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Abstract

:

Paper-based diagnostics offer a promising alternative to traditional diagnostic methods for point-of-care use due to their low cost, ease of use, portability, rapid results, versatility, and low environmental impact. While paper-based serology tests in the form of lateral flow assays can provide rapid test results for past pathogen exposure, they currently lack the accuracy and sensitivity offered by molecular diagnostic tests such as the polymerase chain reaction (PCR). Loop-mediated isothermal amplification (LAMP)—an isothermal nucleic acid amplification test (NAAT)—provides PCR-like performance while simultaneously reducing the instrumentation and assay complexity associated with PCR. In this review, we discuss a newly emerging class of paper-based LAMP platforms that integrates the versatility of paper microfluidics with the accuracy of NAATs. Since its first adoption in 2015, we have discussed all paper-based LAMP platforms in terms of the paper substrates, reagent incorporation techniques, paper platform design, heating hardware, detection methods, and sensitivity and specificity of paper-based LAMP assays. We conclude by identifying the current challenges and future prospects of paper-based NAATs.
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1. Introduction


Early stage diagnosis is a critical component of infectious disease management systems to mitigate and arrest the propagation of pathogen outbreaks [1]. This has largely been applicable in developing countries where difficult living conditions and limited health care cause diseases to propagate more swiftly [2,3,4]. In general, the capacity to perform early detection of pathogenic infections has been primarily hindered by the difficulty in identifying and isolating infected people, owing to a lack of rapid, portable, and accurate diagnostic tests [5,6]. Serological tests play an essential role in rapidly testing infectious diseases [7]. However, designing antibodies can be challenging, leading to slower development of antigen-based assays. Furthermore, immunoassays often lack the sensitivity for direct detection of pathogens. Detection of host immune response (i.e., pathogen-specific IgG and IgM) requires seroconversion, which may lag behind the relevant window for both therapies and patient isolation by several days. Antibody tests can also lead to false positives as they may be detecting the antibodies for the pathogen that infected the body in the past [7,8]. In contrast, molecular diagnostics test such as the polymerase chain reaction (PCR) are considered the gold standard in pathogen detection as they offer high sensitivity and specificity resulting highly reliable diagnostics even in asymptomatic patients [9,10,11].



In this regard, detection methodologies based on nucleic acid amplification tests (NAATs) are expected to play a major in inhibiting the spread of viral and bacterial infections. With resource-limited settings, especially in developing countries, implementing molecular detection techniques such as NAAT at any point-of-care (POC) location is extremely challenging [12]. Conventional NAATs such as the PCR relies on thermal cycling, with a temperature regulation within a few degrees around reaction temperature (~55 °C–~95 °C), along with fluorescence measurements for assay readout [13,14]. These constraints require the use of sophisticated and bulky laboratory equipment. Furthermore, the thermal cycling requirement for PCR makes the test slow, expensive, and power intensive, making them sub-optimal for point of care (POC) diagnosis. To address these limitations, isothermal nucleic acid amplification techniques have become extremely popular recently [10,15,16]. The isothermal operation enables a greatly simplified and low-powered thermal system while simultaneously reducing the testing time. They rely on using multiple specialized primers to initiate strand displacement activity without requiring high denaturation temperatures in PCR [10]. Recently, several promising isothermal amplification strategies have been proposed which can primarily be classified based on their working temperature ranges, enzymes used, necessity for pre-heating, and the overall efficiency. Isothermal amplification techniques such as NASBA (nucleic acid sequence-based amplification) [17,18], 3SR (self-sustained sequence replication) [19,20], TMA (transcription-mediated amplification) [21], SDA (strand displacement amplification) [22,23], and SMART (a simple method for amplifying RNA targets) [24,25] requires the pre-heating procedure (65 °C to 95 °C) followed by the application of isothermal reaction temperature ranging from 37 °C to 41 °C. Although this step reduces the total number of thermal cycles compared to PCR, implementing even two temperature cycles at any POC setting is still challenging [13]. Alternatively, researchers have also developed amplification techniques that can be executed at a single temperature without any pre-heating step. These include processes such as HDA (helicase-dependent amplification) [26,27], RPA (recombinase polymerase amplification) [28,29], RCA (rolling circle amplification) [30,31], RAM (ramification amplification) [32], MDA (multiple displacement amplification) [33,34], and LAMP (loop-mediated isothermal amplification) [35,36]. While promising, isothermal processes such as NASBA, 3SR, TMA, and SDA require two to three enzymes, increasing the preservation and application cost for their use in the POC setting [37]. TMA and SDA have demonstrated an overall decrease in amplification efficiency compared to NASBA and 3SR. In addition, complications toward nuclease selection and higher inefficiency for long target sequences are the other drawbacks of the SDA process [37]. The SMART amplification process suffers from its dependence on multiple probes and enzymes for hybridization steps, thus adding to the complexity of the amplification process [38]. The HDA process utilizes expensive enzymes and thus incurs higher costs to the overall amplification process. Although RPA provides several advantages, such as simple reaction scheme, low reaction temperature, high efficiency, and high specificity, the greater length of the primers and probe limits amplification of longer templates. On the other hand, the RCA process requires circular nucleic acid templates restricting their use for particular target nucleic acid templates. RAM is an improved version of RCA, which results in an exponential amplification of target nucleic acid sequences as compared to RCA. However, RAM utilizes padlock probe whose complex secondary structure not only interferes with the assay detection but also impairs the assay detection efficiency. One of the significant drawbacks of the MDA amplification technique is the high rate of allele dropout (ADO) and extensive preferential amplification. Among all these techniques, LAMP—operating isothermally around 65 °C—has emerged as the most promising and widely used nucleic acid isothermal amplification techniques (Figure 1A,B). Although the primer design of LAMP is complex [39], the usage of 4 to 6 primers spanning 6–8 distinct sequences enhance the specificity as compared to the other amplification procedures. Moreover, the LAMP amplification process utilizes only one enzyme (BST Polymerase) unlike the other isothermal amplification processes. Finally, the amplification efficiency of LAMP is significantly higher as the entire process yields nearly 109-fold amplification in less than 30 min [35,36].



Even with the advantages and simplicity of isothermal LAMP operation, the assay chip brings additional complexity to an otherwise straightforward NAAT [40]. For example, most implementation of LAMP still requires peripheral components such as fluid pumping systems and valves for fluid manipulation, increasing the cost and operational complexity of the system [41]. Alternatively, paper-microfluidics offer several advantages that traditional sample-in-tube assays do not offer such as their low cost, accessibility, biocompatibility, and portability [42]. Furthermore, the porous paper substrates enable capillary-driven passive fluid transport to reliably move liquid samples and reagents without the need for external fluid pumps [43]. Consequently, the number of publications that harness paper for diagnostics have steadily been increasing over the last decade (Figure 1B). Paper-based loop-mediated isothermal amplification (LAMP) is a method that combines the simplicity and low cost of paper-based diagnostic tests with the specificity and sensitivity of LAMP to detect nucleic acid sequences in samples. In this method, the LAMP reaction is performed on a small piece of paper, such as filter paper or chromatography paper, instead of in a test tube. The paper is then incubated at the appropriate temperature, typically ~65 °C, for the LAMP reaction to occur. Recently, researchers have explored the potential of simpler paper-based LAMP devices, well-known for their robustness, cost-effectiveness, and user-friendliness [44,45,46]. A critical aspect of paper-based LAMP detection is the paper’s material selection [40,47]. The nonspecific binding of DNA molecules to the paper’s fibers as well as paper self-fluorescence, negatively influence the noise level and thus the limit of detection (LOD). The most used paper membranes are nitrocellulose-based FTA (Flinders Technology Associates), cellulose, or glass-fiber-based [47]. Another factor in determining the efficiency of paper-based LAMP is the pre-drying of LAMP reagents with the paper matrix. Paper-based LAMP systems that utilize pre-dried reagents eliminate the need for sample preparation steps [46,48]. Dry reagents are less sensitive to storage conditions, thus preventing problems with temperature-dependent transport or storage. Taken together, paper-based LAMP devices offer significant potential to be commercially used as accurate and cost-effective NAATs, especially in resource-limited settings.



Few review articles related to paper-based devices and nucleic acid amplification have been published in the past few years. Choi et al. [49] reviewed the advances and challenges of fully integrated paper-based point-of-care NAATs with a discussion on the implementation of NAATs on low-cost paper substrates. Tian et al. [50] illustrated the latest developments of integrated μPADs (paper-based analytical devices) and highlighted the accomplishments and challenges of each component, including sample collection/pre-treatment, signal transduction, and amplification followed by detection. This review paper provides a comprehensive yet compact discussion on the implementation of paper-based LAMP for the first time. Notably, the first work on paper-based LAMP was reported by the Whitesides group [45] in their work entitled “Paper Machines for molecular diagnostics” where they detected the malb gene in E. coli. Their work was directed toward developing an integrated paper-based LAMP device that involved the functional steps of viral nucleic acid capture, purification and isothermal amplification, and thereafter, leading to real-time fluorescence detection. Although this was the only work on paper-based LAMP reported in 2015, a steady increase in publication records can be found since then, showcasing the significance of this technology. The last couple of years, especially since the COVID-19 pandemic era, have seen a significant increase in paper-based LAMP research and publications [51,52,53,54] (Figure 1C).



First, this review focuses on the development of paper-based LAMP technology in the past decade. In the next section, details about the fabrication of the paper-based assay are discussed, including—(1) LAMP-assay preparation which reviews the different methods for preparing the Clinical/DNA samples; (2) paper membranes which illustrate the different paper membranes used for carrying out LAMP; (3) incorporation of LAMP reagents on paper matrix which discusses the imbibition techniques to introduce LAMP reagents on paper substrate; (4) design of the device which reviews the design and fabrication of paper-based LAMP platforms; (5) heating techniques which discuss the various heating instrument that have been used for paper-based LAMP assays; (6) detection techniques which discuss the various assay detection methodologies utilized for paper-based LAMP; and (7) sensitivity and specificity where the robustness and limit of detection (LOD) of paper-based LAMP assays is reviewed. Finally, the conclusive remarks, challenges, and future scope of paper-based LAMP technology is presented.




2. Fabrication and Design of Paper-Based LAMP Assays


Most NAAT systems function in conjunction with existing laboratory facilities and equipment. Conventional LAMP assays (i.e., LAMP performed in polypropylene PCR tubes) rely on the use of several manual fluid handling steps, primarily with pipettes [40]. Paper-based LAMP systems eliminate these steps resulting in a more straightforward and cost-effective NAAT assay system [9,50]. Here we discuss several aspects of paper-based LAMP assay systems.



2.1. Design of the Paper-Based LAMP Platform


Researchers have proposed various paper-based LAMP devices that integrate the processes of extraction, purification, and amplification. Although few researchers have focused on first extracting the nucleic acid (RNA/DNA) and then amplifying it in the presence of primers and LAMP buffer mixture on paper substrates, the majority of them have used the hybrid technique of detection in lateral flow assays or dipstick after carrying out the conventional tube-based LAMP. Even though FTA card had been used extensively for nucleic acid extraction (Figure 2A) [55,56], it was the implementation by Connelly et al. [45] that first demonstrated the use of the FTA card as an effective paper-based LAMP platform. Their platform—aptly called “paper machines”—comprised of a movable reaction paper disc in a magnetic slide strip-based arrangement (Figure 2B). The reaction paper disk is first overlapped on the paper-based sample port where the clinical sample is added. The excess sample is absorbed into the paper-based sample port, and the sample imbibed reaction paper disc is next hauled to the paper-based wash port. Here, washing is carried out, and the retentate on the reaction paper disc is mainly the nucleic acid. Finally, the reaction paper disc is slid past, and the LAMP master mix is added to execute the LAMP reaction. Rodriguez et al. [57] presented a paper-based LAMP device involving amplification at the sample inlet zone followed by Lateral flow assay-based detection at the right half. The sample inlet port has an absorbent pad beneath the amplification pad which absorbs the excess liquid. It was washed with ethanol, and the wash liquid wicked through to the absorbent pad, removing impurities and leaving behind the purified precipitated DNA. The LAMP reaction mix is placed directly onto the sample port where the purified DNA remains, and the chip’s bottom tab is folded over the designated perforation to act as a cover film for the sample port and prevent evaporation during the heating step. The eluted products wick through the LFD strip toward the right (Figure 2C). Choi et al. [58] came up with an integrated device consisting of an amplification region and a lateral flow assay (LFA)-based detection part (Figure 2D). The amplification region exhibits a glass-fiber membrane protected by a PVC adhesive tape and adhesive PVC backing pad. One end of this backing pad was attached to the lateral flow assay. Later, Choi et al. [59] added the step of cell lysis and extraction of nucleic acid on the FTA paper membrane mounted on a glass-fiber membrane and multiple-layered PVC backing pad. Amplification reagents were added to the glass-fiber membrane, and this was then moved into the covered heating compartment of the handheld heating device for amplification. After amplification, this was directly pasted on the lateral flow assay sample pad, where external fluid was added for carrying over the sample toward the detection section. They also modified the LFA design, where they added PDMS drops and shunt paper layers to delay the flow and enhance the sensitivity.



Champlauk et al. [60] established a bendable chip consisting of a paper-based reaction and detection pads connected by a fishing line. Both the amplification and detection pads are circular discs (Figure 3A). The detection part also includes a square paper pad which is coated with phosphate-buffered saline (PBS). The entire design is a fishing wire-based network coupled with paper pads for amplification and detection. Ru Choi et al. [61] proposed an integrated paper-based biosensor consisting of four layers (1) top PVC layer—lateral flow assay detection; (2) second glass fiber—for carrying out LAMP; (3) third nitrocellulose membrane layer—for sample addition and nucleic acid extraction; (4) fourth absorbent pad—for sample purification and washing. The LAMP paper device given by Seok et al. [46] and Batule et al. [48] had two layers of paper membranes sandwiched together. The bottom layer was essential in distributing the inserted sample and helping it vertically imbibe the four paper-based LAMP zones. Jiang et al. [62] developed a new concept named VLEAD which consisted of four reservoirs performing the function of lysis, wash, and purification, followed by buffering, mixing, and detection in the vertical direction in one of the reservoirs (Figure 3B). Li et al. [63] came up with a unique concept of fabricating 12 paper-based reaction pads laminated between two magnetic plates to minimize evaporation rates. An origami-paper-based DNA purification (using chitosan matrix)—LAMP amplification-detection device was fabricated by Tung Trieu and Lee [64] (Figure 3C). Wang et al. [54] proposed a new methodology in which a protruded stick can be pressed on a sponge pad-based amplification system that transfers the amplicons into the interconnected detection zones. Garneret et al. [51] proposed a movable system named COVIDISC consisting of a rectangular-shaped extraction membrane that was overlapped on two paper-reaction pads (one for test and the other for control) (Figure 3D). Recently, Rofman et al. [65] developed a design involving the sample transfer from the pumping pad to the target pad via a superhydrophobic membrane. Overall, it is seen that designs ranging from combined and lateral flow-based paper pads to disc-shaped paper arrangements have all been successful in amplifying and detecting nucleic acid targets via LAMP.




2.2. Paper-Based LAMP Assay Preparation


The sample preparation step involves processing LAMP reaction either from extracted nucleic acid or directly from crude clinical samples [35,36]. Optimal paper-based LAMP should (i) enable integrated sample preparation steps such as extracting DNA/RNA from crude samples, (ii) enable on-paper reagent storage, and (iii) enable automated fluid transport and assay readout. In general, LAMP reaction requires four to six target-specific primers. In addition, for the execution of LAMP, a master reaction consisting of tris-hydrochloric acid (pH 8.8), potassium chloride, ammonium sulfate, magnesium sulphate, Tween 20, betaine, Bst DNA polymerase, and reverse transcriptase (only for the detection of viral pathogens), and dNTPs is required [36]. In addition to this, detection reagents such as intercalating dyes or fluorescent probes are also added.



Efficient extraction and purification of nucleic acids from complex biological samples are challenging in paper-based NAATs. First, paper-based methods often require smaller sample volumes, potentially limiting the amount of genetic material that can be extracted and processed. The porous structure of the paper can lead to incomplete recovery of genetic material and contamination from impurities. Additionally, achieving consistent and reproducible nucleic acid extractions can be difficult due to variations in the physical and chemical properties of the paper substrate, which can impact the efficiency of sample preparation steps. Incomplete sample recovery may reduce the sensitivity of the assay, and the quality of the genetic material extracted may be more variable compared to the traditional methods, affecting the accuracy and reproducibility of the assay. Most proof-of-concept work uses nucleic acid extraction kits or laboratory-based sample processing to isolate nucleic acids from crude biological samples before performing paper-based LAMP. Alternatively, researchers have also opted for spiking DNA templates in clinical samples before performing paper-based LAMP reactions. On the other hand, a few researchers used paper membranes to demonstrate a sample-to-answer test that performs nucleic acid extraction followed by LAMP reaction and detection on paper. Connelly et al. [45] introduced the sliding strip-based paper-LAMP assay, which can perform all the steps of sample preparation involving E. coli cell lysis, DNA isolation, and purification, as well as LAMP amplification and detection. Rodriguez et al. [57] developed single-step chaotropic cell lysis and DNA extraction methodology based on the alcohol precipitation method for extracting DNA from the clinical cervical sample. The entire procedure, along with ethanol washing, was executed on the paper membrane, which left DNA precipitate on the surface of the paper substrate. LAMP mixture was added next to initiate the reaction, followed by the detection of the target amplicons. Kaarj et al. [44] demonstrated ZIKA virus lysis and subsequent filtration followed by detection on a LAMP-paper assay. They demonstrated that the input sample could even be human urine, human blood plasma, or solution spiked with the ZIKA virus. Jiang et al. [62] introduced a paper-based unit for sample lysis, RNA enrichment, and purification, followed by RT-LAMP. Overall, it is found that these multi-functional single-step processes are relatively cost-effective and can be easily operated. Even though such sample-in answer-out type paper-based LAMP has been demonstrated, systems that can seamlessly integrate single-step extraction, purification, and detection process on paper are rare and considerable future scope exists toward engineering these systems.




2.3. Paper Membranes


Since LAMP reaction and detection, along with nucleic acid extraction/purification, is being carried out on paper membranes, the composition of the paper matrix plays a very important role in determining the efficiency of the amplification reaction. Researchers have used wide variety of paper pads ranging from polyethersulfone membrane (PES) and FTA to Whatman filter papers and chromatography papers [66]. However, the broad range of classification involves paper membranes composed of cellulose and nitrocellulose [47]. Cellulose-based paper matrices are primarily composed of hydroxyl groups and a relatively lesser amount of carboxyl group, which renders them negatively charged. These are essentially hydrophilic in nature, so the retention time of fluids on these paper membranes is comparatively less. The primarily used cellulose paper membranes are chromatography and filter papers. The other widely used cellulose-based paper membrane is FTA (fast technology analysis) cards [9,45]. FTA cards are good retainers of dried lysis agents and stabilizers, which are desirable for a single-step nucleic acid extraction prior to performing the LAMP reaction [45].



When the nitrate groups replace the hydroxy group in the cellulose, nitrocellulose is created, which is usually cast into membrane sheets after dissolving into solvents. The porosity of the paper membranes can be controlled by changing the rate of evaporation of the added solvent. In addition, the permeability of the nitrocellulose membranes can be adjusted by varying the concentration ratio of nitrocellulose and the organic solvent. Nitrocellulose membranes are primarily hydrophobic in nature, and the extent of binding of proteins on these membranes is dependent on the mechanism of electrostatic or hydrophobic interaction. It has been observed that dsDNA generally does not bind, whereas denatured single stranded DNA easily binds on the nitrocellulose membranes. Recently, there has been significant development in enhancing the hydrophilicity of the nitrocellulose membrane by adding several surfactants at different compositions [67]. Other than cellulose and nitrocellulose membranes, PES (polyether sulphone), PC (polycarbonate), and glass fiber membranes have been used for executing LAMP [66]. Linnes et al. [66] compared the extent of LAMP amplification on cellulose chromatography (CHR), PES, NC, PC, and unbound glass fiber paper membranes. Among all the membranes, PES demonstrated positive LAMP amplification every time, while PC, on rare occasions, exhibited false negative LAMP amplification. Cellulose sometimes demonstrated successful, positive LAMP amplification, whereas NC and unbound glass fiber membranes failed to show any positive amplification. Seok et al. [46] used PES as transfer pads while glass fiber paper membranes were implemented for the detection of multiple pathogens using the LAMP. Glass fibers have larger pores and are biocompatible, which makes them highly effective. Moreover, LAMP reagents are provided with sufficient reaction space on the glass fibers and these paper substances are devoid of any water-soluble material which may hamper LAMP. It was inferred that the addition of PVA (polyvinyl alcohol) on glass fiber membranes was deemed to be more effective in amplification and visual detection. They also mentioned that other membranes that contain hydrophilic fibers, such as polyether sulfone and cellulose acetate fibers, inhibited the LAMP reaction.



Several paper-based LAMP devices consist of a combination of different types of paper membranes. These are more common for devices involving lateral flow assay-based detection just after the LAMP reaction. Choi et al. [58] developed the integrated lateral flow assay for DNA amplification to detection. The developed device consisted of a glass fiber pad for LAMP, a glass fiber pad for LFA, a nitrocellulose membrane, an absorbent pad, and two PVC backing pads. Rodriguez et al. [57] combined PES and cellulose blotting paper as the sample pad for isolating and purifying the DNA from the sample. After initiating the LAMP amplification process in the combined membrane setup, the amplified products are swept away into the commercially brought lateral flow assay strip consisting of glass fiber-based conjugate pad followed by the nitrocellulose-based detection pad and, finally, the absorbent pad. Choi et al. [59] developed an integrated paper-based biosensor consisting of four layers. The top PVC layer is the lateral flow layer supported by a PVC backing pad, which consists of a glass fiber, a nitrocellulose membrane, and an absorbent pad. The second layer is composed of glass fiber for a highly specific and sensitive nucleic acid amplification technique (i.e., LAMP). The third layer consists of a piece of FTA card with a diameter of 0.25 cm for sample addition and nucleic acid extraction. The bottom layer is composed of an absorbent pad for sample purification and washing. Batule et al. [48] developed a handheld paper device by integrating multiple pads for loading, transferring, and binding the sample. Specifically, an asymmetric polyethersulfone membrane was used as the transfer pad, and a GF/C grade glass pad, glass fiber, SS DNA-modified glass fiber, and an absorbent pad were used to fabricate loading, sample, binding pads, and the absorbent pad, respectively. The paper-strip-based extracted viral RNAs were directly added to the RT-LAMP reaction buffer, and then viral RNA containing RT-LAMP buffer was pipetted into the sample hole of the ready-to-use paper chip, consisting of a PES transfer pad and glass fiber LAMP reaction pad. Other than the lateral flow assay, Champlauk et al. [60] used a bendable plastic laminated chip consisting of separate paper-based LAMP amplification and detection zones connected by a fishing line. The amplification zone was made up of amplification and absorption pads, while the detection zone comprised a PBS (phosphate buffered saline) pad and detection pad. All the paper pads were made up of Whatman filter paper no. 1 grade membrane except the PBS pad, which was prepared from a square polystyrene pad. Thus, it is well understood that combining paper pads for performing separate functions in a paper-based LAMP amplification device renders them more effective.




2.4. Incorporation of LAMP Reagents on Paper Matrix


There are several ways through which LAMP reagents can be integrated and stored onto paper matrices. Connelly et al. [45] applied purification buffer and nuclease-free water on the FTA-based LAMP detection pad. The disc was then dried completely by being placed in an oven at 65 °C for 5 min and 10 μL of LAMP Master Mix was applied. Champlauk et al. [60] fed the Whatman filter paper-based LAMP amplification pad with the LAMP reagents and DNA sample through one of the inlet tubes. In both of their works on paper-based LAMP assay, Choi et al. [58,59] pipetted out the mixture of the samples and LAMP reagents onto the glass fiber pad for LAMP protected by a disposable tape. Linnes et al. [66] first added the nucleic acid sample and then followed it up with the LAMP reagents onto the circular discs made from different paper membranes. Zhang et al. [56] inserted FTA card in the icLAMP microcapillary system followed by three segments of purification reagent, two segments of TE buffer, one segment of LAMP reaction mix, and three segments of water droplets. Hence, no reagent is directly added to the FTA card. Rodriguez et al. [57] added the liquid LAMP reaction mix directly onto the sample port of the PES membrane (LAMP amplification pad). Seok et al. [46] and Batule et al. [48] used dried LAMP reagent pre-imbibed on the glass pad for LAMP amplification. The solution-treated glass pad was dried for 20 min at 37 °C in a drying oven. Then, the reaction buffer without primer, polymerase, and HNB was pipetted onto a glass pad and heated for 60 min at 63 °C. Jiang et al. [62] used a fluid-control ball valve to trigger the release of reagent from the buffer to the mixing unit in the coffee mug-paper-based LAMP amplification unit. In order to detect ZIKA virus on paper assay, Kaarj et al. [44] inserted 15 μL of RT-LAMP reaction mixture directly on the excised paper and covered it with glass slide to sandwich the paper, followed by sealing with Parafilm M to prevent evaporation. Li et al. [63] performed a multiplex LAMP assay in the paper-based chip where isothermal amplification buffer and the bacteria genome specimen were added, and then 5 μL of mineral oil was applied to each hole to prevent liquid evaporation during the amplification. Naik et al. [68] added LAMP reaction mixture containing the bacterial culture to a 5 mm diameter paper disc, heat-sealed into a plastic pouch, and incubated it at 60 °C for varying durations. Trieu and Lee [64] developed an origami all-in-one paper structure which consisted of a chitosan-based DNA purification pad and a separate LAMP reaction pad. Due to the foldable structure, the purification pad was overlapped on the reaction pad thereby initiating the LAMP reaction. Wang et al. [54] developed an on-chip RT-LAMP assay where amplification mixtures were loaded onto the sponge-like PVA pad. Then the sample-loaded RT-LAMP chip was sealed using transparent pressure-sensitive adhesive tape and placed on the thermal plate at 50 °C for 35 min and then at 65 °C for 40 min. A slightly different process was adopted by Suea-Ngam et al. [69] for their developed paper-based LAMP assay where LAMP primer solution was first added to the paper disc without the forward inner primer. Thereafter, the polymerase, target DNA and LAMP buffer was added to the paper substrate. Choopara et al. [70] inserted LAMP mixture onto the reaction pad, dried in a sterile air flow and stored at low temperatures. To use the paper-based LAMP device, the reaction pad was placed on the reaction layer of the sandwich-like bottom base, 1 μL of DNA sample and 14 μL of sterile water were pipetted onto the reaction pad, covered by the clear top seal to prevent evaporation during the LAMP incubation. Trinh et al. [71] mixed agarose gel and LAMP reagents for an effective storage at low gelling temperature. When this mixture was deposited on the surface, it solidified at room temperature. Thereafter, the DNA solution was added. Paper-based LAMP reactions can also operate effectively at different ambient humidity conditions [72]. The various methods used to incorporate LAMP reagents on paper have been summarized in Table 1. Overall, it is found that adding the LAMP reagents directly onto the paper substrate followed by drying is an effective procedure for achieving LAMP-based detection.





3. Heating Technique


The primary advantage of LAMP over PCR is the simplicity of the heating hardware. PCR thermal cyclers comprise a metal heating block whose temperature is controlled by power-intensive Peltier heaters. Even for heating small fluidic volumes, most of the thermal energy is wasted in heating the metallic blocks with a high heat capacity and do not actively participate in the reaction, resulting in a typical power consumption of anywhere from ~150 W–470 W for PCR protocol. Additionally, cooling fans must be switched on at each thermal cycling step to reduce the reaction temperature to primer annealing temperatures. The repeated heating and cooling steps severely inhibit the PCR-based NAAT devices to be operated with low powered and simple hardware. The isothermal operation of LAMP significantly reduces the thermal management and power consumption of LAMP-based NAATs, making them amenable for portable and off-the-grid use. LAMP reactions require isothermal conditions between 63 °C and 67 °C for optimal amplification. Typically, a temperature of 65 °C is used in most cases as LAMP. In the context of paper-based LAMP platforms, the initial implementation of heating utilized ovens, incubators, and hot plates [68] to maintain the paper-based assay at ~65 °C (Figure 4A). For example, Connelly et al. [45] used a laboratory incubator for heating the paper-based LAMP platform. Rodriguez et al. [57] placed their paper-based chip face-down on a 63 °C heat block or hot plate for 30 min. Seok et al. [46] used a heat block powered by Peltier elements attached to the bottom of the multiplex paper NAAT device. Kaarj et al. [44] used a hot plate for heating the segmented and cut RT-LAMP assays. Apart from this heating apparatus, researchers also used a biological incubator for heating the paper-based LAMP device to the required isothermal temperature. Davidson et al. [52] developed a paper assay for detecting SARS-CoV-2 using RT-LAMP, and this assay was heated to 65 °C in a standard 75 L biological incubator for 60 min. Later, more portable and integrated heating units were integrated with the paper-based LAMP platforms. For example, Choi et al. [58] developed a handheld system consisting of a closed heating compartment for amplification, a non-heating testing compartment for target analyte detection, an integrated battery, an integrated temperature controller, and a charger (Figure 4B). In this setup, the heating compartment was comprised of an aluminum enclosure with external insulation, whereas the testing compartment was comprised of chemical-resistant polyformaldehyde. A battery was integrated into the system with a programmable temperature controller (5 °C to 100 °C), with a resolution of ±0.1 °C. A temperature sensor was installed in the aluminum enclosure, with the temperature displayed externally. Li et al. [63] used a homemade heating device containing a DC power supply, a temperature controller, and a copper heating block in their study for detecting antibiotic resistance genes on paper membranes. Wang et al. [73] designed an integrated thermal and image box to conduct the RT-LAMP reaction to detect prostate cancer biomarkers. Their box included a thermal plate (area: 9 cm2 and thickness: 0.15 cm) powered by a 12 V lithium-ion portable battery capable of generating a heating power of 0.6 w/cm2. Since the operating temperature of LAMP is not very high, researchers have also incorporated inexpensive off-the-shelf kitchen gadgets to carry out the isothermal reaction. For example, Jiang et al. [62] used a battery-powered coffee mug warmer to maintain the water bath temperature at the LAMP operating temperature and detected Zika virus using a paper-based LAMP assay (Figure 4C) whereas Rofman et al. incorporated an extremely low powered thin film heater integrated beneath the paper substrate [65] (Figure 4D). The various methods of heating paper-based LAMP reactions have been summarized in Table 2. While these efforts are bringing us closer to portable operation, there still exists a gap in engineering more efficient and low-powered isothermal heaters to perform LAMP reactions.




4. Detection Methodologies


The detection in paper-based LAMP assays/devices has been mostly carried out using optical readouts (colorimetric or fluorescence-based) [9,37]. Visual detection methods of LAMP are simple to use, easy to read, and do not require specialized equipment, making it a cost-effective detection method. One common method is the use of a color-changing indicator, such as a pH indicator, that changes color in the presence of amplified DNA, suggesting a positive LAMP reaction. The user can quickly interpret a positive or negative assay readout with the naked eye or use an optical detector for more quantitative analysis. Many researchers have used color-changing dyes on paper-LAMP assays. Seok et al. [46], Hongwarittorrn et al. [74], and Batule et al. [48] utilized the color change by hydroxynapthol blue (HNB) dye for identifying positive LAMP reaction, which generally depends on the concentration of magnesium ions and the resulting pyrophosphate generation. Kaarj et al. used phenol red colorimetric pH indicator along with their RT-LAMP master mix to detect positive ZIKV samples [44] (Figure 5A). Tung Trieu and Lee [64] used methylene blue (MB) dye for qualitatively detecting the LAMP amplification in a paper-based assay containing sodium sulphite. In the absence of an amplified target, colored MB completely reacts with excessive sodium sulphite to produce colorless leuco-methylene blue (LMB). Phenol red was used as a colorimetric dye for the detection of DNA amplicons by Davidson et al. [52]. Trinh et al. [75] used a unique colorimetric dye named Chemosensor L, ((Z)-4-((2,3 dihydroxybenzylidene)amino)benzenesulfonamide) for amplicon detection. Overall, colorimetric assays can be used with paper-based LAMP assays to provide simple visual detection but fail to yield high signal to noise in positive and negative samples for robust discrimination.



Due to their operational simplicity, the paper-based LAMP platforms have often combined colorimetric detection with lateral flow assay (LFA). These systems frequently use nanoparticles which can be used for colorimetric detection by exploiting the unique optical properties of their small size. By functionalizing the nanoparticles with specific biomolecules, they can be used to detect the presence of specific analytes through color changes. The on-chip signal detection in the paper-LAMP device designed by Champlauk et al. [60] used a paper-based LAMP assay in conjunction with silver nanoparticles (AgNP) to facilitate a colorimetric readout of amplified LAMP products (Figure 5B). Choi et al. [58,59] used a coupled detector probe (DP)-gold nanoparticle (AuNP) for capturing the nucleic acid target (Figure 5C). The streptavidin lining at the test line effectively captures the biotinylated amplicons, while the remaining DP-AuNP gets captured at the control line. A slightly different approach was adopted by Rodriquez et al. [57], where they used streptavidin-conjugated gold nanoparticles bound to the FITC (fluorescein isothiocyanate) probe-amplicons, biotin-based control line, and anti-FITC test line. A positive detection will result in the binding of the FITC bound amplicons on the anti-FITC line while excess streptavidin-conjugated gold nanoparticles will be captured at the biotin control line. Ru Choi et al. [61] also used gold nanoparticle conjugates for detection on lateral flow assay. Suea-Ngam et al. [69] used silver nanoparticles for detection in their paper-LAMP device (Figure 5D). It was found that free primers produced orange-yellow color, whereas silver nanoparticles were less etched and red in color. Similar to Rodriquez et al. [57], FITC-labeled probe was also used for detection purposes by Zhu et al. [76]. Jawla et al. [77] demonstrated a lateral flow assay where the amplified product was tagged with biotin and FITC, which combined streptavidin-gold nanoparticles in the conjugate pad downstream. Both Linnes et al. [66] and Saxena et al. [78] have used FAM signals to detect LAMP products on paper.



Fluorescence dyes can be used to detect LAMP products by binding to the double-stranded DNA produced during the amplification process. This binding results in a change in the fluorescence intensity of the dye, which can be detected using a fluorometer or even a smartphone [79,80]. The use of fluorescence dyes (such as SYBR Green, EvaGreen, Rox, etc.,) allows for real-time monitoring of the LAMP reaction and can provide a rapid and sensitive method for detecting specific nucleic acid sequences. This allows for early detection of LAMP products and can provide quantitative information about the amount of amplified DNA present. In the context of paper-based LAMP, SYBR Green fluorescent intercalating dye has been used by Connelly et al. [45] for visualizing the amplicons. Hiltunen et al. [81] used EvaGreen fluorophore for detection on an aluminum-coated paper substrate and PMMA. EvaGreen has been found to be fluorescent at ambient temperature, and it was effective in the detection of positive LAMP reactions on paper substrates. Jiang et al. [62] and Liu et al. [82] incorporated SYBR Green 1 dye in the paper-LAMP chambers for visualizing the products generated from LAMP (Figure 5E). Li et al. [63] introduced a new fluorescent detection agent in the form of a transition metal complex [Ru(phen)2dppz](PF6)2 in their paper-based LAMP assay. Their fluorescent detection method enabled them to achieve high signal to noise ratio enabling them to not only robustly discriminate between positive and negative samples but also enable real time and quantification amplification on paper (Figure 5F). DNA binding Picogreen dye was used to generate fluorescence on paper by Naik et al. [68] to detect LAMP amplicons. Calcein has been used by Wang et al. [73] and Zhou et al. [83] since the presence of manganese ions initially inhibits the fluorescence of calcein. However, LAMP results in the formation of pyrophosphate, which further reacts with manganese, and eventually, it separates out from calcein generating bright fluorescence. Garneret et al. [51] and Rofman et al. [65] used SYTO82 in their paper-based assay for amplicon detection and visualization. While several researchers have incorporated fluorescent dyes in their paper-based LAMP assays, they are known to inhibit the LAMP reaction to some extent, and their use is not optimal for resource-limited settings.




5. Sensitivity and Specificity of Paper-Based LAMP Systems


The sensitivity and specificity of LAMP reactions depend on several factors, including the initial concentration of target nucleic acid, the specificity of the primers, and the reaction conditions. Generally, LAMP is considered to have similar sensitivity as traditional PCR and can detect as low as a few copies of target DNA. In some studies, LAMP has been shown to detect as low as ten copies of target DNA, and can even detect single copies of a viral genome in clinical samples. Ideally, a molecular diagnostic assay should have high sensitivity and high specificity [84]; however, paper-based assays generally exhibit lower sensitivity than their liquid assay counterparts. Sensitivity is often expressed in terms of limit of detection (LOD) with lower LOD assays corresponding to higher sensitivity [84].



The first paper-based LAMP assay developed by Connelly et al. [45] demonstrated a LOD corresponding to one copy of dsDNA and 5 E. coli cells. Champlauk et al. [60] targeted six areas of the aflR gene in the Aspergillus strain for amplification and demonstrated a LOD of 100 aflR copies with 94.47% specificity. At the same time, 43.75% of contamination was identified in 14 of 32 herbal samples tested. In the integrated LAMP-LFA paper-based platform, Choi et al. [58] demonstrated a LOD of 3 × 103 copies of dengue viral RNA. Later, in their PDMS drop-infused modified design of LFA, Choi et al. [59] demonstrated a LOD of 20 pM, with a 2.5-fold signal enhancement for the case involving 5 PDMS drops. Also, these assays also demonstrated good specificity in detecting the Hepatitis B virus. Rodriguez et al. [57] demonstrated a LOD of 104 HPV (human papilloma virus) copies in their combined paper-based LAMP-LFA device. Ru Choi et al. [61] achieved a LOD of 10 CFU/mL E. coli copies in milk and 103 CFU/mL E. coli copies in spinach from the paper-LAMP biosensor device resulting in a higher sensitivity in comparison to the existing paper-based assays. For specificity analysis, S. pneumonia was targeted, and this was only detected when the other HBV and E. coli samples showed negative results. Seok et al. [46] demonstrated that the sensitivity of their paper-based LAMP assay for detecting S. pneumonia was in the range 0.7 pg–700 pg of DNA mass with an LOD of 0.7 pg. Jiang et al. [62] demonstrated that the detection limit of ZIKA virus on their paper-device is 0.5 PFU of 140 mL of ZIKA spiked urine sample. In the same year, Kaarj et al. [44] found the detection limit as 1 genome ZIKA sample per ml for their paper-based LAMP assay. Li et al. [63] showed an LOD of 100 copies for mecA gene and 285 copies for ermC gene from MRSA (methicillin resistant Staphylococcus aureus). Liu et al. [82] demonstrated a LOD of 10−4 dilution for their proposed LAMP-LFA device. A detection sensitivity of almost 100 CFU/mL was found in the paper substrate used for LAMP by Naik et al. [68]. An E. coli bacterial concentration as low as 1000 CFU/mL was found as the detection limit on paper substrates by Tung Trieu and Lee [64]. Zhu et al. [76] displayed the LOD of Prymnesium parvum g DNA as 0.03 ng/μL in their LAMP-LFA device. Batule et al. [48] showed that the detection limit of ZIKA virus was 1 and 10 copies from 1×PBS and 100% human serum sample, respectively, utilizing the paper-based setup used by Seok et al. [46]. Wang et al. [73] found the detection sensitivity of Prostate cancer antigen 3 (PCA 3) to be around 0.34 fg/μL in the PVA-paper-LAMP-based setup. Suea-Ngam et al. [69] concluded that when FIP primers were immobilized on the paper surface, two fold sensitivity increased as compared to the solution-based LAMP. Davidson et al. [52] found 100% sensitivity with a detection limit of 200 copies of SARS-CoV-2 virus particles per μL. In addition, the specificity of SARS-CoV-2 detection was found to be around 76%. Jawla et al. [77] found that pig DNA template concentration of 10 fg produced an observable amplification signal in their paper LAMP-LFA device. Nearly a detection limit of 100 CFU/mL of vancomycin-resistant Enterococcus in milk was achieved by Trinh et al. [71]. Wang et al. [54] achieved a sensitivity of 3 SARS-CoV-2 RNA copies in their paper-LAMP-ELISA assay whereas 1 SARS-CoV-2 copy per ml was found to be the LOD in the paper-based device demonstrated by Garneret et al. [51]. Saxena et al. [78] found the limit of detection to be around 10 agμL−1 for the N-gene (corresponds to 1.61 × 102 copies of customized DNA fragment), ORF1ab-gene (2.13 × 102 copies of customized DNA fragment) and E-gene (8.69 × 102 copies of customized DNA fragment), and 100 agμL−1 (7.44 × 103 copies of customized DNA fragment) for the S-gene. Zhou et al. [83] displayed a pathogen (E. coli, Salmonella sp., and Staphylococcus aureus) detection sensitivity of 2.8 × 10−5 ng per μL and 10 CFU/mL in spiked milk samples. The detection methods employed along with the limit of detection values for various paper-based LAMP platforms have been summarized in Table 3. Overall, almost all the paper-based LAMP assay systems demonstrated high enough sensitivity and specificity to be applicable for clinical diagnostics.




6. Conclusions and Future Perspectives


While a direct comparison of paper-based LAMP and microfluidic LAMP platforms for point-of-care diagnostics cannot be made without defining precise comparison criteria, generally, microfluidic LAMP platforms offer improved assay performance including higher sensitivity, specificity, and reproducibility. This may be due to several factors, such as the ability to control and optimize reaction conditions in microfluidic platforms, the use of specialized materials and fabrication methods to reduce variability and increase sensitivity, and the integration of additional diagnostic features such as on-chip sample preparation and detection. However, microfluidic LAMP platforms can be more complex and costly to develop and manufacture compared to paper-based platforms. Previously, paper membranes have been used in microfluidic-based systems only for extracting nucleic acids [55,56]. Additionally, paper membranes, specifically lateral flow assays, have been widely used for detection after carrying out tube/solution-based LAMP [89]. The present review article discusses emerging trends in developing various paper-based LAMP assays/devices in recent years. While still in its infancy, the future prospects of paper-based LAMP are promising as it offers cost-effective, rapid, and reliable detection capabilities for a wide range of applications. It can be used as point-of-care diagnostics, allowing for rapid and accurate diagnosis at the patient’s bedside or in remote or field settings. The ability to multiplex the assay helps detecting multiple targets at the same time and increases its diagnostic utility. In addition, paper-based LAMP can be used for environmental monitoring, detecting microorganisms in water, soil, and other environmental samples. It can also be used for food safety, providing a rapid and specific detection of food-borne pathogens in food products. Additionally, it can be used in research applications, such as monitoring the presence of specific microorganisms in a sample or for genotyping. Due to its relatively low cost, it is an attractive option for large-scale testing in low- and middle-income countries, where the cost of traditional diagnostic tests can be prohibitive. Overall, paper-based LAMP has a wide range of applications and great potential to improve global health, food safety, and environmental monitoring.



However, several bottlenecks should be addressed to enable wider adoption of this technology. The heating setup to actuate paper-based LAMP assays should be optimally engineered so that the heat source is miniaturized, low-powered, and ideally—electricity free. The detection technique should be revised to incorporate inexpensive dyes (possibly carbon dots) as opposed to costly fluorophores. Smartphone-based readout coupled with improved image analysis should be developed to enable quantitative analysis with paper-based LAMP assays in contrast to the traditional yes/no result. Paper-based assays should be adapted and optimized to incorporate multiplexed LAMP to enable differential diagnostics. This will be essential in detecting multiple pathogens in a clinical sample. Paper-based sample preparation protocols should be further analyzed to incorporate a wider range of clinical samples. Storage of LAMP reagents in their dried form on the paper substrate should be explored in more detail with a range of drying and lyophilizing protocols. This should greatly make paper-based assay platforms more robust and increase their shelf life. Even with these challenges, researchers are pouring in efforts from several directions to make the next generation of paper-based NAAT devices more robust and scalable so that they can address the global diagnostic demands in a cost-effective manner.
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Figure 1. (A) Analysis of the number of publications that apply LAMP categorized by the topic area. (B) Analysis of annual publications in peer reviewed journals with keywords “paper diagnostics” and “Loop-mediated isothermal amplification” in the title or abstract of the publication. (C) The number of publications that demonstrate and use paper-based LAMP assays. Publication data were compiled on 13 January 2023 from Web of Science database using the keywords “Loop-mediated isothermal amplification” in (A), “Loop-mediated isothermal amplification” and “Paper diagnostics” in (B). 
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Figure 2. (A) The microcapillary with preloaded reagents connected to a pipet tip forms all in one LAMP LFA. The white arrow indicates the direction of the fluids [from [56], copyright 2014 American Chemical Society]. (B) Schematic of sliding-strip device shows the three major layers of the sliding-strip architecture and their components [from [45], copyright 2015 American Chemical Society]. (C) Fluidic demonstration of chip operation demonstrates paper-based LAMP assay including sample lysis, capillary fluid transport, ethanol wash, buffer wash, extraction of purified DNA followed by LAMP reaction [from [57], copyright 2016 Royal Society of Chemistry]. (D) An integrated paper-based device incorporating LAMP and LFA [from [58], copyright 2016 Royal Society of Chemistry]. 
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Figure 3. (A) The bendable chip has two parts, one for DNA amplification and one for detection that are connected with channels made of fishing line [from [60], copyright 2016 Wiley-VCH GmbH]. (B) Exploded view of VLEAD consisting of three components, buffer unit at the top, mixing unit in the middle, and detection unit at the bottom [from [62], copyright 2018 Wiley-VCH GmbH]. (C) Schematic representation of the concept of sample preparation for the performance of the PMA–LAMP assay on the origami paper microdevice [from [64], copyright 2018 American Chemistry Society]. (D) A–COVIDISC workflow decomposed in three steps: (1)—injection, washing (fluids flow through the capture membrane and get absorbed by capillarity in the absorbent wick (in blue)), drying. (2)—Disk rotation and elution. (3)—Disk counter-rotation, coverage of the reaction zone by a PCR sealing film, heating, amplification, and readout [from [51], CC BY License]. 
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Figure 4. Heating methods (A). A hot plate incubator [from [68], copyright 2019 Elsevier]. (B). A handheld battery-powered system for paper-based amplification and detection of nucleic acid [from [58], copyright 2016 American Chemical Society]. (C). ZIKV detection using VLEAD where RT-LAMP is carried out in a water bath inside an Ember coffee mug [from [62], copyright 2018 Wiley-VCH GmbH]. (D). Paper-based lab-on-a-chip device allowing implementation of multistep assays. The lower stacks serve for power and logic and the top is the functional PCB containing heating elements and driving electrodes [from [65], copyright 2022 Royal Society of Chemistry]. 
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Figure 5. Detection methods (A) Colorimetric detection of ZIKV RT-LAMP assay on samples with tap water, urine and plasma [from [44], copyright 2018 Springer Nature]. (B) Colorimetric signal detection on On-chip [from [60] copyright 2016 Wiley-VCH GmbH]. (C) The integrated paper-based LFA device can achieve the colorimetric detection limit of as low as 3 × 103 copies at the optimum incubation time of 60 min [from [58], copyright 2016 Royal Society of Chemistry]. (D) The application of gold nanoparticles (AgNPIs) with paper pad enable quantitative assay readout [from [69], copyright 2021 Wiley-VCH GmbH]. (E) Smartphone photos of the detection units under the ambient light and blue LED flashlight to detect 1, 0.5, and 0.1 PFU of ZIKV spiked in human urine samples while device 4 is a negative control. [from [62], copyright 2018 Wiley-VCH GmbH]. (F) (top) Fluorescence image of the paper-based chip for 16S rDNA detection; (bottom) Real-time amplification of multiple LAMP for mecA and ermC. Fluorescence intensity of amplification changes with time. [from [63], copyright 2018 American Chemical Society]. 






Figure 5. Detection methods (A) Colorimetric detection of ZIKV RT-LAMP assay on samples with tap water, urine and plasma [from [44], copyright 2018 Springer Nature]. (B) Colorimetric signal detection on On-chip [from [60] copyright 2016 Wiley-VCH GmbH]. (C) The integrated paper-based LFA device can achieve the colorimetric detection limit of as low as 3 × 103 copies at the optimum incubation time of 60 min [from [58], copyright 2016 Royal Society of Chemistry]. (D) The application of gold nanoparticles (AgNPIs) with paper pad enable quantitative assay readout [from [69], copyright 2021 Wiley-VCH GmbH]. (E) Smartphone photos of the detection units under the ambient light and blue LED flashlight to detect 1, 0.5, and 0.1 PFU of ZIKV spiked in human urine samples while device 4 is a negative control. [from [62], copyright 2018 Wiley-VCH GmbH]. (F) (top) Fluorescence image of the paper-based chip for 16S rDNA detection; (bottom) Real-time amplification of multiple LAMP for mecA and ermC. Fluorescence intensity of amplification changes with time. [from [63], copyright 2018 American Chemical Society].



[image: Chemosensors 11 00163 g005]







[image: Table] 





Table 1. Methods to integrate LAMP reagents on paper matrices.
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	Reference
	Paper Matrix
	LAMP Reagent Integration Method





	Connelly et al. [45]
	FTA
	Purification buffer and nuclease-free water applied on detection pad, followed by drying and application of LAMP Master Mix



	Chaumpluk et al. [60]
	Whatman filter paper
	LAMP reagents and DNA sample added through inlet tube to amplification pad



	Choi et al. [58,59]
	Glass fiber pad
	Mixture of samples and LAMP reagents pipetted onto pad, protected by disposable tape



	Linnes et al. [66]
	Circular paper discs
	Nucleic acid sample added followed by LAMP reagents



	Zhang et al. [56]
	FTA card in icLAMP microcapillary system
	Segments of purification reagent, TE buffer, LAMP reaction mix, and water droplets added in sequence, with no reagent directly added to FTA card



	Rodriguez et al. [57]
	PES membrane
	Liquid LAMP reaction mix added directly onto sample port of amplification pad



	Seok et al. [46], Batule et al. [48]
	Glass pad
	Dried LAMP reagent pre-imbibed on pad, followed by pipetting of reaction buffer without primer, polymerase, and HNB, and heating



	Jiang et al. [62]
	Coffee mug-paper-based unit
	Fluid-control ball valve used to trigger release of reagent from buffer to mixing unit



	Kaarj et al. [44]
	Excised paper
	15 μL of RT-LAMP reaction mixture inserted directly onto paper, covered with glass slide, sealed with parafilm M



	Li et al. [63]
	Paper-based chip
	Isothermal amplification buffer and bacteria genome specimen added, followed by application of mineral oil to each hole to prevent evaporation



	Naik et al. [68]
	Paper disc
	LAMP reaction mixture containing bacterial culture added, heat-sealed into plastic pouch, and incubated at 60 °C for varying durations



	Trieu and Lee [64]
	Origami all-in-one paper structure
	Chitosan-based DNA purification pad overlapped on LAMP reaction pad to initiate reaction



	Wang et al. [54]
	Sponge-like PVA pad
	Amplification mixtures loaded onto pad, sealed with transparent pressure-sensitive adhesive tape, and placed on thermal plate



	Suea-Ngam et al. [69]
	Paper disc
	LAMP primer solution added first, followed by addition of polymerase, target DNA, and LAMP buffer



	Choopara et al. [70]
	Reaction pad
	LAMP mixture inserted onto pad, dried, and stored at low temperatures, then DNA sample and sterile water pipetted onto pad and covered by clear top seal for LAMP incubation



	Trinh et al. [71]
	Agarose gel
	Agarose gel and LAMP reagents mixed and deposited on surface, solidified at room temperature, followed by addition of DNA solution
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Table 2. Heating methods for paper-based LAMP platforms.
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	Reference
	Heating Method





	Connelly et al. [45]
	Laboratory incubator



	Rodriguez et al. [57]
	Heat block or hot plate



	Seok et al. [46]
	Heat block powered by Peltier elements



	Kaarj et al. [44]
	Hot plate



	Davidson et al. [52]
	Biological incubator



	Choi et al. [58]
	Handheld system with closed heating compartment



	Li et al. [63]
	Homemade heating device



	Wang et al. [73]
	Integrated thermal and image box



	Jiang et al. [62]
	Battery-powered coffee mug warmer



	Rofman et al. [65]
	Thin film heater
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Table 3. Paper-based LAMP platforms, targets, detection methods and limit of detection.
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	Reference
	LAMP Platform
	Detection Method
	Targets
	Limit of Detection





	Connelly et. al. [45]
	A paper microfluidic device that enables a central patterned paper strip to slide in and out of fluidic path and allows sample preparation, isothermal amplification and detection.
	Fluorescence detection using SYBR Green I
	Whole, live E. coli cells (malB gene) in human plasma
	5 cells



	Linnes et. al. [66]
	Lateral flow detection strip with polyethersulphone membrane
	Colorimetric-Biotin Streptavidin chemistry
	Four separate DNA and RNA targets (Bordetella pertussis, Chlamydia trachomatis, Neisseria, gonorrhoeae, and Influenza A H1N1)
	NA



	Choi et. al. [59]
	Lateral flow assay strip which incorporates a piece of nitro cellulose paper-based shunt and a polydimethylsiloxane barrier to the strip
	Gold Nano Particle Streptavidin chemistry
	Hepatitis B Virus
	102 IU/mL (International units per milliliter)



	Choi et. al. [58]
	An integrated paper-based biosensor incorporating nucleic acid extraction, amplification and visual detection
	Gold Nano Particle Streptavidin chemistry
	Escherichia coli and Streptococcus pneumonia
	10–1000 CFU/mL



	Roy et. al. [85]
	Paper microchip fabricated in a cellulose paper and a small wax chamber
	Colorimetric- Leuco crystal violet
	Sus scrofa (porcine) and Bacillus subtilis (bacteria) DNA
	1 picogram/μL and 10 picogram/μL respectively



	Kaarj et. al. [44]
	Paper microfluidic chip
	Colorimetric- Phenol red
	ZIKV RNA
	1 copy/uL



	Kim et. al. [86]
	Polyethersulfone (PES) paper embedded with a polymethyl methacrylate (PMMA) platform for simultaneous DNA amplification and colorimetric detection
	Colorimetric- eriochrome black T (EBT)
	DNA of Staphylococcus aureus
	1 femtogram/mL



	Lin et. al. [87]
	Digital LAMP directly on polycarbonate membrane
	Primer-probe-primer-quencher fluorescence chemistry
	E. coli, E. faecalis, and Salmonella Typhi DNA; also MS2 virus in wastewater
	11 to 1.1 × 105 copies/μL



	Naik et. al. [68]
	Paper-based LAMP
	Fluorescence detection using PicoGreen
	Escherichia coli (MG1655) and Mycobacterium smegmatis (mc2155) cells
	NA



	Varsha et. al. [88]
	Penta- cloverleaf modelled paper-based (Whatman filter paper) LAMP device
	Colorimetric- Leuco crystal violet
	Multiple gene targets in Leptospira
	50 attogram/μL



	Jawla et. al. [77]
	Paper-based LAMP lateral flow assay strip with nitro cellulose membrane
	Colorimetric-Biotin Streptavidin chemistry
	Cattle DNA
	0.1 picogram



	Choopara et. al. [70]
	Paper-based (cellulose membrane) LAMP device consisting of a sandwich-like bottom base, a reaction pad in the center, and a clear top seal
	Fluorescence detection using SYBR Green I
	MRSA (gene mecA)
	10 attogram—equivalent to 1 copy
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