless fans were positioned behind the heat resistors (MA2506L12C; Mechatronics Fan Group, Preston, WA) to dissipate heat during cooling. The syringe valves and plungers were aligned and fitted to custom PLA 3D-printed parts (Creality, Shenzhen, China). The valves and syringe plunger were moved using a simple metal gear servo motor (MG995 and DS3218MG; Amazon, Seattle, WA). The sequence of liquid displacement and heating was controlled by a Mini Maestro 12-Channel USB Servo Controller (Pololu Robotics and Electronics, Las Vegas, NV). The script for the procedure was written by Pololu Control Center software. The temperature inside the syringe was measured with the thermocouple submerged in water during the heating and cooling steps. The measured temperatures were plotted using a custom Matlab script (MathWorks, Natick, MA). Comparison of statistical differences was analyzed using a two-way ANOVA test (Turkey comparison analysis) with R scripts (R Foundation for Statistical Computing, Vienna, Austria). Illustrations and comparison graphs were created with BioRender.com (BioRender, Toronto, Ontario, Canada).
4 CONCLUSION
This study successfully developed and validated a platform for an automated and user-friendly Point-of-Care (PoC) diagnostic system for detecting SARS-CoV-2 from saliva samples. The platform utilized a simplified lyophilized duplex RT-LAMP assay with an LFB reporter, providing several advantages over conventional RT-qPCR detection methods, such as the elimination of RNA isolation, rapid result visualization without specialized reporter equipment, easy self-administration with minimal user interaction, and using readily available consumables and components for building the instrument. A custom self-saliva collection tube Saliva Measuring Tube (SMT) ensured accurate and precise measurement of 200 μL saliva volume displacement to the Syringe-based PoC (SPoC) automated system. The SPoC system used off-the-shelf components, single-use syringes, and valves to handle sample processing, reagent mixing, and temperature controlling for the RT-LAMP LFB assay. The platform demonstrated a Limit of Detection (LoD) of 500 copies/mL SARS-CoV-2 detection sensitivity. The presented system provides the potential for a PoC testing system to detect viral infections.
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Sequence 5'-3'

N2 (region of nucleocapsid gene | F3 ACCAGGAACTAATCAGACAAG 21 04
for SARS-CoV-2)
B3 GACTTGATCTTTGAAATTTGGATCT 25 04
LE-FAM | FAM-GGGGGCAAATTGTGCAATTTG 21 1
LB CTTCGGGAACGTGGTTGACC 20 1
BIP CGCATTGGCATGGAAGTCACAATTTGATGGCACCTGTGTA 40 2
FIP- Biotin- 2 2
Biotin TTCCGAAGAACGCTGAAGCGGAACTGATTACAAACATTGGCC
ACTB (Actin beta gene for | F3 AGTACCCCATCGAGCACG 18 02
humans, Internal control)
B3 AGCCTGGATAGCAACGTACA 20 02
LE-FAM | FAM-TGTGGTGCCAGATTTTCTCCA 21 05
LB CGAGAAGATGACCCAGATCATGT 23 05
BIP CTGAACCCCAAGGCCAACCGGCTGGGGTGTTGAAGGTC 38 1
FIP-DIG | DIG-GAGCCACACGCAGCTCATTGTATCACCAACTGGGACGACA 40 1
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