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ABSTRACT OF THE DISSERTATION 

 

Evaluating Nanopores for the Rapid, Direct, and Quantitative Analysis of Biomolecules 
and the Products of Proteolysis 

 

 

by 

 

Lauren Samantha Lastra 

 

Doctor of Philosophy, Graduate Program in Bioengineering 
University of California, Riverside, June 2023 

Dr. Kevin Freedman, Chairperson 
 

 

Modern diagnostics strive to be accurate, fast, and inexpensive and aim to properly 

identify the presence of a disease, infection, or illness. Early diagnosis is key to earlier 

therapeutic intervention, which can improve prognosis and reduce mortality. The challenge 

with many diseases is that detectability of the disease scales with disease progression. 

Modern diagnostic techniques exhibit a specific threshold to be surpassed for accurate, 

reliable tests to be performed. Often, symptoms do not appear until disease progression has 
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reached a significant stage. Since single molecule sensors, e.g., nanopores, can sense 

biomolecules at extremely low concentrations, they have the potential to become clinically 

relevant in many of today’s medical settings. The nanopore-detected current measurements 

can be used to identify disease biomarkers, determine the presence of pathogens, and 

monitor the efficacy of drugs. Specifically, solid-state nanopores offer several advantages 

over traditional diagnostic tools such as speed, accuracy, and cost-effectiveness. As a 

result, they have become an increasingly popular tool in the diagnostic field and are 

expected to play a critical role in the development of personalized medicine.  

In the first chapter, we investigate the origins of current enhancing events under 

low ionic strength conditions and propose an alternative theory for the observation of 

conductive events. Utilizing electroosmotic flow, we show that a flux imbalance in favor 

of cations allows for detection of DNA and protein to be divergent. In the second chapter, 

we expand upon low ionic strength conditions to high and asymmetric electrolyte 

conditions to examine differences in signal-to-noise ratio, molecule dwell time, and 

configuration. In asymmetric salt, we show the ability of detecting differences in DNA 

configuration as well as protein alone and bound to DNA complexes, superior to that of 

the gold standard sensing conditions. Following that, several denaturing agents are 

integrated into the nanopore system, serving to linearize and provide a uniform negative 

charge to both whole proteins and peptides of varying lengths. With this, a novel electrolyte 

sensing condition is introduced that allows for peptide length to be distinguishable by 

changes in the current amplitude upon molecule translocation via electrophoretic forces.  
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Lastly, we critically analyze peptide fragments generated by protease digestion in 

whole blood using a portable device. The utilization of nanopores in this study goes beyond 

serving as only a sensing device; rather, it represents a breakthrough in the field of 

diagnostics, as it opens up the possibility of monitoring protease activity levels within the 

body.  
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Chapter 1: Introduction 

1.1 Nanotechnology and Single Molecule Motivation 

Nanotechnology represents the interdisciplinary integration of sciences, 

engineering, and technology, all conducted at the nanoscale level (<100 nm). The truly 

captivating aspect of nanoscience lies in the notion that the physics and associated 

properties governing the macroscopic world differ significantly from those governing the 

nanoscale realm. However, working at such a minute scale presents a challenge in that 

visualization requires sophisticated microscopy tools1 that are often costly and can entail 

lengthy sample processing steps. To circumvent this, alternative techniques have been 

developed to explore the nanoscale world without relying on expensive imaging methods. 

The initial discovery of the nanopore’s ability to detect single-stranded DNA using α-

hemolysin (α-HL) was published in 1996 by Kasianowicz et. al.2, representing a landmark 

achievement in the field. Since then, the development of other nanopore forms has greatly 

expanded the range of applications, detection methods, and analyte characterization 

techniques3–5. Over the past 30 years, nanopores have demonstrated remarkable capability 

in specific recognition and quantification of single molecules6.  

Since the demonstration of using biological nanopores as a single molecule sensor, 

solid-state nanopores have been developed as a more robust and highly tunable, 

counterpart7. Additionally, nanopores have several advantages in various applications due 

to their unique properties such as sensitivity, high throughput, and versatility. Firstly, 

nanopores are highly sensitive to their environmental conditions such as alkali chloride 

type8,9, electrolyte concentration10, pH11, and analyte type12. They also have an extremely 
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lower detection limit, down to the femtomolar regime13 and can be used in heterogeneous 

samples to analyze multiple molecules simultaneously14–16. Other features include 

portability and versatility; the commercially available MinION is the size of a USB stick 

and can be transported readily17. For versatility, the nanopore can be used to detect a variety 

of synthetic18 and biological molecules11. Lastly, and perhaps most importantly for this 

study, real-time and label-free detection is possible with nanopores19–21. In this work, we 

document observances of DNA, protein, DNA – protein complexes, and peptides in both 

homogeneous and highly heterogenous samples.  

1.2 The Autodigestion Theory 

Hemorrhagic shock refers to the dangerous and frequently deadly condition that 

occurs when the body experiences significant blood loss, leading to inadequate perfusion 

of the tissues. Shock remains the leading cause of death in the intensive care unit (ICU), 

despite extensive research into the pathophysiology of the condition22. Hemorrhagic shock 

is often followed by the most common form of shock, hypovolemic shock (HS), which 

stems from insufficient circulating blood volume23. There are four stages in HS: initial, 

compensatory, progressive, and refractory. Accurate diagnosis must occur before 

refractory period, as it is at this time when the patient has lost more than 40% of their blood 

volume and the chance of survival is severely limited24. Unfortunately, HS symptoms can 

vary greatly depending on age, health, cause of injury, and how much blood has been lost, 

emphasizing the need for an accurate, quick, diagnostic device. 
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The system-wide destruction, including multiple organ failure, initiates because of 

the autodigestion theory25. This theory starts in the pancreas, where trypsin is produced. 

Once trypsin is made, it is shuttled into the small intestine, where it fulfills its duty by 

digesting proteins from previously eaten food. Under healthy circumstances, trypsin is 

sequestered in the small intestine, as the epithelial villi effectively restricts the diffusion of 

enzymes, such as proteases and lipases, into the bloodstream. However, under a state of 

autodigestion, the mucosal layer within the intestinal lining breaks down, allowing trypsin 

to escape into the cardiovascular system and continue proteolysis in other organs26,27. 

Therefore, the loss of barrier function at the epithelial and mucosal layers of the intestine 

implicates digestive enzymes as key factors in systemic dysfunction and disrupt 

homeostasis in the body28,29. Of these enzymes, trypsin, a protease, has been the focus of 

recent studies, with mounting evidence pointing to its key role in shock.  

1.3 Different Classes of Nanopores 

 Nanopores, both biological and solid-state (Figure 1.1), have emerged as powerful 

tools for various sensing and analysis applications. Biological nanopores are protein-based 

channels found in cell membranes, such as the α-HL pore. They offer unique advantages, 

including high selectivity and sensitivity30,31. For example, the MinION is capable of rapid 

sequencing and holds promise as a portable diagnostic tool to identify pathogens and 

antimicrobial resistance profiles32–34. Additionally, the current gold standard for the 

detection of oligopeptides (ranging from 2-20 amino acids in length) is typically performed 

using biological nanopores35,36. However, in this thesis, we demonstrate that solid-state 



4 
 

nanopores (i.e., quartz nanopipettes) can also effectively detect oligopeptides, providing 

an alternative approach to the established benchmark for short peptide detection. 

Challenges in utilizing biological nanopores arise due to limitations in stability, 

fabrication, and control over their properties. On the other hand, solid-state nanopores are 

artificially created pores in solid materials, such as silicon nitride or graphene37,38. They 

provide excellent controllability and stability, making them well-suited for diverse 

applications. Solid-state nanopores offer high spatial resolution, allowing for precise 

measurements of molecules passing through the pore. They can be fabricated with different 

geometries, such as planar membrane nanopores and quartz nanopipettes. 

Planar membrane nanopores and quartz nanopipettes represent two different 

geometries within the realm of solid-state nanopores, each with its own set of advantages 

and considerations. Planar membrane nanopores, formed by thin films of solid-state 

materials, provide straightforward fabrication and scalability. They are suitable for high-

throughput analysis and have been extensively used in single-molecule sensing. However, 

planar membrane nanopores suffer from limitations such as the potential for pore clogging 

and challenges in achieving uniform pore size distribution. Conversely, quartz nanopipettes 

have a needle-like geometry and are fabricated from quartz or borosilicate capillaries39,40. 

They offer ease of fabrication, small physical size, and targeted location analysis.  
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Biological and solid-state nanopores offer distinct advantages and challenges in 

terms of selectivity, stability, and controllability, providing researchers with versatile 

options for a wide range of sensing and analysis tasks. While planar silicon nitride 

membranes have been predominantly used for nanopore-based protein sensing due to their 

well-defined pore length, nanopipettes present an alternative with unique benefits. Unlike 

planar membranes, nanopipettes have a gradual taper length that extends the sensing region 

of the device41,42. This, combined with their straightforward fabrication methods and ability 

 
Figure 1. 1: A flowchart depicting the various nanopores used and their material. At the top of the 
pyramid there is an illustration of a general nanopore, essentially a nanometer sized hole. From the top, 
nanopores branch out into two groups: solid-state and biological. The latter is typically composed of 
protein subunits. Solid-state nanopores can be further separated by their geometries. The final two 
branches depict planar membrane nanopores and nanopipettes.  
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to fit into confined spaces, makes nanopipettes the ideal choice of nanopore type for the 

current work. Nanopipettes have been shown to be capable of sensing within a 

heterogeneous sample14, and its long taper length will be of great usage for inserting into 

the PDMS chip for detection of cleaved peptide fragments from trypsin digestion. 

1.4 Nanopore Detection Information  

By applying a voltage across a nanoscale aperture, molecules are driven either into 

or out of the pore, leading to a change in ionic current (i.e. current blockade or current 

enhancement)43, which is constituted as an “event”. Each event is characterized by the 

change in current and dwell time (time spent within the pore) which corresponds to the 

molecule size and charge (among a few other molecule characteristics like length and 

shape), respectively44,45. Using this technique, some level of molecular 

discrimination/recognition is possible (Figure 1.2), however, signals are not always 

mutually exclusive. This thesis will focus on nanopore sensors and their ability to detect 

polynucleotides, proteins, and peptides generated via protease digestion as a means to 

obtain diagnostic information.  

Since the first nanopore experiment detecting nucleic acids2, DNA has become one 

of the most prevalently used molecule for nanopore research. This is due to their highly 

negatively charged and linear structure. Because sequencing using solid-state nanopores 

has not been achieved to date, many efforts have been made to slow down the translocation 
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of DNA through a solid-state nanopore9,10,46. Additionally, DNA can be thought of as a 

flexible linear molecule and as such, can enter the nanopore in a variety of different 

configurations47–49. As nanopore research expands to include molecules other than DNA, 

it is of utmost importance to characterize and be familiar with the event properties that 

provide information regarding the molecule attributes. For this reason, our first chapters 

involve detecting DNA and understanding how various alterations (like electrolyte type, 

concentration, and method of translocation) affect the signal and the molecule itself. With 

 
Figure 1. 2: Graphical and current flow representations of nanopipettes in two states. Both sides (in pore 
and outside pore) contain an electrolyte solution, specifically KCl in this case. (a) A nanopore in its open-
pore state in which only the flow of ions takes place. During this time, current fluctuations are minimal 
as shown in the top graph where the green line represents the current as a function of time. (b) 
Representation of a transiently blocked state with various molecule shapes. At the top, the resulting 
current change over time graph displays the relative change in current for each molecule (in the color 
light brown) translocating the pore. Current trace 1 corresponds to molecule 1, current shape 2 
corresponds to molecule 2, and the same can be said for molecule 3. Blue and red circles denote chloride 
and potassium ions, respectively. 
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this well-developed foundation, we can increase the complexity to detecting molecular 

carriers (protein bound to DNA) and proteins in their globular state.  

 Protein detection in solid-state nanopores can be complicated as proteins are 

composed of differently charged subunits (Table 1.1). Additionally, proteins tend to non-

specifically adsorb to solid-state surfaces, preventing proteins from passing through the 

pore for analysis50. To address this issue, researchers utilize what are called molecular 

carriers to assist in detecting proteins. The motivation for this is that since DNA is simpler 

in its structure, DNA can be employed as a carrier of a target protein. By mixing the target 

protein with a DNA molecular carrier, they can form a complex and translocate the pore 

together. The DNA aids in slowing down the protein and provides a distinct event shape to 

positively identify protein bound to DNA10,14. This was the focus of our next chapter, as 

we conceived the idea to detect trypsin that had escaped from the small intestine using 

DNA as a molecular carrier. In this sense, we could positively identify that trypsin was 

present in the blood. Upon further investigation, we came to the realization that 

identification does not indicate function. In other words, the presence of trypsin does not 

reveal trypsin activity in the blood. Consequently, we pivoted our strategy to detecting 

peptide fragments generated from trypsin activity in the blood.  
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Table 1.1: Descriptions of the well-known challenges when working with proteins as an analyte. The 
corresponding references either show this obstacle occurring and/or try to alleviate the stated issue.   

 

1.5 Innovation and Significance  

The use of nanopores to detect peptide fragments generated by trypsin cleavage 

represents a major innovation in the diagnosis and monitoring of shock. By capturing these 

fragments in real-time, it is possible to detect the early stages of autodigestion and to 

monitor the progression of shock (Figure 1.3). This is particularly significant given the 

high mortality rate associated with shock, which is often due to delays in diagnosis and 

treatment. With this new diagnostic approach, doctors will be able to detect shock much 

earlier and take appropriate measures to prevent its progression. 

In addition to its potential clinical applications, the use of nanopores to detect 

peptide fragments generated by trypsin cleavage also represents an important contribution 

Protein Sensing 
Challenges Description References 

Adsorption and 
Clogging 

Nonspecific adsorption of proteins onto nanopore 
walls can elicit changes in event characteristics and 

lead to permanent clogging 

Cai et. 
al.51, 

Niedzwieki 
et. al.52, 

Awasthi et. 
al.53 

Fast 
Translocations 

Proteins are compact and globular in structure, 
allowing them to pass through the pore far more 
rapidly leading to short dwell times and signal 

attenuation 

Carlsen et. 
al.54, Plesa 

et. al.55 

Multiple 
Conformations 

Proteins consist of transitional and conformational 
structures that can unfold at higher voltages which 

will modify event properties 

Freedman 
et. al.56, Li 

et. al.57 

Lower Signal-to-
Noise Ratio 

Solid-state nanopores exhibit lower signal-to-noise 
ratio in comparison to their biological counterparts 

and with difficult to detect analytes (i.e., protein), this 
challenge is exacerbated 

Bandara et. 
al.11, 

Larkin et. 
al.58 
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to our understanding of the underlying mechanisms of shock. By studying the behavior of 

these fragments in real-time, researchers can gain new insights into the progression of 

shock and the role of autodigestion in its development. This, in turn, may lead to the 

development of new therapeutic approaches that target this critical aspect of the disease. 

Overall, the use of nanopores to detect peptide fragments generated by trypsin cleavage is 

a significant advancement in both diagnostic and research applications, with the potential 

to revolutionize the field of shock management. The central hypothesis motivating this 

research is that leakage of protease into the circulatory system is a defining feature of shock 

and quantification of the peptides generated from enzymatically active protease in blood 

via nanopores will lead to better care of patients and understanding of the disease state. 

1.6 Objectives and Specific Aims 

 To achieve the objective of fabricating a portable device to monitor the protease 

activity levels in blood using a nanopore, a set of specific aims was developed at the 

 
Figure 1. 3: An illustration depicting the comprehensive examination of the various components of this 
thesis culminating towards observing autodigestion in human whole blood using nanopores. 
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conception of this study. We propose nanopore technology to obtain a purely electrical 

(i.e., label-free) signal that can discriminate single molecules according to their individual 

properties. By applying an electric field across a nanoscale aperture, electrophoretic forces 

drive molecules into the pore leading to a change in ionic current59. This approach was 

chosen due to its ability to sense molecules at low concentrations as well as the ability to 

obtain data in real time60. Using nanopores to monitor transient variations in the activity 

level of proteases in the bloodstream will aid in rapidly diagnosing shock and play a role 

in selecting appropriate interventions. This thesis will work towards the development of a 

nanodiagnostic tool through the following aims.  

1.6.1 Specific Aim 1: Evaluation of Conductive Pulse Sensing and Its Mechanisms for 

Enhanced Molecular Sensing 

 In low ionic strength conditions, the electroosmotic flow (EOF) becomes more 

prominent. The aim of this project is to use EOF to translocate both DNA and proteins for 

the preparation of molecular carrier design (DNA bound to trypsin) and concentration 

quantification. The study will determine the effects of two competing metrics, 

electrophoretic forces and EOF, on molecule translocation time. By the end of this aim, we 

expect to detect DNA-Protein complexes in low ionic strength conditions and establish a 

solid foundation for developing molecular carriers and nanopore sensing techniques for the 

detection of trypsin. 
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1.6.2 Specific Aim 2: Evaluating Electrolyte Conditions for Enhanced Detection of 

DNA and Protein Complexes 

 The optimization of signal-to-noise ratio (SNR) is crucial for accurate and precise 

detection of the presence of molecular carriers. This aim focuses on determining the 

optimal electrolyte concentration and method of detection for producing concentration 

measurements. The project will synthesize molecular carriers (Lambda-phage DNA) to 

bind specifically to proteins (Cas9) to prepare for the detection of trypsin using molecular 

carriers in the future. In addition, the study will optimize electrolyte concentrations that 

allow for a high current amplitude signal without clogging the pore. This aim will set the 

groundwork for developing and testing molecular carriers and nanopore sensing techniques 

to accurately detect trypsin bound to DNA. 

1.6.3 Specific Aim 3: Enhancing Peptide Length Discrimination by Integrating 

Denaturing Agents 

 Pivoting away from molecular carrier detection and towards detecting peptide 

fragments generated by trypsin (mimicking a state of autodigestion) motivated the 

development of different electrolyte conditions to characterize peptide length. By detecting 

the peptide fragments after digestion, we acquire a more detailed view surrounding the 

enzymatic activity level. With this, incorporation of denaturing agents is employed to 

unfold, provide a uniformly negative charge, and linearize all molecules within the sample. 

The results of this study will provide crucial information about the event characteristics 

that distinguish peptide length, paving the way for future research.   
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1.6.4 Specific Aim 4: Real-time, Nanopore-Based Monitoring of Enzymatically 

Active Protease in Whole Blood 

 In this aim, we will fabricate a device to detect peptide fragments and proteins in 

real-time by integrating a dialysis unit with solid-state nanopores and a custom-made 

PDMS chip. The study will investigate the activity levels of trypsin within the blood, 

representing a state of autodigestion, using solid-state nanopores. The aim is to develop a 

device that can provide real-time monitoring of peptide fragments generated during 

trypsin digestion in whole blood. The results of this study will provide a deeper 

understanding of protease activity, which can help develop better treatment strategies for 

diseases related to autodigestion.  
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Chapter 2: Evaluation of Conductive Pulse Sensing and Its Mechanisms for 

Enhanced Molecular Sensing 

2.1 Abstract 

Nanopore sensing is nearly synonymous with resistive pulse sensing due to the 

characteristic occlusion of ions during pore occupancy, particularly at high salt 

concentrations. Contrarily, conductive pulses are observed under low salt conditions 

wherein electroosmotic flow is significant. Most literature reports counterions as the 

dominant mechanism of conductive events (a molecule-centric theory). However, the 

counterion theory does not fit well with conductive events occurring via net neutral-

charged protein translocation, prompting further investigation into translocation 

mechanics. In this chapter, we demonstrate theory and experiments underpinning the 

translocation mechanism (i.e., electroosmosis or electrophoresis), pulse direction (i.e., 

conductive or resistive) and shape (e.g., monophasic or biphasic) through fine control of 

chemical, physical, and electronic parameters. Results from these studies predict strong 

electroosmosis plays a role in driving DNA and protein events and generating conductive 

events due to polarization effects (i.e., a pore-centric theory).  

2.2 Introduction 

 Since their first use as a biosensor, solid-state nanopores continue to explore new 

biophysical phenomena and have cemented their place in history as high-throughput, low-

cost overhead, real-time, single-molecule resolution electrical read-out platforms. 

Although the translocation profiling of biochemically, biomedically, and pharmaceutically 
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impactful new molecules and particles has gained tremendous traction in laboratories 

across the world, the high electrolyte concentration paradigm in which experiments are 

performed has been rather unchanged since the sensing inception of nanopores in 19961. 

The attractiveness associated with high electrolyte solutions is largely due to the high 

signal-to-noise ratio (SNR), high electrophoretic throughput, and reliable generation of 

resistive pulses stemming from DNA transiently blocking ions (typically potassium and 

chloride). The physical principles in which DNA modulates the flow of ionic current within 

a nanopore have been studied extensively2–4. Although nanopore sensing is mostly 

associated with resistive pulse sensing due to transient ionic current perturbation by the 

molecule, the resistive nature of events is not consistent across all DNA translocation 

experiments1,5,6. In 2004, Chang et. al., reported on current–enhancing events at low 

electrolyte concentrations wherein the DNA-occupied pore conducted more ions compared 

to the DNA-free pore7. Therefore, pulses generated through translocations can be 

categorized as either current-reducing (i.e., resistive event, RE), or current-enhancing (i.e., 

conductive event: CE).  

As electrolyte concentration decreases, CEs are often observed in both planar 

membrane nanopores as well as conical nanopipettes, suggesting that CEs are not pore 

geometry specific8–16. It is also at this regime where electroosmotic flow (EOF) 

strengthens, sometimes leading to the translocation of molecules opposing electrophoretic 

flow (EPF). Although EOF and CEs often coincide, it is important to note that they are not 

mechanistically linked. For example, CEs are seen in nanopores where EOF is reduced to 

allow EPF-driven events9. Despite the large number of experiments describing CEs, the 
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origins of CEs in the presence of low ionic strength have been elusive. The leading 

consensus is that the combination of additional counterions and frictional effects influence 

the production of CEs3. Specifically, CEs stem from the introduction of additional 

counterions by the charged DNA (i.e. K+) within the nanopore is greater than the number 

of ions within the DNA-free pore7. Once electrolyte concentration decreases below ~0.02 

M, mostly counterions are present within the pore, which explains the current 

enhancement17,18. Interestingly, at ~0.4 M, counterions are thought to precisely compensate 

for the DNA-occupied regions of the pore and yields no current modulation19.  

The results presented in this chapter conflict with the conventional consensus and 

may be better explained by another potential theory; namely that current enhancement is 

due to a flux imbalance which causes (1) charge density polarization and (2) voltage 

changes at the pore (Vpore). Indeed, the first report of nanopore sensing at asymmetric salt 

conditions suggested that Vpore may be reduced and was used as an explanation for slower 

DNA translocations20. Perhaps the most convincing evidence presented here for the need 

of a new model lies with the fact that conductive events are observed for proteins at both 

symmetric low salt conditions and asymmetric high salt conditions. The heterogeneous 

surface charge of proteins would mean that counterions would be of mixed valency (+e, -

e). Even if positive counterions were more prevalent on the surface of the protein, we would 

expect the current enhancement to be minimal. Instead, we found that the current 

enhancement is greater than that of DNA. The flux imbalance theory presented here does 

not depend on the analyte at all but rather is modeled using the steady state flux of ions 

through pore.  
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Asymmetric high salt conditions, explored by Zhang et al, also produced CEs and 

the authors used a multi-ion model composed of Nernst-Plank and Stokes equations to 

explain their observations21. Namely, EOF enhancement in the space between the DNA 

and the pore is significantly higher than the ions blocked by DNA occupancy in the pore21. 

Our experimental observations with PEG (a natively neutral polymer that functions as a 

polycationic polymer through cation adsorption) cannot be explained through this model 

where CEs were seen with smaller diameter pores (Appendix A, Figure A.S1). Protein (i.e., 

holo form of human serum transferrin) translocation under a low ionic strength condition, 

yielded CEs as well (Appendix A, Figure A.S2). Thus, the intriguing question, why does 

ionic current increase during transient DNA and protein occupancy of a nanopore, remains 

under-examined and warrants further investigation. Since a cohesive theory for the nature 

of conducting events is still elusive, we studied the transport of DNA and protein within a 

nanopipette using various monovalent salts and under symmetric and asymmetric salt 

conditions.   

A second fundamental question that remains debated in the literature is: can low 

salt conditions promote EOF-driven DNA transport. Although it may seem obvious, 

electroosmotic dominant transport of DNA is hardly reported (first predicted in 201022) 

and therefore, less known in the nanopore community23,24. On the other hand, 

electrophoretic transport of DNA through nanopores is a well-reported and almost 

unanimously used mode of transport. While electroosmosis has seen widespread adoption 

in protein and glycan characterization, its use in DNA experiments is meager, largely due 

to the high linear charge density associated with DNA and (high) salt conditions typically 
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used in experiments25,26. However, tuning of electroosmosis has been used to, for example, 

promote single file translocation, improve throughput, and tune translocation time25,27,28. 

To the best of our knowledge, no previous reports exist outlining the electroosmotic DNA 

transport through nanopipettes. Thus, in this chapter, we characterized EOF-driven events 

(anti-electrophoretic, or anti-EPF) with Lambda DNA (λ-DNA)—the gold standard of the 

nanopore community to benchmark new developments due to its well-known 

physicochemical parameters—using quartz nanopipettes.  

In summary of our findings, DNA CEs are extremely cation-, pore size-, and 

voltage-specific and potentially the result of an imbalance of ionic fluxes and leads to 

charge density polarization and a violation of net neutrality29. We utilize a Poisson-Nernst-

Planck (PNP) model to describe the flux imbalance between cation and anions within a 

nanopore which differs from the more traditional Nernst-Planck (NP) equations in how 

electro-neutrality and charge conservation is formulated. The PNP model more accurately 

describes the boundary layers (1-10 nm) at electrodes and charged surfaces30. For 

nanopores that are on the same order of magnitude as the boundary layers, the PNP 

equations are a more complete treatment of charged species transport. The net effect is that 

flux imbalances have the ability to change the space charge density and the voltage 

throughout the fluidic system. We will discuss the electrokinetic and hydrodynamic 

phenomena that affect event shapes such as counterion cloud, ion mobility, pore size, and 

electrolyte composition. This section elucidates some of the fundamental pre-requisites for 

observing CEs when DNA translocates through a nanopore and paves the way for 

harnessing CE mechanisms for molecular carrier detection and characterization.  
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2.3 Results and Discussion 
 

While most nanopore-based, single-molecule sensing is performed using planar 

membranes, which have a well-defined pore length (i.e. effective membrane thickness), 

nanopipettes have a gradual taper length (Figure 2.1a) that increases the sensing region of 

the device31. We fabricated nanopipettes by laser pulling glass nanocapillaries, producing 

two identical quartz nanopores (see Methods for fabrication details). With this technique, 

<10 nm inner pore diameters can be achieved as shown in Figure 1a. This process is fast, 

inexpensive, and does not require a clean-room environment32. The pore conductance (G) 

was evaluated using the linear slope of a current-voltage (I-V) curve (Figure 2.1b) and 

thereafter used to estimate the size of the aperture using33,34: 

ⅆ𝑖 = 4𝐺𝑙
𝜋𝐾db

      (1) 

where 𝑙 is the length of the conical pore (taper length), 𝐾 is the measured conductivity of 

the buffer, and db is the diameter of the capillary (0.7 mm) at the beginning of the conical 

taper. The taper length was measured using an optical microscope. The G, measured by 

calculating the slope of the linear portion at the negative voltages, varied between 0.6 and 

5.4 nS and the I-V curve showed ionic current rectification which is consistent with the 

previous reports35. The tabulated G values yield pore diameters between 5 (± 0.5) and 48 

(± 4) nm, respectively. The pore sizes were also occasionally confirmed using transmission 

electron microscopy (see Figure A.S3 in Appendix A). 
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2.3.1 λ-DNA Translocation in Symmetric Low Salt Conditions 

After retrieving the I-V information, translocation experiments with λ-DNA at a 

final concentration of 500 pM were performed in 10 mM Tris-EDTA buffered at pH ~7.4. 

We opted for very a low salt concentration (i.e., 10 mM) to maximize the EOF while 

maintaining a high enough SNR for pulse extraction (see discussion Appendix A for more 

details on SNR). The pH was maintained at the physiological pH which renders the glass 

to be negatively charged (≈ -(10-20) mC/m2)36 and therefore EOF and EPF to be opposing 

in the case of λ-DNA. For electroosmotic capture to take place, it should outweigh the 

electrophoretic force (provided the two are opposing rather than complementing) exerted 

on the DNA molecule by the applied voltage. For a molecule to translocate, it must first 

diffuse to the capture zone, drift to the pore opening and overcome electrostatic and free 

energy barriers (e.g., entropy). The shape and extent of the capture volume are exceedingly 

crucial as they would govern the transport dynamics of the device. It is known, when EPF 

dominates, the capture volume outside the nanopore assumes a nearly spherical shape 

surrounding the pore’s orifice20,37–40. EOF, on the other hand, depends on the fluid flow 

profiles. According to the EOF streamlines, the capture volume adopts a shape confined 

along the sides of the pore41. There also lies a crossover concentration point in which EOF 

reverses direction, where EOF is generated along the glass surface and radiates away from 

the pore aperature41. Finite element analysis was performed to determine the fluid flow rate 

at different voltages (Figure 2.1c). Herein, we adopted the operational configuration where 

the anode electrode is placed inside the pipette side and grounded electrode in the bath 

(under low salt conditions). Since the glass surface is negatively charged at the operational 
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pH, at negative applied voltages, the resultant fluid flow would be towards the taper region 

(i.e., from the bath to the tip). At positive biases, the fluid flow direction switches. In 

brevity, the simulation depicted in Figure 2.1c was carried out in the following manner: 

Poisson-Nernst-Planck-Stokes equations were solved simultaneously to account for ionic 

species spatial concentrations, electrostatic forces on ions and convective forces on ions. 

EOF was imposed as a force on the surrounding liquid by integrating the spatial 

accumulation of ions into a volume force that acts on the liquid (boundary conditions can 

be found and simulations details can be found in Appendix A.S5). The fluid velocity acts 

as a moving frame of reference for the DNA and can be compared directly with the 

electrophoretic drift velocity imposed by the electric field. Electrophoretic drift velocity 

was calculated by extracting the electric field and multiplying by the electrophoretic 

mobility of DNA (μ=3.2 × 104 cm/Vs)42. Simulated results shown in Figure 1c indicate, 

under low ionic strength conditions, the EOF velocity is greater than the EPF drift velocity 

rendering the net velocity to be in the same direction as the EOF profile.  

Given the inherent differences associated with capture volume shapes associated 

with EOF and EPF dominant mechanisms, the next step was to elucidate the entrance 

trajectory of DNA. To do this, λ-DNA was added to the bath and a negative voltage bias 

was applied to the other electrode to ensure if translocations were to happen (i.e., from the 

bath to the tip side; forward translocation direction), it would be caused by electroosmosis 

rather than by the conventional electrophoresis. The fluid flow profiles around pore-tip 

were simulated to further understand the EOF-driven capture of DNA. The simulated 

results are shown in Figure 1d and indicate DNA proceeds to diffuse around the solution 
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until it enters the EOF capture volume, where it is then transported through the pore. To 

reiterate, this transport is fundamentally possible when the EOF velocity is greater than the 

EPF drift velocity. Since DNA events occur anti-EPF, mapping the fluid motion is 

indicative of the capture zone. To experimentally validate the finite element analysis 

 
Figure 2. 1: Experimental set-up and characterization of quartz nanopores. (a) TEM of quartz nanopore; 
scale bar, 50 nm. (b) I-V curves pertaining to four differently sized nanopipette orifices. For pore size 
estimations, the linear portion at the negative voltages was used (yellow shaded region). The schematic 
within the I-V curves shows the directionality of EOF and EPF at negative voltages. (c) EOF, EPF drift, 
and the resulting net velocities of λ-DNA along the pore’s axis of symmetry (μ=3.2 × 104 cm/Vs). 
Distance from the pore is radial from the axis of symmetry. (d) Simulations of fluid flow velocities under 
low ionic strength conditions. White lines indicate fluid flow lines for a 20 nm pore at -600 mV voltage 
bias. Inset: YOYO-labelled DNA sample with an applied voltage of -700 mV to visualize the capture 
zone. Scale bar is 20 µm. The gray line at the center indicates the pore’s axis of symmetry, which aids in 
deciphering the distance from the pore simulation results provided in (c). (e) Event frequency with depth 
of the pipette inside the bath solution. Nanopore depth is synonymous with how deep the nanopore tip 
was submerged into the analyte-containing bath solution. Error bars show the standard deviation of each 
condition. (f) Linear DNA events from 17 pores were investigated for pore size dependence on current 
amplitude. We see that the enhancements fluctuate between 60 and 140 pA with no discernable trend. 
Errors bars represent the standard deviation of the current change. 
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(Figure 1d), λ-DNA was tagged with YOYO-1 and the nanopipette tip placed in the focal 

plane of a water immersion objective (Nikon, NA=1.2). A stacked time series of images 

(acquired from a Princeton Instruments ProEM emCCD) allowed us to observe λ-DNA 

capture at -700 mV (Figure 2.1d inset reveals that fluid motion along the sides of the pore 

is responsible for λ-DNA translocation). 

Under high salt conditions, DNA transport has been categorized to adopt a range of 

configurations including linear, looped, partially folded, and knotted: reported with both 

planar nanopores43–46 and nanocapillaries33. However, reports on the DNA conformations 

under EOF dominant transport are yet to be published. Thus, after confirming the mode of 

dominant transport, we looked at the conformations adopted by translocating DNA 

molecules. Realizing that the capture volume in EOF-driven translocations surrounds the 

outer walls of the nanopipette, we first optimized the throughput of the device by adjusting 

the pipette position with respect to the bath liquid surface as shown in Figure 2.1e. The 

capture volume can be controlled by submerging varying lengths of the taper length inside 

the salt solution containing λ-DNA. The nanopore was suspended at 0, 0.26, 0.53, 1.1, and 

4.0 mm below the electrolyte solution surface containing λ-DNA. For exact measurements, 

the nanopore was suspended from a linear stage actuator. Translocations were obtained for 

voltages between -100 and -1000 mV, in increments of 100 mV. Recording at -600 mV 

yielded the most consistent translocations without clogging the pore. Events were recorded 

at -600 mV and the I-V relationship yielded a 2.5 nS pore. The capture rate was calculated 

at each depth (see Appendix A Section 6 for capture rate calculation details). As nanopore 

depth increases, capture volume also increases, leading to higher event frequency with 
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larger depth values. As more of the nanopore is exposed to the λ-DNA solution, the capture 

volume enlarges, leading to an increase in event frequency and corroborates the EOF 

capture mechanism more strongly than the electrophoretic capture mechanism. Finally, 

using a custom-coded MATLAB script, translocation conformations of DNA were 

examined which revealed that DNA adopts the widely seen conformations: linear, partially 

folded, and fully folded (see Appendix A Section 7 for further details). By solely selecting 

linear events, we were able to evaluate the relationship between CE amplitude and pore 

size; a relationship that may be hidden by multiple conformations of DNA. As seen in 

Figure 2.1f, no observable trends were seen in CE amplitude with pore conductance (a 

proxy for pore size).   

2.3.2 λ-DNA Translocation in Asymmetric High Salt Conditions 

Simulations performed in 2009 predicted that current enhancements could be seen 

at high ionic strength conditions47 with small pore diameters (<2.2 nm) using hairpin DNA. 

In acknowledgment of that finding, we also show that CE phenomenon is not limited to 

low ionic strength conditions. We employed the usage of salt concentration gradients where 

the pipette was filled with 1 M KCl and the bath was filled with 4 M KCl. λ-DNA was 

either added to the pipette (Figure 2.2b: case I) or bath (Figure 2.2c: case II) and a voltage 

bias consistent with the conventional EPF-dominated transport was applied to the pipette. 

Note that EOF is deemed negligible under the high salt conditions that these experiments 

operate. In case I, with an applied voltage of -600 mV, λ-DNA was driven outside the pore 

through EPF, resulting in CEs. This contradicts the conventional expectation of REs under 

high salt conditions and CEs under low salt conditions. On the contrary, in case II, with an 
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applied voltage of +600 mV, λ-DNA was driven into the pipette resulting in REs. Although 

directional dependence of DNA transport has been reported previously with nanopipettes48, 

a change in the direction of the pulses has not been previously observed. The conductive 

pulse observations shown here showcase the shortcomings of theory used for nearly two 

decades which presume excess charge introduced by DNA compensates for the ionic 

current blockade by DNA to eventually yield conductive pulses. Furthermore, with 

asymmetric salt conditions (1 M inside, 4 M outside), both the forward and reverse 

translocations produced unconventional event shapes. It is well known that the 

translocation direction of a particle is reflected through its event shape with tapered pore 

geometries unlike their cylindrical counterparts49. Moreover, shapes analogous to that 

shown in Figure 2.2b are typically observed for reverse translocations (i.e., when a 

molecule enters the pipette through the bath and travels along the confined tapered region). 

In other words, the geometry of the pore determines the electric field profile and by 

extension the sensing zone of the pore. Despite the DNA exiting the pore, there is a 

transient decay back to the baseline current level (Figure 2.2b). Conversely, reverse 

translocations produced a square pulse rather than a pulse with a decaying tail (Figure 

2.2c). Figure 2.2b red inset and 2.2c blue inset provide examples of unconventional shapes 

seen under their respective conditions. By fitting the current to an exponential decay, the 

decay constant of forward translocations was found to be approximately 1150 ± 243 s-1 

which corresponds to a 10% to 90% rise time of ~1.2 ms. This is substantially longer than 

the rise time associated with the 10 kHz lowpass filter used while recording the data 

(~33 μs)50. Although it is not clear as to what produces the observed waveform shapes, we 
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speculate ion flux imbalance, its direction, and DNA translocation direction, to play a key 

role in the mechanism. 

Conceptually, a pore can become ion-selective depending on its surface charge. If 

the pore is charge neutral, it would not exhibit any selectivity whereas if it is negatively 

 
Figure 2. 2: Event properties of DNA under low ionic strength and asymmetric salt conditions. (a) Typical 
event structures observed with λ-DNA translocation experiments under low salt, symmetric conditions 
at -600 mV. The three events correspond to linear, partially folded, and fully folded λ-DNA from left to 
right (current traces in black overlaid with red lines). The corresponding blue lines show an example of 
each DNA configuration. The schematic on the right displays the salt conditions as well as the voltage 
applied to either side (denoted by positive or negative signs) and how λ-DNA enters via EOF (anti-EPF) 
from the capture zone located at the outer walls of the nanopore. (b) Observation of CEs in asymmetric 
salt conditions when λ-DNA + 1 M KCl was added into the pipette and 4 M KCl was outside at -600 
mV. To the right, EPF is used to repel λ-DNA away from the negatively applied voltage and exit the pore 
into the bath solution. Red inset: DNA exiting the pore produces CEs containing a tail before returning 
back to baseline. (c) Current traces of REs in asymmetric salt conditions when λ-DNA + 4 M KCl was 
added into the bath and the pore contained 1 M KCl. Located to the right is a schematic showing how 
DNA is electrophoretically attracted to translocate into the pore when +600 mV is applied. All buffers 
were prepared at pH 7.4. Blue inset: DNA entering the pore yields REs that look similar to square pulses. 
(d) Event decay to equilibrium for the case experiments shown in (b). DNA is exiting the pore and thus 
should immediately leave the sensing zone of the pore as opposed to the reverse translocation direction.   
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charged, the pore would be cation-selective (Figure 2.3a). Simulations with a negatively 

charged pore submerged in 10 mM KCl solution showed that although the pore’s total ionic 

flux was not altered significantly by EOF (K+ flux increased and Cl- flux decreased by the 

same amount), it does significantly impact the flux imbalance between cation and anion 

(see Appendix A Section 8 for simulation details). The terms EOF- and EPF- pumping are 

used here to signify that ions are being moved by the insertion of electrical energy and 

energy is required to maintain the system in that state. Flux imbalance, defined here as |K+ 

flux| minus |Cl- flux|, can be generated through externally applied conditions and 

parameters; for example, flux imbalance increases with both the pore diameter and the 

applied voltage (Appendix A Figure A.S11). This finding will be important when 

discussing other monovalent salts wherein transitions between REs and CEs occur. 

Nevertheless, the finding that EOF can increase the counterion (K+) flux imbalance is 

particularly noteworthy since (i) CEs were observed at high asymmetric salt conditions 

which would also cause ionic flux imbalance and (ii) further supports the previous 

experimental observations of CEs occurring under asymmetric salt conditions as DNA 

translocates through the pore21. With a salt gradient, in addition to the electrical potential 

gradient, ions could move as result of the chemical potential gradient. Thus, for the 

asymmetric salt cases, assuming the same spatial voltage distribution, one ion will 

outweigh the flux of the oppositely charged ion, as shown in Figure 2.3c. Note that 10 

mM/10 mM conditions are also cation selective at all voltages and is shown in Appendix 

A Section 5. In case I, K+ moves along both the electrical and chemical potential gradients 

opposing the DNA translocation direction whereas in case II, due to the positive bias, Cl- 
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ions move along both the gradients cooperative with DNA translocation direction. This is 

also reflected through the translocation time (Δt) where case I produced events that were 

~3× slower compared to case II (Δt were 3.2 ms and 1.1 ms respectively for case I and case 

II). Taken together, these results imply a flux imbalance in favor of Cl- produces REs 

whereas CEs stem from a flux imbalance in favor of K+. This is notably different than ion 

selectivity which is typically a characteristic of the pore itself. Rather, flux imbalances can 

be generated through externally applied conditions and parameters. This computational 

finding further supports the previous experimental observations of CEs occurring under 

asymmetric salt conditions as DNA translocate the pore. 

The impact of the flux imbalance seems to play a role in redistributing the voltage 

drop inside the nanopipette; in particular, the taper region where there is a confining 

negative surface. Using finite-element simulations, and varying the surface charge density 

incrementally, it is shown that higher surface charges lead to two main effects. First, EOF 

flow velocity increases, and secondly, the excess charge inside the taper length of the 

pipette causes ion polarization effects. For example, as surface charge is increased, the 

electric potential drops significantly between -100 and -400 nm inside the nanopipette 

(Figure 2.3d). Under asymmetric salt conditions, the impact is also voltage dependent since 

both EOF and EPF are voltage regulated; both producing a flux imbalance. Under positive 

voltages, the Cl- is rejected from the pore to the tapered region decreasing the voltage drop 

occurring inside the taper of the nanopipette. That is, as seen in Figure 2.3, compared to a 

neutral pore surface, the tapered region becomes more conductive (i.e., less voltage drop 

occurs). On the other hand, if is a negative bias is applied inside the pore, K+ ions are 
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accepted to the pore interior causing the voltage drop inside the taper to increases compared 

to a neutral pore since the tapered region become more resistive (i.e., larger voltage drop 

compared to a neutral pore). Thus, the net positive or net negative charges stored inside the 

pipette changes the voltage distribution and therefore the sensing zone of the nanopipette 

sensor. The decrease in charge storage at low salt is observed in Figure 2.3e wherein there 

is always a positive charge accumulation, but it is lessened or exacerbated by EOF. While 

EOF is the mechanism of charge transport, it is the flux imbalance that ultimately 

determines the degree of polarization. While charge density polarization effects are 

commonly taken into account on electrode-electrolyte interfaces, it seems rarely considered 

for nanoscale confinements until relatively recently51,52.  
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2.3.3 Alkali Chloride Dependence on Event Characteristics 

Now that a relationship between the ion flux imbalance and pulse direction is 

apparent, the question of whether the nature of the monovalent cation would have any 

effect on the transport properties was examined. For example, LiCl is known to shield the 

charge of DNA and slow it down compared to KCl since the former can bind more 

covalently to charged moieties compared to the latter53. Additionally, LiCl had a 

 
Figure 2. 3: Conceptual and computational model of symmetric low salt conditions and asymmetric salt 
conditions. (a) A graphical representation of a negatively charged glass nanopipette under low salt 
conditions. When a negative voltage is applied, EOF is directed into the pore (as shown by the blue 
arrow). The flux imbalances for a neutral pore and a negatively charged pore (our experiments) can be 
found at the bottom. Negatively charged pores enable a flux imbalance in favor of cations to occur when 
the pore has a negative potential. (b) An illustrative figure displaying EPF ion pumping for asymmetric 
salt conditions with 1 M KCl inside the pore and 4 M KCl outside. The graphs at the bottom represent a 
negative and positive voltage bias with the resulting flux imbalance. (c) Flux imbalance calculations for 
symmetric and asymmetric salt conditions (both conditions where 1 M (cis)/4 M (trans) and 4 M (cis)/1 
M (trans) are shown). Asymmetric salt permits the toggling of the flux imbalance with either a change 
in voltage or concentration gradient formation. A blue shaded region is overlaid upon the region that is 
K+ dominant. The symmetric low salt (10 mM/10 mM) curve is also provided in the Appendix A.S7 and 
shows that the pore is always cationic selective. The potential distribution under (d) asymmetric salt 
conditions and (e) low salt conditions for three surface charge densities (electric potential is plotted along 
the axis of symmetry). (f) Space charge density (C/m3) for the voltage range of -600mV to +600 mV 
(axial distance of zero corresponds to the tip of the nanopipette). The pore diameter for this simulation 
was 20 nm under low salt conditions (10 mM KCl) and the schematic illustrates EOF pump directed 
towards the pore. For simplicity, boxes outlined in light green pertain to low salt information while 
outlines in blue represent asymmetric salt (1 M (cis)/ 4 M KCl (trans)). 
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significantly higher streaming current compared to both KCl and CsCl (see Appendix A 

Section 9 for more details). In this section, first, we draw comparisons between the 

translocation properties of λ-DNA in symmetric 10 mM KCl and 10 mM LiCl salts 

followed by 10 mM CsCl. 

The nanopipette containing 10 mM LiCl was inserted inside a solution containing 

10 mM LiCl and λ-DNA (buffered at pH~7.4) and current traces were recorded from -

300 mV to -900 mV in 200 mV increments (Figure 4a). As seen in Figure 2.4a, a crossover 

from REs to CEs that is independent of salt concentration was observed. At voltages of -

300 and -500 mV, λ-DNA translocations resulted in REs and at voltages of -700 and -900 

mV, it resulted in CEs (also see Figure 2.4c). Intrigued by this observation, we explored 

the pulse behavior at -600 mV where the event current shape assumed both a resistive and 

conductive region resembling a biphasic waveform (Appendix A Figure A.S13). The 

biphasic nature of the events at the transitional voltages (-500, -600, and -700 mV) suggests 

that both resistive and conductive modulation mechanisms can conjointly act and perhaps 

act at different timescales in relation to the translocation event. For example, in the 

moments before or after the DNA enters the pore, DNA would still exist within the EOF 

flow field of the pore leading to current modulations on a potentially longer timescale.   

Another comparison was done using two nanopipettes with inner diameters of 33 ± 

3 nm. One nanopipette contained 10 mM KCl while the other contained 10 mM LiCl. Both 

were submerged in 10 mM LiCl with 500 pM λ-DNA (all buffered at pH ~7.4). 

Interestingly, at -600 mV, CEs were observed for the pore containing KCl whereas REs 

were observed for LiCl (Figure 2.4e). At -600 mV, finite element simulations (for the 33 ± 
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3 nm nanopipette) predicted that the nanopipette is strongly cation-selective in KCl and 

weakly cation-selective in LiCl, which may be a possible explanation for the event types 

observed. If the transition to CE occurs at a flux imbalance of 2×10-16 mol/s as shown in 

Figure 2.4c, the same discriminating line appears to be valid for predicting KCl and LiCl 

current modulation (Figure 2.4e). The stronger flux imbalance observed with KCl (under 

the same pore size, voltage, and salt concentration) led to CEs while LiCl produced REs 

(Figure 2.4d-e). The critical value of the flux imbalance has no clear meaning at this time 

but is extracted from a combination of experimental and numerical approaches. 

Interestingly, KCl had longer event durations at these low salt conditions (3.1 ± 1.5 

ms compared to 1.9 ± 0.7ms in LiCl): a counterintuitive observation if DNA was 

electrophoretically driven since LiCl is known to slowdown DNA trasnlocation through 

charge shielding compared to KCl53. Since translocations in both KCl and LiCl are EOF 

driven, we suspect the effective charge shielding ability of LiCl allows EOF to transport 

the DNA with less opposing force. Other than the differences in Δt, as seen in Figure 2.4d, 

the 𝛥I of REs observed for LiCl are much more tightly clustered together compared to 𝛥I 

of CEs observed with KCl (-70 ± 8 pA versus 200 ± 122 pA, respectively). The source of 

the variability of CEs observed in KCl is still not fully understood and requires further 

investigation. Once LiCl events trasition to become CEs (Figure 2.4b), current  

modulations become more scattered compared to REs. Additional information from λ-

DNA translocating in 10 mM LiCl can be seen in Appendix A Section 10. 

Recently, CsCl was shown to have an advantage over KCl in respect to sequencing 

using solid-state nanopores11. This publication used CsCl because it disrupts the hydrogen 
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bonding between guanines, therefore denaturing the G-quadruplex into single-stranded 

structures. Although we are not working with ssDNA, we aimed to compare KCl event 

properties with another alkali metal chloride that holds promise in the nanopore 

community. Therefore, we performed experiments using nanopipettes filled with 10 mM 

CsCl inserted into 10 mM CsCl with λ-DNA (Figure 2.4f). Similar to KCl, pulse direction 

in CsCl is expected to be voltage independent since K+ and Cs+ have nearly the same 

diffusion coefficient54. To confirm this, a pore with a conductance of 1.5 nS (14 ± 2 nm 

diameter) was used under low ionic strength conditions and voltages of -300 mV, -400 mV, 

-500 mV, and -1000 mV were applied. All voltages resulted in CEs. To further strengthen 

this observation, flux imbalance for CsCl was simulated (Appendix A Section 11) which 

revealed the pore to be cation-selective across the experimentally viable voltage range. 

Simulated results of KCl and CsCl were nearly identical due to nearly identical diffusion 

coefficients for K+ and Cs+ (2.02 × 10-5 and 2.00 × 10-5 cm2/s, respectively54). 
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2.3.4 Protein Conductive Events at Asymmetric Salt Conditions 

 According to the experimental and numerical evidence, flux imbalance seems to 

play a role in producing CEs. Using the asymmetric salt conditions, we showed that a flux 

imbalance can be generated that favors potassium ions (i.e., case I). A reversed voltage 

polarity would therefore generate a flux imbalance that favors chloride ions (i.e., case II). 

We further wanted to investigate whether this would hold for protein structures since they 

notably have a heterogeneously charged surface. If analyte counterions played a role in 

CEs, we would expect cation and anion counterions would cancel out and there would be 

 
Figure 2. 4: Event shape characteristics of λ-DNA via various monovalent salts. (a) Representative 
waveforms observed in 10 mM LiCl from λ-DNA translocations in response to negative voltages. As the 
voltage increases in negativity, events transition from resistive to conductive. (b) Scatterplot showing 
current change and dwell time relationship with applied voltage for λ-DNA in 10 mM LiCl through a 
pore with a conductance of 1.2 nS at four different voltages: -900 mV in red, -700 mV in yellow, -500 
mV in blue, and -300 mV in green. (c) Flux imbalance with (negative) applied voltage in 10 mM LiCl 
and its influence on the waveform generated through λ-DNA translocations. (d) An additional scatter 
plot corresponding to λ-DNA translocation in 10 mM KCl (CEs) and 10 mM LiCl (REs) in response to 
-600 mV. Both pores have a pore diameter estimated to be 33±3 nm. The horizontal dashed line 
corresponds to the flux imbalance corresponding to the transition of REs to CEs. (e) Flux imbalance with 
(negative) applied voltage in 20 nm diameter pores in 10 mM KCl and LiCl. (f) Scatter plot of current 
change and dwell time corresponding to λ-DNA translocation in 10 mM CsCl in various applied 
voltages. All voltages produced CEs, similar to KCl. 
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no observation of CEs. To study this, we chose to study the Cas9 mutant, Cas9d10a, 

because unbound it carries a net positive charge at pH ~7.4, and once bound to sgRNA, the 

complex becomes negatively charged55. This protein would also serve as a proxy for 

detecting trypsin in future studies. For added specificity, amino acid sequence calculations 

were performed on the Cas9d10a complex alone and bound to sgRNA, providing net 

charges of both (Figure 2.4a). The pH was not changed to be consistent with the previous 

set of experiments (e.g., same charge density on the pore and thus similar EOF). 

Furthermore, the same asymmetric salt conditions were employed, as before, where 1 M 

KCl was inside the nanopipette and 4 M KCl was outside the nanopipette. The Cas9d10a 

protein was added inside the nanopipette (in 1 M KCl) with and without sgRNA (resulting 

current traces are shown in Figure 2.5b and 2.5c, respectively). The Cas9d10a-sgRNA 

complex was achieved by incubating Cas9d10a with sgRNA (equimolar amounts) for 1 

hour at room temperature. Voltages were applied to be consistent with the expected 

electrophoretic transport directions: positive bias for the Cas9d10a + sgRNA complex and 

a negative bias for the Cas9d10a protein. Like λ-DNA, Cas9d10a + sgRNA complex 

produced CEs (Figure 2.5b). Under this condition, K+ from the outside (4 M KCl) is driven 

into the pipette. However, upon reversing the voltage, the pore’s flux imbalance was in 

favor of Cl- and thus Cas9d10a produced REs. In this condition, Cl- from the outside (4 M 

KCl) is driven into the pipette (referred to previously as EPF pumping of ions). The events 

at positive voltage could indeed be from either Cas9d10a + sgRNA complex or sgRNA 

alone since both are negatively charged. However, Cas9d10a binding of sgRNA is typically 

fast with slowly reversible reaction kinetics56. The pulse direction is consistent with our 
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previous observations where cation selectivity yielded CEs and anion selectivity yielded 

REs. It is also noteworthy to discuss the magnitude of the current enhancement between 

DNA and protein.  

 
Figure 2. 5: Event characteristics for Cas9d10a and the Cas9d10a + sgRNA complex under asymmetric 
salt conditions (1 M inside pore/4 M KCl outside pore). (a) Graph of net charge based on calculations of 
amino acid composition of Cas9d10a alone and Cas9d10a-sgRNA at various pH values. The black dotted 
line represents the pH value of our working conditions (7.4), and the red and blue circles are the 
corresponding charges of Cas9d10a + sgRNA and Cas9d10a alone, respectively. (b) Current trace of 
Cas9d10a with and without sgRNA in asymmetric salt conditions (1 M KCl inside and 4 M KCl outside). 
Events were resistive when Cas9d10a was inside the nanopipette, and a positive voltage is applied inside 
the nanopipette. Cas9d10a was pre-incubated before diluting in 1 M KCl where the Cas9d10a and 
sgRNA were in an equimolar ratio (1:1). Events were conductive when Cas9d10a + sgRNA was inside 
the nanopipette and a negative voltage was applied inside the nanopipette. (c) Schematic of set-up (left) 
and fluxes of K+ and Cl- under both conditions. Top condition includes the negatively charged complex 
of Cas9d10a and sgRNA. The bottom condition contains the positively charged Cas9d10a molecule 
alone. Both have 1 M KCl + analyte within the nanopipette and 4 M KCl within the electrolyte bath 
solution. (d) Current enhancement observed for both DNA and protein using similar sized pores (36 nS 
for Cas9:sgRNA and 33 nS for λ-DNA) and the same voltage bias of -500mV. An asymmetric salt 
condition was used on both experiments (1 M/4 M KCl) and voltage was applied inside the nanopipette; 
driving negative DNA and protein-RNA complexes out of the nanopipette.   
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2.3.5 Mechanistic Insight into Conductive Events 

We have proposed a pore-centric model of CEs that is based on the dynamic 

distribution of ions inside of the nanopore. Volume exclusion is the typical mechanism of 

observing REs and we believe volume exclusion is still the main mechanism of CEs as 

well; both yield a transient ionic perturbation based on molecular occupancy of the pore. 

Since the voltage at the extreme ends of the fluidic reservoirs is clamped, charge build-up 

(i.e., potassium) tends to generate a voltage that, in turn, lowers the effective voltage for 

ion conduction at the pore. Inherent to a system with cation/anion flux imbalances is the 

concept of net neutrality, which is, by definition, violated by the conditions discussed here. 

Since electrostatics and ionic concentration profiles are coupled, voltage and ion flow are 

linked mechanistically. That is, especially with low electrolyte conditions, excess of either 

ion (cation or anion) could increase or decrease the voltage drop through the tapered region. 

The model developed for this study avoided the use of classical Nernst-Planck equations 

which assume net neutrality. Instead, a Poisson-Nernst-Planck (PNP) model was developed 

which permits ionic modulation of the electrostatic system. In the case of asymmetric salt 

conditions, the ion flux is also dependent on the chemical potential gradient where ions 

move from high salt to low salt generating a charge density polarization effect. In 

asymmetric salt, the pore can even be anion selective, which is not possible under 

symmetric conditions. Depending on the voltage bias, the pore is either cation selective or 

anion selective, which changes the voltage drop in the tapered region and the pore. For low 

salt conditions, the pore is always cation selective since the quartz surface has a negative 

surface charge. The magnitude of the EOF is the critical factor that influences the current 
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enhancement. For example, LiCl has less EOF (both in terms of average velocity and 

volumetric flow) in comparison to KCl and a transition to conductive events occurs at 

higher voltage (higher EOF). We speculate that a DNA-occupied pore transiently stops 

EOF (i.e., the effective pore size decrease during DNA occupation which would result in 

diminished EOF) effectively lowering the charge stored inside the pore. Finite element 

methods demonstrate the accumulation of charge inside the glass pore (Figure 2.3). The 

increase in stored charge with applied voltage is a characteristic trait of an ionic capacitor57. 

We believe that charge storage and dissipation dynamically impact the voltage at the pore 

therefore indirectly measures the occupancy of the molecule inside the pore.  

An assumption used in the flux imbalance theory presented here is that occupancy 

of the DNA or protein leads to less polarization through disturbing the equilibrium 

conditions of the open-pore. For nanopore conditions in which a flux imbalance is created 

by convective flow, it is easy to see how a translocating entity can block fluid flow. For 

asymmetric salt conditions, the role of osmotic flow and its role in generating a flux 

imbalance is an important area that needs exploration. Nevertheless, even for conditions 

with no fluid flow, the mere reduction of ionic flow (equal reduction of K+ flux and Cl- 

flux) may reduce the polarization of the nanopore. Based on the decay rate of events (Figure 

2.2), it seems that polarization is in dynamic equilibrium and, furthermore, associated with 

a time constant. A second point to consider is the role of nanopore geometry. Based on the 

asymmetric salt conditions that were studied, a K+ flux imbalance into the nanopipette 

seems to yield the greatest polarization effect that led to a greater current enhancement for 

DNA translocation. K+ flux out of the nanopipette did not achieve the same level current 



44 
 

enhancement Upon DNA entering the pore. The rationale that positive charge can be stored 

in the negative taper length of the nanopipette is used to explain the high current 

enhancements at this condition: 1 M + DNA inside the pipette, 4 M outside.  

2.4 Conclusion 

Ionic-generated potentials are typically named according to the principle in which 

they are generated. For example, diffusion potentials, streaming potentials, and exclusion 

potentials58. Nevertheless, charge separation is a commonality of these potentials as well 

as our capacitor model which ultimately could generate voltage and current transients. Data 

thus far support the hypothesis that a flux imbalance plays an important role in the 

generation of CEs and the evidence here demonstrates the importance of the pore’s charged 

surface, voltage-bias, and associated electro-hydrodynamics in generating CEs. In this 

study, we described multiple electro-hydrodynamic effects that influence EOF-driven 

DNA translocations under low ionic strength conditions. We have found that EOF can be 

used in various alkali chlorides. Confirmation that EOF capture volume resides along the 

sides of the tip aperture and directs flow inward has been shown. The resulting current 

enhancement or reduction dependence on pore size can be explained by a pore’s flux 

imbalance. Secondly, we discovered a pulse crossover point from CEs to REs, independent 

of salt concentration and specific to LiCl, by scanning the applied voltage from -300 mV 

to -900 mV. We show that changing the electrolyte influences the event shape, SNR values, 

and event frequency, which is highly regarded information that can be utilized for the 

detection of other biomolecules. The pulse nature was also explored for proteins with Cas9 

mutant, Cas9d10a, in both free form and bound to sgRNA wherein CEs were observed for 
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the Cas9d10a- sgRNA complex and REs were observed for the free Cas9d10a protein. The 

pulse direction results were in good agreement with the flux imbalance theory proposed 

for DNA. With this, we have detected both DNA and protein by modulating the ionic flux, 

providing the framework for detecting the DNA – trypsin complex in future chapters. 

Evaluating polarization effects and its role in producing CEs will provide a framework for 

understanding experimental results at these low salt and asymmetric salt conditions. 

Therefore, we propose an additional possible theory for conductive events based on charge 

density polarization where accumulation of positive charge (for a negatively charged pore), 

via a flux imbalance, appears to effectively lower the voltage bias at the pore during open 

pore conditions and enhances the current when the equilibrium conditions are altered. 

2.5 Materials and Methods 

2.5.1 Nanopore Preparation 

Nanopore fabrication began with quartz capillaries (Sutter Instrument Co.) of 7.5 

cm in length, 1.00 mm in outer diameter, and 0.70 mm in inner diameter. Capillaries were 

plasma cleaned for five minutes before laser-assisted machine pulling to remove any 

surface contaminations. Afterwards, quartz capillaries were placed within the P-2000 laser 

puller (Sutter Instrument Co.) and a one-line protocol was used: (1) HEAT: 630; FIL: 4; 

VEL: 61; DEL: 145; PULL: between 135 and 195. This resulted in two identical, conical 

nanopores. The heat duration was approximately 4.5 s. 

 Electrodes were constructed using silver wires dipped in bleach for 30 minutes 

followed by thorough rinsing with water to remove any residual bleach. Freshly pulled 
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nanopipettes were then backfilled with either 10 mM KCl (Sigma Aldrich), LiCl (Sigma 

Aldrich), or CsCl (Alfa Aesar) buffered at pH~7.4 using the Tris-EDTA buffer (Fisher 

BioReagents). The conductivities of each alkali chloride were recorded using an Accumet 

AB200 pH/Conductivity Benchtop Meter (Fisher Scientific). The results were as follows: 

10 mM KCl= 0.26 S/m, 10 mM LiCl= 0.23 S/m, and 10 mM CsCl= 0.26 S/m at room 

temperature. An optical microscope was used to inspect the nanopipettes at this stage for 

any irregularities. Once the nanopipettes had been inspected, electrodes were connected to 

the head stage of the Axopatch 200B (Molecular Devices).  

2.5.2 Data Acquisition 

The Axopatch 200B patch-clamp amplifier was used in voltage-clamp mode to 

measure the ionic current changes. The gain was optimized before each experiment and the 

signal was filtered with the inbuilt low-pass Bessel filter at 10 kHz and digitized using 

Digidata 1550B (Molecular Devices). The data was acquired at a frequency of 250 kHz. 

Data analysis for DNA translocations and folding was performed using a custom 

MATLAB code.  

2.5.3 Finite Elements Methods 

 COMSOL Multiphysics was used for modeling nanopipette geometries that were 

based on SEM and TEM images acquired from the same pipette pulling protocols that were 

used in sensing experiments. A 2D axisymmetric model was employed to reduce the 

computational resources required. Once the geometries were created in COMSOL, the 

physics that were utilized included Poisson–Nernst–Planck–Stokes equations: laminar 
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flow, transport of diluted species, and electrostatics. The electrostatics boundary condition 

for the glass was set at a surface charge density of -2×10-2 C/m2. To model electroosmotic 

flow, a volume force on the fluid was set to the space charge density of the ions in solution 

multiplied by the electric field vectors (r and z vectors). An in-built EOF boundary 

condition was also tested and yielded similar results. Diffusion coefficients and mobility 

values were obtained from Lee et. al.54. All models were tested with different solvers, 

solving conditions, and reservoir sizes to ensure the accuracy of results. The Stokes flow 

boundary conditions were no-slip, and the inlet and outlet were kept at the same 1 atm of 

pressure which is consistent with experiments. The z-component of the flux was extracted 

for each model from a 2D line that spans the width of the pore. The flux was then integrated 

across this 2D line to obtain the flux in moles/s.   
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Chapter 3: Evaluating Electrolyte Conditions for Enhanced Detection of DNA and 
Protein Complexes 

3.1 Abstract 

 Nanopores are a promising single-molecule sensing device class that captures 

molecular-level information through resistive or conductive pulse sensing (RPS and CPS). 

The latter is typically observed in low salt conditions and thought to arise from auxiliary 

ionic flux overcoming the volumetric occlusion of the analyte near the pore orifice. For the 

first time, we report toggling of RPS and CPS using salt gradients to modulate the transport 

properties of the canonical calibration standard of nanopore technology, λ-DNA, at 

relatively high salt concentrations (≥ 1 M). More specifically, CPS was observed when 

cation movement along both electrical and chemical gradients was favored which led to a 

~3× improvement in SNR (i.e., signal to noise ratio) and an ~8× increase in translocation 

time. Interestingly, a reversal of the salt gradient reinstates the more conventional resistive 

pulses and may help elucidate RPS-CPS transitions. The asymmetric salt conditions also 

permitted the successful discrimination of DNA configurations including linear, partially 

folded, and completely folded DNA states. These findings were then utilized for the 

detection of Cas9 mutant, Cas9d10a —a protein with broad utilities in genetic engineering 

and immunology— bound to DNA target strands as well as the unbound Cas9d10a + 

sgRNA complexes; also showing significantly longer event durations than typically 

observed for proteins and demonstrating utilization for detection of other proteins via 

molecular carriers.  
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3.2 Introduction 

Nanopores are an emerging high-throughput, low-cost overhead single-molecule 

sensing class with a predominantly growing application footprint in a myriad of 

biomolecule and bioparticle classes wherein properties and phenomenon such as protein 

folding1,2, membrane and cargo properties of soft particles,3 glycan characterization,4 DNA 

configurations,5,6 topologies,7,8 and binding states9 have been investigated. The operational 

principle is simple, where a molecule transits across the nanopore in response to 

electrophoretic, electroosmotic, diffusion forces occluding the open-pore ion flow and 

generating resistive (or conductive) pulses that stamp analyte-specific information.10 

Surface charge contributions—both from the nanopore and the analyte—come into play at 

low electrolyte concentrations where, for example, deviation from the ohmic nature of 

nanopore conductance is seen (i.e., ion current rectification). Similarly, an interplay 

between the volume occlusion by the analyte and mobile counterions carried by the analyte 

is thought to influence the event pulse nature (i.e., resistive or conductive and their shape) 

where the latter become prominent at low ionic strengths (i.e. < 0.4 M) and has been 

speculated to lead to conductive pulses.11,12 Unlike cylindrical nanopores where a nearly 

uniform electric field exists across the pore (especially for high aspect ratio pores), conical 

nanopores have a higher electric field near its orifice leading to potentially asymmetric 

current signatures. Thus, pulse sensing in conical nanopores is more complex and even 

provides directional context pertaining to analyte movement (i.e., to or from the tapered 

nanopore interior) which cylindrical nanopores cannot provide. Moreover, the signal to 

noise ratio (SNR), pulse shape, and throughput are also dependent on the transit direction 
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in tapered pores which adds an extra layer of complexity over its cylindrical counterparts. 

The asymmetric electric field induced effects in tapered pores suggests that they are 

phenomenologically divergent from their cylindrical counterparts, rendering interpolation 

of observations challenging in some instances. For example, asymmetric electroosmotic 

flow in tapered geometries leads to different capture rates depending on the transit 

direction.13  

Salt asymmetry has been used with planar nanopores where a simultaneous increase 

in throughput and translocation time was observed with decreasing cis concentration. For 

example, the work of Wanunu et. al. shows the capture of DNA at a mere 3.8 pM 

concentration while maintaining an appreciable capture rate of ~1 molecule/s14 and the 

concept has been further explored by others to flag target molecules through molecular 

transit retardation.15 Notably, the cis component was always at a low salt concentration 

(i.e., ~ 0.2 M and below mostly) except in a few select cases16. Typically, the trans side 

(i.e., voltage application chamber) is kept at a higher concentration compared to the cis 

chamber (grounded side) and a positive bias (in the case of DNA) is applied to the trans 

side which causes the positive ions to flow in favor of chemical and electrical gradients 

(trans to cis) polarizing the cis side pore opening leading to a higher capture rate and slower 

translocation time. However, to the best of our knowledge, no prior work exists with the 

use of asymmetric salt conditions with nanopipettes.  

Given the plethora of unique transport phenomena exhibited by tapered 

configurations,17–20 it is worthwhile exploring how such gradients would impact the 
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transport properties of molecules across such geometries. Thus, we seek to explore the 

influence of salt asymmetry over translocation properties using the canonical benchmark 

molecule, DNA (more specifically λ-DNA). DNA has been the most commonly used 

analyte for nanopore experiments given its stability and uniform linear charge density. 

Because of this, a vast number of discoveries pertaining to different DNA configurations 

as it enters the pore have been published7,8,21. Event properties stemming from multi-level 

events (folded in some way) are different than linearly translocating DNA events. For 

example, DNA folding occurs more often in larger pores as well as with longer DNA 

strands compared to smaller pores and shorter DNA strands, respectively22,23. The ability 

to distinguish between linear and nonlinear DNA configurations is highly advantageous to 

biophysical applications such as the use of molecular carriers, DNA data storage, and 

sequencing. For example, when a molecule is bound to DNA, the complex yields a 

secondary change in current6,9, similar to a folded/knotted DNA.  

Promoting single-file DNA translocations is a key factor for the accurate detection 

molecules bound to DNA whereby false-positive classification of folded/knotted DNA as 

a bound molecular carrier can be minimized. Furthermore, linearized DNA is preferred for 

sequencing (also used to read out data-encoded DNA) efforts to minimize conformational 

ambiguity within the constricted 3D space of the sensing zone. Intuitively, promoting 

linearized (i.e., single file) DNA translocations would also minimize analyte clogging in 

the < 5 nm pore regime where the size is just enough for folded over conformations. Thus, 

linearized DNA translocations have intriguing applications (and implications) in nanopore 

technology. However, irrespective of the approach, a sufficiently high enough SNR should 
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be maintained to discriminate from open-pore noise and its subtle variations and become 

even more crucial in multi-analyte samples. To this extent, we explored various 

asymmetric salt conditions and toggled the starting location of the analyte (i.e., bath vs 

inside the taper) as well.  

Despite operating at a higher electrolyte concentration, we observed conductive 

pulses that are typically seen with low electrolyte concentration regimes due to a secondary 

ionic flow mechanism outweighing volumetric occlusions.24 In addition to the 

conventionally offered advantages by the asymmetric salt condition such as higher 

throughput and slower translocation time, the high salt conditions offer high SNR to 

improve pulse detection capability. The opposing cationic flow could, in theory, lead to a 

higher linear translocation population analogous to that seen in cases where electrophoretic 

force is opposed by the electroosmotic force. This is more crucial with larger diameter 

pores where more 3D space is available for the transiting molecule to adopt a multitude of 

conformations such as partially folded, fully folded, and/or knotted. We hypothesized, the 

asymmetric electric field distribution within the nanopipette along with the salt gradient, 

could promote linear translocations over other conformations (partially folded, fully 

folded, or knotted).  

Nanopipettes under asymmetric salt conditions were used to identify DNA folding 

states as well as protein-DNA complexes (Cas9 mutant bound to DNA). Cas9 is an RNA-

guided DNA nuclease and plays a vital role in bacterial immunity and is widely used for 

gene editing applications. Although Cas9 is positively charged at the operational pH, the 
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guide RNA induces a charge reversal.25 Detecting globular proteins such as Cas9 are 

mostly challenged by the inherent fast-moving (i.e., free translocations) nature of such, 

defying the electronic bounds of the ubiquitous amplifier used in the field. Solutions to 

overcome signal attenuation due to fast translocations include, but are not limited to, the 

use of higher bandwidth instruments, surface chemical modifications to promote protein-

pore interactions, and, electroosmotic flow tuning26–28. Increasing the dwell time of 

translocating proteins is also of interest. Specifically, methods such as: functionalizing the 

nanopore wall with fluid bilayers26 and working near the protein’s isoelectric point,29 

among others, have demonstrated slowing-down translocating protein molecules. The ion 

flow associated with the salt gradient would substantially slow down the Cas9 movement 

(i.e., into milli-second regime), and given the structural and size difference compared to 

other components in the mixture, a unique pulse signature that is not attenuated could be 

detected. Although machine learning approaches to nanopore data analysis have been 

reported several times30–32, we exploited these methods to detect DNA folding in 

conductive event data.  

In this chapter, we compare the gold standard (high salt DNA translocations via 

electrophoretic forces) experimental condition with multiple variations of concentration 

gradients using glass nanopipettes. In a recently published study, we have shown the role 

of cationic flux in determining the electrical direction (either resistive or conductive) of 

events.33 By utilizing asymmetric salt conditions, ion flux is generated and capable of 

sensing DNA configurations with enhanced discrimination between states, slowing down 

the DNA translocation speed, as well detecting topological structures on DNA (protein 
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bound to DNA), all of which stem from an understanding of flux imbalances within the 

pore.  

3.3 Results and Discussion 

3.3.1 Various Electrolyte Conditions 

Seven pores were fabricated (2 high and 5 asymmetric salts) from which five salt 

conditions were examined with one being symmetric and the other four being asymmetric 

to explore the effect of salt concentration and gradient direction on translocation properties 

of λ-DNA. More specifically, 1 M (high symmetric), 4 M/1 M (bath/pipette), and 1 M/4 M 

(bath/pipette) KCl concentrations buffered at the physiological pH (~7.4) were used 

(Figure 3.1). Since the Debye length shares an inverse relationship with electrolyte 

concentration, the effect of the counterion layer proximal to the nanopore surface charge 

arising from the deprotonation of surface head groups (or protonation of head groups in the 

case of basic functional groups) to the overall nanopore conductance become more 

apparent at low salt concentrations. This is also known to induce ion concentration 

polarization effects where accumulation or depletion of ions take place in response to an 

applied voltage bias and have been postulated to influence the shape and direction of the 

pulse.34  This argument is in good agreement with our observations with 1 M KCl 

(symmetric case), where pulses are resistive. In the case with symmetric 1 M KCl 

configuration, the suppression of the electrical double layer meant electroosmotic forces 

are meager and the translocation takes place via electrophoretic movement of DNA (Figure 

1a, condition R1). Despite electroosmotic flow and conductive events often coinciding, 
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they are not mechanistically linked. For example, we observed conductive events with 

electrophoretic translocations under (high) asymmetric salt conditions. Furthermore, others 

have reported electrophoretic and conductive events by using PEG to reduce EOF.35 

Reports of conductive events occurring in nanopores where EOF is reduced to allow 

electrophoretically-driven events also produced conductive events.36 The hypothesis 

concerning the introduction of counterions by DNA cannot be applied to the high salt 4 

M/1 M (bath/pipette + DNA) KCl gradients in which conductive pulses were observed 

(Figure 3.1b, condition C1). Instead, our results complement a previous report stating that 

flux imbalances play a significant role in determining the event shape (i.e., conductive or 

resistive).33 Interestingly, Zhang et. al. observed a similar trend with planar silicon nitride 

nanopores with 1 M/4 M (cis/trans) NaCl gradient where they attributed the current 

enhancement at high salt concentrations to strong electroosmotic flow in the region 

between the nanopore surface and DNA (i.e., the outer section in their simulation).37 They 

hypothesized, with a salt gradient, the electroosmotic flow is enhanced and helps bring 

more ions to the nanopore effectively increasing the drift current leading to conductive 

pulses. However, a reversed gradient where the cis side is higher than the trans side (i.e., 

4 M/1 M (cis/trans) NaCl gradient) was not provided in that study to provide more concrete 

evidence to the proposed theory.  
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We speculate, in the C1 gradient (4 M/1 M (bath/pipette + DNA) KCl), the 

preferential cation flow through both electrical and chemical gradient from bath to the 

pipette creates a polarized zone near the inner pipette side of the pore. Thus, when DNA 

translocates from the pipette side to the bath side, it introduces more cations to the pore tip 

as it disturbs the cation distribution near the pore orifice in the inner pipette side. However, 

when the gradient is reversed (i.e., Figure 3.1c, condition R2), the ion polarization is near 

the pore opening on the bath side. Thus, the translocation of DNA from the pipette side to 

the bath side does not introduce additional ions to the pore to increase its local conductivity. 

To further prove this hypothesis, we conducted two additional experiments where the DNA 

 
Figure 3. 1: Properties of each condition tested. Graphical representations of set-ups of (a) high, and (b-
e) asymmetric ionic strength conditions with their respective current trace of events. Yellow arrows 
indicate the movement of λ-DNA translocation via electrophoretic force. Magenta dotted lines indicate 
the capture radius for each condition. In (b) and (c), the DNA starting position is inside the nanopipette. 
For (a), (d), and (e), the DNA starting location was inside the electrolyte bath. The main electrode (red) 
was always placed inside the nanopipette whereas the ground electrode was placed within the bath (blue 
shaded region). Note the sign of voltage applied on the main electrode. Electrophoretic forces were used 
to translocate DNA in all conditions. All experimental solutions were diluted in Tris-EDTA buffer (pH 
7.4). For simplicity, we will refer to each condition as follows: (a) refers to condition R1, (b) refers to 
condition C1, (c) is R2, (d) is C2, and (e) is R3. 
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was kept at the bath side with the 1 M/4 M (bath + DNA/pipette, Figure 3.1d, condition 

C2) and 4 M/1 M (bath + DNA/pipette, Figure 3.1e, condition R3) salt gradients. In the 

case of C2 gradient, the application of a positive voltage to the pipette side drives the 

cations along the chemical and electrical gradient to the bath side generating a polarized 

zone near the pipette tip in the bath side while DNA translocates opposing this ion travel 

generating conductive pulses as expected. In the case of R3 gradient, the ion travel and 

DNA translocation would be to the same side and generate resistive pulses as expected. 

We chose to utilize the C1 condition for the remainder of this study as it provided the best 

SNR and event rate in comparison to the other asymmetric (R2, C2, and R3) conditions. 

We attribute the differences in signal of all six conditions to stem mainly from salt 

concentrations (high or asymmetric), DNA starting location (in nanopipette or the bath), 

and direction of translocation (electrophoretic forces against or with cation flow). Signal 

dependency on pore size will be discussed regarding high and asymmetric (C1) salt. 

Both high R1 and asymmetric C1 conditions (Figure 3.2a and 3.2b) led to 67% 

single file translocations for the smaller pore sizes (~ 9 nm and 8 nm, respectively). Next, 

a larger pore was used (~ 40 nm) under asymmetric C1 conditions, and the distribution was 

still 65% single file translocations. This is despite the fact that larger pores inevitably tend 

to permit greater folded configurations of DNA. The larger pore (~ 25 nm) at the high R1 

salt condition was the least favorable to passing linear DNA with approximately 10% single 

file translocations. Larger pores invariably permit the translocation of a multitude of 

conformations such as folded over, loop, and knotted partly due to the available 3D space. 

This is also related to the persistence length of DNA: the electrostatic persistence length of 
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DNA is ~3× less than the size of the larger pore. Despite operating in the electrophoretic 

dominant transport regime, salt gradients have an added advantage over symmetric salt 

configurations: they can oppose the travel of DNA through the transport of ions through 

electrical and chemical gradients. We hypothesized, this opposition, which is the case with 

the C1 gradient configuration, can promote single-file translocations (Appendix B Figure 

B.S2) analogous to electroosmotic flow opposing the electrophoretic motion.38  

3.3.2 Signal Properties of High Symmetric Compared to High Asymmetric 

In both cases (C1 and R1), we see an increase in the variability of ΔI with increasing 

pore diameter (Figure 3.2a and b), which also alludes to the fact that DNA folding is more 

likely at larger pore sizes. After retrieving current change information, a 30-second current 

trace containing no events was analyzed for the RMS noise of the signal. The changes in 

the current and noise calculations for each of the four pores under both conditions were 

used to determine the SNR of each condition as a function of pore diameter (Figure 3.2c). 

 
Figure 3. 2: Comparison of two different salt conditions. Current amplitude changes with respect to open-
pore current for two differently sized pores each at (a) high and (b) asymmetric (C1) salt conditions. (c) 
SNR of high (circle) and asymmetric (square) salt conditions with various pore sizes. Error bars are 
calculated using the standard deviation. All data was recorded at |V|= 500 mV with the exception of the 
smaller high salt pore (cyan) at |V|= 300 mV. All experimental solutions were diluted in Tris-EDTA 
buffer (pH 7.4). 
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This trend is expected since the more available 3D space within the larger pore would 

facilitate non-linear conformations. This increase in standard deviation, seen in Figure 3.2c, 

goes hand in hand with the different configurations that DNA assumes upon translocation 

when the pore size is greater than double the DNA cross-sectional area. The larger pore 

sizes (seen mostly at high salt) allow for more opportunities for DNA to translocate the 

pore in folded configurations which increase the current amplitude, thus increasing the 

standard deviation of the SNR. An investigation of the capture rates of high symmetric 

(R1) salt and R3 salt was performed and can be found in Figure B.S3 in Appendix B. 

Based on the data collected at each salt condition, it was evident that folded DNA 

was present and qualitatively more distinguishable from other configurations under 

asymmetric salt conditions. A comparative analysis to find which salt condition would 

yield the best discrimination of DNA folding states was therefore worthwhile. For this, a 

machine learning algorithm (Appendix B Figure B.S4) based on support vector machines 

was developed to categorize DNA events into three frequently seen configurations: linear, 

partially folded, and fully folded. Events used for the classification of each population are 

shown in Figure 3.3a where linear, partially folded, and fully folded are displayed in green, 

navy, and maroon, respectively. At least 10 events are selected as examples of each 

configuration in the training set for three classes. It is important to note, at any given 

voltage, the knot configurations were negligible compared to linear, partially folded, and 

fully folded configurations. Depending on the configuration of DNA as it enters the capture 

zone, DNA will translocate either linearly, folded in some way, or knotted. If DNA is 

captured along its backbone or at its ends, it can translocate the pore in a folded or linear 
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configuration, respectively. To confirm that the event shapes are due to different DNA 

configurations, an experiment using M13mp18 ssDNA and dsDNA was performed. The 

ssDNA and dsDNA acted as representatives of linear and folded DNA, respectively, when 

entering the pore. The same pore (~12 nm in diameter) was used for both analytes as well 

as the same applied voltage (-500 mV) under the asymmetric C1 conditions. The results 

can be seen in Figure 3b, where a one-tailed Welch t-test was executed, producing a p-

value = 5.1*10-103. Therefore, the mean ΔI/I of dsDNA (mimicking folded DNA) is greater 

than the mean ΔI/I of ssDNA (mimicking linear DNA). These results support that the 

secondary changes in current can be explained by different DNA configurations, i.e., an 

increased change in current amplitude is due to > 1 DNA strands in the pore at once.  

3.3.3 Machine Learning Techniques 

Linear kernels were then used to divide the multi-dimensional space between each 

class, yielding three DNA configurations classified via linear support vector machine 

learning (Figure 3.3c). This process was repeated for various voltages and the percentage 

configurations for each class can be seen in Figure 3.3d. Next, we investigated the effect 

of voltage on the translocation conformation of DNA. Specifically, it is the funnel-shaped 

distribution of voltage near the pore that interacts with the flexible polymer DNA chain 

and leads to the different folding configurations observed here. Few reports of DNA 

folding exist as a function of voltage39, especially for asymmetric salt conditions and DNA 

exiting the confinement of a nanopipette. The enhanced ability to resolve the different 

folding states of DNA under asymmetric salt conditions also makes the voltage effects 

worth investigating. For this set of experiments, we used a ~8 nm pore with the C1 salt 
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conditions. Based on support vector machine classification, the linear percentage decreased 

with increasingly negative voltage (Figure 3.3d). This is contrary to what has been 

observed with planar nanopores under symmetric voltage conditions where single-level 

translocations increase with increasing applied voltage due to the stretching of DNA by the 

electric field.39 We speculate that asymmetric salt conditions, preferential cationic (K+) 

pumping counter to DNA motion, and the persistence length DNA, play key roles in this 

observation. That is, with increasingly negative applied voltage, more cations are pumped 

through the chemical and potential gradients across the pore leading to an increase in ion 

accumulation near the pore opening. Appendix B Figure B.S5 illustrates the current 

amplitude of R1 and C1 conditions along with their respective RMS noise. Since the 

persistence length decreases with increasing ion concentration, at lower voltages, the 
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polymer would be less flexible compared to higher voltages and outweigh the electric field-

induced stretching of DNA which could explain the folding trends seen in Figure 3.3d.  

 
Figure 3. 3: Characteristic differences of different DNA configurations under asymmetric C2 salt 
conditions. (a) Current traces at -500 mV of linear, partially folded, and fully folded DNA translocations. 
(b) M13mp18 ssDNA and dsDNA translocations at -500 mV with a pore diameter of ~12 nm. A one-
tailed Welch t-test was performed (null hypothesis: d ≥ 0, sample 1 is ssDNA and sample 2 is dsDNA). 
With the resulting p-value = 5.1*10-103, we can say that the mean from sample 2 (dsDNA) is greater 
than the mean from sample 1 (ssDNA). The current traces on the left correspond to ssDNA (top) and 
dsDNA (bottom) with corresponding graphical representations of each. (c) Scatter plot depicting the 
current amplitude changes and dwell times of each DNA configuration as classified by the machine 
learning algorithm. (d) Percent occurrence of folded states of DNA under asymmetric salt conditions at 
various applied voltages. The shaded blue region in (d) corresponds to the scatter plot in (c). (e) 
Explanation of classification using principal folding component analysis. (f) Histogram of DNA 
configurations at -500 mV using the principal folding component. (c) and (d) were analyzed using the 
machine learning algorithm (in blue rectangle) whereas (e) and (f) were analyzed using the principal 
folding component method (in red rectangle). Folded includes partially folded and fully folded. The 
amount of knotted DNA was negligible and therefore, not included. 
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Although machine learning provided an excellent method of classifying events 

(Appendix B Figure B.S6), the drawbacks include i) the need for training and ii) the 

possibility of training bias. Since the folding states were so clearly identifiable based on 

the scatter plot (Figure 3.3c), we believed that an alternative method could be also used 

based on principal component analysis and 1-dimensional binning. However, because of 

the large variance of linearly translocating events, specifically the events with shorter dwell 

times, principal component analysis (PCA) failed to provide a principal component for the 

classification of the DNA folding states. Instead, we transformed the dwell time and current 

change axes into a single principal component, which could be used to classify different 

DNA folding populations. The procedure for extracting the principal folding component 

(PFC) starts by transforming the dwell time and current amplitude into a polar coordinate 

system. The polar coordinates are then translated and rotated by user-inputted values to 

enhance the clustering of events along one axis (Figure 3.3e). To automate the process and 

avoid user input, the translation and rotation steps were automated to maximize Chi-square 

goodness-of-fit test. With and without training sets (SVM versus PFC), both classification 

methods showed similar results (roughly 65% linear events at |ΔV|=500 mV, Figure 3.3f).  
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Again, utilizing the principal folding component analysis, the process of classifying 

different DNA shapes was repeated under high and low salt conditions at |ΔV|= 500 mV 

(Figure 4). Both histograms and density scatter plots are shown for both asymmetric and 

high salt conditions (Figure 3.4a and b, respectively) with their corresponding Gaussian 

best fits. The black dotted lines were added as visual aids that discriminate between linear 

and folded DNA events. Unlike high salt, asymmetric C1 salt shows a distinct ability to 

 
Figure 3. 4: Principal folding component analysis for two salt conditions. Principal folding component 
analysis was performed for (a) asymmetric C1 and (b) high R1 salt conditions. Images on the left depict 
current amplitude change as a function of dwell time. Black dotted lines were added as visual aids 
defining the discriminating between linear and folded DNA. Histograms on the right show separation 
between folded and linear DNA folding states. 
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discriminate folding states based on dwell time which leads to a slanted axis of folding 

discrimination. Additionally, we see a great separation between the classes of DNA as 

shown by the peaks (Figure 3.4a, right). High R1 salt conditions enable classification to 

occur mostly upon the current change parameter and slightly upon dwell time. We also 

begin to see each class peak become shorter in distance to one another. High salt conditions 

have the greater overlap between differing DNA configurations. The area under the curve 

(specifically: the overlapping distributions on the PFC axis) corresponds to the degree of 

uncertainty about the events that lie within that overlapping region. In this regard, 

asymmetric C1 salt led to the least amount of overlap. The data indicates that the salt 

influences the DNA configuration inside the pore and possibly is related to the smaller 

persistence length of DNA at higher salt40. In other words, at higher salt concentrations, 

the DNA is more compact and therefore more likely to enter the pore in the folded state. In 

this work, both pore size and salt concentration seem to influence DNA folding during 

translocation.  

3.3.4 Event Characteristic Differences Between Symmetric and Asymmetric Salt 

By comparing both conditions (Figure 3.5a), it was clear that DNA translocations 

were slowest under asymmetric salt conditions (all pores biased at |V|=500 mV). What is 

most noticeable in Figure 5a is that for symmetric high R1 salt conditions, the events are 

tightly clustered together, with little to no visualization of more than one population. On 

the other hand, under asymmetric C1 salt conditions (red squares), we begin to see the 

formations of differing populations. Additionally, when looking at the event dwell times, 

we see that asymmetric salt conditions appear to “slow down” the translocating DNA 
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molecule by around ~8× in comparison to the symmetric high R1 salt conditions (Figure 

3.5b). Since the electroosmotic flow is expected to be negligible, the large influx of 

potassium into the pore (from the 4 M side to the 1 M side) may impart drag on the DNA, 

which transits the pore in the opposite direction. Under the 106 V/m electric fields inside 

the pore, the ionic velocities and drag effects can be significant.41–43 In asymmetric salt 

conditions, we believe that potassium is electrophoretically pumped into the pore and so 

we explored the aspect of ionic flux as a possible explanation for the increase in dwell time. 

COMSOL simulations revealed that concentration gradients present a flux imbalance in 

favor of K+ more so than its symmetric counterparts (Figure 3.5c). Because of the 

combating electrophoretic force against the cationic flux, the translocating DNA molecule 

is “slowed down” by going against the large influx of potassium into the pore. A voltage-

dependent study of dwell time was then conducted to determine how the potassium flux 

and DNA velocity scale with voltage. By taking only the linear DNA events we observed 

an exponential decay in dwell time (Figure 3.5d). The data point at |ΔV|=400 mV was fit 

using the first passage time equation given by: 

𝑓(𝜏) = 𝑙
√4𝜋𝐷𝜏3 𝑒𝑥𝑝 (− (𝑙−𝜐𝜏)2

4𝐷𝜏
)        (2) 

where 𝜏, 𝐷, 𝜐 and 𝑙 are the effective passage or dwell time of DNA, the diffusion 

coefficient of DNA, the drift velocity of DNA, and the effective sensing length of the 

nanopipette, respectively. 𝐷, 𝜐, and 𝑙 were used as fitting parameters in the |ΔV|=400 mV 

case, and 𝐷 and 𝑙 were kept constant for all voltages thereafter (D=5×10-10 m2/s, 𝑙 =10 µm). 

The velocity of DNA was then scaled to the experimentally applied ΔV to show the 
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expected trend in DNA dwell time. We observed that the experimental data on dwell time 

was consistently slower (longer dwell times) than predicted by first passage time statistics. 

The difference is most extreme at the highest voltage applied (ΔV = -900 mV). The first 

 
Figure 3. 5: Dwell time comparison between salt conditions. (a) Scatter plot of λ-DNA events at both C1 
and R1 salt conditions. (b) Normalized histogram displaying the increase in DNA dwell time under 
asymmetric C1 salt conditions (red) in relation to high symmetric conditions (black). (c) COMSOL 
simulation data shows the cationic flux into the pore under symmetric high R1 salt conditions and 
asymmetric C1 salt conditions. (d) Experimentally measured dwell times for translocating DNA as a 
function of the voltage applied (linear classified events only). The predicted first passage times are also 
plotted which under-estimate the true dwell times. (a) and (b) are both recorded at |V|=500 mV and all 
experimental solutions were diluted in Tris-EDTA buffer (pH 7.4). The acronyms b and p are used to 
represent bath and pipette, respectively.  

 

 

Figure 3. 5: Dwell time comparison between salt conditions. (a) Scatter plot of λ-DNA events at both C1 
and R1 salt conditions. (b) Normalized histogram displaying the increase in DNA dwell time under 
asymmetric C1 salt conditions (red) in relation to high symmetric conditions (black). (c) COMSOL 
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passage fit of experimental data at -400 mV, as well as the first passage probability curves 

can be found in Appendix Figure B.S7.  

3.3.5 Molecular Carrier Detection Under Asymmetric Conditions 

Fast protein translocations defying the bandwidth limitations is well documented 

and often require physical methods (e.g., application of pressure opposing the 

electrophoretic movement), chemical methods (e.g., pH), or the use of high bandwidth 

equipment.44,45 The asymmetric C1 salt gradient (a chemical approach) could slow down 

the transport velocity of proteins analogous to DNA as shown above. Herein, we used the 

Cas9 mutant, Cas9d10a, for this purpose where we saw the dwell time to be ~5 ms (through 

a ~25 nm pore under -300 mV) which is slower than the bandwidth-imposed transit time 

limitation as discussed previously. This permits us to detect any unbound Cas9d10a from 

the method discussed below without being subjected to finite filter response-driven signal 

attenuations. Previously, Weckman et. al.46 and Yang et. al.47 both contributed to detecting 

dCas9 bound to DNA in LiCl using quartz nanocapillaries and planar nanopores, 

respectively.  

For this study, we chose the more ubiquitous salt of choice, KCl, partly because 

both the ions are borderline/kosmotropic ions of the Hofmeister series while lithium ion is 

thought to be a chaotropic ion.48,49 Cas9d10a is a nicking enzyme, only creating a single-

stranded nick in the DNA sequence when bound. Cas9d10a was incubated with sgRNA 

and λ-DNA for 30 minutes at 37°C. It is important to note that we did not denature the 

DNA afterward to yield the nicked products (Cas9 stays bound to the DNA long after 
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nicking takes place50), therefore the only species detectable within the nanopore is unbound 

Cas9d10a + sgRNA and Cas9d10a + sgRNA bound to λ-DNA (Figure 3.6a). A molar 

excess of Cas9d10a and sgRNA was added to the solution to ensure all λ-DNA would have 

one Cas9d10a + sgRNA bound. After incubation, the reaction solution was diluted with 1 

M KCl and backfilled into the nanopore which was then inserted into the 4 M KCl 

electrolyte bath. Events were recorded at -300 mV and the typical current trace of events 

can be seen in Figure 3.6b. Three event signatures of Cas9d10a + sgRNA (unbound 

complex) and Cas9d10a + sgRNA bound to λ-DNA (bound complex) are shown in Figures 

3.6c and d, respectively. Each event was overlaid on top of each other in cyan to illustrate 

the template for both populations, with the average shown with a black line. As seen with 

waveforms shown in Figure 6d, the bound complex exhibits a multi-level event signature. 

The second, high blockage current level is thought to be arising from the Cas9d10a + 

sgRNA bound to the template dsDNA. Although this experiment was overwhelmed with 

Cas9d10a + sgRNA events due to a 30× molar excess of the Cas9 + sgRNA, nearly all 

DNA events had a second, high blockade level indicating that it is unlikely that knots are 

forming this unique signature. A second experiment was done with Cas9d10a without DNA 

but in the presence of sgRNA. At the operational pH, Cas9d10a alone is positively charged 

and negatively charged with sgRNA bound.25 Thus, Cas9 was placed inside the 

nanopipette, and a negative voltage bias was used to translocate the analyte (same 

conditions as the DNA under asymmetric C1 salt conditions). The density scatter plot 

(Figure 3.6e) shows that Cas9d10a + sgRNA has a greater current amplitude change in 

comparison to free DNA (different pores under the same asymmetric conditions). The 
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Cas9d10a + sgRNA complex exhibits a greater change in current in comparison to both the 

folded and linear DNA. The pore size of the Cas9d10a + sgRNA study was estimated to 

be ~17 nm in diameter, which is slightly larger than the pore used for DNA translocations 

(~11 nm). This, in combination with K+ flux opposing the translocation, could be the reason 

why the current amplitude is higher for Cas9d10a + sgRNA. It is important to note that the 

number of events stemming from Cas9d10a + sgRNA + DNA is substantially lower in 

comparison to the number of events from Cas9d10a + sgRNA complex, which is due to 

the molar excess in favor of Cas9d10 + sgRNA. Because of this, and for ease of 

interpretation, we have circled where the population of each molecular complex lies within 

Figure 3.6e. Despite the great variation in length between Cas9d10a and DNA, we see 

similar dwell times for both (Figure 3.6f). The possible reasoning behind this stems from 

large potassium flux which would preferentially affect molecules with larger cross-

sectional areas. A folded Cas9 protein would occupy a greater cross-sectional area of the 

pore compared to DNA. We find that our experimental conditions yielded analogous dwell 

times in comparison to previous studies using dCas9 bound to DNA. Specifically, we see 

Cas9d10a bound to DNA translocate the pore majorly between 3 and 6 ms. Previously 

(Figure 3.5c), we have shown that asymmetric salt conditions, with DNA as the analyte, 

exhibit a flux imbalance in favor of the cation, K+, which increases as the voltage applied 

increases in negativity. The ionic flux generated from asymmetric salt conditions has been 

previously described to slowdown the translocation of DNA.14 Thus, under the asymmetric 

salt (C1) conditions, it is not surprising to witness longer dwell times than what would 

normally be seen for proteins. Similar to how cationic flux slows down translocating 
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(negatively charged) DNA molecules, we can anticipate that cationic flux slows down the 

translocating Cas9d10a molecule as well. If the cationic flux is indeed responsible for the 

slowdown effect, it is likely that larger cross-sectional areas of the molecule would 

exacerbate the reduction in velocity. Notably, Cas9 has a much larger cross-sectional area 

compared to DNA. Nevertheless, we cannot entirely rule out the possibility of protein 

transiently binding to the pore surface as it translocates.  

 
Figure 3. 6: Cas9d10a kinetics shown in a nanopore. (a) Reaction components included in solution (from 
left to right): λ-DNA, Cas9d10a, sgRNA. (b) Current trace under asymmetric C1 salt conditions for the 
above reaction after incubation. (c) Unbound and (d) λ-DNA bound Cas9d10a + sgRNA complex, event 
signatures (×3), and averaged event signature (top to bottom). (e) Density plot of λ-DNA (in different 
folding states), Cas9d10 + sgRNA complex, and Cas9d10a bound to λ-DNA. (f) Dwell time differences 
between DNA and protein (Cas9d10a) is shown. All experimental solutions were diluted in Tris-EDTA 
buffer (pH 7.4). 
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3.4 Conclusion 

In this study, we showcase the impact of salt gradients, their direction (i.e., normal 

or reversed) on translocation pulse direction, translocation time, and conformation 

distribution. The salt gradient direction enables the toggling of pulse direction attributed to 

the flux imbalance. For example, the addition of DNA to the higher electrolyte bath causes 

conventionally observed resistive pulses whereas when reversed, conductive pulses were 

observed. In a salt gradient system, ion movement along chemical and electrical gradients 

can be used to either slow down or accelerate the transit velocity. With the canonical 

benchmark analyte (λ-DNA), an ~8× retardation of the translocation time was observed 

when opposing the cation pumping (C1 gradient) compared to the DNA motion at 

symmetric high salt (R1) conditions. Moreover, the C1 gradient also promoted single file 

translocations since both electroosmotic force and the cation pumping along the chemical 

and electrical gradients oppose the electrophoretic movement of λ-DNA wherein we 

observed 65% of translocation to be single file at -500 mV. Interestingly, the knotted 

population was meager compared to the linear, partially, and fully folded configurations 

which are significantly useful when discerning between Cas9d10a + sgRNA (unbound 

complex) and Cas9d10a + sgRNA bound to λ-DNA (bound complex). We further utilized 

this translocation configuration to slow down the transport of Cas9d10a, a mutant variant 

of the nicking protein Cas9.  

Fast protein translations defying the electronic limitations set by the instrument 

bandwidths often become problematic and lead to signal attenuation. By employing the 

asymmetric C1 gradient, Cas9d10a traversed the nanopore majorly between 3-10 ms. 
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Additionally, we can discern between the bound and the unbound complex wherein we saw 

the unbound complex to be a single level event whereas the bound complex to have a 

signature resembling a 1-2-1 knot structure with the knot-like structure arising due to the 

presence of the Cas9d10a + sgRNA complex. This is of upmost importance when 

transitioning to detecting trypsin with λ-DNA. The findings presented in this study suggest 

that employing asymmetric salt conditions slows down translocating molecules provides 

higher resolution, improves SNR, and advances the classification of various protein and 

nucleic acid species within a nanopore.  

3.5 Materials and Methods 

3.5.1 Fabrication of Nanopores 

Quartz nanopipettes (capillaries purchased from Sutter Instruments, QF100-70-7.5) 

were plasma leaned prior to CO2 laser-assisted pulling (P2000, Sutter Instruments). In 

brevity, the protocol to fabricate the pores were as follows: HEAT= 630, FIL= 4, VEL= 

61, DEL= 145, PUL= values between 145 (larger diameter) and 225 (smaller diameter). 

The size was initially evaluated through a transmission electron microscope (Appendix 

B.S1) and more routinely with a solution-based conductance model (equation 1). Briefly, 

current-voltage (I/V) analysis was performed using Axopatch 200B (Molecular Devices, 

LLC) and Digidata 1550B (Molecular Devices, LLC) at the beginning of each experiment 

to determine the open-pore conductance (G) of each pore used (Appendix B.S1). The data 

were acquired at a sampling rate 250 kHz and lowpass filtered at 10 kHz using the inbuilt 

Bessel filter of the Axopatch. The G and inner diameter (di) are related through21,51 
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ⅆ𝑖 = 4𝐺𝑙
𝜋𝑔𝑑𝑏

                     (1) 

where l is the length of the conical pore (taper length), db is the diameter of the capillary at 

the beginning of the conical taper, and g is the measured conductivity of the ionic solution. 

The l was recorded using an optical microscope. 

3.5.2 Electrolyte Preparation 

All KCl (409316-100G, Sigma-Aldrich) electrolytes were prepared using DI water 

and buffered at pH ~7.4 using Tris-EDTA (BP2475-500, Thermo Fisher). Both pH and 

conductivity of the final solutions were measured using AB200 pH/Conductivity Benchtop 

Meter (Fisher Scientific) at room temperature. All solutions were filtered using 0.2-micron 

syringe filters (S6596FMOSK, Thermo Fisher Scientific) prior to nanopore experiments.  

3.5.3 Biomolecule Preparation and Translocation Experiments 

The Cas9 mutant, Cas9d10a, was purchased from New England BioLabs (M0650S) 

and the sgRNAs were purchased by Synthego (custom made, protocol can be found in 

Appendix B.S5). The reaction and incubation procedures were modeled after a protocol 

provided by New England Biolabs. Reagents including nuclease-free water, buffer, 

sgRNA, and Cas9d10a were pre-incubated together at 25°C for 10 minutes. Afterward, λ-

DNA (N3011S, New England BioLabs) was added to the mixture and the entire solution 

was left to incubate at 37°C for 30 minutes. Both concentrations of sgRNA and Cas9d10a 

were at 30 nM and the DNA concentration was at 3 nM. This was done to ensure that only 

two populations: (1) Cas9d10a + sgRNA and (2) Cas9d10a + sgRNA + DNA were within 
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the nanopore. The sequence of the sgRNA that was used is as follows: 

AGCAGUUCCAGCACAAUCGA.  

All electrical data were acquired using freshly prepared Ag/AgCl electrodes. 

Electrodes were constructed using silver wires soaked in bleach overnight (~8 hours) 

followed by thorough rinsing with water to remove any residual bleach. Fabricated 

nanopores were then backfilled with either the electrolyte solution alone or electrolyte + 

analyte solution. Afterward, the nanopores were inspected using an optical microscope for 

any irregularities. Once the nanopores pass the visual inspection, they are then secured onto 

a head stage with electrodes connecting to the Axopatch 200B. The gain was optimized 

prior to recording. The λ-DNA was used as supplied and diluted to a final concentration of 

~500 pM with the electrolyte of interest. Additionally, the M13mp18 ssDNA and dsDNA 

(N4040S and N4018S, NE BioLabs) were diluted to a final concentration of 500 pM.  

3.5.4 Data Analysis and Machine Learning 

All events were analyzed using custom-made MATLAB scripts as previously. A 

custom machine learning algorithm was used to train and classify events based on their 

unique current signatures. Specifically, linear support vectors with three classes were used 

to categorize different DNA configurations. Default kernel functions (linear) were utilized 

to divide the spaces between populations. In each condition presented, it is possible to 

detect various DNA configurations such as linear, partially folded, and fully folded DNA. 

Reports of different DNA configurations have been witnessed using high ionic strength 

conditions with both planar nanopores8,22,23,52 and nanocapillaries21. 
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Chapter 4: Enhancing Peptide Length Discrimination by Integrating Denaturing 

Agents 

4.1 Abstract 

 Due to their high sensitivity and selectivity, nanopores have emerged as a promising 

platform for detection of various biomolecules including proteins and peptides. 

Specifically, peptide length is a crucial parameter in the identification and characterization 

of protein samples and plays a critical role in a wide range of fields, from research to 

clinical diagnostics. Unlike their biological counterparts, solid-state nanopores have 

difficulties detecting small molecules, such as peptides, as the dwell times are extremely 

short. Additionally, the detection of peptides and proteins is complicated by their non-

uniform change and nonlinear structure. To combat these challenges, in this chapter we 

incorporate various denaturing agents to linearize and provide a uniformly negative charge 

to peptides suspended in solution. This methodology allows us to resolve peptide lengths 

with 20 amino acids resolution. Additionally, once the ratio of concentrations between 

analyte and denaturing solution is optimized, we see a signal to noise ratio of ~100 and can 

differentiate between various peptides based on their change in current. Overall, this 

demonstration of nanopore-based single molecule detection in denaturing solution paves 

the way for the development of new diagnostic tools, targeted therapies, and personalized 

medicine.  
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4.2 Introduction  
 

Nanopores are tiny channels or holes that typically have diameters < 100 nm. These 

pores can be found in a variety of natural and synthetic materials, such as cell membranes 

(biological), thin films (planar), and quartz (nanopipette). While biological nanopores have 

been known for their sequencing abilities1–3, solid-state nanopores are highly tunable4, thus 

lending themselves to be used when detecting larger molecules and complexes5–7. 

Nanopores have attracted significant attention in recent years for their potential use in a 

wide range of applications, including biosensing8, protein-drug interactions9, and protein 

fingerprinting10. One area where nanopores have shown particular promise is in the 

analysis of biomolecules such as proteins and peptides.  

Proteins are essential molecules for life as they perform a wide range of functions, 

such as enzymatic reactions, signaling pathways, and immune responses. Their structure is 

crucial to their function and interactions with other molecules. Due to the complex 

structures of proteins, it is highly sought after to define their properties and structure in 

order to interpret their functions. Peptides, the building blocks of proteins, are small chains 

of amino acids strung together via peptide bonds to form a chain. The sequence of amino 

acids in the peptide chain determines the protein's unique structure and function. Once 

synthesized, the peptide chains may undergo various post-translational modifications, 

including folding and the addition of chemical groups, which further shape their final 

structure and function. The short chains of amino acids play a variety of roles in the body, 

including hormones, neurotransmitters, and signaling molecules. When combined with the 

single-molecule sensor, nanopores, the structure properties of the peptide can be 
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determined. By passing these molecules through a nanopore, researchers can gather 

information about their size, shape, and other physical properties, which can in turn provide 

insights into their structure and function. 

Currently, there exist several approaches to characterize peptides and proteins such 

as mass spectrometry11,12, ELISA13, real-time PCR14, immuno-staining15, and fluorescence 

spectroscopy16. However, these traditional techniques have their disadvantages. They 

provide information for a group of molecules, which could conceal any data about diverse 

populations in a sample. Moreover, these techniques often require high concentrations and 

are not always suitable to detect low-copy proteins, unlike nanopores which can detect 

concentrations in the femtomolar range17. Mass spectrometry, the established benchmark 

of protein and peptide analysis, incurs low signal-to-noise ratio for analytes present at low 

concentrations18 and are restricted to a dynamic range of ~104 to 105 for the most advanced 

devices19. Additionally, the dynamic range needed for human biofluids is near ~109 to 

ensure a comprehensive analysis of the vast range of protein concentrations found in human 

plasma20. Thus, putting mass spectrometry at a disadvantage for examining autodigestion 

in the blood. Other techniques such as fluorescence necessitate the use of a fluorescent dye, 

which can influence protein properties. Furthermore, protein sensing frequently involves 

lengthy sample preparation procedures, which require a significant amount of chemicals or 

consumables to extract the target. Finally, the analysis of proteins usually involves costly 

facilities such as mass spectroscopy, NMR, or fluorescence. Therefore, a methodology is 

needed to observe low analyte concentrations and small sample volumes without labelling 

or sample preparation which alters protein function. 
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Nanopore-based single molecule detection works by passing individual molecules 

through a nanometer sized hole and measuring the changes in electrical current that occur. 

Often, when a translocating molecule passes through the pore opening, a decrease in 

current ensues (due to the blockage of ion flow at the pore aperture), similar to the Coulter-

Counter principle. Because the current fluctuations are affected by the size, length, charge, 

and shape of the peptide21, researchers can use these measurements to determine the 

various properties of peptides with high accuracy and sensitivity. To date, there are many 

studies investigating peptides and their properties with biological nanopores22–25. Even 

though solid-state nanopores are more robust and tunable than their biological 

counterparts26, smaller molecules pass through far too quickly, namely small proteins and 

peptides. To address these challenges, some of the following has been incorporated into 

nanopore detection such as: (1) usage of higher bandwidth instruments27, (2) 

electroosmotic flow28, (3) pressure29,30, and (4) surface modifications to lengthen the dwell 

time31.  

Despite these novel ideas and advancements, there have been scarce studies 

published in the field of quartz nanopipettes used to detect peptide length differences. 

Wang et. al. demonstrated the usage of resistive-pulse sensing of nanoparticles and 

particles with allergen epitope peptide layers using nanopipettes32. Recently, a study was 

published detailing nanopipettes detecting supercharged unstructured polypeptides fused 

with proteins (molecular carrier technique) can be used for protein sensing. Another study, 

albeit using biological nanopores, demonstrated a novel protocol that could quantify the 

number of cysteines in a peptide chain. In summary, while there has been progression in 
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characterizing peptides by their length, the work has been done with biological nanopore, 

and not solid-state. Additionally, the research performed with quartz nanopipettes 

generally uses peptides as a functional layer or as a conduit to detect other molecules.  

The incorporation of denaturing solutions has been previously reported33–35. 

Specifically, sodium dodecyl sulfate (SDS), is utilized for its denaturing properties as well 

as its coating abilities of the nanopore’s inner walls36. The other components of the 

denaturing solution used in this study, guanidinium hydrochloride (GuHCl) and 

dithiothreitol (DTT), have also been integrated into nanopore detection solutions to aid in 

unfolding and denaturing proteins37,38. We decided to combine the aforementioned 

denaturing chemicals (SDS, GuHCl, and DTT) to decrease the effective pore diameter 

(SDS coating), provide a uniform negative charge, unfold, and negate any disulfide bridges 

to ensure the differences in event properties between the molecules were indicative of the 

length of the molecule. 

The premise behind this aim was to transition away from detecting the protease 

itself (trypsin) to detecting the peptide fragments generated via trypsin. This would provide 

information regarding the protease’s activity level by characterizing the quantity and size 

of the peptide fragments produced. The research detailed in this chapter leap the quartz 

nanopipette field forward by demonstrating how denaturing solutions can be implemented 

to detect length differences between peptides. Overall, nanopores are a powerful tool for 

analyzing biomolecules such as peptides, and their use is likely to continue to grow as 

researchers develop new and innovative ways to harness their unique properties. 
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4.3 Results and Discussion 

4.3.1 Critical micelle concentration of sodium dodecyl sulfate 

 Sodium Dodecyl Sulfate (SDS) molecules can spontaneously form spherical 

micelles within a solution. The concentration in which micelles form is known as the 

critical micelle concentration (CMC). To address the challenge of linearizing and providing 

a uniform charge to peptides in solution, SDS was utilized. It is stated that the CMC in 

water is 8 mM39 and the value decreases with the addition of salt.40 With this in mind, we 

performed an assay with increasing concentrations of SDS in 1 M KCl to determine the 

usable concentration that did not yield any precipitation from the combination of KCl and 

SDS41. The working concentration of SDS used for this chapter was determined to be 1 

mM. 

 
Figure 4. 1: Detection of peptides in denaturing solution. Current traces of (a) leu-enk and (b) glucagon 
at 500 nM in denaturing solution with nanopores having an inner diameter ~ 10 nm. (c) a scatter plot of 
the change in current as a function of dwell time of the events from leu-enk (cyan) and glucagon (cyan). 
(d) a histogram showing how the difference in peptide length yields a vast separation of both samples. 
The longer peptide, glucagon with 29 amino acids, yields a larger peak burst than leu-enk with 5 amino 
acids. Overall, the utilization of denaturing agents allows for discrimination of different peptide lengths 
via their respective change in current. 
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 In addition to SDS, other denaturing agents were employed to assist in unfolding 

biomolecules and eliminating disulfide bridges, such as guanidine hydrochloride (GuHCl) 

and dithiothreitol (DTT). The concentration of GuHCl and DTT was determined to be 0.5 

M and 50 mM, respectively after assays were completed with each in 1 M KCl. Lastly, 

sodium hydroxide (NaOH) was added to yield a pH of 10.5, as values above five do not 

influence CMC value of SDS42. Overall, the denaturing solution was determined via assays 

and prior literature to be: 1 M KCl, 1 mM SDS, 0.5 M GuHCl, 50 mM DTT, and 100 mM 

NaOH. Prior to usage with the nanopore, the solution was heated up to 95 C for five 

minutes following the protocol previously published35. 

4.3.2 Detection of Peptides in Denaturing Solution 

 With the denaturing solution developed, we first sought to detect peptides 

suspended in solution of known concentration and length. The peptides, leu-enkephalin 

(leu-enk) and glucagon, were exposed to denaturing solution which contain 5 and 29 amino 

acids in length, respectively. The concentrations of each peptide were maintained at 500 

nM in denaturing solution. Because SDS molecules giving the peptides an overall negative 

charge, the applied voltage was +500 mV and the results can be seen in Figure 4.1 where 

glucagon is labelled in magenta and leu-enk is in cyan. In Figure 4.1a and 4.1b, the event 

traces are shown as changes in current as a function of time for leu-enk and glucagon, 

respectively. Each deviation from the baseline is designated as one event, meaning one 

molecule (peptide in this case) has translocated through the pore. There is a noticeable 

difference between the peak current amplitude of the events stemming from glucagon in 

comparison to those corresponding to leu-enk. Specifically, the change in current is higher 
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in glucagon than it is for leu-enk. This is more quantitatively shown in Figures 4.1c and 

4.1d where 4.1c shows the change in current as a function of dwell time in milliseconds for 

each event and 4.1d displays the differences in peak distributions for the changes in current. 

The main difference between these two peptides is the length of amino acids that comprise 

them. Glucagon is the longer peptide, having 29 amino acids, while leu-enk contains 5 

amino acids. The overall charges of the molecules are negative, given the treatment of SDS 

specifically. Therefore, we can conclude that the difference in current amplitude is 

 
Figure 4. 2: Analyte signal dependence on concentration. (a) bar graph showing the calculates fitted peak 
of the current amplitude from detecting various concentrations of leu-enk in denaturing solution. (b) 
current traces of 1 nM (black), 250 nM (blue), and 500 nM (red). To the right is an illustration detailing 
the theory of concentration dependence affecting the SDS molecular coating of the peptides. Specifically, 
at lower analyte concentration, SDS is in abundance and is free to form micelles. On the other hand, 
when the analyte concentration is high, SDS can only partially coat the molecule. Both scenarios create 
a change in current smaller than a fully coated peptide. (c) a scatter plot showing the event properties of 
each of the three leu-enk concentrations. (d) dwell time histograms detailing how the 250 nM leu-enk 
concentration was responsible for the fastest moving molecules. Subsequently, the longer dwell times 
corresponded to 1 nM and 500 nM, the latter having the longest dwell time.  
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attributed to the length of the peptides. Specifically, glucagon contains more amino acids 

and shifts the current by ~ 800 pA upon translocation while leu-enk, having only five amino 

acids, yields ~ 370 pA displacement, a vast decrease. Hence, the denaturing solution 

provides peptide length information through the change in current as the peptides 

translocate the pore. 

 Following the peptide length characterization, we decided to delve into 

investigating the relationship between peptides and denaturing solution, SDS specifically. 

For this study, we varied the concentration of leu-enk while keeping the concentration of 

SDS in the denaturing solution constant. Leu-enk was diluted to 1, 50, 175, and 375 nM 

(the 500 nM condition had already been performed in the previous study). The results 

indicate that there is a concentration dependence between the analyte (leu-enk) and 

denaturing solution. In Figure 4.2a, the event information at each condition was extracted 

with a custom-made MATLAB script and the current amplitudes were found to fluctuate 

as a function of the analyte concentration. In more detail, the fitted peak of the current 

amplitudes exhibits a gaussian distribution in terms of the analyte concentration, where the 

extreme values (1 nM and 500 nM) produce the lowest changes in current. Meanwhile, at 

250 nM, the fitted peak of the current amplitudes is at its highest.  

To provide additional support, Figure 4.2b shows the current traces of both extreme 

conditions (1 nM and 500 nM in black and blue, respectively) as well as the 250 nM 

conditions (red). On the right side, there are three illustrations, corresponding to the three 

different analyte concentrations, depicting the theory behind the differences in current 

amplitude. To reiterate, the concentration of SDS in the denaturing solution is kept at the 
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same value, 1 mM, for each experiment. In the highest analyte concentration, 500 nM, we 

speculate that there is an insufficient number of SDS molecules to fully coat the peptide. 

Because of this, the diameter of the translocating molecule is less than the 250 nM 

condition. The illustration (within the rex box) in Figure 4.2b depicts this scenario. This 

would explain why the change in current amplitude for the 500 nM leu-enk condition is 

less than the 250 nM condition. For the lowest concentration, 1 nM, we suspect that there 

is surplus of SDS molecules in the solution because there is a small quantity of analyte that 

SDS can bind itself onto. Because of this, the formation of micelles may be energetically 

favorable over the binding to the peptide itself, which could explain the few large events 

seen in the scatter plot of Figure 4.2c. Lastly, the ratio between the SDS molecules and the 

peptide is optimized in the 250 nM concentration, meaning that a fully uniform coating via 

SDS occurs and no micelle formation is present, which is depicted in the blue box. 

In Figure 4.2c, the same three conditions are further examined in terms of their 

respective current amplitudes and dwell times. Strikingly, the peak burst of the entire 250 

nM population is over four times greater than the other two conditions. Additionally, the 

dwell times of each of the conditions differ substantially as seen in Figure 4.2d. The dwell 

times corresponding to the 250 nM concentration were the fastest while the other two 

concentrations had longer dwell times, the 500 nM condition exhibiting the longest out of 

the three. We theorize that this can also be attributed to SDS coating of the peptide. There 

is a certain value in which the quantity of SDS molecules and peptides are at its optimum, 

meaning that the entirety of the peptide is coated and there are not any free SDS molecules 

and/or micelles forming within the solution. This is one of the reasons why the 250 nM 
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condition is responsible for the largest change in current, because SDS is completely 

coating an additional layer on the peptide itself, allowing the peptide to transiently block a 

substantial amount of the ion flow, resulting in a large current amplitude. SDS is known to 

give all molecules a negative charge which is why it is most widely used in gel 

electrophoresis. Theoretically, a fully coated peptide molecule will have a more negative 

charge in comparison to a partially coated, or even uncoated, molecule. When a positive 

voltage is applied, negatively charged molecules will sense the voltage application, and 

begin their journey towards that positive pole. With this in mind, we hypothesized that the 

250 nM concentration is responsible for having the most negative charge, due to the full 

coating of SDS, resulting in a faster translocation time. As for the low and high analyte 

concentration, it is possible that SDS is in abundance (leading to partial coating due to the 

formation of micelles) and in scarcity, giving the molecule a weaker negative charge, 

respectively.  

4.3.3 Signal-to-Noise Study in Denaturing Solution 

 One of the most commonly used electrolyte solution is 1 M KCl. This is often seen 

as the standardized buffer solution in which alternative experimental results are compared 

to. Some of the reasons as to why 1 M KCl has become one of the most prevalent buffers 

for nanopore sensing are: (1) KCl dissociates into K+ and Cl- ions which (at 1 M) creates 

an ionic strength that reduces electrostatic screening, (2) it is highly compatible with a wide 

range of biomolecules, and (3) it is relatively non-toxic, making it a safer choice when 

working with biological samples.  
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There are a variety of parameters that affect the signal (either change in current or 

dwell time) of the translocating molecule such as pH, pore diameter, method of 

translocation, starting location of the analyte, electrolyte concentration, and alkali chloride 

type28,43–45. One metric that does not fall into this category is analyte concentration. 

Because nanopore sensing is a highly stochastic process, molecules diffuse within the 

solution until they enter what is known as the capture zone: the volume in which the electric 

field is sensed. Once the molecule diffuses into the capture zone, it is electrochemically 

driven to enter the nanopore. To our knowledge, there has yet to have been a study 

indicating that the concentration of analyte has any relationship to the signal generated. 

 
Figure 4. 3:Signal-to-Noise Ratio (SNR) study comparing 1 M KCl to a solution containing denaturing 
agents. (a) A histogram showing the difference in SNR between the two aforementioned electrolyte 
solutions. The root-mean-square noise was calculated using a file segment containing no events. Red 
inset: the current trace from translocating leu-enk in denaturing solution. Black inset: the event trace from 
detecting leu-enk in 1 M KCl. There is a two-peak population in the 1 M KCl sample. This can be 
attributed to leu-enk formation of dimer within the solution. This is eliminated in the other sample 
because the treatment of denaturing agents prevents the binding of molecules onto one another. 
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Although, it is known that higher concentrations can lead to increased event rates and vice 

versa46. The electrolyte concentration, however, does affect the signal of the molecule. This 

is because the electrolyte concentration directly affects the number of ions that are present 

in an open-pore scenario. When a molecule transiently blocks this flow, the signal will 

reflect that change in current based off the quantity of ions that are within the aperture of 

the pore (electrolyte concentration).  

Because of this signal dependence on analyte concentration, we then performed an 

experiment using the same peptide, leu-enk, in 1 M KCl to compare to the leu-enk 

translocations using denaturing solution. The same voltage polarity was applied (+500 mV 

for denaturing solution and -500 mV for 1 M KCl) and the same pore size was used (~10 

nm diameter). The results can be seen in Figure 4.3. which shows a histogram of the SNR 

of both conditions. The SNR was calculated by extracting the current amplitudes of each 

event and then dividing those values by the root-mean-square noise (RMSnoise) which was 

calculated by selecting a portion of the data file that contained no events. The SNR of the 

leu-enk translocations in 1 M KCl and denaturing solution can be found in black and red, 

respectively. The inset in the middle of Figure 4.3a shows the current traces corresponding 

to both conditions as well. 

An interesting note is that there is a two-peak distribution for the 1 M KCl 

translocations, and a singular peak in the denaturing solution translocations. It has been 

previously shown that leu-enk has a tendency to form dimers in solution47–49. We believe 

that this two peak distribution is reflective of leu-enk constructing dimers in the 1 M KCl 

condition. Because the solution is 1 M KCl, there is no reason for molecules to resist the 
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formation of secondary structures. Additionally, this is a feature that is not seen when using 

the denaturing solution, as demonstrated with the singular peak in Figure 4.3. With the 

treatment of denaturing agents (likely the full coating of SDS), the molecule exhibits a 

negative charge, which will oppose binding to other negatively charged molecules. Going 

back to the previous example, in the 1 M KCl case, the peptide chain contains amino acids 

that are negatively-, neutrally-, and positively-charged. This means that the likelihood of 

oppositely charged regions of the peptide chain self-assembling into dimers is high. With 

the results of this study, we have discovered that, not only is the SNR of events in the 

denaturing solution surpassing 100, but it also prevents the formation of secondary 

structures of non-uniformly charged molecules. 

4.3.4 Multiplexed Sensing of Peptides Using a Peptide Ladder 

 At this point, we have described how utilizing denaturing solution can provide 

information surrounding the lengths of peptides, increase SNR drastically, and prevent 

dimerization formation. In order to improve the throughput and efficiency of peptide 

detection, it was desirable to detect multiple peptides in a solution with a single nanopore. 

Therefore, in this section, we aimed to expand the detection capabilities of our nanopore 

sensor in denaturing solution by investigating its ability to provide peptide length 

information of differently sized peptides. Here, we describe the results of utilizing six 

differently sized peptides (peptide ladder) and peptide ladder spiked with one additional 

peptide of similar length in denaturing solution. 
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 After the analyte concentration series, we arrived at the conclusion that the optimal 

concentration of peptides in denaturing solution is 140 pg/μL (leu-enk molarity 250 nM). 

When preparing the peptide ladder in denaturing solution, we diluted the ladder down to 

140 pg/μL and fabricated a nanopore with 10 nm in diameter. The results can be seen in 

Figure 4.4a. Upon molecular translocation, the data points that comprised each event were 

plotted into the all points histogram. A final step of normalization of both the x-and y-axis 

was performed to eliminate any baseline contribution and account for differences in the 

magnitude of the peaks, respectively. An interesting feature of the all points histogram is 

the presence of multiple peaks. We hypothesize that the ~6 peaks in the all points histogram 

correspond to the six differently sized peptides in the peptide ladder. Our previous results 

when researching glucagon and leu-enk indicated a positive relationship between peptide 

length and current amplitude, meaning longer peptide chains yielded larger changes in 

current. In this case, the shortest peptide in the ladder (9 amino acids) is thought to 

correspond to the first, largest peak (shortest change in current) and the longest peptide 

(247 amino acids) with the right most peak (largest change in current). When studying the 

peptide ladder, this theory seems to hold true due to the noticeable multi-peak population.  
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In the same figure, we show the results of a similar experiment with the same pore 

size. The peptide ladder contained peptides with lengths of: 9, 30, 58, 123, 153, and 247 

amino acids. In this study, we supplemented the ladder with an additional peptide, 

glucagon, to increase the concentration of the second shortest peptide within the ladder. 

Here, we are assuming that by adding a surplus of glucagon with 29 amino acids to the 

peptide ladder, the 30 amino acid peptide and glucagon will increase the second peak in 

the all points distribution. The results, in the form of the all points histogram, are also 

shown in Figure 4.4a. Fascinatingly, there is an overall increase in the second peak 

amplitude, which we consider to be indicative of the additional 29-30 amino acid peptides. 

In Figure 4.4b we relate the peptide length to the fitted peak of the all points histogram for 

the peptide ladder. Similar to the experiments with glucagon and leu-enk, we suspect the 

change in current to be indicative of the peptide length, meaning the largest change in 

current corresponds to the longest peptide chain, and vice versa. In the inset, the current 

 
Figure 4. 4: Peptide ladder translocations using a variety of denaturing agents. (a) a histogram comparing 
the all points of each event stemming from a peptide ladder (blue) and a peptide ladder spiked with 
glucagon (orange). The peptide ladder contained six peptides of different lengths. When supplementing 
additional glucagon into the peptide ladder sample, the second peak (corresponding to ~30 amino acids) 
becomes amplified, as seen with the orange histogram. The voltage applied for both experiments was 
500 mV. A scatterplot showing the number of amino acids in each peptide within the ladder and the 
corresponding fitted peak from the all points histogram. Inset: a current trace of the peptide ladder in 
denaturing solution.  
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trace of the peptide ladder in denaturing solution shows the variance in event peaks for the 

differently sized peptides. This section highlights the potential of our platform to detect 

and discriminate the size differences of peptides in complex mixtures. Moreover, they 

demonstrate the flexibility and sensitivity in adapting to different experimental conditions 

and optimizing the detection of specific molecules.   

4.4 Conclusion 

 In this chapter, we formulated a novel sensing solution with a highly probable 

potential of utilizing for protein fingerprinting. By incorporating 1 M KCl, SDS, DTT, and 

GuHCl in a slightly alkaline environment, the resulting solution allows for the linearization 

and negative polarization of molecules. Subsequently, the change in current positively 

correlates to the length of the translocating peptide. Moreover, this methodology is capable 

of detecting small oligopeptides (five amino acids in length) and differently sized peptides 

in a heterogenous mixture. As shown with leu-enk, glucagon, and then with peptide 

ladders, both the change in current and the all points method can be used to discriminate 

between peptides of different sizes. Another advantageous reason to employ usage of the 

denaturing solution is the extremely high SNR, surrounding a value of 100. When 

compared to the gold standard sensing solution, not only is the denaturing solution SNR 

greater, but it also eliminates the formation of secondary configurations. The study using 

leu-enk in both solutions showed that the 1 M KCl condition had the formation of two 

peaks, corresponding to dimerization of the peptides.  
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While there are genuine benefits to utilizing this solution, we have discovered that 

the signal is highly dependent upon the ratio of analyte to SDS concentration. Such that, 

there is an optimal analyte concentration in which SDS can coat the molecule entirely 

without the formation of micelles. Studying leu-enk at various concentrations introduced 

the idea that SDS may or may not be able to fully coat the entire molecule. To optimize the 

SNR, the concentration of analyte should be known to perform the corresponding dilution. 

Because of this and knowing that in the next chapter we will be working with extremely 

heterogenous solution of unknown concentrations, we decided to pivot away from utilizing 

denaturing solution and work under conditions where no concentration optimization need 

to occur. Overall, the results of this chapter demonstrate a strong approach to detecting 

length differences in amino acids and take a step towards peptide sequencing using quartz 

nanopipettes.  

4.5 Materials and Methods 

4.5.1 Nanopore Preparation 

 Quartz capillaries (Sutter Instruments, QF100-70-7.5) of 7.5 cm in length, 1.00 mm 

in outer diameter, and 0.70 mm inner diameter were plasma cleaned for a minimum of five 

minutes. Afterwards, the capillaries were transported to the P-2000 laser puller (Sutter 

Instrument Co.) where a CO2 laser directed into the center of the capillary length created 

two identical nanopipettes. and a one-line protocol was used: (1) HEAT: 630; FIL: 4; VEL: 

61; DEL: 145; PULL: either 210 or 220. This resulted in two identical, conical nanopores 

within a heat duration of approximately 4.8 s. 
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Silver electrodes wires were cut into inch long fragments and then placed into a 

bleach bath overnight. Afterwards, the electrodes were rinsed DI water. Nanopipettes were 

then backfilled with electrolyte solution. Prior to attaching the sample and nanopipette to 

the Axopatch head stage, the nanopipettes were observed under an optical microscope. This 

was done to check for any breaks or bubbles in the nanopore tip. After inspection, the 

nanopore and sample were secured within the head stage in a metal box and connected with 

wires attached to silver chloride electrodes. 

4.5.2 Denaturing Solution and Preparation 

 A denaturing solution was created to contain 1 M KCl (Thermo Fisher, P217-500), 

1 mM SDS (Thermo Fisher, BP2436-200), 50 mM DTT (Thermo Fisher, BP172-5), 100 

mM NaOH (Thermo Fisher, S318-500), and 0.5 M GuHCl (Thermo Fisher, BP178-500). 

These reagents were chosen specifically for the following properties: high salt 

concentration to utilize electrophoretic forces, give a uniform negative charge, break any 

disulfide bridges, increasing pH to aid in preventing aggregation, and cause unfolding, 

respectively. Lastly, the solution was heated up to 95°C for 5 minutes to eliminate any 

precipitates that may have formed. The pH of this solution was determined to be 8.75 using 

AB200 pH/Conductivity Benchtop Meter (Fisher Scientific). Glucagon (69271) and 

leucine-enkephalin (AAJ66801LB0) were purchased from Thermo Fisher and the peptide 

ladder (Ultra-low range Molecular Weight Marker 1,060-26,600, M3546) was purchased 

from Sigma-Aldrich.  
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4.5.3 Data Acquisition and Analysis 

 The Axopatch 200B patch-clamp amplifier (Molecular Devices) in voltage-clamp 

mode was used to measure the current fluctuations in time. Prior to acquisition, the gain 

was optimized and the signal was filtered with a low-pass Bessel filter at 10 kHz and 

digitized using the Digidata 1550B (Molecular Devices). The data was acquired at a 

frequency of 250 kHz. A custom-made MATLAB script was utilized to analyze the events 

acquired via Axopatch 200B. 
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Chapter 5: Real-time, Nanopore-Based Monitoring of Enzymatically Active 

Protease in Whole Blood 

5.1 Abstract 

 In this chapter, we demonstrate the feasibility of utilizing nanopores as a diagnostic 

device. The robust single-molecule sensor, nanopores, has been used to detect a wide range 

of biomolecules at low concentrations, enabling the potentiality of becoming clinically 

relevant. The incorporation of nanopores in a lab-on-a-chip device comes close to this goal 

without the need for labelling or pre-treatment. One of the major implications in employing 

nanopores in complex solutions is that they can contain various types of non-target 

molecules that can interact with and accumulate inside the system, thereby reducing the 

efficiency and sensitivity of the detection method. Because this can lead to inaccurate 

measurements, pre-treatment methods or labelling techniques are often required when 

working with biological samples. Here, we demonstrate a fully modifiable and inexpensive 

detection platform to monitor and quantify the peptide fragments generated from trypsin 

digestion, a crucial phenomenon occurring under a state of autodigestion without any pre-

treatment techniques. The autodigestion theory, detailing how trypsin leaks from the small 

intestine to the cardiovascular system, can eventually lead to multi-organ failure and death, 

if not treated promptly. This powerful approach allows us to capture cleaved peptide 

fragments as autodigestion is occurring, in real-time. By combining previous pore sensing 

optimizations, electrolyte conditions, and fabrication techniques, we have developed a 

novel design that has the potential to guide diagnostic advancements for years to come. 

Overall, this chapter demonstrates the tremendous potential of nanopores as a diagnostic 
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device and sets the stage for future breakthroughs in clinical diagnostics, personalized 

medicine, and disease monitoring.  

5.2 Introduction 

 Circulatory shock describes the traumatic, and often deadly, insult to the human 

body when insufficient blood reaches the tissues. Despite extensive research into the 

pathophysiology of the condition, it is still the leading cause of death in the intensive care 

unit (ICU)1. The poor prognosis for patients in circulatory shock, or simply ‘shock’, stems 

from a poor understanding of key events which ultimately leads to system-wide destruction 

including multiple organ failure2. There are four stages in shock: initial, compensatory, 

progressive, and refractory. Accurate diagnosis must occur before the refractory period, as 

it is at this time when the patient has lost more than 40% of their blood volume and the 

chance of survival is severely limited3. Unfortunately, shock symptoms can vary greatly 

depending on age, health, cause of injury, and how much blood has been lost, emphasizing 

the need for an accurate, quick, diagnostic device.  

One hypothesis is that the permeability of the intestinal barrier is a key factor in 

shock4,5 and that measurements of intestinal barrier function are useful in accessing the 

degree of shock and the likelihood to respond to treatments. The loss of barrier function at 

the epithelial and mucosal layers of the intestine implicates digestive enzymes as key 

factors in systemic dysfunction5,6. The tight junctions in the epithelial layer serve as 

gatekeepers that normally hold back enzymes including proteases and lipases. When 

barrier function fails, quarantined enzymes begin diffusing into the bloodstream where they 
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are distributed to healthy tissues of the body. As a result, homeostasis throughout the body 

is severely and irreversibly disturbed. Additionally, when animal models of shock were 

treated with various enzyme inhibitors, the survival rate increased compared to the 

untreated group7. Proteases have been the focus of current studies and mounting evidence 

supports that these enzymes play a key factor in shock. However, it is important to note 

that the mere detection of proteases does not necessarily indicate their biological activity 

or functional relevance.  

Detecting the presence of peptide fragments generated by proteases can provide 

valuable information about the activity levels of the enzymes, this is because the quantity 

of peptides cleaved directly correlates with enzymatic activity. Therefore, by detecting and 

analyzing these peptide fragments, it is possible to determine the level of activity in a 

sample. Additionally, there is evidence suggesting that the amount of peptides found within 

the blood of a rat experiencing hemorrhagic shock is greater than in a healthy rat6, 

specifically, 295 peptides were found under a state of shock while 126 peptides were found 

under healthy conditions (with 96 peptides found in both conditions). Interestingly, the 

number of circulating peptides under a state of shock was significantly reduced when in 

the presence of tranexamic acid (protease inhibitor)8. Thus, in this chapter, we sought to 

combine the studies indicating that trypsin activity in the blood leads to multi-organ failure 

and death with nanopore detection techniques to quantify the increase in peptide production 

as trypsin continues its non-specific digestion in the blood.  

Nanopores are an excellent single-molecule sensor because of their high 

throughput, specificity, and real-time detection abilities. Because of this, nanopores have 
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been used to detect and analyze a wide range of biomolecules, including DNA9,10, RNA11, 

proteins12,13, and metabolites14. These pores can be made from a variety of materials, 

including proteins15, silicon16, and graphene17, and can be engineered to have different 

sizes, shapes, and chemical properties to accommodate detection of a multitude of 

molecules. One of the key advantages of nanopores is their ability to detect and 

differentiate between different molecules based on their size, shape, and charge. When a 

molecule passes through a nanopore, it changes the electrical properties of the pore, 

allowing it to be detected and analyzed using sensitive electrical techniques18. 

To ensure specificity and prevent clogging, most nanopore studies utilize purified 

samples. Because of this, studies that incorporate the usage of complex solutions, such as 

biofluids, are scarce. One study by Sze. et. al. synthesized molecular carriers from DNA to 

detect up to three protein targets using human serum with nanopipettes19. In a planar 

membrane nanopore, a study was done detailing how magnetic nanoparticles can be used 

to detect prostate-specific antigen (PSA) down to 0.8 femtomolar concentration20. Both 

studies involved pre-treatment steps to work with the biological samples. The former 

diluted the human serum 1:20 in electrolyte solution while the latter exposed the plasma 

portion of the blood to their fabricated anti-PSA magnetic nanoparticles. Combined, these 

studies demonstrate the potential of using nanopores for analysis in complex biological 

samples. With the fabrication of PDMS chip and incorporation of a dialysis unit, proteins 

and peptides can be detected without the need of centrifugation or treatment of alternative 

labelling components.  
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Additionally, noteworthy investigations have been conducted to examine trypsin 

concentrations in biofluids. In one particular study, trypsinogen activation peptide, which 

is cleaved in equimolar quantities during the transition from trypsinogen to active trypsin21. 

The effects of pancreatitis were observed through enzyme-linked immunosorbent assay 

(ELISA). However, the measured concentrations of trypsinogen activation peptide in this 

study ranged from 24.1 mM22, which is considerably higher compared to the working 

concentrations that yield observable changes in event properties as demonstrated in this 

chapter. Furthermore, a recent publication reported the detection of trypsin using a 

microcontact imprinted surface, with a detection range spanning from 1.0*10-13 to 1.0*10-

7 M, along with measurement of trypsin activity23. It is important to acknowledge that these 

measurements were conducted in isolated systems without complex biofluids, necessitating 

further adjustments to accommodate diverse samples. With this chapter, our aim is to 

bridge the gap between these studies by employing a real-time, label-free detection sensor 

capable of monitoring trypsin digestion products in highly heterogeneous solutions, such 

as human blood. 

To date, solid-state nanopores have been used to detect a wide range of 

biomolecules. In protein detection applications, nanopores can be used to detect the 

presence and concentration of specific proteins in a sample based on their size and charge24–

26. Overall, nanopores are a powerful tool for the detection and analysis of a wide range of 

biomolecules, offering high sensitivity and specificity, rapid detection times, and the 

potential for real-time monitoring and analysis. As such, they are an important technology 
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for advancing our understanding of biological systems and developing new diagnostic and 

therapeutic approaches for a range of diseases. 

In this final chapter, we present a diagnostic approach utilizing the remarkable 

single-molecule sensor, nanopores. This revolutionary technology has the potential to 

advance clinical diagnosis, as it allows for the detection of a vast array of biomolecules at 

extremely low concentrations, without the need for labeling or pre-treatment. We 

demonstrate a lab-on-chip device capable of monitoring and quantifying peptide fragments 

generated from trypsin digestion. This is a crucial phenomenon as autodigestion, the 

process in which trypsin leaks from the small intestine to the cardiovascular system, can 

lead to multi-organ failure and even death if not treated promptly. Our innovative approach 

captures cleaved peptide fragments in real-time as autodigestion is occurring, providing a 

powerful tool for disease diagnosis and monitoring. By utilizing nanopores to detect 

peptide fragments generated by trypsin, our approach offers a novel and promising 

approach to the diagnosis and monitoring of autodigestion-related diseases. 

5.3 Results and Discussion 

5.3.1 Peptide and Protein Characterization in High Ionic Strength Solution 

 In the previous chapter, we detailed how exposing peptides to various denaturing 

agents allowed for the observation of peptide length differences based on the change in 

current experienced by the nanopore upon peptide translocation. While this technique has 

its advantages, the main drawback is the need for concentration optimization, which can 

only be done if the analyte concentration is known. Because of this, a different 
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methodology must be adopted, given that the final goal is to use a sample of human blood, 

in which the concentrations of the various biomolecules would be timely to obtain. 

 We chose to revisit the usage of 1 M KCl with peptides and proteins to gain further 

information regarding the unique event characteristics with using this electrolyte solution. 

Similar to the previous chapter, the peptides glucagon and leucine-enkephalin (leu-enk) 

were studied at a concentration of 500 nM and with 15 nm diameter pore sizes. The voltage 

applied was -500 mV, and glucagon and leu-enk were driven to translocate into the pore 

(Figure 5.1a and b, respectively). A scatter plot of both peptides’ event information is 

displayed in Figure 5.1c. In this figure, the current amplitude for both peptides are similar. 

Both populations are contained within 55-130 pA. However, when looking at the dwell 

time distributions, there is a noticeable difference. The longer peptide, glucagon (magenta), 

has slower dwell times than the shorter peptide, leu-enk (cyan). The peaks of the dwell 

time for glucagon and leu-enk are 1.2 and 0.5 ms, respectively. Under the 1 M KCl salt 

condition, peptide length information is determined by the dwell time of the molecule.  
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 We then shifted our attention to detecting proteins with the 1 M KCl solution. 

Proteins are notorious for transiently adhering to the walls of solid-state nanopores27,28. In 

 
Figure 5. 1: Detecting peptides in 1 M KCl. Current traces of (a) glucagon and (b) leu-enk at -500 mV 
with nanopores with a diameter of 13 nm. (c) a scatter plot showing the change in current with respect to 
dwell time of the molecule in milliseconds for glucagon(magenta) and leu-enk (cyan). (d) dwell time 
comparisons for both peptides at the same voltage. Located at the bottom is additional information 
regarding the isoelectric point of the peptides as well as their size differences. 
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the case where that does not occur, proteins often translocate through the nanopore rapidly. 

For this next section, bovine serum albumin (BSA) and trypsin were diluted to 1 nM 

concentrations in 1 M KCl. The nanopore was filled with 1 M KCl (symmetric 

 
Figure 5. 2: Detection of whole proteins in 1 M KCl. Event information for translocating (a) 1 nM BSA 
and (b) 1 nM trypsin in 1 M KCl with a nanopore ~ 15 nm in diameter at -500 mV. The molecular 
configuration of the proteins is found on the left just above the molecular weight. Within the dwell time 
histograms are the current traces for each protein (black: BSA, red: trypsin). The scatterplots use the 
same scale which makes the dwell time differences more noticeable. Specifically, BSA molecules take a 
longer time to translocate the pore in comparison to trypsin molecules. Additionally, the change in 
current for BSA molecules contains a peak at ~70 pA while trypsin has a value of ~40 pA. Note the y-
axis scale differences in the scatterplots. 
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concentrations) and -500 mV was applied. The event properties of BSA and trypsin are 

shown in Figure 5.2a and b, respectively. First, a molecular diagram of each protein is 

displayed, color coded by hydrophobicity. The molecular weights of each protein are vastly 

different, BSA being much larger than trypsin. The corresponding scatter plots and 

histograms detailing the current amplitude and dwell time of the events are shown in black 

and red for BSA and trypsin, respectively. The key differences between the molecules can 

be described by the change in current and dwell time. BSA, the larger molecule, is 

responsible for greater current amplitudes (65-75 pA) and longer dwell times (most 

occurring below 3 ms). While trypsin, on the other hand, contains peak bursts between 40 

and 50 pA and most molecules translocate the pore in less than 2 ms. We can attribute BSA 

having a larger peak burst due to it being the larger molecule. As BSA enters the pore, its 

molecular diameter is larger than trypsin, allowing it to block a larger ionic flow, resulting 

in a greater change in current. The dwell time differences can be explained similarly, by 

the length of the molecules. Because these proteins are entering the pore in their globular 

state, the BSA molecule (being larger than trypsin) can enter the pore in a way that is longer 

than trypsin. The theory that longer molecules can exhibit longer dwell times has been 

reported, and we can use that reasoning to explain the dwell time differences that we see 

here, as well.  
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5.3.2 BSA Digested via Trypsin  

 Up to this point, we have shown that, in 1 M KCl, we can detect both peptides and 

proteins in solution. To prepare for detection of peptide fragments generated under a state 

of autodigestion, we decided to perform two experiments having 50 nM BSA undergo 

digestion by 1 nM trypsin for two different time scales. By maintaining a 50:1 BSA:trypsin 

 
Figure 5. 3:Separate samples of different digestion times. A sample containing 1 nM trypsin and 50 nM 
BSA were incubated for (a) 1 minute and (b) 20 minutes. The resulting molecular translocations at -500 
mV can be seen on the respective heat maps. (c) a scatter plot showing 1 nM BSA (black), 1 nM trypsin 
(light gray), 1 minute digestion of BSA via trypsin (blue), and 20-minute digestion of BSA via trypsin 
(red). All events were recorded at -500 mV.   
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ratio, we can ensure that most of the peptide fragments generated originate from BSA and 

not trypsin autodigesting itself. We chose to have a digestion time of 1 minute and 20 

minutes. After the allotted time, the reactions were stopped via heat denaturation and then 

taken to the Axopatch 200B for recording. 

 Figure 5.3a and b present heat maps of the 1 minute and 20-minute digestion times 

of BSA via trypsin, respectively. The main noticeable difference is seen within the current 

amplitudes of the events. For the 1-minute incubation, the peak bursts of the events are 

mostly contained between 60-225 pA. Once digestion progresses, more cleavages are made 

by trypsin, resulting in smaller fragments. That is why, for the 20-minute condition, most 

of the event peak bursts remain between 50-100 pA. The overall range of the current 

amplitude nearly halves as the trypsin digestion is allowed to proceed. Because of the 

drastic changes in the event properties when digestion is occurring, we suspected it might 

be best to compare both digestion times with BSA and trypsin by itself in 1 M KCl. The 

results can be seen in the scatter plot in Figure 5.3c. In this figure, BSA, trypsin, 1-minute 

digestion, and 20-minute digestion are displayed as black, light gray, blue, and red dots, 

respectively.  

 Interestingly, the 1-minute digestion population contains the largest changes in 

current amplitude when compared to the other three samples. We suspect that the larger 

peak bursts might be caused by the transient binding of trypsin onto BSA. Once the sample 

temperature drops back to room temperature after heat denaturation, there is a possibility 

that the reconstituted whole proteins or the fragments themselves can anneal to each other. 

This might explain the generation of the larger events seen in the scatter plot. To illustrate 
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this, a graphical schematic is displayed at the top of the scatter plot in Figure 5.3c, where 

trypsin is the smaller light gray object and the larger black icon is BSA. Before the trypsin 

cleavage takes place, trypsin must bind to BSA. Potentially, the nanopore is detecting the 

BSA-trypsin complex as one event which has a large change in current. 

 
Figure 5. 4: Illustrations depicting the switch from a semi-discrete time measurement to a continuous 
time measurement. (a) Before fabricating a PDMS chip, the dialysis unit would be left on the sample 
tube for a period of time to allow diffusion of the peptide fragments into the sample tube. Afterwards, 
the dialysis unit was removed so that recording could take place. This process would repeat to generate 
a semi-accurate depiction of trypsin digesting BSA. The activity for this process alternates between 
allowing for the peptides to diffuse into the tube and recording the translocating peptides. Both activities 
cannot take place at the same time because the dialysis unit cover the entire opening of the tube. (b) The 
set-up for continuous, real-time recording of digestion occurring. By fabricating a PDMS chip with a 
container to hold the dialysis unit (pink) and openings on either side for the electrode and nanopore, both 
activities can be performed simultaneously. With this modification, observing peptide fragments as they 
are generated is achieved. (c) Current traces corresponding to digestion of 5 (top) and 75 (bottom) 
minutes then dialysis units removed to record events. (d) Current traces for simultaneous digestion and 
recording. Here, we are able to witness the detection of peptide fragments as they are generated. 
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5.3.3 Development of Real-Time Digestion Device 

 One of the common issues with nanopore detection is the tendency for the pore to 

become clogged, especially with a heterogenous sample. To combat this, we sought usage 

of a 3.5 kDa dialysis unit which allows for molecules < 3.5 kDa to flow through the unit 

while sequestering molecules > 3.5 kDa. To address the interesting aspect of last section’s 

study (1-minute digestion events having larger peak bursts), we decided to combine the 

BSA: trypsin digestion with a dialysis unit.  

 The downside to this method is that the dialysis unit completely covers the opening 

of the sample tube, as seen in Figure 5.4a. To utilize the dialysis unit, we had to adopt a 

semi-discrete method for observation of digestion occurring. More specifically, the dialysis 

unit was left to incubate within the sample tube for a certain amount of time, afterwards 

the unit was removed and the sample tube was taken to the Axopatch 200B for recording 

of fragmented peptides. This process was repeated to generate semi-discrete digestion 

information of BSA via trypsin. An illustration describing procedures can be seen at the 

bottom of Figure 5.4a. To optimize the sensing conditions, namely, record cleaved peptides 

in real-time, a PDMS chip was fabricated. The actual PDMS chip set-up can be seen in 

Figure 5.4b. A hole in the center of the PDMS chip was used to secure the dialysis unit, in 

pink in the image. Either side of the chip contained an electrode and the nanopore. With 

this device, the unit is able to filter the digested peptides simultaneously while the nanopore 

is recording. This is the final device we constructed to observe autodigestion occurring in 

human blood. 
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Table 5. 1: Molecular weights of biomolecules found in the blood. The molecules written in red are unable 
to pass through the 3.5 kDa dialysis unit. The remaining are detectable in their globular state in unmodified, 
whole blood. 

Biomolecule MW (Da) 

Glucose 180 

Adrenaline 183 

Testosterone 288 

Noradrenaline 319 

Cholesterol 386 

Vitamin E 430 

Vitamin K 450 

Vitamin A 536 

Vitamin D 769 

Glucagon 3483 

Insulin 5808 

Cytokines ~6000-12000 

Antibodies 150000 

  

5.3.4 Autodigestion Observation in Whole Blood 

 Finally, with the optimized PDMS chip, we can focus on real-time detection of 

digested peptides under a state of autodigestion. We first decided to examine unmodified 

whole blood (undiluted) in the dialysis unit. With the cut-off value being 3.5 kDa, certain 

biomolecules can pass through the filter without being digested. Proteins, such as those 
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found in Table 5.1, can be detected in their native, globular state. It is imperative to study 

whole blood as this will develop the baseline event rate for detecting other conditions in 

which trypsin is spiked into the blood. Table 5.2 contains the current trace of the event 

onset as well as the current traces of events during the middle of recording for each 

condition tested. Furthermore, the corresponding table caption provides the precise timing 

of the event onset for each condition. Unmodified blood experienced the longest event 

onset time occurring at 23 minutes. The highest concentration of trypsin (500 nM) inserted 

into the blood had the shortest event onset of three minutes.  
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Table 5. 2: Current traces for each condition performed using the PDMS device. The event onsets were the 
following (Descending): 9, 23, 11, 9, and 3 minutes. 

Sample 

Type 

Event Onset Events 

50 nM 

BSA + 1 

nM trypsin 

 

 

 

Unmodifie

d Blood 
  

Blood + 1 

nM trypsin 
  

Blood + 50 

nM trypsin 
  

Blood + 

500 nM 

trypsin 
  

  

 To mimic autodigestion conditions in which trypsin leaks out of the small intestine 

into the cardiovascular system, different concentrations of trypsin were spiked into the 

human blood and the subsequent peptide fragments were detected. Whole blood, blood + 
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1 nM trypsin, blood + 50 nM trypsin, and blood + 500 nM trypsin heat maps are shown in 

Figure 5.5a, b, c, and d, respectively. Whole blood (in absence of trypsin) was responsible 

for the longest dwell times. The reasoning behind this is that mostly whole proteins 

comprise the molecules detected. There is no trypsin present to digest the proteins into 

smaller fragments. Because of this, we predict that the longer dwell times correspond to 

globular proteins. Similar to the BSA study, larger proteins translocating the pore can 

exhibit longer dwell times. We hypothesize that the longer dwell times in the blood sample 

occur because of the proteins allowed to filter into the nanopore sample. 

 
Figure 5. 5: Heat map distributions showing different concentrations of trypsin introduced into the blood 
at the event onset. The following experiments were conducted (a) unmodified whole blood, (b) 1 nM 
Trypsin, (c) 50 nM trypsin, and (d) 500 nM trypsin spiked into whole blood. The data shown here is 
taken at the beginning of the event onset for all conditions including an additional 5 minutes. For 
example, if the event onset was 5 minutes, the heat map contains events from minutes 5 through 10. 
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Figure 5. 6: Calculated even rates and dwell time comparisons of unmodified blood and blood with added 
trypsin to simulate a state of autodigestion. (a) interevent time (the time between two successive events) 
of each condition (whole blood, blood + 1 nM trypsin, blood + 50 nM trypsin, and blood + 500 nM 
trypsin) at 10 ± 5 minutes. Because the unmodified whole blood condition did not have any events during 
this time, it is excluded from the interevent calculation in (a). The lowest event rate belongs to the blood 
+ 1 nM trypsin condition while the fastest event rate take place at blood + 500 nM trypsin. (b) a scatter 
plot showing the calculated event rates at two different time points for each condition. The section 
highlighted with a black dotted rectangle is the calculated event rates for (a). The highest concentration 
of trypsin yielded the highest event rate (and vice versa) during the initiation of events.  Additionally, 
each condition’s event rate increases with progressing digestion time, albeit not at the same slope. (c) 
Histogram of the dwell times at each condition’s event onset period + 5 minutes. Inset: An exponential 
fit of the dwell times. 
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As trypsin is spiked into the blood system, changes in peak burst as well as dwell 

time are observed when looking at each heat map. The conditions of whole blood, blood + 

1 nM trypsin, and blood + 500 nM trypsin have similar peak burst populations, mostly 

occurring between 100 and 400 pA. However, the 50 nM condition exhibits a decrease in 

peak burst. Specifically, the range is limited to 50-180 pA. While the specific reasoning 

behind this remains elusive, we can also examine the dwell time populations and calculate 

the event rate of each condition to determine any differences occurring as a result of adding 

trypsin into the blood. 

 The interevent time (time between two successive events) was calculated for each 

condition. The idea behind this was that the higher quantity of trypsin present in the blood, 

the increased number of peptides fragments would be created, leading to a higher event 

rate. The interevent time was calculated for each condition by methods previously 

described by Wanunu et. al29. In brief, histograms of the interevent time were created and 

then the event rate was calculated by exponentially fitting the interevent time histogram. 

The results at 10 ± 5 minutes for each condition are shown in Figure 5.6a, where the 

steepest slope corresponds to the fastest event rate. Located within Figure 5.6a is an inset 

describing the change in event onset capture rate as a function of trypsin concentration 

within the system. The relationship between the two follows a logarithmic trend, where 

lower trypsin concentrations produce a greater change in event rate and vice versa. With 

this, we anticipate that there is a saturation point in which the event rate will be less 

responsive at extremely high concentrations of trypsin. Through further development of 
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this model, we can estimate trypsin concentrations of unknown samples, similar to a 

standard curve.  

Two different time points were taken from each of the four conditions and the event 

rates were calculated using the aforementioned method (Figure 5.6b). The data points 

contained within the black dotted box correspond to the results shown in Figure 5.6a and 

display a positive relationship between event rate and trypsin concentration. Specifically, 

the higher quantity of trypsin present yielded the greater event rate during the event onset 

period. As digestion time progresses, the event rate also increases. However, the slope 

between the two time points for each condition is not the same. The unmodified blood and 

blood + 500 nM trypsin exhibit a similar change in event rate as digestion time increases. 

On the other hand, the blood + 1 nM trypsin and blood + 50 nM trypsin experience a steep 

increase in event rate (over 140 events/second). The underlying mechanism leading to this 

result remains unclear and warrants further investigation. However, the initial event rate as 

well as the event onset time correspond well with the theory that trypsin in the blood 

generates peptide fragments. Specifically, the increased amount of trypsin present in the 

blood yields a quicker event onset as well as a faster event rate, due to the abundance of 

peptide fragments.  

Because of the relationship occurring between dwell time and peptide length 

(Figure 5.1) and protein size (Figure 5.2), we sought to also investigate each condition for 

changes in dwell time (Figure 5.6c). When there is no trypsin present, we expect the events 

to be representative of the whole proteins that are able to pass through the dialysis unit 

(shown in Table 5.1). For unmodified whole blood (black), the peak of the dwell time 
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occurs at 3 ms and extends to over 40 ms while the highest amount of trypsin (500 nM, 

dark cyan) has a peak dwell time of 1 ms and all molecules translocate in less than 10 ms. 

We suspect this to be due to trypsin cleaving proteins into peptide fragments or protein 

subunits, which elicit a shorter dwell time when translocating the pore. As the whole blood 

condition should contain mostly globular proteins, the longer dwell times that coincide 

with whole proteins (in comparison to oligopeptides) ostensibly support this result. The 

intermediate conditions, 1 and 50 nM trypsin, produce peak dwell times of 2 and 3 ms 

respectively. It is a peculiar result to have the same peak dwell times for both whole blood 

and blood + 50 nM trypsin. On the same note, the exponential fits of the dwell times (Figure 

5.6c inset) show that those two conditions also have similar time constants. We can 

postulate that the reason behind each condition (excluding 500 nM trypsin) producing 

similar dwell times can be due to a sensitivity range. Perhaps adding trypsin in 

concentration quantities between 0 and 50 nM does not elicit much change in dwell times. 

However, when comparing the dwell times between unmodified whole blood with blood + 

500 nM trypsin, we see a strong response in that the dwell times of the blood + 500 nM 

trypsin condition are much shorter than that of whole blood. Future studies can repeat this 

analysis with a midpoint (250 nM) and higher (750 nM or 1 μM) amount of trypsin to 

confirm or deny the presence of a sensitivity range for dwell time distributions differences. 

5.4 Conclusion 

 In conclusion, we have demonstrated the potential of solid-state nanopores in the 

detection of small peptides and proteins of varying sizes, utilizing 1 M KCl to enhance the 

sensitivity of the system. Furthermore, we have shown that protein digestion, specifically 
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trypsin digestion, can be monitored in real-time through the detection of peptide fragments. 

The incorporation of a PDMS chip and dialysis unit has allowed for efficient detection of 

cleaved peptides, offering a powerful tool in understanding the autodigestion process and 

its implications on human health. 

Our results also indicate that the amount of trypsin added to the system affects the 

event rate of peptides, suggesting the importance of optimizing protease concentration for 

future experiments. With further development and refinement, the combination of solid-

state nanopores, 1 M KCl, and microfluidic devices has the potential to become a powerful 

diagnostic tool for a wide range of biomolecules, including peptides and proteins, in 

various biological fluids. 

To summarize, this study demonstrates the capability of nanopore technology to 

provide a rapid and sensitive approach for peptide fingerprinting and protein analysis. The 

potential for future clinical applications of this technology holds great promise in 

enhancing our understanding of the underlying mechanisms of diseases and developing 

new diagnostic tools for early disease detection. 

5.5 Materials and Methods 

5.5.1 PDMS Chip Fabrication 

 In a large plastic container, the monomer (40 mL) and curing agent (4 mL) were 

mixed for 5 minutes with a stirring rod. The transparent PDMS silicone encapsulant 

elastomer kit was purchased from QSIL 216. After the five minutes passed, the container 

was degassed to remove all bubbles, which typically took three hours. Once all bubbles 
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were removed. The solution was poured into a sterile square petri dish (BCP 100 x 100 

mm) that held six half rods (1 mm x 300 mm) equally spaced. After pouring, the square 

petri dish was taken back to degas any bubbles that may have formed during the previous 

steps. Next, the square petri dish was placed on a heating plate for 2.5 hours at 80 °C. Once 

the curing process was complete, the half rods were excised out of the PDMS mold and a 

10 mm sterile hole punch (Fisher Scientific, NC9236770) was used to create a hole through 

the mold to secure the 3,500 MWCO dialysis unit (Thermo Scientific, 69552). Microscope 

slides (Marienfeld Superior, 1000200) were wiped with a Kimwipe Delicate Task Wiper 

(Kimberly-Clark Professional™ 34120) sprayed with 70% Ethanol before plasma cleaning 

for five minutes.  

At this time, the nanopore was backfilled with 1 M KCl (Thermo Fisher, P217-500) 

and the electrodes were rinsed. Epoxy was mixed with a plastic stirring rod and used to 

secure the nanopore and electrode within the half rod indentations. The epoxy was also 

used to create an airtight seal between the PDMS chip and the microscope slide. The entire 

device was left sitting for 10 minutes to ensure the epoxy was set. To prepare for nanopore 

experiments, 150 μL of 1 M KCl was inserted into the hole within the PDMS layer. A 

combination of nylon (3/8 F/W 0.75 OD x 0.06T, B009OLQTVU) and aluminum 

(unthreaded 1/4” length, AL-50-37-25-S-100) spacers were used to elevate the dialysis unit 

to prevent the bottom of the filter from hitting the nanopore. Blood (and trypsin, when 

appropriate) was inserted into the dialysis unit and a volume of 200 μL was maintained for 

each experiment. 
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5.5.2 Fabrication of Quartz Nanopipettes 

 Quartz capillaries (Sutter Instruments, QF100-70-7.5) of 7.5 cm in length, 1.00 mm 

in outer diameter, and 0.70 mm inner diameter were plasma cleaned for a minimum of five 

minutes. Afterwards, the capillaries were transported to the P-2000 laser puller (Sutter 

Instrument Co.) where a CO2 laser directed into the center of the capillary length created 

two identical nanopipettes. and a one-line protocol was used: (1) HEAT: 630; FIL: 4; VEL: 

61; DEL: 145; PULL: from 170-190. This resulted in two identical, conical nanopores 

(diameter between 12 and 15 nm) within a heat duration of approximately 4.8 s. 

Silver electrodes wires were cut into inch long fragments and then placed into a 

bleach bath overnight. Afterwards, the electrodes were rinsed DI water. Nanopipettes were 

then backfilled with electrolyte solution. Prior to attaching the sample and nanopipette to 

the Axopatch head stage, the nanopipettes were observed under an optical microscope. This 

was done to check for any breaks or bubbles in the nanopore tip. After inspection, the 

nanopore and sample were secured within the head stage in a metal box and connected with 

wires attached to silver chloride electrodes. 

5.5.3 Electrolyte and Sample Preparation 

 All KCl electrolytes were prepared using DI water and buffered at pH ~7.4 

using Tris-EDTA (BP2475-500, Thermo Fisher). Both pH and conductivity of the final 

solutions were measured using AB200 pH/Conductivity Benchtop Meter (Fisher 

Scientific) at room temperature. All solutions were filtered using 0.2-micron syringe filters 

(S6596FMOSK, Thermo Fisher Scientific) prior to nanopore experiments. Glucagon 
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(69271) and leucine-enkephalin (AAJ66801LB0) were purchased from Thermo Fisher. 

BSA was purchased through New England BioLabs (#B9000). Human blood (single donor, 

black male, 38 years of age) was sourced from Innovative Research (SKU 

IWB1K2E10ML).   

5.5.4 Data Acquisition and Analysis 

The Axopatch 200B patch-clamp amplifier (Molecular Devices) in voltage-clamp 

mode was used to measure the current fluctuations in time. Prior to acquisition, the gain 

was optimized and the signal was filtered with a low-pass Bessel filter at 10 kHz and 

digitized using the Digidata 1550B (Molecular Devices). The data was acquired at a 

frequency of 250 kHz. A custom-made MATLAB script was utilized to analyze the events 

acquired via Axopatch 200B. 
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Chapter 6: Conclusion and Outlook 

 In summary, this thesis has highlighted many diagnostic advantages to 

incorporating nanopores into the into the medical field. This work has jumped in 

complexity with each chapter to ultimately develop a portable, proof-of-concept device to 

evaluate digestive enzyme activity through the usage of human blood. And, as science often 

progresses, the path toward the final research idea was not straight forward.  

In the first chapter, our work focused on setting the foundation for detecting trypsin 

via molecular carriers (Lambda DNA) utilizing low ionic strength conditions. With this, 

we observed DNA translocating the nanopore in the anti-electrophoretic direction. 

Specifically, DNA would enter the pore when a negative voltage was applied. Through the 

additional studies performed at various electrolyte concentrations, pore depths, and 

biomolecules, we developed an alternative theory to the origin of conductive events in a 

nanopore. Lastly, our report details the detection of proteins and DNA under asymmetric 

salt conditions, a step towards future planned studies where protein (trypsin) would be 

bound to DNA and the entire molecular carrier would be detected. Our chapter defines a 

flux imbalance in favor of cations to be one of the contributing factors in witnessing 

conductive events in a nanopore.  

 During the second aim, we further fabricated a molecular carrier to bind to Cas9 to 

mimic the molecular carrier that would be bound to trypsin. At this time, we witnessed how 

integrating a salt gradient manipulated the cationic flux and provided a superior signal-to-

noise ratio when detecting DNA. To further support this finding, we critically compared 

the DNA detection results from low ionic strength conditions, high ionic strength 
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conditions (gold standard), and asymmetric high ionic strength conditions. Additionally, 

during this chapter, we developed two methodologies to determine the configuration of 

DNA as it enters the nanopore. This is a crucial step in determining the difference between 

a molecular carrier bound to its target molecule or a singular DNA in a nonlinear 

configuration. We found that high asymmetric salt conditions yield the most peak 

separation in differing DNA configurations and provided longer dwell times due to 

electroosmotic flow and electrophoretic forces opposing each other. We concluded the 

second chapter with the detection of DNA (un)bound to Cas9 and reported the difference 

in the event shape for each complex passing through the nanopore. At the culmination of 

this chapter, we had shown that molecular carrier detection was achievable with a salt 

gradient. 

 At this time, we chose to pivot our research from detecting whole proteins bound 

to DNA (molecular carrier) to detecting the fragments generated as a result of trypsin 

activity in the blood. The detection of trypsin would not yield any information in regard to 

the actual enzymatic activity and if we wanted to step in the direction towards a diagnostic 

device, the quantity of peptide fragments detected would provide more information 

surrounding the autodigestion rate within the body. With this in mind, we focused our 

efforts into developing a solution that would linearize and uniformly charge all peptides. 

The aforementioned solution was compared to the “gold standard”, 1 M KCl and the results 

showed that the denaturing solution provided peptide length differentiability and an 

extremely high signal-to-noise ratio. After looking at two differently sized peptides, 

glucagon and leu-enkephalin, we expanded our study to a heterogeneous analyte solution 
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(peptide ladder). Information about length was kept within the change in current as the 

peptides passed through the pore. In conclusion, we found that this solution outperformed 

the gold standard in its superior signal to noise ratio as well as peak separation between the 

changes in current of each peptide. The caveat to this methodology is that the ratio between 

the denaturing solution and analyte is highly sensitive and specific. In other words, the 

concentration of the peptides in solution must be known to optimize the concentration of 

the denaturing solution. Because of this, it would be an extremely difficult and lengthy 

process to employ a denaturing solution in a diagnostic test, as the concentration of peptides 

in the blood would be unknown. As impactful as this would be to the protein fingerprinting 

field, we had to adapt one last time to optimize the detection conditions of peptides in the 

blood.  

For the final aim, we sought to develop a device capable of detecting peptide 

fragments in the blood generated by trypsin in a state of autodigestion in real-time. Firstly, 

we conducted experiments to determine if detection as well as size discrimination of 

peptides was still achievable in 1 M KCl. We then expanded this to sense whole proteins 

and discrete digestion times of BSA via trypsin. Once we noticed that digestion information 

can be determined through changes in current, we incorporated usage of a dialysis unit and 

PDMS mold to filter undigested, larger biomolecules and detect peptide fragments in real-

time, respectively. We performed experiments with unmodified whole blood, whole blood 

spiked with trypsin (autodigestion), and whole blood spiked with trypsin and aprotinin (a 

serine protease inhibitor to mimic inactive protease in the blood). We saw that the event 

onset differed from each condition, namely, the higher concentration of trypsin added into 
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the blood resulted in a quicker event commencement. Additionally, we calculated the event 

rates at different time points in each condition. 

In the future, there are areas of improvement that should be addressed to fully 

optimize the determination of digestive enzymatic activity level via nanopores. Moving 

forward, alternative methodologies can be incorporated to slow down and limit the quantity 

of whole proteins passing through the filter such as applying pressure opposite to the 

direction of translocation, as well as employing a dialysis unit of a smaller limit, 

respectively.  

Additionally, the alternative electrolyte conditions that were developed in chapters 

one through three could be tested, especially the asymmetric salt conditions, albeit the 

challenge of loading the nanopore with the analyte is addressed. One useful analysis 

method for event detection is through the usage of a template search. With this, one can 

search through data files for events of a specific shape to achieve specialized detection of 

events. In the future, perhaps this can be utilized to separate whole proteins from 

fragmented oligopeptides to provide a time-dependent understanding of the ratio between 

proteins and peptides during a state of autodigestion via trypsin.  

The results from aim three are promising due to utilization of various denaturing 

agents that can provide spatiotemporal resolution of peptides, given that the concentration 

is known. This can eventually lead to protein sequencing via quartz nanopipettes. Lastly, 

the progress in aim one and two significantly improves our knowledge in regard to the 

understanding of the mechanism behind conductive events. With the long dwell times of 
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asymmetric salt conditions, the future of solid-state nanopores sequencing nucleic acids is 

to be expected in the near future. Overall, this work has demonstrated the immense abilities 

and future capabilities of detecting single molecules with nanopores. 
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Appendix A: Evaluation of Conductive Pulse Sensing and Its Mechanisms for 

Enhanced Molecular Sensing 

Note A.S1. Translocation of PEG 

Although the PEG polymer is neutral, when added to KCl it functions like a 

polycationic polymer due to cation adsorption. PEG 20,000 was diluted to 15% (w/w) in 

10 mM KCl and a negative voltage bias was applied wherein PEG events were 

independently observed with six different pores. Corresponding current traces are shown 

in Figure A.S1. Interestingly, conductive events (CEs) were most notable at extremely 

small pore sizes (e.g., 0.43 nS); a pore size regime that we could not observe DNA events. 

Because PEG is positively charged, we were able to observe events at small pore sizes 

through EPF unlike DNA (Figure A.S2). Since EOF flow rate decreases with smaller pore 

sizes and EPF increases, we believe DNA could not energetically overcome the barrier at 

the pore entrance for translocations to occur. The results indicated that smaller pore sizes 

 
Figure A.S1: Current traces of PEG translocating in 10 mM KCl in six different pores. On the left 
(red), are the CEs seen with smaller pores and on the right (blue) are the REs from PEG translocating 
through larger pores. 
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resulted in CEs whereas larger pore translocations yielded resistive events (REs). 

Consequently, as shown in the main text, when EOF becomes the dominant translocation 

mechanism, smaller pores yield REs whereas larger pores yield CEs.  

 
Figure A.S2: Event information about PEG 20,000 in 10 mM KCl. Histograms of (a) dwell time and (b) 
current change for CEs with 0.43 nS pore at -800 mV. Histograms of (c) dwell time and (d) current 
change of REs with 2.63 nS pore at -500 mV. 
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Note A.S2. Translocation of Transferrin 

Note A.S3. TEM Characterization of Nanopipettes 

For TEM imaging and all experiments, nanopores were fabricated through using a 

laser-assisted pulling machine. To secure the nanopore tip onto the TEM grid, epoxy glue 

was used. Epoxy was first added into a plastic holder and the nanopore was secured 

underneath an optical microscope with a microscale actuator. The TEM grid was then held 

by tweezers and epoxy was applied onto one side of the grid using a plastic stirring rod. 

 After successful application of epoxy to TEM grid, the grid (glue facing upwards) 

was then placed underneath optical microscope as well. With the naked eye, the nanopore 

was moved as close as possible to the epoxy. An optical microscope and micromanipulator 

were then used to ensure the nanopore tip was just inside the grid, without the pore aperture 

 
Figure A.S3: Transferrin translocations through a ~30 nm diameter pore under low ionic strength 
conditions (10 mM KCl buffered with 1 mM PBS) at two different pH values. Transferrin concentration 
was 350 nM and events were recorded at -400 mV. Under both pH values (one at isoelectric point and 
one above), conductive events were observed. 
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touching the epoxy. One last layer of epoxy to secure the nanopore in place was applied 

once nanopore was in the correct position. This setup was left to dry for 15 minutes. 

 Once 15 minutes has expired, the nanopore was gently broken away from the TEM 

grid, leaving just the pore inside the grid. Finally, a gold coating was applied to the pore 

and the grid for preparation of TEM imaging. Specifically, Tecnai12 (Thermo Fisher 

Scientific) was used for imaging, with a lanthium hexaboride electron source operated at 

120 kV. 

Note A.S4 Signal-to-Noise (SNR) Ratio and Pore Size 

For all SNR calculations, we omitted all configurations except for linear DNA 

translocations. DNA has the ability to translocate linearly, folded, or in knots. To ensure 

DNA configuration had no effect on SNR, we utilized only linearly translocating DNA to 

our calculation.  We witness an increase in SNR starting at 2.0 nS and saturating around 

3.0 nS (Figure A.S4). To determine whether the current enhancement or the noise of the 

signal is the major contributor to the increase in SNR, we acquired the median current 

change of all events and the root mean square (RMS) noise of a data segment lacking 

events.  

We witness that the RMS noise maintaining values of 15 ± 7 pA, whereas the 

current change increases from 30 to 140 pA as pore size increases. For the left side of the 

graph, we witness a sharp increase in the SNR as the pore size decreases. This can be 

explained by a decrease in the noise associated with smaller pores.  
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As seen in Figure S4, the RMS noise is extremely low (< 10 pA) whereas the 

median current change is approximately 100 pA. Therefore, the higher SNR values for 

smaller pores stem from lower noise. On the right side of the graph, we speculate that the 

rise in SNR (and current enhancement) is a result of greater EOF pumping as a function of 

pore size (Figure A.S6).  

 
Figure A.S4: SNR with Pore Conductance. SNR calculations for various pore sizes (inset: normalized 
histogram of data sets from red and blue dotted squares). Each symbol and error bar represent the mean 
and standard deviation of SNR for one pore. 
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Figure A.S5: Relationship between current change, RMS noise, and pore conductance for 10 mM KCl + 
λ-DNA. (a) At conductance values less than 2.0 nS, the RMS noise remains below 10 pA. We witness 
the current change increase as pore conductance increases from 2.0 nS. We propose that a larger influx 
of cations with larger pore sizes is the reason for this increase in current change. A possible outlier to 
this explanation resides at 5.4 nS. (b) Events stemming from 10 mM LiCl are further separated by CEs 
or REs. For all voltages, the RMS noise value was 7 ± 1 pA, suggesting that the main cause of difference 
in SNR is the change in current. We see a mostly linear relationship between the change in current and 
voltage applied with the exception of a polarity change occurring at -600 mV. Specifically, the CE 
amplitudes seen at -600 mV, -700 mV, and -900 mV linearly increase as the voltage increases in 
negativity. Likewise, we witness the same observation for REs occurring at -300 and -500 mV.  The 
change in current with respect to voltage applied is mostly linear with the exception of a polarity change 
which occurs at -600 mV. Lastly, for this figure, we have only considered linearly translocating DNA. 
It is unlikely, but there is a small chance that DNA configurations other than linear were not excluded 
properly with the MATLAB analysis. Because DNA linearization has some dependence on voltage, it 
could possibly explain the non-linear relationship mostly occurring at -600 mV. 

 
Figure A.S6: COMSOL modelling demonstrating the rise in EOF-pumping with pore size. 
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Note A.S5:  Finite Element Methods 

Finite element modelling was developed using COMSOL Multiphysics. The 

nanopores geometries were built on the TEM images and pulling protocols achieved from 

the experimental studies. The pore diameters used in figures and text refer strictly to the 

internal diameters of the most constricting portion of the geometry.  The corners of the 

pore were also curved with an arc radius of 4 nm to avoid anomalies typical of sharp 

corners.  The meshing of the geometry was performed with boundary layers accentuated 

for increased resolution and accuracy of the ionic flux within these layers (1-10 nm from 

all surfaces). A conical nanopore with a 25 nm diameter pore and a 4o half-cone angle was 

used unless otherwise stated. The diffusion coefficients were considered 2E-9 [m2/s] and 

1.78E-9 [m2/s] for the potassium (K+) and chloride (Cl-) ions, respectively. The Poisson, 

Nernst-Planck, and Navier-Stokes equations were simultaneously solved to model the ionic 

behavior in a 2D axisymmetric steady-state model. The Poisson’s equation [∇2(V) = -ρν/ε] 

described the relationship between the electric potential and ion transport mechanism. An 

important dimensional quantity in the Poisson equation is the Debye length, defined as 

𝑥𝐷 = √𝑅𝑇𝜀𝑜𝜀𝑠
𝐹2𝐼

 where I is the ionic strength and F is Faraday’s constant. Poisson’s equation 

can also be written as 𝜌 = 𝐹 ∑ 𝑐𝑖𝑧𝑖𝑖  where ρ is the space charge density of the fluidic 

domain.  In COMSOL, the space charge density was specified within the Electrostatics 

module as well as the Transport of Diluted Species module as a volume force acting on the 

fluid (electroosmotic flow) and was defined specifically for binary electrolytes as: 

ρ=N*e*z1*c1+N*e*z2*c2 where for the electrolyte containing c1 (K+) and c2 (Cl-) ionic 

species, z and e were set as the valency and electron charge, respectively. The electrostatics 
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boundary condition used for the glass was set at a surface charge density of -2E-2 [C/m2] 

in the vicinity of the pore opening to consider the surface charge contributions. The electric 

potential was set as variable field and the initial values were defined as zero potential.  

The Poisson-Nernst-Planck equation was solved for the transport properties and 

ionic fluxes using convection, diffusion, and migration terms. The equation was described 

as: Ji= -Di ∇ci – zi μm,i Fci∇2V+ciu where Ji, Di, ci, u, μm,i and zi are the ion flux, ion diffusion 

coefficient, concentration, fluid velocity, ion mobility and the charge number respectively. 

A no flux (J=0) condition was defined on the nanopore walls. The initial concentrations 

values of K+ and Cl- species were set to 10E-3 [mol/L] for the entire domain.  The inlet and 

outlet of the fluidic chamber was defined using an open boundary condition and the 

concentrations of the bulk electrolyte.  The open boundary condition allows for convective 

inflow and outflow to occur which is important since convection currents could affect the 

concentration of ions within the system. The concentration of any “inflow” is set at the 

bulk value of the concentration.  The fluid flow and pressure were modeled by the Navier-

Stokes’s equation as: ρ(u. ∇)u = (-∇p + η ∇2u -F (Σ zi ci) ∇Φ. The u and Φ are the position 

dependent velocity field and potential field, zi and ci are species i charge and concentration 

in solution, ρ and η are the fluid density and dynamic viscosity, p is the pressure and F is 

the Faraday’s constant. Initial values of zero were assigned to the velocity field and 

pressure. The boundary condition for the pore wall was set to be u=0 (no-slip). To model 

the fluid flow, the volumetric force on the fluid was defined as ions space charge density 

multiplied by the electric field vectors. The fluid velocity was averaged over a 2D line 

spanning the nanopore orifice width. Peak velocity was at the center of the pore due to the 
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zero potential boundary condition for the pore walls. Velocity and pressure were specified 

as the boundary conditions for the inlet and outlet, respectively. 

Note A.S6. Event Rate Calculation 

Interevent time (δt) was calculated using a custom MATLAB code. Once interevent 

information was retrieved, a histogram was developed, and points corresponding to the 

histogram (δt and normalized counts) were plotted on a semilogarithmic graph. To 

calculate the event frequency in Figure 2.1e, a different approach was utilized to display 

more variables within the plot. Using this method, the interevent time for each data file (60 

s) was calculated and summed together. The total number of events was then divided by 

the total interevent time to yield units of events per second for each depth.  

 
Figure A.S7: (a) COMSOL modelling demonstrating the timescale of charge dispersion once EOF 
pumping is removed (voltage bias: -600 mV). The timescale of charging and discharging accumulated 
charge is fast (3-5 µs to reach steady state space charge density). (b) Flux imbalance under symmetric 
low salt conditions.   
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It is important to note that each nanopipette was examined using an optical 

microscope prior to any experiments. This was performed to ensure the pore was free of 

any breaks, clogs, or air bubbles that may affect the quality of the current fluctuations. Our 

largest depth was recorded at 4.2 mm, meaning that the entire taper was submerged within 

the electrolyte solution. We speculate that the event frequency will not increase vastly 

above 40 Hz for depths exceeding the entire taper (i.e., the entire capillary), as that would 

entail the EOF capture zone to extend into the centimeter regime. Further validation of this 

model is needed but may provide a framework for future experiments. 

 
Figure A.S8: Depth dependent study using 10 mM KCl + λ-DNA. Each condition describes how deep 
into the solution the nanopore resides. As the nanopore depth increases, a greater amount of the capture 
volume is exposed, and we witness an increase in event frequency. A descriptive illustration of the depth 
dependence study is on the right. The nanopore was mounted onto a manual linear stage actuator. The 
stage was raised and lowered by twisting the mechanical knob accordingly. Depth zero was identified by 
applying a small voltage into the pore and lowering the nanopore closer to the electrolyte bath. Once the 
current changed (in response to the circuit becoming connected), that location was denoted as the depth 
at 0 mm. From there, the mechanical knob was twisted to yield the following depths: 0.53, 1.1, and 4.2 
mm (the entire taper). 

 



154 
 

Note A.S7.  Event Extraction and Classification of Conformations 

 
Events were extracted from raw current traces by subtracting the baseline 

variations, and using a thresholding algorithm, an event was flagged for further analysis. 

For each threshold crossing, the code would iteratively back-track and move forward until 

the baseline was reached. The full-width-half-max (FWHM) of the event was used for the 

event duration or dwell time. The maximum current (peak current) and area (in units of 

pA·s) for each event was also extracted.  These three event properties (event duration, peak 

amplitude, and area) were fed into a support vector machine classifier that was trained on 

user-defined folding states of the DNA.  After running the classifier, all events were double 

checked to ensure classification was accurate.   

Note A.S8.  Electroosmotic versus Electrophoretic Transport and Flux Imbalances 

 
Figure A.S9:  Event Classification of DNA. A DNA molecule would translocate (a) linearly, (b) partially 
folded or (c) full-folded. Other conformations were negligible. Events concatenated together. Red lines 
are guides for the eye to recognize three different DNA configurations. 
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Flux imbalances differ from ion selectivity in that a flux imbalance can be produced 

through externally manipulating the pore size, salt concentration, voltage applied, or salt 

type (i.e., KCl, LiCl, CsCl) whereas ion selectivity stems from the properties of the pore 

itself. Under symmetric, low ionic strength conditions (10 mM KCl), EOF pumps cations 

into the pore, producing a flux imbalance in favor of K+, yielding CEs when DNA 

translocates the pore. The surrounding pore environment can be altered to have a cationic 

flux imbalance when a concentration gradient is used (1 M KCl inside and 4 M KCl 

outside). While a negative voltage is applied inside the pore, K+ is pumped into the pore 

 
Figure A.S10: COMSOL simulations reveal that EOF velocity is greater than EPF drift velocity.  

Therefore, the net velocity is towards the pore, allowing DNA to translocate via EOF. The electrolyte 

parameters were based on 10 mM KCl. The pore was modelled as having a half-cone (taper) angle of 8 

degrees which was not critical to observing EOF dominance. EOF dominance was also found across 

multiple pore sizes spanning the range used experimentally (70 nm diameter was used for this figure). 

The pore surface parameters were based on quartz. Lithium chloride translocations were also observed 

in borosilicate nanopipettes which have a lower surface charge but were not modelled here. The 

electrophoretic mobility used for λ-DNA was 3.0 × 10-4 cm2 V−1s−1. The results were also not dependent 

on applied voltage as variations in voltage scale both velocities equally (V= -700 mV is shown here). 
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via EPF, producing CEs when DNA exits the pore. Similarly, the pore environment can 

have a flux imbalance in favor of anions, where 4 M KCl is inside the pore and 1 M KCl 

is outside. When a positive voltage is applied to attract DNA, Cl- is pumped into the pore. 

Upon translocation, REs are generated. Thus, we conclude that a flux imbalance in favor 

of cations produces CEs and a flux imbalance in favor of anions produces REs. 

Note A.S9.  Streaming Current 

Although the ionic diffusion coefficients and electrophoretic mobilities encapsulate 

basic transport properties, all the while being utilized as variables in the finite element 

simulations, they neglect the geometric size of the ions and therefore the packing 

 
Figure A.S11: COMSOL simulations reveal flux imbalances are voltage and pore size dependent.  Flux 
imbalance was found by integrating the difference in cation flux and anion flux across the pore lumen. 
Positive flux imbalance indicates that the cation is dominant.  The conditions for the simulation included 
a pore wall with surface charge of 20 mC/m2 and a salt concentration of 10 mM.  The salt condition used 
for this figure was KCl. 
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density/strength on oppositely charged surfaces. To understand the link between electro-

hydrodynamics and Debye layer screening of the quartz surface charge, streaming current 

measurements were used as a proxy for cation mobility within the diffuse ion layer. 

Contrary to EOF, where mobile ions drag fluid, streaming currents measure the fluid’s 

ability to drag along ions co-axial to the fluid motion. A pressure bias was used to generate 

a streaming current and the resulting data can be seen in Figure A.S12. Negative pressures 

generate a flow into the nanopore and in the same direction as EOF in our experiments. 

We see that larger pressures create larger streaming currents. Interestingly, LiCl has 

significantly higher streaming currents compared KCl and CsCl at negatively biased 

pressures. The same pore (1.3 nS in 10 mM KCl) was used for all measurements to reduce 

variability due to different pore sizes. 
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When an electrolyte solution is traveling through the negatively charged glass 

nanopore via pressure, an electrical double layer is constructed. In this layer, there is an 

increase in cation (K+, Li+, or Cs+) concentration and a decrease in chloride concentration 

locally at the pore surface. The resulting electrical double layer produced by streaming 

currents is comparable to the Debye screening layer and the streaming potential is directly 

related to the zeta potential. Thus, by performing streaming current measurements, we 

obtain information relating to the Debye length and zeta potential at low ionic strength 

conditions. 

 
Figure A.S12: Experimental data showing the streaming potential variance among 10 mM KCl, LiCl, 
and CsCl. Error bars made from taking the average current of three segments of data at one pressure 
point. 
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Note A.S10.  Translocation Characteristics in LiCl and CsCl 

 

 

 

 

 

 

 
Figure A.S13: A typical current trace of events occuring at -600 mV. Interestingly, we see a biphasic, 
nearly eqiphasic, event t -600 mV under low salt conditions (top figure). We propose that before 
translocation, DNA entering the flow field might perturb the current, thus affecting the hydrodynamic 
flow and pore occupancy. Resistive (bottom left) and conductive (bottom right) event voltage 
dependence on SNR in 10 mM LiCl. 
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Figure A.S14: Current traces of λ-DNA translocating in three different pores in 10 mM LiCl. DNA was 
observed translocating through three nanopores at various applied voltages. For each pore, REs can be 
seen at lower negative voltages. Oppositely, CEs are witnessed at larger negative voltages. On the left 
(red) are three current traces containing CEs and, on the right (blue), REs are shown. Current traces from 
the same row are taken from the same pore. 

 
Figure A.S15: Current traces of λ-DNA translocating in three different pores in 10 mM CsCl. Similar to 
KCl, we do not see either a voltage dependence or pore size dependence on event shape. Differently 
sizes pores were fabricated and all yielded CEs. This indicates neither a pore size nor voltage dependence 
for witnessing CEs/REs in 10 mM CsCl. 
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Note A.S11.  Time-Dependent Electric field and Flux Models  

  

 
Figure A.S16: Time-dependent flux and electric field magnitude inside a nanopore. The simulation 
results are for a 16nm pore (internal diameter), 10mM KCl, surface charge of 10 mC/m2, and a voltage 
bias of -600mV (applied internal to the nanopipette).   
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Appendix B: Evaluating Electrolyte Conditions for Enhanced Detection of DNA and 

Protein Complexes 

Note B.S1. Nanopore Fabrication and Set-Up 

Quartz capillaries from Sutter Instrument Co. (inner diameter 0.70 mm, outer 

diameter 1.00 mm, and 7.5 cm length) were plasma cleaned for 5 minutes to remove any 

surface impurities and contaminations. Afterwards, quartz capillaries were secured within 

the P-2000 laser puller (Sutter Instrument Co.). A CO2 laser heated the center of the quartz 

capillary while the machine simultaneously pulled the ends of the capillary away from each 

other. The protocol used to fabricate all nanopipettes was used: (1) HEAT: 630; FIL: 4; 

VEL: 61; DEL: 145; PUL: between 145 and 225. This resulted in two identical, conical 

nanopores varying in diameter between 50 and 8 nm, respectively. The heat duration was 

approximately 4.5 s.  

Silver wire was dipped in bleach for 30 minutes before each experiment to use as 

electrodes. Nanopipettes were backfilled with Tris-EDTA (pH 7.4) and either 10 mM KCl, 

1 M KCl, or 1 M KCl + analyte (500 pM). After backfilling, an optical microscope was 

used to inspect the nanopipettes to ensure there were no irregularities at the pore tip. After 

inspection, the nanopore was secured in the Axopatch head stage with electrodes placed 

both inside the back end of the pore and within the bath solution. The Axopatch 200B 

patch-clamp amplifier (Molecular Devices, USA) was used in a voltage clamp mode to 

measure the ionic current fluctuations. Prior to recording, the gain was always optimized, 
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and the signal was filtered with a low-pass filter at 10 kHz. A custom MATLAB code was 

used for data analysis of event characteristics. 

 

Note B.S2. Size Characterization 

Current-voltage (I/V) analysis was performed at the beginning of each experiment 

to reveal the conductance of each pore used (Figure B.S1). The following equation relates 

pore conductance (G) and inner diameter (di) to allow us to estimate the size of the pore 

aperture: 

 
Figure B.S1: Current-voltage (I/V) relationships of (a) high and (b) asymmetric ionic strength conditions. 
Voltage was applied from -500 to 500 mV and the resulting current fluctuation was recorded. (c) TEM 
image of a pore with a diameter less than 10 nm. 
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ⅆ𝑖 = 4𝐺𝑙
𝜋𝑔𝑑𝑏

          (1) 

 In this equation, l is the length of the conical pore (taper length), db is the diameter 

of the capillary at the beginning of the conical taper, and g is the measured conductivity of 

the ionic solution. Taper length, l, was recorded using an optical microscope and buffer 

conductivity was measure using an accumet AB200 pH/Conductivity Benchtop Meter 

(Fisher Scientific) at room temperature. This calculation allowed us to estimate the inner 

pore diameter when using the TEM was unavailable. 

Note B.S3. K+ Flux  

 To provide additional documentation surrounding the effect K+ flux into the pore 

plays, regarding DNA configuration, a comparison was performed using two pores of 

similar size. One pore under high salt conditions yielded electrophoretically-driven DNA 

translocations at 200 mV and 500 mV. The second pore, under asymmetric sat conditions, 

also yielded electrophoretically-driven DNA translocations at -200 mV and -500 mV. By 

keeping the diameter size the same, the only changes seen within these four samples are 

either due to the electric field strength (difference in applied voltage) or the K+ flux into 

the pore (see main text Figure 3.5c). Because the magnitude of the electric field strength is 

the same for -200 mV as it is for +200 mV, which is also true for    -500 mV and +500 mV, 

we are able to compare both -200 mV with 200 mV, and -500 mV with 500 mV. The results 

showing that the K+ flux linearizes DNA translocations can be seen in Figure B.S2. 
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 In addition to the comparison of linear translocating events, we sought to compare 

the capture rates between two conditions: high symmetric (R1) and asymmetric (R3) 

conditions (Figure B.S3). The reason for selecting R3 to compare with R1 is for the 

following two reasons: (1) the DNA starting location (in the bath) and (2) the electrical 

direction of events (resistive in this case) to be the same in both cases. From exponentially 

fitting the interevent times, the capture rate for R1 was calculated to be ~21 events/s and 

for R3, ~35events/s.  

 
Figure B.S2: Comparison between high and asymmetric salt at two different voltages. The percent of 
linearly translocating events were calculated for each condition and each voltage applied. Under high salt 
conditions, the percentage of linearly translocating DNA decreases from 43% to 10% as the voltage 
applied increases from 200 mV to 500 mV. Under asymmetric salt conditions, we see an increase in 
linear translocations from 53% at -200 mV to 65% at -500 mV. Thus, we can state that the increase in 
K+ flux into the pore is the main contributor to linearizing the translocating DNA under these conditions. 
Nas and Nhs are the sample size for asymmetric salt and high salt, respectively. Likewise, das and dhs is 
the diameter of the asymmetric salt pore and the high salt pore, respectively. 
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Note B.S4. Machine Learning DNA Classification 

Using MATLAB, machine learning algorithm was developed to classify different 

DNA configurations translocating the nanopore. Each file with data was passed through 

MATLAB to retrieve event information at each specific voltage. Once this finished, the 

algorithm created a scatter plot based of the dwell time and current change of each event. 

 
Figure B.S3: Capture rate comparison between high and asymmetric salt. The capture rates were 
calculated to be ~21 events/s for the R1 (red circles) condition and ~35 events/s for the asymmetric R3 
(black squares) condition. The steeper slope indicates a higher capture rate. Additionally, the current 
traces for each can be seen as insets. Red inset: R1 event current trace. Black inset: R3 condition. The 
pore sizes in this experiment were similar, R1 pore was 25 ± 5 nm, the R3 pore was 21 ± 4 nm, and the 
voltage for either pore was 200 mV. The black and red lines are used as guides for each condition. 
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Using default (linear) kernel functions, three populations of DNA configurations can be 

classified. In the upper right, there is an option to remove outliers by inputting regions to 

consider. As such, any unfeasible event was not considered with this analysis. Each event 

can then be selected by a researcher as either linear, partially folded, or fully folded. Once 

enough events are classified (more than 10 for each class), the algorithm will determine the 

nature of the remaining events via linear support vectors. Figure B.S4 displays the interface 

of the algorithm after events have been classified. From the main text Figure 2d, the 

calculated RMS noise and current amplitude change for each of the two pores for each 

condition can be found in Figure B.S5. The machine learning algorithm was also used to 

classify all DNA configurations occurring with the ~8 nm diameter pore under asymmetric 

salt conditions at multiple voltages. Stemming from main text figure 3c, the remaining % 

configurations of each class can be found in Figure B.S6.   

 
Figure B.S4: Machine learning algorithm interface. Once the user identifies events of three different 
populations (linear, partially folded, and fully folded), the application can classify the remaining events. 
Afterwards, event population data can be exported or saved. 
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Figure B.S5: Break down of SNR calculations used in Figure 3.2d. Larger pores allow for more folded 
and partially folded configurations. The noise of each pore remains constant throughout each condition 
leaving the main contributing factor of SNR to be the change in current upon translocation. Error bars 
indicate the standard deviation of the current amplitude. 

 

 
Figure B.S6: Custom machine learning algorithm classification of linear, partially folded, and fully 
folded events with ~8 nm pore. All colors correspond to a specific applied voltage. Under asymmetric 
salt conditions with 4 M/1 M (bath/pipette + DNA) KCl, the following voltages were applied: (a) -400, 
(b) -500, (c) -600, (d) -700, (e) -800, and (f) -900 mV. Scatter plots depict all events recorded at the 
specified voltage and each diamond represents the centroid of each population. As the applied voltage 
becomes increasingly negative, further separation of centroids occurs, suggesting that optimal 
classification between folded states of DNA occurs at highly negative voltages. Lastly, bar graphs 
illustrate the counts of each population: fully folded (F. Folded), linear, and partially folded (P. Folded). 
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Note B.S5. Cas9d10a Reaction 

The Cas9 mutant, Cas9d10a reaction and incubation procedure was modeled after 

a protocol provided by New England BioLabs. Reagents including nuclease-free water, 

buffer, sgRNA, and Cas9d10a were pre-incubated together at 25°C for 10 minutes. 

Afterwards, DNA was added to the mixture and the entire solution was left to incubate at 

37°C for 30 minutes. Both concentrations of sgRNA and Cas9d10a were at 30 nM and the 

DNA concentration was at 3 nM. This was done to ensure that only two populations: (1) 

Cas9d10a + sgRNA and (2) Cas9d10a + sgRNA + DNA were within the nanopore. 

Note B.S6. COMSOL 

Finite element modelling was developed using COMSOL Multiphysics. The 

nanopores geometries were built on the TEM images and pulling protocols achieved from 

the experimental studies. The simulation was designed at a low ionic strength electrolyte 

using the conical nanopore with a 25 nm diameter pore and a 4o half cone angle. The 

diffusion coefficients were considered 2E-9 [m2/s] and 1.78E-9 [m2/s] for the potassium 

(K+) and chloride (Cl-) ions, respectively. The Poisson, Nernst-Planck, and Navier-Stokes 

equations were simultaneously solved to model the ionic behavior in a 2D axisymmetric 

steady-state model. The Poisson’s equation [∇2(V) = -ρν/ε] described the relationship 

between the electric potential and ion transport mechanism. The electrostatics boundary 

condition used for the glass was set at a surface charge density of -2E-2 [C/m2] in the 

vicinity of the pore opening to consider the surface charge contributions. The electric 

potential was set as variable field and the initial values were defined as zero potential. The 
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space charge density was defined as ρ=N*e*z1*c1+N*e*z2*c2 for the electrolyte containing 

c1 (K+) and c2 (Cl-) ionic species where z and e were set as the valency and electron charge, 

respectively. 

The Nernst- Planck equation was solved for the transport properties and ionic fluxes 

using convection, diffusion, and migration terms. The equation was described as: Ji= -Di 

∇ci – zi μm,i Fci∇2V where Ji, Di, ci, μm,i and zi are the ion flux, ion diffusion coefficient, 

concentration, ion mobility and the charge number respectively. A no flux (J=0) condition 

was defined on the nanopore walls. For low salt simulations, the initial concentrations 

values of K+ and Cl- species were set to 10E-3 [mol/L] for the entire domain. For 

asymmetric salt simulations, an internal boundary at the pore orifice was used to define a 

1 [mol/L] domain and a 4 [mol/L] domain.  The external boundary conditions for each 

chamber was set to be a fixed concentration that matched the initial conditions of the 

domain. The electric force driven flow and pressure were modeled by the Navier-Stokes’s 

equation as: ρ(u. ∇)u = (-∇p + η ∇2u -F (Σ zi ci) ∇Φ. The u and Φ are the position dependent 

velocity field and potential field, zi and ci are species i charge and concentration in solution, 

ρ and η are the fluid density and dynamic viscosity, p is the pressure and F is the Faraday’s 

constant. Initial values of zero were assigned to the velocity field and pressure. The 

boundary condition for the pore wall was set to be u=0 (no-slip). To model the fluid flow, 

the volumetric force on the fluid was defined as ions space charge density multiplied by 

the electric field vectors.  The flux of ions through the pore was the average over a 2D line 

which spans the entrance of the pore (radius, r=0 to r=pore radius).  At high salt conditions, 

the dominant mode of ion transport was electrophoresis.   
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Note B.S7. First Passage Prediction 

The data point at |ΔV|=400 mV was fit using the first passage time equation given by: 

𝑓(𝜏) = 𝑙
√4𝜋𝐷𝜏3 𝑒𝑥𝑝 (− (𝑙−𝜐𝜏)2

4𝐷𝜏
)        (2) 

where 𝜏, 𝐷, 𝜐 and 𝑙 are the effective passage or dwell time of DNA, the diffusion coefficient 

of DNA, the drift velocity of DNA, and the effective sensing length of the nanopipette, 

respectively. 𝐷, 𝜐 and 𝑙 were used as fitting parameters in the |ΔV|=400 mV case, and 𝐷 

and 𝑙 were kept constant for all voltages thereafter (D=5×10-10 m2/s, 𝑙 =10 µm). The 

velocity of DNA was then scaled to the experimentally applied ΔV to show the expected 

trend in DNA dwell time as shown in Figure B.S7. 

 
Figure B.S7: First passage equation dwell time fitting. First passage equation dwell time fitting of 
experimental data collected at a voltage of -400 mV.  The fitting parameters which led to the best fit were 
D=5×10-10 m2/s, 𝑙 =10 µm, and v = 1.7 mm/s.  The velocity of DNA was then modulated as a linear 
function of voltage to predict the dwell time distribution at higher voltages. 

 




