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          The COVID-19 pandemic underscored the urgent need for rapid identification and isolation of infected individuals, thereby accelerating the demand for on-site virus detection technologies. Although polymerase chain reaction (PCR) remains the “gold standard” for viral diagnostics, its dependence on bulky instrumentation, trained personnel, and lengthy processing times limits its applicability in on-site and point-of-care testing (POCT) settings, where speed and simplicity are paramount. To overcome these challenges, loop-mediated isothermal amplification (LAMP) has emerged as a promising alternative, enabling rapid nucleic acid amplification under isothermal conditions. However, conventional tube-based LAMP still involves manual operations such as reagent mixing and sample handling, which restrict its usability outside of laboratory environments. Consequently, the development of integrated LAMP platforms capable of performing sample preparation, amplification, and detection in a streamlined and automated manner, delivering rapid results, has become a critical goal for on-site virus detection. In this review, we highlight recent advances in on-site LAMP-based virus detection platforms employing paper, microfluidics, and hydrogels. Furthermore, we discuss current technical limitations, perspectives, and future directions, including automation, multiplexing, and machine learning (ML)-assisted readouts.
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      1. INTRODUCTION
      Viruses are non-cellular pathogens that cannot replicate independently and must rely on host cells for propagation. This biological characteristic leads to high mutation rates and rapid transmission, which can accelerate the spread of infectious diseases [1,2]. Therefore, the early and rapid detection of viral infections is regarded as a key strategy for the public health response and containment of outbreaks [3-5]. The 2020 SARS-CoV-2 outbreak further emphasized the need for prompt and early diagnostics, clearly revealing the time-consuming limitations of conventional laboratory-based molecular diagnostics [6-8]. During the spread of the Delta variant in 2020, some countries experienced turnaround times for polymerase chain reaction (PCR) results exceeding 72 hours, effectively paralyzing their public health systems [3,9]. This issue highlighted the critical importance of reducing diagnostic time for timely epidemic control.

      Two primary strategies can be employed to shorten the diagnostic time: (1) reducing the duration of the detection process itself, and (2) minimizing sample transportation by enabling testing directly at the on-site diagnostics. PCR, the current “gold standard” in molecular diagnostics, has been widely used to detect viral infections because of its high specificity and sensitivity [10,11]. However, PCR requires repeated thermal cycling, necessitating complex instrumentation for precise temperature control, and typically requires more than two hours to yield results [12]. In addition, the relatively complex procedures require trained personnel, and inadequate handling can compromise both accuracy and reproducibility [13]. These constraints make PCR less suitable for use outside specialized laboratories, particularly in point-of-care testing (POCT) or on-site diagnostic settings.

      Loop-mediated isothermal amplification (LAMP) has attracted considerable attention as a promising alternative to overcome these limitations. LAMP enables rapid nucleic acid amplification (< 30 min) under constant temperature (approximately 65°C) using simple heating devices instead of thermocyclers [14,15]. Amplified products can be detected through color changes or fluorescence signals, allowing visual inspection or smartphone-based readout [16-18]. Owing to its simplicity and efficiency, LAMP offers a more intuitive diagnostic approach than PCR.

      Nevertheless, early implementations of tube-based LAMP still involved manual reagent preparation and sample handling, which limited its direct application in field environments. In response, recent developments have focused on creating integrated LAMP platforms that can handle sample preparation, amplification, and result interpretation within a single device [19,20]. These platforms offer high precision, portability, and ease of use, rendering them suitable for real-time virus detection in diverse settings. By combining rapid amplification with on-site diagnostics, these systems eliminate the need for sample transport and significantly reduce total diagnostic time.

      This review provides a comprehensive analysis of LAMP for on-site virus detection. We compared the fundamental principles of LAMP and PCR to establish a scientific rationale for the adoption of isothermal amplification in point-of-care diagnostics. We also examined on-site LAMP platforms based on paper, microfluidics, and hydrogels, emphasizing their structural designs, operational mechanisms, and practical applications. Each platform was assessed for its advantages, limitations, and key technical challenges. Finally, future directions are discussed, including machine learning (ML)-assisted signal interpretation, automated reaction workflows, multiplexed assays, and improved adaptability to diverse field conditions.

    

    

  
    
      2. PRINCIPLES OF LAMP AND ITS COMPARISON WITH PCR FOR ON-SITE DIAGNOSTICS
      
        2.1. Principles of LAMP
        LAMP is a nucleic acid amplification technique first introduced by Notomi et al. in 2000 [21]. LAMP employs four to six primers that specifically recognize distinct regions of a target gene, enabling highly selective amplification. The LAMP reaction proceeds in two main stages: the formation of a dumbbell-like structure and subsequent cyclic amplification (Fig. 1).

        
          
          

          Fig. 1. 
				
          

          
            Schematic of the LAMP principle. The reaction consists of (1) dumbbell-shaped DNA structure formation, and (2) cyclic amplification through repeated primer binding and elongation under isothermal conditions. The suffix “c” in sequence labels (e.g., F1c, B2c) indicates the complementary strand.
          
          

          

        

        In the initial stage, the strong strand displacement activity of the Bst polymerase allows the separation of double-stranded DNA into single strands without the need for thermal denaturation. The front inner primer (FIP) binds to the upstream region of the single-stranded DNA at the 3' end and initiates polymerization. Simultaneously, the front outer primer (F3) binds downstream of the FIP-binding site, generating a new double-stranded region. This binding displaces the FIP-initiated strand by a strand-displacement mechanism. The displaced strand is designed so that its 5' region contains a sequence complementary to part of the FIP, allowing it to form a self-hybridized loop structure. The backward inner and outer primers (BIP and B3) function similarly, resulting in the formation of a characteristic dumbbell-shaped DNA structure.

        In the amplification stage, the dumbbell structure, with its open 3' end, repeatedly opens and reforms loops during synthesis. These loop regions continuously expose primer-binding sites, facilitating exponential amplification. The inclusion of loop primers (LF and LB) further enhances efficiency by providing additional initiation points within the loop regions. Together with the strand displacement activity of the Bst polymerase, this architecture drives a rapid and continuous amplification process that exponentially increases the target DNA concentration.

        LAMP achieves high sequence specificity using four to six primers that collectively recognize six to eight distinct sites on the target gene. Single-base mismatches can inhibit amplification, thereby ensuring high fidelity. Furthermore, its unique loop-driven, non-cyclic amplification mechanism enables the rapid accumulation of amplified products, allowing for the detection of extremely low levels of nucleic acid targets. These structural and functional features make LAMP a powerful molecular diagnostic technique capable of high-sensitivity analysis without the need for complex thermal cycling equipment.

      

      
        2.2. PCR and LAMP in POCT Applications
        LAMP differs markedly from conventional PCR in several aspects, including diagnostic principles, reaction speed, equipment requirements, and analytical methods (Table 1). In this section, we compare these two technologies from the perspective of their applicability to on-site platforms.

        
          Table 1. 
				
          

          
            Comparison between PCR and LAMP
          
          

        

        
          
            
              	
              	PCR
              	LAMP
            

          
          
            	Amplification mechanism
            	Thermal cycling amplification
            	Cyclic isothermal amplification
          

          
            	Operating temperature
            	Multiple steps (95, 40–60, 72℃)
            	Constant (60–5℃)
          

          
            	Reaction time
            	> 2 h
            	< 30 min
          

          
            	Detection method
            	Fluorescence, gel electrophoresis
            	Colorimetric, fluorescence, and turbidity
          

          
            	Result type
            	Quantitative (e.g., Ct values)
            	Qualitative or semi-quantitative (e.g., colorimetric readout)
          

          
            	Suitability for POCT
            	Low
            	High
          

          
            	Limitations
            	High instrumentation cost, requires controlled laboratory environment
            	Reagent stability issues, subjective interpretation of colorimetric results
          

        

        

        PCR relies on the cyclic repetition of three steps (denaturation, annealing, and extension), each of which requires distinct temperature conditions (approximately 95, 40–60, and 72°C, respectively) [22]. This process enables the amplification of trace amounts of the target nucleic acids within approximately 2 h, thereby providing relatively high sensitivity and specificity. Nevertheless, PCR exhibits limitations in terms of the reliable detection of targets present at extremely low concentrations. Although digital droplet PCR (ddPCR) allows the detection of ultralow concentrations, it is still challenging to implement outside laboratory environments [23]. Moreover, both the PCR and ddPCR platforms require stable power supplies and rely on bulky, high-cost instrumentation, which makes portable or on-site operations highly impractical. Consequently, PCR-based diagnostics must be performed in centralized laboratories and typically require at least 12 h for sample transportation, preprocessing, and result reporting (Fig. 2) [24].

        
          
          

          Fig. 2. 
				
          

          
            Schematic illustration of virus detection workflows using PCR, conventional LAMP, and on-site LAMP platforms. The figure compares the sample delivery, amplification, and result reporting steps across the three approaches. Both PCR and conventional LAMP require centralized laboratory processing, resulting in longer turnaround times of 12 h or more for PCR and at least 6 h for conventional LAMP.	In contrast, on-site LAMP platforms based on paper, microfluidic, or hydrogel enable decentralized testing and significantly reduce the overall detection time to approximately 50 min.
          
          

          

        

        In contrast, LAMP operates at a constant temperature of 60–65°C and does not require thermal cycling. The reaction can be performed using a simple heating device, making LAMP far less dependent on specialized instrumentation. This feature reduces the total diagnostic time to 30–50 min. Unlike PCR, which uses two primers (forward and reverse), LAMP employs four to six primers that recognize multiple distinct regions within the target gene. This multisite recognition reduces the likelihood of nonspecific amplification and contributes to its high specificity [21].

        The two methods also differ significantly in terms of amplification yield and detection modality. PCR typically achieves exponential amplification, with product quantities doubling in each cycle, and requires specialized analytical tools such as fluorescent probes or electrophoresis for detection. Therefore, it is well-suited for quantitative analysis. In contrast, LAMP generates large amounts of DNA through a cyclic amplification mechanism within a short timeframe. During the reaction, pyrophosphate is produced as a byproduct and reacts with magnesium ions (Mg2+) to form a visible white precipitate of magnesium pyrophosphate (Mg2P2O7), allowing for a direct visual readout [25]. In addition to turbidity-based detection, various colorimetric and fluorescence-based approaches utilize changes in pH, Mg2+ concentration, or dye interactions [26-29]. These intuitive readout methods are optimal for qualitative analysis and are particularly advantageous in POCT scenarios where access to analytical equipment may be limited.

        Despite these advantages, conventional LAMP technologies have several limitations that hinder their direct application in the field. In current workflows, sample preprocessing is typically performed separately from amplification, and often requires additional equipment and trained personnel. This separation not only increases the overall turnaround time but also increases the risk of sample degradation or contamination during transport to centralized laboratories. Consequently, although faster than PCR, conventional LAMP-based diagnostics still require several hours, including sample handling, transport, and preprocessing, which typically take up to six hours of total diagnostic time (Fig. 2) [30].

        To overcome these limitations, portable LAMP systems that integrate sample preparation, amplification, and interpretation of results on a single platform have been developed. Recent efforts have focused on implementing LAMP on platforms such as paper, microfluidic systems, and hydrogels. These platforms aim to streamline the entire diagnostic workflow for use outside laboratory settings, offering a significant time advantage by delivering results in less than 50 min compared to the hours required by conventional methods (Fig. 2) [31,32]. On-site LAMP technologies are currently being actively explored as viable alternatives to address the practical constraints of conventional LAMP, bringing the method closer to true field-ready diagnostics.

      

    

    

  
    
      3. RECENT TECHNOLOGICAL ADVANCES IN ON-SITE LAMP FOR VIRAL DIAGNOSTICS
      In recent years, various on-site LAMP technologies have been actively developed, and their implementation strategies can be broadly categorized according to the platforms employed. These include (1) paper-, (2) microfluidic-, and (3) hydrogel-based platforms. Each platform exhibits distinct reaction mechanisms and structural designs, depending on the physicochemical properties of the underlying materials or components. This section provides a comparative analysis of the advantages, limitations, and practical considerations of these technologies for viral diagnostics.

      
        3.1. Paper-Based LAMP
        Paper has gained significant attention as a substrate for POCT platforms because of its light weight, low cost, ease of disposal, and environmental friendliness compared to other materials [33-36]. In particular, its ability to store reagents in a dried, immobilized form facilitates long-term storage and field deployment, reducing the dependence on user expertise during operation [37]. These advantages have led to extensive research on paper-based on-site and POCT platforms, most notably, the lateral flow assay (LFA), which has been commercialized for the self-diagnosis of COVID-19 [38-40].

        However, conventional LFA systems have limited sensitivity, which makes it difficult to detect viruses during the early stages of infection [41]. To address this limitation, several strategies have been proposed that combine LAMP with LFA-based signal readout [42-45]. For example, Witkowska McConnell et al. developed a system in which the LAMP primers FLP and BLP were labeled with biotin and FITC, respectively (Fig. 3 (a)) [42]. The resulting LAMP amplicons were captured using antibodies and visually detected using an LFA strip. Batule et al. demonstrated a method in which the amplified product was eluted and detected using a double-stranded DNA-binding LFA structure, enabling visual interpretation of the results [43]. Seok et al. further advanced this approach, integrating the LAMP and LFA steps into a fully unified one-step platform, eliminating the need for separate processes [44].
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            Representative examples of the paper-based LAMP platform.	(a) Schematic of LFA-LAMP endpoint detection with dual-labeled primers for visual readout. Adapted from Ref. [42].	(b) Multiplexed paper device for wastewater SARS-CoV-2 detection using CRISPR-Cas12a and RT-LAMP. Adapted from Ref. [47].
          
          

          

        

        In addition, several systems have been developed in which the LAMP reaction is performed directly on paper substrates, with detection achieved using colorimetric or fluorescence-based signals within a single device [46-49]. Nguyen et al. designed a rotary paper-based device combining RT-LAMP with the food dye carmoisine [46]. This system allows multiplexed visual detection of SARS-CoV-2 and other pathogens through color changes in compartmentalized vertical chambers, making it suitable for use in low-resource field settings. These devices integrate reaction and detection zones into a single paper structure, enabling simplified fabrication, reduced manufacturing costs, and streamlined workflows from sample loading to result interpretation.

        Taking the approach further, Cao et al. introduced a CRISPR-Cas12a system into a paper-based LAMP platform to address the issue of nonspecific amplification (Fig. 3 (b)) [47]. Their device detected SARS-CoV-2 N, E, and S genes in wastewater samples, with a limit of detection ranging from 0 to 310 copies/mL. The system demonstrated a sensitivity of 97.7% and semiquantitative accuracy of 82%. Moreover, the entire process, from sample collection to interpretation, was completed within 2 h without the need for complex equipment. The inclusion of Cas12a enabled the specific recognition of the amplified target sequence, thereby reducing false positives and improving both sensitivity and specificity. This platform is a strong example of a fully integrated field-deployable diagnostic system that combines practicality and broad applicability to various pathogens.

      

      
        3.2. Microfluidic-Based LAMP
        Microfluidic diagnostic platforms, which utilize microfluidic channels to perform precise biochemical reactions with small sample volumes, have been widely applied across various biological and analytical fields [50-52]. These systems are particularly well-suited for integration with LAMP technology, because they enable precise control over key processes such as reagent mixing, droplet generation, sample concentration, and temperature regulation. Given the complexity of LAMP, which involves multiple reagents and requires isothermal amplification under tightly controlled conditions, microfluidic platforms offer structural advantages for achieving consistent reaction performance.

        Microfluidic chips not only provide accurate thermal and fluidic control, but also enable the integration of the entire diagnostic workflow, including sample preprocessing, amplification, and signal readout, within a single device. This feature allows for the development of fully automated diagnostic systems that follow a sample-in, answer-out format. Additionally, microfluidic platforms can be readily adapted for multiplexing by modifying the channel designs, allowing for the simultaneous detection of multiple targets. For example, Suarez et al. developed a LAMP-based microfluidic chip capable of detecting Influenza A, Influenza B, and SARS-CoV-2 simultaneously (Fig. 4 (a)) [53]. By sharing temperature regulation and fluorescence detection modules across channels, the system achieved limits of detection of 89 RNA copies for Influenza A, 245 for Influenza B, and 38 for SARS-CoV-2, with analysis times of less than 48 min and 100% specificity.

        
          
          

          Fig. 4. 
				
          

          
            Representative examples of the microfluidic-based LAMP platform. (a) Rotary microfluidic disc integrating chambered LAMP detection for respiratory viruses including SARS-CoV-2 and influenza. Adapted from Ref. [53]. (b) Digital droplet LAMP system enabling semi-quantitative multiplex detection and classification of targets based on precipitate intensity. Adapted from Ref. [57].
          
          

          

        

        Other studies have reported similar results. Xie et al. integrated a colorimetric LAMP reaction into a digital microfluidic system, enabling visual signal readout on a smartphone for simple, field-friendly diagnostics [54]. Zhou et al. developed a microfluidic LAMP chip for the detection of porcine coronaviruses, utilizing a CD-shaped device design that allowed multiplexed analysis of multiple pathogens [55].

        Recently, droplet microfluidics has been employed to implement digital LAMP [56,57]. Jin et al. proposed the StratoLAMP platform, which compartmentalizes individual LAMP reactions into hundreds of thousands of microdroplets, and enables dual-target quantification through visual signal stratification based on Mg2P2O7 precipitation (Fig. 4 (b)) [57]. The system achieved 94.3% accuracy using a deep-learning algorithm for object recognition and provided label-free quantification without relying on fluorescence. By adjusting the primer concentrations, the amount of precipitate in each droplet could be modulated, enabling the simultaneous quantification of two different targets. This approach shows great promise for on-site virus detection, which requires high sensitivity, high precision, and label-free detection.

        However, despite these advantages, microfluidic LAMP systems have several limitations. The fabrication of microfluidic chips typically requires high-precision manufacturing techniques that increase the production complexity and cost relative to paper-based platforms. In many cases, external components such as pumps, valves, and thermal controllers are required, which can hinder portability and ease of use in on-site virus detection. To enhance the practicality of microfluidic LAMP systems for on-site diagnostics, further development is required to simplify the device architecture and enable cost-effective fabrication of disposable components [58].

      

      
        3.3. Hydrogel-Based LAMP
        Hydrogels are composed of three-dimensional polymer networks containing large amounts of water and are widely used in various biological analysis systems because of their high water retention capacity, diffusion control ability, and biocompatibility [59-61]. The semi-solid nature of hydrogels provides mechanical resilience and chemical stability, allowing them to maintain their reaction components even under temperature fluctuations and pH changes during amplification. These properties enable the stabilization of biomolecules, such as enzymes and primers, for extended periods without refrigeration, which enhances the applicability of hydrogel systems in resource-limited on-site virus detection. In addition, hydrogels can be easily shaped using injection or printing methods, making them suitable for use in miniaturized diagnostic devices.

        The performance of LAMP reactions is strongly influenced by uniform reagent mixing and diffusion control. Hydrogels meet these criteria by providing a structurally compatible medium that can physically entrap primers, enzymes, and deoxynucleotide triphosphates, thereby improving the reaction stability and reproducibility. Furthermore, the local confinement of amplification products within the hydrogel matrices minimizes signal leakage and effectively suppresses nonspecific background noise, which is often observed in solution-phase reactions. These features suggest that hydrogels can function not only as passive reaction matrices, but also as compartmentalized structures suitable for digital LAMP applications.

        By exploiting these physical and chemical properties, several hydrogel-based LAMP platforms have been developed in recent years [62-66]. Wang et al. developed an in situ singlecell HPV DNA detection system using a PEG-acrylate hydrogel matrix (Fig. 5 (a)) [62]. This platform was designed to analyze approximately 1,000 cervical cancer cells in parallel. By performing LAMP reactions within the hydrogel, HPV DNA from individual cells can be detected visually. The assay requires only a hotplate for temperature maintenance and a smartphone for readout, thus completing the entire analysis within 30 min. The system demonstrated perfect agreement with quantitative PCR (AUC = 1.00) of 40 clinical samples, confirming its clinical utility.

        
          
          

          Fig. 5. 
				
          

          
            Representative examples for hydrogel-based LAMP. (a) A large-scale in situ hydrogel-LAMP assay enabling single-cell HPV DNA detection in cervical exfoliated cells using only a hotplate and smartphone. Adapted from Ref. [62]. (b) Nanoconfined LAMP within a polyacrylamide hydrogel matrix enables label-free digital detection by visible Mg2P2O7 colonies, supporting smartphone-based quantification. Adapted from Ref. [65].
          
          

          

        

        Fang et al. developed a nanoconfined digital LAMP platform based on polyacrylamide hydrogels (Fig. 5 (b)) [65]. In this system, the LAMP reaction occurs within ionic polymer hydrogels, allowing for the visual detection of Mg2P2O7, a byproduct of amplification, within individual compartments. The nanoconfined structure of the hydrogel enhanced reaction kinetics and increased light scattering from the Mg2P2O7 particles, enabling the visualization of white colony-like spots without the need for fluorescent labeling. These spots were quantified using smartphone imaging coupled with deep-learning-based image analysis, achieving a counting accuracy of 94.3%. These results demonstrate that high-sensitivity, high-precision, and label-free digital quantification are feasible, underscoring the potential of hydrogel-based systems for on-site molecular diagnostics.

        Thus, hydrogels have evolved beyond their role as inert physical scaffolds into multifunctional matrices to enhance amplification efficiency, improve detection specificity, and support digital quantification. However, this approach has several technical limitations. These include reduced reaction speed due to diffusion constraints, challenges in efficiently immobilizing enzymes and primers, and inconsistent reproducibility. Future progress will require the development of novel hydrogel materials, structural optimization, and automated fabrication techniques to establish more robust and practical hydrogel-based LAMP platforms for on-site diagnostic applications.

      

    

    

  
    
      4. LIMITATIONS AND CHALLENGES
      This paper highlights the structural diversity and implementation strategies of the aforementioned on-site LAMP technologies. Many of these platforms have successfully integrated sample preprocessing, amplification, and detection into a single unit using diverse materials and devices such as paper, microfluidic chips, and hydrogels. In some cases, digital LAMP systems have also demonstrated the potential for quantitative analysis [67]. However, most of these platforms remain at the proof-of-concept stage in laboratory settings, and significant challenges remain before they can be translated into practical field applications and commercial products.

      Each LAMP platform has inherent limitations determined by its physical and chemical properties. Paper-based LAMP systems are well suited for point-of-care diagnostics owing to their lightweight nature, low cost, and ease of disposal. Nonetheless, they are prone to the subjective interpretation of colorimetric outputs, instability in signal readout under varying lighting conditions, and loss of enzyme activity following reagent drying and immobilization. To overcome these issues, further advancements are needed in signal quantification and standardization as well as in immobilization techniques that preserve the activity of biological reagents, such as enzymes and primers.

      Microfluidic LAMP systems exhibit precise reaction control and multiplex capabilities. However, the complexity of chip fabrication and dependence on external components, such as pumps and valves, limit their suitability for low-cost and portable POCT applications. Addressing this limitation will require the simplification of the device architecture, including fluidic actuation-free designs and fully integrated microdevices.

      Hydrogel-based LAMP platforms offer promising features such as compartmentalization and support for digital quantification. Nevertheless, they face structural constraints, including reduced reaction rates owing to diffusion limitations, challenges in maintaining biomolecule stability, and difficulties in achieving uniform and reproducible geometries. Overcoming these issues will necessitate the development of new hydrogel materials, improved stabilization techniques, and design optimization for scalable device integration [68,69].

      Another major limitation is the high degree of user dependence of the LAMP workflow. Precise reagent dispensing, sample preprocessing, and the maintenance of accurate reaction temperatures often require manual handling by trained personnel. Some commercially oriented LAMP devices require manual mixing of reagents prior to amplification. This issue highlights the urgent need for the automation and simplification of diagnostic processes through the development of portable temperature controllers, preloaded sample-processing modules, and integrated platform systems.

      Moreover, contamination control remains a critical challenge because the high sensitivity of LAMP can lead to false-positive results from trace nucleic acid residues, particularly in non-laboratory settings. Strategies such as fully enclosed cartridges, one-pot amplification chemistries, and contamination-resistant reagents are essential to ensure diagnostic reliability. Similarly, sample preprocessing, including filtration and target nucleic acid concentration, is often required for complex matrices (e.g., blood, saliva, and wastewater), but is insufficiently integrated into current platforms. Addressing these challenges requires the development of robust, automated modules that can effectively remove inhibitors and enrich targets while maintaining platform portability [70-72].

      Finally, the heterogeneity of the experimental protocols across different research groups presents challenges in data comparison and result interpretation. Variations in analytical conditions, sample preparation methods, and detection mechanisms have led to inconsistencies in performance evaluations. This issue underscores the lack of standardized protocols. Even for the same target virus, substantial variability in results has been reported, depending on the experimental setups [73-75]. Therefore, it is critical to establish comprehensive standard protocols encompassing sample pre-processing, isothermal amplification conditions, and signal readout methods. Such standardization will improve diagnostic accuracy, enable interoperability across platforms, and accelerate the commercialization of on-site LAMP platforms.

    

    

  
    
      5. PERSPECTIVE: STRATEGIC DIRECTIONS FOR THE ADVANCEMENT OF ON-SITE LAMP
      In building on the current technical limitations, the future development of on-site LAMP technologies should address several strategic directions to enhance their practical utility and commercialization potential. These include (1) quantitative signal interpretation through ML, (2) full system automation, (3) multiplex detection capabilities, and (4) adaptability to various real-world sample environments (Fig. 6).
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          Future on-site LAMP development focuses on four key areas: ML-based quantitative analysis, high-throughput and multiplex detection, system automation for integrated workflows, and adaptability to diverse field conditions.
        
        

        

      

      First, ML-assisted signal analysis plays a pivotal role in ensuring objectivity and quantifiability when interpreting LAMP results. Traditional colorimetric or fluorescence-based LAMP assays often rely on visual inspection, which introduces user-to-user variability in interpretation. Recent studies have integrated ML algorithms with image analysis tools for color intensity evaluation and digital LAMP droplet counting [76-78]. Although still in the early stages, such approaches hold promise for more advanced tasks such as early threshold detection and subtle signal discrimination, which could potentially be realized through a deep-learning-based Denoising technique [79]. When combined with mobile device-based analysis platforms, these algorithms can offer reproducible and quantitative readouts at the point of care, minimizing user dependency.

      Second, system automation aims to establish a fully integrated diagnostic platform. These systems are designed to execute the entire workflow, including sample loading, amplification, and result readout, without manual intervention. All necessary reagents, such as primers, enzymes, and detection dyes, are preloaded and stabilized within the device, eliminating the need for separate reagent preparation or mixing. For example, a one-pot isothermal fluorescence LAMP platform that integrates fluorescent dyes has been reported to achieve attomolar-level sensitivity while maintaining a simplified workflow suitable for POCT applications [80]. This approach allows untrained users to perform diagnostics more easily, while also improving the speed, reproducibility, and reliability of the test. The integration of temperature regulation, fluid handling, and signal detection is essential for realizing robust POCT systems [81-83].

      Third, most current LAMP systems focus on single-target detection, which limits their applicability in real-world outbreaks where the simultaneous identification of multiple pathogens is crucial. Therefore, multiplex LAMP platforms designed to detect several viral targets under unified reaction conditions are urgently required. For example, paper-based platforms such as the 96-puddle paper plate (96-PPP) offer a high-throughput format consisting of 96 individual reaction units [84]. These platforms are capable of consistent and parallel detection of diverse targets, thereby improving diagnostic efficiency in the field.

      Finally, the applicability of LAMP must be expanded beyond wastewater-based surveillance to include various field environments, such as clinical settings, livestock farms, and wildlife monitoring sites. These environments often serve as early transmission points for infectious diseases, where rapid diagnosis and intervention are critical. To this end, customized sample preprocessing protocols and optimized reaction conditions must be developed for different sample types, including feces, saliva, and serum [85-87]. Flexible and adaptable platform designs that accommodate diverse sample matrices will contribute not only to early outbreak detection but also to broader public health and veterinary disease management systems.

    

    

  
    
      6. CONCLUSIONS
      LAMP-based diagnostics offer a promising alternative to PCR by combining high sensitivity and specificity with simplified operation under isothermal conditions. These features make LAMP well-suited for point-of-care applications, especially in low-resource settings. Recent developments have integrated sample pre-processing, amplification, and detection into on-site platforms using paper, microfluidics, and hydrogels. However, most remain in the prototype stage and face challenges in terms of automation, standardization, multiplexing, and practical usability. To advance on-site LAMP systems, the key priorities include ML-assisted signal analysis for objective quantification, full system automation, multiplexed and high-throughput formats, and compatibility with diverse sample types. Ultimately, LAMP-based platforms have strong potential to improve early disease detection, public health response, and diagnostic accessibility. Future progress will rely on interdisciplinary collaboration, standard protocol development, and user-centered designs.

    

    

  
    
      Acknowledgments
      This work was supported by the Ministry of Health and Welfare (KH140292) and the Ministry of Science and ICT (MSIT), Korea, under the Information Technology Research Center (ITRC) support program (IITP-2025-RS-2023-00258971). This study was also sponsored by a Korea University grant and the BK21 Fostering Outstanding Universities for Research (FOUR).

    

    

  
    
      References
      
        
          	
          	
        

        
          	
            
              1. 
            
          
          	J. Sardanyés, C. Perales, E. Domingo, S.F. Elena, Quasispecies theory and emerging viruses: challenges and applications, Npj Viruses 2 (2024) 54.
			[https://doi.org/10.1038/s44298-024-00066-w]
		
        

        
          	
            
              2. 
            
          
          	J. Symons, C. Chung, B.M. Verheijen, S.J. Shemtov, D. de Jong, G. Amatngalim, et al., The mutational landscape of SARS-CoV-2 provides new insight into viral evolution and fitness, Nat. Commun. 16 (2025) 6425.
			[https://doi.org/10.1038/s41467-025-61555-x]
		
        

        
          	
            
              3. 
            
          
          	C.-C. Lai, C.-Y. Wang, W.-C. Ko, P.-R. Hsueh, In vitro diagnostics of coronavirus disease 2019: Technologies and application, J. Microbiol. Immunol. Infect. 54 (2021) 164–174.
			[https://doi.org/10.1016/j.jmii.2020.05.016]
		
        

        
          	
            
              4. 
            
          
          	T. Kamalrathne, D. Amaratunga, R. Haigh, L. Kodituwakku, Need for effective detection and early warnings for epidemic and pandemic preparedness planning in the context of multi-hazards: Lessons from the COVID-19 pandemic, Int. J. Disaster Risk Reduct. 92 (2023) 103724.
			[https://doi.org/10.1016/j.ijdrr.2023.103724]
		
        

        
          	
            
              5. 
            
          
          	Y. Lee, S. Biswas, M. Koo, H. Kim, Recent Development in Biocompatible Biosensors, J. Sens. Sci. Technol. 32 (2023) 403–411.
			[https://doi.org/10.46670/JSST.2023.32.6.403]
		
        

        
          	
            
              6. 
            
          
          	Z. Li, Q. Chen, L. Feng, L. Rodewald, Y. Xia, H. Yu, et al., Active case finding with case management: the key to tackling the COVID-19 pandemic, Lancet 396 (2020) 63–70.
			[https://doi.org/10.1016/S0140-6736(20)31278-2]
		
        

        
          	
            
              7. 
            
          
          	E.S. Theel, J.E. Kirby, N.R. Pollock, Testing for SARS-CoV-2: lessons learned and current use cases, Clin. Microbiol. Rev. 37 (2024) e00072–23.
			[https://doi.org/10.1128/cmr.00072-23]
		
        

        
          	
            
              8. 
            
          
          	A. Vallée, Geoepidemiological perspective on COVID-19 pandemic review, an insight into the global impact, Front. Public Health 11 (2023) 1242891.
			[https://doi.org/10.3389/fpubh.2023.1242891]
		
        

        
          	
            
              9. 
            
          
          	J.D. Bard, N.E. Babady, The Successes and Challenges of SARS-CoV-2 Molecular Testing in the United States, Clin. Lab. Med. 42 (2022) 147–160.
			[https://doi.org/10.1016/j.cll.2022.02.007]
		
        

        
          	
            
              10. 
            
          
          	M.-J. Jian, C.-S. Chen, H.-Y. Chung, C.-K. Chang, C.-L. Perng, H.-S. Shang, Clinical Evaluation of Direct Reverse Transcription PCR for Detection of SARS-CoV-2 Compared to Conventional RT-PCR in Patients with Positive Rapid Antigen Test Results during Circulation of Emerging Viral Variants, Diagnostics (Basel), 13 (2023) 3668.
			[https://doi.org/10.3390/diagnostics13243668]
		
        

        
          	
            
              11. 
            
          
          	Q. Liu, X. Jin, J. Cheng, H. Zhou, Y. Zhang, Y. Dai, Advances in the application of molecular diagnostic techniques for the detection of infectious disease pathogens (Review), Mol. Med. Rep. 27 (2023) 104.
			[https://doi.org/10.3892/mmr.2023.12991]
		
        

        
          	
            
              12. 
            
          
          	S. Pokharel, L.J. White, J.A. Sacks, C. Escadafal, A. Toporowski, S.I. Mohammed, et al., Two-test algorithms for infectious disease diagnosis: Implications for COVID-19, PLOS Glob. Public Health 2 (2022) e0000293.
			[https://doi.org/10.1371/journal.pgph.0000293]
		
        

        
          	
            
              13. 
            
          
          	R. Rahbari, N. Moradi, M. Abdi, rRT-PCR for SARS-CoV-2: Analytical considerations, Clin. Chim. Acta 516 (2021) 1–7.
			[https://doi.org/10.1016/j.cca.2021.01.011]
		
        

        
          	
            
              14. 
            
          
          	T. Notomi, Y. Mori, N. Tomita, H. Kanda, Loop-mediated isothermal amplification (LAMP): principle, features, and future prospects, J. Microbiol. 53 (2015) 1–5.
			[https://doi.org/10.1007/s12275-015-4656-9]
		
        

        
          	
            
              15. 
            
          
          	J.-W. Park, Principles and Applications of Loop-Mediated Isothermal Amplification to Point-of-Care Tests, Biosensors 12 (2022) 857.
			[https://doi.org/10.3390/bios12100857]
		
        

        
          	
            
              16. 
            
          
          	J.E. Kong, Q. Wei, D. Tseng, J. Zhang, E. Pan, M. Lewinski, et al., Highly Stable and Sensitive Nucleic Acid Amplification and Cell-Phone-Based Readout, ACS Nano 11 (2017) 2934–2943.
			[https://doi.org/10.1021/acsnano.6b08274]
		
        

        
          	
            
              17. 
            
          
          	Y. Zhang, E.A. Hunt, E. Tamanaha, I.R. Corrêa Jr, N.A. Tanner, Improved visual detection of DNA amplification using pyridylazophenol metal sensing dyes, Commun. Biol. 5 (2022) 999.
			[https://doi.org/10.1038/s42003-022-03973-x]
		
        

        
          	
            
              18. 
            
          
          	S. K. Thio, S. W. Bae, S.-Y. Park, Lab on a smartphone (LOS): A smartphone-integrated, plasmonic-enhanced optoelectrowetting (OEW) platform for on-chip water quality monitoring through LAMP assays, Sens. Actuators B Chem. 358 (2022) 131543.
			[https://doi.org/10.1016/j.snb.2022.131543]
		
        

        
          	
            
              19. 
            
          
          	H. Zhang, Y. Xu, Z. Fohlerova, H. Chang, C. Iliescu, P. Neuzil, LAMP-on-a-chip: Revising microfluidic platforms for loop-mediated DNA amplification, TrAC, Trends Anal. Chem. 113 (2019) 44–53.
			[https://doi.org/10.1016/j.trac.2019.01.015]
		
        

        
          	
            
              20. 
            
          
          	N. Atceken, M. Munzer Alseed, S.R. Dabbagh, A.K. Yetisen, S. Tasoglu, Point‐of‐Care Diagnostic Platforms for Loop‐Mediated Isothermal Amplification, Adv. Eng. Mater. 25 (2023) 2201174.
			[https://doi.org/10.1002/adem.202201174]
		
        

        
          	
            
              21. 
            
          
          	T. Notomi, H. Okayama, H. Masubuchi, T. Yonekawa, K. Watanabe, N. Amino, et al., Loop-mediated isothermal amplification of DNA, Nucleic Acids Res. 28 (2000) e63.
			[https://doi.org/10.1093/nar/28.12.e63]
		
        

        
          	
            
              22. 
            
          
          	M. Arya, I.S. Shergill, M. Williamson, L. Gommersall, N. Arya, H.R. Patel, Basic principles of real-time quantitative PCR, Expert Rev. Mol. Diagn. 5 (2005) 209–219.
			[https://doi.org/10.1586/14737159.5.2.209]
		
        

        
          	
            
              23. 
            
          
          	B.J. Hindson, K.D. Ness, D.A. Masquelier, P. Belgrader, N.J. Heredia, A.J. Makarewicz, et al., High-throughput droplet digital PCR system for absolute quantitation of DNA copy number, Anal. Chem. 83 (2011) 8604–8610.
			[https://doi.org/10.1021/ac202028g]
		
        

        
          	
            
              24. 
            
          
          	V.L. Dao Thi, K. Herbst, K. Boerner, M. Meurer, L.P. Kremer, D. Kirrmaier, et al., A colorimetric RT-LAMP assay and LAMP-sequencing for detecting SARS-CoV-2 RNA in clinical samples, Sci. Transl. Med. 12 (2020) eabc7075.
			[https://doi.org/10.1126/scitranslmed.abc7075]
		
        

        
          	
            
              25. 
            
          
          	D. Zhou, J. Guo, L. Xu, S. Gao, Q. Lin, Q. Wu, et al., Establishment and application of a loop-mediated isothermal amplification (LAMP) system for detection of cry1Ac transgenic sugarcane, Sci. Rep. 4 (2014) 4912.
			[https://doi.org/10.1038/srep04912]
		
        

        
          	
            
              26. 
            
          
          	N. Tomita, Y. Mori, H. Kanda, T. Notomi, Loop-mediated isothermal amplification (LAMP) of gene sequences and simple visual detection of products, Nat. Protoc. 3 (2008) 877–882.
			[https://doi.org/10.1038/nprot.2008.57]
		
        

        
          	
            
              27. 
            
          
          	N.A. Tanner, Y. Zhang, T.C. Evans Jr, Visual detection of isothermal nucleic acid amplification using pH-sensitive dyes, Biotechniques 58 (2015) 59–68.
			[https://doi.org/10.2144/000114253]
		
        

        
          	
            
              28. 
            
          
          	C. Kong, Y. Wang, E.K. Fodjo, G.-X. Yang, F. Han, X.-S. Shen, Loop-mediated isothermal amplification for visual detection of Vibrio parahaemolyticus using gold nanoparticles, Mikrochim. Acta 185 (2018) 35.
			[https://doi.org/10.1007/s00604-017-2594-4]
		
        

        
          	
            
              29. 
            
          
          	S. Zhang, S. Lin, L. Zhu, Z. Du, J. Li, L. Wang, et al., Novel indicator and stem-loop-primer assisted isothermal amplification for the visual semi-quantitative detection of Toxoplasma gondii, Sens. Actuators B Chem. 372 (2022) 132544.
			[https://doi.org/10.1016/j.snb.2022.132544]
		
        

        
          	
            
              30. 
            
          
          	D. Lou, M. Meurer, S. Ovchinnikova, R. Burk, A. Denzler, K. Herbst, et al., Scalable RT-LAMP-based SARS-CoV-2 testing for infection surveillance with applications in pandemic preparedness, EMBO Rep. 24 (2023) e57162.
			[https://doi.org/10.15252/embr.202357162]
		
        

        
          	
            
              31. 
            
          
          	G. Papadakis, A.K. Pantazis, N. Fikas, S. Chatziioannidou, V. Tsiakalou, K. Michaelidou, et al., Portable real-time colorimetric LAMP-device for rapid quantitative detection of nucleic acids in crude samples, Sci. Rep. 12 (2022) 3775.
			[https://doi.org/10.1038/s41598-022-06632-7]
		
        

        
          	
            
              32. 
            
          
          	S. Arca-Lafuente, C. Yépez-Notario, P. Cea-Callejo, V. Lara-Aguilar, C. Crespo-Bermejo, L. Martín-Carbonero, et al., Development and validation of a new and rapid molecular diagnostic tool based on RT-LAMP for Hepatitis C virus detection at point-of-care, Methods 232 (2024) 43–51.
			[https://doi.org/10.1016/j.ymeth.2024.10.008]
		
        

        
          	
            
              33. 
            
          
          	S.Y. Son, H. Lee, S.J. Kim, Paper-based ion concentration polarization device for selective preconcentration of muc1 and lamp-2 genes, Micro Nano Syst. Lett. 5 (2017) 8.
			[https://doi.org/10.1186/s40486-017-0042-1]
		
        

        
          	
            
              34. 
            
          
          	Y. Hou, C.-C. Lv, Y.-L. Guo, X.-H. Ma, W. Liu, Y. Jin, et al., Recent Advances and Applications in Paper-Based Devices for Point-of-Care Testing, J. Anal. Test. 6 (2022) 247–273.
			[https://doi.org/10.1007/s41664-021-00204-w]
		
        

        
          	
            
              35. 
            
          
          	Y.L. Kim, Y.-M. Kim, J. Oh, J.H. Shin, Copy Paper as a Platform for Low-cost Sensitive Glucose Sensing, J. Sens. Sci. Technol. 32 (2023) 16–21.
			[https://doi.org/10.46670/JSST.2023.32.1.16]
		
        

        
          	
            
              36. 
            
          
          	T. Lee, D.Y. Cheong, K.H. Lee, J.H. You, J. Park, G. Lee, Capillary Flow-Based One-Minute Quantification of Amyloid Proteolysis, Biosensors (Basel) 14 (2024) 400.
			[https://doi.org/10.3390/bios14080400]
		
        

        
          	
            
              37. 
            
          
          	L. Magro, Paper-based RNA detection and multiplexed analysis for Ebola virus diagnostics, Sci. Rep. 7 (2017) 1347.
			[https://doi.org/10.1038/s41598-017-00758-9]
		
        

        
          	
            
              38. 
            
          
          	C. Zheng, K. Wang, W. Zheng, Y. Cheng, T. Li, B. Cao, et al., Rapid developments in lateral flow immunoassay for nucleic acid detection, Analyst 146 (2021) 1514–1528.
			[https://doi.org/10.1039/D0AN02150D]
		
        

        
          	
            
              39. 
            
          
          	Y. Zhang, Y. Chai, Z. Hu, Z. Xu, M. Li, X. Chen, et al., Recent Progress on Rapid Lateral Flow Assay-Based Early Diagnosis of COVID-19, Front. Bioeng. Biotechnol. 10 (2022) 866368.
			[https://doi.org/10.3389/fbioe.2022.866368]
		
        

        
          	
            
              40. 
            
          
          	S.B. Seo, J.-S. Hwang, E. Kim, K. Kim, S. Roh, G. Lee, et al., Isothermal amplification-mediated lateral flow biosensors for in vitro diagnosis of gastric cancer-related microRNAs, Talanta 246 (2022) 123502.
			[https://doi.org/10.1016/j.talanta.2022.123502]
		
        

        
          	
            
              41. 
            
          
          	T. Peng, X. Liu, L.G. Adams, G. Agarwal, B. Akey, J. Cirillo, et al., Enhancing sensitivity of lateral flow assay with application to SARS-CoV-2, Appl. Phys. Lett. 117 (2020) 120601.
			[https://doi.org/10.1063/5.0021842]
		
        

        
          	
            
              42. 
            
          
          	W.W. McConnell, C. Davis, S.R. Sabir, A. Garrett, A. Bradley-Stewart, P. Jajesniak, et al., Paper microfluidic implementation of loop mediated isothermal amplification for early diagnosis of hepatitis C virus, Nat. Commun. 12 (2021) 6994.
			[https://doi.org/10.1038/s41467-021-27076-z]
		
        

        
          	
            
              43. 
            
          
          	B.S. Batule, Y. Seok, M.-G. Kim, Paper-based nucleic acid testing system for simple and early diagnosis of mosquito-borne RNA viruses from human serum, Biosens. Bioelectron. 151 (2020) 111998.
			[https://doi.org/10.1016/j.bios.2019.111998]
		
        

        
          	
            
              44. 
            
          
          	Y. Seok, B.S. Batule, M.-G. Kim, Lab-on-paper for all-in-one molecular diagnostics (LAMDA) of zika, dengue, and chikungunya virus from human serum, Biosens. Bioelectron. 165 (2020) 112400.
			[https://doi.org/10.1016/j.bios.2020.112400]
		
        

        
          	
            
              45. 
            
          
          	X. Huang, F. Xiao, N. Jia, C. Sun, J. Fu, Z. Xu, et al., Loop-mediated isothermal amplification combined with lateral flow biosensor for rapid and sensitive detection of monkeypox virus, Front. Public Health, 11 (2023) 1132896.
			[https://doi.org/10.3389/fpubh.2023.1132896]
		
        

        
          	
            
              46. 
            
          
          	H.A. Nguyen, H. Choi, N.Y. Lee, A Rotatable Paper Device Integrating Reverse Transcription Loop-Mediated Isothermal Amplification and a Food Dye for Colorimetric Detection of Infectious Pathogens, Biosensors (Basel) 12 (2022) 488.
			[https://doi.org/10.3390/bios12070488]
		
        

        
          	
            
              47. 
            
          
          	H. Cao, K. Mao, F. Ran, P. Xu, Y. Zhao, X. Zhang, et al., Paper Device Combining CRISPR/Cas12a and Reverse-Transcription Loop-Mediated Isothermal Amplification for SARS-CoV-2 Detection in Wastewater, Environ. Sci. Technol. 56 (2022) 13245–13253.
			[https://doi.org/10.1021/acs.est.2c04727]
		
        

        
          	
            
              48. 
            
          
          	M. Kamel, J.L. Davidson, M.S. Verma, A paper-based loop-mediated isothermal amplification assay for highly pathogenic avian influenza, Sci. Rep. 15 (2025) 12110.
			[https://doi.org/10.1038/s41598-025-95452-6]
		
        

        
          	
            
              49. 
            
          
          	A. Sen, M. Masetty, S. Weerakoon, C. Morris, J.S. Yadav, S. Apewokin, et al., Paper-based loop-mediated isothermal amplification and CRISPR integrated platform for on-site nucleic acid testing of pathogens, Biosens. Bioelectron. 257 (2024) 116292.
			[https://doi.org/10.1016/j.bios.2024.116292]
		
        

        
          	
            
              50. 
            
          
          	K. Kwon, H. Gwak, K.-A. Hyun, H.-I. Jung, Development of Microfluidic Chip for Enrichment and DNA Extraction of Bacteria Using Concanavalin A Coated Magnetic Particles, J. Sens. Sci. Technol. 27 (2018) 237–241.
        

        
          	
            
              51. 
            
          
          	D.Y. Cheong, W. Lee, I. Park, J. Park, G. Lee, Amyloid Formation in Nanoliter Droplets, Int. J. Mol. Sci. 23 (2022) 5480.
			[https://doi.org/10.3390/ijms23105480]
		
        

        
          	
            
              52. 
            
          
          	D.-Y. Lim, T.W. Ha, C.-H. Lee, Development of a Microfluidics-based Flow Cytometer Using Disposable Lab-on-a-chip, J. Sens. Sci. Technol. 33 (2024) 481–486.
			[https://doi.org/10.46670/JSST.2024.33.6.481]
		
        

        
          	
            
              53. 
            
          
          	G.D. Suarez, Y.Y.K. Tang, S. Bayer, P.P.-H. Cheung, S. Nagl, Multiplexed detection of respiratory virus RNA using optical pH sensors and injection-molded centrifugal microfluidics, Microchim. Acta 192 (2025) 151.
			[https://doi.org/10.1007/s00604-025-06996-3]
		
        

        
          	
            
              54. 
            
          
          	M. Xie, T. Chen, Z. Cai, B. Lei, C. Dong, A digital microfluidic platform coupled with colorimetric loop-mediated isothermal amplification for on-site visual diagnosis of multiple diseases, Lab Chip 23 (2023) 2778–2788.
			[https://doi.org/10.1039/D2LC01156E]
		
        

        
          	
            
              55. 
            
          
          	L. Zhou, Y. Chen, X. Fang, Y. Liu, M. Du, X. Lu, et al., Microfluidic-RT-LAMP chip for the point-of-care detection of emerging and re-emerging enteric coronaviruses in swine, Anal. Chim. Acta 1125 (2020) 57–65.
			[https://doi.org/10.1016/j.aca.2020.05.034]
		
        

        
          	
            
              56. 
            
          
          	S. Ye, C. Li, X. Zheng, W. Huang, Y. Tao, Y. Yu, et al., OsciDrop: A Versatile Deterministic Droplet Generator, Anal. Chem. 94 (2022) 2918–2925.
			[https://doi.org/10.1021/acs.analchem.1c04852]
		
        

        
          	
            
              57. 
            
          
          	M. Jin, J. Ding, Y. Zhou, J. Chen, Y. Wang, Z. Li, StratoLAMP: Label-free, multiplex digital loop-mediated isothermal amplification based on visual stratification of precipitate, Proc. Natl. Acad. Sci. U.S.A. 121 (2024) e2314030121.
			[https://doi.org/10.1073/pnas.2314030121]
		
        

        
          	
            
              58. 
            
          
          	V.T. Nguyen, C. Anderson, K.S. Anderson, J.B. Christen, Design, fabrication, and decontamination of low-cost microfluidics for nucleic acid amplification, Sens. Actuators Rep. 10 (2025) 100354.
			[https://doi.org/10.1016/j.snr.2025.100354]
		
        

        
          	
            
              59. 
            
          
          	J.-T. Kim, D.Y. Lee, Y.-H. Kim, I.-K. Lee, Y.-S. Song, Effect of pH on Swelling Property of Hyaluronic Acid Hydrogels for Smart Drug Delivery Systems, J. Sens. Sci. Technol. 21 (2012) 256–262.
			[https://doi.org/10.5369/JSST.2012.21.4.256]
		
        

        
          	
            
              60. 
            
          
          	C.H. Cho, S. Kwon, J.K. Park, Assembly of hydrogel units for 3D microenvironment in a poly(dimethylsiloxane) channel, Micro Nano Syst. Lett. 5 (2017) 2.
			[https://doi.org/10.1186/s40486-016-0035-5]
		
        

        
          	
            
              61. 
            
          
          	S.B. Seo, J. Lim, K. Kim, I. Maeng, H.W. Rho, H.Y. Son, et al., Nucleic Acid Amplification Circuit-Based Hydrogel (NACH) Assay for One-Step Detection of Metastatic Gastric Cancer-Derived Exosomal miRNA, Adv. Sci. 11 (2024) 2407621.
			[https://doi.org/10.1002/advs.202407621]
		
        

        
          	
            
              62. 
            
          
          	J. Wang, G. Jing, W. Huang, L. Xin, J. Du, X. Cai, et al., Rapid In Situ Hydrogel LAMP for On-Site Large-Scale Parallel Single-Cell HPV Detection, Anal. Chem. 94 (2022) 18083–18091.
			[https://doi.org/10.1021/acs.analchem.2c04701]
		
        

        
          	
            
              63. 
            
          
          	Y. Zhu, X. Wu, A. Gu, L. Dobelle, C.A. Cid, J. Li, et al., Membrane-Based In-Gel Loop-Mediated Isothermal Amplification (mgLAMP) System for SARS-CoV-2 Quantification in Environmental Waters, Environ. Sci. Technol. 56 (2022) 862–873.
			[https://doi.org/10.1021/acs.est.1c04623]
		
        

        
          	
            
              64. 
            
          
          	T. Yang, D. Li, Y. Yan, F. Ettoumi, R.A. Wu, Z. Luo, et al., Ultrafast and absolute quantification of SARS-CoV-2 on food using hydrogel RT-LAMP without pre-lysis, J. Hazard Mater. 442 (2023) 130050.
			[https://doi.org/10.1016/j.jhazmat.2022.130050]
		
        

        
          	
            
              65. 
            
          
          	M. Fang, Y. Wang, T. Yang, J. Zhang, H. Yu, Z. Luo, et al., Nucleic Acid Plate Culture: Label-Free and Naked-Eye-Based Digital Loop-Mediated Isothermal Amplification in Hydrogel with Machine Learning, ACS Sens, 9 (2024) 2010–2019.
			[https://doi.org/10.1021/acssensors.3c02807]
		
        

        
          	
            
              66. 
            
          
          	T. Yang, L. Xue, Z. Luo, J. Lin, X. Zhang, F. Xiao, et al., Sensitivity-enhanced hydrogel digital RT-LAMP with in situ enrichment and interfacial reaction for norovirus quantification in food and water, J. Hazard. Mater. 488 (2025) 137325.
			[https://doi.org/10.1016/j.jhazmat.2025.137325]
		
        

        
          	
            
              67. 
            
          
          	X. Lin, X. Huang, K. Urmann, X. Xie, M.R. Hoffmann, Digital Loop-Mediated Isothermal Amplification on a Commercial Membrane, ACS Sens. 4 (2019) 242–249.
			[https://doi.org/10.1021/acssensors.8b01419]
		
        

        
          	
            
              68. 
            
          
          	S. Kim, A.U. Regitsky, J. Song, J. Ilavsky, G.H. McKinley, N. Holten-Andersen, In situ mechanical reinforcement of polymer hydrogels via metal-coordinated crosslink mineralization, Nat. Commun. 12 (2021) 667.
			[https://doi.org/10.1038/s41467-021-20953-7]
		
        

        
          	
            
              69. 
            
          
          	T. Lee, C. Kim, J. Kim, J.B. Seong, Y. Lee, S. Roh, et al., Colorimetric Nanoparticle-Embedded Hydrogels for a Biosensing Platform, Nanomaterials 12 (2022) 1150.
			[https://doi.org/10.3390/nano12071150]
		
        

        
          	
            
              70. 
            
          
          	J. Fu, E.L.C. Chiang, C.A.D. Medriano, L. Li, S. Bae, Rapid quantification of fecal indicator bacteria in water using the most probable number-loop-mediated isothermal amplification (MPN-LAMP) approach on a polymethyl methacrylate (PMMA) microchip, Water Res. 199 (2021) 117172.
			[https://doi.org/10.1016/j.watres.2021.117172]
		
        

        
          	
            
              71. 
            
          
          	N.E. Lee, K.H. Kim, Y. Cho, J. Kim, S. Kwak, D. Lee, et al., Enhancing Loop-Mediated Isothermal Amplification through Nonpowered Nanoelectric Preconcentration, Anal. Chem. 96 (2024) 3844–3852.
			[https://doi.org/10.1021/acs.analchem.3c05236]
		
        

        
          	
            
              72. 
            
          
          	J. Lim, S. Zhou, J. Baek, A.Y. Kim, E. Valera, J. Sweedler, et al., A Blood Drying Process for DNA Amplification, Small 20 (2024) e2307959.
			[https://doi.org/10.1002/smll.202307959]
		
        

        
          	
            
              73. 
            
          
          	S.A. Baylis, P. Wallace, E. McCulloch, H.G.M. Niesters, C.M. Nübling, Standardization of Nucleic Acid Tests: the Approach of the World Health Organization, J. Clin. Microbiol. 57 (2019) e01056–18.
			[https://doi.org/10.1128/JCM.01056-18]
		
        

        
          	
            
              74. 
            
          
          	N. Kanwar, D. Banerjee, A. Sasidharan, A. Abdulhamid, M. Larson, B. Lee, et al., Comparison of diagnostic performance of five molecular assays for detection of SARS-CoV-2, Diagn. Microbiol. Infect. Dis. 101 (2021) 115518.
			[https://doi.org/10.1016/j.diagmicrobio.2021.115518]
		
        

        
          	
            
              75. 
            
          
          	R.T. Hayden, Primary Quantitative Reference Standards for Viral Nucleic Acids Should Be Developed Using Digital Polymerase Chain Reaction Instead of Consensus Testing, J. Clin. Microbiol. 61 (2023) e0133822.
			[https://doi.org/10.1128/jcm.01338-22]
		
        

        
          	
            
              76. 
            
          
          	T. Lee, H.T. Lee, J. Hong, S. Roh, D.Y. Cheong, K. Lee, et al., A regression-based machine learning approach for pH and glucose detection with redox-sensitive colorimetric paper sensors, Anal. Methods 14 (2022) 4749–4755.
			[https://doi.org/10.1039/D2AY01329K]
		
        

        
          	
            
              77. 
            
          
          	S. Lee, S. Kim, D.S. Yoon, J.S. Park, H. Woo, D. Lee, et al., Sample-to-answer platform for the clinical evaluation of COVID-19 using a deep learning-assisted smartphone-based assay, Nat. Commun. 14 (2023) 2361.
			[https://doi.org/10.1038/s41467-023-38104-5]
		
        

        
          	
            
              78. 
            
          
          	G.Y. Choi, N.R. Kim, D.Y. Yu, T. Lee, G. Lee, H.J. Hwang, Transfer learning and data augmentation for glucose concentration prediction from colorimetric biosensor images, Mikrochim. Acta 192 (2025) 287.
			[https://doi.org/10.1007/s00604-025-07136-7]
		
        

        
          	
            
              79. 
            
          
          	J. Park, G. Lee, C.E. Han, Deep learning-based denoising for unbiased analysis of morphology and stiffness in amyloid fibrils, Comput. Biol. Med. 184 (2025) 109410.
			[https://doi.org/10.1016/j.compbiomed.2024.109410]
		
        

        
          	
            
              80. 
            
          
          	C.H. Woo, S. Jang, G. Shin, G.Y. Jung, J.W. Lee, Sensitive fluorescence detection of SARS-CoV-2 RNA in clinical samples via one-pot isothermal ligation and transcription, Nat. Biomed. Eng. 4 (2020) 1168–1179.
			[https://doi.org/10.1038/s41551-020-00617-5]
		
        

        
          	
            
              81. 
            
          
          	X. Hu, X. Gao, S. Chen, J. Guo, Y. Zhang, DropLab: an automated magnetic digital microfluidic platform for sample-to-answer point-of-care testing-development and application to quantitative immunodiagnostics, Microsyst. Nanoeng. 9 (2023) 10.
			[https://doi.org/10.1038/s41378-022-00475-y]
		
        

        
          	
            
              82. 
            
          
          	A. Sarkar, Z.R. Jones, M. Parashar, E. Druga, A. Akkiraju, S. Conti, et al., High-precision chemical quantum sensing in flowing monodisperse microdroplets, Sci. Adv. 10 (2024) eadp4033.
			[https://doi.org/10.1126/sciadv.adp4033]
		
        

        
          	
            
              83. 
            
          
          	R. Hennig, V. Cacucciolo, H. Shea, Actuating droplets with electrowetting: Force and dynamics, Droplet 3 (2024) e108.
			[https://doi.org/10.1002/dro2.108]
		
        

        
          	
            
              84. 
            
          
          	T. Lee, Y. Seo, D. Kang, S.H. Oh, S.W. Lee, I. Park, et al., The 96-Puddle Paper Plate as a Versatile Lab-on-Paper Platform, Small Methods (2025) e2500729.
			[https://doi.org/10.1002/smtd.202500729]
		
        

        
          	
            
              85. 
            
          
          	J.M. Xing, S. Zhang, Y. Du, D. Bi, L.H. Yao, Rapid detection of intestinal pathogens in fecal samples by an improved reverse dot blot method, World J. Gastroenterol. 15 (2009) 2537–2542.
			[https://doi.org/10.3748/wjg.15.2537]
		
        

        
          	
            
              86. 
            
          
          	G. Adedokun, M. Alipanah, Z.H. Fan, Sample preparation and detection methods in point-of-care devices towards future at-home testing, Lab Chip 24 (2024) 3626–3650.
			[https://doi.org/10.1039/D3LC00943B]
		
        

        
          	
            
              87. 
            
          
          	W.J. Kowallis, S.M. Popelka, G.G. Millward, A.S. Penagosnino, K.R. Russell, A.G. Gutierrez, et al., Optimized methods for wastewater SARS-CoV-2 surveillance at military installations: direct extraction showed higher recoveries relative to polyethylene glycol precipitation, Sci. Total Environ. 986 (2025) 179759.
			[https://doi.org/10.1016/j.scitotenv.2025.179759]
		
        

      

    

    

  
    
      
        
        
          
        

        Dain Kang is currently pursuing an integrated M.S.–Ph.D. degree in the Department of Biotechnology and Bioinformatics at Korea University. Her main research focuses on developing paper-based platforms using loop-mediated isothermal amplification (LAMP) for point-of-care testing (POCT).

      

      
        
        
          
        

        Taeha Lee received his Ph.D. in Biotechnology and Bioinformatics from Korea University, Sejong, South Korea. His research interests include biomedical nanoengineering, analytical chemistry, lab-on-paper, and paper-based analytical devices, with a particular focus on studying the 3D framework of cellulose and its applications.

      

      
        
        
          
        

        Gyudo Lee earned his Ph.D. in Biomedical Engineering from Yonsei University. He completed his postdoctoral training at Harvard University, and later served as a research professor in the Department of Biomedical Engineering at Korea University. He is currently an associate professor in the Department of Biotechnology and Bioinformatics at Korea University Sejong Campus. His research interests include microchemistry, nanophysics and nanoengineering.

      

    

    

  OEBPS/images/big_34_5.jpg
= ;
) The Korean Sensors Society pISN: 12255475
5N 20937563

Journal of Sensor
Science and
Technology

Vol.34 No.5
September 2025






OEBPS/images/data/sensor/46526/JSST_2025_v34n5_432_bf003.jpg





OEBPS/images/data/sensor/46526/JSST_2025_v34n5_432_f001.jpg





OEBPS/images/data/sensor/46526/JSST_2025_v34n5_432_f005.jpg
() R— Crostnking
Otmn O3min © 23w

R T R -

-~ cutevi + o

- s ik mottod)

_—
Y &
y =

o
g e
O R a0






OEBPS/images/_common/images/crossref.gif





OEBPS/images/data/sensor/46526/JSST_2025_v34n5_432_bf002.jpg
Q4





OEBPS/images/data/sensor/46526/JSST_2025_v34n5_432_f002.jpg
Virus

P
' -,a;,@
Infectious person

' "
| 1
i : S
> I !
. =
=5 | Public health | Early warning
0 |___ datacenter | and rapid response

o






OEBPS/images/data/sensor/46526/JSST_2025_v34n5_432_f006.jpg





OEBPS/images/data/sensor/46526/JSST_2025_v34n5_432_f003.jpg





OEBPS/images/data/sensor/46526/JSST_2025_v34n5_432_bf001.jpg





OEBPS/images/data/sensor/46526/JSST_2025_v34n5_432_f004.jpg
7 Polystyrene
ubsirate

(b)
Roagent Droplet Isothermal
proparatin  generatin  ampification

N

M

Target encapsulation and amplification
o ) e

ot By — (o

s 8 e
oz gy — & e

Imaging

Dropletdetection

>
Imago snalysis
[— Clmscsson
™
—
( —
—





