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ABSTRACT 

Solid-state nanopores have shown great promise and achieved tremendous success in the label-

free single-molecule analysis. However, there are three common challenges in solid-state nanopore 

sensors, including the nanopore size variations from batch to batch that makes the interpretation 

of the sensing results difficult, the incorporation of sensor specificity, and the impractical analysis 

time at low analyte concentration due to diffusion-limited mass transport. Here, we demonstrate a 

novel loop-mediated isothermal amplification (LAMP)-coupled glass nanopore counting strategy 

that could effectively address these challenges. By using the glass nanopore in the counting mode 

(versus the sizing mode), the device fabrication challenge is considerably eased since it allows a 

certain degree of pore size variations and no surface functionalization is needed. The specific 

molecule replication effectively breaks the diffusion-limited mass transport thanks to the 

exponential growth of the target molecules. We show the LAMP-coupled glass nanopore counting 

has the potential to be used in a qualitative test as well as in a quantitative nucleic acid test (NAT). 

This approach lends itself to most amplification strategies as long as the target template is 

specifically replicated in numbers. The highly sensitive and specific sensing strategy would open 

a new avenue for solid-state nanopore sensors towards a new form of compact, rapid, low-cost 

nucleic acid testing at the point of care.  
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Due to its conceptual simplicity and label-free operations, nanopore sensors have attracted 

intense research interest in electronic single-molecule detection. The nanopore sensor is typically 

operated by applying a potential difference across the two chambers to electrophoretically drive 

charged biopolymers through the nanoscale orifice. The readout is a current time trace with dips 

corresponding to single-molecule translocation, usually called an event. Analysis of features 

within each identified event (e.g., dip magnitude, shape, and duration) provides the basis for 

interpreting the molecule length, shape, charge, and reactivity to the nanopore surface1. Among 

various nanopore types, due to their mechanical robustness, tunable size, and potential for 

integration and miniaturization, solid-state nanopores2 made with silicon nitride3-5, glass6-8, and 

graphene9 have become a versatile analytical tool for analyzing nucleic acids and proteins. 

While solid-state nanopores have achieved tremendous success, there exist three common 

challenges. The first is pore size variations from batch to batch. Despite significant advancement 

in solid-state nanopore fabrication techniques10, repeatable pore size control remains challenging. 

Since the analyte is detected by the exclusion of ions from the sensing pore volumes, the pore size 

change would cause the sensing signal varying from one experiment to the other, making the 

interpretation of the sensing results difficult. The second is the nanopore sensor specificity. The 

specificity was usually encoded into the dwell time or current dip shapes. A common approach for 

achieving the specificity is through introducing specific binding sites on the nanopore wall surface 
11, 12. However, controlling the location and number of binding sites within the nanopore sensing 

volume is not without challenges. The additional steps of surface functionalization could limit the 

device yield13. In addition, a specifically modified nanopore means that nanopore can only be used 

for a fixed target without being generally applicable. Another approach for introducing the 

specificity is through specific probe molecules. For example, engineered double-strand DNA 

carriers were used for sensing specific proteins14, 15 and specific DNAs16. The third challenge is 

the prolonged sensor response time at low analyte concentrations2, 17. Although the nanopore 

sensor itself has single molecule sensitivity, the diffusion-limited mass transport in nanopore 

sensors could severely impact the sensor response time17-19. It was estimated that if the analyte 

concentration is sub-picomolar, it will take more than 1-hour to observe a single event20.  

To extend the capabilities of solid-state nanopores and realize practical devices, alternative 

sensing strategies are highly desirable. One such strategy is to increase the number of specific 
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target molecules present. In fact, target molecule replication was a mature and proven strategy in 

nucleic acid amplification tests (NAATs). As one of the most sensitive methods available, NAATs 

have a wide range of applications ranging from infectious disease diagnosis, food pathogen 

screening, and forensic investigations to homeland security. NAAT employs enzymatic 

polymerization reaction in which a few copies of templates (low analyte concentration) can be 

replicated specifically into a large number of amplicons (high analyte concentration). There have 

been a variety of molecule replication strategies developed. In addition to the traditional 

polymerase chain reaction (PCR), isothermal methods such as loop-mediated isothermal 

amplification (LAMP)21, 22, nucleic acid sequence-based amplification (NASBA)23, and 

recombinase polymerase amplification (RPA)24 have shown great promise for field use since they 

do not require thermocyclers and often are very fast. 

In this work, we reported a LAMP-coupled glass nanopore counting method for highly 

sensitive and specific nucleic acid testing. By using the glass nanopore in its simplest form of event 

counting (versus analyzing the shape features of the current blockade), the device fabrication 

challenge is considerably eased since it allows a certain degree of pore size variation (as long as it 

can still resolve single molecules) and requires no surface functionalization. The LAMP replication 

simultaneously offers the requisite specificity, and effectively breaks the diffusion-limited mass 

transport at low analyte concentration thanks to the exponential growth of the target molecules. 

We examined the ability of the glass nanopore to capture the LAMP reaction dynamics. We found 

that LAMP-coupled glass nanopore counting has the potential to be used in a qualitative as well 

as quantitative test. The amplification-coupled nanopore counting approach would open a new 

avenue towards compact and robust electronic nucleic acid testing at the point of care.  

 

RESULTS AND DISCUSSION 

Working principle 

As one of the resistive pulse sensors, nanopores were usually used for two purposes: size 

determination16, 25 and counting26-28. While analyte sizing is sensitive to the pore size, analyte 

counting is less so. Our approach used the glass nanopore in its simplest function of counting to 
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quantify the amplicon abundance (Figure 1), which was conventionally quantified by the 

fluorescence sensing using probes like TaqMan or intercalating dye like SYBR Green. Note that 

batch-to-batch precise glass nanopore size control is not required in the counting mode as long as 

it is able to resolve the single molecule event. The glass nanopore used in our experiment is 

typically 10 nm in diameter. Existing theory29 and experiment27 have shown that the DNA molar 

concentration (C in mol/m3) is related to the event rate (R in s-1). Therefore, it is possible to infer 

the amplicon concentration by measuring the event rate. Note that we used the term ‘event rate’ 

rather than ‘capture rate’ to describe the counting rate of molecules, because ‘capture rate’ could 

refer to concentration normalized rate29, 30 in previous studies (Note S1). Figure 1a shows the 

schematic diagram of the experimental setup with conically shaped glass nanopore as the single 

molecule counting device. The amplification reaction is sealed with mineral oil to avoid 

evaporation and cross-contamination. For a positive reaction (Figure 1b), the increase of amplicons 

manifests itself as the increase of the event rate. For the negative reaction (Figure 1c), the event 

rate remains unchanged or undetectable. The rate determined at certain time spots during the 

amplification is an electronic measurement of the corresponding amplicon concentrations (Figure 

1d).  

Before the amplification experiment, we first addressed whether the single molecule counting 

rate could be used as a reliable readout for DNA concentration in our glass nanopores. We 

performed studies on 5 kbp DNAs with a serial of concentrations ranging from 12-60 pM. A quick 

eyeball on the current time traces in Figure 2a shows that the inter-arrival time between two events 

become shorter when concentration increases; in other words, the event rate is faster at higher 

concentration. The extracted inter-arrival time distribution shows a remarkable exponential 

distribution for each concentration (Figure 2b), indicating a Poisson process, consistent with 

previous observations in the silicon nitride nanopore31. Each concentration case was then fitted 

with an exponential distribution, 𝑃𝑃(𝑡𝑡) = 𝜆𝜆𝑒𝑒−𝜆𝜆𝜆𝜆, where λ is the expected single-molecule event 

rate. Figure 2c shows the single-molecule event rate as a function of the DNA concentrations. Note 

that a limited concentration range was probed in Figure 2. The average molecular distance ranges 

from 3 µm to 5.2 µm and therefore interactions between molecules are negligible (Note S2). As a 

result, molecule concentration is indeed expected to be linearly related to the event rate29.  
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Concept validation 

As an alternative to thermal-cycling based PCR method, isothermal assays such as LAMP is 

very promising for developing a sensitive molecular test in resource-limited settings21, 22, 32, 33. We 

set out to test if the glass nanopore could detect the end-product of the LAMP reaction. First, we 

tested the no-template control (NTC) sample when it was freshly prepared (t=0 min) and after 35 

min of LAMP reaction. As shown in Figure 3a, no events were observed for 60 s of recording. 

This confirmed the LAMP reagents, such as deoxynucleotide triphosphates (dNTPs), 

polymerase enzyme and primers were not detectable by the glass nanopore. This is likely because 

the 10 nm-sized nanopore is too big for these background targets. After confirming the background 

master mix did not produce measurable events, we continued to test the positive control sample 

with Plasmodium falciparum genomic DNA. As shown in Figure 3b, no detectable events were 

noticeable before the LAMP reaction (t=0 min), further confirming the LAMP master mix does 

not interfere with the measurement. However, after 35 min of LAMP reaction of this positive 

control sample, clear events were immediately observable in the first second of measurement. 

Figure 3c shows the gel image of the final LAMP products for both positive and negative controls. 

The sharp contrast in the event rate between Figure 3a and Figure 3b confirms the glass nanopore 

is able to detect the LAMP end products qualitatively.  

 

Resolving the pore-clogging by voltage cycling scheme 

Nanopore clogging is a common issue during long-term measurements. In testing the end 

product of the positive control sample (Figure 3b), two abrupt current drops sequential occurred 

and the current stopped returning to its baseline after only a few seconds of the continuous current 

recording. A careful examination of the current time trace reveals that the event rate is about 68 s-

1 before the drop, much higher than the rate shown in Figure 2, indicating the amplicon 

concentration is very high. This is not surprising because the number of amplicons grows 

significantly during the LAMP reaction. At this high concentration, the DNAs are highly likely to 

be jammed near the nanopore entrance, leading to partial or full clogging of the nanopore. This 

jamming effect34 caused a potential problem for reliable event rate determination for long-term 

measurement.  



7 

 

Another more representative current time trace from the LAMP end product was shown in 

Figure 4a, which contains a full picture of different translocation scenarios. The normal DNA 

translocation through the nanopore usually takes about 500 µs. The temporary clog case is 

expanded in Figure 4b. Segment 1 has the baseline current corresponding to the open nanopore 

condition. The ionic current shifts down by around 50 pA for segment 2, indicating a partial 

clogging of the nanopore. The baseline current drops another 100 pA in segment 3 with more 

DNAs coming at the nanopore and get jammed. However, these temporary jams eventually get 

cleared after some time, and the baseline current returns to its open-pore value (segment 5). In 

contrast, the permanent clog case is magnified in Figure 4c, in which the baseline current stopped 

coming back to its open-pore level.  

Both temporary and permanent clog issues will negatively impact the nanopore’s capability to 

count the amplicons continuously. To resolve this issue, we developed a voltage cycling scheme 

for long-term recording (Figure 4d), similar to a previously reported approach35. The duration of 

the positively applied voltage (200 mV) that drives the DNA into the glass nanopore was typically 

limited to 1 s, in which the single molecule events were recorded. This was followed by a de-

clogging step using a negative voltage (-100 mV) with a typical duration of 2 s to allow DNAs to 

drift in reverse direction and to re-randomize via diffusion. Figure 4e shows the current time trace 

in two consecutive voltage cycles on the same LAMP product. Figure 4f shows the overlay of the 

current traces over 5 s with a total of 487 events. As shown, the reconstructed sensing current 

shows no baseline shift, which suggests the voltage cycling scheme can resolve the clogging issue 

and is suitable for long-time measurement. It is noteworthy that under the voltage cycling scheme, 

we did not observe any permanent clog issue for all hour-long experiments we performed. All the 

following data presented was generated under this scheme after reconstruction. 

 

Probing LAMP reaction dynamics 

After establishing a reliable approach for rate measurement, we tested if the nanopore counting 

could resolve the LAMP dynamics. Using the P. falciparum genomic DNA, LAMP assays were 

performed for a duration ranging from 10 min to 37.5 min at 65ºC, the product of which is counted 

using the same glass nanopore. The event rate at 95% confidence interval was calculated as (n± 
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1.96(n) ½)/T since these events follow the Poisson process8, 36, where n is the number of events 

observed, and T is the total elapsed time. The relative uncertainty of inferring the rate R is 

proportional to n-1/2. For each reaction time, we counted at least 150 events to ensure measurement 

uncertainty <8%. Figure 5a shows segments of the current time trace for each reaction time (see 

Figure S1 for all-time current traces). It is evident that the event rate increases with extended 

reaction time (note the scale difference among the plots).  

Figure 5b shows the extracted event rate as a function of LAMP reaction time. The rate shows 

more than 3 orders of magnitude increase when the reaction time goes from 10 min to 37.5 min. 

Interestingly, the event rate (which is a readout of the LAMP amplicon quantities) versus the 

reaction time can be fitted remarkedly well with a logistic growth model (Note S3) 

R(𝑡𝑡) = 𝑅𝑅𝐿𝐿 + 𝑅𝑅𝐻𝐻−𝑅𝑅𝐿𝐿
1+𝑒𝑒−𝛽𝛽(𝑡𝑡−𝑡𝑡0)   (1) 

where RL and RH are the low and high bound of the event rate, respectively, 𝑡𝑡0 is the time when 

the growth rate is at maximum, and 𝛽𝛽 is a measure of the maximum steepness of amplification rate 

at the exponential growth stage. The logistic growth model is widely used to describe the 

population’s growth rate decreases as population size approaches its carrying capacity imposed by 

limited resources37. The agreement to the logistic growth model suggests the LAMP cycling 

reaction could not sustain a constant exponential growth and is indeed subject to the limited 

number of dNTPs, polymerase enzymes and primers available in the 25 µl LAMP reaction mix.  

Another interesting feature observed in Figure 5a is the widely distributed current dip 

magnitude and dwell time for single molecule events. Figure 5c shows the current dip-dwell time 

scatter plot at each LAMP reaction time. As the amplification time increase, a substantial increase 

of population with higher current dip and longer dwell time was observed, indicating longer DNAs 

are produced when the reaction continues. This is indeed expected for the LAMP reaction, in which 

the final product obtained is a mixture of stem-loop DNA with various stem lengths and various 

cauliflower-like structures with multiple loops. The structures are formed by annealing between 

alternatively inverted repeats of the target sequence in the same strand21, 22.  

 

Qualitative testing 
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To demonstrate the potential utility of the LAMP-coupled nanopore counting approach for 

qualitative (yes/no) specific nucleic acid testing, we examined two of the most spread species of 

malaria: P. falciparum (Pf) and P. vivax (Pv). Before the nanopore experiment, we first validated 

the Pf- and Pv-specific LAMP primer sets in a benchtop real-time PCR instrument (Bio-Rad, 

Figure S2). Each species-specific assay was then tested with three different types of samples (Pf, 

Pv, and NTC). We used the nanopore to analyze the end product of the LAMP assay after 35 min 

of reaction at 65°C. Figure 6a and Figure 6b show the resulting current time traces for Pf-specific 

assay and Pv-specific assay, respectively. The events with a rate of 31.2 s-1 (Pf in Pf specific assay) 

and 8.5 s-1 (Pv in Pv specific assay) were observed when the assays match with the intended 

species. No cross-reactivity was observed. To further validate that the signal observed was not due 

to the random noise. We performed gel electrophoresis in 2% agarose gel. As shown in Figure 6c 

and Figure 6d, clear ladder-like patterns with multiple bands of different molecular sizes were 

observed due to the stem-loop DNA structures with several inverted repeats within LAMP 

amplicons21, 22. In contrast, no bands were observed in the non-specific and NTC reaction.  

 

Quantitative testing 

To evaluate the potential quantitative application of the nanopore counting platform, we 

performed the nanopore-LAMP assay on the mitochondrial gene by using a 10-fold serial dilution 

of purified P. falciparum genomic DNA. The nanopore-LAMP performance (Figure 7a) is 

benchmarked to the tube-based quantitative LAMP (qLAMP, Figure 7b) on a benchtop real-time 

PCR instrument using calcein as an indicator. Both the fluorescence-based method and the 

nanopore method show the expected right-shift of the amplification curve when reducing the gene 

copy numbers. The event rate data at different time spots were summarized in Table S1. In 

addition, as shown in Figure 7a, the event rate results from all diluted samples tested by the 

nanopore can be fitted remarkably well by the logistic growth model (with all R2 >0.95, Table S2). 

Figure 7c shows the extracted standard curves from both the nanopore and fluorescence methods. 

The threshold time is determined by the time corresponding to the reading of 500 RFU in the 

fluorescence method and 1 s-1 in the nanopore method, respectively. The amplification over a range 

of serially diluted DNA samples showed excellent linearity in both methods (R2=0.98 for 
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fluorescence method and R2=0.99 for nanopore method). The linearity in the nanopore method 

suggests it could be used for quantitative analysis of DNA. The different slope between the 

nanopore-LAMP and the benchtop thermal cycler-based LAMP is likely due to setup difference 

in the thermal and detection dynamics.  

 

Limit of detection considerations 

While the limit of detection (LoD) was not experimentally explored as it is highly assay 

dependent, the LoD is impacted by two factors in nanopore counting. The first is the false positive 

rate when no amplicons exist, similar to the dark count rate in the single photon counters38. The 

false detection events are due to the noise in the testing apparatus as well as the background 

reagents. In our experiment, the false positive rate when testing the NTC sample is <0.01 during a 

60 min test. The second factor is the Poisson noise during the counting. Since the relative 

uncertainty of inferring the rate is proportional to n-1/2, a large enough event number (n) should be 

recorded to establish a sufficiently robust statistical basis39. Assuming a minimal event number n 

and a practical measurement time of T, a minimal event rate n/T is required, corresponding to the 

lower bound of detectable amplicons. In our study, we use 0.1 s-1 as minimal event rate so that we 

can obtain at least 10 events during a 100 s-long test. Future work could incorporate multiple 

parallel nanopores40, 41 to improve the time resolution towards the real-time analysis. 

 

CONCLUSIONS 

In summary, our findings demonstrated the effectiveness of using single-molecule-counting 

glass nanopore to probe the number of specifically replicated amplicons from the loop-mediated 

isothermal amplification. We show that the nanopore counting approach can capture the DNA 

replication dynamics in the LAMP and has the potential to be used in a qualitative as well as a 

quantitative nucleic acid test. The LAMP-coupled glass nanopore counting strategy addressed 

common challenges in solid-state nanopore sensors regarding the batch-to-batch nanopore size 

variation, the specificity, and the prolonged sensor response time at low analyte concentrations. 

By keeping the nanopore as simple as possible and coding the specificity information into the 
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molecule numbers, the LAMP-coupled glass nanopore counting method provides a promising 

optics-free method for highly sensitive and specific nucleic acid testing at the point of care. While 

this work focused on the LAMP and the glass nanopore, we believe the amplification-coupled 

nanopore counting approach could be well extended to other molecule replication strategies and 

other solid-state nanopore types. 

 

METHODS 

Materials and chemicals. Quartz capillaries with inner and outer diameter of 0.5 and 1 mm 

were used in our experiment (Sutter Instrument, USA). Pipette holder (QSW-T10N) was 

purchased from Warner Instruments. Ag/AgCl electrodes were home-made with 0.2 mm Ag wires 

(Warner Instruments, USA). Micro-injector with 34 gauge was purchased from World Precision 

Instruments. 5kbp DNA (0.5 μg/μl) were purchased from ThermoFisher. KCl and Tris-EDTA-

buffer solution (pH 8.0) were purchased from Sigma-Aldrich. All solutions were filtered with a 

0.2 μm syringe filter (Whatman). Mineral oil was purchased from Sigma-Aldrich. The Pf genomic 

DNAs (100 ng/µl) and Pv genomic DNAs (4.7ng/µl) were gifts from Dr. Cui’s lab at Penn State, 

extracted by phenol-chloroform based procedure.  

LAMP assay. The LAMP reaction mix (25 µl) contains isothermal buffer (20 mM Tris-HCl, 

10 mM (NH4)2SO4, 50 mM KCl, 2 mM MgSO4, 0.1% Tween 20, pH 8.8), PCR grade H2O, MgSO4 

(7 mM), MnCl2 (0.75 mM), calcein (25 µM), deoxyribonucleotide triphosphates (dNTPs, 1.4 mM), 

Bst 2.0 DNA polymerase, DNA template, and primer sets (0.2 mM F3 and B3c, 1.6 mM FIP and 

BIP, 0.8 mM LPF and LPB). Table S3 shows the reagent recipe for the LAMP assay. The Pf-

specific and Pv-specific primer sets were listed in Table S4. The LAMP assay was performed at a 

constant temperature of 65ºC. 

Glass nanopore fabrication. The quartz capillaries were cleaned by piranha for 30 minutes 

to remove any organic contaminants and then repeatedly rinsed with DI water and dried in an oven 

at 120 ℃ for 15 min. The capillary was pulled by a laser pipette puller (P-2000, Sutter Instruments, 

USA) using a two-line program: (1) Heat 750, Filament 5, Velocity 50, Delay140, and Pull 50; (2) 

Heat 710, Filament 4, Velocity 30, Delay 155, and Pull 215. This recipe typically produces 



12 

 

nanopore size around 10 nm. Despite known batch-to-batch variations in size, the counting method 

is valid as long as the nanopore can resolve the single molecule event.  

I-V, SEM, and TEM characterization. The nanopore conductance was measured by taking 

a standard I-V curve in 1M KCl buffered with Tris-EDTA. Typical conductance of the fabricated 

nanopore is in the range of 20 ± 10 nS (Figure S3). For SEM imaging, 5 nm of Iridium was 

sputtered onto the nanopore surface to prevent drifts caused by charging. SEM imaging was then 

performed under a working distance between 3 and 5 mm, magnifications of 88,415, beam currents 

of 2.5 pA, and an acceleration voltage of 3 kV. TEM characterization was also performed to obtain 

detailed information for the nanopore geometry.  

Electrical recording and data analysis. A constant voltage was applied across the nanopore 

constriction with a 6363 DAQ card (National Instruments, USA). The ionic current traces were 

recorded by an amplifier (Axopatch 200B, Molecular Device, USA). The analog output of the 

amplifier was sampled with the 6363 DAQ card and a customized data acquisition software 

(LabVIEW). The sampling rate for the measurement was 100 kHz. The signal was low-pass 

filtered at 10 kHz. The measurement system was inside a home-made Faraday cage to shield the 

environment noise. We also analyzed the noise performance of the ionic current measurement 

(Figure S4). Typical RMS noise in our experiments is around 4.2 pA, low enough to distinguish 

the typical single molecule events with dip magnitude >10 pA. Our noise performance was 

comparable to these in the previous studies20. A custom-built MATLAB (MathWorks) program was 

developed to reconstruct the sensing data and to analyze the event rate, current dip duration, and 

depth for the single molecule events.  

Nanopore-LAMP experiment. The LAMP master mix (24 μl) and the target template (1 μl) 

was dispensed into the PCR tube, with an additional 25 μl mineral oil added to prevent evaporation 

and cross-contamination. The PCR tube was placed in a dry block incubator preheated at 65℃. 

The LAMP reaction was terminated at different times by heating at 95°C for 5 min. The product 

solution was adjusted to 1 M salt concentration for nanopore measurement. The same glass 

nanopore was used for all samples amplified at various times. To ensure the signal observed was 

not due to spurious amplification, we performed the gel electrophoresis in 2% agarose after the 

amplification.  
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FIGURES AND CAPTIONS 

 

 

 

Figure 1. Illustration of the working principle of nanopore counting of amplicons. (a) Schematic 
measurement setup as well as the SEM and TEM of the glass nanopore. Amplicons are 
electrophoretically driven through the glass nanopore one by one, resulting in discernible events 
of the ionic current blockade. The event rate is proportional to the amplicon concentration. (b) 
Events in a positive target case. (c) Events  in a negative target case. (d) Schematic event rate as a 
function of amplification time (or cycle).  
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Figure 2. Continuous recordings of current trace under 500 mV bias with 5 kbp-DNA through 
glass nanopore at 1M KCl in Tris-EDTA-buffer solution. (a) Segments of the current trace at 
different DNA concentrations. (b) The normalized probability distribution of the inter-arrival time 
at different concentrations, with corresponding exponential fits. (c) The average event rate as a 
function of DNA concentration, showing a linear dependence (R2 = 0.985).  
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Figure 3. Concept validation of nanopore counting of amplicons. Time traces for (a) negative no-
template control (NTC), and (b) positive control before and after the 35 min LAMP reaction. The 
clogging issue was observed in the positive controls. (c) Gel electrophoresis image of the LAMP 
products (2% agarose gel).  
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Figure 4. Resolving the nanopore clogging by voltage cycling scheme. (a) A representative current 
trace showing normal, temporary clog and permanent clog. (b) Expanded view of the temporary 
clog. (c) Expanded view of the permanent clog. (d) Illustration of the voltage cycling scheme. The 
voltage is cycled between 1 s of 200 mV for sensing and 2 s of -100 mV for de-clogging. (e) A 
typical current trace using the voltage cycling scheme. (f) Reconstructed 5 s current trace by 
sequentially combining the current obtained under the 200 mV sensing voltage. A total of 487 
events could be identified without clogging issue.  
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Figure 5. Nanopore counting to probing the LAMP reaction dynamics. (a) Current traces at various 
amplification times. (b) The event rate as a function of the amplification time. The event rate 
increased exponentially before reaching a saturated level. The solid line is fitting to the logistic 
growth model (RL=0.1s-1, RH=123.2s-1, β=0.75min-1 and t0=29.2 min). (c) Scatter plots showing current 
dip magnitude vs. dwell time at various reaction times.  
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Figure 6. Qualitative specific nucleic acid testing using the nanopore-LAMP. (a) Current traces 
obtained from nanopore reading for Pf-specific assay, and (b) for Pf-specific assay. The event rate 
difference between the positive and the negative is evident. (c) Gel electrophoresis image (2% 
agarose gel) for Pf-specific assay and, (d) for Pv-specific assay. 
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Figure 7 Comparison between the nanopore method and fluorescence-based method. (a) The 
results acquired from the nanopore detection. The solid lines were fittings to the logistic function 
(with fitting parameters summarized in Table S2). 1X, 0.1X, and 0.01X denote the dilution factors 
of the templates. 1× is equivalent to 100 ng/µl Pf genomic DNAs. (b) Amplification curves 
obtained from the fluorescence method using benchtop real-time PCR machine. (NTC: no template 
controls). (c) Standard curves extracted from the nanopore platform and the fluorescence platform. 
The linearity in the nanopore method suggests it could be used for quantitative analysis of DNA. 
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