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SUMMARY: 
Here, we present a protocol demonstrating RNA amplification lateral flow assay and evaluate the efficacy for rapidly detecting Neisseria gonorrhoeae, Chlamydia trachomatis, and Ureaplasma urealyticum. 

ABSTRACT: 
Neisseria gonorrhoeae (NG), Chlamydia trachomatis (CT), and Ureaplasma urealyticum (UU) are common pathogens associated with sexually transmitted diseases (STDs). NG is the causative agent of gonorrhea, which can result in various disorders of the genitourinary system, including epididymitis, prostatitis, cervicitis, and infertility. CT is a microorganism responsible for non-gonococcal urethritis and pelvic inflammatory disease. UU is associated with non-gonococcal urethritis, cervicitis, prostatitis, and infertility. Current molecular technologies for the analysis of NG, CT, and UU are often complex and time-consuming. Rapid molecular testing for these pathogens may facilitate the early diagnosis of STDs. The RNA amplification lateral flow assay (RGT) is a method that does not require nucleic acid extraction. In this process, samples are lysed to release nucleic acid fragments, which are then amplified through reverse transcription and transcription. The amplified RNA product is recognized and captured by specific probes, forming an RNA-detection probe-gold probe complex that can be immobilized on a nitrocellulose membrane via lateral flow to produce visible bands. The entire procedure takes less than 1 h. The aim of this study was to evaluate the efficacy of RGT for the rapid detection of NG, CT, and UU. A total of 1,416 samples were included. The consistency of NG, CT, and UU when analyzed by RGT compared to the polymerase chain reaction (PCR) fluorescence probing method was 99.03% (307/310), 99.38% (159/160), and 99.02% (303/306), respectively. The consistency of NG, CT, and UU when analyzed by RGT compared to gene sequencing was 99.17% (238/240), 98.95% (188/190), and 98.30% (173/176), respectively. Compared with the pathogen isolation culture method, the detection rates for NG, CT, and UU assays were 100.00% (9/9, 17/17, 8/8). The high sensitivity and specificity, ease of use, and reduced time requirements make this assay ideal for the rapid and accurate detection of NG, CT, and UU.

INTRODUCTION: 
[bookmark: OLE_LINK1]Sexually transmitted infections (STIs) represent significant global public health challenges, leading to serious genital and reproductive morbidity and mortality1. Neisseria gonorrhoeae (NG) is the causative agent of gonorrhea, with approximately 87 million new cases reported annually worldwide2. This pathogen primarily induces inflammation by invading the columnar epithelium of the urogenital tract3. Chlamydia trachomatis (CT), another microorganism, is responsible for non-gonococcal urethritis and pelvic infections, accounting for around 130 million new cases each year4. Ureaplasma urealyticum (UU), the simplest and smallest self-replicating cell, readily invades damaged cervical tissue and is associated with non-gonococcal urethritis, cervicitis, prostatitis, and infertility5. All of these infections are often asymptomatic in both female and male patients, yet they can lead to severe complications if not treated promptly. Maternal infections can result in serious adverse pregnancy outcomes, including stillbirth, miscarriage, preterm birth, and direct fetal infection6. Therefore, the development of a rapid, sensitive, specific, and user-friendly method for pathogen detection is of paramount importance.

Rapid and accurate detection of pathogens is critical for effective disease diagnosis and management. Traditional culture methods, which require the isolation, culture, and identification of pathogens, have significant disadvantages, including being time-consuming and having low sensitivity. Although gene sequencing boasts a high accuracy rate, it necessitates a complex environment and equipment, making it costly and also time-consuming. Conventional molecular technologies for the analysis of NG, CT, and UU have been widely accepted; however, these methods are often complicated and time-consuming, requiring sophisticated instrumentation, trained technicians, and extended processing times. Therefore, there is a pressing need for a simple and reliable molecular diagnostic method to address the limitations of conventional approaches. The RNA amplification lateral flow assay (RGT) offers a rapid, sensitive, and specific alternative without the need for complex procedures7,8. In this method, samples are directly lysed to release nucleic acid fragments without nucleic acid extraction, and these fragments are amplified through reverse transcription and transcription. The amplified RNA product is then recognized and captured by specific probes, forming an RNA-detection probe-gold probe complex, which can be immobilized on a nitrocellulose membrane via lateral flow to create visible bands9. The entire process takes less than 1 h, making it highly suitable for emergency laboratory tests. 

In this study, we recruited 1,416 samples to evaluate the use of RGT for the detection of NG, CT, and UU. Samples were analyzed using RGT, PCR fluorescence probing, gene sequencing, and pathogen isolation culture methods. The results indicated that the RGT method was accurate and consistent with conventional diagnostic methods. In conclusion, the high sensitivity and specificity, ease of use, and reduced time requirements make this assay ideal for the rapid and accurate detection of NG, CT, and UU, suggesting its promising application in the preliminary medical diagnosis of sexually transmitted diseases. 

PROTOCOL: 
This study was conducted in accordance with the ethical guidelines and approval granted by the Institutional Review Board of the First People's Hospital of Foshan, Guangdong Province, China. A total of 1,416 genital swab specimens (716 from female patients, 700 from male patients) were prospectively collected from individuals clinically suspected of STDs who had not undergone antibiotic therapy within the preceding 14 days (Supplementary Table 1). For each participant, paired swabs were obtained simultaneously and analyzed in parallel: one by the test method (RGT) and the other by reference method (PCR fluorescence probing, gene sequencing, and pathogen isolating culture, respectively). Inter-method agreement was quantified using Cohen's Kappa coefficient (κ), with interpretation guided by Landis and Koch's criteria.

NOTE: The assay protocol for CT and UU follows identical procedural steps to those described for NG, with modifications limited to pathogen-specific reagents. Detail reagent formulations are provided in step 2.1 (Supplementary Table 2, Supplementary Table 3, and Supplementary Table 4).

1. Sample collection

1.1. Applicable specimen type: Collect genital swabs (female cervical swab, male urethral swab).

1.2. Specimen collection

1.2.1. Insert the genital swab into the male urethral orifice for 2–3 cm or into the female cervical orifice for approximately 1– 2 cm.

1.2.2. Rotate once and hold for 10 s. 

1.2.3. Remove the swab and insert it into the collection tube containing 1 mL of normal saline.

1.2.4. Break off and discard the tail of the swab, then tighten the tube cap.

1.2.5. Record the collection time and conduct the test promptly.

1.3. Specimen storage and transportation

1.3.1. Transport specimens at room temperature (RT) within 4 h or at 2–8 °C with an ice pack within 24 h.

1.3.2. Store the remaining cell pellets of processed specimens at -20 °C for 3 months or -80 °C for up to 6 months if the tests cannot be conducted in a timely manner.

2. Preparation

2.1. Reagents

2.1.1. For reagents of NG nucleic acid assay, refer to Supplementary Table 2.

2.1.2. For reagents of CT nucleic acid assay, refer to Supplementary Table 3.

2.1.3. For reagents of UU nucleic acid assay, refer to Supplementary Table 4.

2.1.4. Storage: Store all reagents at temperatures ranging from -40 °C  to -15 °C and the detection cards at temperatures between 2 °C  and 30 °C.

NOTE: The amplification buffer and detection solution should be equilibrated to RT before use, based on the daily detection requirements. After reaching RT, they should be stored at 4 °C and can be used for the next detection. Avoid repeated freezing and thawing. The amplification enzyme should be stored at -20 °C except during the experimental process. An increase in storage temperature can lead to a decline or loss of enzyme activity.

2.2. Experimental environment requirements

2.2.1. Conduct the experiment in four physically separated zones: 

2.2.1.1. Reagent preparation area: Maintain at 22 ± 1°C with positive air pressure (High-efficiency particulate air (HEPA)-filtered airflow rate ≥ 0.3 m/s). Store pre-aliquoted reagents in UV-sterilized cabinets.

2.2.1.2. Sample preparation area: Perform all specimen handling in a Class II biological safety cabinet pre-treated with 70% ethanol.

2.2.1.3. Amplification area: Operate thermal cyclers on anti-vibration tables. 

2.2.1.4. Product analysis area: Use a UV-sterilized bench (30 min exposure pre/post use).

2.2.2. Regulate personnel and airflow in each section to prevent cross-contamination as follows:

2.2.2.1. Maintain unidirectional airflow from reagent preparation to product analysis zones.

2.2.2.2. Ensure negative pressure in the sample preparation area (-5 Pa relative to adjacent zones).

2.2.2.3. Restrict personnel movement; decontaminate gloves with 75% ethanol before zone transitions.

2.2.2.4. Install airlock doors with interlock systems (minimum 30 s delay between openings).

2.2.3. Use zone-specific consumables (e.g., centrifuge tubes, pipette tips, etc.) and discard consumables after a single use.

2.2.4. Maintain cleanliness and quality control:

2.2.4.1. Clean benches daily with 10% sodium hypochlorite followed by 75% ethanol or distilled water.

2.2.4.2. Validate consumable sterility via endotoxin testing (Limulus amebocyte lysate assay, <0.25 EU/mL).

2.2.4.3. Monitor air quality weekly using settle plates (Tryptic soy agar [TSA] agar, ≤5 colony-forming unit (CFU)/plate after 4 h exposure).

2.3. Personnel qualifications

2.3.1. Possess certificates or qualifications related to PCR technology to ensure the accuracy and reliability of this experiment.

3. Lyse the cells to extract RNA.

3.1. Specimen processing

3.1.1. Vortex the specimen collection tube at 2,600 times/min for 10 s to dislodge the cells from the swab head into the solution.

3.1.2. Transfer 1 mL of the solution to a 1.5 mL microcentrifuge tube using a calibrated pipette set to 1000 μL.

3.1.3. Centrifuge at 12,000 × g for 2 min at 25 °C.

3.1.4. Aspirate 950 μL of the supernatant without disturbing the pellet. Resuspend the pellets in 25 μL of residual solution by pipetting up and down 10 times using a 200 μL calibrated pipette set to 50 μL. 

3.2. Lysis of specimen and quality control materials

3.2.1. Pre-equilibrate cell lysis buffer and negative control at 25 °C for 15 min.

3.2.2. Centrifuge the quality control materials at 1000 × g for 10 s at 25 °C to ensure that all powders settle at the bottom of the tube.

3.2.3. Add 30 μL of lysis buffer to the quality control materials and 20 μL to the specimens. 

3.2.4. Incubate for 10 min at 25 °C. 

NOTE: When using the cell lysis buffer, it is essential to mix it thoroughly. Mix by pipetting 15 times (200 μL tip) and add both the particles and the liquid to the precipitate. Handle positive control in a UV-treated Class II biosafety cabinet followed by 10% sodium hypochlorite decontamination.

4. RNA isothermal amplification

4.1. Pre-equilibration of the amplification buffer

4.1.1. Thaw the amplification buffer and equilibrate at 25 °C ± 1 °C for 15 min.

4.2. Control setup

4.2.1. Include both positive and negative control in each experimental run.

4.3. Tube labeling

4.3.1. Label amplification tubes according to the number of specimens. 

4.4. Reaction assembly

4.4.1. Pipette 17 μL of amplification buffer into each tube using a calibrated 20 μL pipette.  Add 2 μL of the specimen or control lysate directly into the buffer droplet.

NOTE: Ensure the lysate enters the buffer without contacting the tube wall (briefly centrifuge at 500 × g for 5 s if necessary). Immediately cap tubes to prevent aerosol contamination.

4.5. Thermal activation

4.5.1. Incubate tubes in a preheated thermal cycler under the following program:
Step 1:  95 °C for 2 min (denaturation)
Step 2: 42 °C  for 2 min (primer annealing).

4.6. Enzymatic amplification

4.6.1. Add 1 μL of amplification enzyme to each tube and mix by flicking the tube 5 times followed by brief centrifugation (500 × g for 5 s). Transfer the tubes to a second preheated thermal cycler at 42 °C for 45 min immediately.

NOTE: Use separate incubators to avoid temperature fluctuations, one set to 95 °C and the other to 42 °C. For multi-sample runs, maintain the remaining amplification tubes at 42 °C  while adding the amplification enzyme to the last amplification tube.

5. Lateral flow assay

5.1. Detection solution pre-equilibration

5.1.1. Transfer the detection solution to the incubator at 42 °C  for 10 min.

5.2. Homogenization

5.2.1. Vortex the detection solution at 2,600 times/min for 15 s until the color is uniform.

5.3. Temperature maintenance

5.3.1. Keep the detection solution at 25 °C ± 2 °C for ≤30 min prior to use.

5.4. Reaction initiation

5.4.1. Add 30 μL of detection solution to each amplification tube using a calibrated 20–200 μL pipette.

NOTE: Pipette tip must contact the tube wall at a 45° angle during dispensing to prevent bubble formation.

5.5. Hybridization

5.5.1. Mix the solution by pipetting up and down 5 times and incubate in a preheated incubator at 53 °C  for 10 min.

5.6. Assay device preparation

5.6.1. Remove the detection cards from foil pouches.

NOTE: Avoid touching the sample application zone.

5.7. Sample application

5.7.1. Transfer the entire mixture to the specimen port of the detection card using a 20–200 μL pipette.

5.7.2.  Immediately place the detection card in a  42 °C incubator for 15 min. 

6. Result analysis

6.1. Controlled environment for readout

6.1.1. Maintain the detection cards in a preheated incubator at 53 °C during visual interpretation to stabilize signal intensity.

6.2. Visual interpretation protocol

6.2.1. Read the test results directly by visual inspection of the bands on the detection cards within 10–20 min.

NOTE: The result becomes invalid after 20 min.

6.3. For the interpretation matrix for RGT result interpretation, refer to Supplementary Table 5.

NOTE: Visual interpretation of the result is shown in Figure 1.

REPRESENTATIVE RESULTS:  
Consistency of the RGT and PCR fluorescence probing methods
A total of 310 samples were analyzed for NG, consisting of 161 females and 149 males. The positive coincidence rate was 98.78% (95% CI: 93.39%–99.97%), while the negative coincidence rate was 99.12% (95% CI: 96.87%–99.89%). The overall coincidence rate was 99.03% (95% CI: 97.20%–99.80%). The Kappa consistency value was 0.975 (95% CI: 0.947–1.003, Z = 17.171, P < 0.05) (Table 1). There were three samples with inconsistent results: one sample tested positive using the PCR fluorescence probing method but negative with RGT, and the gene sequencing review confirmed a negative result. Among the two samples that tested RGT-positive but PCR-negative, gene sequencing confirmed one true positive (RGT result concordant with sequencing) and one false positive (RGT-positive but sequencing-negative).

For the CT analysis, a total of 160 samples were included, consisting of 80 females and 80 males. The positive coincidence rate was 100.00% (95% CI: 93.02%–100.00%). The negative coincidence rate was 99.08% (95% CI: 94.99%–99.98%). The overall coincidence rate was 99.38% (95% CI: 96.57%–99.98%). The Kappa consistency value was 0.986 (95% CI: 0.958–1.014, Z = 12.469, P < 0.05) (Table 2). There was one sample with inconsistent results; it was negative according to the PCR fluorescence probing method but positive with the RGT. The gene sequencing review confirmed a negative result.


For UU, a total of 306 samples were analyzed, consisting of 154 females and 152 males. The positive coincidence rate was 98.25% (95% CI: 93.81%–99.79%), while the negative coincidence rate was 99.48% (95% CI: 97.13%–99.99%). The overall coincidence rate was 99.02% (95% CI: 97.16%–99.80%). The Kappa consistency value was 0.979 (95% CI: 0.955–1.003, Z = 17.129, P < 0.05) (Table 3). There were three samples with inconsistent results: two samples tested positive using the PCR fluorescence probing method but negative with the rapid diagnostic test (RGT). Gene sequencing revealed one of these samples as positive and the other as negative. Additionally, one sample was negative with the PCR fluorescence probing method but positive with the RGT, and gene sequencing confirmed this sample as positive.

Consistency of RGT and gene sequencing
A total of 240 samples were analyzed for NG, consisting of 121 females and 119 males. The positive coincidence rate was 98.57% (95% CI: 92.30%–99.96%), while the negative coincidence rate was 99.41% (95% CI: 96.77%–99.99%). The overall coincidence rate was 99.17% (95% CI: 97.02%–99.90%). The Kappa consistency value was 0.980 (95% CI: 0.952–1.008, Z = 15.180, P < 0.05) (Table 4). There were two samples with inconsistent results: one sample tested positive by gene sequencing but negative by RGT, and another sample tested negative by gene sequencing but positive by RGT.

For the CT analysis, a total of 190 samples were included, consisting of 95 females and 95 males. The positive coincidence rate was 100.00% (95% CI: 94.31%–99.81%). The negative coincidence rate was 98.43% (95% CI: 94.43%–99.81%). The overall coincidence rate was 98.95% (95% CI: 96.25%–99.87%). The Kappa consistency value was 0.976 (95% CI: 0.944–1.009, Z = 13.463, P < 0.05) (Table 5). There were 2 samples with inconsistent results; these samples were negative by gene sequencing but positive by RGT.

For UU, a total of 176 samples were analyzed, consisting of 90 females and 86 males. The positive coincidence rate was 98.70% (95% CI: 92.98%–99.97%). The negative coincidence rate was 97.98% (95% CI: 92.89%–99.75%). The overall coincidence rate was 98.30% (95% CI: 95.10%–99.65%). The Kappa consistency value was 0.965 (95% CI: 0.927–1.004, Z = 12.809, P < 0.05) (Table 6). There were three samples with inconsistent results: one sample was positive by gene sequencing but negative by RGT, while two samples were negative by gene sequencing but positive by RGT.

Consistency of RGT and pathogen isolating culture method
A total of 34 positive samples were analyzed regarding the consistency between the RGT and the pathogen isolation culture method, consisting of 17 females and 17 males. RGT detected 9 cases of NG positive, 17 cases of CT positive, and 8 cases of UU positive, with all positive rates reaching 100.00%.

FIGURE AND TABLE LEGENDS:
Figure 1: Interpretation criteria for lateral flow assay results. (A,B) A valid positive result is defined by the presence of bands on both the Control line (C) and Test line (T), irrespective of the visibility of the Internal Control line (N). (B) The absence of an N-line band with a visible T-line may indicate competitive inhibition of 18S rRNA amplification due to high target RNA concentrations. (C) A valid negative result requires concurrent visibility of bands on the C-line and N-line, with no T-line signal. (D–H) Invalid results: (D, E, G, H) Complete absence of the C-line band, regardless of N/T-line visibility. (F) The presence of a C-line band with the simultaneous absence of both N-line and T-line signals suggests specimen contamination with amplification inhibitors or improper collection/storage.

Table 1: Comparative analysis of Neisseria gonorrhoeae (NG) detection between RNA amplification lateral flow assay (RGT) and PCR fluorescence probing (n = 310). Definition of positivity: RGT: Visible band on both Control (C) and Test (T) lines; PCR: Cycle threshold (Ct) <35.0 with S-shaped amplification curve. Statistical analysis: Sensitivity: 98.78% (81/82, 95% CI: 93.39–99.97%); Specificity: 99.12% (226/228, 95% CI: 96.87–99.89%); Cohen's Kappa (κ): 0.975 (95% CI: 0.947–1.003), indicating excellent agreement (Landis & Koch criteria: κ >0.80). Error reporting: Confidence intervals calculated using the Wilson score method.

Table 2: Comparative analysis of Chlamydia trachomatis (CT) detection between RNA amplification lateral flow assay (RGT) and PCR fluorescence probing (n = 160). Definition of positivity: RGT: Visible band on both Control (C) and Test (T) lines; PCR: Cycle threshold (Ct) <35.0 with S-shaped amplification curve. Statistical analysis: Sensitivity: 100.00% (51/51, 95% CI: 93.02–100.00%); Specificity: 99.08% (108/109, 95% CI: 94.99–99.98%); Cohen's Kappa (κ): 0.986 (95% CI: 0.958–1.014), indicating excellent agreement (Landis & Koch criteria: κ >0.80). Error reporting: Confidence intervals calculated using the Wilson score method.

Table 3: Comparative analysis of Ureaplasma urealyticum (UU) detection between RNA amplification lateral flow assay (RGT) and PCR fluorescence probing (n = 306). Definition of positivity: RGT: Visible band on both Control (C) and Test (T) lines; PCR: Cycle threshold (Ct) <35.0 with S-shaped amplification curve. Statistical analysis: Sensitivity: 98.25% (112/114, 95% CI: 93.81–99.79%); Specificity: 99.48% (191/192, 95% CI: 97.13–99.99%); Cohen's Kappa (κ): 0.979 (95% CI: 0.955–1.003), indicating excellent agreement (Landis & Koch criteria: κ >0.80). Error reporting: Confidence intervals calculated using the Wilson score method.

Table 4: Comparative analysis of Neisseria gonorrhoeae (NG) detection between RNA amplification lateral flow assay (RGT) and gene sequencing (n = 240). Definition of positivity: RGT: Visible band on both Control (C) and Test (T) lines; PCR: Cycle threshold (Ct) <35.0 with S-shaped amplification curve. Statistical analysis: Sensitivity: 98.57% (69/70, 95% CI: 92.30–99.96%); Specificity: 99.41% (169/170, 95% CI: 96.77–99.99%); Cohen's Kappa (κ): 0.980(95% CI: 0.952–1.008), indicating excellent agreement (Landis & Koch criteria: κ >0.80). Error reporting: Confidence intervals calculated using the Wilson score method.

Table 5: Comparative analysis of Chlamydia trachomatis (CT) detection between RNA amplification lateral flow assay (RGT) and gene sequencing (n = 190). Definition of positivity: RGT: Visible band on both Control (C) and Test (T) lines; PCR: Cycle threshold (Ct) <35.0 with S-shaped amplification curve. Statistical analysis: Sensitivity: 100.00% (63/63, 95% CI: 94.31–100.00%); Specificity: 98.43% (125/127, 95% CI: 94.43–99.81%); Cohen's Kappa (κ): 0.976 (95% CI: 0.944–1.009), indicating excellent agreement (Landis & Koch criteria: κ >0.80). Error reporting: Confidence intervals calculated using the Wilson score method.

Table 6: Comparative analysis of Ureaplasma urealyticum (UU) detection between RNA amplification lateral flow assay (RGT) and gene sequencing (n = 176). Definition of positivity: RGT: Visible band on both Control (C) and Test (T) lines; PCR: Cycle threshold (Ct) <35.0 with S-shaped amplification curve. Statistical analysis: Sensitivity: 98.70% (76/77, 95% CI: 92.98–99.97%); Specificity: 97.98% (97/99, 95% CI: 92.89–99.75%); Cohen's Kappa (κ): 0.965 (95% CI: 0.927–1.004), indicating excellent agreement (Landis & Koch criteria: κ >0.80). Error reporting: Confidence intervals calculated using the Wilson score method.

Supplementary Table 1: Distribution of clinical samples analyzed by RNA amplification lateral flow assay (RGT) compared to reference methods, stratified by pathogen and sex. Abbreviations: RGT: RNA amplification lateral flow assay; NG: Neisseria gonorrhoeae; CT: Chlamydia trachomatis; UU: Ureaplasma urealyticum. Sample criteria: All specimens were collected from patients clinically suspected of sexually transmitted infections (STIs) who had not received antibiotic therapy within 14 days prior to sampling. Sex distribution: Female: 50.6% (716/1,416); Male: 49.4% (700/1,416). Reference method details: PCR positivity threshold: Cycle threshold (Ct) <35.0. Pathogen isolation culture: Performed adherence to the specified culture protocols or guidelines for distinct pathogens.

Supplementary Table 2: Reagents of NG nucleic acid assay

Supplementary Table 3: Reagents of CT nucleic acid assay.

Supplementary Table 4: Reagents of UU nucleic acid assay.

Supplementary Table 5: Interpretation matrix for RGT result interpretation. C-line: Nitrocellulose-immobilized IgG control; N-line: 18S rRNA internal control probe; T-line: Pathogen-specific RNA detection probe; +: Visible band; -: No band.

DISCUSSION: 
In this study, RGT was employed to detect STI pathogens, including NG, CT, and UU. When performed under stringent operational protocols, the RGT assay demonstrated strong concordance with established diagnostic methods such as PCR fluorescence probing, gene sequencing, and pathogen isolation culture techniques. The sensitivity and specificity of the RGT assay were comparable to or exceeded those of previously reported methodologies, as evidenced by comparative analyses with established benchmarks10,11.

The reliability of the RGT methodology hinges on several critical protocol steps. Sample homogenization must be performed at 2,600 times/min for 10 s to ensure complete cell detachment from swabs. Proper homogenization of the amplification buffer and detection solution through gentle agitation followed by prompt centrifugation is essential to achieve homogeneity and prevent diminished amplification efficiency. The introduction of air bubbles during reagent transfer must be meticulously avoided, as such artifacts may compromise reaction reproducibility. Owing to the minimal volumetric requirement (1 µL), precise pipetting of the amplification enzyme using low-retention tips to the microchip's reaction chamber is imperative to ensure optimal substrate contact. Furthermore, the presence of persistent insoluble particulate matter within the detection solution post-reconstitution necessitates reagent discard, as residual precipitates may interfere with optical readouts or reaction kinetics.

For the RGT assay, pathogens are capable of semi-quantitative detection of pathogens. The detection limitations of NG, CT, and UU for this assay are 1 × 10³ CFU/mL, 1 × 10³ infectious units [IFU]/mL, and 1 × 10⁴ color-changing units [CCU]/mL, respectively. For samples with extremely low concentrations, the detection rate of RGT assay may be lower compared to some highly sensitive molecular technologies12,13.

The RGT method demonstrates distinct advantages relative to established and emerging diagnostic platforms. Compared to PCR and nucleic acid amplification tests (NAATs), which remain benchmark methodologies for sensitivity and quantitative precision, RGT circumvents dependencies on thermocycling equipment, purified nucleic acid templates, and specialized technical expertise. This enables its application in resource-limited settings, as the method operates efficiently under low-temperature isothermal conditions (37–42 °C) and tolerates crude sample inputs, such as direct clinical swab extracts, thereby facilitating rapid diagnostics in decentralized clinical or field environments10,14. Such operational flexibility positions RGT as a pragmatic alternative for regions lacking access to conventional NAAT infrastructure15. 

Traditional culture-based approaches for pathogens like NG and CT, while historically foundational, are constrained by prolonged incubation periods (3–7 days) and variable sensitivity. In contrast, RGT delivers results within <2 h while preserving diagnostic specificity comparable to culture methods11. Emerging CRISPR-based diagnostic platforms, despite their high specificity, frequently require labor-intensive pre-amplification steps16,17. RGT addresses this limitation by consolidating nucleic acid amplification and detection within a unified microfluidic system, significantly reducing procedural complexity and manual handling. The results of this study also indicate that RGT was a rapid, sensitive, and specific method for NG, CT, and UU detection. Collectively, these attributes position RGT as a hybrid solution bridging the gap between low-sensitivity rapid assays and high-complexity molecular techniques, effectively addressing unmet needs in scenarios requiring both rapid turnaround and analytical rigor.

NAAT methods targeting microbial DNA or RNA in clinical specimens are currently regarded as the gold standard for diagnosing numerous STIs18. Molecular biology testing primarily encompasses two major categories: DNA and RNA. In this study, the RGT method was employed to detect RNA in reproductive tract samples, which leveraged the inherent advantages of RNA-based detection. Given the presence of multiple RNA copies in non-viral pathogenic microbial cells, this technique demonstrates superior sensitivity and accuracy compared to DNA-targeted PCR and other conventional methods19. The RGT method is applicable to various sample types, including urine specimens, and exhibits excellent consistency across samples obtained from different anatomical sites. In male patients, studies have demonstrated nearly perfect agreement between urine and urethral swab results using this method20. Furthermore, since RNA is exclusively present in viable pathogenic microorganisms21, RNA-based testing provides more timely and clinically relevant data for therapeutic efficacy evaluation compared to DNA testing, thereby aligning with the principles of precision medicine. 

Consequently, the RGT methodology demonstrates substantial potential for resolving pivotal challenges in diverse healthcare and research applications. This innovative approach offers significant advantages in clinical diagnostics and therapeutic monitoring, particularly through its capacity to detect viable pathogens with enhanced sensitivity and specificity and its adaptability to various biological specimens, which positions it as a valuable tool for advancing precision medicine initiatives. 
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