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ABSTRACT 

Regular, accurate, rapid, and inexpensive self-testing for infectious diseases is urgently needed to 

optimize clinical care and guide infection control to limit disease spread.  Nucleic Acid 

Amplification Test (NAAT) is the most sensitive and specific method, thus becoming the gold-

standard technique for diagnosis. However, laboratory-based NAAT requires highly trained 

personnel, dedicated facilities, and instrumentations, delaying testing results and limiting testing 

capacity. Existing self-testing methods usually rely almost exclusively on rapid antigen tests. 

Typically, the sensitivity of antigen tests is 30% to 40% lower than the nucleic acid amplification 

testing (NAAT), which could miss a significant portion of infected patients. Therefore, a self-

testing NAAT device for diagnosis is strongly needed to optimize clinical care and guide infection 

control to limit disease spread.  

This thesis mainly focuses on exploring the possibility of developing a solid-state nanopore-based 

NAAT device for a new form of ultracompact, rapid, and label-free nucleic acid self-testing. We 

demonstrated the nucleic acid amplification coupled nanopore counting method for qualitative 

positive/negative nucleic acid testing.  Due to its intrinsic single molecule sensitivity, the nanopore 

sensor could make a faster positive/negative call than bulk optical methods. To further explore a 

more reliable and integratable method for nanopore fabrication, we developed the laser-assisted 

breakdown method for single nanopore fabrication. We theoretically and experimentally 

demonstrated that combining a high laser power and a low electric field is statistically favorable 

for forming a single nanopore at a programmed location. 

Furthermore, we developed a fully integrated sample-in answer-out NAT device for SARS-CoV-2 

detection using a self-collected saliva sample. This system can automatically handle the complexity 
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of heat-inactivated sample preparation, pressure-driven sample dispensing, real-time RT-LAMP 

reaction and detection, and data processing and storage. Using an optical sensor, we achieved a 

limit of detection (LoD) of 5 virus particles/μl of saliva sample in 45 minutes. The final amplicons 

from the developed prototype were also detected by nanopore counting methods. Therefore, the 

success completion of this project will pave the way for ultracompact, rapid, and affordable 

nanopore-based nucleic acid testing. 
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Chapter 1 Introduction and Overview 

1.1. Background 

Communicable diseases with their infectious etiology cause around 4 million deaths each year 

globally [1]. Notable examples of recent communicable outbreaks include ongoing pandemics 

COVID-19 [2] and HIV [3],  Ebola(2013- 2015), Zika virus(2013-2015), H1N1 Influenza (2009-

2010), MERS (2007) [4], and other ongoing challenges including respiratory diseases 

(Tuberculosis, Measles, etc.), diarrheal diseases (Rotavirus, E. coli, etc.), mosquito-borne 

pathogens (Malaria, etc.), and sexually transmitted infections (Chlamydia, Gonorrhea, Syphilis).   

Traditionally, the detection of these targets can be achieved by techniques including   

(1) cell culture [5], (2) enzyme-linked immunosorbent assay (ELISA) [6], (3) lateral-flow 

immunoassay (LFA) [7], and (4) nucleic acid amplification testing (NAAT) [8]. Cell culture, 

NAAT, and lateral-flow immunoassay are direct methods. They can detect the pathogens directly 

by observing the pathogen nucleic acids and the antigens from the pathogen, respectively. ELISA 

is an indirect method that detects antibodies developed by the patients[9]. In general, direct 

detection offers higher confidence for the active infection than indirect detection but requires more 

resources for testing (e.g., time, equipment, cost, trained personnel). Cell culture is one of the 

earliest developed testing methods and requires well-equipped laboratories and long incubation 

times up to days, which is not suitable for fast response. The LFA and the ELISA are based on 

antibodies binding to the target antigen or protein of interest [9, 10]. For ELISA, the major concern 

is the non-specific protein adsorption, which leads to low specificity. For LFA, since there is no 

amplification step involved, resulting in lacks the sensitivity required for many diagnostic 



2 

 

applications. Among these three approaches, NAAT is perhaps the most powerful method due to 

its relatively short time to result, high sensitivity, and specificity. For many pathogens, NAAT is 

the preferred gold-standard testing method. 

The NAAT typically has three essential steps: (1) Cells or virus particles are lysed, and nucleic 

acids (NAs) are purified and concentrated from the patient sample. (2) target sequence 

amplification uses polymerase chain reaction (PCR) to generate billions of DNA copies. (3) Real-

time/endpoint detection. If the pathogen is present, many DNA copies will be generated. The 

amplified NAs are typically detected by the optical method. Ideally, this whole process can be 

performed in two hours in a well-equipped medical center by a well-trained healthcare worker. 

However, due to many places lacking facilities, the tests cannot be performed immediately during 

the initial visit. It has to go through all the logistics around specimen collection, transport to a 

centralized laboratory, and returning results, which takes up to 7 days. This delay often leads to 

missed opportunities to immediately make treatment decisions and prevent the diseases from 

spreading [11]. Delays in obtaining the results can increase the risk of virus transmission. The 

longer patients wait, the more likely they will not self-isolate when they are most infectious and 

will resume daily activities before receiving test results. The long turn­around time for laboratory 

testing becomes particularly problematic in low-resource settings and during the pandemic 

outbreak. In the recent COVID-19 pandemic [12], we have observed the long shipping times, lack 

of trained personnel to process samples and a shortage of diagnostic testing supplies. All countries 

have been facing an unmet need to achieve a timely and effective screening response to enable the 

pandemic tracking, individual quarantining, appropriate treatments, contact tracing, etc. Therefore, 

a fully integrated self-testing NAAT device is strongly needed to optimize clinical care, guide 

infection control to the ongoing COVID-19 spread, and also fight for the future pandemics. 
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Traditional NAT are often read out using different optical methods, such as changes in turbidity 

caused by magnesium pyrophosphate precipitate [13], changes in fluorescence using dyes [14-16], 

colorimetric pH indicators [17, 18], or gel electrophoresis followed by UV detection [19]. Each of 

these methods would require a minimum concentration of the signaling reporters for the readout 

system to distinguish between positives and negatives. Depending on different readout systems 

(e.g., naked eye [20] versus highly sensitive fluorescence detector [21, 22]), the cmin could range 

from mM to nM. This required minimal signaling reporter concentration can be linked to the time 

to positive (TTP) as cmin=TTP×vr, in which vr is the average reaction rate of the assay. It is evident 

that reducing the detection cmin is preferred towards quick time to positive. In this regard, the 

intrinsic single-molecule sensitivity of nanopore sensors [23, 24] is highly intriguing since it 

enables a significantly reduced cmin and thus reduces the time required for making the 

positive/negative call. Moreover, unlike other methods to read the additional reporters or by-

product of the amplification, the nanopore is a label-free method that can directly probe molecule 

itself (concentration and size). This will not only significantly decrease the false positive rate 

caused by incorrectly produced by product or reporter, but also provide another opportunity to 

achieve multiplexing based on the amplicons size. Last but not least, this fully electronic nanopore 

readout method can be integrated and scaled up to a portable system (Table 1-1). 

Table 1-1. Different readout method comparison  

 SENSITIVITY 
(CMIN) 

SPECIFICITY MECHANISM PORTABLE 

OPTICAL SENSOR[25] 
(POCT) 

100 nM ++ Mg2+ precipitate Y 

OPTICAL SENSOR 
(BENCHTOP) [14-16] 

100 pM ++ Fluorescence dye N 

FET[26] 1 pM ++ pH Y 
NAKED EYE[17, 18] 1 µM ++ pH (Colorimetric) Y 

NAKED EYE[13] 1 µM ++ Turbidity Y 
GEL ELECTROPHORESIS 100 pM +++  Molecule size and 

concentration 
N 

NANOPORE[27]  10 pM +++ Molecule size and 
concentration 

Y 
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This thesis mainly focuses on exploring the possibility of developing a fully integrated NAAT 

system using solid-state nanopores for rapid, label-free nucleic acid self-testing. The main 

contribution of this thesis is as follows. 

First, we demonstrated the RT-LAMP-coupled nanopore counting method for label-free nucleic 

acid testing. This approach lends itself to most amplification strategies as long as the target template 

is specifically replicated in numbers. For qualitative positive/negative classification of a testing 

sample, the nanopore sensor was used to measure the concentration by the digital counting method. 

We found that LAMP-coupled glass nanopore counting has the potential to be used in qualitative 

as well as quantitative tests. Due to its intrinsic single molecule sensitivity, the nanopore sensor 

could make a faster positive/negative call than bulk optical methods. 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. 

To further explore a more reliable and integratable method for nanopore fabrication, we developed 

an optical system for single nanopore fabrication and characterization. We developed and validated 

a physical model to project the confidence level for single nanopore fabrication using a laser-

assisted breakdown method. The physical model and experimental data suggest that a combination 

of high laser power and a low electric field is statistically favorable for forming a single nanopore 

at a programmed location. With the knowledge of the optimized conditions for single nanopore 

localization, we experimentally programmed to fabricate and probe a single nanopore at an 

arbitrary spot. 

Thirdly, we developed a fully integrated SARS-CoV-2 nucleic acid testing (NAT) device using a 

self-collected saliva sample. This platform consists of a ready-to-use reagents cartridge, an easy-

to-use smartphone interface, and an ultra-compact and less-expensive analyzer. It can automatically 
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handle the complexity of heat-inactivated sample preparation, pressure-driven sample dispensing 

and mixing, as well as real-time RT-LAMP reaction and detection, and data processing, storage, 

and upload. We achieved a limit of detection (LoD) of 5 virus particles/μl of saliva sample in 45 

minutes with the optical readout system. Based on our first study, the turnaround time is expected 

to decrease further with the integrated nanopore readout system.  

1.2. Overview of work presented 

The first part of the thesis (Chapters 2 and 3) discusses the efforts to demonstrate a loop-

mediated isothermal amplification LAMP-coupled glass nanopore counting strategy for infectious 

disease applications. Chapter 2 explores the underlying mechanism of digital counting and uses 

malaria as a model sample for proof of concept. Chapter 3 studied the sensitivity, specificity, limit 

of detection, and diagnosis ability of the LAMP-coupled nanopore method using SARS-CoV-2. To 

improve the reliability and fidelity of nanopore fabrication, in Chapter 4, we developed and 

validated a physical model to project the confidence level for single nanopore fabrication using the 

laser-assisted breakdown method. In Chapter 5, we develop a fully integrated "sample-to-answer" 

mobile NAT platform for highly sensitive and specific SARS-CoV-2 self-testing. The novel 

strategy for the streamlined sample process includes sample preparation, sample dispensing, 

amplification, and detection. Finally, Chapter 6 offers conclusions based on the work presented in 

the preceding chapters and perspectives for future development. 
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Chapter 2 Loop-Mediated Isothermal Amplification-

Coupled Glass Nanopore Counting Towards Sensitive and 

Specific Nucleic Acid Testing 

 In this chapter, 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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2.1. Introduction  

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 surface [28]. Among various 

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

miniaturization, solid-state nanopores [29] made with silicon nitride [30-32], glass [33-35], and 

graphene [36] 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 techniques [37], 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 [38, 39]. 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 yield [40]. 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, 
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engineered double-strand DNA carriers were used for sensing specific proteins [41, 42] and specific 

DNAs [43]. The third challenge is the prolonged sensor response time at low analyte concentrations 

[29, 44]. Although the nanopore sensor itself has single molecule sensitivity, the diffusion-limited 

mass transport in nanopore sensors could severely impact the sensor response time [44-46]. It was 

estimated that if the analyte concentration is sub-picomolar, it will take more than 1-hour to observe 

a single event [47].  

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 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) [48, 49], nucleic acid 

sequence-based amplification (NASBA) [50], and recombinase polymerase amplification (RPA) 

[51] 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 
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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.  

2.2. Material and 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 2-1 shows the reagent recipe for the LAMP assay. The Pf-
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specific and Pv-specific primer sets were listed in Table 2-2. The LAMP assay was performed at 

a constant temperature of 65ºC. 

Table 2-1. Reagent setup of LAMP master mix 

Component Concentration Volume 

PCR grade water 1 x 9.25 µl 

Primer sets - 6.50 µl 

Isothermal buffer 1 x 2.50 µl 

MgSO4 7.00 mM 1.75 µl 

Calcein 25.00 µM 0.63 µl 

MnCl2 0.75 mM 1.88 µl 

dNTP mix 1.40 mM 3.50 µl 

Bst DNA polymerase 0.32 Unit/µl 1.00 µl 

 

 

Table 2-2.  Primer sets for Pf-, and Pv-specific LAMP amplification 

Species Primer  Sequence (5’ → 3’) 

P. 

falciparum

[52] 

F3 CTCCATGTCGTCTCATCGC 

 B3c AACATTTTTTAGTCCCATGCTAA 

 FIP (F1c – F2) 
ACCCAGTATATTGATATTGCGTGACAGCCTTGCA

ATAAATAATATCTAGC 

 BIP(B1 – B2c) 
AACTCCAGGCGTTAACCTGTAATGATCTTTACGT

TAAGGGC 

 LF CGGTGTGTACAAGGCAACAA 

 LB GTTGAGATGGAAACAGCCGG 

 

P. 

vivax[53] 
F3 GGTACTGGATGGACTTTATAT 

 B3c GGTAATGTTAATAATAGCATTACAG 

 FIP (F1c – F2) 
CCAGATACTAAAAGACCAACCCACCATTAAGTA

CATCACT 

 BIP (B1 – B2c) 
GCTAGTATTATGTCTTCTTTCACTTAATATACCA

AGTGTTAAACC 

 LF GATAACATCTACTGCAACAGG 

 LB CTACTGTAATGCATCTAAGATC  
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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 

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. Microscope image is shown in Figure 2-1 (a).   TEM 

characterization (Figure 2-1(b)) was also performed to obtain detailed information for the 

nanopore geometry. For SEM imaging, 5 nm of Iridium was sputtered onto the nanopore surface 

to prevent drifts caused by charging. SEM imaging (Figure 2-1(c)) 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. 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 2-1 (c-d)). 
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Figure 2-1. (a) Microscope, (b) TEM and (c) SEM image of the nanopipette. I-V characterization 

for all glass nanopore used. (d) Current-voltage curves for the glass nanopore in 1 M KCl with Tris-

EDTA-buffer solution. (e) Conductance distribution of the glass nanopores. The nanopore size 

clearly varies from batch to batch. Typical conductance of the fabricated nanopore is in the range 

of 20±10 nS. 

 

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 2-2 (a)). 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 (Figure 

2-2 (b)) was comparable to these in the previous studies [47]. A custom-built MATLAB 
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(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.  

 

Figure 2-2. Typical noise performance of the glass nanopore sensor in 1 M KCl Tris-EDTA buffer 

at 400 mV. (a) Current traces, the RMS noise was around 4.2 pA, (b) Power spectrum density for 

the ionic current signal.  

 

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.  

2.3. Working principle 

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

determination [43, 54] and counting [55-57]. 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 
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counting to quantify the amplicon abundance, 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 theory [58] and experiment [56] 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 rate [58, 59] in previous studies (Note S1). Figure 2-3a 

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 2-3b), the increase of 

amplicons manifests itself as the increase of the event rate. For the negative reaction (Figure 2-3c), 

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 2-3d).  

 

Figure 2-3. 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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2.4. Result and discussion 

2.4.1. DNA Concentration as a function of event rate 

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 2-4a 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 2-4b), indicating a Poisson process, consistent with previous observations 

in the silicon nitride nanopore [60]. Each concentration case was then fitted with an exponential 

distribution, 𝑃(𝑡) = 𝜆𝑒−𝜆𝑡, where λ is the expected single-molecule event rate. Figure 2-4c shows 

the single-molecule event rate as a function of the DNA concentrations. Note that a limited 

concentration range was probed in Figure 2-4. The average molecular distance ranges from 3 µm 

to 5.2 µm and therefore interactions between molecules are negligible for the following rational. In 

a 1 Molar solution, there are 6×1023 molecules per liter of liquid, or 0.6 molecules per nm3. 

Therefore, the volume per molecule is 1.66 nm3 at 1 M. For any molar concentration C, the volume 

per molecule is 1.66 nm3/C. Take the cubic root of this volume per molecule, and we can obtain 

the average separation of molecules as d =1.18/C1/3, where C is in molar and d is in nanometer. The 

average molecular distance at 12 pM is thus estimated to be 5.2 µm. Similarly, the average 

molecular distance at 60 pM is estimated to be 3 µm. As a result, molecule concentration is indeed 

expected to be linearly related to the event rate [58].  
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Figure 2-4. 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).  

2.4.2. 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 settings [48, 49, 61, 62]. 

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 2-5a, 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 2-5 b, no detectable events were 

0 2 4 6 8 10
0.01

0.1

1

C
o
u

n
t 

(n
o

rm
)

Interarrival time (s)

12 pM

24 pM

36 pM

48 pM

60 pM

2s

4
0

 p
A

a b

c

12 pM

24 pM

36 pM

48 pM60 pM

0 20 40 60
0.0

0.2

0.4

0.6

R
a

te
 (

s
-1

)

DNA (pM)



17 

 

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 2-5c 

shows the gel image of the final LAMP products for both positive and negative controls. The sharp 

contrast in the event rate between Figure 2-5a and Figure 2-5b confirms the glass nanopore is able 

to detect the LAMP end products qualitatively.  

 

Figure 2-5. 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).  

2.4.3. 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 2-5b), 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, indicating the amplicon concentration is very 

high. This is not surprising because the number of amplicons grows significantly during the LAMP 
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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 effect [63] caused a 

potential problem for reliable event rate determination for long-term measurement.  

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

2-6a, 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 2-6b. 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 2-6c, 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 2-6d), similar to a previously reported approach [64]. 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 2-6e shows the current time 

trace in two consecutive voltage cycles on the same LAMP product. Figure 2-6f 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, 
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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. 

 

Figure 2-6. 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.  

2.4.4. 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± 

1.96(n) ½)/T since these events follow the Poisson process [35, 65], where n is the number of events 
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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%. scale. Figure 2-7 Shows all the for all-time current traces. Figure 2-8a shows 

segments of the current time trace for each reaction time It is evident that the event rate increases 

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

Figure 2-8b 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. 

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. As we know, LAMP reaction is an auto-

cycling process which involves multiple pathways for gene replication, and this reaction amplifies 

the DNA from the single copy to a billion copies in less an hour. 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 resources [66]. At the early phase, the number of amplicons 

exponentially increases with time. However, as the reaction goes, it starts to be limited by 

remaining reagents in the master reaction mix (dNTPs, primers, and enzymes). The rate of amplicon 

synthesis will eventually cease. The growth rate as the function of time can be express as 

𝑑𝑁(𝑡)

𝑑𝑡
= 𝛽𝑁(𝑡)(𝛺 − (𝑁(𝑡))                                          (2-1) 

in which N(t) is the number of the amplicons at time t, b is the constant rate of growth, 𝛺 is the 

saturation level of amplicon numbers. This means the growth rate is affected by both the existing 

amplicon numbers N(t) and the remaining resources 𝛺 − 𝑁(𝑡). The solution to Eq. 1 can be written 

as a 4 parameter logistic function [67, 68] 

N(t) = A +
Ω−A

1+e−β(t−t0)                                      (22) 
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in which A is the lower bound of the amplicon numbers, 𝑡0 is the time at the maximum growth rate. 

In the nanopore digital counting, the event rate R has a linear relationship with the concentration as  

𝑅 = 𝛼𝑁(𝑡)/𝑉𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛                                (2-3) 

where 𝛼 = 2𝜋𝐷𝑟∗, and 𝑟∗ is the capture radius which contains information about the molecular 

diffusion coefficient, the nanopore geometry and the experimentally applied voltage, and VReaction 

(with unit m3) is the LAMP mixture volume, which is 25 μl in our experiment. Combining Eq. 2 

and Eq. 3, the event rate can be written as: 

R(𝑡) = 𝑅𝐿 +
𝑅𝐻−𝑅𝐿

1+𝑒−𝛽(𝑡−𝑡0)                                    (2-4) 

in which 𝑅𝐿 = 𝛼𝐴/𝑉𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛  is the lower bound of the event rate. 𝑅𝐻 = 𝛼𝛺/𝑉𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛  is the 

saturation level of the event rate. Eq. 4 combines both the nanopore characteristics and the LAMP 

amplification dynamics and is used for fitting the amplification curve in nanopore counting.  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 2-8a is the widely distributed current dip magnitude 

and dwell time for single molecule events. Figure 2-8c 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 strand [48, 49]. 
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Figure 2-7. Summary of all current time traces obtained after indicated LAMP reaction time (the 

Pf genomic DNAs concentration is the100 ng/µl). The green dash line is the noise threshold and 

the red dots represent the peak location of the current dip. (n: total number of translocation events 

detected). Note the differences in time scale. 
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Figure 2-8. 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.  

2.4.5. Qualitative testing 

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 2-9). 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 2-10a and Figure 2-10b 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 
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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 

2-10c and Figure 2-10d, 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 

amplicons[48, 49]. In contrast, no bands were observed in the non-specific and NTC reaction.  

 

Figure 2-9. Validation of the Pf and Pv LAMP assays using Pf and Pv genomic DNA in benchtop 

real-time PCR machine (NTC: no template control).  

2.4.6. 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 2-11a) is benchmarked 

to the tube-based quantitative LAMP (qLAMP, Figure 2-11b) 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 2-3. In addition, as 
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Figure 2-10. 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. 

shown in Figure 2-11a, 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 2-3). Figure 2-11c 

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 

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

the thermal and detection dynamics.  

 

Figure 2-11. 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. 

 

Table 2-3. Parameter values for fitting the logistic function fit in Figure 2-8 

 RL (s
-1) RH (s
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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 counters [69]. The false 
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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 basis [70]. 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 

nanopores[71, 72] to improve the time resolution towards the real-time analysis. 

2.5. Summary 

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 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. 
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Chapter 3 Rapid Detection of SARS-CoV-2 by RT-LAMP 

Coupled Solid-State Nanopores 

In chapter 2, I demonstrated the basic concept of using LAMP-coupled nanopore sensor for malaria 

nucleic acid test, but not yet studied quantitatively of this method. In this chapter, we dived into the 

RT-LAMP coupled glass nanopore digital counting method, and quantitatively studied the 

analytically sensitivity (Limit of detection), analytically specificity, diagnostic sensitivity, and 

diagnostic specificity and well as diagnostic ability. Here the RT-LAMP assays targeting 

nucleocapsid (N) genes of SARS-CoV-2 was used in the system. The RT-LAMP amplicons were 

digitally counted by glass nanopore and benchmarked the event rate with a threshold. Due to its 

intrinsic single molecule sensitivity, nanopore sensors could capture the amplification dynamics 

more rapidly (quick time to positive). We validated this method with both spiked saliva samples 

and COVID-19 clinical nasopharyngeal swab samples. With the spiked saliva sample, our method 

shows the about 65 cp/µl limit of detection and 100% analytical specificity. With 127 clinical 

samples and RT-PCR as the gold standard, our nanopore platform was able to detect SARS-CoV-

2 with 98% diagnostic sensitivity, and 92% diagnostic specificity. With its integration capability, 

the electronic nanopore digital counting platform has significant potential to provide a rapid, 

sensitive, and specific point-of-care assay for SARS-CoV-2. 
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3.1. Introduction  

Coronaviruses are enveloped positive-sense RNA viruses, which are commonly associated with 

acute respiratory infections in humans. In late December 2019, several local health facilities 

reported patients with pneumonia of unknown causes in Wuhan, Hubei Province, China [12]. The 

causative pathogen has been identified as a novel enveloped RNA beta coronavirus. Given the 

similarity to the previously isolated severe acute respiratory syndrome coronavirus (SARS-CoV), 

the new virus has been named SARS-CoV-2. This new virus causes coronavirus disease 2019 

(COVID-19), and it was rapidly announced as a public health emergency of international concern 

by the World Health Organization (WHO). As of August 2021, there are a total of 198,778,175 

confirmed cases, and 4,235,559 deaths of SARS-CoV-2 reported globally [73]. In this pandemic of 

SARS-CoV-2, accessible, early, and accurate diagnosis is crucial to facilitate robust public health 

surveillance and rapid testing. The current gold-standard technique for SARS-CoV-2 testing is the 

reverse transcription-polymerase chain reaction (RT-PCR) [74]. Despite its high sensitivity and 

specificity, laboratory-based RT-PCR requires highly trained personnel, dedicated facilities, and 

instrumentations, thus limiting the testing capacity. To enhance the test accessibility, isothermal 

amplification techniques such as reverse transcription loop-mediated isothermal amplification (RT-

LAMP) is widely studied as alternatives for COVID-19 testing [21, 75]. The isothermal method 

has great potential as a point-of-care tool because it is a rapid, sensitive, and specific 

technique. During the early outbreak phase of the COVID-19 pandemic, a significant research 

effort focused on designing, validating, optimizing the RT-LAMP primers [18, 76]. These efforts 

soon expanded to the scope of exploring alternative sample specimens [77-79] and simplifying the 

sample purification [22, 80]. In addition, the CRISPR based detection has been incorporated with 

the RT-LAMP to improve its specificity performances [81], and the high-throughput sequencing 
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has been incorporated with the RT-LAMP (LAMP-sequencing) to facilitate population-level of 

usage [20]. 

The results of the RT-LAMP amplification are often read out using different optical methods, such 

as changes in turbidity caused by magnesium pyrophosphate precipitate [13], changes in 

fluorescence using dyes [14-16], colorimetric pH indicators [17, 18], or gel electrophoresis 

followed by UV detection [19]. Each of these methods would require a minimum concentration of 

the signaling reporters (cmin) for the readout system to distinguish between positives and negatives. 

Depending on different readout systems (e.g., naked eye [20] versus highly sensitive fluorescence 

detector [21, 22]), the cmin could range from mM to nM. This required minimal signaling reporter 

concentration can be linked to the time to positive (TTP) as cmin=TTP×vr, in which vr is the average 

reaction rate of the assay. It is evident that reducing the detection cmin is preferred towards quick 

time to positive. In this regard, the intrinsic single-molecule sensitivity of nanopore sensors [23, 

24] is highly intriguing since it enables a significantly reduced cmin and thus reduce the time required 

for making the positive/negative call. Existing works on nanopores have demonstrated that 

nanopores can easily capture the analyte at the pM range [23, 82]. Our previous work has 

demonstrated a LAMP-coupled nanopore sensor for malaria nucleic acid test [27]. The integration 

and miniaturization potential of the label-free, electronics-based nanopore sensors could open a 

new avenue for enhancing the accessibility of the molecular testing at the point of care.  

In this study, we report an RT-LAMP coupled nanopore platform for rapid detection of SARS-

CoV-2. We compared the time to positive and sensitivity performances of two one-pot RT-LAMP 

assays targeting the nucleocapsid and envelop genes. For qualitative positive/negative 

classification of a testing sample, the nanopore sensor was used to measure the amplicon size and 

concentration by the digital counting method. Thanks to its intrinsic single molecule sensitivity, 

the nanopore sensor could make a faster positive/negative call than bulk optical methods. We 
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validated this method with both spiked saliva samples and COVID-19 clinical nasopharyngeal 

swab samples. With 127 clinical samples and RT-PCR as the gold standard, our nanopore platform 

was able to detect SARS-CoV-2 with 98% diagnostic sensitivity, and 92% diagnostic specificity. 

We believe the RT-LAMP coupled electronic nanopore digital counting platform has significant 

potential to provide a rapid, sensitive, and specific detection of SARS-CoV-2. 

3.2. Material and method 

3.2.1. Materials and chemicals 

Quartz capillary with inner and outer diameter of 0.5 and 1 mm was purchased from Sutter 

Instrument. Pipette holder (QSW-T10N) and 0.2 mm Ag wire was purchased from Warner 

Instruments. Micro-injector with 34 gauge was purchased from World Precision Instruments. 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. 

Heat-inactivated SARS-CoV-2 (ATCC® VR-1986HK™) RNA was purchased from ATCC. 

Synthetic human coronavirus 229E RNA (103011), NL63 RNA (103012) and 229E RNA (103013) 

were purchased from Twist Bioscience. QIAamp Viral RNA Kit was purchased from Qiagen. 

ThermoFisher MagMAX Viral/Pathogen Nucleic Acid Isolation Kit was purchased from 

ThermoFisher.  

3.2.2. Glass nanopore fabrication and characterization 

The quartz capillaries with inner and outer diameters of 0.5 and 1 mm were first cleaned by piranha 

for 30 minutes to remove any organic contaminants, then repeatedly rinsed with DI water and dried 
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in an oven at 100 C for 15 min. A laser pipette puller (P-2000, Sutter Instruments, USA) was used 

to fabricate the nanopore using a two-line program: (1) Heat 750, Filament 5, Velocity 50, 

Delay140, and Pull 50; (2) Heat 715, Filament 4, Velocity 30, Delay 145, and Pull 225. This recipe 

typically produces nanopore size around 10 nm (Figure 3-1). 

 

Figure 3-1. (a) The glass nanopores were characterized using an I-V scan in 1 M KCl, 

corresponding to a nanopore with about 10 nm in diameter. (b) Representative current time traces 

of master mix (negative control) samples. (c) Event rate of 9 negative control samples. The mean 

(µ) is 0.009 s-1, standard deviation (σ) is 0.007 s-1, and µ+3σ was 0.029 s-1.  

3.2.3. Nanopore sensing and data analysis 

The glass nanopore was held by a pipette holder and immersed in a PCR tube, forming the cis and 

trans chambers. Micro-injector with 34 gauge was used to inject the solution into the nanopore, 

and both sides of the chambers were filled with 1 M KCl. Two Ag/AgCl electrodes were inserted 

into the KCl solution. A typical voltage of 200 mV was applied across the nanopore constriction 

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

Axopatch 200B (Molecular Device, USA), low-pass filtered at 10 kHz, and digitalized by the 6363 

DAQ. The data was acquired by a customized LabVIEW software (National Instruments, USA). 

The nanopore measurement system was inside a homemade Faraday cage to shield the 
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environmental noise. A custom-built MATLAB (MathWorks, USA) program was developed to 

analyze the current drop, duration time, ECD, and event rate. 

3.2.4. SARS-CoV-2 RT-PCR 

We used the United States CDC primer sets targeting the N1 region of the SARS-CoV-2 (Table 

3-1). The 20 μl of the RT-PCR reaction mix consists of 5 µl of the RNA template, 1.5 µl of primer 

mix (50 µM forward primer, 50 µM reverse primer, 20 µM probes), 10 µl of qScript™ XLT One-

Step RT-qPCR Tough Mix (2X), and 3.5 µl of H2O. The RT-PCR process was performed for 45 

cycles in the Bio-Rad CFX96 Real-Time PCR system. Each cycle consists of 3 seconds 

denaturation step at 95 °C and 30 seconds annealing step at 55 °C.  

Table 3-1. RT- PCR primer sets targeting N1 regions of SARS-Cov-2 

Primer              Sequence 

2019-nCoV-N1-F 5’-GAC CCC AAA ATC AGC GAA AT-3’ 

2019-nCoV-N1-R 5’-TCT GGT TAC TGC CAG TTG AAT CTG-3’ 

2019-nCoV-N1-P 5-FAM-ACC CCG CAT TAC GTT TGG TGG ACC-BHQ1-3’ 

3.2.5. SARS-CoV-2 RT-LAMP 

The total volume of the RT-LAMP assays contains a 24 µl master mix and 1 µl RNA sample. The 

master mix includes isothermal buffer, PCR grade H2O, MgSO4 (7 mM), Styo-9 green (0.5 µM), 

deoxyribonucleotide triphosphates (dNTPs, 1.4 mM), Bst 2.0 DNA polymerase (0.4 U/µl), 

Warmstart reverse transcriptase (0.3 U/µl), primer sets (0.2 mM F3 and B3c, 1.6 mM FIP and BIP, 

0.8 mM LF and LB (Table 3-2). Table 3-3 summarized the RT-LAMP recipe. The reaction was 

performed at a constant temperature of 65ºC using either a benchtop PCR instrument (Bio-Rad 
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CFX96) or a customized heat block. All the reactions were added with an additional 25 μl mineral 

oil to prevent evaporation and cross-contamination. 

Table 3-2. RT-LAMP primer sets targeting N and E regions of SARS-Cov-2 

Primer Sequence (5’-3’) 

Gene N 

F3 AACACAAGCTTTCGGCAG 

B3 GAAATTTGGATCTTTGTCATCC 

BIP TGCGGCCAATGTTTGTAATCAGCCAAGGAAATTTTGGGGAC 

FIP CGCATTGGCATGGAAGTCACTTTGATGGCACCTGTGTAG 

LF TTCCTTGTCTGATTAGTTC 

LB ACCTTCGGGAACGTGGTT 

Gene E 

F3 AACACAAGCTTTCGGCAG 

B3 GAAATTTGGATCTTTGTCATCC 

BIP TGCGGCCAATGTTTGTAATCAGCCAAGGAAATTTTGGGGAC 

FIP CGCATTGGCATGGAAGTCACTTTGATGGCACCTGTGTAG 

LF TTCCTTGTCTGATTAGTTC 

LB ACCTTCGGGAACGTGGTT 

 

Table 3-3. RT- LAMP Master mix 

Components Working Concentration (25µl) 

FIP/BIP primers 1.6 μM 

F3/B3 primers 0.2 μM 

LF/LB primers 0.4 μM 

Isothermal Amplification 1x 

MgSO4 6 mM 

Betaine 0.4 M 

dNTP 1.4 mM 

syto-9 green fluorescent 0.5 μM 

Bst 2.0 DNA polymerase 10 U 

WarmStart Reverse Transcriptase 7.5 U 

UP Water 6 μl 
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3.2.6. Spiked saliva sample testing 

The saliva samples were collected from healthy volunteers. The saliva RNAs were extracted by the 

QIAamp Viral RNA Mini Kit according to the manufacturer protocol. The final concentration of 

extracted RNA was measured by Nanodrop 2000 (Thermo Fisher Scientific) as 87 ng/μl. The heat-

inactivated SARS-CoV-2 RNAs and non-SARS-CoV-2 human coronavirus synthetic controls were 

spiked into the extracted saliva RNA solution at various concentrations ranging from 10 to 105 

copies/µl. Typically 1 µl of the mock RNA sample was used in the reaction unless otherwise stated. 

3.2.7. Clinical nasopharyngeal sample testing and statistical analysis 

 Nasopharyngeal swab samples were obtained from the Penn State Milton S. Hershey Medical 

Center in Hershey, PA at various times from October 2020 to February 2021. The use of these 

deidentified specimens was approved by the institutional review board (IRB) of the Pennsylvania 

State University Hershey Medical Center (study number STUDY00016633). All these 

nasopharyngeal swab samples were initially tested with the FDA EUA-Authorized Simplexa RT-

PCR COVID-19 Direct assay (DiaSorin Molecular, Cypress, CA, USA). The collected 

nasopharyngeal samples were stored in the viral transport medium (VTM) and frozen at -80°C 

before use. The viral RNAs were extracted by ThermoFisher MagMAX™ Viral/Pathogen Nucleic 

Acid Isolation Kit in the Animal Diagnostic Laboratory (BSL 3) at Penn State, University Park in 

accordance with a protocol approved by the Institutional Biosafety Committee. The diagnostic 

sensitivity is defined as TP/(TP+FN). The diagnostic specificity is defined as TN/(TN+FP).TP, TN, 

FP, FN represents true positive, true negative, false positive, and false negative, respectively.  

https://www.google.com/search?sxsrf=ALeKk02Vh4E4NPO4dEoB-EjKfNKvMTXEFg:1627611366445&q=nasopharyngeal+swab&spell=1&sa=X&ved=2ahUKEwiw19Dq3InyAhVgGFkFHW_tD0QQkeECKAB6BAgBEDA
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3.3. Result and discussion 

3.3.1. Overall workflow from sample to nanopore counting 

Figure 3-2 illustrates the overall workflow of the platform from sample collection to RT-LAMP 

coupled nanopore detection. The SARS-CoV-2 viral RNA was firstly extracted and purified from 

either the nasopharyngeal swab sample [77, 79, 83] or the saliva sample [78, 80, 83, 84]  (Figure 

3-2a). A subsequent isothermal RT-LAMP amplification was performed at 65 °C. In the presence 

of a few copies of SARS-CoV-2 viral RNA, a dumbbell-like DNA structure will be synthesized as 

a template for further amplification. The final product obtained from the RT-LAMP reaction is a 

mixture of stem-loop DNAs with various stem lengths and various cauliflower-like structures with 

multiple loops (Figure 3-2b), formed by annealing between alternately inverted repeats of the 

target sequence in the same strand [49]. Typically, amplicons can be amplified as much as 109 times 

within an hour [85].  

Afterward, the nanopore counting analysis was performed to examine the concentration of the 

resulting amplicons. This is based on the fact that the nanopore event rate has a linear relation with 

the analyte concentration in the diffusion-limited region [27, 82]. Figure 3-2c shows two 

representative cases: a non-target negative control and a positive sample. For the negative control 

sample, no amplification would occur, resulting in an unchanged product concentration. We found 

the nanopore event rate for the negative control is negligible (<0.029 s-1 at 99.7% confidence level, 

Figure 3-1) after 15 minutes of reaction. This ultra-low event rate suggests that the background 

molecules in the RT-LAMP master mix will not interfere with the nanopore analysis of amplicons. 

On the other hand, the event rate for the positive sample increased significantly to 110 s-1. This 

result indicates that amplicons concentration indeed increased after 15 minutes of reaction, and the 

concentration change can be clearly captured by our nanopore event rate. The right panel of Figure 
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3-2 c shows the nanopore event rate as a function of RT-LAMP reaction time. We adopted an event 

rate threshold of 1 s-1 as the criteria for a positive call in our study unless otherwise stated. This 

threshold is much higher than the background event rate in the negative control (<0.029 s-1) such 

that the false-positive rate can be minimized.  

 

Figure 3-2. Workflow of RT-LAMP coupled nanopore method for SARS-CoV-2 detection. (a) 

Sample collection, preparation, and RNA extraction from either the nasopharyngeal swab sample 

or the saliva sample. (b) RT-LAMP amplification. One step RT-LAMP reaction is performed at 

65ºC for 15 min. (c) Nanopore readout. In a negative control sample, no amplification occurs, 

resulting in a negligible event rate. In a positive case, amplicons increased significantly, resulting 

in a sharp increase in event rate. The right panel shows the nanopore event rate as a function of RT-

LAMP reaction time. The event rate threshold was set at 1s-1 as the criteria for a positive call.  

3.3.2. SARS-CoV-2 RT-LAMP assay validation 

We first validated the RT-LAMP assay against the SARS-CoV-2 RNA. We adopted two LAMP 

primer sets targeting the N and E gene of SARS-CoV-2, respectively [86]. Table 3-2 and Table 

3-3summarized the primer information and the RT-LAMP reaction setup. background presented 
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the triplicated real-time RT-LAMP results on a 10× serial dilution of heat-inactivated SARS-CoV-

2 RNA samples (stock concentration: 2×105 copies/µl) using a benchtop PCR instrument. As shown 

in Figure 3-3c, the N primer set showed a better performance than the E primer set in terms of 

sensitivity and speed. The E primer set was not able to pick up 20 copies per reaction, while the N 

primer set can detect 2 out of 3 replicates at 20 copies. Moreover, the time to positive (TTP) value 

of N primer sets was less than 10 minutes for all input concentrations, whereas E primer sets took 

more than 13 minutes even for the most concentrated case (2×105 copies). 

Based on this comparison, we chose the N primer set for our SARS-CoV-2 RT-LAMP assay in the 

following studies. To determine the limit of detection (LoD) of this assay, we performed the real-

time RT-LAMP reaction with a 2× serially diluted RNA sample down to 2 copies. As shown in 

Figure 3-3d, concentrations above 128 copies/reaction were all amplified successfully, and 

concentrations below 4 copies/reaction were not able to be picked up. To estimate the assay LoD, 

we fitted a logistic curve for the hit rates at different RNA copies [87]. The hit rate is defined as 

the number of amplified samples over all samples. As shown in Figure 3-3e, the LoD of the N 

primer set RT-LAMP assay is determined to be 65 copies/reaction at the 95% confidence level. 

This LoD is on par with other reported RT-LAMP assays targeting N regions [20, 75, 88]. In 

addition, we also examined the threshold time as a function of the RNA concentrations. As shown 

in Figure 3-3f, the threshold time decreased from 10 min to 7 min when the RNA concentration 

increased from 105 to 2 copies. A linear fit produced the R2 with 0.86, indicating that a semi-

quantitative RT-LAMP test is feasible. 

To evaluate the effectiveness of RT-LAMP assay in human total RNA background and benchmark 

it with the gold standard RT-PCR assay from United States CDC (Table 3-1), we prepared 10-fold 

serial dilutions of SARS-CoV-2 RNAs in human total RNA background. The human total RNA 

was extracted from healthy saliva samples by a commercial kit. The final concentration of salivary 
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RNA measured by the Nanodrop was 87 ng/μl. A total of 42 samples at four different 

concentrations were tested. Figure 3-3g and Figure 3-3h showed the RT-LAMP and RT-PCR 

results, respectively. As shown in Figure 3-3i, the RT-LAMP threshold time and the RT-PCR 

threshold cycle showed a Pearson correlation coefficient of 0.94, indicating an excellent 

quantitative agreement between RT-LAMP and RT-PCR results, despite the human total RNAs 

background. 

3.3.3. Nanopore counting of RT-LAMP amplicons 

After validating the SARS-CoV-2 RT-LAMP assay, we set out to perform the nanopore counting 

analysis on the resulting amplicons. A testing sample with an RNA concentration of 104 copies was 

amplified for different reaction times ranging from 0 to 16 min. The reaction was stopped by 

heating the reaction to 95 ºC for 5 minutes. The end products were examined by gel electrophoresis. 

As shown in Figure 3-4a, the gel started to show a typical ladder pattern with many bands of 

different sizes after 8 minutes of RT-LAMP reaction. These bands became darker as the reaction 

times increased, indicating a successful amplification occurred.  
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Figure 3-3. RT-LAMP assay validation. (a) N primer set results, and (b) E primer set results with 

viral RNA concentrations ranging from 2 and 105 copies per reaction. (c) Time to positive value 

comparison between the N primer set (blue bars) and the E primer set (grey bars) at different RNA 

concentrations. The N primer set showed better performances in terms of sensitivity and time to 

positive. (d) Real-time RT-LAMP result with a finer serial dilution (2×) using N primer set. (e) The 

extracted hit rate at various RNA concentrations to establish the assay LoD, which is determined 

to be 65 copies at 95% confidence level. (f) Time to positive value with N primer sets at 

concentrations ranging between 102 and 105 copies per reaction. A good linearity is obtained, 

indicating that a semi-quantitative test is feasible. (g) Real-time RT-LAMP result in saliva RNA 

background. (h) Real-time RT-PCR result in saliva RNA background. (i) The correlation between 

the RT-PCR and RT-LAMP measurement in total saliva RNA background. 

 

These end products were then examined by the glass nanopore sensor. The amplicon solution was 

adjusted to 1M salt concentration to facilitate the nanopore measurement [82]. A typical nanopore 

readout was performed under 200 mV bias until at least 100 events were detected or 30 minutes of 

measurement was reached. A minimal event number of 100 ensures <10% uncertainty of event rate 

determination [82]. Figure 3-4b presents the representative current traces of amplicons at different 

24 26 28 30 32 34 36
11

12

13

14

15

16

T
t i

n
 R

T
-L

A
M

P
 (

m
in

)

Ct in RT-PCR (cycle)
0 5 10 15

0

1500

3000

4500

 5´104

 5´103

 5´102

 50

 NC

R
F

U

 Time(min)

RT-LAMP in total human RNA

102 103 104 105
6

7

8

9

10

11

T
im

e
 t

o
 p

o
s
it
iv

e
 (

m
in

)

RNA copies

R2 = 0.86

0 10 20 30
0

1000

2000

3000

  105 copies 

  104  32

 1024   16

 512  8

 256  4

 128  2

 64   NC

R
F

U

 Time (min)
100 101 102 103 104 105
0

50

100

H
it
 R

a
te

 (
%

)

RNA copies

(f)(d)

Threshold

(e)

95

LoD

0

10

20

T
im

e
 t

o
 p

o
s
it
iv

e
 (

m
in

)

RNA Copies

  Gene N

  Gene E

3/3

3/3

3/3

3/3

3/33/3

3/3

3/3

3/3

3/3

3/3

2/3 1/3

2´105 2´104 2´103 2´102 2´101 2

0/3 0/3

(c)

0 10 20 30 40

0

3000

6000

9000

 2´105

 2´104

 2´103

 2´102

 2´101

 2

 NC

R
F

U

 Time(min)

Gene N

(a)

Threshold

0 10 20 30 40

0

2000

4000

6000

 2´105

 2´104

 2´103

 2´102

 2´101

 2

 NC

R
F

U

 Time(min)

Gene E

(b)

Threshold

0 10 20 30 40

0

1500

3000

 5´104

 5´103

 5´102

 50

 NC

R
F

U

Cycle 

RT-PCR in total human RNA

(h) (i)

R=0.94

(g)

Threshold
Threshold



41 

 

reaction times (note scale differences). It is evident that more events showed up as we increased 

the reaction time. To perform the nanopore counting, we first characterized the events by their 

current drop (∆I) and dwell time (∆t). As shown in Figure 3-4c, there is a clear population shift in 

the ∆I vs. ∆t scattering plot, indicating the distribution change of the amplicon size. This shift is 

expected since the LAMP product is a mixture of stem-loop DNA with various stem lengths and 

various cauliflower-like structures with multiple loops [49, 85].  

To quantify the amplicon size distributions and their relative abundance, we used the event charge 

deficit (ECD, defined as ∫ ∆𝐼(𝑡)𝑑𝑡
.

∆t
 ) to represent the approximate amplicon size [89]. An ECD 

bin size of 20 fC was used to characterize each subpopulation. The event rate of the ECD sub-

population was obtained by normalizing the corresponding event numbers by the nanopore 

measurement time. This normalization process gives us the capability to benchmark nanopore 

measurements performed with different readout times. Figure 3-4d shows the distribution of event 

rate vs. ECD at different reaction times. Two interesting features can be observed. First, the event 

rate of all sub-populations increases as the amplification time increases. For instance, the event rate 

for ECDs below 20 fC was 0.016 s-1 at 0 minutes and increased to 129.50 s-1 at 16 minutes. The 

event rate for ECDs between 400 and 420 fC was 0 s-1 at 0 minutes and increased to 0.25 s-1 at 16 

minutes. This change indicates the amplicon concentration of each size increased, and the RT-

LAMP product was dominated by smaller amplicons (note the log scale in rate in Figure 3-4d). 

Second, the sub-populations with ECD > 60 fC started to be captured by the nanopore measurement 

after 6 minutes of reaction. The event rate of the sub-populations increased about 10 times 

compared to 0 minutes. However, gel electrophoresis analysis (Figure 3-4a) was not able to 

distinguish the population increase at the same conditions, only weak bands starting to be visible 

after 8 minutes of reaction. This suggested that the nanopore readout is more sensitive than the gel 

analysis, and nanopore measurement can capture the amplification dynamic faster.  
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We further analyzed the total event rate by the summation of all sub-populations event rates (𝑅𝑡𝑜𝑡 =

∑ 𝑅𝑖𝑖 ). As shown in Figure 3-4e, the total event rate increased more than three orders of magnitude 

from 0.021 s-1 to 168.23 s-1 as the reaction time went from 0 minutes to 16 minutes. We fitted the 

total event rate as a function of RT-LAMP reaction time by the logistic growth model [27, 68] with 

𝑅(𝑡) = 𝑅𝐿 + (𝑅𝐻 − 𝑅𝐿)/(1 + 𝑒−𝛽(𝑡−𝑡0)), where RL (0.01 s-1) and RH (152.8 s-1) are the low and 

high bound of the event rate, t0 (9.94 min) is the time when the growth rate is at maximum, and β 

(1.45 min−1) is the maximum steepness of amplification rate. The fitted RL value of 0.01 s-1 was 

close to the event rate of 9 negative controls (µ+3σ = 0.029 s-1,Figure 3-1), where mean (µ) and 

standard deviation (σ) of the event rate is 0.009 s-1 and 0.007 s-1 respectively. It is worth mention 

that choosing a proper threshold for making a positive/negative call is a trade-off between 

turnaround time and specificity. For example, if we set the threshold based on the negative controls 

(0.029 s-1), a positive decision can be made in 5 minutes, but it may lead to a high false-positive 

rate. In this study, we set a threshold of 1 s-1 (100 times higher than the RL) to minimize the false 

positive rate.  
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Figure 3-4. Nanopore counting of RT-LAMP amplicons. (a) Gel electrophoresis (2% agarose gel) 

result of the RT-LAMP products, at various reaction times from 0 mins to 16 mins. (b) 

Corresponding current time traces measured in nanopores with 200 mV bias (Note the scale 

differences). (c) Corresponding current drop vs. dwell times distribution at different reaction times. 

(d) Corresponding event rate distribution as a function of ECD values. (e) The total event rate as a 

function of the reaction time. The solid line is fitting to the logistic growth model R2=0.95.  

3.3.4. Evaluation with spiked saliva samples 

We evaluated the nanopore sensor analytical sensitivity using the SARS-CoV-2 spiked saliva 

sample. These spiked saliva samples were prepared by adding 2-fold serially diluted heat-

inactivated SARS-CoV-2 RNA into the total RNA background extracted from the healthy saliva 

samples. The final viral RNA concentrations range from 105 copies/µl to 10 copies/µl. The RT-

LAMP reactions were performed with 1 µl of the viral RNA sample at 65°C for 15 mins (Figure 

3-5 followed by the nanopore counting for event rate determination. Each concentration was tested 

at least three times. The limit of detection was established as the lowest number of concentrations 

that >95% percent sample was tested positive. Figure 3-6a shows the measured event rate as a 

function of different SARS-CoV-2 RNA concentrations. As shown, at the concentration of 100 

copies/µl, 5 out 5 samples were determined to be positive since all have event rates larger than 1 s-

1, whereas 2 out 5 samples at the concentration of 50 copies/µl were detected as positives. The LoD 

was thus determined to be 100 copies/µl with the SARS-CoV-2 spiked saliva sample. This LoD 

with saliva RNA in the background is similar to the LoD obtained by testing the purified viral RNA 

sample (65 copies/µl, Figure 3-3e). These results confirmed that (1) the RT-LAMP assay is specific 

to the SARS-CoV-2 RNA, and (2) the saliva RNA background has negligible impact on event rate 

determination since SARS-CoV-2 RNA specific amplicons dominated the RT-LAMP product.  
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Figure 3-5. Real-time result of the RT-LAMP reaction using the SARS-CoV-2 spiked saliva 

sample at different concentrations.  

 

For the analytical specificity test, we used three different human coronaviruses (229E, NL63, and 

OC43) RNAs spiked in the saliva RNA background. We tested five replicates, each at the 

concentration of 105 copies/µl. As shown in Figure 3-6b, a sharp contrast between the event rates 

of SARS-CoV-2 and other human coronavirus samples can be observed. The average event rate of 

SARS-CoV-2 cases was 110 s-1, and the average event rate of the 229E, NL63, and OC43 was 0.03 

s-1, 0.01 s-1, and 0.05 s-1, respectively. The t-test showed that the event rate of the SARS-CoV-2 

samples is statistically significant compared to the other three human coronaviruses samples. This 

result confirmed an excellent analytical specificity of the RT-LAMP coupled nanopore sensor 

against the SARS-CoV-2. 
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Figure 3-6. Analytical sensitivity and specificity test with saliva spiked sample. (a) Event rate of 

the RT-LAMP amplicons at various concentrations of SARS-CoV-2 in total saliva RNA 

background. An event threshold of 1 s-1 is used for positive/negative call. (b) The event rate for 

SARS-CoV-2 and three other non-SARS-CoV-2 targets with a concentration of 105 copies in total 

saliva RNA background. All non-SARS-CoV-2 targets showed event rates much less than 1 s-1 and 

were correctly classified as negatives.  

3.3.5. Clinical validation with nasopharyngeal swab samples 

To evaluate the utility of the nanopore sensor against real clinical samples, we tested a total of 127 

nasopharyngeal swab clinical samples obtained from Penn State Hershey Medical Center. These 

clinical samples were coded to remove information associated with patient identifiers. The FDA 

EUA-Authorized RT-PCR with Simplexa COVID-19 Direct assay (DiaSorin Molecular, Cypress, 

CA, USA) performed at initial diagnosis is considered the reference method to benchmark our 

nanopore sensors. A total of 50 positive and 77 negative samples were tested. The viral RNAs from 

these clinical samples were firstly extracted by ThermoFisher MagMAX™ Viral/Pathogen Nucleic 

Acid Isolation Kit.  We then performed the RT-LAMP reactions at 65°C for 15 mins and measured 

event rates of the products by nanopore counting (Figure 3-7a). As shown, it is clear that the event 

rate of positives was significantly higher than that of the negatives (p < 0.00001). With a predefined 

event rate threshold of 1 s-1, 49 out of 50 positives were detected as true positives, and 70 out of 77 
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negatives were detected as true negatives(). The diagnostic sensitivity, and specificity of the 

nanopore sensor compared to the reference method was 98% (95% CI=94.1%-100%) and 90.9% 

(95% CI= 84.5%-97.3%).  

We further evaluated the receiver operating characteristic (ROC) curve [90, 91] to find the optimal 

event rate threshold for positive/negative cutoff by varying the threshold from 0.001 to 500 s-1 

(Figure 3-7b). As shown, increasing the event rate threshold will improve the diagnostic specificity 

but deteriorates the diagnostic sensitivity. The optimal event rate threshold corresponds to the case 

where both the specific and sensitivity is closest to 1 [90, 91]. Based on this approach, we obtained 

the ROC optimal event rate threshold as 1.25 s-1. Note that the optimal threshold is highly relevant 

to the sample set. With this optimized threshold, the testing statistics were re-assessed and 

summarized in Table 3-4. As shown, the statistics using the ROC threshold are very similar to 

those with a predetermined threshold of 1 s-1. The area under curve (AUC) was measured to be 

0.96, indicating the RT-LAMP coupled nanopore sensor is highly sensitive and specific against 

SARS-CoV-2.  

Table 3-4. Statistics of analyzing 127 clinical nasopharyngeal swab samples 

Nanopore 

result Pos/Pos Neg/Pos Pos/Neg Neg/Neg 

Sensitivity 

(95%CI) 

Specificity 

(95%CI) 

Predefined 

threshold 
49/50 1/50 7/77 70/77 

98.0% 

(94.1-100) 

90.9% 

(84.5-97.3) 

ROC 

threshold 
 49/50 1/50 6/77 71/77 

98.0% 

(94.1-100) 

92.2% 

(86.2-98.2) 
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Figure 3-7. Diagnostic sensitivity and specificity test with clinical nasopharyngeal swab samples. 

(a) Event rate of the RT-LAMP amplicons for a total of 127 samples. These samples were initially 

tested with RT-PCR (50 positives and 77 negatives). A predefined event rate threshold of 1 s-1 and 

a ROC optimized event rate threshold of 1.25 s-1 were used in nanopore sensors to classify the 

samples. (b) ROC curve analysis of the test result. The area under the ROC curve (AUC) is 0.96.  

 

Table 3-5. Summary of clinical sample testing with RT-PCR and nanopore method 

Sample# 
RT-

PCR 

Nanopore 

(s-1)  Sample# 
RT-

PCR 

Nanopore 

(s-1)  Sample# 
RT-

PCR 

Nanopore 

(s-1) 

1 P 27.81  44 P 97.20  87 N 0.007 

2 P 18.65  45 P 114.00  88 N 0.008 

3 P 17.05  46 P 103.20  89 N 0.003 

4 P 17.20  47 P 91.80  90 N 0.022 

5 P 7.13  48 P 113.25  91 N 0.003 

6 P 10.00  49 P 96.40  92 N 0.018 

7 P 63.00  50 P 103.40  93 N 0.010 

8 P 154.50  51 N 0.012  94 N 0.007 

9 P 98.00  52 N 0.005  95 N 0.003 

10 P 87.67  53 N 0.023  96 N 0.005 

11 P 62.75  54 N 0.007  97 N 0.010 
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12 P 106.50  55 N 59.667  98 N 0.005 

13 P 105.25  56 N 0.007  99 N 0.007 

14 P 93.33  57 N 0.037  100 N 0.027 

15 P 0.06  58 N 72.000  101 N 0.010 

16 P 76.67  59 N 0.020  102 N 0.074 

17 P 54.88  60 N 0.015  103 N 0.106 

18 P 71.11  61 N 0.017  104 N 0.057 

19 P 77.20  62 N 0.033  105 N 0.035 

20 P 72.29  63 N 38.833  106 N 0.065 

21 P 72.00  64 N 0.020  107 N 0.038 

22 P 72.50  65 N 0.030  108 N 0.038 

23 P 65.20  66 N 0.057  109 N 1.210 

24 P 28.80  67 N 0.024  110 N 0.018 

25 P 40.56  68 N 0.007  111 N 0.017 

26 P 44.50  69 N 0.043  112 N 0.018 

27 P 45.00  70 N 0.039  113 N 0.012 

28 P 54.17  71 N 0.003  114 N 0.040 

29 P 21.80  72 N 0.033  115 N 0.027 

30 P 35.60  73 N 0.019  116 N 0.027 

31 P 38.25  74 N 37.000  117 N 0.015 

32 P 38.00  75 N 0.018  118 N 0.008 

33 P 44.20  76 N 0.007  119 N 0.008 

34 P 54.20  77 N 0.025  120 N 0.006 

35 P 60.80  78 N 0.008  121 N 71.800 

36 P 54.83  79 N 0.007  122 N 0.005 
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37 P 56.50  80 N 0.003  123 N 0.003 

38 P 60.50  81 N 0.005  124 N 0.022 

39 P 59.25  82 N 35.000  125 N 0.010 

40 P 49.71  83 N 43.556  126 N 0.028 

41 P 55.25  84 N 0.003  127 N 0.007 

42 P 53.83  85 N 0.005     

43 P 63.25  86 N 0.004     

 

3.4. Summary 

In summary, we have demonstrated a highly sensitive, specific, and rapid SARS-CoV-2 detection 

platform by coupling the RT-LAMP with glass nanopore sensors. The optimized RT-LAMP assay 

targeting the nucleocapsid gene showed an LoD of 65 copies at the 95% confidence level. It also 

possessed an excellent specificity against other human coronavirus RNA targets. The nanopore 

digital counting method was able to pick up the amplification process much quicker than the bulk 

optical method due to its intrinsic single molecule level of sensitivity. Validation of the nanopore 

platform with 127 clinical nasopharyngeal swab samples demonstrated its excellent diagnostic 

performances using RT-PCR as the gold standard. With further integration of the electronics and 

miniaturization of the device, RT-LAMP coupled nanopore digital counting method has great 

potential for developing next-generation point of care molecular diagnostics for diseases such as 

COVID-19.  
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Chapter 4 On Stochastic Reduction in Laser-Assisted 

Dielectric Breakdown for Programmable Nanopore Fabrication 

While the glass nanopipette demonstrated foundational premise of the concept in Chapter 1&2, 

SiNx is a more suitable nanopore material since it is easier to be integrated and interfaced with 

electronics and fluidics. In this chapter, I investigated the laser-assisted controlled breakdown 

(LACBD) fabrication for single nanopore localization. I also developed a physical model to 

estimate the probability of forming a single nanopore under different combinations of the laser 

power and the electric field. Both the model and our experimental data suggest that a combination 

of a high laser power and a low electric field is statistically favorable for forming a single nanopore 

at a programmed location. Addressing the reliability and fidelity issue in the controlled dielectric 

breakdown (CBD) method is critical towards the scalable SiNx nanopore fabrication, which is 

essential towards developing integrated point of care devices. 
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4.1. Introduction  

Solid-state nanopores offer promising label-free detection of single molecules such as DNAs [27, 

92-96], RNAs [97, 98], proteins [99, 100], and DNA-protein complexes [101, 102]. Conventional 

solid-state nanopore fabrication methods involve focused electron beams [103] or ion beams [37, 

104] for physical bombardment. However, due to limited throughput and high complexity, 

nanopore-based sensing has limited accessibility for ordinary labs. An alternative controlled 

breakdown (CBD) method for nanopore fabrication was demonstrated to tackle these challenges 

[105-109], relying on the electric field-induced physical breakdown of the dielectric material. 

Nevertheless, the stochastic nature of the breakdown makes it challenging to predetermine the 

number and location of the nanoscale pinhole [105, 110-114]. A single nanopore is desirable for 

most single-molecule experiments. Besides, many nanopore-based applications such as tunneling 

current sensing [115, 116] and plasmonic nanopores [117-122] would require the nanopore to be 

localized specifically around an existing structure. So far, CBD-based nanopore localization efforts 

were predominately made by focusing the electric field through using tip-based technology [123, 

124], selectively thinning the membrane [125], or fabricating pyramid structures on the membrane 

[126]. These methods often require additional apparatus or lithography patterning processes, thus 

limiting their flexibility and tunability.  

Several recent studies have demonstrated that a focused laser beam can be used for nanopore 

fabrication in SiNx membranes. This can be simply performed in the air without an additional 

electric field or in the electrolyte solutions with an external electric field for the dielectric 

breakdown. For example, Yuan et al. showed that directly drilling the SiNx membrane in the air 

can fabricate sub 100 nm nanopore by applying Watt-level nanosecond laser pulses [127]. Ying et 

al. demonstrated that infrared laser-assisted controlled breakdown could significantly reduce the 

probability of forming multiple nanopores [128]. Gilboa et al. showed that a focused laser beam 
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with mW-intensity could irreversibly etch SiNx membranes in 1 M KCl, resulting in nanopores 

formation. They also found that the etching process was susceptible to the relative content of Si 

over N atoms in the SiNx membrane [129]. Yamazaki et al. showed that the SiNx etching rate was 

influenced by the supporting electrolyte and suggested the photothermal effect was responsible for 

the SiNx dissolution process [31]. These prior studies, while different in their laser specifications, 

electric field strength, unambiguously suggested laser-assisted CBD could help control the 

nanopore position and reduce the possibility of forming multiple pores.  

In this work, we investigated the impact of the surrounding environment, the electric field, and the 

laser power on the probability of forming a single nanopore at the focused laser spot, with the aim 

to optimize the laser-assisted dielectric breakdown. We developed a physical model to project the 

confidence level of creating a single nanopore at different combinations of laser power and electric 

field. The model relies on material-specific properties (Weibull statistical parameters) and 

experimental-specific parameters (laser-induced photothermal etching rate). With the guidance of 

this model, we experimentally probed the nanopore number and location using the ionic current 

enhancement method [130, 131]. Both the model and experimental results suggested that a high 

laser power and a low electric field is a favorable combination for creating a single nanopore at the 

focused laser spot. Our findings would provide insights into optimizing the laser-assisted dielectric 

breakdown towards solid-state nanopore fabrication and localization. 
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4.2. Materials and methods 

4.2.1. Materials and Chemicals 

Low-stress SiNx membranes on 200 μm thick lightly doped silicon substrates were used in our 

experiments (Norcada, Canada). The SiNx membranes are 15 nm and 30 nm in thickness with a 

50×50 µm2 window. Before mounting into our custom-built PMMA based flow cell, the SiNx 

membranes were cleaned in oxygen plasma for 120 s at 50 W to facilitate the wetting of the 

membrane surface. Ag/AgCl electrodes were house-made with 0.2-0.375 mm Ag wires (Warner 

Instruments, Hamden, USA). λ-DNA (48.5 kbp, 0.3 μg/μl) was purchased from ThermoFisher. 

PBS, KCl, and Tris-EDTA solution (pH 8.0) were purchased from Sigma-Aldrich. Ecoflex-5 used 

as an insulating sealant of the SiNx chip was obtained from Smooth-On, Inc. Prior to use, all 

solutions were filtered with a 0.2 μm Anotop filter (Whatman plc). 

4.2.2. Instrumentation 

The SiNx membrane chip was sealed onto a custom-built flow cell with a transparent quartz 

coverslip bottom, forming the cis and trans chambers. Both sides of the chambers were filled with 

KCl solution. Two Ag/AgCl electrodes were inserted into the KCl solution and electrically 

connected to a source meter unit (Keithley 2636) through a BNC cable. The chamber opposing the 

Si etch pit was grounded in our work unless otherwise stated. 488 nm (Coherent OBIS 488 LS) 

laser beams were focused onto a spatial pinhole (1-25+B-1+M-0.5, National Aperture) by an 

objective lens (M-5X, Newport) to reject out-of-focus light. The laser beams were re-collimated by 

an achromatic doublet (AC254-075-A, Thorlabs) and focused by an objective lens (RMS40X-PF, 

Thorlabs). The radius of the laser beam spot was 1 µm (FWHM, inset (ii) of Figure 4-1c). The 
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flow cell was mounted onto a 3D manual positioner above the microscope objective. The emitted 

light was collected by the same objective and directed at a CMOS camera (DCC1545M, Thorlabs) 

by a dichroic mirror (BB2-E02, Thorlabs). The entire assembly was shielded inside a Faraday cage 

to minimize electromagnetic interferences.  

 

Figure 4-1. Schematic drawing of the nanopore fabrication by (a) normal breakdown and (b) laser-

assisted breakdown. The drawings are for illustrative purposes and not to scale. (c) Schematic of 

the custom-built nanopore fabrication and characterization system. (BS: beam splitter, DM: 

dichroic mirror, ND: neutral-density filter). The focused laser spot at an arbitrary location on the 

membrane (inset i) and the Gaussian intensity profile of the laser (inset ii).  

4.2.3. Photoluminescence Characterization 

The PL characterization was obtained by a customized LabVIEW program (National Instruments) 

that controls the motion of the nano positioner as well as collects the photon counting signals. The 

typical parameters for obtaining the scanned PL results in our experiments are 100 nm step size, 1 

mW laser power, and 2 ms integration time. The counted emission photons were normalized to the 

integration time and the incident laser power (cpms/mW: counter per millisecond/ milliwatt).  
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4.2.4. Atomic Force Microscopy Characterization 

AFM measurements were performed on a Dimension Icon (Bruker) AFM microscope using Peak 

Force tapping mode. A triangular-shaped ScanAsyst-Air tip was used in this study. During the 

measurement, the peak force set point was set to 2 nN. The scan was performed at a scan rate of 

0.226 Hz and 512 lines per sample.  

4.2.5. Nanopore Fabrication and Validation.  

The buffer used in the etching rate experiment was performed in 2M KCl with 10 mM Tris and 1 

mM EDTA (pH 7.4). All the nanopores (both with and without laser-assisted) were fabricated by 

the moving Z-Score method with 1 M KCl with 10 mM Tris and 1mM EDTA. The flowchart of 

the automated procedure for moving Z-score can be found in our previous work[110]. The feedback 

time of the customized LabView program is 20 ms. The number and the location of nanopores were 

validated by ionic current mapping. The typical parameters used for ionic current mapping were 2-

4 mW laser power, 100 mV voltage, and 10-20 μm/s scanning speed. 

4.2.6. DNA Sensing 

λ-DNA was added to the cis chamber to a final concentration of 100 pM. The Ag/AgCl electrodes 

were then connected to the Axopatch 200B amplifier (Molecular Devices, CA) with a 300 mV bias 

voltage. The amplified signal was filtered with a 4-pole Bessel set at 10 kHz and digitalized by a 

16-bit/100 MHz DAQ card (NI 6363, Texas Instruments). Data analysis was carried out by using 

customized MATLAB code to extract the duration and depth of each current blockade events.  
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4.3. Result and discussion  

4.3.1. Principle of Laser-Assisted Dielectric Breakdown  

The dielectric breakdown under the influence of a biasing electric field is a well-studied 

phenomenon. A nanoscale pinhole could be created in the membrane when the density of 

accumulated defects reaches a critical value [105]. However, defect generation is a random process 

[111-113], which leads to poor control over the location of nanopore formation (Figure 4-2a). 

Multiple pores can be formed due to the stochastic subsequent nanopore creation between the 

occurrence of the first breakdown and the time when the applied voltage is terminated. Several 

works have demonstrated the laser-assisted dielectric breakdown for solid-state nanopore 

localization [31, 128, 129, 132]. The laser-localized thinning down facilitates the electric field 

enhancement at the laser spot. Since the defect generation efficiency increases exponentially with 

the electric field, the laser spot would have a much higher probability of first reaching the 

breakdown critical trap density (Figure 4-1b).  

Figure 4-1c shows the schematic of our custom-built nanopore fabrication and characterization 

setup. A 488 nm Gaussian-profile laser beam was focused onto the SiNx membrane assembled in 

an optically accessible flow cell. A CMOS camera was used to provide a bright-field view. A single 

photon counting module (SPCM) was used for photoluminescence (PL) characterization of the 

material. A pair of Ag/AgCl electrodes across the membrane was used to apply a voltage for the 

dielectric breakdown. This setup enabled us to perform the laser-assisted dielectric breakdown, 

scanning PL for material characterization, and laser-enhanced ionic current mapping [130, 131] for 

nanopore location in a single platform (see Methods for details of the setup). 
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4.3.2. Kinetics of Laser-Induced Photothermal Etching of SiNx in Electrolyte 

While the laser-induced thinning of SiNx in the electrolyte solution was universally observed, the 

underlying mechanism is controversial [31, 129]. To better understand the thinning kinetics in our 

experiments, we performed the laser radiation experiments on 30 nm-thick SiNx membranes with 

a focused 488 nm laser both in the air and in the electrolyte solution. 

In the air, we sequentially radiated a 5×4 array at five different laser powers (4-20 mW) and varying 

exposure time (10-60 min). We then characterized this sample with scanning PL [133] and atomic 

force microscopy (AFM). Figure 4-2a shows the PL result. Evident PL reductions were observable 

at the laser exposed locations. However, the AFM characterization (Figure 4-2b) showed no visible 

thickness change at the laser spots. This existence of the PL change and the absence of thickness 

change suggests that the focused laser with power up to 20 mW only altered the microscopic 

electronic structures of the SiNx (photochemical effect) in the air45, rather than physical etching. 

 

Figure 4-2. (a) Photoluminescence (PL) probed after exposing the SiNx to the laser in the air. (b) 

AFM characterization of the sample exposed in the air (dash circles are the laser exposed regions). 

The counted emission photons were normalized to the integration time and the incident laser power 
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(cpms/mW: counter per millisecond/milliwatt). No significant morphology change was observed. 

(c) PL probed after exposing the SiNx to the laser in 2 M KCl solution. (d) AFM characterization 

of the sample exposed in 2 M KCl solution. The material etching was visible in the laser spots. (e) 

Extracted SiNx etching rate as a function of the laser power. Note that the measured etching rate is 

the maximum etching rate in the membrane thickness direction. The solid line is the 

Arrhenius fitting. The PL map was obtained by scanning at 1 mW laser power with 200 nm step 

and 2 ms integration time.  

For the solution experiment, a 5×4 array was exposed in 2 M KCl with 10 mM Tris and 1 mM 

EDTA with the same laser dose as in the air. As shown in Figure 4-2c and Figure 4-2d, both the 

PL intensity and the AFM-obtained membrane thickness showed significant reductions in the laser-

exposed area. This result suggested that the 20 mW laser not only altered the microscopic electronic 

structures [133] but also ‘etched’ the SiNx membrane in the 2 M KCl solution. To examine if the 

laser ‘etching’ of the SiNx in the electrolyte stems from the photothermal decomposition of the 

material, we performed a finite-element simulation to estimate the photothermal heating of the 

solution (Figure 4-4). We found the temperature (175°C) caused by the 20 mW laser is far below 

the SiNx decomposition temperature (1500 °C) [31]. As a result, the laser ‘etching’ of the SiNx in 

2 M KCl in our experiment could not be ascribed to the photothermal decomposition of the material. 

In fact, the contrast of the experiments performed in the air and in the solution suggested that the 

laser-SiNx reactivity is a convoluted photochemical and photothermal process. The focused laser 

not only alters the microscopic electronic structures of the SiNx (photochemical effect), but also 

provides the heat for promoting the photothermal etching. It is no surprise that the surrounding 

environment would play a significant role due to their different heat dissipation coefficient and 

chemical composition [31].  

To establish the relationship between the laser power and the etching rate in our experiment, we 

examined the AFM-obtained etching profile (Figure 4-3). The etching rate, defined by the maximal 

depth in the center of the etching profile, can be well fitted with the laser power to the Arrhenius 

equation [134], 
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𝑘 = 𝐴𝑒
−

𝐸𝑎
𝑅(𝑏𝑃+𝑇0)                                             (4-1) 

where k is the etching rate (Å/min), A is the Arrhenius constant for the reaction (Å/min), Ea is the 

activation energy (kJ/mol), R is the gas constant, b is the photothermal coefficient (K/mW), P is 

the laser power (mW), T0 is the room temperature. Note that bP+T0 is the laser-induced 

temperature. The activation energy Ea fitted from Figure 4-2e was estimated to be 13.7 kJ/mol (see 

Table 4-1 for Arrhenius fitting parameters). Note that these parameters are SiNx material-specific 

and experimental setup-specific and could vary from one lab to the other [31, 128, 129]. This 

excellent fitting to the Arrhenius equation suggests that the laser ‘etching’ of the SiNx membrane 

in the solution results from the chemical reaction between the aqueous electrolyte and SiNx 

membrane, promoted by the photothermal effect.  

 

Figure 4-3. AFM-obtained etching profiles in Figure 4-2. 
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Figure 4-4. Finite-element simulation to study the photothermal heating of the solution. Heat 

transfer model was implemented by applying the first law of thermodynamics. (a) The physical 

domain used for simulation. A 30-nm-thick SiNx membrane was placed in the middle of the 

simulation domain and surrounded by water. At the bottom of the SiNx membrane, a heat source 

(Q) with Gaussian distribution of intensity was applied on an area with a radius of 1 μm to simulate 

the focused laser radiation. (b) Steady-state temperature profile under a 20 mW laser. The peak 

temperature is located in the center of the spot and quickly decreases to room temperature. The 

maximum temperature caused by the 20 mW laser was 175 °C, which is far below the SiNx 

decomposition temperature.  (c) Peak temperature as a function of laser power. The temperature 

increases linearly with laser power. The slope of the line is the photothermal coefficient (8.06 

K/mW). (d) Boundary conditions used in simulation. (e) Parameters used in simulation. 
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Table 4-1. Parameters used for Arrhenius fitting in Figure 4-2e 

Parameters  Meaning Value Unit 

A  Arrhenius constant 31.6 Å/min 

R  Gas constant 8.314×10-3 kJ/mol/K 

Ea  Activation energy 13.7 kJ/mol 

b  Photothermal coefficient 8.06 K/mW 

T0  Room Temperature 293 K 

P  Laser power 1-25 mW 

4.3.3. Confidence Model of Laser-Assisted Dielectric Breakdown 

When an insulating membrane is continuously subjected to electric field stress, the number of traps 

in the membrane increases with time. Once the trap density reaches a critical value, the breakdown 

occurs [111, 113]. The time to breakdown is a stochastic process governed by the probability of 

forming a connected path across the membrane, following the Weibull distribution [111, 113],  

𝑓(𝑡) =
𝛽

𝜆
(

𝑡

𝜆
)𝛽−1𝑒(−(𝑡/𝜆)𝛽)                                           (4-2) 

where f(t) is the breakdown probability after the electric field is applied for a time t, 𝛽 is the shape 

parameter which characterizes the steepness of the breakdown transition, λ is the characteristic 

lifetime at which 63% of membranes have experienced a breakdown. Note that the average 

breakdown time of a Weibull distribution can be derived from λ Γ (1 + 1/β), which corresponds 

within ±10% to λ for typical values of β. For simplicity, the characteristic lifetime λ was used to 

describe the average time to breakdown in the following context.  

Two competing processes coincided with the typical laser-assisted dielectric breakdown setup. One 

is the normal breakdown, and the other is the laser-assisted breakdown (Figure 4-1a and b). The 

average time to breakdown in the areas with no laser can be estimated as [105, 111, 135], 

λ𝑛 = 𝐵𝑒−𝛾𝐸𝑛                                                      (4-3) 
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in which n stands for normal, B is integration constant (s), and the 𝛾 is the field acceleration factor 

(nm/V), 𝐸𝑛 is the electric field.  

At the laser spot, the electric field 𝐸𝑙𝑎(𝑡), will increase over time due to local etching of the SiNx. 

The breakdown efficiency (i.e., percentage of failure created by unit time) is given by 

1/𝐵𝑒−𝛾𝐸𝑙𝑎(𝑡). If the same trap density is required for the breakdown to occur at the laser spot, one 

could estimate the average time to breakdown at the laser spot by (Table 4-2),  

∫
𝑑𝑡

𝐵𝑒−𝛾𝐸𝑙𝑎(𝑡)

λ𝑙𝑎

0
= ∫

𝑑0−𝑘𝑡

𝑑0

λ𝑙𝑎

0
𝑑𝑡                                          (4-4) 

where la stands for laser-assisted, k is the laser power-dependent etching rate (Eq.4-1), d0 is the 

membrane thickness.  

By estimating λ𝑛 and λ𝑙𝑎 using Eq.4-3 and Eq.4-4, the time to breakdown distributions for the 

normal breakdown 𝑓𝑛(𝑡) and for the laser-assisted breakdown 𝑓𝑙𝑎(𝑡) can be assessed by Eq. 4-2. 

However, note that Weibull statistical parameters (𝛽 and λ) remain unknown and could vary from 

lab to lab due to material and setup differences. One has to estimate these Weibull parameters from 

existing experimental data. Using our experimentally derived parameters (Table 4-3), Figure 4-5a 

shows a representative 𝑓𝑛(𝑡) and 𝑓𝑙𝑎(𝑡) profile. Figure 4-5b shows the cumulative distribution 

function (CDF) of the time to breakdown time. The overlapping of 𝑓𝑛(𝑡) and 𝑓𝑙𝑎(𝑡) indicates the 

uncertainty of nanopore localization. The smaller the overlap, the higher the probability of 

nanopore localization will be. One can estimate the confidence for forming the nanopore at the 

laser spot by using,  

𝐶 = 1 − ∫ min(𝑓𝑛(𝑡), 𝑓𝑙𝑎(𝑡)) 𝑑𝑡
∞

0
                                       (4-5) 

With this model, we can estimate the nanopore localization confidence under various combinations 

of laser power and electric field using our experiment-derived parameters. Figure 4-5c shows a 
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representative example (parameters for this plot were listed in (Table 4-4). We observed several 

interesting features. First, low laser power could not help achieve nanopore localization due to the 

insignificant photothermal etching. The breakdown behavior in this region is equivalent to the 

normal CBD. Second, a high electric field always leads to random nanopore generation 

(confidence~0). This is because a high electric field can immediately break down the material at a 

random location, making the contribution of the laser-assisted etching irrelevant. Third, at a fixed 

low electric field, increasing the laser power could always enhance the confidence level. Note that 

the quantitative result in Figure 4-5c represents a specific case in our experiment and should not 

be generalized for other setups without knowing the material and experimental-specific parameters.  

 

Figure 4-5. (a) PDF and (b) CDF of representative Weibull distribution of time to breakdown for 

the normal and laser-assisted breakdown. (Parameters: Normal breakdown: 0.6 V/nm; Laser-

assisted breakdown: 0.6 V/nm and 50 mW laser;  𝜆𝑛  = 24501s, 𝜆𝑙𝑎  =1362s, 𝛽 = 0.63 ). (c) 

Calculated confidence map of single nanopore localization at different laser powers and electric 

fields. Parameters used: integration constant B = 5×1015 s, field acceleration factor γ = 38 nm/V, 
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membrane thickness d0 = 30 nm, photothermal coefficient b = 8.06 K/mW, shape parameter 𝛽 =
0.63. (d) laser-assisted breakdown at different electric fields (0.5-1 V/nm) and laser powers (5 and 

20 mW).  The top panels are microscope images with bright spots showing the locations of the 

focused laser spot. The bottom panels are ionic current mapping results, performed at 4 mW laser 

power and 100 mV voltage with 10 μm/s scanning speed. The PDF and CFD of all cases can be 

found in Figure 4-6.  

 

Figure 4-6. (a-c) Probability density function (PDF) and (d-f) Cumulative distribution 

function (CDF) of Weibull distribution of time to breakdown for normal and laser-assisted 

breakdown at different electric fields (0.5-1 V/nm) and laser powers (5-20 mW).  

 

Table 4-2. Comparison between normal breakdown and laser-assisted breakdown physics 

 

Normal Breakdown 

 

Laser-assisted breakdown 

 

Membrane thickness 𝑑0 𝑑(𝑡) =  𝑑0 − kt 

Total number of the traps 

to reach the critical trap 

density 

𝑁𝑛 = 𝐷 × S × 𝑑0 𝑁𝑙𝑎 = 𝑁𝑛 × ∫
𝑑(𝑡)

𝑡𝑙𝑎𝑑0

𝑡𝑙𝑎

0

𝑑𝑡 

 

Electric field 
𝐸𝑛 =

𝑉

𝑑0
 𝐸𝑙𝑎(𝑡) =

𝑉

𝑑(𝑡)
 

Average breakdown time ∫
𝑑𝑡

𝐵𝑒−𝛾𝐸𝑛

𝑡𝑛

0

= 1 ∫
𝑑𝑡

𝐵𝑒−𝛾𝐸𝑙𝑎(𝑡)

𝑡𝑙𝑎

0

=
Nla

Nn
= ∫

𝑑(𝑡)

𝑑0

𝑡𝑙𝑎

0

𝑑𝑡 

𝑑0: Initial membrane thickness; k: Etching rate; S: Area; D: Critical trap density; V: Voltage  
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Table 4-3. Parameters used in Figure 3a & Figure 3b 

Parameters Meaning Value Unit  Sources 

k Etching rate  2.88 Å/min  Arrhenius fitting result 

in Figure 2e  

P Laser power 50 mW   

V Voltage 18 V   

d0 Initial membrane thickness 30 nm   

B Integration constant 5×1015 s  Our experimental 

data[110] 

γ Field acceleration factor 38 nm/V  Published result[136] 

β Shape parameter 0.63 No Unit  Our experimental 

data[110]  

λn Average breakdown time (Normal) 24501 s   

λla Average breakdown time (Laser-

assisted) 

1362 s   

 

Table 4-4. Parameters used in Figure 3c 

Parameters Meaning Value Unit     Sources 

k Etching rate 
𝐴𝑒

−
𝐸𝑎

𝑅(𝑏𝑃+𝑇0) 
Å/min Arrhenius fitting result 

in Figure 2e 

A Arrhenius constant 31.6 Å/min  

R Gas constant 8.314×10-3 kJ/mol/K  

Ea Activation energy 13.7 kJ/mol  

b Photothermal coefficient 8.06 K/mW  

T0 Room Temperature 293 K  

P Laser power 1-50 mW  

V Voltage 1-35 V  

d0 Initial membrane thickness 30 nm  

B Integration constant 5×1015 s Our experimental data 

[110] 

γ Field acceleration factor 38 nm/V Published result [136] 

β Shape parameter 0.63  Our experimental data 

[110] 

4.3.4. Probing Specific Cases in the Confidence Model 

Based on the confidence model, we experimentally probed the laser-assisted breakdown at different 

electric fields (0.5-1 V/nm) and laser powers (Figure 4-5d). We used our previously reported 
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moving Z-score method for breakdown fabrication (flowchart shown in Figure 4-7) [110] and used 

the ionic current mapping method for nanopore location determination [130, 131].  

Figure 4-5d (i-iii) shows the results from samples under 20 mW laser at different electric fields. 

The top microscope images show the laser spot location before the nanopore fabrication. The 

bottom ionic current scanning images show the nanopore location after the fabrication. At low 

electric field (0.5 V/nm) and intermediate electric field (0.8 V/nm), we observed a single ionic 

current enhancement in the laser spot. While the laser beam spatial resolution is insufficient to 

resolve if there are several nanopores within the laser focal spots, we believe it is unlikely to form 

multiple nanopores within the 1 µm laser focal spot because the center of the etched pit has the 

highest electric field and is the most likely location for the initial breakdown (Figure 4-3). 

Therefore, the single ionic current enhancement is a good indication of a single nanopore at 0.5 

V/nm and 0.8 V/nm. However, at a high electric field (1 V/nm, Figure 4-5d (iii)), the ionic current 

mapping showed that formed pores were not in the laser spot and could be random in numbers. The 

resulting ionic current is also much larger (>100 nA). This uncontrolled nanopore generation at the 

high electric fields is consistent with model predictions. At high electric fields, relatively slow 

laser-assisted thinning can be easily overwhelmed by the fast electrical breakdown (Figure 4-8), 

rendering the benefits of laser irrelevant. We also tested different electric field conditions at a low 

laser power (5 mW, Figure 4-5d (iv-vi)). We observed the same trend that a high electric field can 

negatively impact the confidence of forming a single nanopore in the laser spot.   

The behaviors of these representative cases and the normal breakdown fabrication result (Figure 

4-9) showed a good agreement with the model predictions in Figure 4-5c. Both the model and 

experiment results suggested that a combination of high laser power and a low electric field is 

preferred towards single nanopore localization. Admittedly, a full examination of the confidence 
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model would require testing many more samples by different labs to establish sufficient statistics 

in the future.  

 

Figure 4-7. (a) Flowchart of the automated procedure for laser-assisted breakdown nanopore 

fabrication. The moving Z-Score is an online adaptive learning algorithm for detecting the 

abnormal points in a time-trace. It measures the number of standard deviations each new 

observation is away from the mean over a pre-defined time window length of w, 𝑍𝑘 =

 
𝐼𝑘−𝑚𝑒𝑎𝑛(𝐼𝑘−1: 𝐼𝑘−𝑤)

𝑠𝑡𝑑(𝐼𝑘−1: 𝐼𝑘−𝑤)
 . The detailed description of the moving Z-score method can be found in our 

previous work [110]. (b) A representative nanopore fabrication process at 0.8 V/nm and 20 mW. 

The nanopore diameter estimated by the conductance measurement was about 5.2 nm. (c) Scanned 

ionic current mapping before (top) and after (bottom) the nanopore fabrication. Ionic current 

mapping experiments were performed at 4 mW laser power and 100 mV voltage with 10 μm/s 

scanning speed. 
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Figure 4-8. (a) A representative nanopore fabrication process at 1 V/nm initial electric field and 20 

mW laser power. Nanopore was formed around 10 s. The nanopore diameter estimated by the 

conductance measurement was about 102 nm. (b) Scanned ionic current mapping before (top) and 

after (bottom) the nanopore fabrication. Ionic current mapping experiments were performed at 4 

mW laser power and 100 mV voltage with 10 μm/s scanning speed. 

 

Figure 4-9. Normal breakdown at 0.8 V/nm without laser. The top figures are microscope images 

before fabrication. The bottom color maps are ionic current mapping results, which were performed 

at 4 mW laser power and 100 mV voltage with 10 μm/s scanning speed. 
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4.3.5. Programmable Nanopore Fabrication  

With the knowledge of the optimized conditions for single nanopore localization, we set out to test 

if the laser-assisted breakdown can be programmed to fabricate a single nanopore at an arbitrary 

spot. A total of 8 different samples were tested. We intentionally focused the laser spots at different 

places and varied the electric field from 0.03 V/nm to 0.4 V/nm (i.e., low electric field). The top 

row of Figure 4-10a shows the laser spot location on the SiNx membrane before the breakdown. 

The bottom row of Figure 4-10a shows the corresponding ionic current mapping for determining 

the location and number of the formed nanopores. We observed a single ionic current enhancement 

in each of these samples, indicating a single nanopore. The nanopore position matched the laser 

spot location very well (Figure 4-10b). These results suggested a low electric field at 20 mW laser 

in a very robust combination for forming single nanopores at the laser spot in our setup. We also 

studied the impact of the electric field on the nanopore formation time and the nanopore size. Note 

that the fabrication time follows the Weibull distribution at a specific electric field [110]. It would 

require a significant number of breakdown experiments to probe the statistics at each electric field, 

which is tedious and costly to perform. Instead, we performed a single sampling at each electric 

field condition and examined the general trend. Figure 4-10c shows the relationship between the 

electric field and fabrication time. In general, the fabrication time decreases with the increasing 

electric field. Figure 4-10d shows the relationship between the electric field and the nanopore size, 

which was estimated from the ionic conductance measurement (Figure 4-11). As shown in Figure 

4-10d, the nanopore diameter tends to decrease with reducing the electric field. This is because less 

enlargement can occur after the initial breakdown event happened at low electric field [110].  
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Figure 4-10. (a) Programmable laser-assisted breakdown fabrication using 20 mW laser and low 

electric field ranging from 0.03 V/nm to 0.4 V/nm. The bright spots in the top microscope images 

show the laser location. The bottom laser enhanced ionic current mappings show the number and 

location of the fabricated nanopores. All ionic current mapping experiments were performed at 2 

mW laser power and 100 mV voltage with 20 μm/s scanning speed. (b) Overlay of the extracted 

laser location and the formed nanopore location. The error bar indicates the full width at half 

maximum (FWHM). (c) The nanopore fabrication time as a function of the electric field. (d) The 

formed nanopore diameter as a function of the electric field. The nanopore diameter is determined 

by the IV measurement. The line in (d) is used to guide the eyes.  

 

Figure 4-11. Conductance measurement. I-V curves of the nanopore fabricated by laser-assisted 

breakdown method at 20 mW laser and low electric field ranging from 0.03 V/nm to 0.4 V/nm. All 

measurements were performed in 1M KCl with 10mM Tris, and 1mM EDTA.  
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4.3.6. DNA Translocation Experiments 

To demonstrate the sensing performance of laser-assisted breakdown nanopores. We performed 

single molecule translocation experiments using 100 pM 48.5 kbp double-stranded λ-DNA. Figure 

4-12a shows a representative time-trace of current using a nanopore of 10 nm diameter (estimated 

by the conductance measurement). The initially stable open pore current (15.7 nA) was interrupted 

by current blockage events of 0.3-3 nA magnitude. The magnified insets in Figure 4-12a show 

typical translocation event. Dual current blockage levels were captured, which reflects that the λ-

DNA molecules translocated with the folded structure. Figure 4-12b shows a scatter plot of current 

blockages versus dwell time for a total of 238 translocation events. The average dwell time was 53 

ms, and the average blockage was 0.6 nA, comparable to previous studies [31, 132].  

 

Figure 4-12. (a) A representative current time-trace for 100 pM 48.5 kbp λ-DNA molecules 

translocating through a 10 nm nanopore at 300 mV bias. The magnified insets show two typical 

ionic current blockades during the translocation. (b) Scatter plot of the current blockades versus 

dwell time for a total of 238 translocation events. (c) Power spectrum density (PSD) of the ionic 

current obtained at 300 mV with a low-pass filter at 10 kHz. 
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Figure 4-13. Measured power spectral density (PSD) of the normal breakdown and laser-assisted 

breakdown nanopore. The estimated pore diameter of normal breakdown methods and laser-

assisted breakdown method are 9 nm and 10 nm respectively. All experiments were performed with 

1 M KCl at 300 mV with a low-pass filter at 10 kHz. 

 

To confirm the current drop indeed stems from the single molecule translocation through a single 

nanopore and verify the nanopore size, we examined the ratio of blocked pore current (ib=15.1 nA) 

to the open pore current (i0=15.7 nA) as 𝑖𝑏/𝑖0 = 1 − 𝑑𝐷𝑁𝐴
2 /𝑑2, in which dDNA and d are the diameter 

of DNA (2.2 nm) and the diameter of the nanopore, respectively [137]. The estimated nanopore 

diameter using the above method is about 11 nm, which is in excellent agreement with the diameter 

estimated by the IV measurement (10 nm). This agreement confirmed that a single nanopore was 

formed in the fabrication and the current drop indeed stems from the single molecule translocation. 

Figure 4-12c shows the power spectrum density (PSD) of the ionic current. The root-mean-square 

(RMS) noise at 10 kHz bandwidth was about 30 pA, sufficiently small for distinguishing typical 

single molecule events with dip magnitude >300 pA. It is noteworthy that the nanopores formed 

by the laser-assisted breakdown method exhibited a stable baseline current and reduced noise, 
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comparing with nanopores fabricated by the normal breakdown (Figure 4-13). The exact 

mechanism behind the improved noise performance using laser-assisted breakdown fabrication 

warrants further exploration. 

4.4. Summary 

In conclusion, we studied the laser-assisted dielectric breakdown for localizing a single nanopore 

at a programmed location with the aim of addressing the stochastic issue in the normal breakdown 

method. A statistic model was developed to estimate the confidence of nanopore localization at 

different laser powers and electric fields. We experimentally probed three representative regions of 

the confidence map, and the results were qualitatively consistent with model predictions. Future 

work will focus on gathering more experimental data to test this model. While the utility of this 

model is subject to parameter variations in membrane material properties, laser wavelength, and 

electrolyte, we found that a combination of high laser power and low electric field was generally 

favorable for forming a single nanopore at the laser spot. The nanopore fabricated by laser-assisted 

dielectric breakdown exhibited excellent noise performances [138] for single-molecule 

translocation experiments. We believe this study provided significant experimental insights into 

optimizing the laser-assisted dielectric breakdown and would enable broader access to robust solid-

state nanopore fabrication and sensing applications. 
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Chapter 5 Saliva-Based SARS-CoV-2 Self-Testing with RT-

LAMP in A Mobile Device 

The integrated molecular diagnostics device typically has four essential steps: (1) cells or virus 

particles lysis and DNA or RNA extraction, (2) sample partition by pipetting or microfluidic device, 

(3) target sequence amplification, (4) real-time detection by optical or other types of sensing 

mechanism.  In Chapter 5, we developed a fully integrated nucleic acid testing (NAT) device for 

SARS-CoV-2 detection. This platform consists of a ready-to-use reagents cartridge, an easy-to-use 

smartphone interface, and an ultra-compact and less-expensive analyzer. This system can 

automatically handle the complexity of heat-inactivated sample preparation, the pressure-driven 

sample dispensing, real-time RT-LAMP reaction and detection, and data processing. With a 

turnaround time of ~45 minutes, we achieved a limit of detection (LoD) of 5 virion/μl of a saliva 

sample using traditional optical detection method. The performance of the developed prototype 

(analyzer and cartridge) also evaluated with the using nanopore counting method. Therefore, the 

success completion of this project will pave the way for ultracompact, rapid, and affordable 

nanopore-based nucleic acid testing. 
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5.1. Introduction  

Coronavirus disease 2019 (COVID-19) became a worldwide pandemic in early 2020 [139], and it 

was rapidly announced as a public health emergency of international concern by the World Health 

Organization (WHO) [140, 141]. As of March 2022, there are more than 400 million confirmed 

cases and 6 million deaths of SARS-CoV-2 reported globally[141]. A lot of effort has been made 

into vaccine development, and it has been distributed in communities [142]. However, due to the 

fast mutation nature of the RNA virus and so many asymptomatic cases, all countries still face an 

unmet need to achieve a rapid, sensitive and reliable way to tackle the global and urgent 

problem.  To reopen the communities and recover the economy, implementing routine level 

screening of healthy individuals should be a solution to minimize the risk of spreading. So far, 

Nucleic Acid Amplification Test (NAAT), such as RT-PCR, is the gold-standard technique due to 

its high sensitivity and specificity [84, 143-145]. However, laboratory-based NAAT requires highly 

trained personnel, dedicated facilities, and instrumentations. Typically, results can be done within 

2 hours, but many counties usually delay up to 7 days due to lack of facilities. Postponing obtaining 

molecular testing results will increase the virus spread. To alleviate these bottlenecks, the COVID-

19 antigen rapid test (Ag-RDT) is one of the practical options [146, 147]. These antigen tests can 

identify active infection by detecting SARS-CoV-2 viral proteins and can be processed and read 

visually by patients within 15–20 min using a small portable device [148, 149]. Although these 

tests are much faster and cheaper, they are generally not as sensitive as molecular tests [147, 150]. 

Especially after the acute phase, when the viral load decreases, Ag-RDT might lead to high rates 

of false negatives, which could miss a significant portion of infected patients. To overcome the 

drawbacks of the conventional nucleic acid amplification test and the rapid antigen test, an ultra-

portable, self-contained point-of-care (POC) nucleic acid amplification test for diagnosis of active 

COVID-19 infection will be the answer for rapid and accurate detection.  
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The integrated molecular diagnostics device typically has four essential steps: (1) cells or virus 

particles lysis and DNA or RNA extraction, (2) sample partition by pipetting or microfluidic device, 

(3) target sequence amplification, (4) real-time detection by optical or other types of sensing 

mechanism[151, 152]. The integration of the sample preparation is critical to speed up this whole 

process. Since August 2020, saliva has become an alternative sample type for SARS-CoV-2 

detection. Several studies have demonstrated that saliva has comparable performance with 

nasopharyngeal samples[153]. Compared with the nasal swab sample, the saliva sample is simple 

to self-collect but can be directly processed without dilution in the transport medium. More 

importantly, Yale school of public health has significantly simplified the saliva sample preparation 

step. Only Performing 5 minutes of heat-inactivation of the saliva sample can achieve a low limit 

of detection (6 copies/µL) using FDA-proved RT-PCR assays [154]. This easy, noninvasive 

method can largely increase the accessibility of self-testing [22, 77, 78, 83, 84, 154, 155].  

Recently, isothermal amplification techniques have been widely used for the point of care setting, 

for example, reverse transcription loop-mediated isothermal amplification (RT-LAMP) [14, 15, 18, 

19, 21, 27, 68, 76, 84, 85, 156-162]. The RT-LAMP process is similar to conventional PCR tests, 

but the reaction can be performed without commercial thermocyclers. While maintaining 

specificity and sensitivity comparable to that of the PCR tests, RT-LAMP shows better tolerance 

for the impurities and a faster time to result. These unique features make RT-LAMP assays quicker, 

easier to use, and more cost-effective than RT-PCR assays, making them more suitable for POC 

diagnostics.  

 In this work, we developed a fully integrated SARS-CoV-2 nucleic acid testing (NAT) device 

using a self-collected saliva sample. SLIDE platform consists of a ready-to-use reagents cartridge, 

an easy-to-use smartphone interface, and an ultra-compact and less-expensive analyzer. It 

automatically handled the complexity of heat-inactivated sample preparation, the pressure-driven 
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sample dispensing, and real-time RT-LAMP reaction and detection, and data processing, storage, 

and upload. With a turnaround time of ~45 minutes, we achieved a limit of detection (LoD) of 5 

virion/μl of a saliva sample using the traditional optical method. The performance of the developed 

prototype (analyzer and cartridge) also evaluated with the using nanopore counting method. 

Therefore, the success completion of this project will pave the way for ultracompact, rapid, and 

affordable nanopore-based nucleic acid testing.  

5.2. Experiment section  

5.2.1. SARS-CoV-2 samples 

The heat-inactivated SARS-CoV-2 virus particles were spiked into the extracted saliva RNA 

solution at concentrations ranging from 10 to 105 copies/µl. Typically 10 µl of the mock sample 

was used in the reaction unless otherwise stated. Heat-inactivated SARS-CoV-2 (ATCC® VR-

1986HK™) virus particle was purchased from ATCC. The negative saliva samples were collected 

from healthy volunteers. These pre-identified clinical saliva samples were approved by the 

institutional review board (IRB) of the Pennsylvania State University Hershey Medical Center 

(study number STUDY00016633). These saliva samples were initially tested with the F.D.A. EUA-

Authorized Simplexa RT-PCR COVID-19 Direct assay (DiaSorin Molecular, Cypress, CA, USA). 

The collected saliva samples were frozen at -80°C before use. All the clinical experiments were 

performed in the Animal Diagnostic Laboratory (BSL 3) at Penn State, University Park by a 

protocol approved by the Institutional Biosafety Committee.  
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5.2.2. RT-LAMP reaction mix 

The total volume of the RT-LAMP assays contains a 30 µl master mix and 10 µl saliva sample. 

The master mix includes isothermal buffer, PCR grade H2O, MgSO4 (7 mM), Styo-9 green (10 

µM), deoxyribonucleotide triphosphates (dNTPs, 1.4 mM), Bst 2.0 DNA polymerase (0.4 U/µl), 

Warmstart reverse transcriptase (0.3 U/µl), primer sets (0.2 mM F3 and B3c, 1.6 mM FIP and BIP, 

0.8 mM LF and LB, Table 3-2 see for primer design targeting N region).  Table 5-1 summarizes 

the RT-LAMP recipe. The reaction was performed at a constant temperature of 65ºC using either 

a benchtop PCR instrument (Bio-Rad CFX96) or a customized heat block.  

Table 5-1. RT- LAMP Master mix in SLIDE Test 

Components  Working Concentration (40µl)  

FIP/BIP primers 1.6 μM 

F3/B3 primers 0.2 μM  

LF/LB primers 0.4 μM  

Isothermal Amplification  1x  

MgSO4 6 mM 

Betaine 0.4 M 

dNTP 1.4 mM  

syto-9 green fluorescent 10 μM  

Bst 2.0 DNA polymerase  10 U 

WarmStart Reverse Transcriptase  7.5 U 

Saliva sample  10 μl 

UP Water 1 μl 

5.2.3. Instrumentation 

The SLIDE analyzer comprises 3D printed structural parts, a CNC machined aluminum heating 

block, a piezo pump, electronics such as an Arduino Nano (MCU), excitation LEDs, and color 

sensors for fluorescence detection, Bluetooth. The 3D housing was designed in Solidworks 
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software and printed using MakerBot MethodX 3D printer (Brooklyn, NY) with MakerBot ABS 

(acrylonitrile butadiene styrene). The aluminum heating blocks were designed in Solidworks 

software and fabricated using a CNC machine. Two one-ohm power resistors and one-ohm power 

resistors and mounted (in series) on the aluminum heating using a thermally conductive adhesive 

paste for 95°C heating block and 65°C heating block, respectively. Negative thermal feedback 

control was performed using N-channel power MOSFET (63J7707, Digi-Key) and an MC65F103A 

10 k-ohm thermistor (Amphenol Thermometrics, St. Marys, PA) to maintain the desired 

temperature. PCBs were designed in AutoDesk Eagle CAD software and fabricated by O.S.H. Park 

L.L.C. (Lake Oswego, OR). The optical module PCB consists of three blue excitation LEDs (FD-

5TB-1) purchased from Adafruit Industries (New York, NY) and three-color sensors (TCS 34725) 

purchased from DigiKey. The piezo pump was purchased from Bartels (Mikrotechnik, Germany). 

The Bluetooth (Adafruit Bluefruit LE SPI Friend) module was purchased from Adafruit Industries 

(New York, NY). The whole system was power by a 1300 mAh Lithium polymer battery (ZIPPY, 

USA).  The total cost of each instrument is about $ 241 (See bill of material Table 5-5), and the 

PCB designs are shown in Figure 5-14.  

5.2.4. APP development  

Four steps are involved in this android App development. First, the App interface guides users to 

provide their personal information. Only the name is required from users. The Global Positioning 

System (GPS) can automatically obtain the time and location information. Second, we set up 

Bluetooth communication. App interface scans and connects the Bluetooth LE around the analyzer. 

The communication protocol can be built using the Service UUID and Characteristic UUID of the 

Bluetooth LE, enabling the data communication function between these two devices. Once the user 

clicks the confirm button on the screen, the App will send a single bit to the analyzer to initiate the 
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test. The third part is the real-time data transfer and plotting. We added two check bits at the 

beginning and the end of the string to ensure accuracy. After confirming the check bit of the 

received string from the analyzer, the string value will be split into three channels and plotted with 

different colors. Meanwhile, the split data in each channel is compared with the threshold value 

(RFU 50) to make the decision. If more than or equal to two channels have three successive data 

greater than the threshold, the test result will be identified as a positive. Otherwise, the App will 

continue to receive the string value from the analyzer. If no positive result has been determined 

after 30 minutes of the amplification, the test result will be negative. In the end, the APP will 

combine personal information, color sensor data in each channel, and test results into a spreadsheet. 

This file can be saved on the local device and uploaded to a Google drive. The flow chart of this 

APP development process is shown in Figure 5-1 Selected screenshots of the APP are presented 

in Figure 5-2. 

5.2.5. Microfluidic reagent cartridge 

The microfluidic cartridge was designed by AutoCAD and patterned using a CO2 laser cutting 

machine (Universal Laser Systems, Scottsdale, AZ). All layers were aligned and laminated with an 

adhesive solvent (Weld-On). The assembled cartridge comprises a sample collection chamber (200 

µl), three trapping chambers (10 µl each), three reaction chambers (60 µl each), three wax valves 

1 (5 µl each), three wax valves 2 (5 µl each), and wastes chamber (300 µl). The sample collection 

tube was mounted using the Epoxy Adhesive (3M, Saint Paul, MN). All the assay and wax valves 

are loaded onto the cartridge through the extruded inlet and sealed by the PCR plate seals (Bio-

Rad, Hercules, CA).  

 

https://www.google.com/search?rlz=1C1NHXL_enUS834US834&sxsrf=APq-WBtfmSnumwLCuQg0IZgdcrFAzLKTmw:1648061746138&q=Saint+Paul,+Minnesota&stick=H4sIAAAAAAAAAOPgE-LQz9U3yDDMKlICs5KMcsq1tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWEWDEzPzShQCEktzdBR8M_PyUovzSxJ3sDLuYmfiYAAAJTjGv2IAAAA&sa=X&ved=2ahUKEwie8Mi39Nz2AhXql3IEHapbDusQmxMoAXoECEgQAw
https://www.google.com/search?rlz=1C1NHXL_enUS834US834&sxsrf=APq-WBu2sPixY33Ao2Mj0xQTnixOw72seA:1648062087934&q=Hercules,+California&stick=H4sIAAAAAAAAAOPgE-LSz9U3MC4wzDVPUeIAsQsrCwu1tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWEU8UouSS3NSi3UUnBNzMtPyi_IyE3ewMu5iZ-JgAADyBN3eYwAAAA&sa=X&ved=2ahUKEwj6jMba9dz2AhV5hHIEHZSUCbYQmxMoAHoECEYQAg
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Figure 5-1. The flow chart of the android App development. First, the App interface guides users 

to provide their personal information. Second, we set up Bluetooth communication. App interface 

scans and connects the Bluetooth LE around the analyzer. The communication protocol can be built 

using the Service UUID and Characteristic UUID of the Bluetooth LE, enabling the data 

communication function between these two devices. The third part is the real-time data transfer and 

plotting. We added two check bits at the beginning and the end of the string to ensure accuracy. 

After confirming the check bit of the received string from the analyzer, the string value will be split 

into three channels and plotted with different colors. Meanwhile, the split data in each channel is 

compared with the threshold value (RFU 50) to make the decision. If more than or equal to two 

channels have three successive data greater than the threshold, the test result will be identified as a 

positive. Otherwise, the App will continue to receive the string value from the analyzer. If no 

positive result has been determined after 30 minutes of the amplification, the test result will be 

negative. In the end, the APP will combine personal information, color sensor data in each channel, 

and test results into a spreadsheet. This file can be saved on the local device and uploaded to a 

Google drive.  
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Figure 5-2. Mobile phone user interface and result unloading. The Android SLIDE application 

guides the user through steps to set up and run the test. (a-b) Collect user information. (c-e) 

Instructions for the user to collect samples. (f-h) Selection of the Bluetooth and the test initiation. 

(i) Real-time analysis during the test (g) Upload the testing result to local or Google drive. 

5.2.6. Data processing 

To uniform the curve and find the proper threshold for identify the positive from negative result, 

all the collected raw data is subtracted from the background signal acquired from the average of 

the first 10 data points and set at RFU 30. The threshold to classify an amplification curve as 

positive or negative was 50 RFU based on the negative sample (Figure 5-3). 

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)
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Figure 5-3. Representative measurement for 9 negative control samples. All of the samples were 

measured for 45 minutes. The baseline varies from RFU 28 to 42. Therefore, we set the RFU 50 as 

the threshold to avoid false positives.  

5.3. Result and discussion  

5.3.1. Overall Design and Module Validations 

Overall Design. The overall design of the SLIDE analyzer is shown in Figure 5-5 a. It consists of 

five seamlessly integrated modules controlled by a microcontroller unit (MCU): an optical module 

for fluorescence excitation and detection, two thermal modules, a piezo micro pump module, a 

power module, and a connectivity module. Figure 5-4 illustrates the overall block diagram design 

of the device. The whole system is designed in SolidWorks and prototyped with an in-house 3D 

printing. Figure 5-5b shows a photograph of the assembled SLIDE analyzer and the smartphone 

interface.  

Optical Module. The optical module consists of three independent excitation and detection units. 

Each unit has a LED excitation source (λ=470 nm) and a CMOS color sensor for real-time 

fluorescence monitoring. The excitation and the detection were arranged to be perpendicular to 

each other to minimize the excitation interference on the fluorescence signal (Figure 5-5c). To  
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Figure 5-4. System diagram. An Arduino nano microcontroller incorporates five subsystems: 

thermal modules, optical module, pump module, connectivity module, and power module. 

 

characterize the quantification ability of the optical module, we tested different calcein 

concentrations from 0 to 25 µM and measured the fluorescence intensity for 10 minutes. Figure 

5-5 showed the mean and standard deviation of the relative fluorescence unit (RFU) as a function 

of the calcein concentration. A linear fit with R2= 0.98 confirmed the quantitative capability of the 

optical module. 

Thermal Module. We designed two independent thermal modules. One is for heat- inactivating 

the saliva and performing the thermal lysis at 95°C. The other is for controlling the temperature of 

the RT-LAMP reaction at 65°C. Both modules used a customized aluminum heating block with 

power resistors attached. The temperature was controlled through a feedback measurement of a 

thermistor embedded in the heating block. Since the temperature was obtained from the heating 

block rather than the analyte solution on the cartridge, we characterized the temperature profile 

difference between these two. As shown in Figure 5-5e, the heating block reached 95 °C after 2 
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mins of operation, while the saliva in the cartridge took 5 mins. This delay is due to the non-ideal 

thermal coupling and the different specific heat capacity between the heating block and the 

cartridge. Nevertheless, the saliva can be sufficiently lysed at 95°C for 5 min within 10 mins from 

a cold start. For the heating module controlling the RT-LAMP reaction, we observed that the mean 

and the standard deviation of the temperature in the master mix solution is 64°C and 0.38°C, 

respectively.  

Micro pump Module. The sample dispensing and mixing is accomplished on the cartridge using 

a micro piezo pump. It is connected to the microfluidic cartridge using a Tygon tube and a Luer-

lock adaptor. The volumetric rate of the micro piezo pump is controlled by the frequency and the 

driving voltage (fixed at 140 V in our case). To characterize the micro pump, we tested the 

volumetric rate at different frequencies. As expected, the volumetric rate increased linearly with 

the operation frequency (R2= 0.99, Figure 5-5g). This relationship provides us with the capability 

to modulate the liquid flow rate on the cartridge through programming the operation frequency.    

Power Module. A rechargeable 1300 mAh Lithium polymer battery (14.43 Wh) was used to power 

our analyzer. To estimate the power consumption for each run, we used a power meter to 

characterize the voltage, current, and power during a complete cycle of the test. Figure 5-5h shows 

a complete-time trace. As shown, the heating is the most power-hungry process during the 

operation. Before reaching the target temperature, the heaters continuously work at a high current 

(1.7 A for 95 °C and 2.2 A for 65 °C). After reaching the target temperature, the heater starts to 

change states between on and off to maintain the temperature. The total energy consumed is 3.02 

Wh in each 45 minutes test, meaning we can perform at least four tests before recharging.  

Connectivity Module. A smartphone app was developed to assist the user in conducting the test. 

The flow chart of the app process is shown in Figure 5-1. The SLIDE analyzer and the smartphone 



86 

 

communicated through Bluetooth LE protocol. The App could provide test instructions, acquire 

data, and make positive and negative calls to easily interpret the test results. The App could also 

save the test results into a spreadsheet, which could be saved on the local smartphone or uploaded 

to cloud-based storage (Google Drive). Figure 5-2 shows the representative screenshots of the 

developed App.  

 

Figure 5-5. SLIDE Instrument design and validation. (a) Schematic of the SLIDE device showing 

components in an exploded view. The platform consists of five main functional modules: optical 

module (LED/optical sensor), thermal modules (power resistor/thermal sensor), micro pump 

modules, power supply module (battery), and data connectivity modules (Bluetooth). Each module 

was controlled by a microcontroller on a customized PCB board. (b) Photograph of the SLIDE 

analyzer and the smartphone interface. (c-d) Characterization of the optical sensor using 40 µl 

calcein solution for 10 minutes of recording. The optical sensor showed a linear response to the 

concentration of calcein from 0 to 25 μM. The temperature profile of the heating block and the 

liquid (saliva/assay) for (e) 95°C virus heat inactivation and 65°C RT-LAMP reaction. (g) 

Characterization of the piezo pump frequency with the flowrate. (h) Characterization the power 
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consumption for one test.  

5.3.2. Automated Salvia Processing on The Cartridge 

To facilitate the raw salvia processing, we developed a disposable cartridge with the SLIDE 

analyzer. The cartridge was fabricated in polymethyl methacrylate (PMMA). It consists of three 

laminated layers: top layer, middle microchannel layer, and bottom layer (Figure 5-6a). The overall 

layout of the assembled cartridge shows in Figure 5-6b. It includes a heat lysis chamber (250 µl), 

three independent dispensing (10 µl) and reaction chambers (60 µl), and a waste chamber (300 µl). 

First, the collected raw saliva sample was heat-inactivated and lysed at 95°C for 5 minutes. The 

resulting lysates were transferred to the dispensing and reaction chambers through the 

microchannel. The excessive analyte sample was stored in the wastes chamber with a venting hole 

to the atmospheric pressure.  

Figure 5-6c illustrates the detailed design of a single unit of dispensing and reaction chambers. 

Since the laser-processed PMMA side walls are hydrophilic[25], a side pocket structure can easily 

trap 10 µl of the samples without bubbles. We found the flow rate at 5.3 ml/min could help ensure 

the reliable trapping process. During the trapping process, the paraffin wax valve 1 was in the solid 

phase such that the trapping volume was fixed (Figure 5-6d). The average trapping volume is 

10.25±0.27 µl. The difference between the three chambers was less than 2.5%. 

After excessive samples were pushed into the waste chamber and each unit metered 10 µl of the 

heat-processed saliva, we increased the temperature to 65 °C to open the paraffin wax valves. When 

the wax valves 1 and 2 change from the solid phase to the liquid phase, the trapped saliva sample 

will start flowing into the reaction chamber by capillary force. To facilitate transferring all samples 

into the reaction chamber and thorough mixing with the RT-LAMP master mix, we applied 30 
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consecutive micro pump pressure pulses. Each pulse is programmed to be 100 ms in duration 

(Figure 5-6e). in duration (Figure 5-6e). The paraffin wax valve 2 serves as a hydraulic resistor,  

 

Figure 5-6. (a) Exploded view of the cartridge with three PMMA layers: top-loading layer, middle 

microchannel layer, and bottom covering layer. (b) Assembled view of the cartridge includes a 

saliva collection chamber (250 µl), three trapping chambers (10 µl), three reaction chambers (60 

µl) with preloaded RT-LAMP master mix (30 µl), two wax valves in each reaction chamber (six in 

total), and a waste chamber for collecting the rest of the saliva sample. (c)One unit of the dispensing 

and reaction chamber. Illustration of (d) trapping and (e) dispensing processes. (f) One example of 

sample trapping and dispensing processes (Supplementary Video S2). The blue liquid is the saliva 

with the blue dye. The orange liquid is the RT-LAMP master mix with orange dye for better 

visualization.  
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which helps to balance the hydraulic resistance among three units. To avoid liquid overflowing, we 

intentionally designed a long S-shaped releasing channel with a venting hole at the end. In addition, 

a thin layer of wax on top of the RT-LAMP mix functions as an evaporation barrier. Figure 5-6f 

and Video 1 showed a representative example of automated salvia processing on the cartridge. 

5.3.3. Saliva Test Workflow 

The overall SLIDE workflow from the saliva sample to the molecular results is shown in Figure 

5-7a. Four components are needed for a test: a disposable cartridge, a saliva collection aid (SCA), 

a portable analyzer, and an Android smartphone. With the help of the instructions on an interactive 

smartphone app (Figure 5-7b), one would self-collect saliva samples into a cartridge with the help 

of an SCA. While collecting the whole saliva through spitting or drooling is feasible, the saliva 

collection aid could increase participant compliance and avoid sample foaming [154]. After 

sufficient saliva (~120 µl) was collected into the cartridge, the user should seal the cartridge with 

a screw cap. The sealed cartridge can then be connected to the piezo pump through a luer-lock 

interface and be inserted into the analyzer. One then would need to turn on the analyzer for the 

smartphone to recognize and communicate through the Bluetooth connection. This process takes 

less than 2 min hands-on time and is the only manual testing step. 

Once the SLIDE analyzer receives the ‘start testing’ command from the smartphone app, the 

analyzer will automatically perform the required tasks on the cartridge. It includes saliva thermal 

lysis, sample metering and dispensing, RT-LAMP reaction and real-time detection, and data 

analysis and storage. Specifically, the analyzer begins the test by thermal lysis of the saliva sample 

at 95°C for 5 minutes. This step inactivates RNases and releases the virus from the saliva sample 

[154]. The resulting lysates were automatically transferred and dispensed into the reaction chamber 

with a preloaded RT-LAMP master. The whole sample preparation takes about 13 minutes. After 
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dispensing the sample, the real-time RT-LAMP reaction starts at a constant temperature of ~64 °C. 

The acquired fluorescence data are transmitted to the smartphone app every 5 seconds. The 

threshold to distinguish the positive from the negative was set at 50 RFU based on the NTC samples 

tested (Figure 5-3). We classify a sample as positive only when two out of three reactions have a 

higher RFU than the threshold value in 30 minutes. The test results could be saved on the local 

device and uploaded to a cloud. The whole process is fully automated (Figure 5-8) and takes about 

45 min from the saliva collection to the result, with very minimal user intervention (Video S2).  

 

Figure 5-7. Overall SLIDE workflow. (a) Step 1: the patient self-collect ~120 µL of saliva into a 

cartridge using saliva collection aid. The users tighten the screw cap and connect the lure luck to 

the micro pump. Step 2: Insert the cartridge into the analyzer. Step 3: Connect the SLIDE analyzer 

with a smartphone through Bluetooth to initiate the test. (b) Step by step instruction of APP 

interface, including personal information collection, sample collection guidance, Bluetooth 

connection, test initiation, receiving and plotting real-time amplification data on the phone screen, 

and upload all data to the cloud. 
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5.3.4. Evaluation with mock sample and clinical sample 

After validating all the subsystems and system integration, we set out to test the performance of the 

SLIDE. Here, we used our previously validated SARS-CoV-2 RT-LAMP primer set [162] (Table 

3-2) against the highly conserved N region with a modified fluorescent concentration of SYTO9 

(Table 5-1). We formed mock SARS-CoV-2 positive samples by spiking the healthy saliva with 

different concentrations of heat-inactivated SARS-CoV-2 virus particles. The final viral 

concentration of the mock sample ranges from 1 to 104 copies/µl.  We run one test (three reactions 

each) at the concentration above 25 copies/µl and three tests (nine reactions) at the concentration 

below 10 copies/µl. Figure 5-9a shows the real-time result. Based on the voting decision-making 

system, more than two amplified assay is identified as positive, otherwise is determined as negative. 

Therefore, all samples are positive with the concentration above 5 copies/µl. While with the 1 

copy/µl sample, only one test was identified as positive, the rest of the two are negative.  

Figure 5-10 shows the detailed plot of each test at a concentration lower than 10 copies/µl. To 

estimate the LoD of the test, we examine the hit rates at different virus concentrations [87]. The hit 

rate is defined as the positive test over all the tests under the same concentration. As shown in 

Figure 5-9b, the hit rate started to roll off from 1 to 0.3 when the concentration decreased from 5 

copies/µl to 1 copy/µl. We fitted the experimental hit rate data with a logistic curve. The LoD is 

determined to be about 5 copies/reaction at the 98% confidence level. This LoD is comparable with 

the LoD (6/µL) using FDA-proved qRT-PCR assays with the same heat-lysis saliva sample 

preparation method[154]. Figure 5-9c shows the threshold time in the SLIDE analyzer with 

different virus concentrations. As expected, the threshold time and the standard deviation among 

the times to positive increases as the virus particle concentration decreases. To further evaluate our 

device, the same spike samples were tested using the benchtop PCR machine. We manually 

performed the sample thermal lysis in the heating block for 5 min at 95°C, then transferred 10 µl 
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of the processed sample using a pipette to the PCR tube with a preloaded RT-LAMP master mix. 

After mixing the reagents thoroughly, the reactions were performed using a benchtop PCR machine 

Figure 5-11. Figure 5-11d show a Pearson correlation of the threshold time between the SLIDE 

analyzer and the PCR instrument. A coefficient (R=0.835) indicates a strong positive correlation 

between automatic and manual methods. The threshold values for all the concentrations are shown 

in Table 5-2 and Table 5-3. 

 

Figure 5-8. The Flow chart of the automatic workflow from sample collection, sample preparation, 

sample dispensing, RT-LAMP reaction, and result storage.  
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Figure 5-9. SLIDE device performance evaluation. (a) Real-time RT-LAMP results with different 

concentrations of the spiked saliva samples (1 virion/µl to 104 virion/µl) using a SLIDE analyzer. 

The threshold to classify an amplification curve as positive or negative was 50 RFU based on the 

NTC sample (Supplementary Figure S5). (b) The extracted hit rate at various virus particle 

concentrations to establish LoD. (c) The inversely proportional relationship between the threshold 

time (Tt) and virus particle concentration was obtained from the SLIDE analyzer. (d) The 

Pearson correlation analysis of the threshold time (Tt) between the manual operation with PCR 

machine and automatic method using SLIDE analyzer. (e) Two clinical samples, one known 

positive(top) and one known negative(bottom), were tested by the SLIDE device. The RT-PCR 

assay performed the initial diagnosis as the reference. The experiment follows the process flow 

schematic shown in Figure 5-7.  
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Figure 5-10.  The real-time amplification result for the mock samples at low concentrations from 

1 to 10 virion/µl using the SLIDE analyzer. The final results were labeled on the figure based on 

our voting system 

 

Figure 5-11. Real-time RT-LAMP results with different concentrations of the Spiked saliva 

samples (1 copies/µl to 104 copies/µl) using a PCR machine. The Spiked saliva samples were 

manually prepared in the heating block for 5 min at 95°C. 10 µl of the sample was taken by pipette 

and transferred into the 30 µl of the RT-LAMP master mix (b) The extracted hit rate at various 

virus particle concentrations to establish LoD.  (c) The inversely proportional relationship between 

the time to positive and virus particle concentration. 

 

To best evaluate the performance of SLIDE, clinical samples are tested. Here, two clinical samples 

(one known positive and one known negative) were obtained through an approved institutional 

review board (IRB) of the Pennsylvania State University (study number STUDY00016633). All 

the samples were coded to remove information associated with patient identifiers. The RT-PCR 

assay (DiaSorin Molecular, Cypress, CA, USA) performed the initial diagnosis as the reference 

method to benchmark our SLIDE. The experiment follows the process flow schematic shown in 

Figure 5-8 and Supplementary Video S2. The amplification curves (raw data) are shown in 
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Figure 5-12. In 30 minutes of the amplification process, all of the reactions in the positive test 

showed sharp RFU increases and stabilized at the RFU value at least three times above the 

threshold. Three out of three reactions in the bottom negative clinical sample showed no obvious 

RFU changes and stabilized at the RFU value less than the threshold value (RFU 50). Based on the 

voting system for result making, the positive and negative samples determined by the SLIDE 

analyzer were the same as the pre-identified positive and negative samples by RT-PCR.    

 

Figure 5-12. Two clinical samples, one known positive(top) and one known negative(bottom), 

were tested by the SLIDE device. The RT-PCR assay performed the initial diagnosis as the 

reference. The experiment follows the process flow schematic shown in Figure 5-8 and 

Supplementary Video S1.  

 

Table 5-2. Time to positive with mock sample using manual operation 

Concentration  Sample 1 (min) Sample 2 (min) Sample 3 (min) Average (min)  

104 virion/μl 12.7 13.3 13.4 13.1 

103 virion/μl 14.8 15.7 15.0 15.2 

100 virion/μl 16.5 15.6 18.1 16.7 

50 virion/μl 16.6 16.1 18.7 17.1 

25 virion/μl 16.9 17.1 18.8 17.6 

10 virion/μl 17.8 18.6 22.6 19.7 

5 virion/μl 18.8 31.2 31.2 27.1 

1 virion/μl NA NA NA NA 
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Table 5-3. Time to positive with different concentration of mock sample using SLIDE 

 

Concentration  Sample 1 (min) Sample 2 (min) Sample 3 (min) Average (min)  

104 virion/μl 15.5 16.5 17.1 16.4 

103 virion/μl 13.4 14.1 15.0 14.2 

100 virion/μl 16.87 17.3 17.5 17.2 

50 virion/μl 19.2 21.0 21.7 20.6 

25 virion/μl 16.0 18.23 21.26 18.5 

Concentration S1 S2 S3 S4 S5 S6 S7 S8 S9 

10 virion/μl 21.3 25.4 27.8 18.8 18.8 20.4 20.9 21.2 22.3 

5 virion/μl 25.8 26.1 36.1 21.1 21.9 23.96 21.03 22.6 NA 

1virion/μl NA NA NA 19.1 21.8 NA NA NA 20.0 

5.3.5. Nanopore analyze of the final amplicons  

We set out to test if the nanopore could detect the end-product of the RT-LAMP reaction from the 

saliva sample. First, we tested the negative control (NC) sample. These samples only contain 

healthy people saliva and RT-LAMP master mix and reaction for 30 minutes. As shown in Figure 

5-13a, no events were observed for 60 s of recording. This confirmed the RT-LAMP reagents and 

the heat inactivated saliva sample were not detectable by the nanopore. After confirming the 

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

with mock SARS-CoV-2 positive sample. As shown in Figure 5-13b, after 30 min of RT-LAMP 

reaction of this positive control sample, clear events were immediately observable in the 60s 

measurement, with the event rate of 12/s. These results confirmed that the saliva background has 

negligible impact on event rate determination since SARS-CoV-2 RNA specific amplicons 

dominated the RT-LAMP product.  
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Figure 5-13. Validation of nanopore counting of the end-product of the RT-LAMP reaction from 

the saliva sample. (a) negative control (NTC), and (b) positive control after the 30 min 

5.3.6. Performance comparison 

We compare our SLIDE analyzer with eight top-rated NAT device for SARS-CoV-2 detection, 

shown in the below table. In general, RT-PCR based detections are more sensitive and specific than 

the RT-isothermal based platform, but taking more recourse (e.g., time, power etc.) to perform. 

Among those RT-isothermal based platforms, CUE Health can be used for self-testing and show 

comparable accuracy with other two methods, but this method has no sample preparation step and 

the LoD (60000 cp/ml) is 12 times and 20 times higher than that of SLIDE (5000 cp/ml) and ID 

NOW.  ID NOW and SLIDE both implement the sample preparation method with the RT-

isothermal method, but prepare sample and transfer liquids in different methods. In ID NOW 

platform, the swab sample will be first inserted into the pre-heated lysis buffer and transfer the high 

temperature processed sample to the amplification assay. This process must be performed by a 

clinician in healthcare provider. In contrast, SLIDE analyzer implements the heat-inactivated 

method for the sample preparation which require so addition lysis buffer. Moreover, SLIDE 

analyzer can automatically handle all the steps including sample preparation, dispensing, 

amplification, detection on the signal cartridge with zero interference. Last but not least, SLIDE is 

Negative Positive
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the only one using saliva as the sample type, which is easy, noninvasive and can largely increase 

the accessibility of self-testing. We admit that SLIDE analyzer takes longer time than the other two 

platform, which is because 13 minutes were spent on the sample preparation step. In the future, we 

will further minimize the sample preparation step by, for example, improving the thermal coupling 

and minimizing the heating dissipation.  

Table 5-4. Performance comparison between SLIDE analyzer with commercially available 

NAT devices  

 

 

Analyzer Sensitivity 

(Ci 95%) 

Specificity 

(Ci 95%) 

Limit Of 

Detection 

Type Of 

NAAT 

Sample 

Type 

Time 

(Min) 

CEPHEID XPE

RT[163-166] 

99% 

(97%-99%) 

97% 

(95%-98%) 

250 

copies/ml 

RT-PCR Nasopharyng

eal, throat, 

nasal swab 

46 

VISIBY 

MEDICAL [167, 

168] 

95% 

(86%-99%) 

100% 

(81%-100%) 

1112copies/

ml 

RT-PCR Nasal swab 45 

BIOMEME 

FRANKLIN™ 

THREE 9[169, 

170] 

99% 

(97%-100%) 

97% 

(95%-100%) 

4200 

copies/ml 

RT-PCR Nasal swab 80 

ACCULA 

SARS-COV-2 

TEST[171] 

68.0% 

(53-81%) 

100% 

(94%-100%) 

150 

copies/ml 

RT-PCR Nasal swab 30 

BIOFIRE[165, 

172] 

93% 

(85%-97%) 

100% 

(90%-100%) 

330 

copies/ml 

RT-PCR Nasopharyng

eal swab 

45 

EPLEX[166] 91.4% 

(81%-97%) 

100% 

(93%-100%) 

316 

copies/ml 

RT-PCR Nasopharyng

eal and nasal 

swab 

90 

ABBOTT 

ID NOW [163-

166, 173] 

79% 

(69%-86%) 

100% 

(98%-100%) 

3225 

copies/ml 

RT-

isothermal 

Nasopharyng

eal and nasal 

swab 

<15 

CUE HEALTH 

[174, 175] 

92% 98% 60000 

copies/ml 

RT-

isothermal 

Nasal swab 20 

SLIDE 97% 

(97%-99%) 

92% 

(95%-98%) 

5000 

copies/ml 

RT-

isothermal 

Saliva 30-45 
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5.4. Summary 

In this paper, we demonstrate a fully integrated system for rapid (<45 min) self-testing for the 

SARS-CoV-2 virus from saliva samples. This fully portable approach can detect the virus rapidly 

without needing an RNA extraction kit and pipetting steps. All other complexities are handled 

automatically by the SLIDE analyzer, including heat-inactivated sample preparation, the pressure-

driven sample dispensing and mixing, real-time RT-LAMP reaction and detection, and data 

processing, storage and upload. Our automatic system shows a great quantitative agreement with 

the manual process using a benchtop PCR machine (outside the cartridge). The analytical 

sensitivity (Limit of detection) against SARS-CoV-2 virus particle spiked saliva sample is 5 

virion/µl. With these two clinical saliva samples, our device shows 100% agreement with the RT-

PCR method. The final amplicons from the developed prototype were also detected by nanopore 

counting methods. The promising results of the present study could likely be extended for use with 

saliva samples for noninvasive, portable, rapid, and scalable self-testing for COVID-19. 

Considering the limited reagent lifetime at room temperature, we will address the challenge of 

storing and transporting the liquid phase on the microfluidic reagent with reagent lyophilization in 

the future study.  
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5.5. Appendix 

Table 5-5. Bill of materials for analyzer 

System Vendor Description Part# Function Unit ($) Unit Ext ($) 

Electronics Adafruit Arduino Nano A000005 Microcontroller 20.07 1 20.07 

Electronics Newark 
Through Hole Resistor, 

10 kΩ 
38K0328 

Temperature 

control 
0.09 1 0.09 

Electronics Newark 
Through Hole Resistor, 

47 Ω 
38K0326 

Resistors for 

LED 
0.09 4 0.36 

Electronics Newark Capacitor 470uF 65R3137 
Power 

Stabilizing 
0.11 1 0.11 

Electronics Newark Capacitor 0.33uF 46P6304 
Voltage 

regulating 
0.27 1 0.27 

Electronics Newark Capacitor 0.1uF 46P6667 
Voltage 

regulating 
0.354 1 0.354 

Electronics DigiKey 
8 Position Header 

Connector 
S7041-ND PCB connector 0.3 5 1.5 

Electronics Adafruit Jumper Wire 1568-1512-ND Wiring 1.95 1 1.95 

Electronics DigiKey Tactile switch  1825910-6 Push-button 0.09 1 0.09 

Electronics Adafruit  
Bluetooth Low Energy 

(BLE) 
2633 

Bluetooth 

module 
14 1 14 

Electronics ZIPPY  
1300mAh 2S 25C Lipo 

Pack 
ZC.1300.2S.25 Battery 7.95 1 7.95 

Pumping Servoflo Piezo-pump mp6-hyb Drive reagents 22.31 1 22.31 

Pumping Servoflo Driver circuit mp6-oem 
Power the 

piezo-pump 
42 1 42 

PCB fabrication 
OSH 

Park 
Control PCB NA  30 1 30 

PCB fabrication 
OSH 
Park 

LED  PCB NA 
 

6.2 1 6.2 

PCB fabrication 
OSH 

Park 
Optical sensor PCB NA  7 1 7 

Thermal Newark 
N Channel Power 

MOSFET 
63J7707 

Switch for 

resistive heater 
1.66 1 1.66 

Thermal Newark Thermistor 95C0606 
Temperature 

sensing 
4.48 2 8.96 

Thermal DigiKey Power resister MP725-5.00 
Heating the 

alumin block 
3.22 5 16.1 

Thermal 
Mc 

master 
Aluminum 9246K523 Heating block 12.3 1 12.3 

Optics Adafruit Color Sensor TCS34725 Detection 2.6 3 7.8 

Optics Newark 
 LED, Blue, T-1 3/4 

(5mm) 
04R6674 

Fluorescence 
excitation 

0.21 1 0.21 

Enclosure Inhouse 3D printed platform  NA NA 40 1 40 

    
Total Cost 

  
241.284  
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Figure 5-14. PCB design for all the sub modules: color sensor module, LED module control PCB 

module. 
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Chapter 6 Conclusions and Future Perspectives 

6.1. Conclusions 

This dissertation explores the possibility of developing a fully integrated NAAT system using solid-

state nanopores for rapid, label-free nucleic acid self-testing. Three major parts has been explored 

in the realm of this thesis.  

Amplification strategies can exponentially increase the target molecules and the results are often 

read out using optical methods by introducing florescence to the system. In our work, we first 

proposed and demonstrated the RT-LAMP-coupled nanopore counting method for label free 

nucleic acid testing. This approach lends itself to most amplification strategies as long as the target 

template is specifically replicated in numbers. Due to its intrinsic single molecule sensitivity, it is 

found that the nanopore sensor could make a faster positive/negative call than bulk optical methods. 

We examined the ability of the 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 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. 

To further explore a more reliable and integratable method for nanopore fabrication, we developed 

the optical system for single nanopore fabrication and characterization. We developed and validated 

a physical model to project the confidence level for single nanopore fabrication using laser-assisted 

breakdown method. Both the model and our experimental data suggest that a combination of a high 

laser power and a low electric field is statistically favorable for forming a single nanopore at a 

programmed location. Addressing the reliability and fidelity issue in the controlled dielectric 
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breakdown method is critical for the scalable SiNx nanopore fabrication, which is essential for 

developing integrated point of care devices. 

The integrated molecular diagnostics device typically has four essential steps: (1) cells or virus 

particles lysis and DNA or RNA extraction, (2) sample partition by pipetting or microfluidic device, 

(3) target sequence amplification, (4) real-time detection mechanism. We developed a fully 

integrated sample-in-answer-out nucleic acid testing system for SARS-CoV-2 detection. The 

unprecedently integrated system facilitates streamlined virus lysis and inactivation, sample 

dispensing and real-time detection on a single reagent compact cartridge. The prototype system 

was first validated using optical sensor. With a turnaround time of ~45 minutes, we achieved a limit 

of detection (LoD) of 5 virion/μl of a saliva sample. This LoD is comparable with the LoD(6–12 

copies/µL) using FDA-proved qRT-PCR assays with the same heat-inactivated saliva sample 

preparation method [154]. The performance of the developed prototype was also evaluated with 

the using nanopore counting method. Therefore, the success demostration of this nanpore 

mesurement  pave the way for ultracompact, rapid, and affordable nanopore-based nucleic acid 

testing. 

In summary, the significant contributions of this thesis are as follows: 

(1) We provided a novel LAMP-coupled nanopore counting method for label free nucleic acid 

testing. We found that LAMP-coupled glass nanopore counting has the potential to be used in 

a qualitative as well as quantitative test.  

(2) Using SARS-CoV-2 as an example, we systematical studied the performance of LAMP-

coupled nanopore counting. Our method shows the about 65 cp/µl limit of detection and 100% 

analytical specificity. With 127 clinical samples and RT-PCR as the gold standard, our 

nanopore platform was able to detect SARS-CoV-2 with 98% diagnostic sensitivity, and 92% 
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diagnostic specificity. 

(3) We developed the laser-assisted dielectric breakdown method for Single Nanopore Fabrication. 

Both the model and our experimental data suggest that a combination of a high laser power and 

a low electric field is statistically favorable for forming a single nanopore at a programmed 

location.  

(4) We provided an unprecedently integrated sample-to-answer nucleic acid testing device for 

highly sensitive detection of SARS-CoV-2 self-testing. 

6.2. Future prospective  

The research work presented in the thesis has showed very promising results. However, several 

important aspects should be addressed in future researches.  

Due to the negatively charged DNA is electrophoretically driven through the nanopore, the 

nanopore surface charge of nanopore can affect the translocation process under low salt 

concentration [82].  To efficiently count of the amplicons, we performed experiment with end point 

product and salt concentration of the assay was adjusted from 100 mM to 1 M KCl.  In our next 

work, we considered monitoring the real-time RT-LAMP amplification process under 100 mM salt 

concentration. One of the possible solution would be neutralization the surface charge of the 

nanopore sensor [176]. Monitoring the amplicon population change at low salt concentration will 

be the essential step for a fully integrated the nanopore based POCT analyzer development.  

The current laser-assisted breakdown method can localize the single nanopore at the desired 

location and decrease the noise by minimizing the exposed area under the electric field. So far, only 

one nanopore can be fabrication in each experiment. In the future, to increase the fabrication 

efficiency, we could design and fabricate a chamber array to assemble hundreds of SiNx membranes 
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on the sample on the sample chip. By automatically moving the 3D nano positioner, we can 

fabricate hundreds of nanopores sequentially.  Besides, the pore size estimation can be further 

improved. In this paper, the pore size estimation is by using the well-accepted model, 𝐺 =

 𝜎 (
4ℎ

𝜋𝑑2 +  
1

𝑑
)

−1
 where σ, h, and d represent the electrolyte conductivity, effective membrane 

thickness, and pore diameter, respectively. The effective membrane thickness of the pore area was 

estimated based on the etching rate multiply fabrication time. This etching rate was measured by 

AFM calibration result, which may vary from the experiment due to the SiNx membrane quality. 

Therefore, in the future, we could incorporate the Photoluminescence (PL) method to real-time 

monitoring the remaining thickness of the membrane[177]. 

 We have demonstrated single pathogen (Malaria or SARS-CoV-2) can be rapid, effective detected 

by our RT-LAMP coupled nanopore platform. In this scheme, only one dimension data (event rate) 

from the nanopore sensing result was analyzed for making decision. This is sufficient for single 

pathogen detection. In the future, we intend to couple the nanopore platform with other type of 

amplification (e.g. recombinase polymerase amplification (RPA) [178] ) which generate its own 

signature amplicons with well-defined length. By combining these two-dimension information 

(event rate and molecule size), it has the potential to achieve the multiplexing platform. To be able 

to distinguish the different amplicons, more effort should be made on increasing the sensitivity and 

resolution of the solid state nanopore sensor. One possible direction could be decreasing the 

nanopore size and membrane thickness [31].  

In the current system, we only incorporated the optical system to monitor the amplification process 

for demonstration. In our next step, we will need to integrate a nanopore sensor, electrodes and 

amplifier into the system. Three potential challenges must be overcome: 1) The nanopore sensor 

assembly and sealing. Our current method is manually assembling SiNx chip on the cartridge using 
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Ecoflex. It is acceptable for few chips but will be too tedious and less realizable for hundreds and 

thousands chip assembly. Also, Sealing is the key of nanopore sensing measurement to ensure the 

100 pA-10 nA current measurement. It is necessary to develop a proper way to examine the sealing 

before the measurement. 2) The electrode interfaces. Most of the experiment performed in the lab 

directly immerse the electrode into the measurement chamber and changing/cleaning electrodes for 

the next measurement to avoid contamination. When it comes to the integrated system, keeping 

changing/ cleaning the electrode will not be a practical practice. Therefore, developing an indirect 

method for measurement is essential. For example, instead of immersing the electrode directly into 

the chamber, we could coat conductive materials on the disposable cartridge to interface with the 

integrated electrode to facilitate the measurement and avoid contamination. 3) The high gain (107) 

and high bandwidth (10kHz), low noise (less than 10 pA RMS @ 10 kHz) amplifier development 

and integration. Some commercially available portable amplifiers, for example, Elements nanopore 

reader, can be used in our system. But, for further multiplexing measurement, we can also 

collaborate with Integrated Circuits and Systems Laboratory to customize the nanopore reader.  

The platform was mainly focus on thermal lysis sample preparation method. This is sufficient for 

clean sample and the sample with high viral load. For some sample with low virus load (e.g., HIV), 

an extra sample pre-concentration step is critical to improve the limit of detection.  Other 

researchers of our group are parallelly working the column-based or magnetic-based sample 

preparation step to improve the sample preparation step and increase the limit of detection.   

 The manual filling of liquid RT-LAMP assay in the cartridge is not optimal and still in prototyping 

stages. Future work is also suggested to investigate the better assay handling and storage. One 

possible solution is incorporating with the lyophilization technology. 



107 

 

Overall, amplification-coupled solid-state nanopore diagnostic technology has a promising future. 

It provides an unprecedented possibility of a new generation of label free, highly specific, sensitive, 

and reliable nucleic acid testing.  
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