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ABSTRACT 

Whether caring for an individual patient with an infectious disease or responding to a worldwide 

pandemic, the accurate diagnosis of a pathogen is fundamental to quality care. While different 

techniques, such as enzyme-linked immunosorbent assay and cell culture, have been introduced for 

diagnostics, Nucleic Acid Test (NAT) is the most sensitive and specific method. In the majority of 

NAT systems, an amplification step is utilized for detecting the target RNA or DNA in a sample. 

In the conventional amplification-based NAT quantification method, the absolute concentration of 

target templates remains unknown until calibrated with standard samples. However, utilizing 

digital assays where samples are partitioned into numerous and separated reaction chambers 

provides a platform for calibration-free quantification of targets in a sample. Therefore, exploring 

digital diagnostic platforms is strongly needed to optimize clinical care and guide infection control 

to limit disease spread.  

This thesis mainly focuses on exploring the digital quantification of target nucleic acids using solid-

state nanopores and CRISPR towards rapid, label-free nucleic acid testing. We studied the 

experiment-relevant parameters and their effects on molecular transport dynamics through the 

nanopore, which would help us to design an experimental setup with higher throughput and 

accuracy. We further developed a calibration-free model for concentration estimation to address 

the pore-to-pore variations issues of nanopores. Afterward, we combined the high specificity 

offered by the CRISPR Cas technology and the high sensitivity offered by the nanopore sensor 

towards an electronic sensing platform for sequence-specific HIV-1 and SARS-COV-2 detection.  

Furthermore, we developed a quantitative CRISPR sensing figure of merit and explored 

performance improvement strategies to improve CRISPR diagnostic systems. Based on our model 
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which was validated by 57 existing CRISPR systems, digitalization was the most promising 

amplification-free method for achieving comparable performances. Therefore, we finally 

developed a self-digitalization through an automated membrane-based partitioning technique to 

digitalize the CRISPR-Cas13 assay for amplification-free and absolute quantification of HIV-1 

viral RNAs. The results showed that the samples spanning 4 orders of dynamic range between 100 

aM to 1 pM could be quantified using our system. We also obtain the limit of detection 100 aM 

within 30 min of reaction. We envision that the nanopore-based and digital CRISPR platform 

provided in this work will provide accurate, sensitive, and specific diagnostic systems for different 

types of pathogens. 
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CHAPTER 1 INTRODUCTION AND OVERVIEW 

1.1. Background 

Unlike other conventional diseases, infectious disease is a kind of disease caused by live pathogens 

such as bacteria, viruses, and parasites, which is capable of rapid transmission and infection among 

human or animal vectors by inoculation, airborne or waterborne transmission [1]. Infectious 

diseases have for centuries ranked with wars and famine as major challenges to human progress 

and survival [2]. Noteworthy examples of the latest infectious diseases outbreaks include ongoing 

pandemics COVID-19 [3] and HIV [4], Ebola (2013- 2015), Zika virus (2013-2015), H1N1 

Influenza (2009-2010), MERS (2007) [5], and other ongoing challenges including respiratory 

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

pathogens (Malaria, West Nile Virus, etc.). Whether caring for an individual patient with an 

infectious disease or responding to a worldwide pandemic, the accurate diagnostic of a microbial 

cause is fundamental to quality care [6]. In case of an outbreak, rapid, reliable, and accessible 

testing is required for effective containment of the disease [7].  

Infectious disease diagnostics can be achieved by indirect or direct techniques. In indirect 

techniques such as enzyme-linked immunosorbent assay (ELISA) [8], antibodies developed by the 

patients would be detected. On the other hand, the pathogens could be detected directly by 

observing the pathogen nucleic acids or the antigens from the pathogen. Some examples of direct 

diagnostics are cell culture [9], lateral-flow immunoassay (LFA) [10], and nucleic acid testing 

(NAT) [11]. One of the earliest developed diagnostic techniques is cell culture which requires well-

equipped laboratories and long incubation times of up to days, which is not suitable for fast 
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response. ELISA has rapidly found various applications in food quality, environmental, 

biotechnological, and chemical disciplines, among others. In spite of its many advantages, ELISA 

has certain limitations such as tedious/laborious assay procedure, and non-specific protein 

adsorption, which leads to low specificity [12]. Among these approaches, NAT is perhaps the most 

powerful method due to its relatively short time to result, high sensitivity, and specificity. For many 

pathogens, NAT is the preferred gold-standard testing method [13]. 

In NAT techniques, usually a molecular amplification method such as Polymerase Chain Reaction 

(PCR) is utilized for detecting the target RNA or DNA in the sample. If the pathogen is present, 

many DNA copies will be generated. The amplified DNAs are typically detected by an optical 

method. Conventional real-time PCR (qPCR) based on quantification cycles (Cq) is a relative 

quantification method, and the absolute concentration of target templates remains unknown until 

calibrated with standard samples [14]. 

 In contrast to qPCR, samples for digital assay quantification are first partitioned into numerous 

and separated reaction chambers [15]. Each chamber may contain one or more than one (positive 

chamber) and no target molecule (negative chamber). This “digital format” eliminates the kinetic 

variations of molecular amplification rates, therefore enabling precise, ultrasensitive, and rapid 

counting of target molecules [16]. Meanwhile, digital assays also reduce device complexity since 

only end-point readout is required [17]. 

So far, various digitalization techniques have been introduced. For instance, water in oil droplets 

generated by T-junction [18], flow focusing [19, 20], and centrifugation [21] have been used for 

digitalization. Furthermore, digital assays have been performed inside numerous microchambers 

fabricated by polydimethylsiloxane (PDMS) or glass chambers. Partitioning of the assay inside 

these chambers has been achieved using vacuum [22, 23], pressure [24], SlipChip [25], hydrophilic 
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patterns [26, 27], or self-digitization [28]. While these techniques have been optimized and 

improved considerably, complicated fluidic control systems and complex micro and 

nanofabrication processes are required for them. Therefore, developing a platform to eliminate 

complicated fluidic control and fabrication processes would be desirable for highly accessible 

digital assay systems. 

This thesis mainly focuses on exploring the simple digital quantification of target nucleic acids 

using partition-free solid-state nanopores and CRISPR towards rapid, label-free nucleic acid 

testing. The main contribution of this thesis is as follows. 

First, we systematically studied the experimental factors beyond the intrinsic analyte concentration 

and electrophoretic mobility that affect the event rate in glass nanopore sensors. The synergistic 

effects of these factors on the event rates were investigated with the aim of finding the optimized 

experimental conditions for operating the glass nanopore sensor from the response time standpoint. 

In addition, we proposed and validated a calibration-free nanopore single molecule digital counting 

method for isolated molecule quantification. With the background ions as the in-situ references, 

the molecule translocation rates can be normalized to the ion translocation rates (baseline current). 

In recognition of this effect, we developed a quantitative model for molecule quantification without 

the need for prior knowledge of experimental conditions such as nanopore geometry, size, and 

applied voltage. This model was experimentally validated for different nanopores and DNA 

molecules with different sizes. 

Second, we demonstrate the use of the glass nanopore for highly sensitive quantification of single-

stranded circular DNAs (reporters), which could be degraded under the trans-cleavage activity of 

the target-specific CRISPR-Cas12a. We validated the concept of the solid-state CRISPR-Cas12a-

assisted nanopores (SCAN) to specifically detect the HIV-1 DNAs. We found that SCAN can detect 
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target DNA concentrations above 10 nM within 1 hour. Afterward, we utilized the SCAN sensing 

strategy for the specific detection of SARS-CoV-2. We introduced a nanopore-sized counting 

method to measure the cleavage ratio of reporters, which is used as a criterion for positive/negative 

classification. With a preamplification and 30 min of CRISPR Cas12a assay, we achieved excellent 

specificity against other common human coronaviruses and a limit of detection of 13.5 copies/µl 

(22.5 aM) of viral RNA at the 95% confidence level. 

Third, we developed a quantitative CRISPR sensing figure of merit (FOM) to compare different 

CRISPR methods and explore performance improvement strategies. The CRISPR sensing FOM is 

defined as the product of the limit of detection and the associated CRISPR reaction time. With the 

proposed CRISPR sensing FOM, we evaluated five strategies to improve CRISPR-based sensing: 

preamplification, enzymes of higher catalytic efficiency, multiple crRNAs, digitalization, and 

sensitive readout systems. In particular, we found that digitalization is the most promising 

amplification-free method for achieving comparable FOM performances (~ 1 fM·min) as those 

using preamplification. Afterward, we report the development of a self-digitalization through 

automated membrane-based partitioning (STAMP) technique to digitalize the CRISPR-Cas13 

assay (dCRISPR) for amplification-free and absolute quantification of HIV-1 viral RNAs. The 

analytical performances of STAMP-dCRISPR were evaluated with synthetic HIV-1 RNA, and it 

was found samples spanning 4 orders of dynamic range between 100 aM to 1 pM can be quantified 

as fast as 30 min.   

1.2. Overview of work presented 

The first part of the thesis (chapter 2 and chapter 3) discusses the efforts to improve the glass 

nanopore sensor from the response time standpoint and demonstrates the glass nanopore as a 

calibration-free digital counter. Chapter 2 presents a quantitative study on the effect of intrinsic 
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nanopore properties and experimental configurations (surface charge, geometry, salt concentration, 

and translocation direction) on the event rates in the glass nanopore sensors. Chapter 3 demonstrates 

a calibration-free nanopore single molecule counting method for isolated molecule quantification. 

In the second part of the thesis (chapter 4 and chapter 5), we combined the high specificity offered 

by the Cas12a and the high sensitivity offered by the glass nanopore sensor towards an electronic 

sensing platform for sequence-specific nucleic acid detection. In chapter 4, the capabilities of solid-

state CRISPR-Cas12a-assisted nanopores for HIV-1 DNA detection were demonstrated without a 

preamplification step. In addition, the sized counting method for nanopores-assisted CRISPR-

Cas12a-based detection of SARS-CoV-2 was demonstrated in chapter 5. In the last part of the thesis 

(chapter 6 and chapter 7), we explored different techniques to improve CRISPR reaction 

performance and showed the digitalization technique as an alternative to preamplification for 

CRISPR diagnostic systems. A figure of merit was proposed in chapter 6 for CRISPR-based nucleic 

acid-sensing systems to quantitatively benchmark different methods and explore performance 

improvement strategies. In addition, chapter 7 presents a self-digitalization through automated 

membrane-based partitioning (STAMP) technique to digitalize the CRISPR-Cas13 assay 

(dCRISPR) for amplification-free and absolute quantification of HIV-1 viral RNAs. Finally, 

chapter 8 offers conclusions based on the work presented in the preceding chapters and perspectives 

for future development.  
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CHAPTER 2 QUANTITATIVE ANALYSIS OF 

FACTORS AFFECTING THE EVENT RATE IN GLASS 

NANOPORE SENSORS 

In this chapter, we systematically studied the experimental factors beyond the intrinsic analyte 

concentration and electrophoretic mobility that affect the event rate in glass nanopore sensors. We 

developed a quantitative model to capture the impact of nanopore surface charge density, ionic 

strength, nanopore geometry, and translocation direction on the event rate. The synergistic effects 

of these factors on the event rates were investigated with the aim to find the optimized experimental 

conditions for operating the glass nanopore sensor from the response time standpoint. The findings 

in the study would provide useful and practical insight to enhance the device response time and 

achieve a lower detection limit for various glass nanopore sensing experiments. 

2.1 Introduction 

Solid-state nanopores made with silicon nitride[29-31], glass[32-34], and graphene[35], have 

become a versatile single-molecule analytical tool for label-free analysis of individual nucleic acids 

and protein molecules[36-39]. The nanopore sensor is usually operated by applying a small voltage 

bias across the nanometer-sized pore separating two chambers filled with electrolyte, the resulting 

ionic current through the pore (~0.01-100 nA) represents the readout signal[40, 41]. As the charged 

biomolecule is electrophoretically driven through the nanopore, the transient change in the ionic 

current indicates the passage of an analyte (often called an event). The shape, duration, magnitude, 

and frequency of these translocation events provide information about the molecule of interest (e.g., 

size[42], charge[30], and concentration[43]). Although the nanopore sensor itself has single 

molecule sensitivity and resolution, a significant challenge in nanopore sensing is the prolonged 
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sense response time when analyte concentration decreases[44]. This issue stems from the diffusion-

limited mass transport in nanopore sensors, resulting in the lack of efficiency for sampling 

sufficient numbers of molecules from the analyte solution[45]. Freedman et al. estimated that if the 

solution concentration is sub-picomolar, then there would only be 0.03 molecules in the capture 

volume, requiring more than 1-hour measurement time to observe a single event[46]. In our 

previous study of using glass nanopore as a digital single molecule counter, we have shown the 

relative uncertainty (δ) of inferring the event rate is n-1/2, where n is the number of events. From the 

practical perspective, if one can only tolerate a maximal uncertainty percentage of δmax and a 

maximal experimental time Tmax, then a minimal event rate of 1/(δmax
2Tmax) would be necessary. As 

a result, the event rate is of significant importance for achieving quicker sensor response and lower 

detection limits[47-49]. 

While molecular transport through nanopores has been studied extensively previously by 

examining the effect of applied voltage[42, 50], temperature, salt concentration[51], translocation 

direction[51], and the surface charge[52], only a few works were dedicated to addressing the event 

rate issue. For instance, to increase the flux of DNA to the nanopore, Wanunu et al. [42] applied 

asymmetric electrolyte solutions on both sides the nanopore to increase the electric field, focusing 

more molecules into the pore. Freedman et al. [46] employed single-molecule dielectrophoretic 

trapping to overcome the diffusion-limited motion of DNA towards the nanopore. In another study, 

localized optical heating of the plasmonic nanostructures at the nanopore was used to precisely 

control the temperature near the nanopore [53], which could be used to enhance the DNA event 

rate [54]. Most of these studies used external apparatus and components to enhance the translation 

rate. It remains less explored how the intrinsic nanopore properties and experimental configurations 

(surface charge, geometry, salt concentration, and translocation direction) affect the event rate in a 

synergistic study.  
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In this work, we performed a quantitative study on the effect of these experiment-relevant 

parameters on the event rates in the glass nanopore sensors. We developed a numerical model to 

evaluate the DNA event rate through the glass nanopore, which was validated by the experimental 

results. We systematically elucidated the effect of nanopore surface charge and ionic strength on 

the event rate of DNA through the conical shape nanopores. We examined the impact of various 

nanopore geometries (asymmetric nanopipette-based and symmetric membrane-based) on the 

event rate and their sensitivity to the change of surface charge and ionic strength. The event rate 

was found to be highly dependent on the direction of translation for asymmetric nanopores. We 

anticipate this event rate-focused study would provide useful and practical insight to enhance the 

device response time and achieve a lower detection limit for various glass nanopore sensing 

experiments.  

2.2 Mathematical Model 

Conceptually, the nanopore event rate is controlled by the slowest processes in the following three 

steps: (1) the DNA moves from the bulk toward the pore entrance by a combination of diffusion 

and drift forces; (2) the DNA is captured at the entrance of the nanopore; and (3) the DNA 

overcomes an entropy energy barrier and goes through the nanopore, causing a detectable ionic 

current blockade. Depending on the experimental conditions, the voltage-driven translocation of 

DNA molecules can be diffusion-limited or barrier-limited[50]. Since most of the glass nanopores 

used in the experiments were with size at least 10 nm in diameter and the voltage applied is less 

than 500 mV, the diffusion-limited mechanism is dominant in most of the glass nanopore 

experiments. As a result, our model will focus on the diffusion-limited regime without considering 

the nanopore-molecular interactions.  
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Figure 2-1. a) Interplay between diffusion, electrophoresis, and electroosmotic flow determines 

the molecule transportation through nanopores. b) TEM image of a typical conical-shaped glass 

nanopore. c) Schematic view of the nanopipette tip in the computational domain. Nanopipette 

geometry was defined by its diameter (2rp) and angle (θ). d) Validation of the model by comparing 

the simulation and experiment results, using 5 kb DNA at 1 M KCl under 400 mV bias. The 

diameter of the nanopore is 12 nm. 

 

In the diffusion-limited regime, the molecular translocation through the nanopore is determined by 

the interplay between three motions: diffusion, electrophoresis, and electroosmotic flow (Figure 

2-1a). The event rate is the outcome of these three forces. The Poisson-Nernst-Planck (Eq. 2.1 and 

Eq. 2.2), Navier-Stokes and continuity (Eq. 2.3 and Eq. 2.4) equations were used to capture the 

electric field, ionic and molecules concentration, and electroosmotic velocity distribution as 

follows: 

𝛻2𝑉 = −𝜌𝑒/𝜀0𝜀𝑟    (2.1) 

𝛻 ∙ 𝐽𝑖 = 0     (2.2) 

𝜈𝛻2𝑢 − 𝛻𝑝 − 𝜌𝑒𝛻𝑉 = 0   (2.3) 

𝛻 ∙ 𝑢 = 0      (2.4) 

in which V is the electric potential; 𝜌𝑒 = 𝑒𝑁𝐴(∑ 𝑧𝑖𝑐𝑖𝑖  ) is the charge density of mobile ions. 𝜀0, and 

𝜀𝑟 is the vacuum and relative permittivity respectively. Note that the DNA charge density was not 

EOF
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taken into consideration for calculating the potential distribution since their concentration (~pM-

nM) is negligible as compared to that of ions (~mM). In addition, the intermolecular interaction 

was not taken into consideration since the average distance between molecules will be a few 

microns when the concentration is less than 100. The molecular and ionic flux density Ji is given 

by: 

𝐽𝑖 = −𝐷𝑖𝛻𝑐𝑖 + 𝑐𝑖(𝑢 − 𝑧𝑖𝜇𝑖𝛻𝑉) (2.5) 

where 𝐷𝑖, 𝜇𝑖 𝑧𝑖 and 𝑐𝑖 are the diffusivity, mobility, valance, and concentration of each species. In 

Navier-Stokes and continuity equations (Eq. 2.3 and Eq. 2.4), 𝑢, 𝑝, and 𝜈 are velocity, pressure, 

and viscosity of the fluid. The molecular event rate R (s-1) was obtained by integrating the molecules 

flux over the pore entrance area as: 

𝑅 = 𝑁𝐴 ∫ 𝐽𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 
 

𝑠
𝑑𝑆  (2.6) 

where S is the surface area spanning the cross-section of the pore entrance.  

The strongly coupled mathematical model was numerically solved with COMSOL Multiphysics. 

A two-dimensional axisymmetric computational domain was used to study the effect of surface 

charge, ionic strength, and nanopore geometry on the event rate ( 

Figure 2-2). The nanopore geometry was modeled after a typical conical-shaped glass nanopore 

(Figure 2-1b) by its radius rp and angle θ (Figure 2-1c). The reservoir and glass nanopore was 

assumed to be large enough such that the ionic concentration far away from the pore is the bulk 

value. A voltage bias is applied between the two electrodes positioned far away from the pore. 
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a) 

 

 b) 

 

Figure 2-2. a) A two-dimensional axisymmetric computational domain used for our numerical 

platform. The reservoir (20 μm ×20 μm) and nanopipette were assumed large enough (7 μm) for 

the ionic concentration far away from the pore to maintain its bulk value Cion. b) The boundary 

condition for each set of equations: Poisson, Navier–Stokes, and Nernst-Planck for ions and 

molecules (DNA). 
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Figure 2-3. Calculated rates of 100 pM DNAs with different electrophoretic mobilities through a 

conical-shaped nanopore (12 nm diameter) at an ionic strength of 1 M and surface charge density 

of -20 mC/m2 . 

 

In order to validate the model, we computed the event rate of 5 kb DNA at five different 

concentrations through a glass nanopore (rp =6 nm and θ = 4°) at 1 M KCl under 400 mV bias 

voltage. The numerical results were benchmarked to our previous experimental study[43]. In the 

simulation, we assumed the nanopore wall surface charge density of -20 mC/m2 and the DNA 

mobility of 8×10-8 m2/Vs, which is close to these derived from the experimental measurement [55, 

56]. As shown in Figure 2-1d, an excellent agreement between the experimental and simulation 

results was obtained, confirming the validity of the mathematical model for evaluating the event 

rate. Note that the molecule electrophoretic mobility could also affect the event rate. Our numerical 

results (Figure 2-3) as well as previous analytical results [50] show that the event rate is linearly 

dependent on the molecular mobility in the diffusion-limited regime. In this work, we aim to study 

the factors affecting the event rates beyond the intrinsic analyte concentration and electrophoretic 

mobility.  
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2.3 Results and discussion 

2.3.1 Impact of Surface Charge and Ionic Strength 

The nanopore surface charge affects the translocation process through the electroosmotic flow 

(EOF)[52], which arises from the electrostatic interaction between the electric field and mobile ions 

in the electric double layer (EDL)[57]. For the applied electric field, as shown in Figure 2-1a, the 

EOF would always oppose the motion of the negatively charged molecules (e.g., DNAs) if the 

nanopore walls are negatively charged[58]. Another factor affecting the EOF is the ionic strength 

since the Debye length in the EDL is strongly salt concentration dependent. It has been previously 

observed in the experiment that DNA translocation in the glass nanopore is strongly salt-

dependent[51]. 

To study the synergistic effect of both surface charge and ionic strength, we calculated the event 

rate of 100 pM DNA through a conical-shaped nanopore with a diameter of 12 nm and angle of θ 

= 4°. Figure 2-4a plots the event rate heatmap, which clearly shows the rate strongly depends on 

the ionic strength and surface charge density. We observed a few interesting features. First, for each 

specific ionic strength, the event rate reduces when the surface charge becomes more negative due 

to the increased retardation EOF. Figure 2-4b shows the event rate as a function of surface charge 

for various ionic strength conditions. The event rate was found to be exponentially increased when 

decreasing the surface charge. Second, at a specific surface charge density, working at higher ionic 

strength conditions would help to increase the event rate. This is because the EOF becomes less 

significant at higher salt concentrations. Figure 2-4c illustrates the event rate as a function of ionic 

strength for various surface charge conditions. The effect of ionic strength on the rate becomes less 

significant when the surface charge density reduces. In the case of zero surface charge, the ionic 

strength does not affect the event rate at all. Finally, Figure 2-4a also shows that working at low 
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salt concentrations with a highly negatively charged nanopore would result in a very low event rate. 

The empty area in Figure 2-4a shows the region where the translation rate is less than 10-3/s. This 

rate is impractical for gathering sufficient events to build robust statistics within a reasonable 

amount of time. For instance, with a rate of 0.001 s-1 and an experiment time of 1 hour, we can only 

expect to count less than 4 events.  

 

Figure 2-4. a) Event rate of 100 pM DNA through a conical-shaped nanopore (12 nm diameter) 

for a different range of ionic strength (10 mM to 4 M) and surface charge density (0 to -70 mC/m2). 

b) Effect of surface charge density on the event rate at various ionic strengths. c) Effect of ionic 

strength on the event rate at various surface charge densities. 

 

These results have a few implications for the nanopore experiments. From the fast sensor response 

time perspective, working at higher ionic strengths with a nanopore of a lower surface charge would 

be favorable. Nevertheless, various bioassays have an upbound for the salt concentration[59]. For 

example, the usual 1-4 Molar salt concentration used in a typical nanopore experiment might be 

detrimental for assays such as polymerase chain reaction (PCR) and loop-mediated isothermal 

amplification (LAMP) [60]. As a result, a neutral (or close to neutral) nanopore surface would be 

preferred for experiments that require a specific salt condition. 

-70 -60 -50 -40 -30 -20 -10 0
101

102

103

Io
n

ic
 s

tr
e

n
g

th
 (

m
M

)

ss (mC/m2)

-3 -2 -1 0 1 2

Log10 (Rate)

0.01 0.1 1

10-3

10-2

10-1

100

101

R
a

te
 (

s
-1

)

Ionic strength (M)

0 (mC/m2)

-5 (mC/m2)

-10 (mC/m2)

-20 (mC/m2)

-40 (mC/m2)

-70 -60 -50 -40 -30 -20 -10 0

10-3

10-2

10-1

100

101

R
a

te
 (

s
-1

)

ss  (mC/m2)

2M

4M

1M

0.5M

0.1M

0.2M

a) b) c)

<0.001s-1



15 

 

2.3.2 Impact of Nanopore Geometry 

It was previously found that the electric field and electroosmotic flow strongly depend on the 

nanopore geometry[61]. This suggests that alternation of the nanopore geometry is of potential use 

for enhancing the event rate. To this end, we examined the event rate of 100 pM DNA at an ionic 

strength of 1 M and a surface charge density of -20 mC/m2 through nanopores of varying angles 

and diameters. Figure 2-5a illustrates the event rate heatmap, which clearly shows the rate strongly 

depends on the nanopore diameters and angles.  

 

Figure 2-5 a) Event rate for 100 pM DNA through the nanopore at an ionic strength of 1 M and 

surface charge density of -20 mC/m2 with different diameters and angles. b) Effect of nanopore 

diameter on the event rate at different angles. c) Effect of nanopore angle on the event rate at 

different sizes. 

 

Figure 2-5b shows the event rate as a function of nanopore diameters for four different angles. For 

a specific angle, the event rate increases linearly with the nanopore size. This is not surprising at 

first glance since a larger pore would be less resistant for translocation. A detailed calculation 

reveals the nanopore conductance is approximately linearly to rp. However, there is another factor 

that contributes to the enhanced rate. As the nanopore size increases, the effective electric field 
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across the nanopore region would be reduced, which in turn reduces the opposing EOF flow. This 

result means a larger nanopore would be preferred from the response time perspective. However, 

the nanopore diameter needs to be comparable to the size of the analyte molecule to ensure single 

molecule sensitivity and thus cannot be scaled up arbitrarily.  

 

 

Figure 2-6 a) 100 pM DNA event rate at different angles for surface charge density of 0 (Without 

EOF) and -20 mC/m2 (With EOF),with nanopore diameter of 12 nm and ionic strength of 1 M, and 

b) The rate difference percentage for different angles with and without EOF, defined as (RwoEOF- 

RwEOF)/RwoEOF. 

 

Figure 2-5c plots the event rate as a function of nanopore angles for four diameters. A clear 

enhancement of the rate was observed when increasing the nanopore angle (nanopore become more 

flattened). This effect was also due to the contributions of two factors. The first is the increase of 

the nanopore conductance. The second is the reduced impact of EOF. To examine the impact of 
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EOF, we calculated two representative cases: no surface charge (without EOF), and -20 mC/m2 

surface charge (with EOF). As shown in Figure 2-6a, the impact of nanopore angles on the rate is 

less significant for the case without the EOF. Moreover, the rates with the EOF is much less than 

that without the EOF, and the reduction is angle dependent. As shown Figure 2-6b, the EOF 

induced rate reduction is much more significant at smaller angles.  

2.3.3 Silicon Nitride vs. Glass Nanopores  

The results shown in Figure 2-6 implies that a more widely opened nanopore would be preferred 

from the event rate perspective. For typical laser-pulled glass nanopores, the range of the angle is 

limited to be within 2-12 degrees[62, 63]. On the other hand, membrane-based silicon nitride 

(SiNx) nanopores represent another very important nanopore geometry with an angle equal to 90 

degrees[64]. We set out to compare the event rate between the typical glass nanopore (Figure 2-7) 

and SiNx nanopores (Figure 2-7b). Both pores are assumed to have the same diameter of 12 nm. 

The glass nanopore is assumed to have an angle of θ = 4°. The heatmap in Figure 2-7a and b show 

the event rate as a function of ionic strength and surface charge. To quantitatively evaluate the rate 

difference, Figure 2-7c plots the rate ratio between the SiNx nanopore and the glass nanopore. It 

was found that the rate in the SiNx nanopore is always higher than that in the glass nanopore under 

the same ionic strength and surface charge condition (note that an equal rate will have the log ratio 

of 0). This rate enhancement in the SiNx nanopore is because of not only the less resistive molecule 

transport path but also, the less impact of the opposing EOF flow. The difference in the rate between 

the glass and SiNx becomes more pronounced at low salt concentration and high surface charges, 

an expected feature that comes from the EOF dependence on the salt concentrations and surface 

charges. This result means that the membrane-based SiNx nanopore is favorable to achieve a fast 

event rate as compared to the conical-shaped glass nanopore, giving everything else the same.  
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Figure 2-7. Event rate of 100 pM DNA through a) conical-shaped glass nanopore, and b) 

SiNx nanopore, both with a diameter of 12 nm. c) The translocation ratio between the SiNx 

and glass nanopores as a function of surface charge density and the ionic strength. 

2.3.4 Impact of Direction  

It was previously reported that DNA translocation in the glass nanopore is strongly salt- and 

direction-dependent[51], consistent with our own observations (Figure 2-8). While the asymmetric 

ionic transport behavior in nanofluidic diodes was well established and the underlying physical 

mechanism was well understood (broken symmetry)[65]. The impact of EOF on the transport 

process was neglected in most studies[66], although EOF would oppose the electrophoretic 

motion. In addition, it was previously shown that EOF itself is asymmetric which can lead to the 

electroosmotic flow rectification in conical nanopores[67]. 
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Figure 2-8 Translocation recording of λ-DNA through glass nanopore at 0.1M KCl under 400 mV 

bias for backward (a) and forward (b) configurations. For the forward case, no translocation events 

occur in the duration of the recording. However, in the backward configuration, many events are 

detected. Note that the sole current change during the backward translocation was an increase, as 

previously observed for conical pores at low salt concentrations[68]. Hence, the data clearly 

illustrates that DNA event rate in the glass nanopore is strongly direction-dependent. 

 

Therefore, the electrophoretic flow and EOF should be considered to understand the 

experimentally observed molecular rectification. To make the following discussion clear, we 

define the translocation out from and into the glass nanopore as forward and backward direction, 

respectively (Figure 2-9a and b). Note this definition is opposite to that of Keyser et al [51]. Figure 

2-9c and d plot the event rate under the influence of EOF as a function of ionic strength and surface 

charge for forward and backward configurations, respectively. It is noteworthy that regardless of 

the translocation direction, EOF is always an opposing force against the DNA movement if the 

surface charge is negative, which means the DNA event rate with EOF is always lower than that 

without the EOF.  

Figure 2-9e illustrates the ratio of Rforward /Rbackward (rate rectification ratio) at different surface 

charges and ionic strengths. It was clear that the rate in the forward direction is always larger than 

that in the reserve direction. 
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Figure 2-9. Schematic of DNA translocation in a) forward and b) backward direction, as well as 

the event rate of the 100 pM DNA through the 12 nm conical shape nanopore in the c) forward and 

d) backward configuration. e) The event rate ratio between the forward and backward 

configurations. The translocation rectification effect is more pronounced in the low salt and high 

surface charge region. 

 

In addition, the rate rectification ratio is more pronounced (ratio away from unity) when working 

at low ionic strengths with a highly charged nanopore surface due to the enhanced electroosmotic 

flow rectification ratio in these regions[67].  

These results elucidate the importance of EOF in molecule transport through the glass nanopore 

and provide experimental Insights for enhancing the event rate. For example, if one can reverse the 

surface charge polarity through surface functionalization, the resulting EOF will always enhance 

the DNA event rate. In addition, loading the analyte molecules into the glass nanopore for analysis 

would be preferred from the rate enhancement perspective.  
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2.1. Summary 

In summary, we presented a comprehensive study of factors affecting the event rate in glass 

nanopore sensors. This event rate-focused study aims to provide useful and practical insight to 

enhance the device response time for various glass nanopore sensing experiments. We found that 

while the event rate intrinsically depends on the analyte concentration and mobility (linearly), 

factors such as nanopore surface charge density, geometry, ionic strength, and the translocation 

direction could impact the event rate non-linearly by orders of magnitude. From the standpoint of 

enhancing the response time in glass nanopore sensors, higher ionic strength, lower nanopore 

surface charge (neutral surface is ideal), and less vertical nanopore walls would be desirable due to 

the reduced impact of the opposing electroosmotic flow. Due to the negative surface charge in glass 

nanopores, translocation from the glass nanopore could be orders of magnitude faster than that into 

the nanopore at low salt concentrations and higher surface charges. Therefore, attention should be 

paid when setting up the translocation direction in the glass nanopore due to the electroosmotic 

flow rectification. In addition, we found SiNx membrane-based nanopores are generally favorable 

over glass nanopores for achieving a fast response, especially when working with low ionic strength 

and higher surface charge densities. We anticipate these findings would provide insight for future 

glass nanopore sensing experiments towards ultrasensitive sensing applications where the device 

response time is of significant importance.  
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CHAPTER 3 CALIBRATION-FREE NANOPORE 

DIGITAL COUNTING OF SINGLE MOLECULES  

In this chapter, we proposed and validated a calibration-free nanopore single molecule digital 

counting method for isolated molecule quantification. With the background ions as the in-situ 

references, the molecule translocation rates can be normalized to the ion translocation rates 

(baseline current). This in-situ reference alleviates the requirement for knowing the nanopore 

geometry and size or generating a calibration curve. In recognition of this effect, we developed a 

quantitative model for molecule quantification without the need for prior knowledge of 

experimental conditions such as nanopore geometry, size, and applied voltage. This model was 

experimentally validated for different nanopores and DNA molecules with different sizes. We 

anticipate this calibration-free digital counting approach would provide a new avenue for nanopore-

based molecule sensing. 

3.1 Introduction 

Quantification of isolated biomolecules such as DNAs, RNAs, and proteins is of critical importance 

for various applications in environmental, medical, and food science studies[69, 70]. This process 

is routinely accomplished by bulk-based optical sensing methods such as UV-VIS 

spectrophotometry[71] or dye-based fluorimetry[72]. The resulting analog readout signal is 

proportional to the bulk sample concentration, the value of which can be determined with a 

reference curve (Figure 3-1a). In contrast to the analog sensing method, digital assays have 

emerged as a highly sensitive approach for concentration quantification[73]. Notable examples 

include digital PCR[74-76], digital ELISA (enzyme-linked immunosorbent assay)[77-79], and 

digital ELOHA (enzyme-linked oligonucleotide hybridization assay)[80].  
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Figure 3-1. Comparisons for different quantification methods. a) Analog sensing generates a signal 

proportional to the bulk sample concentration. b) In the optical digital counting, the sample is 

partitioned into many small containers such that each partition contains a discrete number of 

biological entities. The sample concentration is determined by Poisson statistics (p is the positive 

ratios). c) In nanopore digital counting, the sample concentration is proportional to the single 

molecule translocation rates. 

 

The general concept of the digital assays is that the sample is physically partitioned into many small 

chambers such that each partition contains a discrete number of molecules (0, 1, 2, …). Each 

partition gives a binary 0 and 1 signal corresponding to the case of no molecule presented and at 

least one molecule presented, respectively. Note that the digital assay does not necessarily mean 

each partition has either zero or one molecule. With Poisson statistics, the sample concentration 

can be estimated by -ln(1-p), where p is the ratio of the positive partitions over total partitions 

(Figure 3-1b). 

The digital assays so far are predominated by physical partitioning and optical detection methods 

to generate the binary signal. Nanopore-based sensors[34, 81-93] allow single molecules to be 

analyzed electronically without the need for labeling and partitioning. Conceptually, nanopore 

a) Bulk Analog Sensing

b) Optical Digital Counting

c) Nanopore Digital Counting

S
ig

n
a

l

C Signal

Concentration

S
ig

n
a

l

# of targets

0 ≥1

dt

S
ig

n
a

l

# of targets

0

1

2

C −ln(1− )

C Rate

…



24 

 

sensor represents an ideal single molecule counting device due to its unique features of label-free 

electronic sensing, single-molecule sensitivity, and potential reusability. When a single molecule 

is electrophoretically driven through the nanopore, a detectable ionic current blockade generates a 

digital ‘1’ signal, the rate of which is proportional to the sample concentration (Figure 3-1c).  

Resolving this digital event itself is much easier than analyzing its analog features such as 

magnitude and duration of the current dip.   

Existing theories[83, 94, 95] and experiments[34, 96, 97] have shown that when interactions 

between molecules are negligible, the molecule molar concentration (mol/m3) is linearly related to 

the translocation rate (s-1) as R=αNAC, where NA is the Avogadro constant, and α is usually referred 

to as the capture rate[94, 98]. Wanunu et al. successfully applied this principle to quantify the 

isolated miR122a electronically[99]. Since capture rate α strongly depends on experimental 

parameters such as nanopore geometry[94, 100], temperature[96, 101], molecule size[83], and 

applied voltage[102, 103], a calibration curve of the rate versus concentration was necessary to 

infer the unknown sample concentration[99]. Moreover, the calibration curve must be obtained 

under the same experimental conditions for comparable capture rate α. Unfortunately, generating 

this calibration curve is often time-consuming and challenging due to nanopore clogging 

issues[104, 105].  

In this work, we set out to develop a calibration-free nanopore single molecule counting method 

for isolated molecule quantification. We first studied the statistics of the molecule translocation 

rate and developed an experimentally practical method to measure the rate. We developed a 

quantitative model for molecule quantification without the need for prior knowledge of 

experimental conditions such as nanopore geometry, size, and applied voltage. This is achieved by 

using the background ions as the in-situ reference such that the molecule translocation rates can be 

normalized to the ion translocation rates (baseline current). This model was experimentally 
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validated for different nanopores and DNA molecules with different sizes. While the results 

presented in this work were from glass nanopores and DNA molecules, the principle could be well 

extended to other nanopore types and other charged molecules. 

3.2 Methods 

3.2.1 Materials and chemicals. 

 0.2 mm Ag wires (Warner Instruments, Hamden, USA) were used to fabricate the Ag/AgCl 

electrodes in house. Microinjectors of 34 gauge was purchased from World Precision Instruments. 

Potassium chloride and Tris-EDTA-buffer solution (10 mM Tris-HCl and 1 mM EDTA) were 

purchased from Sigma-Aldrich. Piranha solution was made by mixing concentrated sulfuric acid 

(H2SO4) with hydrogen peroxide (H2O2). Quartz capillaries with inner and outer diameter of 0.5 

mm and 1 mm were purchased from Sutter Instrument. We filtered the testing solutions with a 0.2 

μm syringe filter (Whatman). DNA templates (λ-DNA, 10 kbp and 5 kbp DNA with the 

concentration of 0.5 μg/μl) were purchased from ThermoFisher.  

3.2.2 Glass nanopore fabrication.  

The quartz capillaries were firstly cleaned in Piranha solution for 30 minutes to remove organic 

residues, then rinsed with DI water, and dried in an oven at 120 ℃ for 15 min. A two-line recipe, 

(1) Heat 750, Filament 5, Velocity 50, Delay140, and Pull 50; (2) Heat 710, Filament 4, Velocity 

30, Delay 155, and Pull 215, were used to pull the capillaries with a laser pipette puller (P-2000, 

Sutter Instruments, USA). This recipe typically produces nanopore size around 10 nm. Despite 
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known batch-to-batch variations in size, the method presented in this work is valid as long as the 

nanopore can resolve the single molecule translocation (rather than multiple molecules). 

3.2.3 Glass nanopore characterization with I-V, SEM, and TEM.  

Glass nanopore characterization was performed by standard I-V measurement, SEM, and TEM 

imaging. For I-V characterization, the glass nanopore was filled with 1M KCl in Tris-EDTA buffer 

by a microinjector and then immersed in the testing solution. Home-made Ag/AgCl electrodes were 

used for interfacing the electrical measurement (Figure 3-2a), and the I-V curve was recorded for 

nanopore size estimation (Figure 3-2b). For SEM imaging (Figure 3-2c), the glass nanopore was 

coated with 5 nm thick of Iridium to avoid the charging effect. TEM characterization was also 

performed to obtain detailed information for the nanopore geometry and size (Figure 3-2d). 

 

Figure 3-2. Experimental setup and nanopore characterization. a) Illustration of the experimental 

setup (not to scale). Ag/AgCl electrodes were inserted to the nanopore and bulk solution to apply 

the bias voltage across the nanopore. b) A typical IV curve for glass nanopore in 1 M KCl with 

Tris-EDTA-buffer solution. c) SEM image of the glass nanopore showing the overall shape. d) The 

TEM image of the nanopore tip showing apparent conical shape. 
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3.2.4 Single molecule counting measurement and data analysis.  

The schematic of the single molecule counting setup is illustrated in Figure 3-2a. 1 M KCl in Tris-

EDTA buffer was used for all DNA experiments to decrease the effect of electroosmotic flow[106]. 

A voltage was applied across the nanopore by 6363 DAQ card (National Instruments, USA). The 

resulting current was amplified by a transimpedance amplifier (DLPCA-200, FEMTO, Germany) 

and then digitalized by 6363 DAQ card with 100 kHz sampling rate. The recorded current time 

trace was analyzed by a customized MATLAB (MathWorks) software to extract the single 

molecule translocation information regarding the interarrival time between translocation events, 

the ionic current dip, and the molecule dwell time.  

3.3 Results and discussion 

3.3.1 DNA translocation statistics 

It was previously observed that the mean time between single-molecule capture events in solid-

state nanopore follows an exponential distribution[100], indicating a Poisson process[100, 107]. 

To validate if this is also true in our glass nanopore, we performed studies on λ-DNAs with a serial 

of concentrations ranging from 12-60 pM. A quick eyeball on the current time traces in Figure 

3-3a shows that translocation occurs more often as the concentration increases. The extracted inter-

arrival time distribution also shows a remarkable exponential distribution for each concentration 

(Figure 3-3b). Note that the exponential fits to these distributions are usually used to obtain the 

hidden translocation rate[83, 100].  

To further confirm the Poisson process, the same raw data sets were used to extract the probability 

distribution P(n) for observing n events within a fixed time interval (Figure 3-3c). Each 
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concentration case is then fitted with a Poisson distribution, P(n) = e-λλn/n!, where λ is the expected 

occurrence of the events. In a process with the rate of R, λ = Rdt where dt is the time interval[100].  

As shown in Figure 3-3d, both fittings to the exponentially distributed inter-arrival time and fittings 

to the Poisson distribution yield comparable rate determination at different concentrations. Figure 

3-3d also shows there is a linear relationship between translocation rate and the DNA 

concentrations in the glass nanopores, consistent with the theory prediction[94] and previous 

experimental studies[34, 95, 96].  

 

Figure 3-3. Translocation recording of λ-DNA through glass nanopore at 1M KCl under 

400 mV bias. a) Continuous current readout illustrating the translocation events at different 
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DNA concentrations. The average molecular distance is around 3 µm, the interactions 

between molecules are negligible. b) Normalized distributions of interarrival time for 

different concentrations with mono-exponential fits to the distributions. c) The probability 

distribution of the events for different concentrations. The 4s time interval is used to better 

show the Poisson distribution. d) The translocation rate obtained from both fitting methods 

versus the λ-DNA concentrations. 

3.3.2 n/T method for capturing translocation rate 

While both fitting methods provide a measure of the rate R, the result can only be obtained off-line 

after enough digital events were registered to generate sufficient data points for fitting. A more 

practical approach to determine the rate on-line is by counting the number of events per certain 

time while the experiment is ongoing. Since the translocation events follow the Poisson process, 

assuming n discrete single-molecule translocation events were observed in a particular observation 

time window T, one can infer the rate with a certain confidence interval as (n ± z(n) ½)/T, where z 

is the standard score. The 95% confidence interval of the rate is (n ± 1.96(n) ½)/T [108]. We denote 

this approach as the n/T method hereafter. The relative uncertainty of inferring the rate R is 

proportional to n-1/2. 

 

 It is thus clear that there is a trade-off between minimizing the uncertainty (increasing n) and 

achieving real-time rate determination (reducing n). Figure 3-4 compares the inferred rate using 

the online n/T method to the rate determined by the Poisson fitting method, using 12 pM λ-DNA 

sample. Two features were observed when more digital translation event was observed. First, the 

relative uncertainty (error bars) was reduced to that of the Poisson fitting method. Second, the mean 

rate estimation (diamonds) converged to the translocation rate obtained from the Poisson fitting 

method. These two features can be seen quantitively in the inset of Figure 3-4, i.e., as more digital 

translations were observed, both mean and uncertainty ratios converge to 1. This validates the n/T 
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method for rate determination as long as sufficient translocations were observed. Experimentally, 

we examined at least 200 events for measurement uncertainty <7%. 

 

Figure 3-4. The translocation rate determined by the n/T method for increasing the observation 

numbers. The shaded area is the value obtained by the Poisson fitting method (mean + uncertainty). 

The inset shows the mean and uncertainty value comparison between these two methods. 

3.3.3 Calibration-free model 

With an experimentally efficient n/T approach to determine the rate, the next task is to determine 

the capture rate α. The dynamics of molecule translocation through the nanopore consists of three 

steps: (1) the molecule moves from the bulk of the reaction chamber toward the pore entrance by a 

combination of diffusion and drift forces; (2) the molecule is captured at the entrance of the 

nanopore; and (3) the molecule overcomes an entropy energy barrier and goes through the 

nanopore, causing a detectable ionic current blockade which can be detected electronically as a 

digital signal [94]. It is known that the capture rate α could be diffusion limited (step 1) or barrier 

limited (step 3) [83]. The glass nanopores used in our experiments are around 10 nm in size, which 
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is large enough such that the transport is diffusion limited rather than barrier limited [109, 110], as 

indicated by the linear dependence of the capture rate on voltage (Figure 3-5).  

 

Figure 3-5. Linear dependence of the translocation rate on the applied voltage for 24 pM 10 kbp 

DNA in 1M KCl buffer solution 

 

In the diffusion-limited region, the capture rate for the conical-shaped glass nanopore is given by 

α=2πµ𝑑̃∆V, where μ is the free solution electrophoretic mobility, ∆V is the applied electric potential 

across the pore, and  𝑑̃ is the characteristic length of the nanopore. If the nanopore geometry and 

size is explicitly known for a particular experiment, the capture rate can be directly calculated to 

determine the unknown sample concentration without calibration, similar to a pressure-driven 

calibration-less quantitation of nanoparticles by calculating the hydrodynamic resistance[111]. 

Nevertheless, it’s well known that glass nanopore geometry is widely dispersed[112]. TEM 

characterization of each nanopore is often destructive and is time-, facility-, and expertise-

intensive[113]. In addition, experimental conditions such as applied voltage, temperatures, and 

buffers also vary from one experiment to the other. To properly determine the unknown sample 
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concentration, a calibration curve must be obtained under the same experimental conditions to 

extract the capture rate α in that particular experiment[83]. While this could be done, it is often 

time-consuming and experimentally challenging due to potential nanopore clogging under 

repetitive testing[104].  

To overcome these challenges, we here developed an in-situ method for determining the capture 

rate α without the need for prior knowledge on nanopore experimental conditions. This is achieved 

by recognizing that the baseline current carries information about the background ion translocation 

rate (Figure 3-6a). Therefore, it is feasible to use the ionic concentration (generally known for a 

particular experiment) as the internal reference to estimate the unknown capture rate α. The baseline 

current can be estimated as Ib=2πΛCion 𝑑̃ ∆V, where  

Λ  is the molar conductivity which depends on the mobility and valance of the ions as  

Λ = ∑ 𝑁𝐴𝑒𝑧𝑖𝜇𝑖𝑖  [114]. The previously inaccessible parameter α=2πµ𝑑̃∆V can be rewrote as:  

𝛼 =
𝜇𝐼𝑏

Λ𝐶𝑖𝑜𝑛
      (3.1) 

Eq. 3.1 implies that the unknown capture rate can be derived from the experimentally accessible 

baseline current and the ionic concentration without knowing the nanopore geometry, size and the 

applied voltage. The molecule mobility µ and molar conductivity Λ can be estimated for a particular 

molecule and salt. Thus, the molecule translocation rate R=αNACmol can be written as: 

𝑅 =
𝜇𝑁𝐴𝐶𝑚𝑜𝑙

Λ𝐶𝑖𝑜𝑛
𝐼𝑏   (3.2) 

To validate Eq. 3.2, we performed experiments with 10 kbp DNA at 24 pM in the 1M KCl buffer 

solution. Figure 3-6b shows the current time trace at different applied voltages for two glass 

nanopores pulled from different batches. Two features can be observed. First, higher applied 
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voltage leads to a higher molecule translocation rate, consistent with previous reports[83]. Second, 

due to the nanopore size variation, the same applied voltage does not generate the same molecule 

translocation rate. This dependence of the translocation rate on applied voltages and the nanopore 

sizes indicates a calibration curve must be obtained under the same experimental conditions (the 

same pore and applied voltage)[97]. Fortunately, Eq. 2 predicts that the molecule translocation rate 

scales linearly with the baseline current for a fixed testing molecule and salt concentrations. This 

is exactly what we observed in Figure 3-6c. The molecule translocation rate versus the Ib indeed 

falls into a single line for different pores at different applied voltages.  

After verifying this in-situ ionic current reference model, calibration-free quantification of the 

molecule molar concentration can thus be performed by rewriting the Eq. 3.2 as: 

𝐶𝑚𝑜𝑙 =
Λ𝑅

𝜇𝑁𝐴𝐼𝑏
 𝐶𝑖𝑜𝑛   (3.3) 

Eq. 3.3 shows that unknown sample concentration can be quantified without explicitly knowing 

the nanopore geometry, size and the applied voltage, as long as the parameters on the right-hand 

side of the equation could be determined. To validate this method, we tested λ-DNA, 5 kbp DNA, 

and 10 kbp DNA at five known concentrations (12, 24, 36, 48, and 60 pM) in 1M KCl buffer, 

intentionally using glass nanopores pulled from different batches. Since the free solution 

electrophoretic mobility of DNA in Tris-EDTA buffer was theoretically[115] and 

experimentally[116] shown to be independent on the DNA length longer than a few persistence 

lengths[117], 𝜇 of 4.5×10−8 m2V−1s−1 was used for all DNA molecules[56]. The buffer solution is 

dominated by 1 M KCl and thus the molar conductivity Λ is estimated to be 10.86 m-1M-1S [114]. 

Table 3-1 summarizes the results for this calibration-free method for concentration measurement. 

The baseline current (Ib) and translocation rate (R) was determined from the experiment. Figure 

3-6d plots the measured versus the input concentration for all tests. All data points falling into a 
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straight line of slope 1, indicating the accuracy of the calibration-free method. It is noteworthy that 

the molecule concentration determined by Eq. 3.3 is widely applicable to other kinds of molecules 

as long as their electrophoretic mobility was known.  

 

Figure 3-6. a) Schematic of ions and molecules translocation through the same nanopore. The ion 

and molecule translocation rate is experimentally obtainable from the continuous current readout. 

b) Current time trace of 24 pM 10 kbp DNA (in 1M KCl) translocating through two different 

nanopores under different voltages. c) The molecule translocation rate is linearly proportional to 

the baseline current for the same test sample shown in b. d) Validation of the calibration-free 

method for concentration determination. The test was performed with different nanopores and DNA 

molecules with different sizes. 
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Table 3-1. Summary of calibration-free method for quantifying concentration 

Sample 
Input 

concentration(pM) 
I

b
(nA) R(1/s) 

Measured 

concentration(pM)* 

Error (%)** 

λ-DNA 

12 6.06 0.26 ± 0.03 18.90 ± 2.07 57.50 

24 5.93 0.34 ± 0.05 24.90 ± 3.11 3.75 

36 6.28 0.58 ± 0.04 40.78 ± 3.92 13.29 

48 8.19 0.92 ± 0.05 49.54 ± 3.54 3.20 

60 8.40 1.43 ± 0.11 74.93 ± 4.65 24.88 

5 Kbps 

DNA 

12 3.96 0.13 ± 0.01 13.89 ± 1.27 15.74 

24 4.03 0.22 ± 0.01 24.11 ± 1.64 0.45 

36 4.05 0.33 ± 0.02 35.36 ± 2.07 -1.77 

48 4.03 0.45 ± 0.03 48.70 ± 3.24 1.46 

60 4.46 0.61 ± 0.03 60.49 ± 2.71 0.82 

10 Kbps 

DNA 

12 6.21 0.21±0.04 15.15±2.87 26.30 

24 6.21 0.34±0.05 24.22±3.63 0.93 

36 6.27 0.54±0.07 38.23±5.07 6.19 

48 6.83 0.74±0.09 47.59±6.08 -0.85 

60 8.51 1.15±0.12 59.53±6.24 -0.78 

* Calculated using Eq. 3.3 with parameters: µ=4.1×10−8 m2V−1s−1, Λ =10.86 m-1M-1S, Cion= 1 M 

** Error is defined as (Measured-Input)/Input×100% 

 

One important aspect of the nanopore single molecule counting method is the upper and lower 

bound for concentrations (dynamic range). The upper bound is related to the maximum count rate, 

which is determined by the speed of the electronic detector and the jamming effect when too many 

molecules are translocating at the same time35. On the other hand, the lower bound (limit of 

detection) is determined by two factors. The first is the false positive rate when no molecule exists 

in the testing sample. This is similar to the dark count rate in the single photon counters[118]. This 

false positive rate determines the minimum count rate at which the signal is dominantly caused by 

real molecules presented. The false detection events are mostly due to the noise in the testing 

apparatus. The second factor is the uncertainty in the Poisson rate determination. Since relative 
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uncertainty of inferring the rate R is proportional to n-1/2, a large enough event numbers (N) should 

be recorded to establish a sufficiently robust statistical basis. With the translocation rate R, a 

minimal recording time of N/R is thus required. Assuming a practical measurement time of T, a 

minimal translocation rate N/T is required, which corresponds to the lower bound of the molecule 

concentration. For example, if we need N to be 200 events and practical experiment time of 30 min, 

the minimum rate should be around 0.1/s, corresponding to ~10 pM in our experimental setup.  

3.4 Summary 

In summary, we presented a nanopore single molecule digital counting method for isolated 

molecule quantification without the need for prior knowledge of experimental conditions such as 

nanopore geometry, size, and applied voltage. When single molecules were electrophoretically 

driven through the 10 nm glass nanopore one by one, digital events were registered. We observed 

that these digital translocation events follow the Poisson distribution, consistent with other types 

of nanopores[100]. We developed a Poisson statistics-based approach to determine the rate with a 

certain confidence interval while the experiment is ongoing. We recognized the ionic rates (baseline 

current) in a particular experiment could be used as an effective in-situ reference. We developed a 

quantitative model for calibration-free quantification of molecule concentration, which was 

experimentally validated for different nanopores and DNA molecules. It is noteworthy that the 

method is currently validated in high salt concentration. At low salt concentrations, the 

electroosmotic flow would start affecting the translocation dynamics[106] and we are performing 

a systematic study to understand the dynamics in this region. While the results presented in this 

work were from glass nanopores and DNA molecules, the principle could be well extended to other 

nanopore types and other charged molecules. We anticipate this calibration-free digital counting 

approach would provide a new avenue for nanopore sensors.  
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CHAPTER 4 SEQUENCE-SPECIFIC RECOGNITION OF 

HIV-1 DNA WITH SOLID-STATE CRISPR-CAS12A-

ASSISTED NANOPORE (SCAN)  

In this chapter, we demonstrate the use of the glass nanopore for highly sensitive quantification of 

single-stranded circular DNAs (reporters), which could be degraded under the trans-cleavage 

activity of the target-specific CRISPR-Cas12a. We developed and optimized the Cas12a assay for 

HIV-1 analysis. We validated the concept of the solid-state CRISPR-Cas12a-assisted nanopores 

(SCAN) to specifically detecting the HIV-1 DNAs. We showed that the glass nanopore sensor is 

effective in monitoring the cleavage activity of the target DNA-activated Cas12a. We developed a 

model to predict the total experimental time needed for making a statistically confident 

positive/negative call in a qualitative test. The SCAN concept combines the much-needed 

specificity and sensitivity into a single platform, and we anticipate that the SCAN would provide a 

compact, rapid, and low-cost method for nucleic acid detection at the point of care. 

4.1 Introduction 

Solid-state nanopore sensors made from silicon nitride[29, 30, 64, 119], glass[32, 33, 120], and 

graphene[121] have shown great potential in detecting single molecules due to their unique label-

free electronic sensing, single molecule sensitivity and potential reusability. In typical nanopore 

experiments, charged biopolymers such as DNAs are electrophoretically driven through the 

nanoscale orifice, which temporarily blocks the passage of ions that leads to a dip in the current. 

Each dip in the current indicates one translocation of the analyte through the nanopore, often called 

an event. The analysis of the event magnitude, shape, duration, and rate provides the basis for 

interpreting the molecule length, shape, charge, and concentration[122]. Thanks to its elegant 
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concept, solid-state nanopores have achieved great success in analyzing macromolecules in the past 

decade. An existing common challenge for solid-state nanopores was the sensing specificity[123]. 

The typical approach for achieving the specificity is by specific binding sites on the nanopore wall 

surfaces[124, 125] or using specific probe molecules[126-128]. Nevertheless, additional steps of 

surface functionalization could limit the device yield[123]. In addition, a specifically modified 

nanopore means that nanopore can only be used for a fixed target without being generally 

applicable.  

The CRISPR-Cas9 system has shown outstanding competence in targeting nucleic acid with high 

specificity[129, 130], and has been explored by combining with the nanopore sensings[131-133]. 

In addition, the recent discovery of the collateral cleavage in other Cas proteins like Cas12 and 

Cas13 made it possible to translate the sequence-specific targeting to other detectable signals, 

which has led to the increasing emergence of CRISPR-mediated biosensors[130, 134-140]. For 

instance, Zhang and colleagues developed SHERLOCK (Specific High sensitivity Enzymatic 

Reporter unLOCKing), which used RNA-guided RNases Cas13a or Cas13b for RNA 

detection[136, 137]. In addition, RNA-guided DNase Cas12 was explored for DNA detection, 

generating multiple versatile systems such as HOLMES[138], DETECTOR[139], and 

Cas12aVDet[140]. These successes have immensely expanded the applicability of CRISPR/Cas 

systems for highly specific nucleic acid analysis. So far, most of the CRISPR-mediated bio-sensing 

applications used fluorescent, bioluminescent, or colorimetric reporters for readouts, which often 

require optical sensing and additional design and synthesis of reporter molecules like 

fluorescence/quencher beacons or gold nanoparticles.  

In this work, we combined the high specificity offered by the Cas12a and high sensitivity offered 

by the glass nanopore sensor towards an electronic sensing platform for sequence-specific HIV-1 

DNA detection. Cell-associated HIV DNA (CA-HIV DNA, which can be extracted from easily-
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obtainable fingerprick blood) is the most widely used marker for HIV persistence in infected cells, 

the detection of which has significant importance in the diagnosis of HIV infection[141]. The solid-

state CRISPR-Cas12a-assisted nanopores (SCAN) use circular single-stranded DNAs (ssDNAs) as 

reporters, which are cleavable when the crRNA/Cas12 complex (a.k.a., ribonucleoprotein or RNP) 

is activated by the binding of the specific HIV-1 DNA. We developed Cas12a assay for HIV-1 

detection and optimized the buffer conditions for nanopore sensing. We found that the cleavage 

activity of the target DNA activated RNP can be quantified by the glass nanopore sensors. A model 

was developed to estimate the optimized reaction time and nanopore reading time such that 

positive/negative calls in a qualitative test at the 95% confidence level can be made as quickly as 

possible. We also validated the specificity of the SCAN for detecting two different regions of the 

HIV-1 gene. With excellent specificity and sensitivity, we believe SCAN offers a promising 

approach towards developing compact, rapid, and low-cost nucleic acid detection at the point of 

care. 

4.2 Methods 

4.2.1 Materials and chemicals.  

A.s.Cas12a Ultra (#10001272) and IDTE pH7.5 buffer (#11-01-02-02) were purchased from 

Integrated DNA Technologies (IDT). dsDNA and crRNA were also synthesized from IDT. 

M13mp18 ssDNA (#N4040S) and NEBuffer 3.1 (#B7203S) were purchased from NEW 

ENGLAND Biolabs Inc. (NEB). DNA elution buffer was from Zymo Research (#D4036-5). 

Nuclease-free molecular Biology grade water was from Hyclone (SH30538). DPBS was purchased 

from Thermo Fisher (#14190250). DNA gel loading dye (6X) was from Thermo Fisher (#R0611). 

10X IDT reaction buffer (200 mM HEPES, 1 M NaCl, 50 mM MgCl2 and 1 mM EDTA, 
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PH6.5@25C) was made at the lab. MgCl2, NaCl, KCl and Tris-EDTA-buffer solution (10 mM 

Tris-HCl and 1 mM EDTA) were purchased from Sigma-Aldrich. HEPES was from Gibco #15630-

080. Agarose was from Bio-rad (#1613102). Ethidium Bromide (EB) was from Life Technologies 

(#15585011). DNA Ladder was from Thermo Scientific (#SM0311). Ag/AgCl wires electrodes 

were fabricated by using 0.2 mm Ag wires (Warner Instruments, Hamden, USA). Micro injectors 

of 34 gauge were purchased from World Precision Instruments. Piranha solution was made by 

mixing concentrated sulfuric acid (H2SO4) with hydrogen peroxide (H2O2). Quartz capillaries with 

inner and outer diameter of 0.5 mm and 1 mm were purchased from Sutter Instrument.  

4.2.2 HIV-1 Cas12a assay 

The crRNAs were resuspended in IDTE pH7.5 buffer and stored in -80 ºC. For RNP formation, 

Cas12a and crRNA were mixed in 1×PBS to form the non-activated RNP at room temperature for 

20 min and stored in -80ºC. In the cleavage reaction, the non-activated RNP complex was mixed 

with cDNA target and incubated at 37ºC for 10 min for RNP activation. Then ssDNA reporters 

were added and incubated at 37ºC for cleavage. After the reaction, results were examined both in 

agarose gel and in the nanopore device. For gel imaging, reactions were terminated with DNA 

loading dye (6X). The 24 µl mixture was loaded to EB-stained 1% (wt/vol) agarose gel for 

electrophoresis analysis. For nanopore analysis, reactions were terminated by adjusting the salt 

concentrations to 1M KCl.  

4.2.3 Glass nanopore fabrication 

To remove organic residues from quartz capillaries, as-purchased quartz capillaries were firstly 

cleaned in Piranha solution for 30 minutes, then rinsed with DI water, and dried in a vacuum oven 
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at 120 ºC for 15 min. A two-line recipe, (1) Heat 750, Filament 5, Velocity 50, Delay140, and Pull 

50; (2) Heat 710, Filament 4, Velocity 30, Delay 155, and Pull 215, was used to pull the capillaries 

with a laser pipette puller (P-2000, Sutter Instruments, USA). This recipe typically produces 

nanopores of diameter around 10 nm. It is noteworthy that ssDNA that is less than 1kbp length does 

not generate detectable signal in the glass nanopore. 

4.2.4 Nanopore sensing and data analysis 

A constant voltage was applied across the glass nanopore by 6363 DAQ card (National Instruments, 

USA). A transimpedance amplifier (Axopatch 200B, Molecular Device, USA) was used to amplify 

the resulting current and then digitalized by the 6363 DAQ card at 100 kHz sampling rate. Finally, 

a customized MATLAB (MathWorks) software was used to analyze the current time trace and 

extract the single molecule translocation information. 

4.3 Working Principle 

Figure 4-1 illustrates the working principle of SCAN for sequence-specific DNA detection. It 

leverages the unique features of the CRISPR-Cas12a and the nanopore sensor. Upon the specific 

RNA-guided dsDNA binding, the Cas12a could perform collateral cleavage on the surrounding 

nonspecific ssDNAs. This feature has been previously utilized for developing diagnostic tools[135, 

138-140, 142]. In SCAN, circular ssDNAs (M13mp18, 7249 bases) of a known concentration 

(typically 100 pM) were used as reporters. If target HIV-1 DNAs exist in the analyte solution 

(Figure 4-1a), the Cas12a/crRNA complex (i.e., non-activated RNP) can be activated by binding 

specifically to the target HIV-1 DNAs. The activated RNP was then able to digest the ssDNA 

reporters. During this process, the effective concentration of the circular ssDNA reporter was 
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reduced. On the other hand, if the target HIV-1 DNAs do not present in the analyte solutions 

(Figure 4-1b), the RNP complex remains inactive and will not degrade the ssDNA reporter. As a 

result, the abundance of the remaining circular ssDNA reporter indicates the existence/absence of 

the target DNAs. The SCAN approach used the glass nanopores for electronic quantification of the 

remaining ssDNA reporter through the single molecule counting[43, 120, 143]. The existence of 

the target HIV-1 DNAs would significantly reduce the ssDNA reporter event rate through the 

nanopore sensors.  

 

Figure 4-1. Schematic of Solid-State CRISPR-Cas12a-Assisted Nanopore (SCAN) sensor. a) 

Positive case, the trans-cleavage activity of the Cas12a after activation cause degradation of the 

circular ssDNA reporters, resulting in reduced reporter event rate through the nanopore. b) Negative 

case, the Cas12a is not activated in the absence of target dsDNA and thus the ssDNA 

 

It is noteworthy that while the remaining ssDNA reporter can be readily visualized by conventional 

gel electrophoresis, the nanopore readout is much more sensitive and can be performed in-situ 

(Figure 4-2). Due to the superior single molecule sensitivity of the nanopore, the ssDNA reporter 

concentration we used in SCAN (typically 100 pM) is much smaller than that in fluorescent 

platforms (typically 100 nM). To ensure all events observed in the nanopore sensors correspond to 

the ssDNA reporter rather than the interfering background molecules (e.g., RNPs), we performed 
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nanopore experiment for a pure RNP and HIV-1 DNA sample (30 nM each) without any ssDNA 

reporter. We did not observe a single event for a measurement time of 1000 s (Figure 4-3), which 

confirms that the translocation rate of the background activated RNPs is less than 0.001 s-1. The 

lack of signals from RNPs is most likely due to the fact that the size of the RNP complex and target 

DNA is much smaller than the circular reporter ssDNAs (7249 bases), which cannot be picked up 

by the large nanopores of a diameter of 10 nm. 

 

Figure 4-2. Comparison between the sensitivity of traditional gel electrophoresis and nanopore 

sensor in the detection of reporter residue. Reporter ssDNAs with a concentration lower than 1 nM 

cannot be detected by the gel images. On the other hand, the nanopores sensor shows higher 

sensitivity where 100 pM of ssDNA reporters can be easily detected. The magnified view of the 

current trace illustrated a typical single molecule translocation event. 

 

 

Figure 4-3. Nanopore experiment for a pure RNP and HIV targets sample (30 nM) without any 

ssDNA reporter. We did not observe a single event for a measurement duration time of 1000 s, 

which confirms that the translocation rate of the background activated RNPs is less than 0.001 s-1.  
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4.4 Results and discussion 

4.4.1 HIV-1 Assay and Buffer Optimization 

For sequence-specific recognition of HIV-1 DNA, the crRNAs should target conserved regions in 

all HIV-1 subtypes. To this end, we focused on three commonly evaluated domains of HIV-1, 

which are GAG (capsid protein), POL (protease, reverse transcriptase and integrase), and ENV 

(glycoprotein) [144-146]. Base on this information, we synthesized two 50 bp dsDNAs from the GAG 

region as our HIV-1 targets. Two specific crRNAs were designed for each of these dsDNAs targets 

(see Methods for detailed sequences).  

 

Figure 4-4. Buffer optimizing for HIV-1 Cas12a assay. a) Evaluating three candidate buffers: 

NEBuffer 3.1, PBS buffer and IDT buffer. b) Evaluating the impact of salt concentration on the 

Cas12a activity in the IDT buffer.  

 

Towards a glass nanopore compatible reaction buffer[131, 132], we explored three candidates: 

NEBuffer 3.1, PBS buffer and IDT buffer. The gel analysis was performed to validate each of these 

buffers (Figure 4-4a). As shown, the commonly used NEBuffer 3.1[138, 140, 147] indeed worked 

in our HIV-1 Cas12a assay. However, it is incompatible with the nanopore sensor. The presence of 

high concentrated (1.5 µM) Bovine Serum Albumin (BSA) in the NEBuffer acts as an opposing 
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obstacle for ssDNA reporters and dramatically impact the nanopore ssDNA reporter event rates. 

For the PBS buffer, the gel results showed that it did not support the cleavage activity of Cas12a. 

This is likely due to the lack of Mg2+ ions, the key co-factor in Cas12a enzymatic activities[148].  

We hypothesized that a buffer with Mg2+ ions that has no BSAs is desirable for The SCAN device. 

The IDT buffer is such a candidate. We validated its functionality for our HIV-1 Cas12a assay. 

While Cas12a indeed functioned properly in the IDT buffer, the low salt concentration of the buffer 

(100 mM) is non-ideal for the nanopore sensing[51]. It was previously shown that high salt 

concentration would be favorable for nanopore sensing as the low salt concentration will result in 

a dramatic reduction of event rate and the signal in glass nanopores[143, 149]. To this end, we 

evaluated how increasing the salt concentration in the IDT buffer would impact the Cas12a assay. 

It was found that 200 mM salt would start killing the activity of the Cas12a (Figure 4-4b). This 

indicates the IDT buffer with 100 mM salt should be used in the HIV-1 Cas12a reaction. To solve 

the conflicting buffer requirements in the Cas12a reaction (low salt) and the nanopore sensing (high 

salt), we used a two-step protocol in our SCAN system. The reaction between the target DNA, 

Cas12a/crRNA, and ssDNA reporter was performed in the IDT buffer. The reaction was then 

terminated by adding 1.045 M KCl solution such that the final salt concentration is 1 M for efficient 

nanopore counting of the remaining ssDNA reporter. Nanopore Event Rate for Circular ssDNA 

Reporters Quantification. 

For a typical SCAN experiment, the RNP concentration remains constant during the Cas12a 

cleavage reaction. To validate if the nanopore event rate can be used as a quantitative readout for 

the ssDNA reporter concentration at the constant RNP background, we performed nanopore 

counting experiments with serially diluted ssDNA reporter. In all experiments, the RNP and salt 

concentration was fixed as 30 nM and 1 M, respectively. Figure 4-5a shows the time traces of the 

ionic current from each of these cases. A quick glance of these traces revealed that events occur 
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more often as the ssDNA reporter concentration increases. The extracted event rate as a function 

of the reporter concentration was plotted in Figure 4-5b. A clear linear relationship between the 

event rate and the ssDNA reporter concentration was observed (R2 = 0.98), which validates the 

abundance of ssDNA reporter can be quantified by nanopore counting at the constant RNP 

background.  

  

Figure 4-5. Quantitative ability at constant RNP concentrations. a) Translocation recording of 

serially-diluted ssDNA reporters ranging from 50-250 pM through the glass nanopore under 400 

mV bias. The RNP and buffer salt concentration was fixed as 30 nM and 1 M, respectively. b) The 

nanopore event rate as a function of the ssDNA reporter concentrations. The error bars correspond 

to the Poisson noise of determining the event rate. 

4.4.2 HIV-1 Activated Cas12a Trans-Cleavage Monitored by Nanopore Counting 

After verifying the linear relationship between the ssDNA reporter and the nanopore event rate 

under the constant RNP, we set out to perform the HIV-1 sensing using the SCAN. Three different 
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solutions in the IDT buffer. In all the experiments, the initial ssDNA reporter concentration was 

fixed at 100 pM. The reaction was terminated at various reaction times (0, 5, 10, 20, and 30 minutes) 

by adding KCl salt to the final salt concentration of 1M. The remaining ssDNA reporter 

concentration was measured by the calibration-free nanopore counting method [43]. 

 

Figure 4-6.. Remaining ssDNA reporter concentration as a function of reaction time (0, 5, 10, 20, 

and 30 minutes) for different HIV target concentrations (15, 30, and 60 nM). In each case, the initial 

ssDNA reporter concentration was set as 100 pM and the remaining concentration was obtained 

using the extracted translocation rate through the nanopore. The solid line is the fitting using the 

Michaelis–Menten kinetics, 𝐶 = 𝐶0𝑒−𝑘𝑇𝑟, where C0 is the initial ssDNA reporter concentration 

(100 pM). The fitted rate constants k for 15, 30, and 60 nM target HIV was obtained as 0.037, 

0.051, and 0.081 min-1 respectively.  

 

Figure 4-6 plots the remaining ssDNA reporter concentration as a function of the reaction time for 

different target HIV-1 concentrations. For each target HIV-1 concentration, the ssDNA reporter 

concentration reduced exponentially and can be well fitted by the Michaelis–Menten kinetics, 

𝐶 = 𝐶0𝑒−𝑘𝑇𝑟 , where C and C0 are the remaining and initial ssDNA reporter concentration, 

respectively. Tr is the reaction time and k is the rate constant. The rate constant k went up from 

0.037 min-1 at 15 nM target HIV to 0.051 min-1 at 30 nM target HIV, and further to 0.081 min-1 at 
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60 nM target HIV. These trans-cleavage rate constants were in par with previously reported value 

of 0.03 min-1 [150]. It was evident that the more target HIV-1 present in the analyte solution, the 

faster the ssDNA reporters get degraded by the activated Cas12a.  

Although some of the translocation events recorded in the nanopore sensing could come from the 

partially cleaved ssDNA reporter, the fact that the extracted remaining reporter decay exponentially 

by the reaction time (Figure 4-6) and follow the Michaelis-Menten kinetics suggested that the 

interference from the partially cleaved ssDNA reporter is negligible. To further explore the impact 

of the partially cleaved DNAs, we evaluated the distributions of the current dips, dwell time, and 

event charge deficits (ECDs) of the events for a negative sample and positive samples (Figure 4-7). 

No significant difference was observed between these two samples, indicating most of the detected 

events were from the intact circular ssDNA reporter.  

 

Figure 4-7. a) Scatter plots showing current dip magnitude vs. dwell times for a negative sample 

and positive samples (30 nM HIV-1) with different cleavage time (5, 10, 20, and 30 minutes). This 

data illustrates that the distribution of the current dip and dwell times do not change after cleavage. 

Hence, we can claim that the effect of the cleaved DNAs on the nanopore sensing is negligible. b) 

The box plot of the event charge deficits (ECD) for all cases, which shows that the ECD distribution 

does not change significantly from the negative sample to the positive samples.   
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4.4.3 Statistical Modeling for Qualitative Positive/Negative Test in SCAN 

Practically, the SCAN device would require a certain reaction time Tr such that the HIV-1 activated 

Cas12a could degrade a certain amount of ssDNA reporters. The longer the reaction time, the less 

the remaining reporters. Subsequently, the remaining reporters will be measured by the nanopore 

counting within a measurement time of Tm. It was previously shown that the translocation of 

molecules through the nanopore is a Poisson process[100]. Thus inferring the event rate from 

observing n events in Tm will have an uncertainty of (1.96(n)½)/Tm [151]. In other words, longer 

measurement is statically beneficial for more accurate rate determination. As a result, longer 

reaction time Tr and measurement time Tm is preferred to make a statistically confident call for a 

qualitative positive/negative test. However, minimizing the total experimental time (Tr+Tm) would 

be highly desirable towards a fast sample-to-result turnaround.  

In order to estimate the total experimental time for a qualitative positive/negative test, we developed 

a statistical model. For the negative case (i.e., no reporter degradation), the expected number of 

events in the nanopore in a measurement time of Tm is given by  

𝜆𝑛 = 𝛼𝜇𝐶0𝑇𝑚   (4.1) 

where µ is the electrophoretic mobility of the ssDNA reporter, 𝛼 is a constant, and C0 is the initial 

ssDNA reporter concentration before the reaction. On the other hand, for the positive case after 

reaction time Tr, the initial reporter concentration 𝐶0  would decrease to 𝐶0𝑒−𝑘𝑇𝑟  (Michaelis-

Menten kinetics) and the expected number of events in the nanopore in a measurement time of Tm 

would be: 

𝜆𝑝 = 𝛼𝜇𝐶0𝑒−𝑘𝑇𝑟𝑇𝑚   (4.2) 
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in which k is the rate constant that is linearly proportional to the activated RNP concentration. The 

activated RNP concentration is limited by the smaller values between HIV-1 DNA and RNP 

concentration in the system and can be written as 

𝑘 = 𝐴 × 𝑚𝑖𝑛(𝐶𝐻𝐼𝑉, 𝐶𝑅𝑁𝑃)   (4.3)  

where A is a constant (0.00148 min-1nM-1).  

In our experiment, we found that while the RNP complexes do not produce measurable events, they 

do affect the electrophoretic mobility of the ssDNA reporters. It was found the reporter 

electrophoretic mobility reduces exponentially as we increase the RNP concentration (Figure 4-8).  

 

Figure 4-8. RNP concentration effect on the electrophoretic mobility of ssDNA reporters. a) 

Translocation recording of ssDNA through glass nanopore at four RNP concentrations (0, 15, 30, 

and 60 nM) under 400 mV bias. All experiments were performed at 1 M salt concentration and 

ssDNA concentration was fixed at 100 pM. b) Extracted ssDNA reporter electrophoretic mobility 

as a function of the background RNP concentration.  
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relationship with the obstacles concentration (𝜇 ∝ 𝑒−𝐶𝑅𝑁𝑃 ) [152, 153]. Hence, electrophoretic 
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mobility of the reporters can be extracted by fitting an exponential curve to our experimental 

results: 

𝜇 = 𝜇0𝑒−𝛽𝐶𝑅𝑁𝑃   (4.4) 

where 𝜇0 (1.73 × 10-8 m2V−1s−1) and β (0.025 nM-1) are the constants of the fitted exponential curve 

to the experimental results. Experimentally observed events for negative and positive case would 

follow the Poisson distribution with expected values of 𝜆𝑛 and 𝜆𝑝 respectively. As illustrated in 

Figure 4-9a, we aim to find out the 𝜆𝑝  such that the overlap of Poisson probability density 

functions (PDF) to that of the negative case of 𝜆𝑛 is less than 5% (i.e., 95% confidence level for 

making a positive/negative call). For any fixed nanopore reading time Tm, we can solve the maximal 

𝜆𝑝 and therefore the minimal required reaction time Tr. Figure 4-9b plots the total experimental 

time (Tr+Tm) as a function of HIV and RNP concentrations. We observed three important features. 

First, under a fixed RNP concentration, the total experimental time can be significantly reduced 

when HIV target concentration is increased up to that of RNP concentration, beyond which the 

total experimental time is independent of the HIV-1 target concentration. This is because the rate 

constant k is determined by the smaller amount between target HIV-1 and RNP. Second, although 

in regions where RNP concentration is higher than HIV-1, the constant rate k is independent of 

RNP concentration, the total experimental time would be significantly increased when RNP target 

concentration is increased, especially more than 50 nM regions. This stems from the fact that the 

electrophoretic mobility of the reporters decays exponentially as we increase the RNP 

concentration (Eq. 4.4). Hence, we need more time in the nanopore reading to make a call at 95% 

confidence.   
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Figure 4-9. a) Illustration of distributions for event numbers observed in the negative and positive 

case. The overlap of the two distributions should be less than 5% for a positive/negative call at the 

95% confidence level. b) The total experimental time needed for making a positive/negative call at 

different combinations of HIV target and RNP concentrations. The dashed dotted line indicates the 

region in which the qualitative call can be made within 1 hour.  
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would be the optimized range in our experiment. If the starting HIV-1 DNA concentration is less 

than 10 nM, a pre-amplification step before SCAN is highly desirable for quick turnaround. These 

pre-amplification steps were widely used in previous Cas12a based assays[139, 140, 142]. 

4.4.4 Sequence-Specific Test 

We designed two sets of HIV-1 DNA targets and assays, in which each assay was specific to its 

target (Assay 1 to Target 1 and Assay 2 to Target 2). To test the cross-reactivity of designed assays, 

we performed the gel analysis on the assay products. Figure 4-10a showed the gel image. We 

observed clear reporter cleavage when the assays were used to their specific target, and no reporter 

cleavage if the assay is non-specific to the target. To validate the specificity of the SCAN, we tested 

four different assay-target combinations.  

Figure 4-10b-e presents the results of the nanopore experiment before and after 30 min of reaction. 

For Target 1 in Assay 1, the translocation event rate change is significant (from 0.329±0.036 s-1 to 

0.128±0.022 s-1), whereas for Target 1 in Assay 2, the event rate change is negligible (from 

0.271±0.034 s-1 to 0.258±0.032 s-1). Similarly, for Target 2 in Assay 1, the translocation event rate 

change is negligible (from 0. 310±0.035 s-1 to 0. 308±0.039 s-1), whereas Target 2 in Assay 2, the 

translocation event rate change is significant (from 0.326±0.037 s-1 to 0.103±0.022 s-1). It is clear 

that only the matched Cas12a assay and its target can produce a significant reduction in the number 

of translocation events after 30 minutes of reaction. These results demonstrated the SCAN could 

detect targets specifically. While nanopore sensors were often challenged by the specificity issue, 

we believe coupling the extremely high specificity of CRISPR Cas 12a to the nanopore sensor can 

provide an appealing alternative for future applications. 
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Figure 4-10. a) Agarose gel electrophoresis images of the designed specificity test. Only specific 

combinations (Assay 1-Target 1, and Assay 2-Target 2) lead to the degradation of reporters. b-e) 

Specificity test in SCAN. The reaction time for all cases is 30 minutes and the HIV target 

concentration is 30 nM. Only matched Cas12a assay and its target can produce a significant 

reduction in the number of translocation events. The error bars correspond to the Poisson noise of 

determining the event rate. 

4.5 Summary 

In summary, our findings demonstrated the capabilities of solid-state CRISPR-Cas12a-assisted 

nanopores for highly sensitive and specificity HIV-1 DNA detection. We found that the buffer salt 

concentration plays a critical role in both the assay and nanopore readout. We verified the events 

observed in the nanopore sensors were dominated by the un-cleaved circular ssDNA reporter, rather 

than the background interference. The nanopore translocation event rate is a valid readout for 

quantifying the ssDNA reporters in the presence of the RNP complexes. We found the reporter 
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cleavage rate constant is proportional to the target HIV-1 concentration. We developed a model to 

estimate the optimized reaction time and nanopore reading time such that positive/negative calls in 

a qualitative test at the 95% confidence level can be made as quickly as possible. We found that 

SCAN can detect target DNA concentrations above 10 nM within 1 hour. Concentration less than 

10 nM would likely require pre-amplification steps, similar to previous Cas12a based assays [139, 

140, 142]. We also validated the specificity of the SCAN for detecting two different regions of the 

HIV-1 gene. While the results presented in this work were from glass nanopores and HIV-1 DNAs, 

the SCAN principle could be well extended to other nanopore types and DNA targets. We anticipate 

that SCAN would provide a new avenue for molecular diagnostic applications. 
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CHAPTER 5 DETECTION OF SARS-COV-2 WITH SOLID-

STATE CRISPR-CAS12A-ASSISTED NANOPORES (SCAN)  

In this chapter, we present a solid-state CRISPR-Cas12a-assisted nanopore (SCAN) sensing 

strategy for the specific detection of SARS-CoV-2. We introduced a nanopore-sized counting 

method to measure the cleavage ratio of reporters, which is used as a criterion for positive/negative 

classification. A kinetic cleavage model was developed and validated to predict the reporter size 

distributions. The model revealed the tradeoffs between sensitivity, turnaround time, and false-

positive rate of the SARS-CoV-2 SCAN. With a preamplification and 30 min of CRISPR Cas12a 

assay, we achieved excellent specificity against other common human coronaviruses and a limit of 

detection of 13.5 copies/µl (22.5 aM) of viral RNA at the 95% confidence level. These results 

suggested that the SCAN could provide a rapid, sensitive and specific analysis of SARS-CoV-2. 

5.1 Introduction 

The coronavirus disease 19 (COVID-19) caused by the severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) is an ongoing pandemic throughout the world [154, 155]. To 

facilitate the management and containment of the disease, reliable, rapid, and accessible testing is 

required. While numerous diagnostic strategies such as sequencing [156-159] and antibody test 

[160-162] have been introduced for SARS-CoV-2 detection, nucleic acid testings (NAT), primarily 

quantitative real-time PCR with reverse transcription (RT-qPCR), are the current gold standards 

[163, 164]. The recent development of the clustered regularly interspaced short palindromic repeats 

(CRISPR)-based methods started a new path towards molecular diagnosis [165]. Particularly, the 

discovery of the collateral cleavage of Cas proteins such as Cas12 and Cas13 made it possible to 

translate the sequence-specific targeting to detectable signals. These discoveries have led to a 
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variety of CRISPR-mediated biosensors [130, 136-138, 166-170]. These CRISPR-based methods 

often incorporate an amplification process such as polymerase chain reaction (PCR) [171, 172], 

loop-mediated isothermal amplification (LAMP) [173], or recombinase polymerase amplification 

(RPA) [174, 175] to enhance the starting molecule population [137, 176]. Amplification coupled 

CRISPR-Cas detection has been shown to be highly sensitive (as low as fM level [136, 137]) and 

highly specific (down to single-nucleotide level [177, 178]). Due to their outstanding sensing 

performances, CRISPR-based systems have been adopted for SARS-CoV-2 detection amid the 

ongoing COVID-19 pandemic [163, 172, 179-187]. 

So far, most of the CRISPR-based methods use fluorescent, bioluminescent, or colorimetric 

reporters for readouts, which is easy to operate, sensitive and convenient [188]. As alternatives to 

the optical readout, electronic-based methods such as electrochemical [167, 189-191], and field-

effect [192] have also been investigated due to their integration and miniaturization potential. One 

of the intriguing electronic readout systems utilized for CRISPR-based detection is the nanopore 

sensor [131, 132]. The single molecule sensitivity of the nanopore sensors has made them a 

promising candidate for CRISPR-based detection. We previously demonstrated a solid-state 

CRISPR-Cas12a-assisted nanopore (SCAN) sensor for sequence-specific recognition of HIV-1 

[193]. While we demonstrated that the SCAN can detect target DNA concentrations above 10 nM 

within an hour, detecting concentrations less than 10 nM with a fast turnaround time would likely 

require pre-amplification steps.  

In this work, we developed a reverse transcription amplification coupled SCAN device for rapid, 

highly sensitive, and highly specific detection of SARS-CoV-2 viral RNAs. The method used an 

improved nanopore sized counting approach to examine the reporter size distributions and their 

relative abundance. We showed that the cleavage ratio of the intact circular ssDNA reporters could 

be quantified by the SCAN, which is used as a criterion for classifying the test as positive or 
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negative. To guide the experiments, we developed a kinetic model to compute the reporter length 

distribution as a function of the cleavage reaction time. This experimentally validated model 

revealed the tradeoffs between sensitivity, turnaround time, and false-positive rate of the SARS-

CoV-2 SCAN. With a preamplification and 30 min of CRISPR Cas12a assay, we achieve a limit 

of detection (LoD) of 13.5 copies/µl (22.5 aM) of SARS-CoV-2 viral RNA at the 95% confidence 

level. The SARS-CoV-2 SCAN has also shown excellent specificity against three other common 

human coronaviruses. Our results suggested that the SCAN could provide a rapid, sensitive, and 

specific analysis of SARS-CoV-2. 

5.2 Methods 

5.2.1 Materials and chemicals 

A.s.Cas12a Ultra (#10001272) and primers were purchased from Integrated DNA Technologies 

(IDT). crRNA was synthesized by IDT. qScript™ XLT One-Step RT-qPCR Tough Mix was 

purchased from Quantabio. M13mp18 ssDNA (#N4040S) was purchased from NEW ENGLAND 

Biolabs Inc. (NEB). The heat-inactivated SARS-CoV-2 viral RNA was from ATCC (ATCC® VR-

1986HK™). The synthetic human coronavirus RNA controls were purchased from Twist 

Bioscience (Twist Bioscience, 103011, 103012, and 103013). DNA gel loading dye (6X) was from 

NEB (#B7024S). 10X Cas12a reaction buffer (200 mM HEPES, 1 M NaCl, 50 mM MgCl2 and 1 

mM EDTA, PH6.5@25C) was made at the lab. MgCl2, NaCl, KCl, and Tris-EDTA-buffer solution 

(10 mM Tris-HCl and 1 mM EDTA) were purchased from Sigma-Aldrich. HEPES was from Gibco 

#15630-080. Agarose was from Bio-rad (#1613102). Ethidium Bromide (EB) was from Life 

Technologies (#15585011). DNA Ladder was from Thermo Scientific (#SM0311). Ag/AgCl wires 

electrodes were fabricated by using 0.2 mm Ag wires (Warner Instruments, Hamden, USA). Micro 

https://www.atcc.org/products/all/VR-1986HK.aspx
https://www.atcc.org/products/all/VR-1986HK.aspx
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injectors of 34 gauge were purchased from World Precision Instruments. Piranha solution was 

made by mixing concentrated sulfuric acid (H2SO4) with hydrogen peroxide (H2O2). Quartz 

capillaries with inner and outer diameters of 0.5 mm and 1 mm were purchased from Sutter 

Instrument. 

5.2.2 SARS-CoV-2 RT-PCR assay 

We used the CDC primers targeting the N2 region of the SARS-CoV-2 (Forward primer: 

TTACAAACATTGGCCGCAAA, Reverse primer: GCGCGACATTCCGAAGAA) with a target 

product length of 67 bp. The 20 μl of the RT-PCR master mix consist of 5 µl of heat-inactivated 

SARS-CoV-2 viral RNA (for SARS-CoV-2 Cas12a assay validation 2×105 copies/µl, and for 

analytical sensitivity test different concentrations ranging from 2 to 200 copies/µl were used), 1.5 

µl of primer/probe mix (50 µM forward primer, 50 µM reverse primer, 20 µM probes), 10 µl of 

qScript™ XLT One-Step RT-qPCR Tough Mix, and 3.5 µl of H2O. It should be noted that different 

concentrations of RNA were prepared by diluting the stock concentration (2×105 copies/µl) with 

ultra-pure DNase/RNase-free distilled water. The RT-PCR was performed for 45 cycles in a Bio-

Rad CFX96 Deep Well Real-Time PCR detection system. Each cycle consists of 3 seconds 

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

5.2.3 SARS-CoV-2 Cas12a assay 

The crRNA was synthesized by Integrated DNA Technologies, and its sequence was: 5’-

UAAUUUCUACUCUUGUAGAUCCCCCAGCGCUUCAGCGUUC-3’. The crRNAs were 

resuspended in pH 7.5 buffer and stored in -80 ºC. Cas12a and crRNA were mixed in 1×PBS to 

form the non-activated Cas12a/crRNA at room temperature for 20 min and stored at -80ºC. In the 
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cleavage reaction, the 2 µl of non-activated Cas12a/crRNA complex was mixed with the 1 µl of 

cDNA target in 14.5 µl of water, and 3.5 µl of a buffer consisting of 100 mM NaCl, 5 mM MgCl2, 

20 mM HEPES, and 0.1 mM EDTA and incubated at 37ºC for 10 min for Cas12a activation. 

Afterward, ssDNA reporters were added and incubated at 37ºC for cleavage. After the reaction, 

results were examined both in agarose gel and in the nanopore sensor. For gel imaging, reactions 

were terminated with 4 µl of DNA loading dye (6X). The 24 µl mixture was loaded to EB-stained 

1% (wt/vol) agarose gel for electrophoresis analysis. For nanopore analysis, reactions were 

terminated by adjusting the salt concentrations to 1 M KCl. 

5.2.4 Glass nanopore fabrication and characterization 

The quartz capillaries were cleaned in Piranha solution for 30 minutes, then rinsed with DI water, 

and dried in a vacuum oven at 120 ºC for 15 min. This process was performed to remove organic 

residues from quartz capillaries. A two-line recipe, (1) Heat 750, Filament 5, Velocity 50, 

Delay140, and Pull 50; (2) Heat 710, Filament 4, Velocity 30, Delay 155, and Pull 215, was used 

to pull the capillaries with a laser pipette puller (P-2000, Sutter Instruments, USA). A current-

voltage experiment was performed to characterize the nanopores by changing the voltage from -

400 to 400 mV. A typical nanopore used in this study has a diameter around 10 nm. 

5.2.5 Nanopore sensing and data analysis 

A constant voltage was applied across the glass nanopore by a 6363 DAQ card (National 

Instruments, USA). A transimpedance amplifier (Axopatch 200B, Molecular Device, USA) was 

used to amplify the resulting current. The amplified voltage was digitalized by the 6363 DAQ card 

at a 100 kHz sampling rate. Finally, a customized MATLAB (MathWorks) software was used to 
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analyze the current time trace and extract the single molecule translocation information (dwell time, 

current drop, and ECD). 

5.3 Working Principle 

Figure 5-1a illustrated the working scheme of the SARS-CoV-2 SCAN using nanopore sized 

counting. There were three streamlined steps: reverse transcription and amplification, Cas12 assay, 

and nanopore-based molecule classification and counting. In the first step, a one-step reverse 

transcription-polymerase chain reaction (RT-PCR) of SARS-CoV-2 RNA was performed to 

improve the overall sensitivity of the system [180, 181, 183]. After amplification, the 

complementary DNA (cDNA) amplicons were introduced to the sequence-specific CRISPR RNA 

(crRNA) and Cas12a ribonucleoprotein mixture (a.k.a, RNP). 

 Upon the specific cDNA binding, the Cas12a could perform collateral cleavage on the surrounding 

ssDNA reporters [139]. We used circular M13mp18 single-stranded DNA (ssDNA) as the reporter 

in this study which is widely available and has an excellent signal-to-noise ratio in nanopore 

measurement. In the trans-cleavage process, the mother circular ssDNA reporters could be digested 

into daughter linear ssDNAs, and the daughter reporters could be further digested into 

granddaughter reporters (positive case in Figure 5-1a). On the other hand, if SARS-CoV-2 viral 

RNAs were not present in the analyte solutions, the Cas12a remains inactive and will not degrade 

the mother circular ssDNA reporter (negative case in Figure 5-1a).  
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Figure 5-1. a) Schematic of Solid-State CRISPR-Cas12a-Assisted Nanopore (SCAN) sensor. The 

process starts with a preamplification step, followed by CRISPR assay and nanopore analysis. In a 

Positive case (upper side), the trans-cleavage activity of the Cas12a after activation cause 

degradation of the circular ssDNA reporters, resulting in reduced reporter size. In a negative case, 

the Cas12a is not activated in the absence of target dsDNA, and thus the ssDNA reporters are not 

cleaved. b) Examples of a typical ionic current trace for a positive and negative case. c) Duration 

and blockage of translocation events for a positive and negative case. The lines represent equivalent 

ECD lines from 20 to 300 fC (with a bin size of 20 fC). e) Event rate distribution at different ECD 

values. The right side of the dashed line represents the un-cleaved region. 

 

These un-cleaved mother reporters and multi-generational cleaved daughter reporters were then 

counted and classified by a glass nanopore sensor to infer its size and concentration distribution. 

Figure 5-1b shows two representative ionic current time trace for a positive sample and a negative 

sample (no target control), using a glass nanopore with a diameter size less than 10 nm (Figure 

5-2a and b). For the positive sample (presence of SARS-CoV-2 RNA), it is apparent that molecule 

translocation events become more frequent but have less current blockage magnitude as compared 
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to the negative sample. This is because the mother circular reporters were cleaved to many smaller 

daughter linear reporters. Our previous work analyzed the resulting reporter concentration by 

nanopore digital counting without taking the daughter reporter size distribution into consideration 

[179]. This assumption is not exactly accurate if the reaction time is short. To further analyze the 

daughter reporter size distribution and its relative abundance, we here adopted a nanopore sized 

counting method. First, the conventional event duration versus blockage was obtained from the 

ionic current time trace data (Figure 5-2c).  

As shown in Figure 5-1c, it is evident that the event duration and blockage in a positive case are 

smaller than in a negative case. Second, we classified each event based on its event charge deficit 

(ECD), which is used as the molecule size approximation[194]. The ECD is defined as 𝐸𝐶𝐷 =

∫ ∆𝐼(𝑡)𝑑𝑡 ≅
.

𝑒𝑣𝑒𝑛𝑡
 ∆𝐼𝜏  [195], where ∆𝐼 and 𝜏  are the duration and blockage of each event, 

respectively. It was previously demonstrated that ECDs of DNA translocations with the same 

length are identical regardless of whether the molecules are in a linear, circular relaxed, or 

supercoiled form [194]. An ECD bin size of 20 fC was used in this study unless otherwise stated. 

Third, the event rate of each ECD sub-population was obtained by normalizing sub-population 

event numbers by the nanopore reading time (Figure 5-1d). This enables us to quantify the reporter 

sub-population concentration through Ri= Ci αNA, where NA is the Avogadro constant, and α is 

usually referred to as the capture rate [41, 43, 94, 96].  
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Figure 5-2. a) A typical I-V characterization of the glass nanopore. Based on the result, the average 

conductance of the nanopore was around 9.2 nS b) Estimation of the nanopore size based on its 

conductance (G) and half-cone angle (𝜃). While it is well known that there are variations in each 

fabrication due to the temperature and humidity changes, SEM and TEM characterization is needed 

to ensure the pore size and shape. However, since the TEM and SEM characterization of the glass 

nanopore is destructive in nature (high energy beams will melt the delicate structures at the tip), we 

often rely on the in-situ I-V characterization to infer the size of the nanopore. Based on the findings 

of Kowalczyk et al.[196]  and Makra et al.[197], the conductance of a pore has a linear relationship 

with the pore diameter (Dp) as:  𝐷𝑝 =
2𝐺

𝜎

  4+𝜋 𝑡𝑎𝑛𝜃

 4𝜋 𝑡𝑎𝑛𝜃
, where 𝜎 is the conductivity of the 1 M KCL 

solution (10.86 S/m). Therefore, one can estimate the nanopore size based on the angle and the 

conductance of the pore measured by the I-V characterization. In our system, for a pore with a half-

cone angle between 3 to 6 degrees, the nanopore size would be between 5 to 10 nm. b) 

Demonstration of the event duration and blockage measurements from a typical ionic current trace 

of the nanopore experiment. 

 

The mean (µ) and standard deviation (σ) of the ECD value in the negative cases was used to 

establish an ECD threshold (ECDt=µ-2σ, dashed line in Figure 5-1d). An event must have an ECD 

larger than ECDt to be classified as the intact mother reporters (i.e., to the right of the dashed line 

in Figure 5-1d). To quantify the percentage of the mother reporters being cleaved into daughter 

reporters, we defined the cleavage ratio (CR) as the ratio between the cleaved mother reporter (𝐶0 −

𝐶𝑢𝑛𝑐𝑙𝑒𝑎𝑣𝑒𝑑) to the total initial mother reporter (𝐶0). This cleavage ratio can be experimentally 

obtained by evaluating the aggregated event rate as 

𝐶𝑅 = 1 − ∑ 𝑅𝑝𝑖𝑖 / ∑ 𝑅𝑛𝑗𝑗   (5.1)  
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in which the event rate summation is over all events with ECD larger than ECDt (thus representing 

the intact mother reporter concentration in the system), and n and p denote the negative and positive 

cases, respectively. The increase in the cleavage ratio of a testing sample would confirm the 

existence of the target viral RNA. 

5.4 Results and discussion 

5.4.1 SARS-CoV-2 Cas12a assay validation 

Prior to the Cas12a assay, a one-step RT-PCR was performed to increase the number of molecules 

and boost the signal. We utilized the primers designed by the United States Centers for Disease 

Control and Prevention (CDC) targeting the N2 region of the SARS-CoV-2 [198]. We performed 

a real-time RT-PCR with 2×105 copies/µl of SARS-CoV-2 viral RNAs for a duration of 45 cycles. 

The fluorescent signal confirmed the amplification after 20 cycles (Figure 5-3).  

 

Figure 5-3. Relative fluorescence units (RFU) at different cycles of the RT-PCR. The RT-PCR 

was performed with an input of  2×105 copies/µl of SARS-CoV-2 viral RNAs for a duration of 45 

cycles. The result of the fluorescent signal indicated the amplification after 20 cycles 
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Figure 5-4. a) Gel electrophoresis results of the RT-PCR products validating the length of 

amplicons as 67 bp. b) Gel electrophoresis results of Cas12a assay products at different reaction 

times from 0 to 30 minutes. In all cases, the non-activated Cas12a and reporter concentration was 

fixed as 30 nM and 2.1 nM, respectively. c) Current drop and dwell times of the ssDNA reporter 

translocation events at different reaction times through the glass nanopore under 400 mV bias. The 

buffer salt concentration was fixed as 1 M. The total number of events and nanopore reading time 

is shown for each case d) Event rate distribution at different ECD values. The area right to the 

dashed line represents the un-cleaved region. e) The calculated values for reporter cleavage ratios 

at different reaction times. 

 

To further confirm the amplicon product, we performed gel electrophoresis of the RT-PCR 

products, which showed a sharp band at 67 bp, as expected with our RT-PCT primer design (Figure 

5-4a). Afterward, we performed the SARS-CoV-2 specific Cas12a assay with reaction time ranging 

from 0 to 30 mins. The reaction was stopped by adding the DNA gel loading dye (6X), which 

contained ethylenediaminetetraacetic acid (EDTA). Figure 5-4b presents the gel electrophoresis 

results of the Cas12a assay. We observed several important features. First, the mother reporter 

appeared in a double band around 7 kbp. This is due to the fact that electrophoretic mobility of 
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DNA in gels could also be affected by the conformation of the DNA[199]. Second, the daughter 

reporters become visible after 2 minutes, indicating the cleavage of mother reporters. Third, the 

primers were observed as a blurred short band in all cases. Fourth, as we increased the reaction 

time, more mother reporters were cleaved. At 30 minutes, the 7.2 kilo-nucleotides (knt) band of 

un-cleaved mother ssDNA become barely visible.  

To examine the Cas12a cleavage kinetics at a much longer time scale, we performed another test 

by intentionally extending the Cas12a reaction time up to 24 hours. We found that all mother and 

prior generation daughter reporters were completely cleaved to be less than 250 nt after 24 hours 

(Figure 5-5). This suggests the trans-cleavage activities indiscriminately and continuously affect 

both the mother reporters and the partially cleaved daughter reporters. 

  

Figure 5-5. Gel electrophoresis results of the Cas12a assay products at five reaction times from 0.5 

to 24 hours.  All mother reporters were completely cleaved to be less than 250 nt after 24 hours. 

This suggests the trans-cleavage activities indiscriminately and continuously affect both the mother 

reporters and the partially cleaved daughter reporters. 
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As a control, we also performed the Cas12a assay for no target samples to confirm that no 

degradation of the mother reporters would occur in the absence of SARS-CoV-2 amplicons (Figure 

5-6). 

 

Figure 5-6. Gel electrophoresis results of the no target negative control samples at different Cas12a 

reaction times from 0 min to 24 hours. No Cleavage was observed in all reaction times, which 

confirms that daughter and granddaughter reporters would not be generated in no target negative 

control samples.  

5.4.2 Highly sensitive nanopore measurement of the cleavage ratio  

After validating the Cas12a assay with gel electrophoresis, we set out to perform the SARS-CoV-

2 detection with the glass nanopore. We performed the Cas12a assay with different reaction times 

from 0 to 30 minutes and recorded the reporter translocations through the nanopore under 400 mV 

bias (Figure 5-7). Note that in our glass nanopore measurement, DNAs with sizes less than 100 bp 

are often too small to be detected. Those significantly cleaved reporters with lengths less than 100 

bp and RT-PCR amplicons (67 bp) could not contribute to the detected signals. In addition, in our 

previous study [193], we showed that the other components in the assay, such as Cas12a proteins, 

do not create signals in the nanopore experiment. Therefore, all the signals in the nanopore 

measurements are caused by the reporters with a length above the detectable threshold (a few 

hundred nucleotides).  
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Figure 5-4c shows the extracted translocation dwell time versus ionic current blockage at each 

reaction time. A clear shift of the blockage-duration distribution was observed when increasing the 

reaction time, indicating the changing populations of differently sized reporters. To quantify the 

abundance of differently sized reporters, we used an ECD bin size of 20 fC to classify the events 

into different sub-populations and calculated its corresponding event rate. Figure 5-4d shows the 

event rate distribution for all sub-populations. As shown, the event rate of larger ECDs (longer 

reporters) is reducing as the cleavage reaction goes, whereas the event rate of smaller ECDs (shorter 

reporters) is increasing. Since the concentration of the analyte could be quantified by the event rate 

in the nanopore experiment, these measurements give us the capability to quantify the relative 

abundance of differently sized reporters. 

To quantify the cleavage ratio at different reaction times, we utilized the nanopore-sized counting 

method. The case at 0 min of reaction was considered as the negative case to establish the ECDt. 

The cleavage ratio (CR) at each reaction time was then obtained by using Eq. 5.1. As shown in 

Figure 5-4e, the CR was at 0.12 after 1 minute of reaction and increased as increasing the reaction 

time. 

For instance, CR was measured as 0.92 at 30 minutes of reaction. As the reaction times increase, 

more daughter and granddaughter reporters would be created, which increases the possibility of 

multi-turn cleavage. Therefore, the cleavage ratio increases at a lower rate as we increase the 

reaction time. It is noteworthy that we were able to detect the cleavage activity after 1 minute in 

nanopore reading, whereas no cleavage was barely visible in the gel after 1 minute of reaction 

(Figure 5-4b). This indicates that the nanopore is a much more sensitive readout system for CR 

measurement.  
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Figure 5-7. Translocation recording of ssDNA reporters at different reaction times from 0 to 30 

minutes through the glass nanopore under 400 mV bias. The Cas12a and buffer salt concentrations 

were fixed as 30 nM and 1 M, respectively. As we increased the reaction time, more events were 

observed; however, the magnitude of the current drop of events become smaller.  
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5.4.3 Cleavage numerical modeling and validation 

In order to guide our experiments for rapid and sensitive detection of the cleavage ratio using 

nanopore experiment, we sought to develop a model to estimate the distribution of reporter length 

over the trans-cleavage process. At the start of the reaction, we assumed that each mother reporter 

has an identical length of Lm. As the reaction starts, the reporters (including mother and daughter 

reporters) were randomly picked by the activated Cas12a. The probability that a reporter was picked 

and cleaved by the Cas12a was proportional to its cross-sectional area 𝑅𝑔
2, where 𝑅𝑔 is the gyration 

radius of the DNA coil. It has been shown that the gyration radius of DNA is proportional to the 

square root of its length (L1/2) [94]. Therefore, the longer the reporter was, the more chance that it 

was bounded to and cleaved by the Cas12a. The reporter was cut into two parts randomly. We 

assumed a normal distribution to model the cleavage position in a report. The velocity of the 

cleavage was modeled by v(t) =  𝑘𝑐𝑎𝑡
[𝐸0][𝑆(𝑡)]

𝐾𝑀+[𝑆(𝑡)]
, in which [𝐸0] is the initial enzyme (activated 

Cas12a) concentration, [𝑆(𝑡)] is the substrate concentration (mother and daughter reporters), 𝑘𝑐𝑎𝑡 

and 𝐾𝑀 are the catalytic rate and the Michaelis constant, respectively. We used previous reported 

𝑘𝑐𝑎𝑡  and 𝐾𝑀  value of 0.6 (1/s), and 2.7×10-6 , respectively [200]. This model was numerically 

implemented in a customized MATLAB code (see Figure 5-8 for model flowchart and results).  

In order to validate this numerical model for predicting the reporter size distribution after reaction, 

we performed the Cas12a assay at three enzyme concentrations (7.5, 15, and 30 nM) with reaction 

times ranging from 0 mins to 24 hours. Figure 5-9a presents the gel electrophoresis results. As 

expected, higher enzyme concentration indeed results in faster cleavage activity since the cleavage 

velocity is proportional to the enzyme concentration. We extracted the length distribution of the 

reporter from the gel images by measuring the normalized grayscale values using ImageJ software 

[201, 202]. The normalized reporter length distributions were then overlaid with the results 
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produced by our model. As shown in Figure 5-9b, shorter daughter reporters were produced at a 

fixed reaction time as enzyme concentration was increased. Also, both model and gel results 

showed that the mother reporters were cleaved entirely after 24 hours. The distribution of reporter 

length captured by our model is consistent with the gel electrophoresis results, which validates our 

model. 

 

Figure 5-8. a) Algorithm and the model details for estimating the reporter length distribution over 

the trans-cleavage process. Initially, the reaction time, reporter, and enzyme concentration were 

specified. An array with an identical length of Lm (in this study Lm=7200) was created to present 

the mother reporter size. Time was set as zero, and the cleavage loops were started. In each loop, 

one cell of the reporter size array was randomly selected proportional to the length of the reporters. 

Afterward, the reporter in the selected cell was cleaved in a random spot using a normal distribution. 

After the cleavage, the reporter size array and reporter concentration was updated. The cleavage 

time was calculated by the cleavage velocity, and the total time was updated. The looped continued 

while the total time was less than the specified reaction time. Finally, after the cleavage process, 

the histogram of reporter size was plotted. b) The distribution of reporter length with an initial 

enzyme concentration of 30 nM over different reaction times from 1 to 30 minutes. 
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Figure 5-9. a) Gel electrophoresis results of the Cas12a assay at three different initial enzyme 

concentrations (7.5, 15, and 30 nM) and different reaction times (from 0 minutes to 24 hours). b) 

Comparison between the reporter length distribution captured by the model and Gel 

electrophoresis. The normalized grayscale value of the gel results was measured by ImageJ 

software for the estimation of the reporter concentration. 
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then compared with the nanopore-measured CR values using the sized counting method (Eq. 1.1). 

We measured the CR at different enzyme concentrations (7.5, 15, and 30 nM) with ranging reaction 

times from 0 to 30 mins. As shown in Figure 5-10a, the model predicted CR values agree 

excellently with that measured by the nanopore. 

With the capability to calculate the CR at varying activated Cas 12a and reaction time, we were 

able to estimate the sensitivity and turnaround time of the SCAN system at any given CR threshold 

(CRt) for a positive call. Figure 5-10b presents the minimal required reaction time versus the 

activated Cas12a enzyme concentration. Note that the activated Cas12a enzyme concentration is 

equal to the smaller values between SARS-Cov-2 amplicons and non-activated Cas12a 

concentration in the system.  

 

Figure 5-10. a) The measured cleavage ratio of the ssDNA reporter by the sized counting method 

(experiment) and the numerical model at different reaction times. The outcome of the model and 

nanopore experiment is in good agreement at three different enzyme concentrations (7.5, 15, and 

30 nM). b) Required reaction time versus the activated Cas12a enzyme concentration (from 0.1 to 

1000 nM) at four different CR thresholds values. 
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Cas12a enzyme concentration. For instance, at CRt =0.1, more than 45 mins will be required to 

detect 1 nM of amplicons, whereas 0.45 min is sufficient with 100 nM amplicons. On the other 

hand, while increasing the CRt could help to reduce the false-positive rate, it would increase the 

required minimal reaction time at any given amplicon concentrations. In fact, the CR is proportional 

to the product of cleavage velocity and reaction time (𝑇𝑟), 𝐶𝑅 = 𝑣 𝑇𝑟. The cleavage velocity 𝑣 is 

proportional to the activated Cas12a concentration 𝐶𝑒𝑛𝑧𝑦𝑚𝑒 as 𝑣 = 𝛽𝐶𝑒𝑛𝑧𝑦𝑚𝑒 . Therefore, one can 

see that 𝐶𝑒𝑛𝑧𝑦𝑚𝑒 𝑇𝑟/𝐶𝑅 should equal to the constant coefficient 𝛽. This relationship suggests there 

is a tradeoff between sensitivity (𝐶𝑒𝑛𝑧𝑦𝑚𝑒 ), reaction time (𝑇𝑟), and false-positive rate (𝐶𝑅). With 

a fixed 𝐶𝑒𝑛𝑧𝑦𝑚𝑒 , a higher 𝐶𝑅 (less false-positive) calls for a longer reaction time 𝑇𝑟. With a fixed 

𝐶𝑅 , reducing the 𝐶𝑒𝑛𝑧𝑦𝑚𝑒 (better sensitivity) also requires a longer reaction time 𝑇𝑟  (longer 

turnaround). By coupling with a pre-amplification step, the 𝐶𝑒𝑛𝑧𝑦𝑚𝑒 can be effectively enhanced 

and thus significantly reduce the required 𝑇𝑟 (turnaround time).  

5.4.5 Analytical specificity and sensitivity of SARS-CoV-2 SCAN 

We then went to evaluate the analytical sensitivity and specificity of SARS-CoV-2 SCAN. We 

used heat-inactivated SARS-CoV-2 RNA samples at different concentrations ranging from 2 to 200 

copies/µl. In addition, three other human coronaviruses (229E, NL63, and OC43) with a 

concentration of 5×105 copies/µl were used as the non-target negative controls to evaluate the 

specificity. 5 µl of each sample was firstly amplified by RT-PCR for 45 cycles (Figure 5-11). The 

product of the RT-PCR was added to 30 nM of non-activated Cas12a. The Cas12a cleavage assay 

was performed at 37ºC for 30 min. Afterward, the nanopore sized counting was performed to 

determine the cleavage ratio. A positive/negative call was subsequently derived by comparing the 

obtained cleavage ratio with CRt (dashed line in Figure 5-12a). The CRt was defined in our 
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experiment as µ0+2σ0 (0.089), where µ0 (0.054) and σ0 (0.017) are the mean and standard deviation 

of the cleavage ratio obtained from no target controls (i.e., SARS-CoV-2 sample at zero 

concentrations). Figure 5-12a presents the cleavage ratios of all SARS-CoV-2 and non-target 

human coronaviruses samples. As shown, the cleavage ratios for all non-target human coronavirus 

samples (circle, diamond, and star symbols in Figure 5-12a) are less than CRt and were correctly 

classified as negatives. This confirmed that the SCAN sensor has an excellent specificity against 

SARS-CoV-2.  

 

 

Figure 5-11. a) The relative fluorescence unit (RFU) over different cycles of the RT-PCR process. 

The fluorescence results indicated that the limit of detection of RT-PCR assay was around 10 

copies/µl, where 4 out of 5 cases were amplified. b) The threshold cycle (Ct) measurement at 

different starting RNA copies revealed that the SARS-CoV-2 could be quantitatively estimated by 

the real-time RT-PCR. The logarithmic regression for the Ct values over different input copies 

showed that the SARS-CoV-2 RNA in a sample could be estimated by Ct=-3.052×log 

(copies)+32.829. c) Summary of the amplification process for all the samples to evaluate the 

analytical sensitivity and specificity of SARS-CoV-2 SCAN. 
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For the serially diluted SARS-CoV-2 samples (square symbols in Figure 5-12a), we found that 

concentrations higher than 15 copies/µl were classified correctly as positives since their cleavage 

ratios are much larger than CRt. The high cleavage ratio in these samples indicates the majority of 

the mother reporters were cleaved after 30 min of reaction.  

 

Figure 5-12. a) Cleavage ratio of three different human coronaviruses samples (for specificity test) 

and SARS-CoV-2 (for sensitivity test) with different input RNA concentrations. Five repeats were 

performed for lower concentrations (less than 20 copies/µl), and three were tested for higher 

concentrations (more than 20 copies/µl) and non-target control samples. The cleavage ratios were 

measured using the nanopore sized counting experiment. The average and standard deviation of the 

CR values of 5 negative target controls were measured to identify the threshold for separating 

positive from negative calls. Any cases with a CR below CRt = µ+2σ (0.089) were classified as 

negatives. b) The hit rate percentage at different concentrations of SARS-CoV-2 RNA. The LoD 

was estimated as 13.5 copies/µl at a 95% confidence level.  
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CoV-2 SCAN, we examined the hit rate at each different SARS-CoV-2 concentration. The hit rate 

is defined as the number of replicates with a detected outcome per the total number of replicates 

tested [203]. As shown in Figure 5-12b, the hit rate started to roll off from 1 to 0.8 when the 

concentration decreased from 15 copies/µl to 10 copies/µl. We fitted the experimental hit rate data 

with a logistic curve (Figure 5-12b) [204, 205]. Based on the fitting curve, we estimated the LoD 

of SARS-CoV-2 SCAN as 13.5 copies/µl (22.5 aM) at the 95% confidence level.  

5.5 Summary 

In summary, we introduced and evaluated a sized counting method for nanopores-assisted CRISPR-

Cas12a-based detection of SARS-CoV-2. A sized counting scheme for cleavage quantification of 

the reporters in the Cas12a assay was introduced by utilizing ECD values from the nanopore 

experiment. We found that the nanopore is a sensitive readout system to measure the cleavage 

ratios, a criterion used for positive or negative classification. A kinetic cleavage model was 

developed and experimentally validated to predict the reporter length distribution. This model 

revealed the tradeoffs between sensitivity, reaction time, and false-positive rate in the SARS-CoV-

2 SCAN. These tradeoffs could be relaxed by coupling with pre-amplification steps. With a 25 min 

RT-PCR step, 30 min of CRISPR Cas12a assay, and 10 min of nanopore reading (65 min of assay-

to-result time), we achieved a limit of detection of 13.5 copies/µl (22.5 aM) of viral RNA. The 

SARS-CoV-2 SCAN showed an excellent specificity with no cross-reactivity to other human 

coronaviruses. These results suggested that the solid-state CRISPR -Cas12a-assisted nanopores 

could provide a rapid, sensitive, and specific analysis of SARS-CoV-2. 
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CHAPTER 6 THE FIGURE OF MERIT FOR CRISPR-

BASED NUCLEIC ACID-SENSING SYSTEM: 

IMPROVEMENT STRATEGIES AND PERFORMANCE 

COMPARISON  

In this chapter, we developed a quantitative CRISPR sensing figure of merit (FOM) to compare 

different CRISPR methods and explore performance improvement strategies. The CRISPR sensing 

FOM is defined as the product of the limit of detection (LOD) and the associated CRISPR reaction 

time (T). A smaller FOM means the method can detect smaller target quantities faster. We found 

that there is a tradeoff between the LOD of the assay and the required reaction time. With the 

proposed CRISPR sensing FOM, we evaluated five strategies to improve the CRISPR-based 

sensing: preamplification, enzymes of higher catalytic efficiency, multiple crRNAs, digitalization, 

and sensitive readout systems. We benchmarked the FOM performances of 55 existing studies and 

found that the effectiveness of these strategies on improving the FOM is consistent with the model 

prediction. In particular, we found that digitalization is the most promising amplification-free 

method for achieving comparable FOM performances (~ 1 fM·min) as those using 

preamplification. The findings here would have broad implications for further optimization of the 

CRISPR-based sensing. 

6.1 Introduction 

Sensitive, accurate, and fast diagnostics of infectious diseases is crucial to optimize clinical care 

and guide infection control and public health interventions to limit disease spread. The development 

of the clustered regularly interspaced short palindromic repeats (CRISPR)-based methods have 

taken center stage in biotechnology since the modified CRISPR/Cas9 system was applied for gene 

editing in mammalian genomes [206]. Additionally, the CRISPR-Cas9 system has shown 
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outstanding competence in nucleic acid-sensing with high specificity [147, 192, 207-210]. 

Recently, the discovery of the collateral cleavage in other Cas proteins like Cas12 [142], Cas13 

[137], and Cas14 [178] made it possible to translate the sequence-specific targeting to other 

detectable signals, which has led to the increasing emergence of CRISPR-mediated biosensors 

[130, 136-138, 166-170, 189, 211, 212]. In 2017, Gootenberg et al. introduced the specific high 

sensitivity enzymatic reporter unlocking (SHERLOCK), which exploits Cas13a for viral RNA 

detection [137]. Simultaneously a Cas-12a-based nucleic acid-sensing tool called a one-hour low-

cost multipurpose highly efficient system (HOLMES) was introduced in 2018 [142]. The potential 

of CRISPR-based diagnostic systems was established in the recent global pandemic where 

numerous CRISPR-based tests were developed for SARS-CoV-2 (emerging virus responsible for 

COVID-19 pneumonia) detection [163, 172, 180-187].  

While CRISPR-based nucleic acid-sensing systems are growing rapidly, an objective approach to 

benchmark and compare the performances of different systems remains challenging. Several 

previous studies have reviewed the performances of various CRISPR-based methods [179, 188, 

213-215]. As a potential diagnostic tool, two of the most important performance metrics in 

CRISPR-based methods are the achievable limits of detections (LODs) and the required reaction 

times [213, 214]. It is generally favorable to obtain lower LODs in shorter reaction times. 

Ramachandran et al. recently presented an analytical model based on Michaelis-Menten enzyme 

kinetics to address the question of what are the achievable limits of detection and associated 

CRISPR reaction times [216]. This study demonstrated that the reaction time is inversely 

proportional to the target abundance and the Cas enzyme catalytic efficiency. Nevertheless, from 

the whole system perspective, the achievable LOD and the associated reaction time depend not 

only on the Cas protein catalytic efficiency but also on other conditions such as preamplification 

[137, 142], reaction volumes [217, 218], target activator [142, 216], and readout systems [188, 
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219]. Due to these variations, there were almost no identical setups among different reported 

CRISPR-based methods.  

In this work, we proposed and developed a figure of merit (FOM) for CRISPR-based nucleic acid-

sensing systems with the goal to quantitatively benchmark different methods and explore the 

performance improvement strategies. We developed a kinetic model utilizing a single-enzyme 

framework and then extended it to bulk (multi-enzyme) systems. The CRISPR-based nucleic acid-

sensing FOM, defined as the product of the LOD and CRISPR reaction time, is analytically 

established by connecting the LOD and reaction time to various reaction setup properties. Using 

the developed FOM model, we evaluated five strategies to achieve lower LODs with shorter 

reaction times (i.e., lowering the FOM value). We also compared the improved efficiency of these 

five strategies. Finally, we benchmarked a total of 55 published works related to CRISPR-based 

nucleic acid-sensing with reaction and performance parameters available. We found that digital 

CRISPR offers the best (lowest) FOM among various strategies and represents the most promising 

route towards amplification-free CRISPR-detection methods.  

6.2 Establishment of the CRISPR Sensing FOM 

Figure 6-1 presents the common steps for a CRISPR-based nucleic acid-sensing system. We 

assume the CRISPR nucleic acid-sensing starts with N0 copies of the targets (DNA or RNA). 

Normally, a preamplification step could be performed to increase the copy numbers of the targets. 

For RNA targets, a reverse transcription (RT) step should be performed before or simultaneously 

with the amplification. Afterward, the cDNA product could be directly utilized in the Cas12 assay 

[138, 220] and should be transcribed back to RNA targets in the Cas13 assay [137, 176]. While 
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each different amplification method has its unique kinetics, the number of the amplified targets 

(N1) can be related to the initial target quantity N0 as, 𝑁1 = 𝐴 𝑁0, where A is the amplification ratio.  

 

Figure 6-1. Typical steps in CRISPR-based nucleic acid-sensing system. As an optional step, the 

DNA or RNA targets could be pre-amplified before the Cas reaction to increase the target quantity. 

Reverse transcription or transcription will be needed depending on the Cas protein property and 

targets (note that the illustration shows a Cas13 assay as an example). In the CRISPR reaction, the 

target molecules are specifically recognized and bounded to the Cas proteins and their associated 

crRNA (i.e., Cas proteins activation). The trans-cleavage of the reporters could be described as an 

enzymatic reaction where activated Cas proteins and reporters act as enzymes and substrates, 

respectively. The cleaved reporter results in signal development in various forms (optical or 

electrical), which is detected by a readout system. 
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After this optional amplification step, the specific binding of the nucleic acids to the non-activated 

Cas proteins (Cas/crRNA binary complex) would activate the Cas proteins (Cas/crRNA/target 

ternary complex). Upon activation, Cas12 and Cas13 indiscriminately trans-cleavage ssDNA and 

ssRNA reporters, respectively [221]. Since the trans-cleavage activity is an enzymatic reaction, the 

CRISPR assay can be modeled as [216], 

𝐸 + 𝑆 ⇌
𝑘on

𝑘off

𝐸𝑆 →
𝑘𝑐𝑎𝑡

𝑃 + 𝐸     (6.1) 

where kon, koff, and kcat are the forward, reverse, and catalytic rates, respectively. E represents the 

enzyme (activated Cas protein), S is the substrate (intact reporters), ES is the reaction intermediate 

(enzyme-substrate reporter complex), and P signifies the product (i.e., cleaved reporters).  

 

To capture the speed of product formation, we started from the reaction speed of each individual 

activated enzyme. Studies have shown that the single enzyme reaction is a stochastic process [222], 

and the reaction speed (s-1) is the reciprocal of the mean waiting time 〈𝜏〉 and can be estimated 

as: 1/〈𝜏〉  = 𝑘𝑐𝑎𝑡[𝑆]/(𝐾𝑀 + [𝑆]) , where [𝑆]  is substrate concentration and KM is Michaelis 

constant and defined as (𝑘𝑜𝑓𝑓 + 𝑘cat)/𝑘on. Assuming the total activated enzymes is limited by the 

number of targets N1 (i.e., the input Cas/crRNA binary complex is more than the nucleic acid 

targets, with or without amplification), we can obtain the reaction speed (s-1) for the CRISPR 

reaction as:  

𝑣 = 𝑁1𝑘𝑐𝑎𝑡

[𝑆]

𝐾𝑀+[𝑆]
    (6.2) 

With a CRISPR incubation reaction time of T and reaction volume of Vr, the concentration of the 

cleaved product would be vT/Vr. In order to effectively detect the cleaved products, the product 
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concentration must be larger than the readout system's limit of detection Cmin (vT/Vr>Cmin). As a 

result, we can obtain a critical equation for the CRISPR based nucleic acid-sensing,  

𝑁0 ≥
𝑉𝑟 𝐶𝑚𝑖𝑛

𝐴 𝑇𝑘𝑐𝑎𝑡
[𝑆]

𝐾𝑀+[𝑆]

    (6.3) 

This equation means that the lowest quantity of a target concentration (i.e., LOD) that can be 

detected in a specific CRISPR assay is given by, 

𝐿𝑂𝐷 =
min (𝑁0)

𝑉0
=

𝑉𝑟 𝐶𝑚𝑖𝑛

𝑉0 𝐴 𝑇𝑘𝑐𝑎𝑡
[𝑆]

𝐾𝑀+[𝑆]

    (6.4) 

where V0 is the target sample volume in the Cas reaction. In theory, increasing the V0 would 

decrease the LOD of the system. However, V0 between 1 to 5 µL has been used in most reported 

Cas reactions [136, 137, 170]. This is because increasing the V0 could affect the assay buffer [170]. 

From Eq. 6.4, we can observe a clear tradeoff between the LOD and CRISPR reaction time (T). To 

benchmark different CRISPR assays, we defined a figure of merit (FOM) for CRISPR-based 

nucleic acid-sensing as the product of the LOD and reaction time,  

𝐹𝑂𝑀 = 𝐿𝑂𝐷 × 𝑇 =
𝑉𝑟 𝐶𝑚𝑖𝑛

𝑉0 𝐴 𝑘𝑐𝑎𝑡
[𝑆]

𝐾𝑀+[𝑆]

    (6.5) 

This CRISPR-based sensing FOM could be utilized to benchmark the performance of different 

assays as it is related to experimental conditions such as preamplification (A), the reaction volume 

(Vr), readout system (Cmin), and enzymatic efficiency (kcat, KM). A smaller FOM value means that 

lower quantities of the target could be detected faster. As a result, minimizing the FOM should be 

the goal for CRISPR-based assay optimization.  
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6.3 FOM Improvement Strategies 

6.3.1 Use of preamplification 

Based on Eq. 6.5, the FOM has a reverse relation with the amplification ratio (𝐴). This implies that 

utilizing amplification with higher A would decrease the FOM and improve the overall sensing 

performances. In fact, various preamplification methods such as polymerase chain reaction (PCR) 

[142, 172, 223], loop-mediated isothermal amplification (LAMP) [169, 180, 209], and recombinase 

polymerase amplification (RPA) [137, 211, 224] and their reverse transcriptase (RT) version [188] 

were adopted in the CRISPR assays. For example, in the Cas13-based SHERLOCK system, RPA 

was used to improve the LOD of the system up to 6 orders of magnitude [137]. In the Cas12-based 

HOLMES system, the LOD was improved by 7 orders of magnitude by introducing a 45 min PCR 

amplification to the assay [142]. However, it is noteworthy that while preamplification could 

improve the FOM of the CRISPR system significantly, utilizing this additional step complicates 

the assay design and could increase the cost and assay time.  

Figure 6-2a shows a radar chart comparing the six performance metrics of three common 

preamplification strategies used in CRISPR assays. (1) One-pot reaction. While the 

preamplification could be performed separately before the CRISPR assay in a two-step reaction, it 

is preferable to combine the preamplification and the CRISPR assay in a one-pot reaction to 

simplify the assay setup, decrease the assay time and reduce the risk of contaminations [179]. 



86 

 

 

Figure 6-2. Different strategies to reduce the FOM and improve the CRISPR nucleic acid-sensing 

performance. (a) Qualitative comparison of three common preamplification methods. (b) The 

reported catalytic rate constant (kcat) of CRISPR effectors activated by different activators (double- 

and single-stranded DNAs or RNAs). (c) Schematic of using multiple crRNAs in the CRISPR 

assay. Introducing n different crRNAs in the assay results in n times more activated Cas in the 

system and thus increasing the cleavage activity. (d) Effect of digitalization on the product (cleaved 

reporter) concentration. Reducing the reaction volume effectively increases the signal 

concentration for a fixed CRISPR reaction time. (e) Comparison of the typical detection limit of 

various readout methods (Cmin). (f) Back-of-the-envelope calculation of FOM improvement ratio 

using different strategies.  

 To this end, the reaction temperature between the preamplification and the CRISPR assay should 

be compatible. In this regard, RPA is the most suitable preamplification method to couple with 

CRISPR assays since the reaction temperature is similar (~37 ºC) [188] and PCR is incompatible 

with CRISPR due to its required thermal cycling. LAMP is somewhere in between due to its 

isothermal nature and had been used in one-pot CRISPR reactions [225]. Nevertheless, the required 

65 ºC working temperature is less compatible with that in the CRISPR assay [226]. (2) Primer 

design. Both PCR and RPA require only two primers [227]. On the other hand, the LAMP requires 

four to six primers that bind laterally to distinct sites of the DNA target [228]. Moreover, the 

 PCR  LAMP  RPA

Primer 

design

IP 

protection

Sensitivity

One-pot reaction

Instrument

 complexity

Sensitivity

Specificity 100

102

104

k
c
a
t (

s
-1

)

L
b
C

a
s1

2
a
 

L
b
C

a
s1

2
a
 

A
sC

a
s1

2
a
 

P
b
u
C

a
s1

3
b
 

L
b
u
C

a
s1

3
a
 

ssDNA dsDNA RNA

crRNA1 crRNA2

crRNAn

crRNA3
.

.

.

(a) Preamplification (b) Cas protein with higher kcat (c ) Multiple crRNA

(d) Digital (e) Sensitive readout

E
n

d
 p

ro
d

u
c
t
C

o
n

c
.

Reaction volume

1X

109X

106X

103X

fL pL nL µL

Cmin (M)

Optical

Electrical

Fluorescence 

(Portable)Fluorescence 

(Lab)

Nanopore

FET

Electrochemical

Colorimetric

(Naked eye)

1E-9 1E-6 1E-31E-15 1E-12

100

103

106

109

F
o

M
 i
m

p
ro

v
e
m

e
n
t 

ra
ti
o

P
re

am
pl

ifi
ca

tio
n

D
ig

ita
l

S
en

si
tiv

e 
re

ad
ou

t
H
ig

he
r 
k ca

t

M
ul

tip
le

 c
rR

N
A

(f) Comparison



87 

 

preamplification primer design is also restricted by the PAM (Cas12-based) [139, 220], and PFS 

(Cas13-based) [137] regions in the target. As a result, designing the LAMP primer is more 

challenging than the PCR and RPA assay. (3) Intellectual property (IP) protection. PCR is one of 

the first introduced amplification methods, and the foundational patents for PCR expired in March 

of 2005 in USA and 2006 in Europe [229]. Therefore, various companies could offer PCR reagents 

across the world [230]. The LAMP assay was patented by Eiken chemical company (EP 1020534 

B) from Japan, and this patent was expired in 2019 [231]. Currently, various companies such as 

New England Biolabs and Thermofisher in USA and OptiGene in Europe offer the required 

reagents for LAMP assay [232, 233]. On the other hand, RPA was introduced recently by TwistDx 

Limited from United Kingdom [231]. So far, only TwistDx and Alere offer the RPA reagents [234]. 

(4) Sensitivity. The sensitivity of a diagnostic test is defined as the number of true positives (judged 

by the 'Gold Standard') over the total number received a positive result on this test. Li et al.[235] 

reviewed over 50 studies and compared the sensitivity of RPA with PCR. They showed that the 

sensitivity of RPA is only half as the PCR. (5) Specificity. The specificity of a diagnostic test is 

defined as the number of true negatives (judged by the 'Gold Standard') over the total number 

received a negative result on this test. Although the sensitivity of the RPA was not comparable to 

PCR results, their specificity is comparable [235]. On the other hand, the complexity of primer 

design and the number of primers involved in LAMP reaction can lead to false positives from non-

specific primer interactions [236]. (6) Instrument complexity. To deploy the CRISPR-based 

diagnosis at the point of care, it is preferred to perform the assay with simple, easy-to-use, and cost-

effective instruments [179, 188]. Both LAMP and RPA are isothermal assays that could be 

performed using simple equipment [237] or even equipment-free [238-240]. On the other hand, the 

PCR method relies on thermal cycling, making the instrumentation more complex.  
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6.3.2 Use of Cas proteins with higher kcat 

According to Eq. 6.5, FOM has a reverse relation with the activated Cas catalytic rate (kcat). 

Assuming all other factors remain the same, Cas proteins with higher kcat would decrease the FOM 

of the CRISPR system. Different Cas proteins have shown different trans-cleavage activity with 

various catalytic rates [212, 241-246]. Figure 6-2b presents the kcat of different CRISPR effectors 

reported by different groups [139, 212, 216, 241, 243-247]. We observed four interesting features 

from these data. First, different Cas proteins have distinct kcat. Cas13 effectors generally have a 

higher cleavage rate. For example, the average kcat of LbuCas13a is around 1861 s-1, much higher 

than the 279 s-1 for LbCas12a with the dsDNA activator. Second, similar Cas proteins from 

different bacteria show different cleavage activity where the average reported kcat for LbCas12a is 

two orders of magnitude larger than AsCas12a. Third, different activators would result in different 

cleavage activities. In the case of Lbcas12a, the average kcat of dsDNA activator cases are around 

100 times higher than ssDNA activators. Forth, we observed a significant dispersion between the 

reported kcat for a specific Cas protein. For instance, the kcat of Lbcas12a with a dsDNA activator 

ranges from 0.08 to 1089 s-1. This result shows that the combination of identical Cas proteins with 

different sequences of crRNAs would result in different trans-cleavage speeds. In addition, Nguyen 

et al.[241] showed that crRNA extensions could also affect the Cas trans-cleavage activity. Their 

finding showed that adding a 7-mer ssDNA extension to the 3’-end of crRNA would improve the 

trans-cleavage activity of LbCas12a proteins (more than two times). The results from Figure 6-2b 

suggest that different combinations of Cas proteins, target activators, and crRNAs should be 

optimized to obtain the highest kcat. From these reported data in Figure 6-2b, selecting an optimal 

enzyme could reduce the FOM up to 3 orders of magnitude. 
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6.3.3 Use of multiple crRNA in the reaction  

Another strategy to reduce the FOM of CRISPR systems is the use of multiple crRNAs. Combining 

different crRNAs with the Cas proteins would enhance the population of Cas/crRNA binary 

complex in the same reaction. Consequently, one target would activate multiple Cas proteins in the 

assay (Figure 6-2c). Considering that different crRNAs would have different kinetics properties 

(𝐾𝑀 and 𝑘𝑐𝑎𝑡), the reaction speed with multiple crRNA can be written as: 

𝑣 = 𝑁1𝐴 ∑
𝑘𝑐𝑎𝑡𝑖

[𝑆]

𝐾𝑀𝑖
+[𝑆]

𝑛
𝑖=1   (6.6) 

where n is the number of crRNAs in the assay. Based on Eq. 6.6, increasing the number of crRNA 

could increase the cleavage rate. 

Recent studies have utilized this technique to improve the CRISPR sensing performance. Fozouni 

et al. used three different crRNAs in developing an amplification-free method for detecting SARS-

CoV-2 with CRISPR-Cas13a [246]. They showed that the LOD was improved 100-fold with the 

same CRISPR reaction time. In another study, Son et al. [248] utilized 26 different crRNAs in a 

Cas13a assay and improved the LOD 5 times. It is clear that utilizing multiple crRNAs could 

decrease the FOM value and improve the system performance. Nevertheless, the enhancement of 

the performance using this strategy is additive in nature (Eq. 6.6) and is unlikely to offer more than 

2 orders of magnitude improvements. In addition, utilizing multiple crRNAs could complicate the 

assay design and increase the cost significantly. 
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6.3.4 Use of digital CRISPR 

The FOM model also suggests that the CRISPR assay performance has a reverse relation with the 

reaction volume. Decreasing the reaction volume from microliter-scale to sub-nanoliter would 

improve the FOM of the system. In digital assays, bulk reaction volumes (~µL) are partitioned into 

thousands or millions of small reaction chambers with pL to fL volumes [249]. Figure 6-2d depicts 

the effect of reaction volume reduction on the product (cleaved reporter) concentration. As shown, 

the concentration of the product could increase up to 9 orders of magnitude. A few recent studies 

have utilized digital CRISPR to improve the performance of the assay. For instance, Tian et al. 

improved the LOD by five orders of magnitude by reducing the reaction volume to 15 pL[250]. 

Besides enhancing the FOM, another advantage of digitalized assays is the ability of absolute target 

quantification without the need for a standard curve [242, 251, 252]. Using Poisson statistics, the 

sample concentration can be estimated by -ln(1-p), where p is the ratio of the positive partitions 

over total partitions. Compared to other strategies, digital CRISPR could improve the FOM 

significantly (more than six orders of magnitude).  

6.3.5 Use of sensitive readout system 

Another parameter to improve the CRISPR FOM is the readout system's limit of detection Cmin. 

Sensitive readout systems with lower Cmin could help achieve lower FOM and better sensing 

performance (Eq. 6.5). While the majority of Cas12 or Cas13-based sensing systems were based 

on fluorescence signal [136, 169], colorimetric [168, 171], electrochemical [167, 212], and 

electronic readout [193, 223] were also explored for signal readout. Figure 6-2e compares the 

reported Cmin of the different readout systems [253-257]. Among the optical methods, while simple 

signal readout systems such as the naked eye and portable fluorescent reader do not offer high 
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sensitivity compared to other methods, they are appealing in developing cost-effective point of care 

devices. In addition, electrical systems such as the field-effect transistor (FET) biosensors [254] 

and nanopore sensors [257] offer a lower limit of detection (lower than 1 pM) and the potential for 

developing an integrated system.  

6.3.6 Comparison of FOM improvement strategies  

Figure 6-2f summarizes the FOM improvement ratio using these strategies. The improvement ratio 

was estimated by using the FOM model (Eq.5) with reported LOD and CRISPR reaction times of 

previous studies. As shown, preamplification and digital assays are most effective in improving the 

FOM. They could significantly improve the FOM by orders of magnitude (~106 to 109). Moreover, 

utilizing a sensitive readout system could improve the FOM by 3 to 5 orders of magnitude compared 

to a simple readout like using a naked eye. In comparison, utilizing multiple crRNA or different 

Cas proteins is less effective, although they can still improve the FOM by about 2 orders of 

magnitude. It is noteworthy that multiple strategies could be implemented in one system to achieve 

lower FOM. For instance, Son et al. [248] combined digitalization and multiple crRNA in a single 

system and reduced the FOM by more than 6 orders of magnitude compared to the non-amplified 

Sherlock system [137].  

6.4 Performance Benchmarking 

Numerous CRISPR-based nucleic acid-sensing systems were reported in the past several years 

[188, 219, 258]. The FOM model described in Eq. 6.5 provides us with a tool to benchmark the 

performance of these different systems. We studied a total of 55 published works (Table 6-1) 

related to CRISPR-based nucleic acid-sensing up to this date (Dec. 2021) [135, 137, 139, 142, 167-
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169, 172, 173, 175, 180-184, 189, 191, 211, 212, 218, 223-225, 242, 246, 248, 250, 256, 259-285]. 

It is noteworthy that while many more CRISPR-based sensing studies have been published in the 

past few years, we only include those with the LOD and CRISPR reaction time available.  

Figure 6-3 shows the LOD versus CRISPR reaction time scattering plots along with the FOM-

equivalent dash lines from 10-6 to 10-18 M·min. Note that the upper right corner represents a smaller 

FOM value and is thus preferred since it means lower LODs can be achieved by shorter CRISPR 

reaction times. We observed three important features in Figure 6-3. First, there is a general reverse 

relation between the LOD and reaction time. This is not surprising since the LOD×T is a constant 

for a CRISPR assay with constant properties (Eq. 6.5).  

Table 6-1. Summary of the reported CRISPR-based diagnostics with LOD and CRISPR reaction 

time available.   

Pathogen 
Targ

et 
Effector 

Readout 

System 

Amplifica

tion 

Amplification 

time (min) 

CRISPR 

reaction 

time 

(min) 

LOD 

(aM) 
Ref. 

Citrus greening 

disease 
DNA LbCas12a Fluorescence LAMP 40 5 16.6 [282] 

African Swine 

Fever 
DNA LbCas12a Fluorescence LAMP 40 20 3.6 [173] 

African Swine 

Fever 
DNA LbCas12a Fluorescence Non Non 480 1e6 [135] 

African Swine 

Fever 
DNA LbCas12a Fluorescence Non Non 1440 1e5 [135] 

HPV DNA LbCas12a Fluorescence RPA 15 60 16.6 [281] 

African Swine 

Fever 
DNA LbCas12a Fluorescence RPA 30 60 10 [280] 

SARS-CoV-2 RNA LbCas12a Fluorescence RPA 30 30 16.6 [279] 

HPV DNA LbCas12a Fluorescence RPA 10 60 10 [139] 

Pseudorabies 

virus 
DNA LbCas12a Fluorescence Non Non 15 1e8 [142] 

Pseudorabies 

virus 
DNA LbCas12a Fluorescence PCR 45 15 10 [142] 

SARS-CoV-2 RNA LbCas12a Fluorescence 
RPA (one 

pot) 
Non 40 80.3 [182] 

P.aeruginosa DNA LbCas12a Colorimetric LAMP 15 30 3.4 [278] 

HPV DNA LbCas12a Colorimetric PCR 50 30 240 [277] 

Liver cancer DNA LbCas12a Colorimetric Non Non 60 2e8 [168] 
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Ebola virus RNA LbCas12a Fluorescence RPA 40 240 10 [224] 

HPV RNA LbCas12a 
Electrochemic

al 
Non Non 60 3e7 [191] 

Synthesized 

target 
RNA AacCas12b Fluorescence LAMP 30 30 10 [169] 

SARS-CoV-2 RNA AacCas12b Fluorescence RAA 30 30 16.6 [183] 

Zika virus RNA LwCas13a Fluorescence RPA 120 60 2 [137] 

Zika virus RNA LwCas13a Fluorescence Non Non 60 5e5 [137] 

SARS-CoV-2 RNA LbuCas13a Fluorescence Non Non 120 1.6e4 [246] 

SARS-CoV-2 RNA 

LbuCas13a 

(Multiple 

crRNA) 

Fluorescence Non Non 120 166 [246] 

Synthesized 

target 
RNA LbuCas13a Fluorescence Non Non 120 1e6 [276] 

Synthesized 

target 
RNA LbuCas13a Fluorescence Non Non 20 3.7e9 [256] 

Zika Virus RNA LbuCas13a Fluorescence RPA 20 60 6 [211] 

Cytomegalovir

us 
DNA LwCas13a Fluorescence RPA 50 180 0.6 [275] 

White Spot 

Syndrome 
RNA Cas13a Colorimetric RPA 40 180 1.6 [175] 

Various tumor 

cells 

mRN

A 
LbuCas13a 

Electrochemic

al 
EXPAR 30 30 1e3 [212] 

SARS-CoV-2  RNA AsCas12a Nanopore PCR 30 30 22.5 [223] 

SARS-CoV-2  RNA LbCas12a Fluorescence LAMP 30 10 16.6 [180] 

SARS-CoV-2  RNA AsCas12a Fluorescence LAMP 30 30 8.3 [181] 

SARS-CoV-2  RNA LwaCas13a Fluorescence RPA 20 60 16.6 [184] 

SARS-CoV-2  RNA LbCas12a Fluorescence 
RPA (one 

pot) 
Non 60 1.5 [274] 

African Swine 

Fever 
DNA LbCas12a Fluorescence Non Non 60 30 [242] 

SARS-CoV-2  RNA LbuCas13a Fluorescence Non Non 60 10 [250] 

SARS-CoV-2  RNA Cas12a Fluorescence 
RPA (one 

pot) 
Non 60 1.6 [273] 

SARS-CoV-2  RNA LbCas12a Fluorescence LAMP 20 15 16.6 [272] 

SARS-CoV-2  RNA LbCas12a Fluorescence 
DAMP 

(one pot) 
Non 50 8.3 [218] 

HPV DNA AaCas12b Fluorescence RPA 10 180 1 [271] 

HPV DNA LbCas12a 
Electrochemic

al 
Non Non 60 5e7 [189] 

SARS-CoV-2 RNA AapCas12b Fluorescence 
LAMP 

(one pot) 
Non 60 3.3 [225] 

Different 

Viruses 
RNA LwaCas13a Fluorescence 

PCR or 

RPA 
20 180 0.9 [270] 

miR-19b and 

miR-20a 

mRN

A 
LwaCas13a 

Electrochemic

al 
Non Non 15 1e7 [167] 

SARS-CoV-2 RNA LbCas12a Colorimetric RPA 30 20 8.3 [269] 
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Listeria 

monocytogenes 
DNA LbCas12a 

Electrochemic

al 
RAA 30 90 0.68 [268] 

SARS-CoV-2 RNA LbCas12a Fluorescence RPA 30 10 16.6 [267] 

SARS-CoV-2 RNA LwaCas13a Fluorescence PCR 22 30 332 [172] 

SARS-CoV-2 RNA LbuCas13a  Fluorescence Non Non 15 8.3 [248] 

SARS-CoV-2 RNA 

LbuCas13a 

multiple 

crRNA  

Fluorescence  Non Non 15 1.6 [248] 

SARS-CoV-2  RNA 
LbCas12a 

 
Colorimetric RPA 20 60 1e5 [266] 

DENV-4 DNA AsCas12a 
Electrochemic

al 
Non Non 120 1e3 [265] 

BRCA-1 DNA AsCas12a Fluorescence Non Non 30 1e4 [264] 

HPV DNA 
LbCas12a 

 
Fluorescence Non Non 60 1e5 [263] 

Bacillus 

anthracis gene 
DNA 

LbCas12a 

 
Fluorescence Non Non 15 1e7 [262] 

Synthesized 

target 
DNA 

LbCas12a 

 
Fluorescence Non Non 60 1e5 [261] 

SARS-CoV-2  RNA 
LbCas12a 

 
Fluorescence RPA 15 25 83 [260] 

Staphylococcus 

aureus 
DNA 

LbCas12a 

 
Colorimetric RAA 20 20 1 [259] 

SARS-CoV-2 RNA 
LbCas12a 

 
Fluorescence 

RPA (one 

pot) 
Non 60 2 [283] 

SARS-CoV-2 RNA 
LbCas12a 

 
Fluorescence LAMP 10 25 6.5 [284] 

SARS-CoV-2 RNA 
LbCas12a 

 
Fluorescence LAMP 40 10 26 [285] 

 

These aggregated data confirm a tradeoff between the assay's LOD and the required reaction time. 

Second, these data points can be divided into six categories (shown as oval in Figure 6-3): (1) 

ensemble without amplification, (2) ensemble with amplification, (3) ensemble using multiple 

crRNA, (4) digital without amplification, (5) digital with amplification, and (6) digital using 

multiple crRNA. 
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Figure 6-3.. Scattering plot of the limit of detection versus CRISPR reaction time for a total of 55 

CRISPR-based sensing studies, along with the FOM equivalent dash lines from 10-18 to 10-6 M·min. 

The data points were divided into six categories separated by the ovals in the figure. The top right 

side of the figure indicates a lower FOM and thus a better CRISPR sensing performance. Within 

each category, the data points do not perfectly reside on a single line (LOD×T = Constant). This is 

because the used Cas protein, crRNA, target, amplification method, and readout system could vary 

within each category. 

 

 The category of the ensemble without amplification represents the plain vanilla version of the 

CRISPR-based sensing. The data points within this category show the worst FOM (1 nM·min to 1 

pM·min, red oval in Figure 6-3). The data points from all other categories show significant FOM 

improvements as seen from the up-right shift of these populations. Compared to the plain vanilla 

version, preamplification or digitalization strategies could improve the CRISPR sensing FOM by 

6 to 9 orders of magnitude, consistent with the predictions in Figure 6-2f. Third, FOM in the order 

of 1 fM·min to 10 fM·min could be achieved within the digitalization categories with or without 
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preamplification. This means that a target concentration of 100 aM to 1 fM could be obtained in 10 

min CRISPR reaction time using digital assays without amplification, which was experimental 

validated [218, 247, 273]. The best FOM performance was observed by combining digital assay 

and multiple crRNA cases where FOM deceased to 24 aM·min [248]. As a result, digital CRISPR 

assay provides the most appealing method for amplification-free CRISPR-based nucleic acid-

sensing. 

6.5 Summary 

In summary, we proposed and developed a figure of merit (FOM) for CRISPR-based nucleic acid-

sensing systems to quantitatively benchmark different methods and explore the performance 

improvement strategies. The CRISPR-based nucleic acid-sensing FOM, defined as the product of 

the LOD and CRISPR reaction time, is analytically established by connecting the LOD and reaction 

time to various reaction setup properties. Based on the developed model, we found that the CRISPR 

sensing FOM was linked to the reaction volume, the sensitivity of the readout system, 

preamplification efficiency, and Cas protein enzymatic properties. We evaluated different 

strategies to reduce the FOM and improve the performance of the CRISPR systems, including the 

use of preamplification, novel Cas proteins with higher kcat, multiple crRNA, digital CRISPR, and 

sensitive readout systems. Comparison of FOM improvement strategies showed that 

preamplification and digital CRISPR have the highest impact on the FOM (up to 9 orders of 

magnitude). We benchmarked the FOM performances of 55 existing studies and found that the 

effectiveness of these strategies on improving the FOM is consistent with the model prediction. In 

particular, we found that digitalization is the most promising amplification-free method for 

achieving comparable FOM performances (~1 fM·min) as those using preamplification.  
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CHAPTER 7 STAMP-BASED DIGITAL CRISPR-CAS13A 

(STAMP-DCRISPR) FOR AMPLIFICATION-FREE 

QUANTIFICATION OF HIV-1 PLASMA VIRAL LOAD 

In this chapter, we report the development of a self-digitalization through automated membrane-

based partitioning (STAMP) technique to digitalize the CRISPR-Cas13 assay (dCRISPR) for 

amplification-free and absolute quantification of HIV-1 viral RNAs. The analytical performances 

of STAMP-dCRISPR were evaluated with synthetic HIV-1 RNA, and it was found samples 

spanning 4 orders of dynamic range between 100 aM to 1 pM can be quantified as fast as 30 min. 

We also examined the overall assay from RNA extraction to STAMP-dCRISPR quantification with 

spiked plasma samples. The overall assay showed a resolution of 42 aM at a 90% confidence level. 

Finally, a total of 20 clinical plasma samples from patients were evaluated with STAMP-dCRISPR. 

The obtained results agreed well with the RT-qPCR. Our result demonstrates a new type of easy-

to-use, scalable, and highly specific digital platform that would offer a simple and accessible 

platform for amplification-free quantification of viral RNAs, which could be exploited for the 

quantitative determination of viral load for an array of infectious diseases. 

7.1 Introduction 

Acquired immunodeficiency syndrome (AIDS) caused by human immunodeficiency virus (HIV) 

infection, a notorious fatal epidemic, has led to millions of deaths worldwide since its origin [286]. 

Although AIDS-related annual mortality has reduced by 33% in the past decade due to the 

application of antiretroviral therapies and advanced HIV diagnosis, the number of new HIV 

infections remains high (for instance, 1.5 million in 2020 globally), which is estimated to cost 

billions of dollars for AIDS therapy [287]. Since AIDS patients at early stages tend to present no 
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obvious symptoms but can still be infectious, early awareness of infection enables timely treatment 

for exposed patients and prevents further transmission [288]. Viral load quantification of the HIV-

1 RNA not only identifies the progression of the disease in a patient but also could be employed to 

monitor the trends in large populations of patients [289-291]. Therefore, nucleic acid tests (NAT) 

that have been utilized for viral load quantification hold tremendous promise in AIDS diagnosis 

[292]. One of the major techniques for viral load quantification of HIV is the reverse transcriptase 

quantitative polymerase chain reaction (RT-qPCR) due to its accessibility and high sensitivity [289, 

293]. Although RT-qPCR has been the gold standard for detecting the HIV-1 RNA [294, 295], the 

emerging clustered regularly interspaced short palindromic repeats (CRISPR) based technology 

has taken immense attention for nucleic acid tests due to its high sensitivity and specificity [213, 

221].  

Since the discovery of Cas9 proteins for gene editing, the CRISPR technology has taken center 

stage in biotechnology [206]. Recently, the discovery of the collateral cleavage in other Cas 

proteins like Cas12 [142] and Cas13 [137] made it possible to translate the sequence-specific 

targeting to other detectable signals, which has led to the increasing emergence of CRISPR-

mediated biosensors [130, 136-138, 166-170, 189, 193, 211, 212, 223]. Among these CRISPR-

mediated assays, a preamplification step is often required to boost the limit of detection and time 

to results performance [134, 170]. However, preamplification complicates the assay setup, 

increases the assay time, raises the risk of contamination, and could introduce false-negative or -

positive results due to amplification errors [179]. We previously investigated different strategies to 

boost the CRISPR assay performance [296], such as the use of Cas proteins with higher cleavage 

activity [200], the use of multiple crRNA in the reaction [246, 248], the use of a sensitive readout 

system [257], and the reaction digitalization [218, 242, 247, 248, 250, 273, 274, 297-302]. Among 

these techniques, we found only the digitalization method could match the limit of detection 
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(attomolar range) and the fast turnaround time (less than 1 hour) of preamplification-coupled 

CRISPR assays [296].  

So far, various digitalization techniques have been introduced. For instance, water in oil droplets 

generated by T-junction [18], flow focusing [19, 20], and centrifugation [21] have been used for 

digitalization. Furthermore, digital assays have been performed inside numerous microchambers 

fabricated by polydimethylsiloxane (PDMS) or glass chambers. Partitioning of the assay inside 

these chambers has been achieved using vacuum [22, 23], pressure [24], SlipChip [25], hydrophilic 

patterns [26, 27], or self-digitization [28]. While these techniques have been optimized and 

improved considerably, complicated fluidic control systems and complex micro and 

nanofabrication processes are required for them. Therefore, developing a platform to eliminate 

complicated fluidic control and fabrication processes would be desirable for highly accessible 

digital assay systems. 

In this study, we demonstrated a self-digitalization method through an automated membrane-based 

partitioning (STAMP) and developed a STAMP-based digital CRISPR-Cas13a (STAMP-

dCRISPR) for the absolute quantification of HIV-1 viral load. We first established a stamping 

technique to digitalize the Cas13a assay inside a commercial track-etched polycarbonate (PCTE) 

membrane without a complicated fluidic control process (e.g., pump, vacuum, and valve). To 

optimize the Cas13a assay, we studied the effect of different CRISPR RNA (crRNA) design and 

assay reaction time on the sensing performance. The absolute quantitative performance, the limit 

of detection and the dynamic range were evaluated by quantifying the synthetic HIV-1 RNA at 

different concentrations. We also examined the overall assay from plasma RNA extraction to 

STAMP-dCRISPR with spiked HIV-1 plasma samples. Finally, the clinical applicability of the 

STAMP-dCRISPR was demonstrated in the absolute quantification of 20 HIV-1 patient samples 
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7.2 Methods 

7.2.1 STAMP device fabrication 

The PMMA holders were prepared by cutting the PMMA sheets with 1/8” thickness using a laser 

cutter machine (Universal Laser System). Two pieces of PMMA with the dimensions of 24×24 mm 

and 35×35 mm with inner circles of 11 and 13 mm were fabricated and attached using acrylic 

cement (United States Plastic Corporation, cat# 46872). To handle the track-etched polycarbonate 

membranes (Sterlitech Corporation, cat# PCT25025100), we utilized a vacuum pen (Pen-vac pro 

series V8910). The PVP layer of the membranes was removed by dipping the membranes in 10% 

acetic acid for 30 min, followed by heating to 140 °C for 60 min in a vacuum oven. Afterward, the 

membrane was attached to the holder using adhesive tapes (70 µm thickness). We used mineral oil 

purchased from Sigma-Aldrich (cat# 69794-500ML) to seal the membrane. 

7.2.2 Automated data acquisition and analysis 

The fluorescent images were taken using a fluorescent microscope (Nikon ECLIPSE Ti). The 

integration time was set as 6 s to image the membrane. To cover the whole membrane, a motorized 

stage (Prior OptiScan) was utilized, and 24 images were taken to cover the membrane. A stitching 

algorithm was employed to obtain the whole fluorescent images of each membrane. Afterward, 

MATLAB (MathWorks) software was used to implement a k-means clustering algorithm to 

differentiate between positive and negative pores. 
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7.2.3 crRNA design and selection 

The optimal protospacer length observed for Cas13a is 28 nucleotides along [303]. In addition, 

Abudayyeh et al. analyzed the flanking regions of protospacers and found that sequences starting 

with a G immediately after the 3' end of the protospacer were less effective relative to all other 

nucleotides (A, U, or C) [304]. Therefore, considering the protospacer-flanking site (PFS), 28 

nucleotide crRNA protospacer sequences were designed by targeting the HIV-1 type B sequence 

downloaded from the NCBI website. In the next step, 496 complete HIV sequences deposited in 

NCBI server were downloaded on 9/14/2021. These sequences were aligned using SnapGene 

software. We searched designed crRNAs against the aligned sequence with more than 80% 

similarity and chose five matched crRNAs. It should be mentioned that we used a previously 

validated sequence for the direct repeat region of the crRNA as follows: 5’- 

GAUUUAGACUACCCCAAAAACGAAGGGGACUAAAAC -3’ [170].  

7.2.4 Cas13 reaction mixture 

The designed crRNAs were synthesized by Integrated DNA Technologies. The crRNAs were 

resuspended in pH 7.5 buffer and stored at -80 ºC. LwaCas13a proteins were purchased from 

MCLAB (cat# CAS13a-100). Cas13a and crRNA were mixed in 1×PBS to form the non-activated 

Cas13a/crRNA at room temperature for 20 min and stored at -80ºC. In the cleavage reaction, the 2 

µL of non-activated Cas13a/crRNA complex was mixed with the 2 µL of RNA target in 9.5 µL of 

water, 0.5 of Murine RNase Inhibitor (purchased from New England Biolabs, cat# M0314S), 2 µL 

of FQ-labeled reporter (RNaseAlert substrate purchased from IDT, cat# 11-04-02-03), and 4 µL of 

a CRISPR buffer consisting of 20 mM HEPES-Na pH 6.8, 50 mM KCl, 5 mM MgCl2, and 5% 
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glycerol. Afterward, the mixed solution was incubated in a microplate (for bulk assays) or PCTE 

membranes (for digital assays) at 37ºC for different reaction times. 

7.2.5 Bulk Cas 13a assay  

For bulk assay fluorescent signal acquisition, the 20 µL CRISPR reaction mix was incubated inside 

a 384 well black plate (purchased from ThermoFisher, cat# 142761). The fluorescent signal was 

measured every 30 s for different reaction times using a microplate reader (Tecan plate reader 

infinite 200 PRO). The excitation wavelength was set as 480 nm with a bandwidth of 9 nm, and the 

emission wavelength was set as 530 nm with a bandwidth of 20 nm. The temperature was fixed at 

37ºC. The gain and integration time were set as 110 and 20 µs, respectively. 

7.2.6 STAMP-dCRISPR assay 

For the STAMP-dCRISPR, the CRISPR reaction mix was incubated inside the PCTE membrane 

using STAMP. In the first step, 8 µL of reaction mix was dropped on top of a glass surface, and the 

stamp was slowly placed on top of it. After 60 seconds, we started the second step and sealed the 

top surface of the membrane by adding 60 µL of mineral oil on top of the membrane. The stamp 

was peeled off from the glass surface in the third step. In the final step, the stamp was placed on 

top of the system base, which consisted of a glass substrate and a double-sided tape filled with 

mineral oil to seal the bottom side of the membrane. The sealed system was placed on top of a hot 

plate (Fisherbrand Isotemp Hot Plate) at 37 °C for different reaction times. 
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7.2.7 Contrived plasma mock sample and clinical samples  

To prepare the contrived plasma mock sample, different copies (1000, 1500, 2000, 2500, and 3000) 

of HIV viral particles (Seraseq, cat# 0740-0004) were mixed in 140 µL of fresh, healthy plasma 

(Research Blood Components). After mixing, the samples were preserved at -80 °C. The clinical 

HIV plasma samples were obtained from Hershey Medical Center by an approved institutional 

review board (IRB) of the Pennsylvania State University. All samples were coded to remove 

information associated with patient identifiers. The plasma samples were stored at -80 °C before 

the examination.  

7.2.8 Viral RNA extraction from plasma 

To extract the RNA a column-based RNA extraction kit purchased from Qiagen (cat# 52904) was 

utilized. The procedure is optimized for samples with a volume of 140 µL. The sample is first lysed 

under the highly denaturing conditions provided by a viral lysis buffer. In addition, we added carrier 

RNA to the lysis buffer, which enhances the binding of viral RNA to the kit membrane and reduces 

the chance of viral RNA degradation. Afterward, the purification was carried out in 3 steps using a 

standard centrifuge (Eppendorf centrifuge 5425). We washed the sample using ethanol and 2 

washing buffers provided by the kit. In the final stage, we used 10 uL of nuclease-free water 

(BioLabs, cat# 52904B1500S) as an elution buffer to obtain the extracted RNAs from the 

membrane.  
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7.2.9 HIV-1 RT-PCR assay 

We used a one-step, two-enzyme RT-PCR protocol for HIV-1 assays. The reaction has a total 

volume of 20 µL, consisting of 5 µL TaqMan Fast Virus 1-Step Master Mix (cat# 4444432, 

Thermofisher), 1.2 µL forward primer (0.6 µM), 1.2 µL reverse primer (0.6 µM), 0.5 µL probe 

(0.25 µM), and 10 µL RNA templates as well as 2.1 µL PCR grade water. We used a previously 

validated HIV-1 RT-PCR primer set (Forward primer: 5'- 

CATGTTTTCAGCATTATCAGAAGGA -3', and Reverse primer: 5'- 

TGCTTGATGTCCCCCCACT -3') [305]. In addition, the probe was selected as 5'- FAM-

CCACCCCACAAGATTTAAACACCATGCTAA-Q -3', where Q indicates a 6-

carboxytetramethylrhodamine group quencher conjugated through a linker arm nucleotide. The 

following thermal cycling sequences performed the RT-PCR: 50 ℃ for the first five minutes 

without repeating to reverse transcription reactions which convert HIV-1 RNA into cDNA, then 

95℃ for 20 seconds without repeating to initiate amplification, followed by 46 cycles of 

amplification stage consisting of 3 seconds of 95 ºC and 30 seconds of 60ºC thermal-cycling.  

7.3 Results and discussion 

7.3.1 STAMP device and characterization 

In order to achieve self-digitalization without complicated fluidic control, we developed the 

STAMP method to digitalize the assay. In this method, a commercial polycarbonate track-etched 

(PCTE) membrane was utilized for digitalization. This type of commercial membrane consists of 

a high density of micro/nanopores with uniform pore sizes ranging from 10 nm to 30 μm [29]. 

Figure 7-1a illustrates a top and side view of the assembled stamp device where the membrane is 
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sandwiched between a polymethyl methacrylate (PMMA) holder and a thin tape (70 µm thickness). 

In addition, Figure 7-1a depicts an image of the transparent and flexible PCTE membrane with a 

diameter of 1.3 cm. We characterized the pore size distribution by examining 5 different 

membranes. As shown in Figure 7-1b, the average pore size was measured as 24.6±1.6 μm, and 

the pore density was determined to be 9895±531 pores/cm2.  

The operation of the stamp device only requires 4 simple manual steps. In the first step (Figure 

7-1c-i), the analyte sample droplet was deposited on top of a glass surface, and the stamp was 

slowly placed on top of it. To ensure the filling process, only 8 µL of the sample was required, 

which is 33% more than the spacing volume of 6 µL between the membrane and glass surface. 

Once in contact, the surface tension between the sample and pore walls causes a capillary action 

that forces the sample into the membrane's pores. After 60 seconds of soaking, 60 µL of mineral 

oil was added to the top chamber to seal the top surface of the membrane (Figure 7-1c-ii). An 

inspection of the stamp confirmed that all pores were successfully filled despite that there were 

excessive liquids underneath the membrane (Figure 7-2a). To remove these excessive samples, 

one only needs to peel off the stamp from the glass surface (Figure 7-1c-iii). The as-purchased 

membranes were coated with polyvinylpyrrolidone (PVP) which renders the surface hydrophilic. 

To facilitate the excessive liquid removal, this hydrophilic coating was removed by dipping the 

membranes in 10% acetic acid for 30 minutes and heating at 140 °C for 60 minutes in a vacuum 

oven. 

Figure 7-1d shows that the contact angle increased from 48 to 79 degrees after this chemical 

treatment, confirming the PVP removal process. Since the glass surface is hydrophilic and the 

PCTE membrane surface is hydrophobic, the excess liquid would remain on the glass and be 

removed from the membrane surface. In the pore areas, the surface tension overcomes the liquid 

intermolecular forces and holds the sample inside the pores. An examination of the stamp confirms 
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this process for effectively removing the excess liquid while maintaining the digitalized samples 

(Figure 7-2b). Lastly, the stamp was placed on top of a customized base with prefilled mineral oil 

(Figure 7-1c-iv) to form a fully sealed digital system for further reaction.  

 

Figure 7-1. STAMP device characterization and filling process. a) Different components of the 

STAMP system along with a top-side view of the assembled device and images of the commercial 

PCTE membranes. b) Pore size distribution of five different membranes and their total number of 

pores. d) STAMP process. i. The process starts by placing the stamp device on top of the sample. 

ii. The top side of the system is sealed by adding mineral oil. iii. The stamp is removed from the 

glass to eliminate the excess liquid from the bottom of the membrane. iv. The stamp is placed on 

the setup base (consisting of glass, double-sided tape, and mineral oil) to seal the bottom side of 

the system. d) Chemical treatment to remove the polyvinylpyrrolidone (PVP) coating from the 

PCTE membrane. The contact angle of a water droplet on top of the membrane increased from 48 

to 79 degrees after treatment, confirming the effectiveness of the PVP removal process. e) 

Fluorescent images of a membrane demonstrating the filling of the membrane using STAMP before 

and after 30 minutes of heating at 37 °C. All filled pores are labeled with a filled green circle to 

demonstrate the filling process. f) Measured filling ratio of the membranes before and after 30 

minutes of heating at 37 °C. We used a bright image of the membrane to estimate the total number 

of pores. 
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Figure 7-2. Effect of peeling-off stage on the excess sample removal process. Fluorescent images 

of the membrane a) before and b) after the peeling-off stage of the stamping process. These images 

confirmed the excess sample removal process in the peeling-off stage.  

 

To evaluate the membrane filling process and evaporation under heating procedures, we measured 

the filling ratio (total number of filled pores per total number of pores) of the final sealed membrane 

before and after 30 minutes of heating at 37 °C. Figure 7-1e and Figure 7-1f illustrate 

representative fluorescent images of the membrane and the measured filling ratio before and after 

the heating procedure. The average filling ratio before the heating was measured as 91.09%. 

Usually, some parts of the membranes do not fill, which could be caused by the sample 

intermolecular forces overcoming the surface tension when the stamp is removed from the glass. 

After 30 minutes of heating at 37 °C, we observed evaporations in some parts of the membrane 

where the filling ratio reduced to 83.54%. Those unfilled pores show no fluorescence signals at all 

and can be easily distinguished from the pores with negative reactions (which exhibit weak 

fluorescence signals, Figure 7-3). To improve the accuracy of the absolute quantification, we only 

considered the filled pores as the total number of reactions in our system. 

 

Before peeling off stage after peeling off stagea) b)
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Figure 7-3. Typical fluorescent signals from a negative and positive reaction. Fluorescent image 

of part of a membrane demonstrating typical fluorescent signals from a negative and positive 

reaction. The negative reaction containing the unquenched FAM reporters also shows a weak 

fluorescence signal in our fluorescent images. 

 

7.3.2 Automated HIV-1 STAMP-dCRISPR system and its noise floor 

After the development of the STAMP device, we set out to develop a platform to utilize the STAMP 

for running the digital CRISPR (dCRISPR) assay for HIV-1 viral load quantification. The Cas13a 

reaction mix was digitalized inside the membrane using the STAMP technique (Figure 7-4a). With 

binding to the specific RNA-guided target, Cas13a proteins become activated and perform trans-

cleavage on the surrounding FQ-labeled single-stranded reporter [142] (Figure 7-4b).   

Fluorescence images of the membranes were taken by a fluorescence microscope with a motorized 

stage to cover the whole membrane (Figure 7-4c). The light source wavelength was filtered to 480 

nm using an excitation filter and redirected to the sample using a dichroic mirror. Afterward, the 

emitted light from the sample was obtained by CMOS camera after filtration. 24 images were taken 

and stitched together to cover the whole membrane area (Figure 7-4d). The acquired images were 

analyzed to distinguish positive from negative pores based on the fluorescent intensity emitted from 

each pore. We utilized a k-means clustering algorithm to differentiate between positive and 

Negative reaction

Positive reaction
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negative pores [306] (Figure 7-4e, Figure 7-5). The Poisson statistics was utilized to quantify the 

number of HIV-1 RNA targets without external references. 

 

Figure 7-4. Utilization of STAMP device for running the digital CRISPR assay for HIV-1 viral 

load quantification. a) Digitalization of CRISPR-Cas13a assay including HIV-1 RNA, Cas13a and 

crRNA complex, fluorophore quencher (FQ)-labeled single-stranded RNA reporters. b) Trans-

cleavage activity of the activated Cas13a proteins (after binding with HIV-1 RNAs) on non-target 

surrounding FQ RNA reporters. Cleavage of the reporters results in the FAM fluorescence 

illumination. c) Fluorescent imaging setup. d) The fluorescent image of a whole membrane stitched 

from 24 images taken by the microscope. e) Clustering the positive and negative pores based on 

their fluorescent intensity using a k-means clustering algorithm. f) Fluorescent images illustrating 

positive and negative pores at 4 negative control cases. All positive pores are labeled with a filled 

green circle for better demonstration. 

 

Fluorescence images of the membranes were taken by a fluorescence microscope with a motorized 

stage to cover the whole membrane (Figure 7-4c). The light source wavelength was filtered to 480. 

With n total number of reactions, the positive pore ratio (PPR) is defined as PPR=m/n, where m is 

0 1000 2000 3000 4000
0

500

1000

1500

C
o
u

n
t

Fluorescence Intensity 

 Negative

 Postive

Trans-cleavage 

activity at 37  C

HIV-1 

RNA
Cas13a+

crRNA

FQ 

report

er

Cleaved 

reporter

Activated 

Cas13a

Fluorescent 

imaging Motorized stage

4X

Light Source

DM

Ex Filter

Em Filter

M

Analyzing the

image

CMOS 
camera

k-means clustering

Constructing the whole 

membrane image

a) b) c)

e) d)

f)
NTC 1 NTC 2 NTC 3 NTC 4



110 

 

the number of positive reactions. Based on the Poisson statistics, the concentration of the sample 

could be estimated as: 

𝐶 =
𝜆

𝑉𝑝
= −

ln(1−𝑃𝑃𝑅)

𝑉𝑝
     (7.1) 

where 𝜆 is the expected number of targets in each pore, and 𝑉𝑝 is the average volume of the pores. 

We examined the no-target control (NTC) cases to obtain the background noise of STAMP-

dCRISPR. Figure 7-4f presents the fluorescent images of the 4 NTC cases. While no targets were 

added in these cases, few positive pores were detected. Multiple factors could cause the background 

noise in our systems, such as non-specific reporter cleavage [307, 308], imaging [309, 310], and 

post-processing inaccuracy [309]. The system background noise (defined as µNTC+3σNTC ) was 

measured as  0.00093, where µNTC and σNTC are the averages and standard deviation of the PPR in 

the negative cases measured. 

 

Figure 7-5. Algorithm for acquiring the fluorescent intensity and stitching of the images. The 

algorithm runs through 24 images and identifies the pixels inside the filled pores in each case. 

Afterward, The fluorescent intensity of each pore is calculated by combining the intensity of the 

pixels inside the pores. After examining all 24 images, a k-means algorithm would classify the 

positive and negative pores based on the fluorescent intensity. Finally, the concentration of the 

sample would be calculated using Poisson statistics. 
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7.3.3 Design and optimization of HIV-1 Cas13 assay  

To optimize the Cas13 crRNA design, we initially designed five crRNAs along the HIV-1 genome 

(red rectangles in Figure 7-6a, Table 7-1). In addition, we synthesized five 100 nucleotides target 

to cover each designed crRNA (colored rectangles in Figure 7-6a, Table7-2). We cross-react the 

crRNAs with target samples and no target samples in a total of 30 reactions to validate the assay's 

specificity.  

Table 7-1. Detailed sequences of crRNAs  

 

Table 7-2. Detailed sequences of targets 

HIV-1 Target 1 

fragment 

TAGGAGAAATTTATAAAAGATGGATAATCCTGGGATTAAATAAAATAG

TAAGAATGTATAGCCCTACCAGCATTCTGGACATAAGACAAGGACCAA

AG 

HIV-1 Target 2 

fragment 

ATTAGAAGAAATGAGTTTGCCAGGAAGATGGAAACCAAAAATGATAGG

GGGAATTGGAGGTTTTATCAAAGTAAGACAGTATGATCAGATACTCATA

G 

HIV-1 Target 3 

fragment 

AAAGCCAGGAATGGATGGCCCAAAAGTTAAACAATGGCCATTGACAGA

AGAAAAAATAAAAGCATTAGTAGAAATTTGTACAGAGATGGAAAAGGA

AG 

HIV-1 Target 4 

fragment 

TCTATCTGGCATGGGTACCAGCACACAAAGGAATTGGAGGAAATGAAC

AAGTAGATAAATTAGTCAGTGCTGGAATCAGGAAAGTACTATTTTTAGA

T 

HIV-1 Target 5 

fragment 

ACAAACTAAAGAATTACAAAAACAAATTACAAAAATTCAAAATTTTCG

GGTTTATTACAGGGACAGCAGAAATCCACTTTGGAAAGGACCAGCAAA

GC 

 

Description Sequence 

HIV-1 crRNA 1 GAUUUAGACUACCCCAAAAACGAAGGGGACUAAAACGGCUAUACAUU

CUUACUAUUUUAUUUAA 

HIV-1 crRNA 2 GAUUUAGACUACCCCAAAAACGAAGGGGACUAAAACAAACCUCCAAU

UCCCCCUAUCAUUUUUG 

HIV-1 crRNA 3 GAUUUAGACUACCCCAAAAACGAAGGGGACUAAAACGCUUUUAUUUU

UUCUUCUGUCAAUGGCC 

HIV-1 crRNA 4 GAUUUAGACUACCCCAAAAACGAAGGGGACUAAAACCUAAUUUAUCU

ACUUGTTCAUUUCCUCC 

HIV-1 crRNA 5 GAUUUAGACUACCCCAAAAACGAAGGGGACUAAAACUCCCUGUAAUA

AACCCGAAAAUUUUGAA 
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Figure 7-6b shows the fluorescent intensity over 60 minutes of Cas13a reactions. An increase in 

fluorescent intensity was only observed in cases where targets and crRNAs were matched, 

confirming the assay's specificity. In the case of crRNA 3, no significant fluorescent signal increase 

was observed, which is likely due to the low trans-cleavage activity [246]. In addition, crRNA1 

and 4 showed the highest trans-cleavage activity among the cases where the higher fluorescent 

intensity was observed after 60 minutes of reaction.  

To further compare the performance of the Cas13a assay using crRNA 1 and 4, we performed a 

Michaelis-Menten kinetic study on the system. Figure 7-6c presents the measurements of reaction 

rates for the trans-cleavage activity of Cas13a proteins for crRNA1 and 4. Each data point is a 

measured initial reaction velocity (nM/s) for a titrated reporter concentration.  

Figure 7-7 shows the details of cleaved reporter concentration and measurements of cleavage speed. 

In order to extract the kinetic properties of Cas13 proteins using crRNA1 and 4, the curves in 

Figure 7-6d were fitted using nonlinear regression based on the Michaelis-Menten equation:  

𝑉 = 𝑘𝑐𝑎𝑡 𝐸0
[𝑆]

𝐾𝑀+[𝑆]
     (7.2) 

where E0 is the target-activated Cas/13−cRNA complex concentration, [S] is the reporter 

concentration, kcat is the catalytic turnover rate of the enzyme, and KM is Michaelis constant. For 

the reaction using crRNA 1 and 4, the catalytic rate of 29.49 s-1 and 60.32 s-1 were measured, 

respectively. The assay using crRNA1 displayed a reaction with a higher cleavage rate. Therefore, 

crRNA1 was chosen for our digital assay to obtain a faster signal. In addition, we also quantified 

the bulk assay limit of detection using crRNA 1 and 4. As shown in Figure 7-6d, HIV-1 Cas 13 

assay using crRNA1 showed a better limit of detection of ∼20 pM compared to ∼100 pM when 

using crRNA4. The pM range of limit of detection in an amplification-free bulk Cas13 assay is on 

par with the previously reported Sherlock assay (∼50 pM) [137].  
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Figure 7-6. Optimization of Cas13 crRNA and bulk assay characterization. a) Schematic of the 

HIV-1 genome and the location of each crRNA spacer and the target region. b) Fluorescence 

intensity values over 60 minutes for 5 different crRNA and their corresponding targets (positive), 

no-target (NTC), and negative control (NC) samples. c) Michaelis-Menten kinetic study of the 

Cas13a assay using crRNA 1 and crRNA 4. d) Sensitivity test of CRISPR assay using crRNA 1 

and crRNA 4. In each case, three NTC cases were tested to determine the background fluorescent 

intensity as µNTC+3σNTC, where µNTC and σNTC are the averages and standard deviation of the 

NTC cases, respectively. 

 

Figure 7-7 shows the details of cleaved reporter concentration and measurements of cleavage speed. 

In order to extract the kinetic properties of Cas13 proteins using crRNA1 and 4, the curves in 

Figure 7-6d were fitted using nonlinear regression based on the Michaelis-Menten equation:  

𝑉 = 𝑘𝑐𝑎𝑡 𝐸0
[𝑆]

𝐾𝑀+[𝑆]
     (7.3) 

where E0 is the target-activated Cas/13−cRNA complex concentration, [S] is the reporter 

concentration, kcat is the catalytic turnover rate of the enzyme, and KM is Michaelis constant. For 

the reaction using crRNA 1 and 4, the catalytic rate of 29.49 s-1 and 60.32 s-1 were measured, 
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c) 

respectively. The assay using crRNA1 displayed a reaction with a higher cleavage rate. Therefore, 

crRNA1 was chosen for our digital assay to obtain a faster signal. In addition, we also quantified 

the bulk assay limit of detection using crRNA 1 and 4. As shown in Figure 7-6d, HIV-1 Cas 13 

assay using crRNA1 showed a better limit of detection of ∼20 pM compared to ∼100 pM when 

using crRNA4. The pM range of limit of detection in an amplification-free bulk Cas13 assay is on 

par with the previously reported Sherlock assay (∼50 pM) [137].  

  

 

Figure 7-7. Cleavage velocity measurements using crRNA1 and 4. Measurements of cleaved 

reporters associated with the trans-cleavage activity of the CRISPR Cas13 proteins using a) crRNA 

1 and b) crRNA 4. In each case, cleaved reporters were measured for 420 s to extract the cleavage 

speed (V (nM/s)). c) Details of measured cleavage speed of CRISPR Cas13 proteins using crRNA 

1 and crRNA 4 at different reporter concentrations.  
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7.3.4 Optimizing HIV-1 STAMP-dCRISPR assay time 

To obtain the optimal reaction time for HIV-1 assay, we measured the PPR at different reaction 

times for the Cas13a assay containing 5 fM HIV-1 synthetic RNA. Figure 7-8a presents the 

fluorescence images at various reaction times. As the reaction time increased, more positive pores 

were observed in fluorescent images. This happened because more reporters would be degraded in 

the positive pores as the reaction time increases, resulting in more wells reaching fluorescent 

intensity above the sensor detection sensitivity. Figure 7-8b and Figure 7-8c show the 

corresponding fluorescent intensity (FI) of positive and negative pores and their distributions, 

respectively. These results confirmed our observation that more positive pores were detected as the 

reaction time increased. To quantify the effect of reaction time, PPR was plotted from 0 to 60 

minutes of reaction (Figure 7-8d and Table 7-3). As expected, the PPR increases as time passes; 

however, the ratio becomes stable after 30 minutes. This means that the shortest time to develop a 

reliable PPR reading is about 30 minutes in our assay. 

 

Figure 7-8 Optimizing STAMP-dCRISPR assay time. a) Fluorescent images illustrating the 

positive and negative pores at different reaction times from 0 to 60 minutes. The dashed grey circles 

illustrate the membrane edge. All positive pores are labeled with a filled green circle for better 

demonstration. b) Fluorescent intensity inside all filled pores (positive and negative) at different 

reaction times. Positive and negative pores are labeled as green and blue circles, respectively. c) 

Distribution of fluorescent intensity emitted from positive (green bars) and negative (blue bars) 
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pores. d) The ratio of positive pores (PPR) at different reaction times. 

 

Based on the measured kcat  (Figure 7-6c), a single activated Cas13a enzyme would produce ~13 

nM of cleaved reporters (fluorescent probes) inside each pore (volume of 13 pL) in a 30 minute 

reaction. In contrast, a bulk reaction of 20 µL volume would only have produced ~ 9 pM with the 

same 30 min reaction. Decreasing the reaction volume from microliter  to picolitre would increase 

the fluorescent concentration by around 6 orders of magnitude and thus help improve the lower 

limit of detection.  

Table 7-3. Details information for the total number of filled pores, positive pores, and positive pore 

ratio at different reaction times.  

 

 

7.3.5 Analytical performance test with synthetic HIV-1 RNAs 

A series of synthetic HIV-1 RNA dilutions from 10 aM to 5 pM were tested to examine the 

quantitative analytical performance of the STAMP-dCRISPR. Figure 7-9a presents the fluorescent 

images at different HIV-1 RNA concentrations. As expected, more positive pores were detected as 

Reaction time 

(min) 

Total filled 

number of filled 

pores 

Number of 

positive 

pores 

Positive pore 

ratio (PPR) 

0 2 9421 0.000212292 

5 24 9235 0.002598809 

10 110 9230 0.01191766 

20 202 8901 0.022694079 

30 275 8872 0.030996393 

45 271 8710 0.031113662 

60 257 8431 0.030482742 
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HIV-1 RNA concentration increased. The PPR at different target concentrations is plotted in 

Figure 7-9b. Expectedly, the measured PPR increased from 3.7×10-4 at 10 aM to 0.99 at 5 pM. 

These results revealed the dynamic range of STAMP-dCRISPR from 100 aM to 1 pM (4 orders of 

magnitude). For a concentration lower than 100 aM, the background noise of the system would 

interfere with the quantification, and accurate measurement could not be achieved. On the other 

hand, the PPR would saturate at 1 for cases with a concentration higher than 1 pM.  

Figure 7-9c presents the measured concentrations via STAMP-dCRISPR versus the expected 

target concentration (Table 7-4). The measured concentrations in the dynamic range (100 aM to 1 

pM) agree very well with the expected concentrations (R2=0.998), confirming the absolute 

quantification capability of the STAMP-dCRIPSR. With the background noise defined as 

µNTC+3σNTC, the LOD of the STAMP-dCRIPSR was determined to be around 100 aM. As compared 

to the LOD of 20 pM in the bulk assay shown in  Figure 7-6d, the STAMP-dCRIPSR improved 

the LOD by 5 orders of magnitude. 

 

Figure 7-9. Optimizing STAMP-dCRISPR assay time. a) Fluorescent images illustrating the 

positive and negative pores at different reaction times from 0 to 60 minutes. The dashed grey circles 
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illustrate the membrane edge. All positive pores are labeled with a filled green circle for better 

demonstration. b) Fluorescent intensity inside all filled pores (positive and negative) at different 

reaction times. Positive and negative pores are labeled as green and blue circles, respectively. c) 

Distribution of fluorescent intensity emitted from positive (green bars) and negative (blue bars) 

pores. d) The ratio of positive pores (PPR) at different reaction times. 

 

Table 7-4. Details information for the total number of filled pores, positive pores, positive pore 

ratio, the expected number of targets in each pore (λ), and measured concentrations at different 

expected target concentrations. 

Expected Target 

Concentration (fM) 

Total number 

of filled pores 

Number of 

positive pores 

Positive pore 

ratio 

Measured 

Concentration (fM) 

First batch 

0.01 8625 4 0.000463768 0.06 

0.02 7835 4 0.00051053 0.07 

0.05 7545 7 0.000927767 0.12 

0.1 9231 10 0.001083306 0.14 

1 8729 57 0.006529958 0.86 

5 7342 280 0.038136747 2.99 

10 6686 400 0.059826503 7.88 

20 5451 912 0.167308751 23.32 

100 6925 4136 0.597256318 116.17 

1000 8765 8722 0.995094124 797.74 

2000 6950 6941 0.998705036 849.34 

5000 8574 8571 0.999650105 1016.34 

  Second batch   

0.01 9053 5 0.000552303 0.07 

0.02 7432 6 0.00080732 0.10 

0.05 8312 7 0.000842156 0.11 

0.1 8653 12 0.001386802 0.18 

1 8981 81 0.00901904 1.15 

5 9232 503 0.054484402 7.13 

10 9367 766 0.081776449 11.96 
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7.3.6 Resolution test with contrived plasma sample 

To examine the resolution of viral load from the plasm samples, we prepared a serial of mock 

plasma samples with HIV-1 viral particles spiked into the healthy plasma. Each concentration was 

prepared in triplicates. The viral RNAs were extracted from these mock plasma samples using a 

column-based extraction process before being quantified using STAMP-dCRISPR. Figure 7-9d 

presents six representative fluorescent images. It is evident that more positive pores were observed 

as we increased the viral concentration. Figure 7-9e shows the measured concentration obtained 

by STAMP-dCRISPR versus the expected values (see Table 7-5 for testing statistics). The 

20 8869 1271 0.143308152 19.75 

100 8882 4150 0.467237109 80.43 

1000 9080 9069 0.998788546 857.85 

2000 9456 9453 0.999682741 1029.17 

5000 8938 8931 0.999216827 956.21 

  Third batch   

0.01 8322 1 0.000120163 0.016 

0.02 7325 5 0.000682594 0.09 

0.05 7880 6 0.000761421 0.10 

0.1 9321 11 0.001180131 0.15 

1 10755 80 0.007438401 0.95 

5 9242 390 0.042198658 5.53 

10 7329 623 0.085004776 11.34 

20 6408 826 0.128901373 17.62 

100 8713 5007 0.574658556 109.32 

1000 8425 8235 0.977448071 484.36 

2000 8133 8125 0.999016353 921.21 

5000 7123 7111 0.998315317 815.12 
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measured concentrations agree very well with the input concentrations (R2=0.996), confirming the 

capability of STAMP-dCRISPR system for the absolute quantification of plasma samples. In 

addition, the p-value obtained from the t-test between adjacent concentrations revealed that the 

STAMP-dCRISPR could differentiate the spiked samples with a resolution of 42 aM with >90% 

confidence. This resolution is equivalent to resolving 5 copies of HIV-1 RNAs in the STAMP 

device.  

Table 7-5. Details information for the total number of filled pores, positive pores, positive pore 

ratio, and measured concentrations at different input target copies inside the 140 µL of plasma 

Input targets 

(Copies) 

Total number 

of filled pores 

Number of 

positive pores 

Positive pore 

ratio 

Measured targets 

(Copies) 

  First batch   

0 8845 2 0.000226116 347 

1000 8423 6 0.000712335 1096 

1500 7510 9 0.001198402 1844 

2000 8585 11 0.001281305 1972 

2500 8428 14 0.00166113 2557 

3000 9041 16 0.001769716 2725 

  Second batch   

0 6752 1 0.000148104 227 

1000 9115 8 0.000877674 1350 

1500 8252 9 0.001090645 1678 

2000 8765 13 0.001483172 2285 

2500 7921 14 0.001767454 2721 

3000 8321 17 0.002043024 3146 

  Third batch   

0 8501 2 0.000235266 361 

1000 8346 7 0.000838725 1290 

1500 8895 9 0.001011804 1557 
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7.3.7 Clinical validation of STAMP-dCRISPR 

To demonstrate the clinical utility of the STAMP-dCRISPR, we tested 20 clinical HIV plasma 

samples using STAMP-dCRISPR. Like the mock samples, we extracted the HIV viral RNA using 

a column-based extraction process. The extracted RNA was aliquoted into two identical duplicates 

and tested with STAMP-dCRISPR and RT-PCR, respectively. Figure 7-10a shows the fluorescent 

images of STAMP-dCRISPR results. Figure 7-10b presents the real time RT-PCR results with six 

concentration references (R1-R6). The Ct values showed a linear logarithmic relationship with the 

reference concentrations, which validates the RT-PCR assay (Figure 7-11). 

 

Figure 7-10. Clinical samples test using STAMP-dCRISPR. a) Fluorescent images illustrating 

positive and negative pores for different clinical samples. All positive pores are labeled with a filled 

green circle for better demonstration. b) Fluorescent intensity of 20 clinical samples and 6 analytical 
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samples during 46 cycles of RT-PCR amplification. c) Correspondence between the Ct values 

obtained from RT-PCR and PPR values from STAMP-dCRISPR. d) Ct values versus PPR values 

for all 20 clinical samples. Ct values for non-amplified cases were set as None in the figure.  

 

Figure 7-11. The Ct values obtained from the RT-PCR versus the target RNA copies. Ct values 

showed a logarithmic relationship with the sample concentration and verified our assay. 

 

Table 7-6. Details information for the total number of filled pores, positive pores, positive pore 

ratio, the expected number of targets in each pore (λ), and measured concentrations of clinical 

samples.  
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Positive pore 

ratio 
λ 

1 8651 2 0.000231187 0.000231214 

2 7515 3 0.000399202 0.000399281 

3 7234 235 0.032485485 0.032912355 

4 8723 4 0.000458558 0.000458663 

5 9316 1 0.000107342 0.000107348 

6 6153 2 0.000325045 0.000325098 

7 8424 94 0.011158594 0.012552231 

8 6928 3 0.000433025 0.000433119 
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Table 7-7. Details information for the RT-PCR Ct values of clinical samples.  

9 10127 3 0.000296238 0.000296282 

10 10870 39 0.003587856 0.003594308 

11 8324 2 0.000240269 0.000240298 

12 8412 3 0.000356633 0.000356697 

13 8021 2 0.000249345 0.000249377 

14 8740 1 0.000114416 0.000114423 

15 8801 55 0.00624929 0.006268898 

16 9201 1 0.000108684 0.00010869 

17 7338 1 0.000136277 0.000136286 

18 9021 9 0.000997672 0.000998172 

19 7668 3 0.000391236 0.000391313 

20 7123 1 0.00014039 0.0001404 

Sample # 
Total number 

of filled pores 

Ct Value 

(mean) 

Ct Value 

(STD) 

1 8651 34.53 0.22 

2 7515 35.39 0.14 

3 7234 23.86 0.09 

4 8723 31.48 0.23 

5 9316 None None 

6 6153 36.08 0.05 

7 8424 25.3 0.2 

8 6928 None None 

9 10127 33.28 0.18 

10 10870 27.51 0.16 

11 8324 None None 
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To benchmark the STAMP-dCRISPR results with the RT-PCR, Ct values of RT-PCR results were 

compared with the PPR values measured by STAMP-dCRISPR (Figure 7-10c and Figure 7-10d, 

Table 7-6, Table 7-7). The PPR corresponded well with Ct values for RT-PCR positive cases and 

showed the potential of STAMP-dCRISPR for clinical HIV detection. In addition, The PPR was 

less than background noise in all 10 RT-PCR negative cases (no Ct values), and no false positive 

results were observed using STAMP-dCRISPR.  

7.4 Summary 

In summary, we reported a self-digitalization through automated membrane-based partitioning 

(STAMP) technique to digitalize the CRISPR-Cas13 assay (dCRISPR) for amplification-free and 

absolute quantification of HIV-1 viral RNAs. We first characterize the STAMP device to digitalize 

the Cas13a assay inside a commercial PCTE membrane reliably. Afterward, we developed an 

automated platform to utilize the STAMP device for HIV-1 viral load quantification. The effect of 

five different crRNAs on the Cas13a trans-cleavage speed was studied, and crRNA 1, which 

showed the fastest cleavage speed, was chosen for the digital assay. Investigating the effect of assay 

12 8412 None None 

13 8021 None None 

14 8740 None None 

15 8801 26.87 0.11 

16 9201 None None 

17 7338 None None 

18 9021 29.48 0.11 

19 7668 None None 

20 7123 None None 
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reaction time on the sensing performance revealed that 30 minutes reaction is enough for our system 

to differentiate between positive and negative pores in the membrane. We evaluated the analytical 

performances of STAMP-dCRISPR with synthetic HIV-1 RNAs. The results showed that the 

samples spanning 4 orders of dynamic range between 100 aM to 1 pM could be quantified using 

our system. In addition, we identified the resolution of STAMP-dCRISPR as 42 aM at a 90% 

confidence level by testing the contrived plasma samples. Finally, we evaluated 20 clinical plasma 

samples with STAMP-dCRISPR, and the results agreed well with the RT-qPCR. We believe 

STAMP-dCRISPR offers an amplification-free quantification platform for not only HIV-1 but also 

other infectious diseases. 
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CHAPTER 8 CONCLUSION AND PERSPECTIVES 

8.1. Conclusions 

This dissertation explores the digital quantification of target nucleic acids using solid-state 

nanopores and CRISPR towards rapid, label-free nucleic acid testing. Three major parts have been 

explored in the realm of this thesis.  

While the solid-state nanopore sensors have shown exceptional promise with their single molecule 

sensitivity and label-free operations, one of the most significant challenges in the nanopore sensor 

is the limited analyte translocation event rate that leads to prolonged sensor response time. This 

issue is more pronounced when the analyte concentration is below the nano-molar (nM) range, 

owing to the diffusion-limited mass transport. In our work, we systematically studied the 

experimental factors beyond the intrinsic analyte concentration and electrophoretic mobility that 

affect the event rate in glass nanopore sensors. The synergistic effects of these factors on the event 

rates were investigated with the aim of finding the optimized experimental conditions for operating 

the glass nanopore sensor from the response time standpoint. These findings would provide insight 

for future glass nanopore sensing experiments towards ultrasensitive sensing applications where 

the device response time is significant. In nanopore sensing, a detailed nanopore geometry and size 

characterization or a calibration curve of concentration standards are often required for quantifying 

the unknown sample. We proposed and validated a calibration-free nanopore single molecule 

digital counting method for isolated molecule quantification. We recognized the ionic rates 

(baseline current) in a particular experiment could be used as an effective in-situ reference. We 

developed a quantitative model for calibration-free quantification of molecule concentration, which 

was experimentally validated for different nanopores and DNA molecules. 
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While solid-state nanopore sensor represents a promising platform for nucleic acid detection due 

to its unique single molecule sensitivity, differentiating between different pathogens using solid-

state nanopores is highly challenging. Therefore, we combined the high specificity offered by the 

CRISPR Cas proteins and the high sensitivity offered by the glass nanopore sensor (SCAN) towards 

nucleic acid detection. We first utilized the SCAN for HIV-1 detection. We found that 

concentrations less than 10 nM would likely require pre-amplification steps to detect target 

pathogens in less than 1 hour. Therefore, in our next work, we combined SCAN with a pre-

amplification step for specific detection of SARS-CoV-2. With a preamplification and 30 min of 

CRISPR Cas12a assay, we achieved excellent specificity against other common human 

coronaviruses and a limit of detection of 13.5 copies/µl (22.5 aM) of viral RNA at the 95% 

confidence level. 

While CRISPR-based nucleic acid-sensing systems have grown rapidly in the past few years, most 

of these systems need a pre-amplification step which was observed in our study. We developed a 

quantitative CRISPR sensing figure of merit (FOM) to explore performance improvement 

strategies and find an alternative for the preamplification step. Based on our model which was 

benchmarked by 57 existing studies, digitalization was the most promising amplification-free 

method for achieving comparable FOM performances (~1 fM·min) as those using preamplification. 

Therefore, in our final work, we proposed and evaluated a simple and easy-to-use digital CRISPR 

platform for pathogen detection and quantification.  We validated this system by quantifying HIV-

1 viral RNAs. The analytical performances of STAMP-dCRISPR were evaluated with synthetic 

HIV-1 RNA, and it was found samples spanning 4 orders of dynamic range between 100 aM to 1 

pM can be quantified as fast as 30 min. We also evaluated 20 clinical plasma samples with STAMP-

dCRISPR, and the results agreed well with the RT-qPCR. 

In summary, the significant contributions of this thesis are as follows: 
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(1) We explored the molecular transport dynamics through the nanopore and the experiment-

relevant parameters and their effects on the event, which would help us to design an 

experimental setup with higher throughput and accuracy.  

(2) We proposed and validated a calibration-free model for concentration estimation to address the 

pore-to-pore variations issues of nanopores.   

(3) We introduced a solid-State CRISPR-assisted nanopore diagnostic system for specific and 

sensitive detection of pathogens and evaluated the system performance by detecting HIV-1 and 

SARS- CoV-2. 

(4) We developed an inexpensive and simple digital CRISPR-based platform for nucleic acid 

quantification without the need for a preamplification step.  

8.2. Future prospective  

The research work presented in the thesis has shown very promising results. However, several 

important aspects should be addressed in future research.  

(1) In our study on the impact of experiment-relevant parameters on the molecular transport 

dynamics through the nanopore, we showed that due to the negative surface charge in glass 

nanopores, translocation from the glass nanopore could be orders of magnitude faster than that 

into the nanopore at low salt concentrations and higher surface charges. Nevertheless, due to 

the complication of filling and draining the glass nanopores, we perform our experiment by 

translocating the samples into the nanopores. In future works, the analyte could be inserted 

inside the nanopore to increase the translocation rate and improve the sensing response time. 

(2) The free nanopore single molecule digital counting method was evaluated using glass nanopore 

and DNA molecules. On the other hand, the principle could be well extended to other nanopore 
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types and other charged molecules. To evaluate this technique for other cases, it is necessary 

to test different types of nanopores, such as silicon nitride or biological nanopores, and different 

charged molecules, such as proteins.   

(3) In the SCAN development, we realized that the HIV-1 Cas12a reaction should be performed at 

100 mM salt concentration. However, a high salt concentration would be favorable for 

nanopore sensing as the low salt concentration will dramatically reduce the event rate and the 

signal in glass nanopores. We used a two-step protocol in our SCAN system to solve the 

conflicting buffer requirements in the Cas12a reaction (low salt) and the nanopore sensing 

(high salt). In future works, utilizing different techniques introduced in chapter 2, such as 

translocation direction and nanopore geometry to enhance the translocation rate, could help us 

achieve a one-step protocol for the SCAN system at low salt concentration. 

(4) In the SCAN system for SARS-COV-2 diagnostic, we utilized a PCR amplification step before 

the CRISPR assay to enhance the sensitivity. While PCR needs thermocycling from 60 ºC to 

95 ºC, CRISPR assay should be performed at 37 ºC. Therefore, we performed the assay in two 

steps. Operating the assay in two-step complicates the testing process, increases the liquid 

handling, and potentially increases the risk of contaminations due to amplification products 

transferring. Utilizing isothermal amplification techniques such as RPA has the potential to 

solve this issue. However, adding all the components (amplification and CRISPR reagents) in 

one pot would decrease the efficiency due to the possible cross-reactions and digestion of the 

initial amplification products by the Cas/crRNA complex [181]. Therefore, developing a one-

step assay with the optimized concentration of reagents could provide substantial opportunities 

for CRISPR-based point-of-care testing. 

(5) In our study on CRISPR diagnostic performance improvement strategies, we realized different 

Cas proteins and crRNA sequences could affect the system performance. In developing SCAN 

for HIV-1 and SARS-COV-2 testing, we didn’t explore the effects of different crRNA designs 
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on the system performance. Exploring new crRNA designs and different Cas proteins could 

improve the sensing efficiency considerably. 

(6) While STAMP-dCRISPR showed excellent specificity in clinical sample testing, we could pick 

up some of the RT-PCR samples with our system. This is mainly due to the subsampling error, 

which arises in all biological assays (digital or analog), which does not analyze the full volume 

of the sample [311]. While the CRISPR mixture volume is 20 µL, the STAMP device takes ~ 

100 nL for each analysis. Subsampling error could affect the lower detection limit at low 

concentrations and is independent of the instrumentation and signal acquisition. Several 

methods could alleviate this challenge in the future. Using multiple membranes for a single 

sample could increase the volume of testing samples and substantially improve the system's 

performance. Also, magnetic-bead based preconcentration [302] could be utilized to enrich 

target RNA molecules inside the membrane.  
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