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ABSTRAT OF THE DISSERTATION  

 

 

Improved Single-Molecule Detection of Native Proteins Using Hydrogel-Backed 

 Nanopores  
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Reyhaneh Nazarian 

Doctor of Philosophy in Bioengineering  

University of California, Los Angeles, 2021 

Professor Jacob Schmidt, Chair 

 

 

          Accurate identification and quantification of proteins in a solution using nanopores is 

technologically challenging in part because of the large fraction of missed translocation events due 

to short event times and limitations of conventional current amplifiers.  Previously, we have shown 

that a nanopore interfaced with PEG(1000)-DMA hydrogel with an average mesh size of 3.1 nm 

significantly enhances protein residence time inside the nanopore, reducing the number of missed 

events.  Following up on our previous work, here, we explored measurement limits, sensitivity, 

and further characterization capabilities of our proposed hydrogel-backed nanopore system. We 

demonstrated the ability of the hydrogel-backed nanopores to sense unlabeled proteins as small as 

5.5 kD in size and 10 fM in concentration, without a major restriction on the nanopore size or the 

experimental setup.  Also, we showed that the frequency of protein translocation events scales 

linearly with the bulk concentration over a wide range of concentrations, and an unknown protein 

concentration can be determined from an interpolation of the frequency-concentration calibration 

curve with less than 10% error. Further, we precisely determined protein volumes from 
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measurement data, and we employed an iterative method to determine a protein’s volume when its 

diameter is comparable to nanopore diameter.  We investigated possible mechanisms for detection 

enhancement enabled by the presence of the hydrogel; we found that the possible gap between the 

pore mouth and the hydrogel indicates the sensitivity of the hydrogel-backed nanopores.    

          Moreover, we demonstrated that hydrogel-backed nanopores can serve as an effective, 

reliable, ultra-sensitive, non-destructive, reproducible, and easy-to-operate substitute for 

commonly used UV-Vis detectors in fast protein liquid chromatography.  The hydrogel-backed 

nanopores resolved protein fractions at much lower concentrations than the minimum 

concentration detectable by the standard UV-Vis detector.  They also measured protein fractions 

with a higher selectivity and provided a more informative analysis of proteins’ physical properties 

than the UV-Vis detector.  Additionally, we integrated the nanopore with PDMS microchannels to 

create a fluidic circuit between a chromatographic column and the nanopore to facilitate the 

continuous and live measurement of column effluents.   

          Finally, we demonstrated that integrating lipid-bilayer coated nanopores with a hydrogel is 

a suitable platform for acquiring artifact-free and long protein translocation events to analyze a 

single protein translocation event accurately.  Using hydrogel-backed lipid-bilayer coated 

nanopores, we determined the volumes of IgG, Ovalbumin, and gold nanoparticles (5 nm diameter) 

from individual single translocation events in agreement with reference values.   Further, we 

observed that higher applied voltages increased the probability of IgG alignment.  We determined 

the volume and the length-to-diameter ratio of IgG molecules at different applied voltages and 

noticed an expansion in the conformation of IgG molecules with an increase in the voltage; this is 

likely due to IgG’s flexibility and an intense electric field’s ability to expand the IgG hinges from 

one another. 



iv 
 

The dissertation of Reyhaneh Nazarian is approved. 

 

 

Committee Members: 

Professor Jacob Schmidt (Chair) 

Professor Gerard Wong 

Professor Dino Di Carlo 

Professor Harold Monbouquette  
 

 

University of California, Los Angeles 

2021 



v 
 

Table of Contents: 

 

 

Chapter 1: Background and Objectives 1 

1.1.Introduction 2 

1.2.Single-Molecule Detection of Proteins 2 

1.3.Measurement of Native Proteins Using Solid-State Nanopores 4 

1.4.Insufficient Temporal Resolution of Recording System for Measurement of 

Native Proteins  

7 

1.5.Improvement of Nanopore Systems for Enhanced Protein Detection 10 

1.5.1. High Bandwidth Measurement of Proteins 10 

1.5.2. Slowing down the Translocation of Proteins 13 

1.5.2.1.Altering Buffer Properties 14 

1.5.2.2.Tethering Proteins to the Lipid Coatings on the Surface of Nanopores 14 

1.5.2.3.Macromolecular Crowding 15 

1.5.2.4.Coupling of a Solid-State Nanopore with a Hydrogel 16 

1.6.Research Motivation and Objectives 22 

1.7.References 24 

Chapter 2: Quantitative Measurements of Protein Volumes and Concentrations 

using Hydrogel-Backed Nanopores 

31 

2.1.Introduction 32 

2.2.Results and Discussion 33 

2.2.1 Protein Concentration Determination 35 

2.2.2 Protein Detection at Ultimately Low Concentrations 38 

2.2.3 Protein Volume Determination 40 

2.2.3.1 Theory 40 

2.2.3.2 Experimental Measurement 44 

2.2.4 Detection of Small Proteins 48 

2.3.Conclusion 50 

2.4.Materials and Methods 51 

2.5.References 52 



vi 
 

Chapter 3: Hydrogel-Backed Nanopore as an Ultra-Sensitive Protein Detector for 

Liquid Chromatography 

57 

3.1.Introduction 58 

3.2.Results and Discussion 60 

3.2.1. The Hydrogel-Backed Nanopore as an Ultra-Sensitive Platform for 

Characterization of Chromatographic Fractionated Proteins 

60 

3.2.1.1 Detection of the Chromatographic Fractions by a Hydrogel-Backed 

Nanopore 

60 

3.2.1.2 Higher Sensitivity of a Hydrogel-Backed Nanopore to Detect Proteins at 

Extremely Low Concentrations 

63 

3.2.1.3 Higher Selectivity of a Hydrogel-Backed Nanopore to Detect Co-Existing 

Proteins in one Fraction 

70 

3.2.2.  Interfacing a Hydrogel-Backed Nanopore with Microchannels 73 

3.3. Summary and Conclusion 76 

3.4. Materials and Methods 78 

3.5. References 81 

Chapter 4: Lipid-Coated Nanopores 85 

4.1. Introduction 86 

4.2. Results and Discussion 90 

4.2.1.   Lipid-Bilayer Coating of Dielectric Break-down Nanopores 90 

4.2.2.   Interfacing a Lipid-Coated Nanopore with the PEG-DMA Hydrogel 92 

4.2.3.   Analysis of Single Translocation Events 93 

4.2.3.1. Volume Estimation from Single Translocation Events 97 

4.2.3.2. IgG Alignment in the Direction of the Electric Field 98 

4.2.3.3. The Shape and Volume Determination of IgG as a Function of the Applied    

              Voltage 

101 

4.3. Summary and Conclusion 103 

4.4. Materials and Methods 105 

4.5. References 107 

Chapter 5: Summary and Conclusion 110 

5.1. Summary 111 



vii 
 

5.1.1. Measurement Limits and Quantitative Characterization of Proteins Using 

Hydrogel-Backed Nanopores 

111 

5.1.2. Integrating the Hydrogel-Facilitating Nanopore Platform with a 

Chromatographic Colum to Study a Mixture Solution of Proteins 

112 

5.1.3. Lipid Coating a Nanopore Backed with the Hydrogel for Intra-Event Ionic 

Current Analysis of Single Translocation Events 

113 

5.2. Conclusions and Suggestions for Future Work 114 

5.3. References 116 

 



viii 
 

Acknowledgement  

I would first like to thank and express my deepest appreciation for my thesis advisor, Professor 

Jacob Schmidt. His continuous support, generosity and kindness during the years of my PhD 

journey helped me stay on course. During my journey, his brilliance, consultation, and guidance 

has always lightened up my path and his open-ended questions and comments have challenged me 

to seek more and expand my own knowledge. His boundless support kept me confident and steady. 

He consistently allowed this dissertation to be my own work; however, whenever I was faced with 

a problem, he was there to steer me in the right direction with his thoughtful guidance. I deeply 

enjoyed all the moments we shared to discuss my work, and all the moments I worked in his lab. 

I cannot express my gratitude enough for his efforts and hard work to make this journey so 

enjoyable! 

I would like to acknowledge Professor Gerard Wong for all his selfless guidance and support. 

During all these years, whenever I ran to his office, he was there with a warm greeting. I am 

gratefully indebted to his inspiration, encouragement, and support during my studies. If it wasn’t 

for his assistance and support, I would not have been able to complete this dissertation on time and 

move on to the next level.  

I also want to thank my other committee members such as Professor Dino Di Carlo and Professor 

Harold Monbouquette for serving on the committee, their time, and valuable comments and 

suggestions. 

A very special gratitude goes out to my colleagues and friends Dr. Shiv Acharya, Eric Lee, Chance 

Kuo, Brian Siegel, Wilson Xie, and Ann Jiang for our time spent together. I was fortunate enough 

to work at the Schmidt lab with such brilliant scientists and gained lots of valuable knowledge. 

I must express my profound gratitude to my parents because they taught me how to think for myself 

and always encouraged me to work hard to reach my goals. Without their unconditional love and 

support it would not be possible for me to succeed. I would also like to thank my brother, Hamed, 

for his unfailing support throughout my life.  

I would also like to thank my husband, Behrang, who has supported me throughout the entire 

process. His support, patience and unwavering love were undeniably the base upon which my 



ix 
 

passion has been built on. I would like to thank my two sons, Taha and Yaseen who shed light on 

my life and made it more meaningful and enjoyable with their presence. 

I would like to thank all my friends, particularly Ms. Mothahara Basam, Ms. Akram Jourabchi, 

Dr. Christine Aidala, Dr. Zahra Vashaie , Dr. Maryam Ghajar, Dr. Golnaz Kamalinia, because 

without them I would not be as strong as I am today, and this accomplishment would not have 

been possible without them.  

Reyhaneh Nazarian 



x 
 

Vita 

Education: 

• Ph.D., Bioengineering, Samueli School of Engineering, Department of Bioengineering, 

University of California, Los Angeles, Los Angeles, California, 2017-2021  

Thesis: Improved Single Molecule Detection of Native Proteins Using Hydrogel-Backed Nanopores 

• M.Sc., Chemical Engineering, School of Engineering, University of Cincinnati, Cincinnati, 

Ohio, 2014-2017  

Thesis: Advanced Phosphate Removal in Dialysis Employing Lanthanum Activated Carbon column 

• M.Sc.  Applied Physics (Nano-Biotechnology), Sharif University of Technology, Tehran, 

Iran, 2005-2008  

Thesis: Synthesis of Highly Luminescent Zn2SiO4:Mn2+/SiO2 Nanostructures for Biological Labeling 

• B.Sc.  Applied Physics with honor, Sharif University of Technology, Tehran, Iran  

2001-2005  

 

Selected Publications: 

• Nazarian R.; Lee E.; Kuo C.; ; Khosh B.; Acharya S. , and Schmidt J., “Quantitative 

measurements of protein volume and concentration using hydrogel-backed nanopores”, ACS 

Sensors, 2021, 6,3,722-726. 

• Nazarian R.; Salem S.; Decsh R.; Thiel S.; “Kinetics and Equilibrium Adsorption of 

Phosphate on Lanthanum Oxide Supported on Activated Carbon”, Colloid & Surfaces A: 

Physiological and Engineering Aspects, 2021, 624, 126813.  

• Shiv Acharya, ,Ann Jiang, Chance Kuo, Reyhaneh Nazarian, Katharine Li, Anthony 

Ma, Brian Siegal, Christopher Toh, and Jacob J. Schmidt, “Improved measurement of 

proteins using a solid-state nanopore coupled with a hydrogel”, ACS Sensors, 2020, 5, 370-

376 

• Nazarian R.; Acharya S.; Kuo C.; Lee E.; Khosh B.;, and Schmidt J.; “Protein Quantification 

Using Solid State Nanopore Coupled with a Hydrogel”, 2020 Biophysical Society Annual 

Meeting (BPS), February  15-19, San Diego. 

• Nazarian R.; Soltani M.; Sadatmousavi P.; Jafari M.; Chen P. “Self-Assembling Peptides: 

Potential Role in Tumor Targeting”, Curr. Pharm. Biotechnol. 2011,12 (8), 1089-100. 



xi 
 

• Sadatmousavi P.; Soltani M.; Nazarian R.; Mamo T.; Lu S.; Xu W.; Wang X.; Chen P. 

“Biomaterial Design”, Comprehensive Biotechnology, Moo-Young, Murray, Ed.,Elsevier, 

2010 

• S. Fung, H.Yang, P. Sadatmousavi, Y. Sheng, T. Mamo, R. Nazarian, P.Chen, “Amino acid 

pairing for de novo design of self-assembling peptide and their drug delivery potential”, 

Advanced Functional Materials, 21 (2011) 13, 2456-2464 

• Reyhaneh Nazarian, Nima Taghavinia, Alireza Badieie, “Synthesis of highly luminescent 

Zn2SiO4:Mn2+/SiO2 nanostrusctures by impregnation method for biological labeling”, 

International Conference on Nanotechnology, 6-8 June 2008, Kish, Iran. 

 

 



 
 

1 
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1.1. Introduction 

          Single-molecule proteomic, the precise single-molecule study of function, structure, and the 

absolute number of proteins in a biological system is crucial in understanding disease pathogenesis 

at the cellular level, developing disease protein biomarkers for early diagnosis, and improving 

therapeutic strategies.  Among single-biomolecule detection techniques, nanopore biosensors have 

been extensively investigated for use as a highly precise, sensitive, rapid, and label-free platform. 

However, nanopore detection, identification, and quantification of proteins are limited due to their 

rapid transport through the nanopore, and consequently, a huge fraction of missed translocation 

events of proteins.  Numerous efforts have been made to develop effective strategies to enhance 

protein detection.  This chapter provides background information on the importance, basics, and 

challenges of nanopore sensing of proteins in their native conformations. It also summarizes all 

previous approaches to improve protein detection using solid-state nanopores, highlights their 

achievements, and discusses their challenges.  Further, in this chapter, the motivation and 

significance of this dissertation are discussed.    

 

1.2. Single-Molecule Detection of Proteins  

           Proteins regulate almost all biological functions in cells.  They catalyze metabolic 

pathways, produce cellular motion, regulate signaling interactions and immune responses, assist 

with forming new biomolecules, and facilitate the transportation of molecules and ions across the 

cell membranes.1  All protein functions are modulated by their 3D structures, conformational 

dynamics, interactions with other biomolecules, and abundance. 2–4  Proteins are the most diverse 

biomolecules in shape, structure, function, and concentration, and thus, they are the most difficult 

class of analytes to be investigated.   
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          In proteomic studies and medicine, typically protein functions and structures are being 

investigated by advanced techniques, such as mass spectrometry, multi-dimensional gel 

electrophoresis, NMR, X-ray diffraction, Cryo-electron microscopy, and labeled-based screening 

technologies.5,6  These techniques characterize the bulk property of proteins in a sample,  

measuring their ensemble behavior and their mean response, and consequently, missing rare 

behaviors, structural heterogeneity, or a broad distribution of biological states and properties.  

Also, these techniques cannot provide spatial and temporal information on the dynamics of protein 

conformational or quantitative changes in a solution.7–9   

          A complementary approach to study proteins in such a complex biological system is the 

single-molecule measurement of proteins.  Single-molecule measurement approaches enable 

studying thousands of single molecules of proteins one-by-one, which provide rich information 

about their folding states, dynamics, interactions, functions, and heterogeneity.  Moreover, with 

these approaches, single molecules of proteins can be visualized individually and be counted 

directly.  Therefore, proteins can be resolved at extremely low abundance, their concentrations can 

be determined over a wide dynamic range, their ensemble structural and conformational 

heterogeneity can be identified, and time-resolved spatial dynamics information can be 

obtained.7,9,10 

          Recently, various single-molecule approaches have been developed and employed as 

complementary methods to study static and dynamic biological properties of proteins.  Single-

molecule force spectroscopies can probe the mechanical properties of immobilized proteins on the 

surface, and single-molecule fluorescence imaging methods can investigate temporal and spatial 

information on labeled single protein primary structures, folded conformations, and protein-

protein interactions.6,11–17  In addition, inspired by impressive advances in nucleic acid 
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identification and sequencing using nanopores, electrical nanopore detection has attracted much 

attention in the real-time identification of native proteins in a solution and characterizations of 

their primary amino acid sequences, dynamic folding conformations, and physical properties.18–30  

During this work, we mainly focus on the nanopore detection of native proteins in a solution and 

improving current techniques for native protein detection, identification, and characterization.      

 

1.3. Measurement of Native Proteins Using Solid-State Nanopores 

          Nanopore biosensors have been extensively investigated for use as a highly precise and 

sensitive biosensor for single-biomolecule sensing in aqueous solutions.  In this technique, a single 

nanoscale pore is embedded in an insulating membrane, which separates two compartments of 

electrolytes.  Upon applying the electric voltage between the two electrodes immersed in 

electrolyte compartments, an ion current flows through the nanopore, creating an electric field in 

the vicinity of a nanopore.  The created electric field electrokinetically drives the charged 

biomolecules in the electrolyte solution toward and eventually through the nanopore.  The 

transition of a biomolecule through the nanopore blocks the ways of ionic current, increases the 

nanopore resistance, and results in a measurable temporal drop in the nanopore ionic current, which 

is called a translocation event.31  Each translocation event is characterized by two quantities:  its 

amplitude and its dwell time.   

          The amplitude of an event i.e. the magnitude of ionic current drop, depends on the volume, 

shape, and the orientation of a passing biomolecule to the electric field, and it is expressed as 

follows:32–34 

∆𝐼 =  
Λ𝑉𝐴𝛾

𝜌(𝑙𝑝 + 0.8𝑑𝑝𝑜𝑟𝑒)
2 𝑆 (𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 , 𝑑𝑝𝑜𝑟𝑒 ) (1.1) 
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where VA is the applied voltage, γ is the protein’s shape factor, ρ is the resistivity of the 

measurement buffer, and lp is the nanopore length, dpore is the nanopore diameter, and S 

(𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒, 𝑑𝑝𝑜𝑟𝑒 ) is a correction factor that is a function of the ratio of particle to the nanopore 

diameter. 

                      

          The dwell time shows the residence time of a biomolecule inside the nanopore which 

depends on its diffusion, net charge, and electrophoretic mobility.  Probability distribution of 

measured dwell times, F(t), is described by the solution of the Fokker-Plan equation and is given 

by:35 

𝐹(𝑡) =
𝑙𝑝

√4𝜋𝐷𝑡3
𝑒−(𝑙𝑝−𝑣𝑡)

2
/4𝐷𝑡 

(1.2) 

where lp is the nanopore length, D and v are the diffusivity and electrophoretic drift velocity of a 

biomolecule.   

          Analyzing the amplitudes and dwell times of a population of translocation events provides 

rich physical and structural information about the proteins.   

          Solid-state nanopores have been used repeatedly to probe native proteins for different 

purposes in previous studies.  Solid-state nanopores have been used to explore structural and 

physical conformations of native proteins or protein complexes.36–43  For example, Yusko and 

coworkers41 measured and classified the kinetic heterogeneity in size and conformation of 

individual aggregates of amyloid-β oligomers in solution using lipid-coated nanopores; they 

determined three classes of spherical oligomers, protofibrils, and mature fibers among aggregates.     

          In addition, solid-state nanopores have been employed to study the interactions of proteins 

with other biomolecules, antibodies, or substrates.44–50  For instance, a chemically modified solid-
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state nanopore with nitrilotriacetic acid (NTA) headgroups was used to quantitatively evaluate the 

strength of the interaction of his-tagged proteins with NTA headgroups, and their binding 

dissociation rates were estimated from dwell time distributions of binding events as a function of 

applied voltages.49 In another work, using low noise solid-state nanopores, the interaction of 

anticancer therapeutic p53 transactivation domain to form complexes of (p53TAD)/ MDM2 was 

investigated in the absence and presence of an inhibitor.45   

          Furthermore, solid-state nanopores have allowed real-time monitoring of the conformational 

dynamics of proteins.  Freedman and coworkers51 monitored the gradual stretching and unfolding 

of proteins inside solid-state nanopores by applying electric fields greater than 106 V/m.  In another 

work, the real-time increase in magnitudes of current blockades of calmodulin translocation events 

indicated its conformational changes in response to calcium binding.52  Also, using solid-state 

nanopores, the dynamics of folding-unfolding states of apo and holo human serum transferrin 

(hSTF) protein were investigated as a function of applied voltages and solution pH.53  In addition, 

solid-state nanopores have been utilized to investigate the primary amino acid structures of labeled 

peptides.54 

          The studies previously mentioned illustrated the promising potential of solid-state nanopores 

in single-molecule proteomic studies; however, nanopore identification and characterization of 

native proteins are challenging mainly due to the finite temporal resolution of conventional 

amplifiers.   In the next section, we address this issue in more depth.  
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1.4. Insufficient Temporal Resolution of Recording Systems for Measurement of Native 

Proteins   

          Protein measurements using solid-state nanopores reveal extremely low resolvable event 

rates, which are orders of magnitudes smaller than theoretical estimates based on the electro-

diffusion capture rate model; this model assumes a hemispherical capture zone at the nanopore 

entrance where the protein motion transitions from diffusion-free to electrophoretic drift.  Also, 

this model assumes that the event rate is dominated by diffusion of proteins to the capture zone.  

The event rate at which biomolecules arrive at the capture radius based on the electro-diffusion 

capture rate model is described by the Smoluchowski equation: 

𝐽 = 2𝜋𝑐𝐷𝑟𝑝 (1.3) 

where J is the event rate (Hz), D (nm2/s) is the biomolecule diffusivity, c (#/nm3) is the bulk 

concentration of biomolecules, and rp (nm) is the nanopore radius.   

          Plesa and colleagues performed systematic experimental observations on the event rates of 

12 translocating proteins ranging in size from 6 to 660 kD.55  They observed much lower event 

rates for all the protein measured, 3 or 4-fold less than theoretically predicted by Equation 1.3. 

Also, their findings indicated that the observed event rates deviated more significantly from 

theoretical estimates for smaller proteins, which are expected to move faster and have a lower 

signal-to-noise ratio.  They attributed this issue to (1) the limited temporal resolution of 

conventional recording systems to resolve the swift transition of proteins through solid-state 

nanopores and (2) attenuation effect of filtering on low signal-to-noise ratio of protein 

translocation events (Figure 1.1).   
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Figure 1.1. Comparison of the observed to the theoretically predicted event rates using Equation 1.1.  The 

plot shows the ratio of the observed to the theoretically predicted event rates A ) for dsDNA (white 

diamonds) and proteins (red stars)  as a function of concentration x nanopore radius B) for dsDNA (white 

diamonds), positively charged proteins (red triangles), and negatively charged proteins (blue triangles) as 

a function of their molecular weight.55Copyright 2013 American Chemical Society. 

           

          The commonly used Axopatch 200B amplifier has a bandwidth of around 50 kHz, enabling 

a maximum data acquisition rate of 100 kHz with a temporal resolution of 20 µs.   However, 

looking over the residence time distributions of different proteins inside the nanopore (Equation 

1.2) reveals that most proteins spend much less than 20 µs transiting through a 20 nm thick 

nanopore (Figure 1.2A) which may explain the huge number of undetected proteins.   So, the 

observed events are longer than 20 µs and either belong to the tail of the residence time 

distributions or from the proteins that reside longer inside the nanopore due to protein-pore 

interactions.  Figure 1.2A also shows that residence time distributions of smaller proteins have the 

smaller most probable dwell time inside a nanopore; however, they have a larger tail distribution 

(illustrated in panel of the Figure 1.2A), suggesting greater numbers of smaller proteins should be 

resolved by recording systems, which is in contrast with the experimental observations.  

A B 
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A B 

 
 

Figure 1.2. A) simulated residence time distributions of four proteins having different sizes and charges B) 

Attenuation effect of 10 kHz low-pass Gaussian filtering on a 200 pA resistive pulse signal with duration 

of 10-200 µs.  Copyright 2013 American Chemical Society.    

 

          The observed decrease in translocation events of smaller proteins was assigned to the low 

signal-to-noise ratio of translocation events.  Typically, recorded traces of nanopore measurements 

are low-pass filtered to extract the translocation events from the intrinsic capacitive noise of the 

system.  Filtration has been shown to distort the shape of the translocation events, which are shorter 

than twice the rise time of the filter used (66 µs for 10kHz low-pass Gaussian filter) and attenuate 

their current blockade amplitudes. As an example, Figure 1.2B shows the attenuation effect of 10 

kHz low-pass Gaussian filter on translocation events with a duration of 10-200 µs and blockade 

amplitude of 200 pA.  As shown from the figure, the extent of amplitude attenuation after filtration 

depends on the duration of the events, with shorter events dropping more.  When the duration of 

an event is sufficiently below twice the rise time of a filter, its amplitude drops below the detection 

threshold of the system and cannot be detected.  Smaller proteins have smaller blockade 
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amplitudes, and their translocation events are more prone to being diminished and lost within the 

system noise after filtering. 

          The limited temporal resolution of amplifiers to enhance the protein detection can be 

addressed based on two main strategies: (1) improving the electronics by increasing the bandwidth 

of amplifiers and decreasing the inherent noise of the system, and (2) slowing down the speed of 

biomolecules.  In the following section we will review these approaches. 

 

1.5. Improvement of Nanopore Systems for Enhanced Protein Detection 

          As discussed, Improving the temporal resolution of amplifiers alongside using low-noise 

nanopores and slowing down the transition speed of proteins are the two main strategies that are 

utilized to enhance protein detection and identification using solid-state nanopores.   

     1.5.1. High Bandwidth Measurements of Proteins   

          The translocation process of proteins is usually studied by using a conventional Axopatch 

200B amplifier.  The temporal resolution of this amplifier is 20 µs, determined by the inverse of 

its maximum bandwidth (100 kHz) (as discussed in previous section).  However, the maximum 

100 kHz bandwidth of this amplifier is limited by the required signal-to-noise ratio of the 

measurements and cannot easily be improved.56   Signal-to-noise ratio (SNR) is defined as the ratio 

of the event amplitude to the root-mean-square (RMS) current noise of the system (SNR 

=∆Ipore/Inoise).   ∆Ipore is controlled by the applied voltage across the membrane and the conductance 

of the nanopore.  In addition, the conductance of a nanopore is determined by its size (i.e. length 

and diameter) and the electrolyte conductivity.  However, Inoise is inherently present in the system, 

originating from the intrinsic noises of the  headstage, the amplifier, the pore, the substrate 

material, and the digitizer, and its magnitude depends on the frequency of signal bandwidth (f).57                         
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          Figure 1.3A qualitatively illustrates the four frequency regimes of the current noise spectrum 

for a recording system.  In the low frequency regime, current noise linearly scales with 1/f; at 

medium frequencies, the current noise is independent of frequency (white frequency regime); a 

linearly dependent f regime follows white frequency regime over a short interval of frequencies, 

and at high frequencies (> 100 kHz) the current noise increases as f2.  A significant increase in the 

current noise at high bandwidth frequencies (> 100 kHz) is the main obstacle to achieve a higher 

bandwidth and temporal resolution in nanopore measurements; this necessitates a significant  

improvement in the measurement electronics.56  For example, it was shown that using tightly 

integrating measurement electronics fabricated in complementary metal oxide semiconductors 

(CMOS) with solid-state nanopores can reduce wiring capacitance and current noise, pushing the 

maximum achievable bandwidths from 100 kHz to MHz ranges (Figure 1.3B).58 

A B 

 

 

Figure1.3. A) qualitative plot of current noise power spectral density as a function of frequency.  B) high 

bandwidth protein measurement set up:  tightly integration of a custom designed amplifier with nanopore 

sensing fluidic.56 Copyright 2019 Elsevier.   

             

          Using the CMOS based electronic in the experimental setup (shown in Figure 1.3B) in a 

combination of (1) a 250 kHz high bandwidth amplifier (temporal resolution of 2.5 µs), (2) tightly 

integrated CMOS measurement circuit, (3) small nanopores with diameters only 1 nm larger than 
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the diameter of a target protein to enhance nanopore-protein interactions, and (4) low-noise 

ultrathin membranes (<10 nm) to increase the signal-to-noise ratio of translocation events, Larkin 

and colleagues sensed two sub-30 kD proteins with high resolution at µM concentrations.  The 

dwell-time distributions of the observed protein events were fitted to the 1D first-passage time 

distribution model to estimate the diffusion constants and electrophoretic mobilities of the two 

measured proteins   The estimated best-fit values of diffusion constants and electromobilities were 

smaller than their bulk values by one or two orders of magnitude.59   

          

           The development of high bandwidth amplifiers alongside the strategies to reduce inherent 

capacitive noises of measurement systems is a powerful approach to address short residence times 

of proteins inside the nanopores; however, these experimental setups are extremely complicated, 

expensive, and not easily accessible and commercializable.  Also, protein detection rates using the 

mentioned high bandwidth apparatus deviate from theoretical predictions by one to two order of 

magnitudes.  The much lower estimated values for protein diffusivities and electrophoretic 

mobilities as well as high protein concentrations consumed in Larkin’s experiments, might confirm 

the insufficient temporal resolution of their apparatus. Also, using tuned size nanopores requires 

prior knowledge about the target proteins, and it is an impeding factor to measure an unknown 

protein or a mixture of proteins.   

          In another study, using a low-noise silicon nitride nanopore in combination with a high 

bandwidth recording system, Houghtaling and coworkers60 estimated the shape, volume, and 

dipole moments of individual proteins that were freely translocating through a nanopore.  Their 

low-noise nanopores were fabricated in 3 mm x 3mm frame and mounted between two layers of 

PDMS; Consequently, the current noise reduced by 40% and the signal-to-noise ratio of the 
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measurement increased at the amplifier bandwidth of 50 kHz.  The high signal-to-noise ratio in 

the experimental setup allowed them to digitally low-pass filter the recorded traces at 50 kHz 

compared to commonly used 10 or 15 kHz filtering cut-off frequency.  The higher cut-off 

frequency of the filter used in this study resolved the high-frequency rotations of proteins more 

accurately to estimate their shapes, volumes, and dipole moments from long translocation events 

greater than 150 µs. However, events longer than 150 µs are less than 1% of the total number of 

translocation events sensed in the measurement.  This problem limits the achievable minimum 

detectable concentration and size of proteins and restricts the resolution in detecting various types 

of proteins.  

 

     1.5.2. Slowing down The Translocation of Proteins 

          An alternative to improving the bandwidth of recording systems is slowing down the 

transient speed of proteins to reside longer in the nanopore.  This strategy is so desirable, because: 

(1) it can reduce the fraction of undetected proteins and make it possible to study proteins at 

extremely low concentrations and sizes (2)  it enhances the measurement resolution, providing a 

better chance to visualize free rotations and movements of individual proteins to time-resolve  their 

conformational dynamics  (3)  it can significantly compromise the limited bandwidth of amplifiers 

without additional technical difficulties involved in the development of high bandwidth recording 

systems, and (4) it is less expensive and gives more experimental freedom to select the convenient 

method.  A wide variety of techniques have been employed to slow down the proteins in previous 

studies, and here we summarize them. 
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          1.5.2.1. Altering Buffer Properties  

        Maybe the most trivial approach to slow down the proteins is the modification of their 

surroundings.  Altering buffer properties such as viscosity and temperature makes it possible to 

slow down the transition of proteins through solid-state nanopores; however, these approaches 

reduce the conductivity of solutions and, consequently, the amplitude of protein translocation 

events.61  Reducing the pH of the buffer solution to be close to the isoelectric point of the protein 

can also reduce the electrophoretic force in a solution to slow down the transition velocity of 

proteins;38 however, it will enhance the chance of clogging the nanopore, and it will require the 

prior knowledge about the PI of the target proteins.   

 

          1.5.2.2. Tethering Proteins to Lipid Coatings on The Surface of Nanopores 

          In another study to slow down the transient velocity of proteins through the nanopore, Yusko 

and colleagues34,62  demonstrated the bio-inspired technique of coating a nanopore with a fluidic 

lipid bilayer and tethering the target proteins to the bilayer (Figure 1.4).  They have shown that the 

translocation velocities of the tethered proteins were dominated by the in-plane diffusion constant 

of the lipids and reduced by two orders of magnitudes.  In the follow-up work, Yusko and 

colleagues34 have shown that the slow speed of proteins inside the nanopore, along with the 

elimination of non-specific interactions between proteins and the lipid-coated nanopore wall, 

resulted in resolved time-dependent ionic current blockades, and enabled quantitative 

determination of shape, volume, dipole moment, charge, and rotational diffusion constant of 

proteins.  However, using this approach, the target proteins have to be attached to a lipid anchor 

ligand embedded in a bilayer, which requires prior knowledge about the specific molecular linkage 

and the target proteins. Also, it cannot be used for an unknown protein population.     
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Figure 1.4.  four classes of highly flexible crosslinkers, embedded in the lipid-bilayer coating, to anchor a 

target protein to the fluidic lipid-bilayer on the surface of a nanopore34.  Copyright 2016 Springer Nature. 

 

          1.5.2.3. Macromolecular Crowding 

          It was shown that the interfacing of a nanopore with a crowded macromolecular electrolyte 

bath on either side of a membrane slowed down the translocation of biomolecules out of a nanopore 

and enhanced DNA and protein detection.63,64 It is not fully clear that how the presence of giant 

macromolecules around a nanopore may slow down the biomolecules, but in one hypothesis, the 

slowing-down mechanism in the presence of crowding agents is attributed to the enhanced entropic 

interactions between the nanopore and a target biomolecule.  Big macromolecules of crowding 

agents occupy and limit the space for DNA or protein molecules inside the solution, entropically 

drive depletion attraction between a target biomolecule and the nanopore.   The stronger 

biomolecule-nanopore interaction decreases the transient velocity of a biomolecule, allowing it to 

stay longer inside a nanopore.  For instance, in a recent study, Chau and collegueas64 found that 

the presence of highly concentrated PEG 8000 macromolecules on the trans side of a nanopore at 
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low PBS buffer concentration changed the dynamics of β-galactosidase protein (466 kD) 

translocation and increased its residence time inside a nanopore.  In addition to the entropic effect, 

they explained the mechanism of protein detection enhancement as a result of modified 

electroosmotic flow in the presence of PEG 8000 macromolecules.  

          Although this technique is quite simple, it is effective in enhancing the detection of DNA 

and larger proteins; however, it may not be useful for detecting smaller proteins and polypeptides 

that cannot sense the presence of the bulky macromolecules in their environment.  

  

1.5.2.4. Coupling of a Solid-Sate Nanopore with a Hydrogel  

          As reviewed above, enormous efforts have been made toward improving nanopore-based 

protein biosensors; however, the promise to design a sensitive and accurate nanopore biosensor 

for native and non-modified protein detection and characterization in a wide range of sizes and 

concentrations is unfulfilled.  Also, the current existing platforms are not suitable to study a 

heterogeneous mixture of proteins and cannot discriminate between different proteins in a solution.  

In response to all these challenges, recently, our group has engineered a hydrogel-backed nanopore 

platform to extend protein residence time inside the nanopore, improve protein capture rates, and 

enhance the measurement resolution.65  We interfaced the hydrogel at the distal side of a nanopore 

to prevent fast electrophoretic passage of proteins.  Theoretically, we hypothesized that the 

hydrogel on the distal side of the nanopore acts as a physical barrier and inhibits electrophoretic 

translocation of proteins.  So, the proteins reaching the hydrogel (1) may diffuse back against the 

electric field and escape to the cis compartment of the nanopore, (2) may leave the nanopore 

through the open mesh of the hydrogel, or (3) may escape a nanopore through a possible gap 

between the pore mouth and the surface of the hydrogel.  In each of these scenarios, proteins have 
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a longer residence time inside the nanopore, enhancing their chance to be resolved.  Figure 1.5 

schematically shows the hypothesized escaping mechanisms of proteins through a hydrogel-

backed nanopore.   

          Experimentally, we have also demonstrated the enhancement in protein detection in the 

presence of the hydrogel.  Using a 24 nm diameter nanopore, the measurement of 10 nM IgG 

showed the detection frequency of 0.49 Hz and the most probable maximum event amplitude of 

538 ± 120 pA, in consistent with other studies using solid-state nanopores to detect proteins.  

However, repeating the measurement with the same nanopore, but in the presence of the hydrogel 

at the trans side of the support membrane, revealed an elevated detection frequency of 490 Hz 

with the most probable maximum event amplitude of 963± 470 pA (Figure 1.7A).  Much higher 

frequency of events observed in the second experiment given the same concentration of IgG 

indicated significant reduction in the fraction of missed translocation events, confirming the 

extended residence time of proteins inside the nanopore in the presence of the hydrogel.  In 

addition, the more extended residence time of proteins inside the hydrogel-backed nanopores 

enables precise determination of the shape and the volume of the proteins. 
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Figure 1.5. A) Fast translocation of proteins in a regular nanopore system B) Hydrogel acts a physical 

barrier to prevent full translocation of proteins: they may diffuse back to the cis side of the membrane or 

find their way to exit the nanopore through the open mesh of the hydrogel or the possible gap between the 

nanopore and the hydrogel.65 Copyright 2020 American Chemical Society. 

 

          The protein shapes and volumes can be determined by a distribution of the maximum 

amplitudes of a population of protein translocation events based on the theory of rotating particles 

inside the uniform electric field of the nanopore developed by Yusko and coworkers.34 Based on 

this theory, the distribution of maximum amplitudes is an asymmetric bimodal distribution for the 

charged spheroid proteins and is a unimodal Normal distribution for the spherical proteins.  In 

either case, protein volumes can be determined by the value of the peak maxima of the maximum 

amplitude distribution.  The precise estimate of protein shapes and volumes by this method relies 

on the accurate measurement of the event blockade amplitudes.  However, when the transient speed 

of a protein is faster than the resolution of the amplifier, the recording of the blockade amplitude 

may be “clipped” or slip-up on translocation events that occur between two acquired data points, 

and the recorded blockade amplitude may not be precise and error-free.57Consequenctly, the 

protein shape and volume cannot be determined accurately.  Therefore, the bandwidth of the 
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measurement i.e., the protein residence time inside a nanopore is a critical factor for recording 

accurate blockade amplitudes and precisely estimating the protein shape and volume.      

 

Figure 1.6. A) IgG detection at 10 nM using a 24 nm diameter nanopore with and without hydrogel.   B) 

Enhanced protein detection of BSA and streptavidin enabled by the hydrogel-facilitated nanopore platform 

compared to previous studies C) Enhanced detection rate and blockade amplitude resolution in IgG 

measurements using a hydrogel-backed nanopore.65Copyrght 2020 American Chemical Society.   
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          As mentioned earlier, the longer residence time of proteins inside the nanopore enabled by 

the presence of the hydrogel enhances the resolution in amplitude measurement, enabling shape 

and volume determination, and simultaneous measurements of two proteins.  Figure 1.7 

demonstrates the maximum amplitude histograms of A) spherical 10 nm gold nanoparticles and 

B) oval shape IgG protein translocation events measured using a hydrogel-facilitated nanopore.  A 

unimodal, Gaussian, and symmetric shape of Figure 1.7A confirms the spherical shape of the 10 

nm gold particles, and the bimodal and non-symmetric distribution of Figure 1.7B reveals the oval 

shape of a molecule of IgG protein with two main orientations along its main axis.     

          Moreover, using hydrogel-backed nanopores, IgG and BSA were simultaneously detected 

in a binary mixture solution.   Figure 1.8 illustrates the series of nanopore measurements to sense 

IgG, BSA, and a solution containing a mixture of both IgG and BSA.  The observed translocation 

events of the mixture of IgG and BSA (the green data cluster in Figure 1.8A and the green 

histogram in Figure 1.8B) indicate two distinguishable regimes, overlapping with distributions of 

BSA and IgG translocation events obtained from individually purified protein measurements.  This 

result confirms a distinguishable identification of two species of proteins in a mixture solution as 

a result of accurately measured blockade amplitudes of protein events with higher dwell time in 

the presence of the hydrogel.  
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Figure 1.7.  Molecule conformation determination using hydrogel-backed nanopores A) 10 nm gold 

nanoparticles B) IgG protein.65 Copyright 2020 American Chemical Society. 

                    

 

 

Figure 1.8. Simultaneous measurements of a mixture of two proteins A) The results of the simultaneous 

measurements of a solution containing a mixture of IgG and BSA using a hydrogel-backed 22 nm diameter 

nanopore illustrated two distinguishable data clusters on the 2D amplitude-dwell time plot (green dots).  

Each cluster overlaps with the results of the measurement of each individual, purified protein.  B) Amplitude 

blockade histograms of purified BSA (blue), IgG (red), a mixture of IgG and BSA (green).65  Copyright 

2020 American Chemical Society. 
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1.6. Research Motivation and Objectives 

          All of our group’s previous work has shown that introducing hydrogel on the cis side of the 

silicon nitride nanopore effectively improves protein detection by sterically hindering the passage 

of proteins from the trans side, leading to significantly enhanced protein residence time within the 

nanopore sensing zone, and resulting in a significant reduction in missed translocation events. In 

addition, our group has shown that the longer residence time of proteins inside a nanopore 

effectively improves the resolution of protein measurements, enabling the simultaneous 

measurement of two proteins.  

          What remains unclear is exploring the measurement limitations of the proposed platform 

and how to improve it for various proteomic applications.  The main goal of the following research 

is exploring and improving hydrogel-backed nanopore biosensors for ultrasensitive protein 

detection. Three objectives summarize the primary goal of this research:  

          First, exploring further capabilities and the extent to which the proposed hydrogel-backed 

nanopore biosensor can resolve and characterize various proteins spanning a range of sizes and 

concentrations.  

          Second, the investigation, adaptation , and improvement of a hydrogel-backed nanopore 

biosensor as an ultra-sensitive protein detector for liquid chromatography.  

          Third, the surface coating of a hydrogel-backed nanopore with the antifouling ligands for 

advanced protein detection and characterization. 

              The organization of this dissertation is as follows: 

Chapter 1: Background and Introduction 

          Provides background information on nanopore sensing measurements of single-molecule 

proteins in their native conformation, the technological challenges, and previous approaches to 
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improve nanopore sensing platforms for enhanced single-molecule protein detection, 

identification, and quantification. 

 

Chapter 2: Quantitative Measurement of Protein Volume and Concentration Using 

Hydrogel-backed Nanopores 

          The minimum achievable detection limits of proteins in terms of size and concentration is 

explored using hydrogel-facilitated nanopore sensing.  Also, the algorithms are developed to 

quantify an unknown protein volume and concentration.   Further, the possible competing 

mechanism of enhanced protein detection in the presence of the hydrogel is investigated. 

 

Chapter 3: Hydrogel-backed Nanopore as an Ultrasensitive Protein Detector for Liquid 

Chromatography 

          Hydrogel-facilitated nanopore sensors are introduced as an effective alternative for the 

typical UV-Vis detectors with promising applications in proteomic studies.  Further, the hydrogel-

backed nanopore is integrated with microfluidic channels to facilitate the nanopore measurement 

of a managed flow of protein fractions emerging from a chromatographic column. 

 

Chapter 4:  Hydrogel-backed Lipid Coated Nanopore 

        The integration of lipid-bilayer coated nanopores with a hydrogel is explored for accurate and 

ultra-sensitive intra-event ionic current analysis of single protein translocation events in the 

absence of non-specific interactions between nanopore and protein molecules. 

 

Chapter 5:  Conclusion and Recommendation for Future Works 
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Chapter 2: Quantitative Measurements of Protein Volumes and 

Concentrations Using Hydrogel-Backed Nanopores 
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2.1. Introduction: 

          Nanopore biosensors have been extensively investigated for use as a highly precise, 

sensitive, rapid, and label-free platform for single-biomolecule sensing in aqueous solution 

solutions.1–14 Real-time single molecule detection and quantification of protein biomarkers at the 

single-molecule level may enable the next generation of diagnostics tools and treatment strategies.  

However, detection, identification, and quantification of proteins has been shown to be limited as 

a result of their rapid transport through the nanopore.15,16  Their wide range of sizes and 

concentrations make proteins particularly a difficult analyte to sense.  

          Measurement of small proteins (below 10 kD) typically requires: custom low-noise 

nanopores which are only slightly larger (sometimes only 1 nm larger) than the hydrodynamic 

diameter of the target protein to enhance the protein-pore interaction; low-noise, high bandwidth 

amplifiers; and tailoring the measurement pH of the electrolyte to enhance surface interactions by 

reducing protein surface charge.17–20  Although there are some reports of protein detection at low 

concentrations and quantitation of protein concentration, these approaches are characterized by 

protein binding to modified nanopore surfaces, or other specific labeling strategies.21–23 

Furthermore, target proteins were typically measured at µM or greater concentrations, and 

experimental durations extended to hours or longer to overcome the larger number of missed 

events described above. Most approaches for measurement of small proteins and low 

concentrations require prior knowledge of the target protein and corresponding modification of the 

nanopore or protein, precluding the measurement of an unknown protein or a mixture of proteins. 

          Recently, we described an approach to improving nanopore sensitivity by polymerizing a 

hydrogel on one side of the nanopore.24  The presence of the hydrogel extended the analyte 

residence time within the nanopore, increasing the detection rate by several orders of magnitude 
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for a given analyte concentration while using a standard amplifier and requiring no significant 

noise on nanopore size.  The increased residence time within the nanopore reduced the 

measurement bandwidth required, increasing the signal to noise ratio, improving measurement 

resolution, and enabling discrimination of two proteins in a mixture.  The increased resolution also 

enables detection of smaller proteins, and the large reduction of missed events enables detection 

of proteins at lower concentrations.  Here, we describe experiments showing the limits of detection 

achievable with this approach with respect to concentrations (10 fM) and protein size (≤5.5 kD).  

We also explored using the event rate to quantitatively determine protein concentration, finding 

that the unknown concentrations could be determined to within 10%, following nanopore 

calibration.  We find that variations in the event rate for similar size nanopores may be related to 

the proximity of the hydrogel to the surface of the nanopore, which affects the efficacy of the 

hydrogel to enhance protein detection.  We developed an iterative algorithm to determine 

correction factors and volumes of unknown proteins from nanopore data.  Determination of protein 

volumes from measurements made with this system also agreed with previous literature reports 

and show an increase in protein volume with increasing pH for IgG and myoglobin.        

 

2.2. Results and Discussion:   

We measured immunoglobulin G1 (IgG) in its native state using nanopores 23-31 nm in diameter 

and 15 nm long, backed with the PEG-DMA hydrogel of average mesh size ~ 3.1 nm, as described 

previously (Figure 2.1).   
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Figure 2.1. Schematic diagram of measurement apparatus. The nanopore chip separates the hydrogel-

containing trans chamber from the protein containing cis chamber.  

 

To determine the average event frequency (f), we divided the number of single-molecule 

translocation events (N) by the duration of observation (∆t): f = N / ∆ t.25,26  We applied -50 mV 

to the nanopore and found that the event frequency rapidly increased following protein addition 

and plateaued after 5 to 9 minutes (Figure 2.2), indicating the amount of time for protein monomers 

to homogenously disperse throughout the measurement chamber.  The plateau after the first 9 

minutes indicates a quasi-equilibrium capture mechanism with no net protein accumulation nor 

adsorption near the nanopore.  For consistency, we analyzed minute-long stretches of data at 

minutes 9 and 11 (we reserved minute 10 for applying a positive voltage in case the nanopore 

clogged.)  
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Figure 2.2. a) Measured event frequencies versus time of IgG at 0.15 and 0.47 nM after injection into the 

flow cell; 21 nm diameter nanopore. b) Measured event frequency of 0.25 nM IgG vs. time; 24 nm diameter 

nanopore. Data from both panels obtained with -50 mV applied potential. 

 

     2.2.1. Protein Concentration Determination 

          We measured event frequencies of 0.01-43 Hz for IgG concentrations at 10 pM-10 nM 

(Figure 2.3).  The observed frequency for 10 pM was 0.01 Hz, equivalent of 2 events every 3 

minutes; We expected that lower concentrations would be detectable if the measurement duration 

were increased to several hours and beyond.  Plots of event frequency versus IgG bulk 

concentrations show a linear relationship, although the slope changed when different nanopores 

were used.  We repeated the measurement with Ovalbumin, a globular 44 kD protein, again finding 

a linear relationship between event frequency and protein concentration (Figure 2.3).  The linear 

dependance of event frequency versus protein bulk concentrations has been described in previous 

studies,27–30 which assumes a hemispherical capture zone at the nanopore entrance when the 

protein motion transitions from non-biased diffusion to electrophoretic drift.     
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Figure 2.3. Linear relation of event frequency vs. protein bulk concentration. a) Event frequency (Hz) vs. 

concentration (nM); b) event frequency (Hz) vs. concentration (# / m3 x 1018); c) log (event frequency (Hz)) 

vs. log (concentration (concentration ( nM)) 

 

          Figure 2.3 also shows a large variation in event frequencies for nanopore that are similar in 

size.  We hypothesize that this arises from variations in the gap between the hydrogel and nanopore 

surface in different experiments, with larger gap less effective in inhibiting protein transport 

through the nanopore.  We explored this hypothesis by functionalizing the trans surface of the SiN 

chip with 3-(Trimethoxy silyl)propyl methacrylate and cured the hydrogel to this surface to 

eliminate the gap between the hydrogel and chip.  IgG measured with this system exhibited high 

event frequency, long event dwell times, and dwell time that increased with increasing voltage, all 

in contrast with non-bonded hydrogel measurement (Figure 2.4a). 
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Figure 2.4. The median dwell times were obtained from data sets recorded for three voltages on nanopores 

with hydrogel bonded and unbonded to the trans side of the chip. 

 

The increasing dwell time with increasing voltage for the bonded hydrogel suggests that protein 

may escape by diffusing against the electric field to escape from the pore on the cis side. Assuming 

that the hydrogel is a perfectly reflecting barrier, and the cis entrance is an absorbing barrier 

(corresponding to particle escape) the first passage time is given by:31 

 

𝑡 = 2 (
𝑙2

2𝐷
) (

𝑘𝑇

𝑞𝑉
)

2

{𝑒
𝑞𝑉
𝑘𝑇 − 1 −

𝑞𝑉

𝑘𝑇
} 

2.1 

 

where D is the protein diffusion constant, l is the pore length, k is Boltzmann’s constant, T is the 

temperature, q is the protein charge, and V is the applied voltage. 

          On the other hand, if the particle escaped the nanopore on the trans side by going into the 

hydrogel or into the gap between the hydrogel and the nanopore chip, we may expect that the dwell 

time would decrease with increasing voltage. The large change in results following the bonding to 

the chip may indicate that the hydrogel-chip gap escape mechanism is being minimized. Variations 
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in hydrogel-chip gaps may also explain how nanopores of similar diameter can show significantly 

different event rates, as seen in Figure 2.3.  In support of this hypothesis, we plotted the slope of 

frequency versus concentration for the data sets in Figure 2.3 versus the median dwell times of the 

same data (Figure 2.4b) and found that increasing dwell times were strongly correlated with high 

nanopore sensitivity (higher event rate per concentration). 

          To determine an unknown concentration of proteins, we explored weather the event 

frequency versus concentration can be calibrated for each nanopore and the unknown 

concentration indicated by interpolation of the observed event frequency on the nanopore 

calibration curve.  To assess this capability, we calibrated each nanopore using the obtained data 

sets shown in Figure 2.3 but leaving out the last data point.  The last data point was treated as the 

unknown concentration, which was estimated by interpolation of the nanopore calibration curve 

using the observed event frequency.  Table 2.1 shows the results of prediction the unknown protein 

concentration based on two or three-point calibration curves.  When using three calibration points, 

the unknown protein concentration was determined to within less than 10% error. 

 

Table 2.1. Determination of unknown protein concentrations using hydrogel-backed nanopores. 

Nanopore Diam. 

(nm) 
Protein # of Cal. Pts 

Concentration (nM) Confidence Interval 
Error 

Actual Predicted Lower (nM) Upper (nM) 

29 IgG 2 8.12 11.22 5.88 21.37 38% 

23 IgG 2 1.64 2.15 1.34 4.36 31% 

27 Ovalbumin 2 2.00 1.28 0.58 2.75 36% 

26 IgG 3 1.20 1.12 0.57 2.29 7% 

31 IgG 3 10.00 10.71 8.05 14.12 7% 

23 Ovalbumin 3 17.00 15.48 5.37 25.70 9% 

 

     2.2.2. Protein Detection at Ultimately Low Concentrations 

          Previous studies have shown that electrostatic focusing by creation of a salt gradient across 

the membrane significantly increases capture rate.32,33  To investigate whether this would allow 
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our system to achieve lower concentration limits of detection, we measured the IgG translocation 

rate with a 29 nm diameter nanopore (with hydrogel on the trans side) under symmetric and 

asymmetric salt conditions.  In the first experiment, the electrolyte on both sides of the nanopore 

was 2 M KCl.  Event rate for 10 pM IgG were 0.02 Hz at -50 mV applied voltage.  In the second 

experiment, the same nanopore was used but the electrolyte concentration on the cis side was 

changed to 0.2 M KCl.  An approximately order-of-magnitude increase in event frequency was 

observed.  This change in cis solution composition also reduced the solution conductivity and the 

signal-to-noise ratio.  The nanopore open current decreased from ~14 to ~7 nA, and the amplitude 

of IgG events decreased from ~660 to ~390 pA (Figure 2.5 a and b).  We repeated the experiment 

with a 36 nm diameter nanopore using -70 mV applied potential and observed a detectable event 

rate for IgG at 100 fM and 10 fM (Figure 2.6).  To our knowledge, this is the lowest concentration 

reported for single molecule detection of an unlabeled native protein.  The collected event 

amplitude at 100 fM were statistically analyzed (Figure 2.6 b and c), showing the effects of non-

spherical protein shape as we and others have previously reported24,34 and with strong similarity 

to those of 100 pM data taken under symmetric electrolyte.     
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 Figure 2.5. Measurement of IgG under symmetric and asymmetric salt concentration: a) Measurement of 

10 pM IgG under symmetric 2 M/2 M KCl with a 29 nm diameter nanopore with hydrogel on trans side.  

b) Measurement of 10 pM IgG with same nanopore but with 0.2 M KCL on the cis side.  
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Figure 2.6. Measurements of 1, 10, and 100 fM IgG in 0.2 M/2 M KCl using a 36 nm diameter hydrogel-

backed nanopore at -70 mV applied voltage. A) Short ionic current traces of each measurement: Identified 

events are highlighted in red. b and c: Amplitude histograms of the captured IgG events at (b) 100 fM under 

asymmetric salt gradient 0.2 M /2 M KCl (c) 100 pM under symmetric salt gradient.   

 

                             

     2.2.3. Protein Volume Determination 

          2.2.3.1. Theory 

          The blockage current measured from a protein with the excluded volume Λ is derived from 

Maxwell’s calculations on the resistivity of an insulating particle in the presence of an 

electromagnetic field.34,35  In the presence of an insulating particle inside an electrolyte-filled 

nanopore, the uniform electric field inside a cylindrical nanopore distorts slightly around the 

particle and changes the nanopore resistivity.  The change in the resistivity of a nanopore depends 

both on the volume and orientation of the particle. For particles with volume much smaller than 

the volume of the cylindrical pore, Maxwell’s expression simplifies to:  

1 fM 

10 fM 

100 fM 
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Δ𝑅

𝑅
= 𝛾

Δ𝑣

𝑉
 

2.2 

where R is the pore resistance, ∆R is the change in pore resistance due to the presence of the 

particle, γ is the particle’s electric shape factor (a function of the particle shape and orientation 

relative to the pore axis), ∆v is the particle volume, and V is the pore volume.   

For a sphere, γ is 3/2, and for ellipsoidal particles the extremes of γ are related to demagnetization 

factors:35   

𝛾∥ =
1

1 − 𝑛∥
 

2.3 
𝛾⊥ =

1

1 − 𝑛⊥
 

𝑛∥ + 2𝑛⊥ = 1 

 

where 𝛾∥ and 𝑛∥ are the electric shape and demagnetization factors when the electric field is 

oriented in the same direction of the axis of revolution of the spheroid, and 𝛾⊥and 𝑛⊥are the electric 

shape and demagnetization factors for the perpendicular orientation.   

Parallel and perpendicular demagnetization factors are determined by the geometry of the spheroid 

and are proportional to m, the ratio of diameter “a” to thickness “b” of a spheroid (m = a / b).  In 

the case of oblate (m < 1) and prolate (m > 1) spheroids, demagnetization factors are calculated 

from Equation 2.4 and 2.5:36 

For oblate with m < 1: 

𝑛∥ =
1

1 − 𝑚2
[1 −

𝑚

√1 − 𝑚2
𝑐𝑜𝑠−1𝑚] 

2.4 

 

 For prolate with m > 1: 
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𝑛⊥ =
1

𝑚2 − 1
[

𝑚

√𝑚2 − 1
𝑐𝑜𝑠ℎ−1𝑚 − 1] 

2.5 

However, Equation 2.2 is only valid in the limit of very small insulating particles in comparison 

with the diameter of the nanopore. In that case, the distortion of the electric field restricts just to 

the surrounding of the particle. For a bigger particle, the electric field deformation around the 

particle expands toward the nanopore wall and this effect increases the measured blockage current 

beyond the linear dependence on the particle volume. Extensive theoretical and experimental 

studies have been conducted to determine the measured blockage amplitude with respect to the 

ratio of a particle to a nanopore diameters,37–39 and different correction coefficients were 

introduced into Equation 2.2 to account for the extra increase in nanopore resistance due to the 

presence of large particles.  DeBlois and Bean38 derived and tabulated values of the correction 

factor for large spherical particles with  (
𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑑𝑝𝑜𝑟𝑒 
)

3

> 0.1 , presented in Table 2.2: 

 

Table 2.2.  Correction factors derived by DeBlois and Bean.  

(
𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑑𝑝𝑜𝑟𝑒 

)

3

 S (
𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑑𝑝𝑜𝑟𝑒 

)

3

 S 

0 1.0 0.5 2.31 

0.1 1.14 0.6 2.99 

0.2 1.32 0.7 4.15 

0.3 1.55 0.8 6.50 

0.4 1.87 0.9 13.7 

   

          Introducing this correction factor into Equation 2.2 to correct Maxwell’s first order 

approximation, and further substitution of open nanopore current ( 𝐼 =

 
𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑣𝑜𝑙𝑡𝑎𝑔𝑒

𝑅 𝑛𝑎𝑛𝑜𝑝𝑜𝑟𝑒 + 𝑅𝑎𝑐𝑐𝑒𝑠𝑠 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒
) with nanopore resistance R, and the blockage current ∆I with the 

change in the resistance ∆R yields Equation 2.6:34 
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∆𝐼 =  
Λ𝑉𝐴𝛾

𝜌(𝑙𝑝 + 0.8𝑑𝑝𝑜𝑟𝑒)
2 𝑆 (

𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑑𝑝𝑜𝑟𝑒 
)

3

 

 

2.6 

where VA is the applied voltage, γ is the protein’s shape factor, ρ is the resistivity of the 

measurement buffer, and lp is the nanopore length.   

          For a globular protein, we approximate γ = 3/2, and Equation 2.6 becomes: 

 

∆𝐼𝑔𝑙𝑜𝑏𝑢𝑙𝑎𝑟 =  
3

2
Λ𝑉𝐴 

𝜌(𝑙𝑝+0.8𝑑𝑝)
2 𝑆 (

𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑑𝑝𝑜𝑟𝑒 
)

3

   
2.7 

 

For ellipsoidal proteins, the blockage current depends on the orientation of the protein within the 

nanopore. For oblate proteins, the blockage current is minimized when the protein axis is parallel 

to the nanopore axis and maximized when it is perpendicular.  Rewriting Equation 2.6 yields:34 

 

∆𝐼𝑒𝑙𝑙𝑚𝑖𝑛
=  

Λ𝑉𝐴𝛾⊥

𝜌(𝑙𝑝+0.8𝑑𝑝)
2 𝑆 (

𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑑𝑝𝑜𝑟𝑒 
)

3

    

2.8 

∆𝐼𝑒𝑙𝑙𝑚𝑎𝑥
=  

Λ𝑉𝐴𝛾∥

𝜌(𝑙𝑝+0.8𝑑𝑝)
2 𝑆 (

𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑑𝑝𝑜𝑟𝑒 
)

3

       

 

          To calculate the protein volumes, we assume no prior knowledge about the size of the 

measured proteins, and consequently the ratio of protein to nanopore diameter for selection of an 

appropriate correction factor. We used the following iteration method to determine protein 

diameter and volumes. We start by the assumption that the protein diameter is much smaller than 

the nanopore diameter, and S = 1. Protein volume and hydrodynamic radius are calculated, and the 

ratio of protein to nanopore diameter is determined. This first approximation of the ratio of protein 
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to nanopore diameter determines the next value of “S” read from Table 2.2. Then we use this new 

“S” to find the protein volume, hydrodynamic radius, and a new ratio of protein to nanopore 

diameter. This is repeated until the calculated ratio is the same as the ratio from the previous step. 

The protein volume and hydrodynamic radius is determined from this final value of “S”. For the 

proteins described in this work, this algorithm was convergent. Figure 2.7 summarizes this 

algorithm. 

 

          2.2.3.2. Experimental Measurement 

          The extended dwell time also allows detection of smaller signals and smaller proteins as a 

result of a decrease in measurement bandwidth required.  Although detection of small protein have 

been previously described,17 the size of the nanopore constrained to be slightly larger than the of 

the protein, limiting the range of protein sizes detectable in a single experiment.  We used an 18 

nm diameter hydrogel-backed nanopore (pore A) to sense Myoglobin (18 kD), Ovalbumin (44 

kD), and IgG (160 kD) (Figure 2.8).  The excluded volumes of all three proteins were estimated 

using Equation 2.7 for Ovalbumin (253 nm3) and Myoglobin (100 nm3), and Equation 2.8 for 

ellipsoidal IgG (361 nm3) as others have done previously;34,40,41 these are presented in Table 2.3.  

Correction factors from Equation 2.7 and 2.8 were utilized to account for an additional increase in 

nanopore resistance when the particle diameter is comparable with to the nanopore 

diameter.35,37,38,42,43  The correction factors are non-linear functions of the ratio of protein to 

nanopore diameter.  To estimate the correction factors, we used the iterative described above 

without any prior knowledge of the measured protein.  
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Figure 2.7. The iterative algorithm to find the protein volume and hydrodynamic radius RH. 
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Figure 2.8. Measurement of Myoglobin (18 kD), Ovalbumin (44 kD), and IgG (160 kD) (concentrations 1-

5 nM) using the same hydrogel-backed 18 nm diameter nanopore (“Pore A”) for 7, 5, and 10 minutes, 

respectively. Each protein was measured separately with the solutions exchanged between measurements, 

at -60 mV applied voltage.  

  

          For comparison, alongside these numbers we provide literature values of the hydrodynamic 

radii for these proteins measured using Dynamic Light Scattering (DLS) (at pH 7-8) and the 

volume estimated from them. 

           As can be seen from Table 2.3, the volumes obtained from our nanopore measurements at 

pH 10 are all greater than the literature values obtained at pH 7-8.  Factors contributing to this 

include protein adsorption to the pore wall, which can increase the measured blockade amplitudes 

due to off-axis effect by up to 18%, as well as an extended hydration shell around the proteins or 

structural changes at pH 10, due to enhanced negative surface charge of the proteins at higher pH.   
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Table 2.3. Comparison of protein volumes measured using nanopores and dynamic light scattering for IgG, 

Ovalbumin, and Myoglobin  

 Nanopore Dynamic Light Scattering 

Protein Excluded vol. (nm3) Hydrodynamic radius (nm) 
Calculated vol. 

(nm3) 

IgG (pore A) 

IgG (pore B) 

IgG (pore B) 

361 (pH 10) 

376 (pH 10) 

252 (pH 8) 

5.5 (pH 7.4)44 258 

Oval. (pore A) 

Oval. (pore C) 

Oval. (pore C) 

235 (pH 10) 

224 (pH 10) 

197 (pH 8) 

3.3 (pH 7.5)15 150 

Myo. (pore A) 100 (pH 10) 2.4 (pH 7.4)45,46 58 

           

          To investigate effects of pH on current blockade amplitudes and volumes derived from them, 

we repeated the IgG measurements at pH 8 and pH 10 using “Pore B” (23 nm diameter), and 

compared them with Ovalbumin, measured at pH 8 and pH 10 with “Pore C” (12 nm diameter).  

Amplitude histograms for these experiments are shown in Figure 2.9.   

          We observed a significant reduction in the measured currents and volumes derived from 

them for both proteins at pH 8 to pH 10 (Table 2.3).  This effect was greater for IgG which matches 

its larger increase in surface charge (-4e at pH 8 to -103e at pH 10) compared to Ovalbumin (-14e 

at pH 8 to -34e at pH 10).  Table 2.3 also contains volume estimated for Myoglobin at pH 10, 

which is also larger than the value obtained from DLS at pH 7.4.  Myoglobin surface charge 

changes from -1e at pH 8 to -13e at pH 10.  The significant increase in Myoglobin surface charge 

results in structural change and larger hydrodynamic radius,47 with complete unfolding at pH 11.48  

An enhanced hydration shell and partial denaturing of Myoglobin may explain the larger volume 

at pH 10 compared to DLS measurement made at pH 7.4. 
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Figure 2.9. IgG measured at -70 mV applied voltage using a hydrogel-backed 21 nm diameter nanopore in 

2M KCl buffered to (a) pH = 8 and (b) pH = 10 ;  Ovalbumin measured at -70 mV applied voltage using a 

hydrogel-backed 12 nm diameter nanopore in 2 M KCl buffered to (c) pH =8 and (d) pH = 10; 

 

    2.2.4. Detection of Small Proteins 

          We also explored the effective lower limits in protein size detectable by hydrogel-backed 

nanopores.  As the neutral PEG-DMA hydrogel has an antifouling property and sterically interacts 

with translocation proteins, the size of protein relative with respect to the mesh size of the hydrogel 

is an important factor to determine the efficiency of the hydrogel in facilitating protein detection.  

We measured 400 pM poly-L-glutamic acid sodium salt ( ≤ 5.5 kD), which has a hydrodynamic 
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radius of 1.35 nm, smaller than 3.1 nm average mesh size of the PEG-DMA hydrogel.  In the 

absence of hydrogel, no events were detected over 45 minutes at -100 mV applied voltage.  With 

hydrogel present on the trans side of the nanopore, events appeared at frequency of around 0.05 

Hz within 10 minutes following addition of the protein, much less than 1.83 Hz theoretically 

expected.  Although the hydrogel did enable detection of protein below the hydrogel mesh size, 

the observed frequency was much lower than the expected frequency.  We compared the ratio of 

observed versus theoretically expected event rates for 5.5 kD poly-L-glutamic acid sodium salt 

(RH = 1.3 nm), IgG ( RH = 5.6 nm)49, Ovalbumin (RH = 3.3 nm)50, and Myoglobin (RH = 2.4 nm)46 

(Figure 2.10), finding that the ratio of observed to predicted capture rates for IgG, Ovalbumin, and 

Myoglobin are all approximately the same, but drops by over an order of magnitude for poly-L-

glutamic acid sodium salt. 
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Figure 2.10. The ratio of observed to estimated capture rates for IgG (RH =5.6 nm), ovalbumin (RH 

=3.3 nm), and myoglobin (RH =2.4 nm) at -50 mV applied voltage using hydrogel-backed 17-23 

nm diameter nanopores. The ratio of observed to estimated capture rate for poly-L-glutamic 

sodium salt (RH = 1.3 nm) was measured at -90 and -100 mV applied voltage using a hydrogel-

backed 10 nm diameter nanopore. 
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2.3. Conclusion 

          We have found that hydrogel-backed nanopores can detect a wide range of sizes and 

concentrations of unlabeled proteins, down to 5.5 kD or smaller, and 10 fM or lower, respectively.  

Detection of smaller proteins could be enhanced through the use of a hydrogel with smaller mesh 

size, and detection of lower protein concentration enhanced with longer measurement times. 

Unknown protein concentrations may be determined following nanopore calibration. We found 

that a gap between the nanopore chip and the hydrogel may affect the system’s sensitivity, with 

smaller gaps resulting in larger sensitivity. We also found evidence that some proteins escape the 

pore by diffusing against the electric field to the cis chamber. We showed that a single hydrogel-

backed nanopore can detect and distinguish unlabeled 18 kD, 44 kD, and 160 kD proteins, 

indicating the promising potential of this system in quantitative study of unknown protein 

mixtures. We used an iterative algorithm to determine the volume of an unknown protein more 

precisely from blockage current measurements. Measured protein volumes showed pH-dependent 

effects indicating larger hydration shells at higher pH, with this effect increasing with increasing 

protein charge.  
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2.4. Materials and Methods 

Materials: All chemicals were purchased from Sigma-Aldrich at reagent grade and used as 

received. Immunoglobulin gamma (IgG), ovalbumin, and poly-L-glutamic acid sodium were 

purchased from Sigma-Aldrich. Purified myoglobin was generously provided by the Steven 

Jacobsen lab at UCLA. IgG, ovalbumin, and myoglobin were chosen as the common protein 

standards for biological studies.  

 

Nanopore fabrication and hydrogel polymerization: 15 nm thick silicon nitride membranes 

were commercially purchased from Ted Pella Inc.; membranes were PDMS coated and cured for 

several hours at 120°C before use. Silicon nitride membranes were plasma treated for 30 sec, 

mounted in a Teflon fluidic cell, and degassed. Nanopores were formed using dielectric breakdown 

in 2 M KCl, pH 10 at the desired size as previously reported1. PEG-DMA hydrogel solution was 

prepared by mixing 10% (w/v) PEG-1000 Dimethylacrylamide in 2 M KCl, 100 mM Tris-HCl at 

pH 10 (adjusted by HCl and NaOH), 10% (w/v) ammonium persulfide (APS), and 20% (w/v) 

tetramethylethylenediamine (TEMED). Nanopore diameters were determined immediately after 

formation as described previously.2 After formation of a nanopore, electrolyte in the compartment 

on the TEM window side was replaced with PEG-DMA hydrogel solution, and polymerized in-

situ for 10 minutes before nanopore measurement.     

 

Nanopore measurements:  All nanopore measurements were carried out using an Axopatch 200B 

amplifier and Digidata 1440B or 1322A data acquisition at 100 kHz with a 10 kHz hardware low 

pass filter. Nanopore measurements were performed in 2 M KCl, 100 mM Tris-HCl, pH 8-10. At 

least 5 minutes of control measurements were run before protein injection.  In all experiments, the 

hydrogel side (trans) of the nanopore chip was grounded, and protein was injected into the other 

side (cis) to make a final concentration of 1 fM – 2 µM; the cis solution was briefly stirred before 

measurements began with -50 to -100 mV applied (Vcis-Vtrans).    

 

Data analysis: All captured data were analyzed using a MATLAB script as previously reported1. 
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Chapter 3:  Hydrogel-Backed Nanopore as an Ultra-Sensitive 

Protein Detector for Liquid Chromatography 
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3.1. Introduction 

          Studying a complex mixture of native proteins is essential to biology.  A simple, 

reproducible, and powerful approach to studying such mixtures begins with separating various 

groups of proteins from one another by passing a mixture through a liquid chromatographic 

column.  When passing through a column, proteins can be separated into more simplified groups 

based on their size and shape, charge, the hydrophobic groups presented on their surfaces, or their 

binding capacity with a target phase.1–9   

          Introduced by Pharmacia (Sweden) in 1982, protein liquid chromatography (FPLC) became 

a conventional technique to purify or separate fractions of native proteins in a mixture by passing 

the sample through a chromatographic column.2  Chromatographic protein separation is followed 

by the detection and characterization of each fraction of proteins.  Among the typical FPLC 

instruments, UV-Visible detectors (UV-Vis detectors) are the most common detectors used to 

analyze the fractions of proteins that emerge from a column.10  Proteins with the aromatic amino 

acids, tyrosine and tryptophan, in their primary structures can be detected at 280 nm wavelength.11  

Also, amide peptide bonds have strong absorbance at 214 or 220 nm wavelength, enabling protein 

detection at a lower wavelength.  UV-Vis detectors are convenient to use; they are robust, reliable, 

reproducible, and non-destructive in identifying protein fractions.   

          However, a typical UV-Vis detector does not have adequate sensitivity and selectivity in 

detecting and identifying fractions of proteins for advanced proteomic studies.  These detectors 

cannot resolve low concentrations of proteins or differentiate the target proteins in a sample.  To 

improve the sensitivity and selectivity for studying the chromatographic fractions, fluorescence 

and electrochemical detectors are some alternatives; however, they are destructive to protein 

samples, requiring additional sample preparation steps and prior knowledge of the target 
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proteins.12,13   In addition, the acquisition of additional information of the physical properties of 

fractionated proteins is only possible by coupling a UV-Vis detector with more advanced 

instrumentations.  For example, a UV-Vis detector can be coupled with the multi-light scattering 

(ALS) system9,14 or mass spectrometer15,16 to obtain information on the shapes and the molecular 

weight to charge ratios of detected purified fractions of proteins.  However, integrating additional 

techniques with a UV-Vis detector is expensive, not commonly accessible, and technically 

challenging.  Also, UV-Vis, fluorescence, and electrochemical detectors, as well as mass 

spectrometers and multi-light scattering systems, are examples of bulk property protein 

characterization tools; they measure the mean response of protein molecules, and their applications 

are restricted due to their lack of sensitivity to study low abundance proteins, their lack of 

selectivity in identifying co-existing proteins or impurities in one fraction, and their limited 

capability in the comprehensive characterization of protein fractions.    

          A single-molecule analysis of fractions can used as a complementary approach to precisely 

detect, accurately identify, and comprehensively analyze the fractionated proteins being eluted off 

from a chromatographic column.  Among single-molecule measurement techniques, electrical 

nanopore detection has attracted much attention for the real-time identification of native proteins 

in a solution and the characterization of their physical properties.17–32  

This work demonstrates that a nanopore backed with the PEG-DMA hydrogel can be an 

effective, reliable, ultra-sensitive, non-destructive, and easy-to-operate alternative detection 

platform to analyze chromatographic protein fractions, capable of being integrated with a 

chromatographic column.  Using hydrogel-backed nanopores, we resolved and characterized 

FPLC fractionated proteins and compared our findings with the readouts of a standard UV-Vis 

detector.  Our findings exhibited that the hydrogel-backed nanopores have a higher sensitivity and 
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selectivity in protein detection than traditional UV-Vis detectors.  The hydrogel-backed nanopores 

identified proteins at very low concentrations, 100 to 1000 times below the minimum 

concentration detectable by a UV-Vis detector, accurately characterized FPLC fractions, and 

selectively discriminated co-existing species in the same fraction.  In addition, the proposed 

application motivated us to integrate the solid-state nanopores with PDMS microchannels to make 

a fluidic circuit to ease the sample exchange, facilitate fluid manipulation, reduce the dead volumes 

around a nanopore, and make real-time measurements of the column effluents.   

 

3.2. Results and Discussion 

     3.2.1. The Hydrogel-Backed Nanopore as an Ultra-Sensitive platform for 

Characterization of Chromatographic Fractionated Proteins   

          3.2.1.1. Detection of the Chromatographic Fractions by a Hydrogel-Backed Nanopore 

          A mixture of proteins that run through a chromatographic column can be separated into 

simpler fractions.  Each fraction can be specified as the fraction of protein, impurity, or pure buffer.  

We evaluated whether a hydrogel-backed solid-state nanopore can resolve chromatographic 

fractions of proteins, differentiating between multiple fractions of distinct proteins, and also the 

buffer fraction.  We ran a mixture model of T7 RNA polymerase and polypyrimidine tract binding 

protein (PTBP1) solution through an affinity column, collected fractions of effluents, measured 

them with hydrogel-backed nanopores, and compared our results with the UV-Vis readout.   

          PTBP1 is a 60 kD globular RNA-binding protein36, with two main domains connected via a 

flexible linker.37 T7 RNAP is a 100 kD bacteriophage RNA polymerase and cannot interact with 

PTBP1.  Table 3.1 summarizes the properties of these two proteins.  The mixture model was 

prepared by adding the same volume of purified T7 RNA polymerase and PTBP1 with 
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concentrations of 100 and 50 µl / ml, respectively.  Then the solution was run through an affinity 

column to separate individual protein fractions. A FPLC-UV chromatogram of fractions can be 

seen in Figure 1a.  The solid blue line exhibits UV-absorbance at 280 nm.  The first peak included 

the first six fractions containing T7 RNA polymerase, and the second peak, after elution, included 

four fractions of PTBP1.   

Table 3.1. Physical properties of T7 RNAP and PTBP1 

Protein 

Molecular 

Weight (kD) 

Dimension  

(nm x nm x nm) 

Hydrodynamic 

Diameter (nm) 

PI Charge at pH 9 

T7 RNAP 100 7.5 x 7.5 x 6.534 8.1 (pH=8) 35 7 -17 e 

PTBP1 60 7.4 x 6.0 x 6.138 7.4 (pH =7.4) 39 8.67 -3 e 

 

          Following the chromatographic separation, nanopore experiments were conducted using a 

hydrogel-backed 22 nm diameter nanopore in 2 M KCl pH 9 buffer at an applied voltage of -60 

mV.  Three fractions of 3B4, 3C5, and 3C10 containing T7 RNA polymerase, elution buffer, and 

PTBP1, respectively, were diluted 100 times and were separately measured with the exchange of 

buffer solution between experiments.  Following the addition of diluted samples of 3B4 and 3C10, 

events appeared within 20 minutes, and no events were observed after adding a diluted solution of 

fraction 3C5 for more than one hour.  As expected, our hydrogel-backed nanopore was able to 

discriminate protein fractions from the buffer fraction.  Figure 1b shows short current traces of 

elution buffer, T7 RNA polymerase, and PTBP1 nanopore measurements.  Gaussian histograms 

of event amplitudes are shown in Figure 1c for both proteins, confirming the globular shape of 

both proteins.   
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Figure 3.1.  Affinity chromatography to separate T7RNA polymerase and PTBP1 in a binary mixture 

solution a) The UV-Vis detector readout. b) Examples of measured ionic current traces of 3B4, 3C5, and 

3C10 fractions using a hydrogel-backed 22 nm diameter nanopore in 2 M KCl, pH 9 buffer at -60 mV 

applied voltage.   c)  Amplitude histograms of resolved events for T7 RNA polymerase and PBTP1. 
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          Fitting PTBP1 and T7 RNA polymerase histograms to the Gaussian distributions yield a 

most probable amplitude of 462.85±2.62 for T7 RNA polymerase and 345.41±1.36 for PTBP1.  

With the best-fit values of the most probable amplitudes, the excluded volumes of T7 RNAP and 

PTBP1 were estimated to be 228 nm3 and 306 nm3 using the previously described method.33  The 

ratio of estimated volumes is 1.34, in full agreement with the ratio of the reported crystallographic 

dimensions of the two proteins ( = 1.34).  These results indicate that hydrogel-backed nanopores 

can resolve protein fractions as the UV-Vis detector does and also provides more structural 

information about the separated proteins.     

          Further, we measured all fractions of T7 RNA polymerase and PTBP1 using two different 

hydrogel-backed nanopores, and we noticed a lag between UV-Vis chromatogram and the amount 

of proteins in the collected fractions.  Our nanopore measurement indicated the peak maxima at 

3B4 for T7 RNA polymerase (in contrast with 3B3 in the chromatogram), and at 3C10 for PTBP1 

(in contrast with 3C9 in the chromatogram).  Data have not been shown.     

          3.2.1.2. Higher Sensitivity of a Hydrogel-Backed Nanopore to Detect Proteins at 

Extremely Low Concentrations  

          Previously, we have shown that we were able to measure diluted concentrations of proteins 

as low as 10 fM by using a hydrogel-backed nanopore.  Knowing this fact, we compared the 

detectable concentration limits achievable by a hydrogel-backed nanopore and a UV-Vis detector.     

In the first experiment, a high-concentrated mixture of Myoglobin, Ovalbumin, IgG, and 

Thyroglobulin was passed through a size exclusion column, and fractions were collected with a 

fixed volume of 1 ml.  Figure 3.2a is the FPLC-UV chromatogram (Figure 3.2a) which illustrates 

four individual peaks corresponding to the fractionated proteins.  The peak before the 

Thyroglobulin peak contains all of the denatured and aggregated proteins larger in size than 
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Thyroglobulin.  Using a hydrogel-backed 30 nm diameter nanopore, we could not detect 

considerable number of events, as expected.  When the sizes of the particles are bigger that the 

diameter of the nanopore, they cannot pass through the nanopore to be detected.   

          We used the FPLC-UV chromatogram as a reference to determine the fractions of proteins.  

Samples from purified fractions of Myoglobin, Ovalbumin, IgG, and Thyroglobulin were collected 

and measured separately.  After each measurement, the solution was exchanged.  Using a hydrogel-

backed 18 nm diameter nanopore, we separately measured purified fractions of Myoglobin, 

Ovalbumin, and IgG, and using a hydrogel-backed 30 nm diameter nanopore, we separately 

measured IgG and Thyroglobulin fractions.  Event amplitude histograms for each measurement 

are presented in Figures 3.2b and 3.2c. 
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Figure 3.2.  Size-exclusion chromatography to separate Myoglobin (18 kD), Ovalbumin (44 kD), IgG (160 

kD), and Thyroglobulin (660 kD) from a highly concentrated mixture solution a) The UV-Vis detector 

readout.  b) Nanopore measurement of IgG and Thyroglobulin, using a hydrogel-backed 30 nm diameter 

nanopore in 2M KCl, pH 10 buffer at -40 mV applied voltage.    c) Nanopore measurement of Myoglobin, 

Ovalbumin, and IgG, using a hydrogel-backed 18 nm diameter nanopore in 2M KCl, pH 10 buffer at -60 

mV applied voltage.  
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100 times more and ran it through the same column; again, fractions were collected with a fixed 

volume of 1 ml.   However, this time the UV-Vis detector failed to identify fractions of proteins 

(Figure 3.3a).  We explored the collected fractions using hydrogel-backed nanopore biosensors.  

We used the FPLC-UV chromatogram from the first experiment as a reference to pinpoint the 

peaks of fractions of individual proteins for the second experiment.  Then, samples from the 

corresponding protein fractions were collected, and nanopore experiments were conducted to 

measure them.  Before each nanopore measurement, the collected samples were diluted 10 times 

more.  Using a hydrogel-backed 15 nm diameter nanopore, we measured corresponding samples 

from Myoglobin and Ovalbumin fractions, and using a hydrogel-backed 30 nm diameter nanopore, 

we sensed corresponding samples from IgG and Thyroglobulin fractions.  Figures 3.3b and 3.3c 

illustrate the amplitude histograms of detected proteins from Myoglobin, Ovalbumin, IgG, and 

Thyroglobulin fractions, in agreement with the findings of the first measurement.  
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Figure 3.3. Size-exclusion chromatography to separate Myoglobin, Ovalbumin, IgG, and Thyroglobulin 

from a diluted mixture solution a) The UV-Vis detector read-out of fractions of the diluted mixture 

compared to the UV-Vis detector read-out of fractions of the original mixture solution.  b) Nanopore 

measurement of purified fractions of Thyroglobulin and IgG, using a hydrogel-backed 30 nm nanopore in 

2 M KCl , pH 10 buffer at -40 mV applied voltage.  c) Nanopore measurement of purified fractions of 

Myoglobin and Ovalbumin using a hydrogel-backed 15 nm diameter nanopore 2 M KCl, pH 10 buffer at -

60 mV applied voltage.   
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Hydrogel-backed nanopores sensed the existing proteins in the selected fractions; however, UV-

Vis detector could not detect the fractionated proteins. We suspected that the protein 

concentrations in the diluted mixture for the second experiment were below the detection limit of 

our UV-Vis detector.  To support our hypothesis, we estimated the minimum concentrations of 

proteins that can be resolved by our FPLC using Beer’s law (Equation 3.1): 

𝐴 = log (
𝐼

𝐼0
) =  𝜖 𝑙 𝑐  (3.1) 

where A is the absorbance, I0 and I are the intensity of incident and transmitted lights, respectively.  

ε is the molar extinction coefficient of the protein sample, l is the path length of the flow-cell, and 

c is the molar protein concentration. 

          Further, to make the approximation, the path length of the flow-cell was assumed to be 2 

mm (a default value for AKTA FPLC) and the minimum distinguishable absorbance signal (from 

baseline noise) was set to be 5 mAu (absorption unit).  The molar extinction coefficient for proteins 

were calculated from their amino acid sequences using Scripps Institute’s online protein calculator 

v3.4 (http://protcalc.sourceforge.net/).  The obtained concentration value for each protein indicates 

the minimum abundance of the protein that should exist in one fraction to be detected.  However, 

the given concentration of an injected protein into the column was divided among tens of fractions, 

so to find the minimum detectable concentration for each protein that should be injected into the 

column, in our approximation, the obtained minimum detectable concentrations for one fraction 

were multiplied by the number of fractions containing the same protein. Table 3.2 shows the 

minimum concentrations of our measured proteins that should be injected into the column so the 

UV-Vis detector can sense them.  The bigger the proteins are, the higher the extinction coefficients 

are, and consequently, the lower their minimum detectable concentrations are, as can be seen by a 
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comparison between the minimum concentrations that are detectable for our measured proteins.  

Table 3.2 also summarizes the concentrations of the measured proteins in both experiments.   

          As shown in Table 3.2, in our first experiment involving the high-concentrated mixture of 

proteins, all protein concentrations were high above the minimum detectable concentrations by the 

UV-Vis spectrometer. However, in the second experiment with the diluted mixture of proteins, the 

protein concentrations were much lower than the minimum detectable concentration limits for a 

UV-Vis detector, explaining why the detector fails to detect the fractionated proteins.  Also, it 

should be noticed that our nanopore measurements were run on samples with 10 times more 

dilution from the collected fractions of Experiment 2.  These findings demonstrated the superior 

sensitivity of the hydrogel-backed nanopores to study the diluted fractions of proteins over a range 

of pM to nM concentrations.   

 

Table 3.2. Minimum detectable concentrations of measured proteins using UV-Vis detector, and protein 

concentrations in a low and high concentrated mixture   

Protein 

Minimum Detectable Concentrations (µM) Injected Concentrations to the Column. (µM) 

In One Fraction 

# of Fractions 

(Fig. 3.2 a) 

to be Injected Exp. 1 Exp. 2 

Myoglobin 1.75 11 19.25 294 2.94 

Ovalbumin 0.8 13 10.4 227 2.27 

IgG 0.1 16 1.6 63 0.63 

Thyroglobulin 0.07 7 0.49 14 0.14 
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           3.2.1.3. Higher Selectivity of a Hydrogel-Backed Nanopore to Detect Co-Existing 

Proteins in One Fraction 

          Based on affinities between discrete proteins in a mixture and a stationary phase of a 

chromatographic column,  proteins can separate as individuals or as a group of multiple proteins 

into distinct fractions.  Inherently, the UV-Vis detector is not able to specify various species in one 

fraction.  For example, using an FPLC ion-exchange column, we attempted to separate a mixture 

of IgG ( 30 µM) and Ovalbumin (20 µM ) from each other.  At a low ionic strength of 100 mM 

KCl at pH 8, a mixture of negatively charged IgG and Ovalbumin was loaded into a column to 

bind electrostatically to the surface cationic groups of the medium.  The bound proteins can be 

separately washed out in order from the medium by a gradual increase in the salt concentration of 

the running buffer.   As the ionic strength of the running buffer increases, salt ions compete with 

bound proteins for the medium surface charge and displace the proteins to elute and move down 

from the column.  Proteins with less electric charge and less affinity toward the column are the 

first fractions to leave the column, and proteins with a higher surface electric charge that strongly 

bind to the medium desorb from the column at the higher ionic strengths.  To elute IgG and 

Ovalbumin from the column, we increased the salt concentration of the running buffer over 12 

column volumes to the final concentration of 1M KCl.  However, we could not separate IgG and 

Ovalbumin in two distinguishable peaks, and the UV-Vis detector identified only one peak of 

proteins (Figure 3.4a).  A sample from the resolved peak was collected, diluted 100 times, and run 

through a hydrogel-backed 20 nm diameter nanopore.   A histogram of event amplitudes (Figure 

3.4 c) revealed two prominent peaks, indicating the existence of two distinct species within the 

sample.  Using the same nanopore, we measured purified IgG.  The precise overlap of the 

amplitude histogram of IgG (shown in red in Figure 4.4 c) with the second peak of the histogram 



71 
 

of the FPLC sample (blue histogram in Figure 4.4 c) verified the existence of IgG in the resolved 

FPLC fraction.  Therefore, we assumed that the first peak in the blue histogram was the Ovalbumin 

peak.  Also, both the shape of the peak and the ratio of its most probable amplitude in comparison 

to the IgG peak maximum might reconfirm our assumption.   Further, in another experiment, we 

separated a mixture of IgG and Ovalbumin with a higher degree of separation by slowing down 

the replacement rate of ions and applying the salt gradient across 60 column volumes.  Figure 3.4 

b shows the obtained FPLC-UV chromatogram with the main peak containing mostly IgG (-4e at 

pH 8), and the shoulder mainly including Ovalbumin (-14e at pH 8).   

          In our first experiment, IgG and Ovalbumin emerged from a column in one fraction, and the 

UV-Vis detector did not distinguish them.  However, the hydrogel-backed nanopore measurement 

enabled the simultaneous detection and discrimination between IgG and Ovalbumin in the same 

fraction.   The highly selective detection of the hydrogel-facilitated nanopore measurements can 

expand its application to identify possible impurities in the collected fractions. This capability is 

especially pronounced for identifying co-existing impurities that may not have UV absorbance at 

the measured wavelengths. 
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Figure 3.4.  Ion exchange chromatography to separate IgG and Ovalbumin a) The UV-Vis detector read-

out of fractions over 12 column volumes b) The UV-Vis detector read-out of fractions over 60 column 

volumes.  c) Nanopore measurement of the fraction shown in part a, using a hydrogel-backed 20 nm 

diameter nanopore in 2 M KCl, pH 10 buffer at -70 mV applied voltage.  
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     3.2.2. Integrating a Hydrogel-Backed Nanopore with Microchannels   

           So far, we have explored the potential application of the hydrogel-backed nanopore as an 

ultra-sensitive protein detector for liquid chromatography.  Our primary findings indicate that a 

hydrogel-backed nanopore can be an effective substitute for a typical UV-Vis detector with other 

promising applications in proteomic studies.  A much lower concentration detection limit, a higher 

precision in measurement, and a more informative analysis of protein fractions are the main 

features that make the hydrogel-backed nanopore a powerful protein detector to be integrated with 

liquid chromatographic columns.  However, a typical flow-cell utilized in nanopore measurements 

is not applicable for the live and continuous measurement of the huge number of fractions 

emerging from a chromatographic column.   

          A typical flow cell consists of two isolated compartments filled with electrolytes and 

separated by a nanopore.  In these systems, continuously transporting, managing, and manipulating 

fluids to the compartments is impossible, and changing the sample is done manually by an 

operator.  Each time, the operator swaps the previous sample, cleans and rinses the flow cell 

several times, and adds a new sample.  Also, the existence of dead volumes around a nanopore in 

a typical flow cell is another problem.  Dead volumes around the nanopore are not easily reachable, 

so the previous sample cannot be thoroughly cleaned and replaced by a new sample.  As a result, 

cross-contaminations between different runs are inevitable.   

          In addition, previously, we have shown that the proximity of the hydrogel to the pore mouth 

is an indicating factor in determining the hydrogel’s performance in slowing down the proteins; 

smaller gaps lead to a longer dwell time and more effective protein detection.  Elimination of the 

dead volumes around a nanopore enables the hydrogel precursor solution to be replaced entirely 

with the electrolyte around the nanopore, prompting the hydrogel to touch the membrane with a 
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smaller gap after polymerization, improving the detection sensitivity.  Therefore, the improved 

efficacy rendered the Teflon flow cell unnecessary, so we stopped using it.  

          We adjusted the measurement setting for the newly proposed application and integrated the 

nanopores with microchannels.  We mounted the solid-state nanopores between microfluidic 

channels to facilitate the rapid and efficient sample replacement through channels to improve the 

measurement.  Further, through a connecting tube, the outlet valve of a chromatographic column 

can be coupled with the inlet of the top microchannel, making a fluidic circuit to transport samples 

of eluates to the nanopore, enabling real-time and continuous measurements of protein fractions.  

Figure 3.5a schematically illustrates the fluidic circuit between the FPLC and the designed 

microfluidic device. 

           Our PDMS multilayer microfluidic device (Figure 3.5) is made from two identical layers 

corresponding to the cis and the trans compartments at two sides of the membrane, similar to other 

designs of nanopore-based microfluidic devices.40,41  Each layer consisted of a 3 mm PDMS slab 

with a patterned 300 μm wide channel (1 mm height);  A 100 μm thin film of PDMS covered each 

microchannel.  Nanopore fluid access to the channels was punched on the PDMS thin film.   We 

used our device exclusively for nanopore measurements and not the nanopore fabrication due to 

the possibility of generating air bubbles at higher voltages inside the channels.42,43  To run 

hydrogel-nanopore measurements, following the insertion of a pre-fabricated dielectric breakdown 

nanopore between the channels, we chemically polymerized the PEG-DMA hydrogel precursor 

solution in the cis channel at the bottom side of the chip.  
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Figure 3.5.  a) Schematic illustration of interfacing the microfluidic device with a chromatographic 

column for live measurement of effluents.  b) A solid-state nanopore is mounted between two layers of 

microchannels. 
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          We measured IgG protein molecules at 100 pM concentration with a 20 nm diameter 

nanopore backed with a hydrogel-filled channel in 2 M KCl, pH 8 buffer at -70 mV applied 

voltage.  The observed events were long in contrast with the IgG translocation events measured 

using our traditional Teflon flow cell, and the dwell time exponentially increased with increasing 

applied voltages.  Figure 3.6 shows a short trace of IgG measurement.  The extended dwell time 

of IgG events that we measured using the microfluidic device may confirm that eliminating the 

dead volume around a nanopore helps the hydrogel gets closer to the membrane, blocking the exit 

opening of the nanopore to the trans side and forcing the protein molecules to diffuse back through 

the nanopore.    

 

    

 

 

Figure 3.6.  Example of the measured ionic current trace of IgG using a 20 nm diameter nanopore interfaced 

with a hydrogel-filled microchannel in 2M KCl, pH 8 at -70 mV applied voltage  

 

3.3. Summary and Conclusion 

          We demonstrated that a hydrogel-backed nanopore might be an effective substitute for the 

standard UV-Vis detectors used to identify fractions of proteins eluted from a liquid 

chromatographic column for advanced proteomic studies.  We exhibited that hydrogel-backed 

nanopore detectors have higher sensitivity and selectivity in protein detection than the UV-Vis 

detectors traditionally used.  Hydrogel-backed nanopore detectors can resolve proteins at ultra-low 
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concentrations in the pM range (100-1000 times lower than a minimum detectable concentration 

by a standard UV-Vis detector) and discriminate between different species that co-exist in one 

fraction.   

          Further, we altered the conventional nanopore measurement design to make it compatible to 

serve as an FPLC detector. We coupled solid-state nanopores with microchannels to create a fluidic 

circuit from a chromatographic column to a nanopore, facilitating the transport of eluate samples 

to the nanopore for continuous and real-time measurements of fractions being eluted off from the 

column. We aim to continue this work by incorporating the hydrogel-backed nanopore-based 

microfluidic detector with an FPLC instrument and complete our design by live measurement of  

column effluents.      
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3.4. Materials and Methods  

Materials:  All chemicals were purchased from Sigma-Aldrich at reagent grade and used as 

received. Gel filtration standard solution (containing a mixture of Thyroglobulin, IgG, Ovalbumin, 

and Myoglobin) was purchased from Bio-Rad.  The Black lab generously provided T7 RNA 

polymerase and polypyrimidine tract binding protein (PTBP1) at UCLA. 

Nanopore fabrication and hydrogel polymerization inside the conventional Teflon flow-cell: 

15 nm thick silicon nitride membranes were commercially purchased from Ted Pella Inc.; 

membranes were PDMS coated and cured for several hours at 120°C before use. Silicon nitride 

membranes were plasma treated for 30 sec, mounted in a Teflon fluidic cell, and degassed. 

Nanopores were formed using dielectric breakdown in 2 M KCl, pH 10 at the desired size as 

previously reported25. PEG-DMA hydrogel solution was prepared by mixing 10% (w/v) PEG-1000 

Dimethylacrylamide in 2 M KCl, 100 mM Tris-HCl at pH 8-10 (adjusted by HCl and NaOH), 10% 

(w/v) ammonium persulfide (APS), and 20% (w/v) tetramethylethylenediamine (TEMED). 

Nanopore diameters were determined immediately after formation as described previously.44 After 

the formation of a nanopore, the electrolyte in the compartment on the TEM window side was 

replaced with PEG-DMA hydrogel solution and polymerized in-situ for 10 minutes before 

nanopore measurement.     

Nanopore measurements:  All nanopore measurements were carried out using an Axopatch 200B 

amplifier and Digidata 1440B or 1322A data acquisition at 100 kHz with a 10 kHz hardware low 

pass filter. Nanopore measurements were performed in 2 M KCl, 100 mM Tris-HCl, pH 8-10. At 

least 5 minutes of control measurements were run before protein injection.  In all Teflon flow-cell 

experiments, the hydrogel side (trans) of the nanopore chip was grounded, and protein was injected 
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into the other side (cis) to make a final concentration of 100 pM – 10 nM; measurements were run 

at -50 to -70 mV applied voltages (Vcis-Vtrans).    

In all microfluidic experiments, the hydrogel side (cis) of the nanopore chip was grounded, and 

protein was injected into the other side (trans).   

Integrated nanopore-microfluidic device and hydrogel formation inside the microchannel:   

Each 3 mm layer of PDMS (with a patterned microchannel) was fabricated by casting degassed 

PDMS (Sylgard 184 kit, Dow Corning, mixed with 10:1 base to curing agent ratio) on a 3D-printed 

acrylate-based master mold.  The STL file of the master mold was designed on the 3D graphical 

environment of Tinkercad (https://www.tinkercad.com, Autodesk, USA).  Master molds were 3D 

printed by a stereolithography 3D printer (Formlabs Inc.) without any additional setting on the 

program.  A 3D-printed device holder was made to carry and assemble the layers of the device.    

100 μm thin films of PDMS were formed using the floating-on-water fabrication technique as 

previously described.45  Briefly, to fabricate a PDMS thin film, a 20 cm diameter Petri dish was 

filled with 50 mL of pure water, and around 320 mg of PDMS solution was poured onto the water 

surface on a hot plate at 80 ᵒC left for a couple of hours.  Each PDMS layer was permanently 

bonded to a PDMS thin film using air plasma.  To provide nanopore access to fluidic 

microchannels, pores were punched on the thin film surfaces on each assembled layer using a 

biopsy puncher.  The designed microfluidic device is reusable and the support nanopore membrane 

was mounted between assembled layers.  The layers and a membrane were stacked and assembled 

using an external device holder.    

To fill the microchannel with the PEG-DMA hydrogel, following the insertion of a prefabricated 

dielectric breakdown nanopore between the top and bottom layers, the cis channel was filled with 

the hydrogel precursor solution (10% (w/v) PEG-1000 Dimethylacrylamide in 2 M KCl, 100 mM 

https://www.tinkercad.com/
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Tris-HCl at pH 8 HCl + 10% (w/v) ammonium persulfide (APS)+ 20% (w/v) 

tetramethylethylenediamine (TEMED)) to be chemically polymerized.   

 

Data analysis:   All captured data were analyzed using a MATLAB script as previously reported25. 

  



81 
 

3.5. References: 

(1)  Haleem, I. J.; Conrads, T. P.; Janini, G. M.; Veenstra, T. D.; Nci-frederick, S. F. Review 

Methods for Fractionation , Separation and Profiling of Proteins and Peptides. 

Electrophoresis 2002, 23 (17), 3048–3061. 

(2)  Hong, P.; Koza, S.; Bouvier, E. S. P. A Review Size-Exclusion Chromatography for the 

Analysis of Protein Biotherapeutics and Their Aggregates. J. Liq. Chromatogr. Relat. 

Technol. 2012, 35 (20), 2923–2950. https://doi.org/10.1080/10826076.2012.743724. 

(3)  Yaguchi, M.; Rose, D. Chromatographic Separation of Milk Proteins: A Review. J. Dairy 

Sci. 1971, 54 (12), 1725–1743. https://doi.org/10.3168/jds.S0022-0302(71)86106-4. 

(4)  Bond, M. D.; Panek, M. E.; Zhang, Z.; Wang, D.; Mehndiratta, P.; Zhao, H.; Gunton, K.; 

Ni, A.; Nedved, M. L.; Sudhir, B.; Volkin, D. B. Evaluation of a Dual-Wavelength Size 

Exclusion HPLC Method with Improved Sensitivity to Detect Protein Aggregates and Its 

Use to Better Characterize Degradation Pathways of an IgG1 Monoclonal Antibody. J. 

Pharm. Sci. 2010, 99 (6), 2582–2597. https://doi.org/10.1002/jps.22034. 

(5)  Coskun, O. Separation Tecniques: CHROMATOGRAPHY. North. Clin. Istanbul 2016, 3 

(2), 156–160. https://doi.org/10.14744/nci.2016.32757. 

(6)  Madadlou, A.; O’Sullivan, S.; Sheehan, D. Fast Protein Liquid Chromatography. Methods 

Mol. Biol. 2017, 1485, 365–373. https://doi.org/10.1007/978-1-4939-6412-3_19. 

(7)  Snyder, L. R.; Kirkland, J. J.; Dolan, J. W. Introduction to Modern Liquid 

Chromatography; John Wiley and Sons: New York, 2010. 

(8)  Scott, R. P. W. Liquid Chromatography Detectors. Liq. Chromatogr. Anal. 2020, 173–

210. https://doi.org/10.1201/9781482277593-13. 

(9)  Some, D.; Amartely, H.; Tsadok, A.; Lebendiker, M. Characterization of Proteins by Size-

Exclusion Chromatography Coupled to Multi-Angle Light Scattering (Sec-Mals). J. Vis. 

Exp. 2019, 2019 (148), 1–9. https://doi.org/10.3791/59615. 

(10)  Swartz, M. HPLC Detectors: A Brief Review. J. Liq. Chromatogr. Relat. Technol. 2010, 

33 (9–12), 1130–1150. https://doi.org/10.1080/10826076.2010.484356. 

(11)  Stepanchenko, N. S.; Novikova, G. V.; Moshkov, I. E. Protein Quantification. Russ. J. 

Plant Physiol. 2011, 58 (4), 737–742. https://doi.org/10.1134/S1021443711040182. 

(12)  Chan, K. C.; Veenstra, T. D.; Issaq, H. J. Comparison of Fluorescence, Laser-Induced 

Fluorescence, and Ultraviolet Absorbance Detection for Measuring HPLC Fractionated 

Protein/Peptide Mixtures. Anal. Chem. 2011, 83 (6), 2394–2396. 

https://doi.org/10.1021/ac1032462. 

(13)  Chou, C. C.; Lin, S. P.; Lee, K. M.; Hsu, C. T.; Vickroy, T. W.; Zen, J. M. Fast 

Differentiation of Meats from Fifteen Animal Species by Liquid Chromatography with 

Electrochemical Detection Using Copper Nanoparticle Plated Electrodes. J. Chromatogr. 

B Anal. Technol. Biomed. Life Sci. 2007, 846 (1–2), 230–239. 

https://doi.org/10.1016/j.jchromb.2006.09.006. 



82 
 

(14)  Amartely, H.; Avraham, O.; Friedler, A.; Livnah, O.; Lebendiker, M. Coupling Multi 

Angle Light Scattering to Ion Exchange Chromatography (IEX-MALS) for Protein 

Characterization. Sci. Rep. 2018, 8 (1), 1–9. https://doi.org/10.1038/s41598-018-25246-6. 

(15)  Ben M’Barek, S.; Cordewener, J. H. G.; Tabib Ghaffary, S. M.; van der Lee, T. A. J.; Liu, 

Z.; Mirzadi Gohari, A.; Mehrabi, R.; America, A. H. P.; Robert, O.; Friesen, T. L.; 

Hamza, S.; Stergiopoulos, I.; de Wit, P. J. G. M.; Kema, G. H. J. FPLC and Liquid-

Chromatography Mass Spectrometry Identify Candidate Necrosis-Inducing Proteins from 

Culture Filtrates of the Fungal Wheat Pathogen Zymoseptoria Tritici. Fungal Genet. Biol. 

2015, 79, 54–62. https://doi.org/10.1016/j.fgb.2015.03.015. 

(16)  Collins, L. A.; Mirza, S. P.; Kissebah, A. H.; Olivier, M. Integrated Approach for the 

Comprehensive Characterization of Lipoproteins from Human Plasma Using FPLC and 

Nano-HPLC-Tandem Mass Spectrometry. Physiol. Genomics 2010, 40 (3), 208–215. 

https://doi.org/10.1152/physiolgenomics.00136.2009. 

(17)  Plesa, C.; Ruitenberg, J. W.; Witteveen, M. J.; Dekker, C. Detection of Individual Proteins 

Bound along DNA Using Solid-State Nanopores. Nano Lett. 2015, 15 (5). 

https://doi.org/10.1021/acs.nanolett.5b00249. 

(18)  Freedman, K. J.; Haq, S. R.; Fletcher, M. R.; Foley, J. P.; Jemth, P.; Edel, J. B.; Kim, M. 

J. Nonequilibrium Capture Rates Induce Protein Accumulation and Enhanced Adsorption 

to Solid-State Nanopores. ACS Nano 2014, 8 (12), 12238–12249. 

https://doi.org/10.1021/nn5062645. 

(19)  Zhang, Y.; Zhao, J.; Si, W.; Kan, Y.; Xu, Z.; Sha, J.; Chen, Y. Electroosmotic Facilitated 

Protein Capture and Transport through Solid-State Nanopores with Diameter Larger than 

Length. Small Methods 2020, 4 (11), 1–8. https://doi.org/10.1002/smtd.201900893. 

(20)  Ananth, A.; Genua, M.; Aissaoui, N.; Díaz, L.; Eisele, N. B.; Frey, S.; Dekker, C.; 

Richter, R. P.; Görlich, D. Reversible Immobilization of Proteins in Sensors and Solid-

State Nanopores. Small 2018, 14 (18), 1–11. https://doi.org/10.1002/smll.201703357. 

(21)  Li, W.; Bell, N. A. W.; Hernández-Ainsa, S.; Thacker, V. V.; Thackray, A. M.; Bujdoso, 

R.; Keyser, U. F. Single Protein Molecule Detection by Glass Nanopores. ACS Nano 

2013, 7 (5), 4129–4134. https://doi.org/10.1021/nn4004567. 

(22)  Cressiot, B.; Oukhaled, A.; Patriarche, G.; Pastoriza-Gallego, M.; Betton, J. M.; Auvray, 

L.; Muthukumar, M.; Bacri, L.; Pelta, J. Protein Transport through a Narrow Solid-State 

Nanopore at High Voltage: Experiments and Theory. ACS Nano 2012, 6 (7), 6236–6243. 

https://doi.org/10.1021/nn301672g. 

(23)  LIU, Y.; YAO, X. F.; WANG, H. Y. Protein Detection Through Single Molecule 

Nanopore. Chinese J. Anal. Chem. 2018, 46 (6), e1838–e1846. 

https://doi.org/10.1016/S1872-2040(18)61093-X. 

(24)  Kong, J.; Bell, N. A. W.; Keyser, U. F. Quantifying Nanomolar Protein Concentrations 

Using Designed DNA Carriers and Solid-State Nanopores. Nano Lett. 2016, 16 (6), 3557–

3562. https://doi.org/10.1021/acs.nanolett.6b00627. 

(25)  Acharya, S.; Jiang, A.; Kuo, C.; Nazarian, R.; Li, K.; Ma, A.; Siegal, B.; Toh, C.; 



83 
 

Schmidt, J. J. Improved Measurement of Proteins Using a Solid-State Nanopore Coupled 

with a Hydrogel. ACS Sensors 2020, 5, 370–376. 

https://doi.org/10.1021/acssensors.9b01928. 

(26)  Soni, G. V.; Dekker, C. Detection of Nucleosomal Substructures Using Solid-State 

Nanopores. Nano Lett. 2012, 12 (6), 3180–3186. https://doi.org/10.1021/nl301163m. 

(27)  Ananth, A.; Genua, M.; Aissaoui, N.; Díaz, L.; Eisele, N. B.; Frey, S.; Dekker, C.; 

Richter, R. P.; Görlich, D. Reversible Immobilization of Proteins in Sensors and Solid-

State Nanopores. Small 2018, 14 (18). https://doi.org/10.1002/smll.201703357. 

(28)  Freedman, K. J.; Haq, S. R.; Edel, J. B.; Jemth, P.; Kim, M. J. Single Molecule Unfolding 

and Stretching of Protein Domains inside a Solid-State Nanopore by Electric Field. Sci. 

Rep. 2013, 3, 1–8. https://doi.org/10.1038/srep01638. 

(29)  Oukhaled, A.; Cressiot, B.; Bacri, L.; Pastoriza-Gallego, M.; Betton, J. M.; Bourhis, E.; 

Jede, R.; Gierak, J.; Auvray, L.; Pelta, J. Dynamics of Completely Unfolded and Native 

Proteins through Solid-State Nanopores as a Function of Electric Driving Force. ACS 

Nano 2011, 5 (5), 3628–3638. https://doi.org/10.1021/nn1034795. 

(30)  Larkin, J.; Henley, R. Y.; Muthukumar, M.; Rosenstein, J. K.; Wanunu, M. High-

Bandwidth Protein Analysis Using Solid-State Nanopores. Biophys. J. 2014, 106 (3), 696–

704. https://doi.org/10.1016/j.bpj.2013.12.025. 

(31)  Hu, R.; Rodrigues, J. V.; Waduge, P.; Yamazaki, H.; Cressiot, B.; Chishti, Y.; Makowski, 

L.; Yu, D.; Shakhnovich, E.; Zhao, Q.; Wanunu, M. Differential Enzyme Flexibility 

Probed Using Solid-State Nanopores. ACS Nano 2018, 12 (5), 4494–4502. 

https://doi.org/10.1021/acsnano.8b00734. 

(32)  Freedman, K. J.; Bastian, A. R.; Chaiken, I.; Kim, M. J. Solid-State Nanopore Detection 

of Protein Complexes: Applications in Healthcare and Protein Kinetics. Small 2013, 9 (5), 

750–759. https://doi.org/10.1002/smll.201201423. 

(33)  Nazarian, R.; Lee, E.; Siegel, B.; Kuo, C.; Acharya, S.; Schmidt, J. Quantitative 

Measurements of Protein Volume and Concentration Using Hydrogel-Backed Nanopores. 

ACS Sensors 2021. https://doi.org/10.1021/acssensors.1c00284. 

(34)  Sousa, R.; Chung, Y. J.; Rose, J. P.; Wang, B. C. Crystal Structure of Bacteriophage T7 

RNA Polymerase at 3.3 Å Resolution. Nature 1993, 364 (6438), 593–599. 

https://doi.org/10.1038/364593a0. 

(35)  Tong, X.; Hu, R.; Li, X.; Zhao, Q. Probing Conformational Change of T7 RNA 

Polymerase and DNA Complex by Solid-State Nanopores. Chinese Phys. B 2018, 27 (11). 

https://doi.org/10.1088/1674-1056/27/11/118705. 

(36)  Monie, T. P.; Hernandez, H.; Robinson, C. V.; Simpson, P.; Matthews, S.; Curry, S. The 

Polypyrimidine Tract Binding Protein Is a Monomer. Rna 2005, 11 (12), 1803–1808. 

https://doi.org/10.1261/rna.2214405. 

(37)  Domains, T. H. E.; Polypyrimidine, O. F.; Binding, T.; Distinct, H.; Structural, R. N. a. 

The Domains of Polypyrimidine Tract Binding Protein. Biochemistry 2010, 48 (10), 

2063–2074. https://doi.org/10.1021/bi8016872.THE. 



84 
 

(38)  Joshi, A.; Coelho, M. B.; Kotik-Kogan, O.; Simpson, P. J.; Matthews, S. J.; Smith, C. W. 

J.; Curry, S. Crystallographic Analysis of Polypyrimidine Tract-Binding Protein-Raver1 

Interactions Involved in Regulation of Alternative Splicing. Structure 2011, 19 (12), 

1816–1825. https://doi.org/10.1016/j.str.2011.09.020. 

(39)  Rees, M.; Gorba, C.; Chiara, C. De; Bui, T. T. T.; Garcia-maya, M.; Drake, A. F.; 

Okazawa, H.; Pastore, A.; Svergun, D.; Chen, Y. W. Solution Model of the Intrinsically 

Disordered Polyglutamine Tract-Binding. Biophysj 2012, 102 (7), 1608–1616. 

https://doi.org/10.1016/j.bpj.2012.02.047. 

(40)  Roman, J.; Jarroux, N.; Patriarche, G.; Franc, O.; Pelta, J.; Le, B.; Bacri, L.; 

Nanosciences, C. De; Nanotechnologies, D.; Paris-sud, U.; Paris-saclay, U.; Marcoussis, 

C. N. Functionalized Solid-State Nanopore Integrated in a Reusable Micro Fl Uidic 

Device for a Better Stability and Nanoparticle Detection. 2017. 

https://doi.org/10.1021/acsami.7b14717. 

(41)  Roman, J.; Franc, O.; Jarroux, N.; Patriarche, G.; Pelta, J.; Bacri, L.; Le, B. Solid-State 

Nanopore Easy Chip Integration in a Cheap and Reusable Micro Fl Uidic Device for Ion 

Transport and Polymer Conformation Sensing. 2018. 

https://doi.org/10.1021/acssensors.8b00700. 

(42)  Dong, M.; Tang, Z.; He, X.; Guan, W. Direct Observation of Redox-Induced Bubble 

Generation and Nanopore Formation Dynamics in Controlled Dielectric Breakdown. ACS 

Appl. Electron. Mater. 2020, 2 (9), 2954–2960. https://doi.org/10.1021/acsaelm.0c00576. 

(43)  Turner, I. S.; Us, W. A.; Flusberg, B.; Us, G. A. ( 12 ) United States Patent. 2017, 2 (12). 

(44)  Kowalczyk, S. W.; Grosberg, A. Y.; Rabin, Y.; Dekker, C. Modeling the Conductance and 

DNA Blockade of Solid-State Nanopores. Nanotechnology 2011, 22 (31), 1–5. 

https://doi.org/10.1088/0957-4484/22/31/315101. 

(45)  Kim, D.; Kim, S. H.; Park, J. Y. Floating-on-Water Fabrication Method for Thin 

Polydimethylsiloxane Membranes. Polymers (Basel). 2019, 11 (8). 

https://doi.org/10.3390/polym11081264. 

 



85 
 

Chapter 4:  Hydrogel-backed Lipid Coated Nanopores 
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4.1. Introduction 

          Chapter 2 and chapter 3 of this dissertation have mainly focused on the promising 

capabilities of a hydrogel-backed nanopore to serve as an ultra-sensitive protein detector.  We 

demonstrated that using hydrogel-backed nanopores, we could identify low-concentrated proteins 

and quantify protein shapes, volumes, and concentrations by statistical analysis of hundreds to 

thousands of protein translocation events.  In this approach, the maximum value of the ionic current 

blockades from each translocation event is determined, and the distribution of maximum 

amplitudes is used to estimate protein shapes and volumes, as discussed in Chapter 2.  

          In addition to a population of translocation events, a single protein translocation event can 

be decoded to extract enriched information on the shape, volume, charge, dipole moment, and 

rotational diffusion constant of a protein.  Upon application of an external electric field across a 

nanopore, a translocating spheroid protein inside the pore can rotate and distort the electric field 

to various extents, depending on its orientation relative to the electric field, resulting in fluctuations 

in the measured ionic current blockades.1  The current blockade is at its maximum when the protein 

is in its extreme crosswise orientation and is at its minimum when the protein is in its extreme 

lengthwise direction.   A non-charged spheroid protein can freely rotate, randomize different 

directions, and almost equally sample extreme lengthwise and extreme crosswise orientations.  In 

this case, the probability distribution of protein orientations is a symmetrical bimodal distribution 

with two maxima corresponding to the extreme lengthwise and crosswise orientations.   

          However, in the uniform electric field inside a nanopore, a charged spheroid protein with a 

permanent dipole moment experiences a torque that tends to align it in the direction of the electric 

field.  As a result, the protein cannot randomize different orientations anymore, and the likelihood 

of sampling different directions gets biased by the potential energy of protein dipole moment in 



87 
 

the uniform electric field inside a nanopore.  In the case of a protein with an electrical dipole 

moment, the probability distribution of orientations is an asymmetric skewed bimodal distribution 

due to the competition between the Brownian diffusional rotation and electrical torque that tends 

to align the protein in a particular orientation.   

          Therefore, the distribution of the ionic current modulations of a translocating protein reflects 

its size, extreme orientations, and dipole moment and can be very informative.  The peak minimum 

and the peak maximum of the ionic current distribution determine the protein shape and volume.1–

3  Also, the skewness and kurtosis of the ionic current distribution determine the protein charge 

and dipole moment.1  The protein rotational diffusion coefficient can be determined by monitoring 

the time-dependence of the current modulation of a single translocation event.      

          However, the intra-event ionic current analysis is challenging mainly due to the short 

residence time of a protein inside a nanopore and finite resolution of the amplifiers to resolve ionic 

current modulations of a rotating protein.   To sample all orientation-dependent current distribution 

values, a protein molecule should stay sufficiently long inside a nanopore.  However, only a small 

fraction of the total number of events (<< 1%) are long enough to be selected for intra-event 

analysis due to the fast translocation of proteins through the nanopore.4  Also, conventional 

recording systems with a resolution of 20 µs do not have enough resolution to resolve all 

orientation-dependent current modulations of a rotating protein.  Typically, proteins rotate at a rate 

of  105 – 106 rad2/s in the confined space of a nanopore2, equivalent to a  less than 10 µs transition 

from the extreme lengthwise to the extreme crosswise direction, much below the temporal 

resolution of the conventional amplifiers.  As a result, the accuracy in intra-event ionic current 

blockade analysis strongly relies on the number, duration, and bandwidth of individual pulses; 2  
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the greater number of events with sufficiently long dwell times and low signal-to-noise ratios 

enables a more precise approximation of the physical parameters of the proteins.     

          Another challenge in precisely analyzing intra-event ionic current modulation arises from 

non-specific surface interactions between proteins and nanopores.   The non-specific interactions 

in nanopore systems can prevent electric-field-induced rotation and translocation of proteins inside 

the nanopore and interfere with the obtained results.5,6 To control the nanopore surface charge and 

physicochemical properties, various chemical and physical surface modification techniques have 

been investigated extensively, including atomic layer deposition of metal oxides,7–10 surfactant 

coatings,5,11 modifications with anti-fouling polymers and polyethylene glycol (PEG),12–14 

salinization,15–18 monolayer self-assembly of thiol on gold,19,20 and fluid lipid bilayer coating.1,6,21  

Among coating methods, fluid lipid-bilayer coating has been shown to be the most efficient 

approach to prevent non-specific adsorption and interaction of proteins to the pore wall, allowing 

artifact-free translational and rotational motion of proteins inside a nanopore.   

          Intra-event ionic current blockade analysis is complex, but in a few research works, intra-

event ionic current analysis of individual translocation events has been used to study protein 

properties.  Yusko and coworkers1,6 used the bio-inspired technique for coating a nanopore with a 

fluidic lipid bilayer and tethered the target proteins to the bilayer. They have shown that the 

translocation velocity of the tethered proteins is dominated by the in-plane diffusion constant of 

the lipids and reduced by two order magnitudes, which results in long and time-dependent 

blockade currents, and enables a quantitative determination of the shape, volume, dipole moment, 

charge, and rotational diffusion constant of proteins. However, in this technique, a target protein 

had to be attached to a lipid anchor ligand embedded in the bilayer, which required prior 

knowledge about a target protein.  Later, Houghtaling and coworkers2 utilized the high bandwidth 
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amplifier at 500 kHz combined with the low noise lipid-bilayer coated nanopores to determine the 

volume, shape, and dipole moment of native and label-free proteins (larger in size than 40 kD) in 

a solution at high µM ranges of concentrations.  Still, they observed considerable uncertainty in 

the estimated parameters.   

          Here, we demonstrated that integrating lipid-bilayer coated nanopores with a hydrogel is a 

suitable platform for acquiring artifact-free and long protein translocation events for the accurate 

intra-event ionic current analysis and extraction of enriched information on biased Brownian 

translational and rotational dynamics of proteins in the uniform electric field inside a nanopore.  

The presence of the hydrogel extends the residence time of proteins inside a nanopore, enabling 

accurate and ultra-sensitive protein detection.22 The surface lipid-bilayer coating of a nanopore 

minimizes edge effects and non-specific interactions between a nanopore and proteins, allowing 

artifact-free electric-field-induced rotation of protein molecules.  In addition, we introduced a 

straightforward protocol to lipid-coat the nanopores without pretreatment of nanopore surfaces due 

to the unique surface chemistry of dielectric breakdown nanopores.23  Using hydrogel-backed 

lipid-bilayer coated nanopores, we measured IgG, Ovalbumin, and gold nanoparticles (5 nm 

diameter) and determined their volumes from single translocation events with lower uncertainty 

compared to previous studies.  Further, we observed higher applied voltages increased the 

probability of IgG alignment. We determined the volume and the length-to-diameter ratio of IgG 

molecules at different applied voltages and noticed an expansion in the conformation of IgG 

molecules with an increase in the voltage.    
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4.2.Results and Discussion 

4.2.1. Lipid-Bilayer Coating of Dielectric Break-down Nanopores 

          To create a lipid-bilayer coating on the pore surface, immediately after dielectric breakdown 

nanopore formation, we added a solution of suspension of 1-palmitoyl-2-oleoyl-glycerol-3-

phosphocholine (POPC) unilamellar liposomes at 10 mM concentration to the cis side of the 

membrane as described by other studies.1,2,6,21  The fusion of liposomes on the surface of a 

nanopore forms a lipid-bilayer coating, changing the dimension of the nanopore;  the nanopore 

diameter reduces, and its length increases by the thickness of the bilayer and the thickness of the 

interstitial water layer between the fluidic bilayer and the wall of the pore1,6,14,24,25. Figure 4.1a 

schematically represents the change in the nanopore dimensions, and Equations 4.1 and 4.2 express 

the shift in the nanopore conductance before and after lipid coating6,26: 

𝐺 𝑏𝑒𝑓𝑜𝑟𝑒 = 𝜎(
 𝑙𝑝

𝜋 𝑟𝑝
2

+
1

2 𝑟𝑝
)−1  (4.1) 

𝐺 𝑎𝑓𝑡𝑒𝑟 = 𝜎(
 𝑙𝑝 + 2𝑑 + 2𝑊𝐿

𝜋 ( 𝑟𝑝 − 𝑑 − 𝑊𝐿)
2 +

1

2 ( 𝑟𝑝 − 𝑑 − 𝑊𝐿)
)−1  (4.2) 

where 𝜎 is the conductance of the buffer, 𝑙𝑝 and 𝑟𝑝are the length and diameter of the nanopore, 𝑑 

is the thickness of the lipid bilayer, and 𝑊𝐿is the thickness of the interstitial water layer between 

the bilayer and the wall of the pore.   

          As an example, we measured the ionic current of the nanopores before and after the 

lipid coating procedure for four nanopores. As expected, we have observed a significant 

reduction in nanopore conductance after lipid coating.  We plotted the nanopore conductance 

after lipid coating as a function of the conductance before coating (blue diamonds in Figure 

4.1b). We also analytically calculated the expected change in the nanopore conductance 
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before and after lipid coating based on Equations 4.1 and 4.2, shown by a dashed red line in 

Figure 4.2b.   
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Figure 4.1.  Lipid coated nanopore a) Schematic illustration of changes in nanopore diameter and length 

after lipid-bilayer coating. b) Analysis of 4 used nanopore properties before and after lipid coating 

modification: nanopore conductivities after lipid coating as a function of conductivities before coating. c) 

nanopore noise power spectrum before and after lipid coating. d) lipid-coated nanopore power spectrum 

before and after interfacing with the PEG-DMA hydrogel.  

Power Spectrum
C:\schmidt lab\lipid coating\1-22-20\ordered data\after 1.abf

Frequency (Hz)

0.1 1 10 100 1000 10000 100000

A
m

p
li
tu

d
e

 (
p

A
²
 /
 H

z
)

1e-5

1e-4

0.001

0.01

0.1

1

10

100

1000

                       Nanopore before lipid coating  
Nanopore after Lipid Coating 

Without hydrogel 

With hydrogel 



92 
 

We compared our experimental observations with analytical expectations; we found a deviation of 

less than 25% from the theoretically expected values, which is in fair agreement with previous 

studies on the observed reduction in the nanopore conductance by a stable lipid bilayer coating.25                  

          In addition, we have not noticed any significant changes in the baseline noise of the nanopore 

after lipid coating, consistent with previously reported studies.6,24  The power spectrum analysis 

of a nanopore before and after lipid coating is shown in Figure 4.1 c.     

 

4.2.2. Interfacing a Lipid-Bilayer Coated Nanopore with The PEG-DMA Hydrogel 

                We interfaced a lipid-coated nanopore with the hydrogel by polymerizing the PEG-

DMA hydrogel precursor solution on the trans side of the membrane.   Typically, after hydrogel 

polymerization, we have observed an increase in the baseline noise of the ionic current (Figure 

4.1d); the increase level varies between different experiments.          

          We evaluated if the presence of the hydrogel at the trans side of a lipid-coated nanopore 

would slow down the proteins.  We measured IgG at 100 pM concentration using a 21 nm diameter 

lipid-coated nanopore in 2 M KCl, pH 10 buffer at -50 mV applied voltage with and without the 

presence of the hydrogel.  Without the hydrogel, we did not observe any translocation events over 

30 minutes. We swapped the sample, cleaned and rinsed the flow cell, and repeated the experiment 

using the same lipid-coated nanopore but with the presence of the hydrogel at the trans side of the 

membrane.  Following the control experiment, IgG was added to the cis chamber at 100 pM 

concentration, and translocation events appeared at the frequency of 0.16 Hz.  Figure 4.2 shows a 

short trace of current measurements with and without the presence of the hydrogel at an applied 

voltage of -50 mV.   
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Figure 4.2. IgG measurement using a 21 nm diameter lipid-coated nanopore in 2 M KCl, pH 10 buffer at -

50 mV applied voltage. a) the ionic current trace of 100 pM IgG measurement using the lipid-coated 

nanopore without the hydrogel b) the ionic current trace of the lipid-coated nanopore interfaced with the 

hydrogel as a control experiment. c)   the ionic current trace of 100 pM IgG measurement using the same 

lipid-coated nanopore interfaced with the hydrogel. 

 

     4.2.3. Analysis of Single Translocation Events  

          As we discussed earlier, the protein shape and volume can be estimated by analyzing the 

intra-event ionic current modulations.  We interfaced the hydrogel with a lipid-coated nanopore to 

enhance the resolvability of various protein orientations.  Having the hydrogel at the distal side of 

a membrane slows down the proteins and increases their residence time inside the nanopore to 

repeat the rotation cycles more and more, which may increase the chance of detecting missed 

orientations.  Using hydrogel-backed bilayer-lipid coated nanopores, we sensed 0.1-1 nM purified 

IgG, Ovalbumin, and 5nm diameter gold nanoparticles at 2M KCl, pH 8 buffer.  Figure 4.3 

represents examples of measured ionic current traces of single translocation events of IgG, 

Ovalbumin, and spherical gold nanoparticles.   Also, from each trace, an event was selected to 
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make a histogram of the current distribution.  Alongside each trace, the concatenated histogram 

from individually analyzed intra-event ionic current distributions was illustrated.  The 

concatenated histograms of all analyzed single translocation events were used to show the mean 

behavior of the single translocation events statistically.   
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c) 5nm Diameter Gold Nanoparticles, dlipid-coated nanopore= 13 nm, applied voltage = -100 mV 

 

  

Figure 4.3.  Short ionic current traces of measured nanoparticles using hydrogel-backed lipid-coated nanopores at 2M KCl, pH 8; alongside each short trace, the 

ionic current amplitude histogram of the selected event and the mean histogram from concatenation of 20 single event histograms were illustrated: a) measured IgG 

current trace using 21 nm lipid-coated nanopore at -70 mV applied voltage, b) measured Ovalbumin current trace using 12 nm lipid-coated nanopore at -100 mV 

applied voltage, c) measured gold nanoparticle current trace using 13 nm lipid-coated nanopore at -100 mV applied voltage.  The red curve is the best-fit Gaussian 

distribution to determine the peak maxima of ionic current histograms.        
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          4.2.3.1 Volume Estimation from Single Translocation Events           

          The scatter plot in Figure 4.4 represents the estimated volumes of IgG, Ovalbumin, and gold 

nanoparticles from individual translocation events from the measurements shown in Figure 4.3.  

The median volume for each cluster of data was calculated from the concatenated histogram of all 

the corresponding single translocation events.  The calculated volumes of IgG (~ 270 nm3), 

Ovalbumin (~ 172 nm3), and gold nanoparticles (~ 127 nm3) are within reasonable agreement 

compared to previously reported values.3  The volumes estimated based on Dynamic Light 

Scattering (DLS) measurements are to be 258 nm3 for IgG, 150 nm3 for Ovalbumin, and 110 nm3 

for gold nanoparticles at physiological pH.   
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Figure 4.4. Estimated volumes of IgG (dlipid-coated naopore = 21 nm, Vapplied = -70 mV), Ovalbumin (dlipid-coated 

naopore = 12 nm, Vapplied = -100 mV), and gold nanoparticles (dlipid-coated naopore = 13 nm, Vapplied = -100 mV) 

from individual translocation events using lipid-coated nanopores interfaced with the hydrogel in 2M 

KCl, pH 8 buffer. 
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          4.2.3.2. IgG Alignment in The Direction of The Electric Field          

          The electric force inside a nanopore applies a torque that tends to align the dipole moment 

of a protein in the direction of the electric field.  On the other hand, Brownian diffusional forces 

tend to randomize the orientation of a protein.  The competing effect between these forces 

determines the orientation distribution of a protein inside a nanopore.  At higher applied electrical 

potentials, the electric force dominates, and the alignment probability of a protein in a particular 

direction of the electric field goes up. 

          To observe the protein alignment in the direction of the electric field, we measured IgG at 

various voltages.  IgG has a dipole moment parallel to its symmetry axis.1  The IgG molecule fully 

aligned with the electric field is directed to the orientation that corresponds to its extreme 

lengthwise.  It is expected that increasing the external electric field increases the probability of the 

extreme lengthwise orientation and decreases the probability of being in the extreme crosswise 

direction.  We analyzed individual intra-event ionic current blockades and concatenated the 

individual histograms to compare the mean alignment probability of IgG in the electric field 

direction at different voltages.  To quantify the effect of the electric field, at each voltage we 

estimated the ratio of the orientation probability at the extreme lengthwise to the extreme 

crosswise.   Figure 4.5 illustrates the orientation-dependent ionic current distribution of the 

concatenated histograms of single events at different applied voltages of -40, -60, and -80 mV with 

the estimated alignment probability at each voltage.  We fitted the obtained distributions to the 

convolution model developed by Yusko and coworkers1 based on the rotation of non-spherical 

proteins in the uniform electric field and estimated the dipole moment to be 325±25 D.  There are 

no reported values of dipole moment for the sample of IgG we measured in our experiment by 

other approaches.  The dipole moment of proteins varies in a broad range from tens to thousands 



99 
 

Debye, and the average dipole moment is 550 D.   It should be noticed that our calculated IgG 

dipole moment was estimated from IgG measurements at a relatively high ionic strength provided 

by the 2 M KCL buffer.  For a buffer with a high salt concentration, the protein dipole moment is 

effectively screened, resulting in an inaccurate estimation.27,28 Usually, the dipole moments of 

proteins are measured using very diluted buffers with low ionic strength to avoid ion interference.  

However, using the same method, Yusko and coworkers calculated the dipole moment of 

monoclonal anti-biotin IgG to be 816±80 D in 2 M KCL, in full agreement with their measurement 

at very diluted buffer using dielectric impedance spectroscopy.1   
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Figure 4.5. IgG orientation-dependent ionic current blockade distributions alongside with the alignment 

probability at the concentration of 5 nM in 2 M KCl, pH 8 buffer at the applied voltages of -40, -60, and -

80 mV.  Red curves are the best bimodal Gaussian fit to determine the peak maximum and the minimum. 

 

          4.2.3.3. The Shape and Volume Determination of IgG as a Function of Applied           

Voltage 

          Further, we determined the volume and the diameter-to-length ratio of IgG from single 

translocation events longer than 500 µs at -40, -60, and -80 mV.  Figure 4.6a and b illustrate the 

estimated volumes and length-to-diameter ratios of IgG at different voltages.  As shown in the 

figure, the estimated volume and length-to-diameter increased by increasing the applied voltage, 

suggesting that the protein was getting rounder.  We can think of several possibilities that may 

explain the slight change in IgG volume: (1) the unfolding of IgG molecules (2) deformation of 

the hydration shell surrounding IgG molecules (3) IgG conformational change induced by the 

stronger electric field intensity.   

          To further investigate which scenario occurred in our experimental setup, we explored 

whether we could observe the same effect for other nanoparticles by increasing the voltage.  We 

repeated the experiment and measured gold nanoparticles and Ovalbumin at different electric 

potentials; however, we have not observed significant changes in their estimated volumes 

measured at different voltages (Figure 4.6 a and b).  At pH 8, Ovalbumin (-14 e) has a higher 

surface negative charge than IgG (-4e), and at more intense electric fields, it feels a stronger 

electrophoretic force; however, at the higher voltages of -80 and -100 mV, we did not observe any 

evidence of unfolding the protein or a deformation of the surrounding hydration shell.   Therefore, 

we ruled out unfolding possibilities of IgG molecules and the deformation of the surrounding 

hydration shell.       
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Figure 4.6.  Estimated parameters a) volumes, and b) the length-to-diameter ratio from individual single 

translocation events of: IgG using a hydrogel-backed 26 nm diameter lipid-coated nanopore at -40, -60, and 

-80 applied voltages, Ovalbumin using a hydrogel-backed 12 nm diameter lipid-coated nanopore at -60, -

80, and -100 mV applied voltages, and 5nm diameter gold nanoparticles using a hydrogel-backed 13 nm 

diameter lipid-coated nanopore at -50 and -100 mV applied voltages.  All measurements were performed 

in 2M KCl, pH 8. 
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           Alternatively, the electric field induced the expansion of IgG molecules. IgG is a very 

flexible protein, and its flexibility is correlated to its antigen-binding activity.  In IgG molecules, 

two flexible hinges connect two Fab parts to the central Fc region, adjusting the accessibility of 

binding sites of Fab regions to antigens.29  IgG hinges can expand in an external electric field.  For 

example,  Ghisellini and coworkers29 exhibited that the external electric field (100-200 mV applied 

voltage at 5 mM buffer concentration) could manipulate the two flexible hinges in IgG molecular 

structure (push and pull toward the charged electrode) and influence its binding affinity.  We think 

increasing the strength of the electric field in our system caused the hinges to expand more from 

each other, making the molecule rounder and bulkier.  The expansion of IgG molecules was also 

observed in higher pH solutions when each IgG hinge becomes negatively charged and they repel 

each other.3                

 

4.3. Summary and Conclusion 

          We showed that the integration of hydrogel with a lipid-coated nanopore significantly 

enhances the dwell time of a single protein translocation event, enabling us to resolve time-

dependent current fluctuations corresponding to the biased rotation of a protein inside the uniform 

electric field of a nanopore without the interfering artifacts of pore-protein interactions.  Using this 

approach, we measured IgG, Ovalbumin, and gold nanoparticles, and we determined the shape and 

volume of the proteins and the nanoparticle from single translocation events.  Our estimates for 

volumes and shapes by this approach were consistent and in agreement with reference values.  We 

observed an increase in IgG alignment in the direction of the electric field with increasing the 

voltage.  Further, we noticed a slight expansion in the volume and shape of IgG molecules at higher 
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voltages; this is likely due to IgG’s flexibility and an intense electric field’s ability to expand the 

hinges from one another. 
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4.4. Materials and Methods 

Materials:  All chemicals were purchased from Sigma-Aldrich at reagent grade and used as 

received. Immunoglobulin gamma (IgG), Ovalbumin, and poly-L-glutamic acid sodium were 

purchased from Sigma-Aldrich.  1-palmitoyl-2-oleoyl-glycerol-3-phosphocholine (POPC) was 

purchased from Avanti Polar Lipids.   

 

Nanopore fabrication:  15 nm thick silicon nitride membranes were commercially purchased 

from Ted Pella Inc.; membranes were PDMS coated and cured for several hours at 120°C before 

use. Silicon nitride membranes were plasma treated for 30 seconds, mounted in a Teflon fluidic 

cell, and degassed. Nanopores were formed using dielectric breakdown in 2 M KCl, pH 10 at the 

desired size as previously reported22.  

 

Formation of lipid bilayer and preparation of lipid liposomes:  Lipid bilayers were formed on 

the surface of silicon nitride membranes by fusion of small unilamellar liposomes of POPC as 

previously reported.6  To prepare liposomes of POPC, 1 ml of a solution of 5 mg/ml lipid in 

chloroform was evaporated under pure argon gas for around 20 minutes until the lipid film clearly 

appeared at the bottom of the vial.  Then the lipid film was re-hydrated in 150 mM KCl and 10 

mM HEPES at pH 7.5 to the final lipid concentration of 2 mM. The lipid solution in KCl was 

sonicated for 10 to 20 minutes, following by extensive extrusion through polycarbonate membrane 

using the Avanti mini extruder.   

 

To lipid coat the nanopore, immediately after nanopore fabrication, the buffer solution on one side 

of the membrane was replaced by a solution of unilamellar liposomes of POPC.  After 20 minutes, 

the POPC solution was swapped. To remove the excess liposomes, the box compartment was 

rinsed with ultra-pure water for a couple of minutes.  Lipid-coated nanopore diameters were 

determined using Equation 4.2. 

 

Hydrogel polymerization: 

PEG-DMA hydrogel solution was prepared by mixing 10% (w/v) PEG-1000 Dimethylacrylamide 

in 2 M KCl, 100 mM Tris-HCl at the desired pH (adjusted by HCl and NaOH), 10% (w/v) 

ammonium persulfide (APS), and 20% (w/v) tetramethylethylenediamine (TEMED). After lipid-
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coating a nanopore, the electrolyte in the compartment on the TEM window side was replaced 

with PEG-DMA hydrogel solution and polymerized in-situ for 10 minutes before nanopore 

measurement.     

 

Nanopore measurements:  All nanopore measurements were carried out using an Axopatch 200B 

amplifier and Digidata 1440B or 1322A data acquisition at 100 kHz with a 10 kHz hardware low 

pass filter. Nanopore measurements were performed in 2 M KCl, 100 mM Tris-HCl, pH 8-10. At 

least 5 minutes of control measurements were run before protein injection.  In all experiments, the 

hydrogel side (trans) of the nanopore chip was grounded, and protein was injected into the other 

side (cis) to make a final concentration of 0.1 – 1 nM; the cis solution was briefly stirred before 

measurements began with -40 to -100 mV applied (Vcis-Vtrans).    

 

Data analysis:   All captured data were analyzed using a MATLAB script as previously reported22. 
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Chapter 5: Summary and Conclusion 
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5.1. Summary  

          Much progress has been made recently in label-free protein identification using nanopores.1–

4 However, accurate detection and characterization of proteins in solution using nanopores is 

difficult because of the large fraction of missed translocation events due to short event time and 

limited resolution of conventional current amplifiers. Recently, our group4 has shown that 

introducing hydrogel on the trans side of silicon nitride nanopore effectively improves protein 

detection by sterically hindering the passage of proteins from cis side, leading to significantly 

enhanced protein residence time within the nanopore sensing zone, and resulting in a great 

reduction in missed translocation events.   

     5.1.1. Measurement Limits and Quantitative Characterization of Proteins Using 

Hydrogel-Backed Nanopores  

          Our initial findings indicated that hydrogel interfaced with a nanopore enhanced protein 

detection; however, the protein size and concentration limits that could be studied with this 

approach were unknown. Also, it was unclear how much characterization information could be 

extracted from our nanopore measurements.  So, in the first part of this work, we explored the 

sensitivity, measurement limits, and characterization capabilities of our hydrogel-facilitated 

nanopore system. We demonstrated the ability of the hydrogel-backed nanopores to sense 

unlabeled proteins as small as 5.5 kD in size and 10 fM in concentration, without a major restriction 

on the nanopore size.  To our knowledge, these measurement limits in size and concentration are 

the lowest size and concentration recorded for single-molecule detection of unlabeled proteins 

using a standard amplifier and without the extra adjustment on the experimental setup.   

          Also, using hydrogel-backed nanopores, we precisely determined the shapes and volumes 

of various proteins. We showed that the hydrodynamic radius of proteins strongly depends on the 
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solution pH; larger hydration shells surround proteins at higher pH when the proteins are highly 

negatively charged.   Using hydrogel-backed nanopores further, we quantified the unknown 

concentrations of proteins.  We showed that the frequency of protein translocation events linearly 

scales with bulk concentrations over a wide range of concentrations, and an unknown protein 

concentration can be determined from an interpolation of the frequency-concentration calibration 

curve with less than 10% error.   

          Also, we proposed several competing mechanisms for the detection enhancement enabled 

by the presence of the hydrogel.  We found that a gap between the nanopore chip and the hydrogel 

affects the system sensitivity, with smaller gaps resulting in increased sensitivity.  When the 

hydrogel is in full contact with the nanopore, proteins can escape the pore by diffusing back against 

the electric field.  The proteins measured with this system had longer dwell time and a much higher 

event rate. 

 

     5.1.2. Integrating the Hydrogel-Facilitating Nanopore Platform with a Chromatographic 

Column to Study a Mixture Solution of Proteins  

          We found that our hydrogel-backed nanopores were powerful detectors in the analysis of 

purified proteins.  For the next step, we wondered whether we could identify and characterize a 

mixture solution of proteins using hydrogel-backed nanopore detectors.  We started our 

investigation with the first and most trivial approach, fractionating a mixture solution of proteins 

into more simple chromatographic fractions.  Then, each fraction was studied with a hydrogel-

backed nanopore.  We found that a nanopore backed with the hydrogel can be an effective, reliable, 

ultra-sensitive, non-destructive, and easy-to-operate detection platform to analyze 

chromatographic protein fractions.   



113 
 

          Additionally, we adjusted the measurement setting for the newly proposed application and 

integrated the nanopores with the microchannels.  We mounted the solid-state nanopore between 

microfluidic channels to facilitate the rapid and efficient sample replacement through channels.  

Further, we connected the outlet valve of a chromatographic column to the inlet of the top 

microchannel to make a fluidic circuit to transport samples of eluates to the nanopore for real-time 

and continuous measurements of protein fractions.   

 

     5.1.3. Lipid-Coating a Nanopore Backed with the Hydrogel for Intra-Event Ionic Current 

Analysis of Single Translocation Events 

          In chapter 2 and 3, we characterized the resolved proteins by analyzing a population of 

hundreds of events.  However, we can extract interesting physical information about proteins by 

analyzing individual single translocation events.  As a matter of fact, this approach is even more 

attractive because it allows real-time protein characterization and also enables us to study a mixture 

solution of proteins without additional simplification steps.  Further, we thought and investigated 

whether we could use our platform for individual intra-event ionic current analysis.              

          Therefore, in the third part of this dissertation, we demonstrated that integrating lipid-bilayer 

coated nanopores with the hydrogel is a suitable platform for acquiring artifact-free and long 

protein translocation events for the accurate intra-event ionic current analysis.  Using hydrogel-

backed lipid-bilayer coated nanopores, we measured IgG, Ovalbumin, and gold nanoparticles (5 

nm diameter) and determined their volumes from single translocation events.  Further, we observed 

that higher applied voltages increased the probability of IgG alignment, as theoretically expected, 

but it was never experimentally observed to our knowledge. We determined the volume and the 
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length-to-diameter ratio of IgG molecules at different applied voltages and noticed an expansion 

in the conformation of IgG molecules with an increase in the voltage.  

 

  5.2. Conclusion and Suggestions for Future Work 

          Through this work, we learned a lot about hydrogel-backed nanopores, their measurement 

limits, and their capabilities in protein detection and identification.  We also learned how to adjust 

our system and adopt new settings which enhance and gear this technology towards other desired 

applications.   To put it shortly, we built all the necessary infrastructures to use this platform for 

relevant medical and biological studies.    

     For instance, our hydrogel-facilitating nanopore measurement can be utilized to study the 

molecular mechanism of the cellular process.  Here is an example: studying disease pathogenesis 

of Hypertriglyceridemia at the molecular level: Hypertriglyceridemia is an elevated triglyceride 

level in the blood which may lead to coronary heart disease and heart attack.  It was found that 

dysregulation in lipoprotein lipase (LPL) activity leads to mislocalization of this protein inside the 

cells and prevents the processing of triglyceride-rich lipoproteins to keep the normal blood level 

of triglyceride.  In previous studies it was hypothesized that ANGPTL4 protein can interact with 

LPL proteins, promoting the unfolding of LPL proteins, and making the LPL proteins inactive.  

However, this process has not been experimentally investigated.  Using hydrogel-backed 

nanopores, we can investigate the possibility of the inactivation mechanism and unfolding of LPL 

proteins in the presence of ANGPTL4 protein and shed light on this mechanism at the molecular 

level.  Fully understanding this mechanism helps with the development of new medicines to 

prevent Hypertriglyceridemia.   
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          Also, our hydrogel-facilitating nanopore can be utilized for single-cell studies.  In Chapter 

3, we integrated our hydrogel-facilitated nanopore biosensor with a conventional Fast Protein 

Liquid Chromatography (FPLC) instrument to study a mixture solution of proteins.  We can make 

this system much more efficient by miniaturizing the different types of liquid chromatographic 

systems (LC) on a micro-chip and integrate them with the hydrogel-backed nanopores.  The 

integrated on-chip LC-nanopore backed with a hydrogel system can be used for single-cell studies 

and biomarker discoveries.  The cells can be lysed in the microchannel, the proteins can be 

extracted, then separated into smaller groups by passing them through a micro-column and be 

analyzed with hydrogel-backed nanopores.  
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