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Abstract

Solid-state nanopores have emerged as stable label- and amplification- free biosensors for rapid
detection of charged biomolecules. Analytes are electrophoretically pulled through nanopores and
are detected using the characteristic blockade current due to the translocation. However, despite
their stability and scalability, solid-state nanopores have few limitations which need to be
overcome for achieving a versatile and efficient biosensor. One of the primary challenges of
nanopore sensing is single molecule detection which requires both spatially and temporally

resolved signals.

Monolayer molybdenum disulphide (a 2D material) due to its favourable surface charge,
monolayer thickness, and stability in electrolytic medium have been used for single molecule
sensing due to their superior spatial resolution. However, their ultra-thinness reduces
analyte/nanopore surface charge interaction and makes translocation too fast to temporally resolve

the signals, thereby reducing statistical confidence and efficiency of detection.

In this work, both simulation and experimental data demonstrate that bilayer MoS> nanopores (~
1 nm thick) can detect single molecules (nucleotides in this study) with 5 times higher detection
rate and 4% higher sensing efficiency by slowing down DNA translocation (i.e., improving

temporal resolution) while maintaining a good spatial resolution.

Another limitation of solid-state nanopores is its charge versatility. Solid-state nanopores despite
showing good sensitivity towards charged biomolecules, fail to show good neutral molecule
detection sensitivity; the latter demanding increased signal-to-noise ratio and dwell times at the

nanopore. A biological nanopore due to a chemically sensitive interface manifests minor charge
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alterations with higher resolution, thus helping in neutral molecule sensing as well. However,
biological pores alone are prone to thermo-mechanical instabilities and are unsuitable for

manufacturing portable sensors.

Hybrid nanopores formed by incorporating biological pore in a solid-state nanopore can be
suitable for both charged and uncharged molecule sensing. A hybrid of engineered outer
membrane porin G (eOmpG) and bilayer MoS; nanopore was constructed. This hybrid nanopore
demonstrated 1.9 times better signal-to-noise ratio and 8 times better dwell times for
polynucleotide sensing as compared to solid-state BL. MoS; nanopore, due to unique size
controllability, gating properties and improved local-charge sensitivity of eOmpG. This hybrid
nanopore was able to detect a change as low as 1 pM of delta-9-THC level, which is a neutral
molecule, in saliva. The study on THC detection can also help in real-time monitoring of
marijuana toxicity in users as well as predict consequences due to its toxicity. The eOmpG in
hybrid nanopore also helped in obtaining THC orientation-specific information which can act as

means to differentiate toxic and non-toxic elements of marijuana in future.

The study demonstrates that 2D material like MoS is suitable for fabricating solid state nanopores
which are repeatable and stable. Nanopores with different number of layers MoS, were studied
and due to the inter layer interaction bilayer MoS, was found to be the optimum one for
measurement of single nucleotides effectively and efficiently. Additionally, these BL MoS, were
used to form hybrid nanopores using barrel protein OmpG which demonstrated reduction of the
noise in the nanopore measurement. This hybrid nanopore was used for THC molecule detection
which is normally not conducted using a nanopore. Hence, the work has opened the path for

layered materials and their applications for nanopores.
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Preface

The research work presented in this thesis is carried out at University of Alberta, Edmonton,
Alberta, Canada. All the nanopores were fabricated and characterized in the Fabrication and
Characterization centre of nanoFAB (Class 1000 cleanroom and Characterization Area in ECERF
and TEM facility at CME). The nanopore conductance and translocation measurements were
carried out using Axon Instruments installed at ECERF W3-076 lab of University of Alberta. Dr.
Manisha Gupta was involved in formulating the research idea for this research. The experimental
protocols were developed, and analysis were carried out by me under the guidance and assistance

of Dr. Manisha Gupta.

Chapter 3: This chapter explains the nanofabrication methods used for fabricating silicon nitride
and molybdenum disulphide nanopores and also explains the model and physics used to conduct
COMSOL Multiphysics simulations for Chapter 4 and Chapter 5. All fabrications and simulations
were carried out by me under the guidance of Dr. Manisha Gupta. The authors of this manuscript
will be Payel Sen and Manisha Gupta. The first draft of the manuscript was written by Payel Sen

and is being edited by Manisha Gupta.

Chapter 4: This chapter explains the study conducted to test the repeatability of nanopore using
silicon nitride as the nanopore material. The modelling, physics definition, comparison and
analysis were performed by me under the supervision of Dr. Manisha Gupta. The authors of this
manuscript will be Payel Sen and Manisha Gupta. The first draft of the manuscript was written by

Payel Sen and is being edited by Manisha Gupta.

Chapter 5: This chapter presents a comparative COMSOL Multiphysics simulation-based study

revealing the potential of bilayer MoS> nanopores in improving temporal resolution of DNA
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sensing compared to monolayer MoS» and 3-6 layers MoS» nanopores and 50 nm thick silicon
nitride nanopores. All simulations including modelling, physics definition and analysis were
performed by me under the supervision of Dr. Manisha Gupta. The authors of this manuscript will
be Payel Sen and Manisha Gupta. The first draft of the manuscript was written by Payel Sen and

is being edited by Manisha Gupta.

Chapter 6: This chapter presents the study conducted to improve the efficiency of single nucleotide
detection and DNA sequencing by using bilayer MoS> nanopores. All fabrications, membrane
characterizations, nanopore conductance measurements, analyte translocations and data analysis
were conducted by me under the supervision of Dr. Manisha Gupta. The first draft of the
manuscript was written by Payel Sen and was edited by Manisha Gupta. This study has been
published as “P. Sen and M. Gupta, Single nucleotide detection using bilayer MoS2 nanopores
with high efficiency, RSC Advances, vol. 11, pp. 6114-6123, 2021, doi: 10.1039/d0ra10222a”.
RSC advances allows self-authored whole article and article material usage in thesis without
copyright request requirement. The necessary acknowledgement for RSC advances has been

added as a footnote to this chapter.

Chapter 7: This chapter presents the study conducted to design and develop a hybrid nanopore by
combining solid-state bilayer MoS, nanopores and Outer Membrane Porin G (OmpG) for
improving the sensitivity and signal to noise ratio of biomolecular sensing. Biological pore
purification, modification and characterization involved in this study were carried out by Dr.
Hiofan Hoi and used by me to construct hybrid nanopore and carry out further molecular sensing.
I conducted all experiments involved in creating the hybrid nanopore construct, sensing
polynucleotide molecules, and also performed subsequent data analysis under the guidance of Dr.

Manisha Gupta. The first draft of the manuscript was written by Payel Sen and was edited by



Manisha Gupta. This manuscript for this study is under review in ACS Biomaterials with me, Dr.

Hiofan Hoi and Dr. Manisha Gupta as co-authors.

Chapter 8: This chapter demonstrates Tetrahydrocannabinol sensing through hybrid bilayer
MoS,/OmpG nanopore. Preparation of analyte solutions and sensing were performed by me under
the guidance of Dr. Manisha Gupta. The authors of this manuscript will be Payel Sen and Manisha
Gupta. The first draft of the manuscript was written by Payel Sen and is being edited by Manisha

Gupta.

All results reported in this thesis along with their analysis, interpretations, and inferences are my

original research work.
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Chapter 1

1 Introduction

1.1 Motivation

Understanding the precise structure, composition and function of biomolecules (for e.g., ions,
nucleic acids, alcohols, proteins, and sugars) is essential in developing diagnostic tools for accurate
detection of health issues and symptoms to treat and prevent diseases (both genetic and non-
genetic), allergies and toxic reactions. Biosensors have been developed for genome sequencing
[1]-[3], protein sensing [4], [5], allergens and allergy detection [6]—[8], toxicology [9], [10] and
immunology [11]. Some of the techniques used in the development of biosensors are piezoelectric,

thermal, optical, amperometric, potentiometric, conductometric and impedimetric [12].

Nanopore sensing is an amplification-free impedimetric passive biosensing technique which has
proved to be very promising for label-free detection of biomolecules. Nanopore is a nanometer
sized pore fabricated on thin insulating or semiconducting membranes. High throughput and real-
time sensing platform make nanopore sensing perfect for developing compact portable sensors for
rapidly recognizing biomolecules in body fluids, essential for efficient health monitoring [13]. The
sensing set up typically contains two electrolyte-filled containers separated by the nanopore [13],
[14]. Molecules smaller than nanopore size are usually sensed following the Coulter counter
principle [15], [16]. Figure 1.1 presents a schematic of the Coulter counter principle [16]. This
shows that small molecules are sensed by the ionic blockade caused during their translocation
through the nanopore. The ionic blockade is primarily proportional to the size of the analyte

molecule [17]-[19]. Large molecules (molecules larger than nanopore size) are usually measured



by noting current changes due to specific analyte charge interaction with the nanopore interface
[17], [20]. Following these procedures, nanopores can be used to sense bacteria [21], [22], virus
[23], [24], antibodies [25], [26], peptides [27], [28], DNA [13], [29], [30], RNA [31], [32] and

other biomolecules having a size range of 2-1000 nm.

Figure 1.1. Schematic of Coulter counter principle (adapted from MD Graham, 2013 [16]).

One of the major applications of nanopore-based biosensors is in genetics i.e. for deoxyribonucleic
acid (DNA) and ribonucleic acid (RNA) sequencing. DNA and RNA sequencing have multi-fold
applications in medicine, forensics, archaeology, and species identification. In medicine, DNA
sequencing help identify disease-causing genes or site-specific mutations for prediction and
prevention of hereditary anomalies [33]-[36]. In forensics, DNA sequencing (a.k.a. DNA
fingerprinting) help crime investigations through identification of paternal and maternal relations
[37], [38]. In archaeology and species identification, it can help protect species by estimating risk
of endangerment and extinction [39]-[41]. In this study, one of the things explored was the
potential of nanopores as DNA sequencers and improving the sensitivity, resolution, and accuracy

of single nucleotide sensing.
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Figure 1.2. Cell set up and process of nanopore sequencing

DNA sequencing is the process by which the order and type of each nucleotide constituting a DNA
strand is identified. DNA sequencing using a nanopore (nanopore sequencing) works by
electrophoretically pulling DNA fragments through the nanopore and noting the current alterations
as the DNA nucleotides pass through the nanopore. Each nucleotide passing through the pore
produces a characteristic current change (usually drop) which are used as signatures to determine
the sequence of the DNA. Figure 1.2 depicts the process and set up for DNA sequencing through

a nanopore.

DNA sequencing was first introduced through biological nanopores using transmembrane proteins
or porins lodged in lipid membranes forming a constant sized porous structure. Biological
nanopores produce good time-resolved signals for sensing due to slow molecular translocation
across the nanopores [13]. This allows DNA to be immobilized at the nanopore long enough for
maximizing surface charge interaction, for accurate sensing. However, biological nanopores are

too delicate to be reused and transferred in varying environments, which raises the demand for



strong supports [13]. Solid-state nanopores are artificially fabricated nanometer-sized pores on
semiconducting or insulating membranes, which have amazing stability, portability, and
fabrication ease [13], [42]. But, nucleotide translocation through solid-state pores is too fast to
properly resolve sensed signals. In order to overcome the limitations of both biological and solid-
state pores, the pores can be combined to form a hybrid pore. The hybrid pore assembly can form
a robust lightweight biosensor capable of producing signals with improved time resolution. Figure

1.3 shows schematic of hybrid pore formation and DNA sequencing through them.

DNA
Biological pore
-~ ‘

Solid-state pore

DNA

A

Hybrid pore

Figure 1.3. Schematic showing (a) DNA sequencing through a solid-state nanopore, (b) DNA
sequencing through a biological nanopore and (c) DNA sequencing through a hybrid nanopore

formed by incorporating a biological nanopore in a solid-state nanopore.



In addition to the time resolution, the signals should be spatially resolved too for correctly
identifying each individual nucleotide. This requires the thickness of the membrane to be
comparable with the length of the analyte molecule (nucleotide for DNA sequencing) such that at
any time instant the nanopore holds and senses a single nucleotide only. For solid-state nanopore
sequencing, several materials are used like Silicon nitride [43]-[45], silicon dioxide [46], [47],
glass [48], [49], etc. By far, silicon nitride is the most extensively used nanopore material. This is
mainly due to its ability to endure stress, strain and elevated temperatures which makes the sensors
portable, and also due to its compatibility with standard fabrication procedures which allow the
sensors to be produced in large scales. Silicon nitride is available in thickness in the range of 3 to
50 nm. However, for thickness below 10 nm, the membrane quality is found to deteriorate due to
increased crystal defects. Therefore, usually membrane with thickness greater than 10 nm is used
for nanopore sensing. However, such thickness is lot greater than single nucleotide dimension (~
1 nm). Therefore, at any point of time the nanopore senses more than one nucleotide reducing the
spatial resolution and sequencing accuracy. In order to improve the spatial resolution of

sequencing, research had been carried out in selecting thinner but stable membrane materials.

This gave rise to 2D material nanopores made of 2D metal dichalcogenides (like MoS2, WS,
MoSe»), graphene, etc. [29], [S0]-[55]. These materials have layers separated by van der Waals
forces, thus allowing isolation of single-atom thick monolayers. Graphene (monolayer thickness:
0.35 nm) is found to provide good spatial resolution due to its thinness, but its hydrophobicity
causes DNA to stick to the nanopore creating noisy disruptions to the sensed signals and can even
compromise the sensor reusability. On the other hand, MoS,, a type of 2D metal dichalcogenide,
prevents DNA sticking around the nanopore ensuring a smooth translocation with well-resolved

signals. It is to be noted here that in addition to the spatial resolution, each identifiable event should



be resolved temporally too, to distinguish a nucleotide caused current change from ambient noise.
So, the translocating DNA (like other analytes) should be sufficiently slowed to hold each
nucleotide at the nanopore long enough for obtaining a good temporal resolution. However, in
spite of a good spatial resolution, the ultra-thinness of the nanopore prevents optimal charge
interaction around the nanopore thus reducing the temporal resolution required for confidently
identifying each signal. It is found that different layers of MoS» experience different potential
when a voltage is applied across them. Therefore, the resultant potential gradient is subject to
change for different number of layers of MoS> used. Thus, the effect of number of layers of MoS:
on spatial and temporal resolution of DNA sequencing and their role in improving the sequencing

efficiency was tested.

DNA is a charged molecule which alters the surface charge at the nanopore/analyte interface
differently compared to neutral proteins, drugs, and hormones. So, neutral molecule translocation
is much faster than charged DNA translocation for the same nanopore assembly. Therefore,
improved signal (temporal) resolution for neutral molecule sensing demands even more reduction
of translocation speed. As explained earlier, hybrid nanopores with a biological pore interface
improves temporal resolution thus detecting neutral small molecules which fail to produce

recognizable signals with solid-state pores.

Therefore, to fulfill the vision of realizing a versatile sensor capable of sequencing DNA and
sensing neutral molecules, the design was extended to a MoS; based hybrid nanopore sensor. To
test the neutral-molecule sensing ability and further benefit medicine, another pressing issue
prevailing in Canada and worldwide was addressed. According to Canadian Alcohol and Drug Use
Monitoring Survey (CADUMS) 2012, 21.6% Canadians i.e. 8 million population in Canada suffer

from drug addiction [56]. Cannabis or marijuana is one of the most popularly used psychoactive



herbal drug, which has medical benefits but is also used for recreational purposes. Since Cannabis
legalization in Canada, a spike in Cannabis consumption has been witnessed. According to
National Cannabis Survey (2019), cannabis consumption has increased from 14% in 2018 to 18%
in 2019 [56]. This poses an increased risk of accident and psychotic behaviour due to continuous
and overdosed consumption. Delta-9-tetrahydrocannabinol (THC) is the main psychoactive
component in marijuana or cannabis [57]. It not only determines the degree of toxicity, but the
concentration of THC also can be directly correlated with the time since last cannabis smoke or
ingestion. In this work, hybrid nanopore was used in correlating THC detection rate with
concentration for real-time monitoring and control of THC levels. It helps develop a method for
separating frequent THC users from one-time users and identify the consequences of THC level

thereof.

Therefore, the vision of this work was to design a portable nanopore sensor which can sense both
charged and uncharged molecules over a large size range with good resolution and signal-to-noise
ratio. The work explains stepwise determination of materials and parameters suitable to serve the

above purpose.

1.2 Outline

Chapter 2 (Literature review) presents relevant literature to first explain different

techniques and nanopore types used for sensing wide variety of analytes and then to introduce

different challenges which needs to be addressed thereof.

Chapter 3 (Experimental and simulation methods) explains the detailed physics and

model definitions behind the nanopore simulations conducted in this study. It also explains step-

by-step nanofabrication procedures used for designing silicon nitride (SiNx) and molybdenum



disulphide (MoS>) nanopores, along with insights into the various tools and techniques used for

each step.

Chapter 4 (Predicting geometry and size repeatability of silicon nitride

nanopores) demonstrates the suitability of small (< 4 nm) nanopores for achieving highly

repeatable sensing, with repeatability improving with reduction in nanopore diameter. The chapter
presents our study on testing repeatability of SiNy nanopores by correlating nanopore geometry to
experimental nanopore conductance using a COMSOL Multiphysics simulation-based model. The
predicted nanopore geometry was utilized to determine the change in size suffered by different

sized nanopores after multiple measurements.

Chapter 5 (Understanding molecular electrokinetic behaviour through

monolayer and multilayer MoS: nanopores) presents a simulation-based study to

anticipate the suitability of 2 layers (bilayer) MoS: (2D material) nanopores over 1 layer
(monolayer) MoS;, 3-6 layers MoS; and 50 nm thick SiNx nanopores for sensing polynucleotides

with improved resolution, by slowing down translocation and improving ionic conductance.

Chapter 6 (Single nucleotide sensing using bilayer MoS: nanopores with high

efficiency) presents experimental evidence on the suitability of bilayer MoS> nanopores
(selected from simulation study explained in Chapter 5) over monolayer MoS> nanopores
(commonly used in literature) for high efficiency single nucleotide detection and DNA
sequencing.

Chapter 7 (Low noise engineered OmpG and bilayer MoS; hybrid nanopore)

introduces the significance and utility of a hybrid nanopore (formed by inserting outer membrane



porin G in bilayer MoS» nanopore) in improving signal-to-noise ratio of polynucleotide detection.
The porin used is engineered to obtain a stable and biocompatible sensor, with reduced pH-

dependent spontaneous gating.

Chapter 8 (Monitoring THC levels using highly sensitive engineered OmpG

and bilayer MoS: hybrid nanopore) demonstrates potential of the hybrid nanopore in

detecting neutral molecules with good resolution. This chapter presents the sensitivity of the hybrid
nanopore (introduced in Chapter 7) in monitoring THC levels in saliva (buffer) by correlating

THC concentration with detection rate.

Chapter 9 (Summary of results) summarizes the primary outcomes of the entire work and

introduces its future prospects.



Chapter 2

2 Literature review

2.1 General background of nanopore sensing

Nanopores can be used for identifying small species (nanoparticles) and also for single molecule
(both charged and neutral) sensing [13], [17], [58]. Few major applications involve sequencing
DNA, RNA, and polypeptides for identifying site-specific modifications, new species, or effect of
biochemicals and microbes on health and environment [20], [31], [32], [51], [59]. Different types
of nanopores have been explored for this purpose: biological [13], [20], [21], solid-state [13], [51],

[54] and hybrid [60]-[64].
2.1.1 Solid-state nanopore

The ease of fabrication and application-suited chemical modification made solid-state nanopores
the mostly used alternatives for building reusable and portable biosensors [13]. To understand
more about the importance of solid-state nanopores in molecular detection, the measurement
theory, and the role of physical and chemical properties of nanopores in sensing need to be clearly

understood. Mainly two types of detection methods are prevalent for solid-state nanopores.

2.1.1.1 Detection Method Based on Ionic Blockade Current

Different types of analyte molecules (of different sizes and chemical composition) are sensed by
nanopores including small molecules like ions [65], [66], nucleic acids [1], [26], [27], [36], [47],
[67] and drugs [9], [13]; longer polymers like DNA [19], [20], [27], [29], [42], [47], [51], RNA

[13], [31], [32] and polypeptides ; and also macromolecules like proteins [68]—[70]. As mentioned
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earlier, the sensing mechanism of small molecules mainly follows the Coulter-counter principle
[16]. The technique relies on electrophoretically pulling analyte molecules through a nanometer
sized opening (nanopore) on a thin membrane which separates two chambers filled with a
conductive electrolyte. When a bias is applied across the membrane/nanopore by two floating
electrodes dipped in the electrolytic chambers, ionic flow is induced through the nanopore. In
presence of small molecules (analytes), the ionic current magnitude is altered depending on the
number of ions they block during their translocation through the nanopore and the
nanopore/analyte interfacial surface charge interaction. The blockade current magnitude being
characteristic to the size and charge of the analyte, can be used to detect them [17]. This blockade
magnitude depends upon the fraction of the nanopore occupied by the analyte. Therefore, lesser
the volume difference between nanopore and analyte, more prominent (resolved) is the acquired
blockade signal. The nanopore sensing realm is entirely based on the control of surface properties
of the nanopore and their interactions with the analyte. This interaction is highly dependent on the
volume of the electrolyte occupied by the nanopore at any instant of time. The latter, in turn is
dependent upon the dimensions and shape of the nanopore. The membrane thickness not only
alters the interface interactions but also determines the time taken to drill a nanopore and hence
affect the shape factor and size consistency of the nanopore. A detailed explanation of the various

factors influencing ionic current detection is given below.

2.1.1.1.1 Effect of surface chemistry and charges

The ionic conductance depends on the pore wall/analyte interfacial charge interactions, dispersed
electrolytic charges, magnitude of the potential gradient and degree of electric field concentration
at the pore [71]. An optimum potential gradient is necessary to generate an electrophoretic drag

enough to translocate analyte molecules without causing damage to the biomolecule. Moreover,
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selection of a membrane material with a surface charge suitable to modulate the electrostatic force

for smooth and slow molecular translocation is also essential.

2.1.1.1.2 Effect of membrane thickness

The membrane thickness is inversely proportional to its capacitance, which determines its ability
to separate charges efficiently [20], [54], [72]-[74]. Moreover, the membrane thickness governs
the pore height, which in turn dictates the sensing length. Hence, thinner the membranes, better is
the spatial resolution and signal to noise ratio. A thinner membrane also offers an easier platform
for nanopore drilling with size as small as a single molecule (~1-3 nm) [75], thus improving the
detection accuracy. So, selection of a suitable membrane material and thickness is crucial for

effective detection.

Normally, solid-state silicon nitride (3D material) solid state nanopores exhibit a low detection
sensitivity due to reduced control on the surface charge alterations and interactions [13]. Owing to
the intrinsic thickness of the membranes, multiple analyte molecules can reside at a particular
sensing time in the nanopore. Hence, sensitivity to the single molecule level can hardly be
anticipated. On the other hand, thin membranes can cause sensing length reduction along with
signal amplitude amplification, two factors essential for single molecule level sensitivity [13], [20].
2D materials with interlayer van der Waals force can separate monolayer thick membranes which
can hold a single molecule at a time instant at the nanopore to be individually sensed with distinct
current, resulting in an increased detection resolution [51], [52], [54]. The following section
discusses significant progresses in nanopore sensing using different 3D and 2D membrane

materials.
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2.1.1.1.2.1 3D or bulk material

The mechanism described before clearly states that the resolution of the sensed signals is greatly
influenced by the cross-sectional area and height of nanopore (i.e. thickness of membrane) relative
to the analyte. Therefore, selection of a suitable membrane material is crucial for nanopore sensing
applications. Mostly dielectric materials are usually used as membranes like silicon nitride [43]—
[45], silicon oxide [46], [47], aluminium oxide [76]-[78], titanium oxide [79] and hafnium oxide
[67]. High chemical resistance and mechanical stability makes silicon nitride (SiNx) and silicon
dioxide (SiO2) membranes the primary choice of nanopores [80]. The silicon-based membranes
are usually high-temperature CVD (chemical vapor deposition) grown layers on silicon substrate
(200 um - 500 pm) which are available in varying thicknesses (usually 3-50 nm) [81]. The free-
standing membranes are normally fabricated using a combination of photolithography, wet-
etching and dry-etching techniques [82], [83]. Relatively small nanopores (1-10 nm) are fabricated
on the free-standing part by using either an electron beam (transmission electron microscope -
TEM) [43], [84], [85] or a focussed ion beam (helium ion microscope - HiM) [86], [87]. The shape
and resolution of the beam determines the resultant geometry of the drilled nanopore. A salt buffer
is used as the conductive liquid for screening the negative surface charge of the nanopores [71].
As opposed to SiNx and SiO2 membranes, ALD (atomic layer deposition) grown materials like
Al>0Os3, have positive surface charge which offer better signal-to-noise ratio compared to SiNx [43],
[88]. HfO, [67] and TiO2 [79] due to high dielectric constants reduces leakage current, thus

offering improved electrical performance and reusability.

Silicon nitride (SiNx), the most commonly used semiconductor membrane material is compatible
for fabricating a wide range of nanopore sizes improving the production scalability for multiplexed

devices. Figure 2.1 shows schematic of DNA sequencing through a solid-state SiNx nanopore.
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However, higher thickness of the membranes compared to molecular dimensions (~1 nm), makes
highly resolved and sensitive detection difficult [89]. Fabrication of SiNx membranes with as low
as 3 nm thickness by polycrystalline silicon sacrificial layer method has been reported [90].
However, increased nitride thinning leads to increased probability of membrane damage and
thickness non-uniformity [91]. This bottle-neck of detections calls for strong yet thinner

membranes realized from 2D materials.
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Figure 2.1. Schematic of DNA sequencing through a solid-state silicon nitride nanopore.

2.1.1.1.2.2 2D material

2D materials are van der Waals bonded crystalline layered materials, which makes separation of
monolayers possible [52]. A new era of solid-state electronics was marked by graphene isolation
on insulating material in 2004 [92]. Graphene is a 2D material with densely packed single layer of
hexagonal patterned sp® hybridized carbon atoms [93]. It has continued to get attention in nanopore
sequencing as a membrane material due to its atomically thin membrane fabrication feasibility to

distinguish single molecules, and also for its mechanical strength. Sensing using graphene
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transistors and biosensors have been demonstrated [94]. Figure 2.2 shows schematic of DNA

sequencing through a solid-state graphene nanopore.

However, the adhesion of proteins with graphene at the nanopore due to dangling bonds and the
interference of conductive nature of graphene with ionic current pose challenges in smooth DNA
translocation and detection [95]. Hexagonal Boron nitride (hBN) is another type of 2D membrane
material which has proved to be good for nanopore sensing for its hydrophilicity [96]-[98].
Another group of material that is slowly gaining prominence in this field due to compatible surface
charge interactions and structural stability. These are transition metal dichalcogenides or TMDs
(MX; type). These have a transition metal (M = Mo, W, We, etc.) layer sandwiched between two
chalcogen (X = S, Se, T, etc.) layers [99]. They inherit all the basic 2D material properties but
differ from graphene by the degree of hydrophobicity they induce at analyte/nanopore interface
when suspended in an electrolyte. MoS:, a type of TMD is found to be more sensitive than

graphene in biosensing, the details of which will be discussed later.
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@

Figure 2.2. Schematic of DNA sequencing through a solid-state graphene nanopore.
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2.1.1.1.3 Effect of pore size and shape

Controlled and reproducible fabrication of pores which are of comparable size and tunable to single
molecular dimension is essential for a highly resolved and sensitive sensing. Nanopore volume
relative to the analyte size determines the spatial resolution of the blockade current; the latter
essentially being the fraction of the total nanopore volume occupied by the analyte at any time
instant. Moreover, the pore size and shape determine the field concentration and velocity of analyte
movement through the pore and hence the time resolution of the blockade current. Therefore, the
drilling techniques (electron beam or ion beam drilling) are extremely crucial in obtaining a desired
geometry of nanopore. The following section discusses the pros and cons of different techniques

used for nanopore fabrication.
2.1.1.1.4 Ion Beam drilling

Focused lon Beam (FIB) usually uses Gallium ions, a heavy ion which can make big pores in the
range of 20 -100 nm [42]. It takes a short time to make uniform pores but due to its heavy mass it
causes undesired redeposition on the drilled substrate hampering the size precisions. This also

leads to doping with Ga ions which is not always desirable [100].

Helium Ion Microscopy (HiM) causes less redeposition since it is lighter and is usually used to
make pores in the size range of 8-100 nm [87]. Moreover, a smaller pore requires faster drilling to
avoid sputtered atom deposition on the drilled pore walls. Helium ion can uniformly thin

membranes for easier and faster nanopore drilling [86], [87].
2.1.1.1.5 Electron beam sputtering

Pores with size greater than 20 nm have been patterned by Electron Beam Lithography (EBL) and

dry etching [42]. Scanning Electron Microscopy (SEM) is usually used to drill pores followed by
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pore shrinking by controllably depositing substrate atoms at the pores [42]. However, this
technique could achieve pores greater than 10 nm only but with irregular shape. Transmission
Electron Microscopy (TEM) offers a more powerful (high voltage) and focused beam which is
mainly used to drill pores in 1-15 nm size range depending on membrane thickness. Hence, smaller

nanopores required for sequencing are best fabricated by TEM [43], [52], [85], [90], [101].

All the techniques discussed above usually is applied for ionic blockade-based detection, which
relies more on difference in size and surface charge of the molecules and less on the chemical
structure. Therefore, often another approach is taken for more specific identification of molecules,

which is based on tunneling current.

2.1.1.2 Detection Method using tunneling current

Tunneling demands a slow translocation for readout of high bandwidth current with increased
signal-to-noise ratio. The location and orientation of the analyte and the molecule-electrode
distance as well as inter-electrode spacing governs the current fluctuations due to varied charge
interactions [102]-[104]. This makes the tunneling measurement very challenging, hence

attracting more research.
2.1.1.2.1 Effect of surface chemistry and charges

Tunneling current exploits the electronic structure of the molecules and hence can be detected
individually as well as the adjacent molecule contribution can be identified, thus improving
specificity. The influence of the energy of molecular states increases the sensitivity of detection
by producing a more distinguished current for each molecule. Various materials like Au, Pt or C
[102] are used as electrodes and graphene is used as the transmembrane due to its thinness to the

atomic dimension.
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2.1.1.2.2 Effect of membrane thickness and pore size

To achieve tunneling thinner electrodes with smaller pores and lesser inter-electrode spacing are

essential [105].

2.1.1.2.2.1 3D or bulk material

Materials like SiNx have good chemical, mechanical and thermal resistance favorable for
maintaining fabrication stability and integrity, important for tunneling. However, for nanopore
sequencing, the high thickness of silicon nitride makes drilling of sub-nm pores, required for

tunneling extremely difficult.

2.1.1.2.2.2 2D material

Materials like Graphene or TMDs are suitable for easy sub-nm pore fabrication due to their
monoatomic thickness. Graphene is a conductive material with a zero band-gap which interfere
with the pore/molecule interaction [106]. However, the semiconducting nature of MoS; (with a

band gap of 1.8 eV [107], [108]) makes it suitable for device fabrication.

Existence of van der Waals forces are not limited to interatomic layers of 2D materials but also
between surface atoms of two materials free from any dangling bond, which makes formation of
high quality 2D heterostructures over large areas possible. The increased probability of charge
transfer between these heterostructures in turn opens new avenues for electronics research [55],

[109]-[111].

Literature shows a p-n junction with an in-built interfacial electric field can be obtained by
vertically stacked p-type tungsten diselenide (WSez) and n-type molybdenum disulfide (MoS>),
since the conduction band minima offset (720 meV) is largest for MoS2/WSe> heterojunction

[112], [113]. However, charge transfer efficiency depends on the thickness of the depletion layer.
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For 10-nm to 1 um thick junction, charge diffusion and drift dominates [112], [113]. However,
charge transfer in atomically thin junction essentially occurs by quantum tunneling. Hence,
monolayer TMD stacking can enable better electron-hole transfer at the interface with
simultaneous preservation of the individual layer uniqueness. Figure 2.3 shows schematic for
nanopore-based DNA tunneling detector used for individual base detection as adapted from /vanov

etal., 2011 [102].
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Figure 2.3. Schematic for nanopore-based DNA tunneling detector (adapted from Ivanov et al.,

2011 [102)).

However, the biggest challenge still existing for 2D material tunneling device fabrication is the
preservation of the surface properties and stability during deposition and after nanopore
fabrication. Therefore, ionic current blockade approach is still considered relatively easier and
standard. The above review also suggests that fabrication of small (~2-3 nm diameter) nanopores
on ultrathin (~ 1-2 nm) membranes is necessary for single molecule detection resolution and TEM
drilling is suitable for such fabrication. It is also found that MoS: proves to be favourable for a
smooth translocation and single molecule sensing and can be a good choice of solid-state

membrane material.
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However, inconsistency in the size and geometry of the nanopores posed an immediate concern
with solid-state nanopores. Diverse challenges need to be addressed for effective detection, of
which size-controlled drilling of nanopores and velocity modulation of translocating molecules are
crucial for high-quality sensing [114]. DNA sequencing optimally occurs at 1-50 nt ms™ [115]. For
solid-state nanopores, the speed is found to be as high as 3,000-50,000 nt ms™' due to lower pore
size range (2-25 nm) and high applied bias voltage (100-800 mV) [51]. But, fast speed however
limits the sensing resolution, which is the major bottleneck of solid-state DNA sequencing.
Various methods have been employed to slow down translocation which include employing a
viscosity gradient, pressure gradient, temperature gradient, voltage difference and ionic
concentration gradient [51], [116]-[124]. However, a biological nanopore can sufficiently slow
down analyte translocation too. For biological nanopore sensors, the speed is of the order of 2.5-
70 nt st [51]. Below, details about the different biological nanopores used for sensing are

discussed.
2.1.2 Biological nanopores

The initial nanopore sequencing concept involved electrophoretically dragging a single-stranded
DNA through a staphylococcal a-hemolysin (a-HL) protein pore in response to an externally
imposed potential gradient, followed by recording the ionic current amplitude reduction specific
to each base [125]. Biological nanopores usually use planar lipid or polymer membranes or
liposomes as the substrate put in an electrochemical chamber [13]. Standard molecular biology
techniques produce and purify channel protein with great homogeneity [126]. The biocompatibility
and large-scale production ease make biological nanopores a great alternative for nanopore
sensing. A number of protein pores with different properties have been used for sensing in pristine

and modified forms.
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Alpha haemolysin is a bacterial toxin which can create a heptameric nanopore. It has been the
primary choice for DNA, RNA, and peptide sequencing for decades [127]. The toxin diffuses
through the membrane/substrate creating a self-assembled mushroom-shaped nanopore [64]. The
nanopore partition created in the membrane is 10 nm long with two regions: a top 5 nm long
vestibule with a relatively larger volume which continuous to a smaller ~1.5 nm diameter beta-
barrel shaped constriction at the membrane surface, thus giving a mushroom shaped structure to
the resultant pore. The cylindrical ~1.5 nm diameter zone consists of seven subunits, the
configuration of which changes with changes in the nanopore vicinity [128]-[131]. Such changes
cause enlargement or narrowing of the pore, making the pore sensitive to a large range of analyte
sizes [132]. Alpha haemolysin has been found to be stable for a wide range of temperature
including sub-zero temperatures, which further attracted biosensing applications [133]. Over the
years, the pore has been further bioengineered to alter surface chemistry and permeability to
biomarkers and analytes, for more selective sensing [128]-[131].

The first study of DNA sequencing was conducted by Kasianowicz et al. in 1996 using Alpha
hemolysin nanopore which provided a breakthrough for next-generation sequencing [125]. The
1.5 nm diameter constriction of Alpha hemolysin makes it suitable for pulling through and sensing
single-stranded (ss) linear DNA molecule [125]. It suggested that the selected nanopore for DNA
sequencing should have good spatial and temporal resolution for obtaining distinct and different
signals for each individual constituting nucleotide. Akeson et al. experimentally demonstrated that
different nucleotides can produce characteristically different signals by translocating polyadenine
and polycytosine (purine and pyrimidine parts of DNA analogues) and polyuracil (RNA analogue)
molecules [134]. The rate of DNA translocation however should be lowered under a specific bias

to obtain the necessary conductance resolution, which requires chemical modification. Work has
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been done by using enzymes to slow down the translocation events. a-HL mutations are also
adopted to improve DNA capture rate from solution [133], [135]. Exonuclease modification is
sometimes employed to separate individual monophosphates from the DNA strand to attain single
molecule sensing [136], [137]. The most commonly used technique is using labelled nucleotide
with molecules which can be detected by fluorescence [79], [138]-[140]. Molecules can be
detected by covalent/non-covalent interactions and adapter-mediated binding within the
engineered pore, removing the requirement of molecular tags. However, the absence of adapter
attachment led to no-detection periods and insufficient sensing resolution [17], [141], [142]. This
drawback was removed by covalent adapter attachment giving real time, highly sensitive detection.
An advanced nanopore detector with compatible exonuclease system was used to identify 5’-

methylcytosine in presence of A, G, T, C for methylation pattern investigation [143].

a 3 nm b
I Liﬂm I

2.2 nm 1.2 nm
1-1.4 nm 2-2.2nm

Figure 2.4. Schematics of Alpha hemolysin (dimensions from Ding et al. 2016 [144]), MspA
(dimensions from Derrington et al. 2010 [145]), Aerolysin (dimensions from lacovache et al. 2016

[146]) and OmpG (dimensions from Koster et al. 2015 [147]) nanopores as presented in literature.
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The main limitation of alpha-hemolysin is its stem length which is longer than nucleotide
dimension. This makes the sensing length longer than required to achieve sufficient spatial
resolution. Mycobacterium smegmatis (MspA) are mycobacterium porins which have been
suitable for DNA sequencing particularly for its topology [13], [145], [148]. Unlike alpha
hemolysin, MspA are large goblet-shaped octameric pores with the smallest constriction having a
diameter of 1.2 nm and length of 0.6 nm, which is ideal for DNA sensing without the use of
additional structural adaptations [148]. However, they have a very thick hydrophobic outer
membrane containing mycolic acid chains. Such hydrophobicity can lead to reduced sensor

lifetime [149].

Aerolysin on the other hand, is hydrophilic thus providing favourable charge interactions.
However, aerolysin pores are seldom used for DNA sequencing and more used for isolated small
molecule sensing [150]. Another type of biological nanopore used mostly for small molecule
sensing is Outer Membrane Porin G (OmpG). OmpG is a 32 kDa 14 stranded monomeric porin
that has a uniform barrel-shaped structure allowing easy insertion in the solid-state pore. The
symmetry also allows uniform surface charge interaction with the translocating or binding analyte
[21], [151]-[153]. The most important advantage of OmpG pore is a phenomenon which is
commonly referred to as gating; by which the permeability of the pore to analytes and ions can be
regulated by simply changing the OmpG environment. OmpG has 7 extracellular loops, which
respond differently in different pH, ionic or electric conditions [21], [151]-[153]. The discrete
changes in protein dynamics induces more specific ionic current signals for analyte identification,
without additional functionalization [21], [151]-[153]. The gating effect depends on a lot of factors
including the proximity of the analyte with OmpG, charge interactions between OmpG and
analyte, and conformation changes of the flexible groups. Such flexibility of the loops leads to
high selectivity and sensitivity of OmpG pores unlike other rigid biological pores. At neutral pH,
OmpG switches between open (permeable) and closed (non-permeable) states thus making fine
tuning of the nanochannel possible. Additionally, OmpG allows easy adaptation of the loops by

introducing mutations in the amino acid sequence. This provides better control on the signal
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resolution required for single molecule sensing. Due to controlled gating technique, OmpG can

also be suitable for sensing different types of molecules over a wide size range [151]-[153].

Figure 2.4 shows schematics of Alpha hemolysin, MspA, Aerolysin and OmpG nanopores as

presented in literature [144]-[147]. Table 2.1 summarizes the biological nanopores and their

sensing characteristics.

Table 2.1. Different biological nanopores and their sensing characteristics.

Nanopore Aperture size Analytes Advantages for | Limitation
DNA sensing
a-Hemolysin Smallest Small molecules | It can be It is thermo-
constriction is especially engineered for mechanically

engineered for
specific
molecular

detection.

1.5 nm single-stranded | specific weak and has a
DNA and RNA | molecular stem length
are usually detection. longer than
sensed. nucleotide

dimension,

which

compromises

sensing

resolution.
MspA About 1 nm Mostly single- It is thermo- Its

diameter stranded DNA mechanically hydrophobicity
and RNA are and chemically | compromises
sensed. stable and can be | charge

interaction in
electrolytic

medium.
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Aerolysin

Diameter varies
in the range of 1-

1.7 nm diameter

Small molecules

are sensed.

It is thermo-
mechanically
and chemically
stable, can be
engineered for
specific
molecular
detection and is
hydrophilic
leading to
improved
nanopore/DNA
charge

interaction.

It is prone to size
variation even
due to minor

modifications.

OmpG

Controllably

tunable diameter

Both small and
large molecules

are sensed.

It can be
engineered for
specific
molecular
detection, is
hydrophilic
improving
nanopore/DNA
charge
interaction and
also has
tunability size
due to controlled

gating.

It may suffer
from
spontaneous
gating due to
changes in
nanopore

environment.

Generally, two types of signals are obtained for molecular detection using biological nanopores.
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2.1.2.1 Cognate analyte detection

Cognates analytes are detected from the current change obtained due to non-covalent binding of
analytes with the nanopore or any target, creating a change in the structure, configuration, or
orientation of the nanopore. This can cause either a minor current disruption or appreciable change
depending on the strength of analyte interaction. Due to the specificity of these interactions, it can

help investigate chemical reactions and targeted detections [13].

2.1.2.2 Translocating analyte detection

Translocating analytes are detected by Coulter-counter principle (as explained in Section 2.1.1
solid-state nanopore). The charge alterations occurring at the nanopore during analyte
translocation can produce current blockades characteristic to their size and surface charge.
However, unlike solid-state pores, the charge interactions are stronger causing slow translocation

of analytes through biological pores, thus producing more temporally-resolved signals [13].

Due to their biocompatibility and sensitivity, biological nanopores are being used since the dawn
of nanopore sequencing. However, in spite of improved time resolution, biological nanopores are
prone to disabilities due to sudden changes in environmental conditions and mechanical failure,
making them unsuitable for building portable and reusable sensors. These limitations are however
fulfilled by a solid-state nanopore. Such complementary behaviour of solid-state and biological

nanopores gave rise to hybrid nanopores formed by combining the latter two.

2.1.3 Hybrid nanopore

Both biological and solid-state nanopores have their own pros and cons [13]. Therefore, to harness
advantages of both nanopores, a biological nanopore can be incorporated and planted inside a

strong solid-state nanopore to form a hybrid nanopore. Solid-state nanopores offer greater
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controllability over size and shape, longevity, and easier wafer-scale device integration [13]. The
biological pores offer atomic precision suitable for more sensitive engineering, but the delicate
lipid bilayers supporting the pore makes its integration difficult. The need for a specific
environment makes long-term application for biological nanopores unfavorable [13]. Moreover,
pores with precisely reproducible dimensions have remained a challenge. A hybrid nanopore with
the incorporation of a biological nanopore in a solid-state one can offer the best of both systems
[62]-[64], [154]. Hybrid nanopore formation has mostly focused on a-haemolysin (aHL) protein
pores and artificial solid-state nanopores. DNA attached to the protein pore was electrophoretically
threaded through the solid-state nanopore. DNA translocating through the protein / solid-state
hybrid nanopore was then identified by the blockades obtained for each molecule [64]. Figure 2.5
depicts formation of Alpha haemolysin and silicon nitride hybrid nanopore, as shown by Hall et

al., 2010 [64].

For single nucleotide detection, a DNA strand complimentary to the analyte DNA is tethered to
the nanopore for obtaining nucleotide specific blockades due to specific complimentary DNA
interactions. Similarly, for other analytes too, target molecules are used for inducing specific
binding for identifying particular analytes [142], [155]. Sensing system with the hybrid also helps

in creating wafer-scale device arrays improving molecular detection.
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Figure 2.5. (a) Alpha hemolysin with tethered DNA and (b) Alpha hemolysin insertion in silicon

nitride nanopore to form a hybrid (adapted from Hall et al. 2010 [64]).

Therefore, hybrid nanopores can be ideal to lay the foundation of a versatile and highly sensitive

nanopore Sensor.

2.2 Relevant background literature

2.2.1 Testing repeatability: standardizing cleaning procedures and narrowing down the

range of nanopore diameter

Silicon nitride has been by-far the most widely used stable and standardized nanopore material
[88], [116], [156]-[160]. The primary aim for achieving a reliable sensor is ensuring that the
signals it provides are repeatable. If the sensor provides varying signals for the same analyte,
detection accuracy and confidence will be highly compromised making the efficiency of the sensor
questionable. For that, first a clean signal should be obtained which requires minimization of noise
which can cause unnecessary baseline fluctuations. Beamish et al., 2013 has explained the

requirements and procedure of nanopore cleaning to obtain a good signal [14]. Noise analysis can
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help understand the importance of solution degassing, piranha cleaning and ensure a properly clean
nanopore prior to any sensing, and thereby help in optimizing the cleaning parameters required for
obtaining stable and repeatable signals. It can also help in interpreting the contributions of high-
frequency particulate noise and nanobubble-induced low-frequency noise and their improvement
after achieving a properly clean and wetted nanopore. Another factor influencing the repeatability
of a nanopore sensor is its geometry which governs the magnitude of ionic conductance and
blockade current for a particular analyte type. Various techniques have been used in literature for
controlled fabrication of nanopore with better size and shape reproducibility [88], [116], [156]—
[160]. Literature showed Transmission Electron Microscopy (TEM) to be suitable for controlled
fabrication of small (2-5 nm) nanopores [85], [90], [161], [162]. Therefore, TEM was used for
nanopore fabrication in this study. Owing to the thickness of the membranes, a uniform diameter
(cylindrical pores) all along the membrane thickness is less probable particularly when fabricated
by TEM. Hence, hour-glass or conical shaped nanopores are usually realized on SiNx nanopores.
Therefore, in this study, a COMSOL Multiphysics based simulation model was first used to
reconstruct the possible geometry of the experimented nanopores and then correlate the
experimentally obtained ionic conductance of each pore with the nanopore geometry. After
figuring out the geometry, multiple measurements were conducted on each pore and the change in
ionic conductance was then related to the simulated diameters to figure out the change in size and
therefore sensing repeatability (for different sized nanopores) due to multiple measurements. This

study is presented in Chapter 4.

2.2.2 Selecting membrane/nanopore material for spatially and temporally resolved sensing

Along with repeatability test, improving spatial and temporal resolution is also important for

accurately identifying and denominating obtained signals. Single biomolecule detection has been
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one of the major aims of nanopore technology. It can help in comprehending the physical and
chemical properties for further technological advancements. However, for such detection single
molecules should be rapidly and efficiently captured inside the nanopore for a length of time,
sufficient enough to amplify charge interaction and resultant blockade signals. Therefore, the
electro-kinetics of analyte translocation through different membrane/nanopore materials should be
analysed for selecting a membrane suitable for obtaining improved signal resolution. One of the
most common nanopore materials is silicon nitride- SiNx (as mentioned in Section 2.1.1).
However, due to its thickness, SiNx produces low resolution signals, requiring further
improvement for single molecule detection. Literature shows monolayer 2D material MoS: to be
more promising than thick SiNx for highly resolved nanopore sensing and sequencing purposes
[51], [52], [163]. So, in this study, COMSOL Multiphysics simulation study was first conducted
to compare the sensing performance of nanopores on 50 nm SiNx and monolayer MoS; nanopores
to create proof of concept. Literature review also showed monolayer and multilayer MoS» behaves
very differently under an applied electric field [164]. Additionally, slower peptide translocation
was always obtained in previous simulation studies by using bilayer MoS; nanopores instead of
monolayer [165]. Therefore, in this study, the simulation model was further used to compare the
sensing performance of 1-6 layers of MoS:2 nanopores to understand the effect of number of MoS»
layers on the sensing characteristics (more specifically on the analyte translocation kinetics). This

study is discussed in Chapter 5.

2.2.3 Testing nanopore efficiency for sequencing single-stranded DNA

One of the major nanopore sensing applications is single nucleotide sensing, which can benefit
accurate DNA sequencing and identification of single nucleotide polymorphisms (SNPs). This in

turn can help prevent or cure various critical genetic diseases. Hence, genetic information readout
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down to the molecular level is therefore essential to monitor minute changes in genetics or to

anticipate the risk of hereditary diseases.

The first-generation sequencing was based on chain termination (Sanger and Coulson, 1975 [166])
and degradation (Maxam and Gulbert, 1976-1977 [167]) technology. The first successful human
genome sequencing using this technology was achieved in 2001 [168]. The technology was
improved which resulted in the second-generation sequencing based on target-oriented
amplification-assisted replicative sequencing [169]. However, the amplification can introduce
unnecessary errors in the read information [169]. The sensor therefore was built of advanced sensor
array for parallel sensing to achieve good accuracy. However, that made the method too expensive
for long readouts [169]. A good sequencing technique demands 1) good spatial and temporal
resolution, 2) fast detection rates, 3) long read-length and 4) a low-cost sensing. The above two
techniques lacked one or the other requirements. This led to third generation sequencing to
eliminate the error-prone amplification steps to achieve fast, low cost, real-time long readouts with
single-molecule resolution [169]. Nanopore sensors offer such a sequencing method. Oxford
Nanopore- MinION is the leading commercialized portable low-cost sequencer [170]. Table 2.2
lists the advantages and limitations of different sequencing technologies, as presented by Leblanc

etal, 2015 [171].

Table 2.2. Advantages and limitations of different sequencing technologies, as presented by

Leblanc et al., 2015 [171].

Technology Advantages Limitations
First-generation sequencing e Long reads (~ 700 base e Low throughput
pairs)
e High accuracy
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Second generation sequencing

High throughput

Short reads (~100-500
base pairs)
Amplification biases

generally occur

Third generation sequencing

Long reads (average
length can reach ~ 14 kilo
base pairs)

High throughput

No amplification required
Can detect and
distinguish bases

Has potential for
miniature device

fabrication

High error rate
Biased towards long

fragments

Therefore, in this study, single isolated nucleotide triphosphates were sensed through monolayer

(mostly used in literature [51], [52]) and bilayer MoS; nanopores (selected from Chapter 6) to

form the library of current signatures for single nucleotides. Then DNA strands having a

customized pseudo random sequence was sensed through the nanopores. The single nucleotide

signal library previously created was then used to determine the sequence of the DNA. The

efficiency of DNA sequencing evaluated for monolayer and bilayer MoS> nanopores was then

used to infer the suitability bilayer MoS: nanopore for single nucleotide sensing and DNA

sequencing. This study is explained in Chapter 6.

2.2.4 Designing a low-noise hybrid nanopore for more sensitive and temporally resolved

sensing of both charged and uncharged analytes

Although solid-state MoS; nanopores are good alternatives for charged small molecule detection,

they lack the necessary sensitivity and resolution required for neutral molecule sensing [50], [165].
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A biological nanopore due to its chemically sensitive interface slows neutral molecule
translocation and responds appreciably to minor localized charge changes, thus forming a suitable
sensor. However, biological nanopore is too delicate to build a portable sensor. But, when encased
in a solid-state nanopore support a durable and sensitive hybrid nanopore is formed, which can
have the potential of sensing uncharged as well as charge analytes. Outer Membrane Porin G
(OmpG) proves to be a good biological pore alternative for molecular sensing [151], [153], [172],
the reasons of which are discussed in Section 2.1.2. The advantage of easy OmpG modification
can be utilized to reduce noise and improve signal-to-noise ratio for molecular sensing. pH-
dependent spontaneous OmpG gating can also be prevented by specific modifications to the outer
OmpG loops. The hybrid platform thus created can therefore demonstrate low-noise sensing with
high temporal resolution and signal-to-noise ratio. Therefore, in this study, polynucleotide
translocation through OmpG hybridized bilayer MoS> nanopore was conducted to test the

improvement in dwell time and signal-to-noise ratio. This work is discussed in Chapter 7.

Neutral molecule sensing ability of the hybrid nanopore is demonstrated in Chapter 7, THC
(Tetrahydrocannabinol) was selected as analyte. The motivation behind selecting THC molecules
are discussed in Section 1.1. THC is the component in Cannabis, which is primarily responsible
for inducing psychotic behaviour particularly in high doses [57]. At low doses Cannabis is found
to have good medical effects. Topical application has its anti-inflammatory and pain killing effect
[173], [174]. It shows its localized effect in minutes and can last for hours. Sublingual cannabis
sprays also have proved to be safe apart from a few side effects [175]. Oral cannabis intake and
inhalation in low doses has been found to cause euphoric feelings, hallucinations, panic, sleepiness,
etc. [176]. Although fatality due to cannabis overdose has not been reported, long-drawn usage

can intensely harm memory, intellect or even majorly affect lungs and heart. Cannabis use during
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pregnancy can even affect fetus health [177]-[179]. Therefore, it is extremely important to monitor
THC levels (since it is the primary psychoactive component in Cannabis) in real time to control
and prevent severe consequences. Cannabis can be orally ingested or smoked. Smoked THC
manifests itself within a few minutes with its effect recognizable till 3 hours [180]. When
administered orally, THC shows its effects after 30-90 minutes with its effect recognizable for as
long as 12 hours [181]. Urine, blood, saliva and sweat are the fluid mediums mostly used for testing
THC intake. However, in saliva THC has the highest lifetime of about 34 hours and is detectable
in concentration as low as 0.5 ng/ml [182], which is 20-30 times lower than that of blood and urine
[181], [182]. Therefore, THC sensing in saliva buffer was conducted for creating a platform
capable of actively identifying more recent THC consumption. This study is presented in Chapter
8. Thus, research was carried out in building an MoS»-based nanopore sensor for highly efficient

and resolved biomolecular detection.
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Chapter 3

3 Experimental and simulation methods

3.1 Fabrication of nanopores

This section explains the tools and techniques used for fabricating all SiNx and MoS; nanopores

used throughout the study.

3.1.1 Fabrication of silicon nitride nanopores
3.1.1.1 Silicon nitride substrate

4-inch diameter prime silicon wafers (cut along <100> plane) with a thickness of 525+25 um,
coated with 50 nm thick low-stress LPCVD (low pressure chemical vapour deposition) silicon
nitride (SiNx) on both sides were purchased from Rogue Valley Microdevices and used as the
starting substrate for the SiNx membranes fabrication. First, the wafers were thoroughly cleaned
by dipping the wafers in fresh piranha solution, which was prepared by mixing 96% H2>SO4 and
30% H20: in 3:1 ratio. The high reactivity nascent oxygen in piranha solution helps in removing
organic mater and cleaning the wafers. It also makes the surface more hydrophilic (by adding an -
OH coating) making it favourable for sensing in an electrolytic environment. The wafers were then
stripped off the acid by using DI water and then properly cleaned using a nitrogen gun. Figure 3.7

shows schematic of the pristine substrate, scaled down to chip dimensions for better viewing.
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Figure 3.1. Schematic of a silicon- Si substrate with both sides coated by LPCVD (low pressure

chemical vapor deposition) Silicon nitride- SiNx.

3.1.1.2 Patterning of the nitride chips

The wafers were taken for patterning the silicon nitride membranes by photolithography. A
photomask for circular and square shaped chips were made with single and array of 20 um nitride
openings were made using L-edit (layout given in Figure 3.2.(a)). Then AZ 5214E photoresist
was spread at 500 rpm for 10 sec and spun coated at 4000 rpm for 30 sec on one side of the wafer.
The photoresist was then soft-baked for 1 min at 90 °C. Figure 3.2.(b) shows the schematic of the
substrate after spin-coating the photoresist. The wafers were photo-exposed for 2 sec using the
mask (prepared by L-edit) 4 s at 64 mW.cm? power for patterning the membranes. AZ 5214E is a
positive photoresist with an image reversal advantage, which results in a negative patterning. It is
composed of naphthoquinone diazide, which is photoactive and when exposed becomes soluble in
MF CD 319 developer and therefore can form the desired pattern. After exposure, it was hard
baked at 120 °C for 2 min. This was done to crosslink novalak resin (also a component of AZ
5214E resist). Above 110 °C, the crosslinking agent and photo-exposed naphthoquinone diazide

form a complex, which is absolutely insoluble in MF CD 319. So, after exposure and hard-bake
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the exposed areas can be preserved while the unexposed areas (without any crosslinking) can be
removed by developing. Finally, the resist is flood exposed for about 1 min to easily remove the
unlinked resist. The resist was developed for ~40 sec in MF CD 319 developer to remove the

unlined resist. Figure 3.2.(c) shows the patterned substrate after development.

Figure 3.2. (a) L-edit layout of the photomask used for photolithography (b) Substrate with spin-
coated photoresist and (c) Substrate with patterned photoresist (after UV exposure and

development) exposing the part of the SiNx required to be removed.

3.1.1.3 Fabricating the free-standing membranes

The SiNx part, not protected by resist was etched by using dry etching (Reactive lon Etch) using
CF4/F plasma to expose the underlying silicon. The etch was carried out using Phantom III RIE

from Trion Technology for 160 sec at a pressure of 150 mTorr, 45 sccm CF4 and 5 sccm Oo.
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Figure 3.3.(a) and Figure 3.3.(b) show the schematic for RIE etch of the unprotected SiNx and the
image of a typical section of the patterned (by photolithography and RIE) SiNy on Si wafer. The
uncovered silicon (underneath the etched SiNx) was wet etched using a mixture of 32% KOH
solution and IPA in 9:1 volumetric ratio for about 5 and a half hours, which is sufficient to remove
almost 525 pum of silicon (considering an etch rate of 1.6 um/min) but leave few microns of silicon
thickness to prevent the chips from separating from the wafer on its own. Figure 3.3.(c) shows the
KOH etch of the silicon after removal of SiNx by RIE. KOH solution results in an anisotropic etch
of Silicon along <111> plane at an angle of 54.7° (this factor was considered while making the L-
edit photomask to leave out 50 nm SiNx membrane with a 20 um x 20 pm window size). The KOH
bath was maintained at 85 °C throughout the etching process to maintain reactivity. The wafer was
taken out of the KOH bath and thoroughly cleaned. The chips were separated from the wafer
slowly to avoid any damage to the free-standing SiNx membranes. Figure 3.3.(d) and Figure
3.3.(e) show the isometric bottom and top views of the free-standing SiNx thus fabricated after
removal of Silicon by KOH etch. Figure 3.3.(f) shows the optical microscopic image of a typical
free-standing solid-state SiNx membrane thus fabricated, with the inset showing the chip
containing the membrane (to be mounted into the measurement cell set-up for ionic current

measurement).
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Figure 3.3. (a) RIE etch of SiNx (not protected by photoresist), (b) A typical section of patterned
and RIE etched SiNy on Si wafer, (c) KOH etch of uncovered silicon, (d) isometric bottom view,
(e) isometric top view of free-standing SiNy formed after removal of silicon by KOH etch, and (f)
optical image of free-standing SiNx membrane with inset showing the chip containing the

membrane.
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3.1.1.4 Fabrication of silicon nitride nanopores

The 5%5 mm chips were used for nanopore fabrication. JEOL JEM-ARM200CF S/TEM
Transmission Electron Microscope was used in the scanning mode using a 40 mrad corrected
aberration probe at 200 keV with 0.1 nm resolution. The drilling was done for ~10 sec to obtain
~2-3 nm nanopores, for 30-40 sec to obtain 4-5 nm pores, for ~2 min to obtain 8-10 nm pores.
Figure 3.4.(a) shows schematic of STEM drilling for SiNx nanopore fabrication and Figure 3.4.(b)
shows the TEM image of a 4.2 nm diameter STEM fabricated SiNx nanopore. The rate of boundary
(size) expansion was found to be more rapid with increase in diameter. The nanopores, thus

fabricated were used for molecular sensing.

(a) (b)

Figure 3.4. (a) Schematic for STEM drilling of nanopore drilling on free-standing SiNx membrane

and (b) TEM image of a STEM fabricated SiNx nanopore.
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3.1.2 Fabrication of MoS: nanopores
3.1.2.1 MoS: substrate

The free-standing SiNx membranes fabricated previously (see Section 3.1.1 and Figure 3.3.(d))
were used for MoS, nanopore fabrication. For MoS> membranes, low defect density highly

oriented 2H- phase MoS; single crystal procured from 2D semiconductors Inc. was used.

3.1.2.2 Patterning of the nitride membranes

A 200 nm diameter circle was patterned at the center of the SiNy membrane by using Electron
beam lithography. PMMA bilayer positive tone resist was then spin coated on the membrane. First
the membranes were dehydrated by baking it at 180 °C for 2 min and left to cool for about 2-3
min. Then PMMA 495 was spread at 500 rpm for 10 sec and spin coated at 4000 rpm for 45 sec.
Then it was baked at 180 °C for about 5 min and then left to cool for 2-3 min. Then PMMA 950
was spread at 500 rpm for 10 sec and spin coated at 4000 rpm for 50 sec. Then it was again baked
at 180 °C for about 5 min and then left to cool for 2-3 min. After spin coating the PMMA bilayer,
the membranes were taken for exposure in Raith-Two Electron Beam Lithography (EBL) system.
First the 200 nm diameter circle was patterned at the centre of SiNx membrane by coordinate
correction in scanning electron microscopy (SEM) mode of EBL. Then the pattern was exposed
using a 10-micron aperture at 30 keV voltage with an area dose of 120 pC/cm?. After exposure, it
was developed for 60 sec at room temperature using 1:3 MIBK/IPA solution followed by an IPA
rinse for 20 sec. Then the membrane was dried thoroughly. Since the size of the patterned circle
was 200 nm, which is not possible to be viewed under microscope, the chip after development was
viewed under SEM mode of EBL again to ensure it is properly patterned. Then the patterned
membranes are then dry etched by RIE to remove the exposed free-standing nitride part, thus

resulting in a 200 nm hole. The free-standing SiNx with 200 nm hole was then piranha cleaned
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again following the same procedure as stated in Section 3.1.1 of wafer cleaning. Then it was
imaged under Helium ion Microscope (HiM) to ensure the membrane was not broken after piranha
clean and the diameter of the hole fabricated by EBL and RIE is close to what was desired (i.e.
200 nm). Then it was taken for MoS> deposition. Figure 3.5.(a) and Figure 3.5.(b) shows a

schematic and HiM image of a 200 nm hole fabricated on free-standing SiNx membrane.

(@) (b)

Figure 3.5. (a) Schematic and (b) HiM image of a 200 nm hole fabricated by EBL and RIE on

free-standing SiNx membrane.

3.1.2.3 Mechanical exfoliation of MoS> membranes

A piece of scotch tape was taken and treated with a swab dipped in acetone to reduce its stickiness.
Thin layers of MoS> were then mechanically exfoliated from the MoS; bulk crystal onto the scotch
tape. The SiNyx membranes with 200 nm hole was mounted on the bottom stage of a dual-stage
microscope with XYZ stage adjustments. The scotch tape was then mounted on the upper stage of
the microscope. The MoS» on scotch tape and the centre of the SiNx membrane (where the 200 nm
hole is fabricated) were aligned while watching it under the microscope. After alignment the two
stages were brough together such that they are pressed against each other transferring MoS» onto

the hole on SiNx membrane. It was found that the thickness of the MoS; transferred first on the
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scotch tape is crucial for obtaining monolayer or bilayer MoS: on the SiNx. The device was imaged
under JEOL JEM-ARM200CF S/TEM in TEM mode to ensure that the 200 nm hole is fully
covered by one or two uniform MoS: layers. Figure 3.6.(a) shows the free-standing MoS:
membrane transferred by mechanical exfoliation to the 200 nm hole on SiNx. Figure 3.6.(b-d)
show the TEM images of three typical bilayer MoS> membranes with the free-standing part clearly
differentiated from the part supported by SiNx. The free-standing MoS, membranes were used for

nanopore fabrication.

(@) (b)

(d)

Figure 3.6. (a) Schematic of a free-standing MoS; membrane transferred by mechanical

exfoliation to the 200 nm hole on SiNx after being aligned properly by using a dual-stage
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microscope and (b-d) TEM images of three typical bilayer MoS2 membranes with the free-standing
part clearly distinguished from the part supported by SiNx, as observed by the difference in contrast
with the lighter part showing the free-standing portion of the membrane. It looks lighter due to its

thinness allowing higher light transmission.

3.1.2.4 Fabrication of MoS: nanopores

The nanopores were fabricated using JEOL JEM-ARM200CF S/TEM in STEM mode right after
imaging the membranes using a 40 mrad corrected aberration probe at 200 keV with 0.1 nm
resolution. The nanopore drilling occurred almost instantly (in <5 sec) and 2.5-3.5 nm pores were
obtained from it. Further exposure in STEM mode was avoided to prevent unnecessary expansion
of the nanopore (owing to thinness of MoS,). Then the nanopore was imaged in TEM mode and
further taken for sensing. Figure 3.7.(a) and Figure 3.7.(b) show schematic of STEM drilling of
MoS; nanopore and HRTEM (High Resolution TEM) image of a STEM fabricated MoS:

nanopore, respectively.

(2) (b)

Figure 3.7. (a) Schematic diagram of STEM drilling of MoS: nanopore and (b) HRTEM (High

Resolution TEM) image of a STEM fabricated bilayer MoS» nanopore.
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3.2 Ionic conductance-based characterization of nanopores

3.2.1 Electrolyte preparation

300 mM filtered KCI solution was prepared and buffered with 3 mM Tris-HCI was prepared
(pH=8) and stored (to be used for measurement of ionic conductance). The latter solution was
diluted with DI water for lower concentration, if and when required for sensing. The stored KCl
solution was degassed for 90 minutes in vacuum. Before experiments, the degassed KCI solution

was ensured to be at room temperature.

3.2.2 Nanopore Cleaning
3.2.2.1 For SiNx nanopores

The SiNx nanopores were first cleaned in a piranha bath (prepared as described in Section 3.1.1)
for about 2 hours to remove debris left after drilling, environment particulates and organic
materials which may block the pore. About 5 ml of H2O; are added to the bath every 30 min to
keep the bath reactive for a fresh supply of nascent oxygen and the fumes to flow even through the
small nanopores. The nanopore was taken out of the piranha bath and thoroughly clean with
degassed (for 90 min) DI water to avoid to almost eliminate the chance of any nanobubble for
water blocking the pore. The pore was dipped in ethanol and left for about 3 hours in vacuum to
pull ethanol through the pore making it clean for ionic conduction. The nanopore was taken for

being mounted in the measurement cell for sensing.

3.2.2.2 For MoS: nanopores

The MoS; nanopores were cleaned three times by pulling acetone under vacuum for 30 minutes

each, with the acetone solution being replaced by a new solution every time to avoid drying up of
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acetone at the nanopore. The same process was repeated four times using IPA and once using
ethanol, each cycle was carried out for 20 minutes. During initial measurements, 4 cycles of IPA
clean was found to be optimum for removing all acetone and achieve a low noise level by avoiding
residues. The nanopore was taken for being mounted in the measurement cell for further

experiments.

3.2.3 Custom-designed cell assembly and cleaning

Half cells made of Poly-tetra-fluoro-ethylene (Teflon) were used as electrolytic chambers. Teflon
having a good electro-chemical resistance and hydrophobicity helps maintain clean and insulated
environment, required for accurate sensing. Polydimethylsiloxane (PDMS) gaskets were used to
seal the half cells in order to prevent cross flow of electrolyte in between cells other than through
nanopore. PDMS gaskets reduce capacitive noise during ionic current measurements. For ionic
current measurements the clean nanopore was mounted onto the cell by sandwiching them between
the PDMS gaskets. Sonication-assisted thorough cleaning of half cells was done before each
experiment to remove any particulates or KCl residue (in between experiments). The cells were
fastened together in a way tight enough to prevent electrolyte leak but loose enough to prevent the
membranes from breaking. The cells were filled with ethanol and kept in vacuum for about 2-3
hours to create an uninterrupted wetted nanopore. The cell chambers were filled with KCI solution
(previously prepared electrolyte- see Section 3.2.1). The KCl solution was refluxed to efficiently
replace ethanol with KCI. This step was also found to benefit faster conduction through the
nanopores along with the vacuum pulling process. Bias across the membrane was applied using
Ag/AgCl electrodes dipped in the electrolyte contained in the half cells. Electrodes were
functionalized with chloride by treating them with ethanol, DI water and dipping them in bleach

for about 1 hour. Electric interference was prevented by isolating the entire assembly in a Faraday

46



cage purchased from Warner instruments. Figure 3.8 shows the sensing cell setup used for all

experiments.
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Figure 3.8. Schematic representation of custom-designed cell assembly for sensing [1. Amplifier,
2. Digitizer, 3. User interface, 4. Faraday cage, 5. Amplifier head, 6. Cell set up (a. Teflon cell
containing KCl, b. Ag/AgCl electrodes, Gaskets to hold membrane, d. Membrane bearing

nanopore)].

Single channel recordings were then obtained to characterize the nanopores. The ionic blockades
induced by translocating analytes were filtered by Warner 8-pole Bessel filter, amplified by Axon
MultiClamp 700B amplifier and finally digitized by Digidata 1550B. The digitized traces were
then viewed and recorded in real-time by using Clampex 10.6. The files were then saved as .abf

files and stored for further analysis.
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3.3 COMSOL Multiphysics simulation

The following section explains the details of defined geometry, meshing and physics behind the
model used for simulating ionic conductance and DNA translocation electro-kinetics through

different sized nanopores on 50 nm SiNx and 1-6 layers MoS; membranes.

3.3.1 Geometry and parameters involved

A geometry mimicking the cell-set up used for experiments was considered for the simulation. A
two-dimensional axis-symmetric representative geometry of the two reservoirs separated by a
membrane was considered for all nanopore conductance measurements. For simulating DNA
translocation kinetics, a polynucleotide strand defined as a 1 nm thick and 10 nm long cylinder
was introduced into the geometry at a distance of 5 nm away (along the longitudinal axis) from
the centre of the nanopore. An electrolyte (KCl) concentration of 300 mM was considered for the
simulations. Debye length for 300 mM KCIl was calculated to be 1.8 A (considering room
temperature of 23 °C ). Hence a mesh size of less than 1 A for nanopores and membranes, and 0.5
A for the rest of the geometry were considered to consider the Electrical Double Layer (EDL) and

to achieve a good accuracy of results.

A potential difference was applied across the reservoir with the electrodes considered at the
reservoir ends. The electric field hence induced, generates an ionic current through the nanopore
and also draws the negatively charged nanoparticle through the pore. Thus, it blocks a portion of
the ionic current based on its surface charge and electric field interactions, physical and chemical

properties of the particle and the system containing it.
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The detailed geometry and meshing process adopted for ionic conductance and DNA translocation
simulation through MoS» and SiNx nanopores is explained in detail in Chapter 4. Table 3.1 shows

the geometry dimensions and values of parameters considered for the simulations.

Table 3.1. Geometry dimensions and parameter values used for simulation

Parameters

Values

DNA dimensions

1 nm x 10 nm

Diffusivity of K*

1.95E-9 m?%/s

Diffusivity of CI

2.032E-9 m?/s

Universal gas constant

8.314 J/K/mol

Temperature 298 K
Relative permittivity 80
Medium viscosity 0.001 Pa-s
Water density 1000 kg/m*
Transmembrane bias 02V
DNA surface charge -0.015 C/m?
Silicon nitride surface charge -0.02 C/m?
MoS> surface charge -0.031 C/m?
KClI concentration 300 mM
DNA (dA) density 1600 kg/m?

For repeatability study, the nanopore geometry was assumed to be hour-glass. An hour-glass shape
with an upper conical zone (Zone 1), a 10 nm long cylindrical body (Zone 2) and a lower conical

zone (Zone 3) was considered for all pore sizes simulated (as shown in Figure 3.9). A constant
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cylindrical zone thickness was assumed since the shape of the pore is governed by the way electron
beam passes through a membrane. Since a constant thickness of the silicon nitride membrane (50
nm) was used for fabrication of all pores, cylindrical region can be assumed to have same thickness
for all pores. However, the upper and lower conical parts were considered to have different
volumes and half angles to precisely represent the practical scenario. The detailed simulation

method will be discussed in Chapter 4.
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Figure 3.9. Geometry of COMSOL Multiphysics simulation model showing an hour-glass shaped
pore with a cylindrical body; L = thickness of membrane/pore height = 50 nm, T = thickness of
cylindrical part of pore = 10 nm, o, = half-angle of the top conical portion and o, = half-angle of

the bottom conical portion of the pore

3.3.2 Mathematical modelling

3.3.2.1 For steady-state analysis of blank nanopore conductance (ionic conductance without

any DNA)

The ionic current through the nanopore was calculated from the potential distribution determined

from Poisson’s equation; by feeding the ionic concentration gradient from the Transport of dilute
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physics and velocity from the Stokes’ law, since Reynold’s number for KCl in water falls in the

laminar flow regime.

Laminar flow (Navier-Stokes equation)

The fluid flow velocity profile in the laminar flow regime was determined by the Navier Stokes

equation (Equation 3.1) with the potential distribution and concentration gradient fed as input.
Equation 3.1: p(u.V)u = V.[-PI + u(Vu + (Vw)T)] + V&

pV.u=0  for stationary flow
Volume force components, Vg, = —F(cy — ¢3)V,,  and  Vpy, = —F (2101 + 2,63)V,

Where p = fluid density, u = fluid velocity, P = Pressure, pu = fluid dynamic viscosity, V = applied
potential, z; = charge number of K" ion = 1, z> = charge number of Cl" ion = -1, ¢1 = concentration
of K" ion and ¢> = concentration of CI” ion (obtained from Equation 3.3 presented later) and F =

Faraday’s constant.

The concentrations c¢1 and ¢z were obtained from transport of dilute species physics, which will be

explained later in this section.

» Boundary conditions for the flow:

The cell wall, nanopore wall and membrane were kept at no-slip condition. The bottom (electrolyte
inlet) and top (electrolyte outlet) cell boundaries and DNA were kept at zero pressure conditions.

Figure 3.10 shows the different boundary conditions defined in this physics.
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Figure 3.10. (a) Boundaries in blue kept at no-slip condition, (b) Inlet and (¢) Outlet boundaries

kept at zero pressure conditions.

We obtained the fluid velocity profile (u) from this physics to be used for further simulations.

Electrostatics (Poisson’s equation)

The potential distribution as a result of the induced electric field and charge interactions due to the

ionic transport through the nanopore was simulated from the Poisson’s equation (Equation 3.2).

Equation 3.2: V?V = — :Lf and Surface charge density, p,r = F(z,c1 + 2,¢3)

ofr

Where V = applied potential, o = vacuum permittivity, & = relative permittivity, zi = charge
number of K* ion = 1, z; = charge number of CI ion = -1, ¢; = concentration of K* ion and ¢z =

concentration of Cl™ ion (obtained from Equation 3.3 presented later) and F = Faraday’s constant.

» Electrostatic boundary conditions:

The electrodes were considered at the two ends of the cell, the top boundary was given a bias of V
and the bottom boundary was grounded to generate a potential difference and hence an induced
electric field to electrophoretically drag the electrolyte ions. Figure 3.11 shows the different

boundary conditions defined in this physics.
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Figure 3.11. (a) Boundary representing electrode where a potential of 200 mV was applied, (b)
Boundary representing the ground electrode, (¢) Boundaries at zero charge, (d) Boundaries at a
surface charge of -0.031 C/m? for MoS, membranes and -0.02 C/m? for SiNx membranes and (e)

DNA boundaries at a surface charge of -0.015 C/m?.

The electric potential (V) profile was obtained from this physics which was used for further

simulations.
Transport of dilute species (Nernst-Planck equation)

The ionic transport through the nanopore in response to the applied bias at a particular bulk
electrolytic concentration was represented and simulated by Nernst-Planck equation (Equation

3.3).

Equation 3.3: N; = D;Vc¢; — z; Di Fc;VV +uc; , i = I(for K" ion), 2(for CI ion)
1 RT
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Where N; = ionic flux, D; = diffusivity of i" ion, zi = charge number of i ion, ¢i = concentration
of i ion, F = Faraday’s constant, u = fluid velocity (obtained from Equation 3.1), R = Universal

gas constant, T = ambient temperature and V = applied potential (obtained from Equation 3.2),

Transport boundary conditions: The two ends of the cell were kept at bulk concentration for both

K" and CI ions. Figure 3.12 shows the different boundary conditions defined for this physics.

L 1 1 1 1 1
%107
m

Figure 3.12. Boundaries conditions kept at 300 mM KCI (electrolyte) concentration

The concentration profiles of both the ions were obtained from this physics, which were fed to
Equation 3.1 and Equation 3.2 for calculating volume force and space charge density
respectively. Thus, all the three equations were coupled to simulate the nanopore conductance.
Then based on the simulation results the ionic conductance through nanopore was evaluated
according to Equation 3.4. For that, first a cut plane was defined at the nanopore surface and the
ionic flux was integrated over the pore surface to obtain the ionic current which was then divided

by the applied bias to get the ionic conductance (G).
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Equation 3.4: G = %gﬂi F(z,N; + z,N,).AdS

Where, G = ionic conductance, V = Applied bias, F = Faraday’s constant, z; = charge number of
K" ion = 1, z» = charge number of CI" ion = -1, N; and N> = K" and CI ionic flux through the

nanopore.
3.3.2.2 For transient analysis of molecular translocation

The ionic blockade due to the particle transport is influenced by the particle position and surface
charge as well as nanopore size and material. The particle’s negative surface charge as mentioned
in Table 3.1 and shown with red boundaries around the particle in Figure 3.13.a, and initial
orientation (see Table 3.1) with respect to the centerline of the nanopore significantly affect both
the dynamics of the particle translocation and the modulation of the ionic current through a
nanopore. Under an applied electric field, electroosmotic fluid flow is generated and an electrical
double layer (EDL) is formed, as seen in Figure 3./3.a. An EDL (shown with green circles
representing positive charge concentration in Figure 3.13.a) is formed on both sides of the
membranes (having negative surface charge as represented by red boundaries in Figure 3.13.a).
An EDL is also formed around the particle (also shown by green circles as seen in Figure 3.13.a)
created by induced dipoles based on the surface charge of particle. The fluid flow velocity (as
calculated from Navier-Stokes equation) is then used to evaluate the viscous drag on the particle
(see Figure 3.13.a). The resultant hydrodynamic force Fuy (see Equation 3.5) on the particle is
therefore defined as the negative of viscous drag (VD) as shown in Figure 3.713.a which is
evaluated by integrating the hydrodynamic stress tensor over the particle surface ( see Equation

3.5).

du v

Equation 3.5: Y-component of hydrodynamic force, Fy, = — fu (5 5).ﬁd$
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Where, u = fluid dynamic viscosity, u and v are the X-component and Y-component of fluid
velocity.

The electrostatic force (EF as shown in Figure 3.13.a) acting on the particle due to the applied
electric potential was then evaluated by integrating the electrostatic stress sensor.

Equation 3.6:

Y-component of electrostatic force, Fg, = [ g8, [ExEy +E,E, — O.S(Ef)]. nds
_ W vy W3y g o) 4
Fgy = [ o, 5 35 T o 0.5 (( ay) )] .AdS
Where Ex and Ey = X and Y components of the electric field, Vx and Vy = X and Y components of

the electric potential, €0 = vacuum permittivity and g, = relative permittivity.

The electrophoretic (EP as shown in Figure 3.13.a) force on the particle therefore is the summation
of the hydrodynamic and electrostatic forces (EF as shown in Figure 3.13.a). Due to the induced
dielectrophoretic effect (generated as a result of electroosmosis and electrophoresis), a relatively
high electric field tends to pull the analyte towards the positively biased chamber (trans) from the
grounded (cis) chamber. To evaluate the particle velocity, a force balance was conducted on the
particle (from particle frame of reference) immersed in an electrolyte under an applied potential.
Figure 3.13.b shows the force balance on the particle. The forces were defined as integration
coupled boundary probes over the particle surface. The translational velocities were calculated
from the total force balance on the particle, with the equations being fed using Global ODEs

physics. The initial values of all variable (at time = 0) was assumed to be zero.

d
Equation 3.7: Force balance along Y-axis, m,, % = Fyy + Fgy + Fyy,
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Where, m, is the mass of the translocating particle, v, is the longitudinal velocity of the
translocating particle and Fuy and Fgy are the hydrodynamic and electrostatic forces as obtained

from Equation 3.5 and Equation 3.6.

Only Y-component of these forces were considered here as we wanted to compare only the linear
(longitudinal) acceleration and retardation of the particle and corresponding current blockade
occurring in response to the applied bias during its translocation through the nanopore system. For
capturing such translational dynamics, we used the physics explained for ionic conductance
simulation along deformed geometry physics which allowed the mesh to be deformed at a pace

defined within the physics.

(2)

+ ( ) Hydrodynamic + Electrostatic forces

~= bulk ionic concentration
0000000000000000 1[

@G

o] |0

C‘D 000000 o”o 000000
EDL ‘600000 | ©Lio 000000

DNA with -ve
surface charge

—

~= bulk ionic concentration

0000000000000000 r

Body force

Figure 3.13. (a) Schematic showing the major phenomena occurring in and around the nanopore
under an applied electric potential involving electroosmotic fluid flow; viscous drag (VD),
Electrostatic and resultant Electrophoretic forces acting on the translocating particle immersed in
an electrolyte. The red and green circles indicate negatively and positively charged ions and the
red and green boundaries represent negative and positive surface charge which gives rise to

Electrical Double layer (EDL) due to counter-charge concentration around both the membranes

57



and the particle and (b) Primary forces acting on the particle dispersed in an electrically biased

compartment containing an electrolytic fluid

The deformed geometry physics was used to move the particle with the calculated velocity and the
simulation of the next time instant was carried out from the updated particle position (as can be

calculated from Equation 3.8).
Equation 3.8: Y, =V, + fot vpdt

where, Yp and Yo are the previous and updated particle positions respectively.
In case of multilayer (>1-layer) MoS: only:

van der Waals force (Fyvy) acting between every two layers of multilayer MoS: is defined as

integration coupled variables as presented in Equation 3.9.

Equation 3.9:

1 2
(1+nd)? (1+d)?

Y-component of van der Waals force [183], Fy,, = [H [112 + ] .ndS

Where H is the Hamaker constant [183] for MoS,, d is the membrane/layer thickness, n is the

number of layers, | is the interlayer spacing.
In case of MoS: only:
The ionic conductance (G) through the nanopore was first simulated by following Equation 3.4.

The resistivity (o) of KCl was then calculated from Equation 3.10.

L

Equation 3.10: 0=0—7
TRy

Where L is the nanopore length and R, is the nanopore radius.
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For ultrathin nanopore, the access resistance (R.) [184] has a dominant role on the ionic

conductance. The total resistance (Riotal) can be calculated from Equation 3.11.

g

Equation 3.11: Ryprq = Ry + Rgee = % + TS

The blank pore ionic conductance was thereby calculated from the reciprocal of the total resistance

as the calculated from Equation 3.11.
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Chapter 4 (Paper 1)

This chapter presents a simulation study to investigate the factors influencing reproducibility of
nanopore sensors. Silicon nitride nanopores were used for this study because it is till date the most

studied material which allows easy fabrication and hence suitable for initial selections.

4 Predicting geometry and size repeatability of silicon nitride
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4.1 Keywords

Silicon nitride nanopores, COMSOL Multiphysics simulation, nanopore geometry, noise analysis,

nanopore size repeatability.

4.2 Abstract

Solid-state nanopores have been used extensively for biomolecular sensing, particular for its
stability and scalability. Geometry of a nanopore affects the sensing of the analyte significantly.
Therefore, the nanopore geometry should be closely monitored for repeatable measurements. lonic
conductance measurements through silicon nitride nanopores of different sizes were measured and
the noise was analysed for obtaining a stable and refined signal. In this study, we propose a
COMSOL Multiphysics model to predict the geometry (diameter and shape) of a nanopore from
the measured nanopore conductance. We further extended the model to monitor effective change
in nanopore diameter from the variation of ionic conductance for multiple measurements obtained
for each nanopore. We observe that silicon nitride nanopores with diameter less than 4 nm
demonstrate very good size repeatability, but as the size increases the repeatability was found to
deteriorate. The results signify the suitability of silicon nitride nanopores with less than 4 nm

diameter for formulating a reusable and reliable sensor.

4.3 Introduction

Solid-state nanopores have been used extensively as potential biomolecular sensors [138]. A small
pore having dimension in the nanoscale is fabricated on solid-state membranes (eg. SiNx [158],
[185]-[187], Si102[47], AL,O3 [80], [188], M0S2[51], [52], Graphene [54], [189]-[191], BN [98]).

The membrane with the nanopore is then sandwiched between two electrolyte-filled cells, such
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that on application of a bias across the membrane, the electrolyte-filled nanopore acts as the only
conducting channel connecting the two chambers [160]. The resultant ionic conductance therefore
is a characteristic of the nanopore size and shape [13], [160]. This conductance acts as the basis
(baseline) for all nanopore-based sensing methods. For sensing, the analyte is introduced in one of
the chambers and dragged electrophoretically to the other. The number of ions blocked in the path
is manifested as ionic current drop, which helps identify the analyte. The current blockade is a
factor of the pore size (baseline current) and analyte size (ionic blockade). Therefore, achieving a

suitable and stable nanopore geometry is essential for reliable sensing [13], [160].

Different nanofabrication techniques have been employed for making a nanopore. The commonly
used methods include direct drilling of pore by sputtering techniques using a highly focussed ion
beam [159], [192]-[196] or electron beam [162], [197]. Wet etch and plasma etch [82], [157],
[198] have also been extensively used, especially for pore array fabrication due to their ease of
pattern transfer. In order to get a pore tuned to suitable size and shape, sometimes pore opening
techniques are assisted with material deposition [199] and thermal treatments [200], [201]. The
sensing reliability and resolution is directly dependent on the size of the nanopore, which is related
with the fabrication efficiency of the techniques used. Silicon nitride has been by-far the most
widely used nanopore material due to its robustness, handling ease and compatibility with standard
fabrication techniques [158], [185]-[187], [202]. However, the conventionally used membrane
thickness lies in the range of 20-50 nm. Pore fabrication using commonly used beam or ion drilling
techniques can lead to pore shapes (cylindrical, hourglass, conical and so on) with variable aspect
ratios even for the same fabrication parameters used (aperture size, exposure time, etc.) due to
minute change in focussing [203]-[206]. The sensing accuracy immensely depends upon accurate

knowledge of the nanopore size and shape. Due to small size of the nanopore, even 5% change in
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size can lead to a large change in ionic conductance, thus perturbing the accuracy of the sensed
signal for the same analyte type. As a result, pore size and shape estimation form the foundation
of all sensing analysis. The fastest and easiest method measure the pore size is via image analysis
of the fabricated pore. The advantage of solid-state nanopores is the thermomechanical stability of
the membranes which allows large-scale production of portable and reusable biosensors. However,
even solid-state nanopores are prone to pore expansion and shrinkage due to cleaning by harsh
chemicals, unnecessary sputtered material redeposition, exposure to high-energy beams and
accelerated ions. Therefore, precise knowledge of the pore size and shape during every experiment
is essential to account for the possible changes in pore geometry after repeated sensing and to note

the diameter at which the pore boundaries attain the stability required for molecular detection.

In this work, we have conducted experiments to understand the sensing repeatability by observing
the change in the size of the SiNx solid state nanopores via conductance measurements. We have
also proposed a COMSOL Multiphysics simulation approach to precisely predict nanopore

geometry which can be used to monitor pore size change.

4.4 Methods

4.4.1 Experimental section

4-inch both side 50 nm thick low stress, LPCVD silicon nitride (SiNx) coated 525 + 25 um thick,
<100> silicon wafers were used as the starting substrate. SiNx is patterned using standard contact
photolithography and the exposed nitride is etched by Reactive lon Etch (RIE) to fabricate 50 um
nitride windows. The exposed silicon is wet etched by KOH to obtain the free-standing SiNx
membranes on silicon support. JEOL JEM-ARM200CF Scanning/ Transmission Electron

Microscope (S/TEM) was used to fabricated 2-3 nm nanopores on the SiNx membranes.
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The fabricated nanopore is cleaned for 30 min in heated piranha at 85 °C and then rinsed well in
degassed DI water to avoid entrapment of any nanobubbles. The nanopore is then refluxed with
degassed electrolyte (KCI) for pore wetting before conducting the conductance measurements. The
two Teflon half cells and PDMS gaskets are cleaned with Acetone and rinsed with IPA. The
membrane with the pore is then sandwiched between the two half cells with supporting gaskets.
The two cell compartments are filled with equal volume of KCIl. Two Ag/AgCl electrodes are
treated with ethanol and DI water and then finally with bleach for re-chlorination. The electrodes
are then introduced in the KClI filled compartments for applying bias across the nanopore. The
entire set-up was placed inside a Faraday cage for electromagnetic isolation. The resultant ionic
current in response to the applied voltage is then recorded by an Axon Patch assembly assisted by

Axopatch 700B amplifier and Digidata 1550B digitizer.

Each pore was measured multiple times with intermediate cleaning steps to analyse its size stability

for sensing applications.
4.4.2 Simulation section

An axisymmetric model was used to setup the system (see Figure 4.7). Based on the obtained
linear I-V profiles two pore shapes are probable: cylindrical or hourglass (conical shaped silicon
nitride nanopores display lon current rectification). Considering the thickness of the membrane,

hourglass shape is assumed as the pore geometry.

An hour-glass shape with an upper conical zone (Zone 1), a 10 nm long cylindrical body (Zone 2)
and a lower conical zone (Zone 3) is considered for all pore sizes simulated (as shown in Figure
4.1). A constant cylindrical zone thickness is assumed since the shape of the pore is governed by

the way electron beam passes through a membrane. Since a constant thickness of the silicon nitride
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membrane (50 nm) is used for fabrication of all pores, cylindrical region can be assumed to have
same thickness for all pores. However, the upper and lower conical parts were considered to have

different volumes and half angles to precisely represent the practical scenario.

oy
Zonel ?
___________________ "
Zone2 3T || J
Zone 3 ’\\

0l I ’

Figure 4.1. Geometry of COMSOL Multiphysics simulation model showing an hour-glass shaped
pore with a cylindrical body; L = thickness of membrane/pore height = 50 nm, T = thickness of
cylindrical part of pore = 10 nm, o, = half-angle of the top conical portion and o, = half-angle of

the bottom conical portion of the pore

Step 1: Simulations are first done for ¢ = &, each varied from 0° to 90° in increment of 10° (if

both o, and «, is equal to zero, the pore is cylindrical)

Say in case of a typical nanopore,  for &; = &, = a, simulated conductance is A

for oy = a, = b, simulated conductance is B

Step 2: If measured conductance for that pore is M, then the values of A and B closest (low error)

to M are taken such that A<M<B.

Step 3: The simulations are repeated by varying «, between to a and b at an increment of 1° at

constant ; = a
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Step 4: Step 2 is repeated. The new values obtained are o, = u, and a, =1[,.

Step 5: The volume of the pore for &; = a and &, = u, is then calculated in MATLAB = UV.

The volume of the pore for &y =0° and a, = [, 1is then calculated in MATLAB =LV.

where, V= volume of Zone 1 (V,,) + Zone 2 (V,,) + Zone 3 (V,3)

Considering d as the pore diameter,

Step 7: Pore volumes are also calculated in MATLAB for ¢ varying from a to b and «, varying
from a to b at an increment of 0.5°. The pore volumes lying within the range bounded by UV and

LV (see Step 6) are short-listed.

Step 8: The simulation is re-run for ¢ and o, values of the short-listed volumes. The simulated

conductance closest to the experimental value gives the geometry of the pore.

Ionic conductance was then simulated by using coupled Laminar equation, Nernst-Planck
equation, and Poisson’s equation for different pore geometries to predict the measured pore

geometry. Table 4.1 summarizes the process flow used in this study.
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Table 4.1 Process flow followed in this work

oy o Cone- Simulated Simulated Experimental | Selection | Volume
angle conductance | conductance | conductance condition
variation | for a; for o,
Equal 0°:10°: | A for ¢y = | B for a,, = | M A<M<B |
90° a b
a Varied | o, (a:1° | Repeated L
:b)
a Varied | ap ( al : | Repeated o
0.5°:b1)
(a,b2) With smallest error between experimental and simulated conductance v
MATLAB program
Varied | Varied | (a4, ay) values for while pore volume is closest (10% error) to V are all short-listed
Simulation

Ionic conductance is simulated for these (a4, o) values

Values with smallest error between experimental and simulated conductance are selected and presented
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4.5 Results

SiNx pores were fabricated on 50 nm silicon nitride membranes using TEM. Figure 4.2 shows the

TEM images of the pores.

Figure 4.2. TEM fabricated solid-state nanopores on free-standing 50 nm thick 5x5 mm silicon
nitride on silicon windows: Pore diameters of (a) 2.5 nm, (b) 4.2 nm, (c) 5.6 nm and (d) 8.0 nm.
The yellow circle in each image just shows the nanopore locations and is not used for size

calculation.
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The fabricated pores are characterized by measuring the ionic conductance for which bias across
the pore was varied from -200 to 200 mV and the ionic current change is noted (detailed procedure
is described in the methods: experimental section). The pore is cleaned and electrically conditioned
till a stable base current is obtained. Figure 4.3.a-b shows ionic current for a voltage sweep of -
200 mV to 200 mV, through a partially blocked pore vs a properly clean pore. The current observed
clearly shows higher noise fluctuations for a blocked pore. To confirm about the noise reduction,
we normalized the current traces (as presented in Figure 4.3.c) to eliminate the voltage-effect.
Pore blockade can be caused due to entrapment of nanobubbles at the pore mouth (caused due to
insufficient degassing of electrolyte) which results in an unstable baseline current as observed from
Figure 4.3.c. We further analysed the noise spectra (Figure 4.3.d) and observed a significant
reduction of both low frequency (<1000 Hz) noise after cleaning. Pore can also be clogged by
solvent residues and nanobubbles created during sensing procedures. Nanobubbles can be caused
due to insufficient degassing of electrolyte or liquids involved in the cleaning process. Therefore,
proper degassing and complete removal of residues is essential for resolved sensing. In case of
nanopore sensing, high frequency noise is usually influenced by presence of bigger particulates in
and around the nanopore. Since particulate-blockade is unlikely after piranha cleaning, we do not
observe any significant reduction of high-frequency noise (>1000 Hz) between the clean and

blocked pore.
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Figure 4.3. Ionic current for -200 mV to 200 mV voltage sweep for (a) a blocked pore and (b) a

clean pore, (c) Normalized ionic current showing lower noise fluctuation amplitude for clean pore

and (d) noise power spectra for the blocked and clean pore showing reduced low frequency noise

for the clean pore, which may be caused by solvent residues or nanobubbles created during

measurements.

A COMSOL geometry mimicking the original measurement cell assembly is modelled for accurate

prediction of nanopore structure. Detailed information about the simulation process is discussed

in methods: simulation section. The pore current is measured 20 times on each pore and the

experimental [-V is plot against the simulated I-V for the predicted pore geometry. The

experimental I-V profile was compared with simulated profiles of different pore geometries. For
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a single comparison, the smallest pore diameter is kept constant and top (;) and bottom ()
cone angles are varied for a constant 10 nm thick cylindrical zone. Figure 4.4.a-f presents the

experimental and simulated I-V fit, denoting the prediction accuracy.
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Figure 4.4. Experimental (first reported measurement) and simulated IV plots for (a) 2.5 nm, (b)
4.2 nm, (c) 5.6 nm and (d) 8.0 nm showing a good fit for the experimental to simulated conductance

and ionic response.
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Table 4.2. shows the conductance of the pores, extracted from the slope of experimental and

simulated curves. The small deviation (error) can be due to difference in surface charge values.

Experimentally Top cone Bottom Simulated Experimental Error
measured angle, o4 cone angle, conductance conductance (%)
starting pore (degree) o (degree) (nS) (nS)

diameter (nm)

2.5 6.0 5.5 1.00025 1.000186 -0.006%
4.2 9.5 11.0 1.996 2.00147 -0.27%
5.6 8.0 7.0 5.092 5.00923 -1.65%
8.0 20 15.5 7.168 7.0801 -1.24%

Multiple ionic current measurements are conducted on each pore to analyse its repeatability.
Before every measurement the pore is cleaned in hot piranha and wetted (under vacuum) in ethanol
and then KCI, to analyse the effect of chemical treatment on the pore geometry. At the simulated
angles, the radius is then varied to figure out the change in pore size corresponding to the pore
conductance changes owing to multiple treatments. The measured ionic conductance for each pore
after repeated cleaning were then matched with simulated conductance for different pore diameters
keeping top (o) and bottom (&,) cone angles constant for a single pore. This was done to
determine the change in the pore diameter each pore suffers due to repeated chemical cleaning and

measurement steps. Figure 4.5 shows the measured ionic conductance over 20 cleaning steps. The
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variation of diameter for the same pore was obtained by comparing the measured and the simulated

conductance.
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Figure 4.5. Measured ionic conductance after repeated pore cleaning and measurements through
nanopores having (a) 2.5 nm, (b) 4.2 nm, (c¢) 5.6 nm and (d) 8.0 nm diameters. The bar plots show
experimentally measured ionic conductance variation for each pore across 20 repeated
measurements, each bar being mapped according to the color bar presented on the right of each
plot showing the variation of characteristic nanopore diameter as estimated and extracted from
simulation study. The color-bars show the nanopore diameter variation corresponding to the color

gradation represented in the bar plots.

The corresponding change in nanopore diameter as deduced from the comparative simulation
study is then analysed. Table 4.3 shows the experimental and simulated starting diameters and

change in diameter after 20 measurements for each of the four reported nanopores.
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Table 4.3. Variation of nanopore diameter after 20 repeated pore cleaning and ionic conductance

measurements.
Experimentally Top cone Bottom Simulated pore Largest diameter Increase in
measured angle, ; cone angle, diameter after after 20 nanopore
starting pore  (degree) o, (degree) first conductance measurements diameter
diameter (nm) measurement
2.5 6.0 5.5 2.5 2.5024 0.4%
4.2 9.9 11.2 4.2 4.248 1.13%
5.6 8.0 7.0 5.6 5.663 1.112%
8.0 20 15.8 8.0 8.466 5.43%

We observe an increasing trend for the change in ionic conductance and therefore nanopore
diameter with repeated cleaning steps. The increase in pore diameter is observed to be the least
(<0.1 A% for the smallest pore (Starting diameter: 2.5 nm). For 4.2 nm and 5.6 nm pores, the
increase is found to be greater than 0.1 A° but less than 1 A°. However, a huge variation of diameter
(~ 5 A is observed for the 8 nm nanopore. The results suggest that the nanopore suffers from

higher size change for the same number of cleaning steps, with increase in pore diameter.

4.6 Discussions

Fabricating and maintaining a thermo-mechanically stable and clean nanopore is crucial for

developing a reusable and cost-effective nanopore sensor. We observed that while piranha clean
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can reduces high frequency noise due to bigger particulates. However, degassing and residue-
removal is also essential to remove low frequency noise for obtaining a well-resolved signal. The
sensing resolution and analysis accuracy also depends highly upon the nanopore geometry and
effective cross-sectional diameter. Silicon nitride nanopores despite having amazing thermo-
mechanical stability, are prone to size (and therefore ionic conductance) variation due to TEM
beam irradiation, piranha etching, applied bias and erosion or deposition in salt-solution. Studies
show that closer the nanopore size to the TEM beam resolution, higher is the mechanical stability
of the nanopore. This is because as the TEM beam irradiates to create a nanopore, it also creates a
nitrogen-depleted defect ring around the nanopore [43]. Larger the nanopore, the irradiation may
create a silicon-rich wider ring which dissolves in electrolyte solution. This increases the
probability of nanopore expansion along the weak boundaries due to etching or dissolution [43],
[207]. This may be the reason behind increased expansion of the larger nanopores, as seen from
Table 4.3. Our inference match previous study [43] conducted on testing pore stability by leaving
it in salt solution for long period of time. Our study mimics the sensing scenario by taking into
consideration piranha cleaning and conductance measurement steps, which are essential before
detection to ensure a clean, conducting and electrically conditioned pore. Our results therefore
suggest that using smaller (<3 nm) nanopores not only can increase spatial resolution of sensing

but also improve its pore reusability and sensing repeatability.
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Chapter 5 *(Paper 2)

This chapter presents a simulation study to compare the performance of Silicon nitride and MoS;
(monolayer and multilayer) nanopores in sensing DNA and therefore select membrane and sensor
properties suitable for realizing a sensor capable of molecular sensing with high spatial and

temporal resolution.

5 Understanding molecular electrokinetic behaviour through

monolayer and multilayer MoS: nanopores
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5.1 Keywords
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5.2 Introduction

Nanopore integrated biosensors have emerged as a new technology in molecular sensing. It
involves blockade current identification of the molecule caused by obstruction at the nanopore
during its translation. Target molecules are electrophoretically driven through nanopores and are
electrically detected from the ionic current fluctuations during their entry and passage through the
nanopore. Considering DNA sequencing, each nucleotide (nt) base (adenine, thymine, cytosine,
and guanine) have distinct chemical properties. These distinguishable characteristics lead to
difference in electrical current measurement that offers a base-specific information readout of the

DNA [208].

In contrast to biological nanopores, DNA sequencing is faster using solid-state nanopores. For
solid-state nanopores, DNA sequencing optimally occurs at 1-50 nt ms™'. The higher sequencing
speed in solid-state nanopores is due to the lower pore size range (2-25 nm) and the applied bias
voltage (100-800 mV) [51]. The increased sequencing speed limits the sensing resolution, which
is the major bottleneck of solid-state DNA sequencing [116], [187], [209]. Relatively controlled
DNA transport was achieved with nanopores engineered via mutagenesis, targeted chemical

functionalization and enzyme incorporation [156], [210], [211].

Diverse challenges need to be addressed for effective detection, of which size-controlled

membrane fabrication, nanopore drilling and velocity modulation of translocating molecules are
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crucial for high-quality sensing [95], [212]. Single nucleotide resolution is limited by a number of
factors including membrane thickness, nanopore size, membrane-biomolecule interaction, and
translocation speed of the biomolecular strand. The membrane thickness is inversely proportional
to its capacitance, which determines its ability to separate charges efficiently [95]. Moreover, the
membrane thickness governs the pore height which in turn dictates the sensing length. Hence,
thinner the membranes, better is the spatial resolution and signal to noise ratio. A thinner
membrane also offers an easier platform for nanopore drilling of size as small as a single
nucleotide, thus improving the detection accuracy. These thinner membranes can be achieved
using the insulating materials like silicon nitride and silicon oxide but can also be achieved using

2D materials like graphene, MoS..

Silicon nitride, the most commonly used bio-compatible semiconductor membrane material is
compatible for a wide range of nanopore sizes improving the production scalability for multiplexed
devices. Several methods have been proposed to overcome this challenge such as exonuclease-
assisted which can detect 5’-monophosphate molecules with 99.8% averaging accuracy and
hybridization-assisted sequencing [52], [116], [213]. These methods involved improvement of
biocompatibility of the nanopores by enzyme or oligonucleotide modification. However, higher
thickness of the membranes compared to molecular dimensions (~1 nm), makes highly resolved
and sensitive detection difficult. Fabrication of SiNx membranes as low as 3 nm thickness by
polycrystalline silicon sacrificial layer method has been reported [90], [214]. However, decreased
nitride thinning leads to increased probability of membrane damage and thickness non-uniformity.
This hindrance to detections calls for strong yet thinner materials like 2D materials.

2D materials are materials with interlayers separated by weak van der Waals force. They can thus

be implemented as a membrane material to resolve the single-nucleotide resolution issues due to
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monolayer separation properties offering thinner yet robust membranes with greater size
reproducibility of the nanopore [215]-[217]. The passage of a biomolecule hence creates a
significant change in the ionic current density through the nanopore, with the change in density

increasing with decrease in membrane thickness.

Graphene, as a 2D material has continued to get attention in nanopore sequencing as a membrane
material due to its atom-thick membrane fabrication feasibility to distinguish single nucleotides,
and its mechanical strength and durability. Activities of graphene transistors and biosensors have
been achieved. The adhesion of proteins with graphene at the nanopore due to dangling bonds and
the interference of conductive nature of graphene with ionic current however pose challenges in
smooth DNA translocation and detection [161], [209], [218], [219]. On the other hand, transition
metal dichalcogenides or TMDs (MX; type) have a transition metal (M = Mo, W, We, etc.) layer
sandwiched between two chalcogen (X = S, Se, T, etc.) layers. They inherit all basic 2D material
properties but differ from graphene by a finite bandgap making them suitable for semiconductor-

based studies at room temperature [128], [215]-[217], [220], [221].

A good sensitivity is achieved if a single molecule can be sensed in presence of contaminants. The
sensitivity or signal to noise ratio mainly depends upon the surface property interaction of
membrane and analytes as well as the membrane thickness, which decides the sensing length.
Hence, selection of a suitable biocompatible semiconducting membrane is crucial. In this work,
COMSOL Multiphysics Simulation was performed to affirm 2D materials to be a good material
for sensitivity improvement compared to SiNx [216]. Electrophoretic movement of nanoparticles
like organic polymers, proteins, and DNA through a nanopore in response to an external electric
field can distinctly change the ionic current through the nanopore. This current modulation

provides a platform for detection of these nanoparticles for bioanalysis. Molecular dynamics (MD)
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simulations are commonly performed to provide insights into atomic-level dynamics and hence
change in molecular conformations (such as DNA) during its translocation though the nanopore.
They are suitable for simulation molecular configurations, chemical interactions and capturing
events occurring within the nanopore, usually instantaneous or over a short span of time (~ns-ps).
On the other hand, COMSOL Multiphysics simulation with a continuum-based approach is a faster
and more suitable approach for monitoring dynamics of molecular translocation through and away
from the nanopore i.e. simulate data over a longer time range (~ps-ms). Model definition by
COMSOL is also simpler and perfect for initial estimations and comparative studies. Moreover,
the translocation phenomenon is highly influenced by the imposed electric field which may cause
sudden molecular accelerations and velocity fluctuations, which are better captured through a
broader scope of COMSOL Multiphysics as found in previous literature [128], [210], [219], [222],

[223].

The effect of change in membrane thickness, surface charge and electric field interactions are
simulated on the electro-kinetics of DNA and flow properties of the system. This offers an insight
into the various factors that affects the sensing resolution of nanopore sequencing. These factors
were compared for 50 nm Silicon nitride (SiNx) and 1-5 layers of Molybdenum disulphide (MoS:)
and a material and thickness suitable for obtaining a good sensing resolution (spatial and temporal)

was selected through step-wise optimizations.

5.3 Methods

The DNA translocation velocity can be determined along the nanopore axis, by a quasi-static

approach from the force balance on the particle during its electrokinetic transport. In this study,
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steady state and transient continuum-based models are developed, taking into consideration the

translational dynamics of the molecule.

5.3.1 Model definition
5.3.1.1 For blank pore ionic conductance simulation

A 2D axisymmetric model is used to evaluate the ionic conductance through nanopores defined on
SiNx and different layer MoS; membranes, owing to the axisymmetric behaviour of the nanopore
electrochemical system. In addition, axisymmetric model helps in realizing a 3D revolved

geometry for accurate calculation of the ionic conductance over the nanopore plane.

For MoS,, different (1-6 layers) membranes are defined with each layer having a thickness of
0.314 nm and interlayer distance of 0.336 nm i.e. monolayer having one 0.314 nm layer, 3-layers
having 3 layers of 0.314 nm thickness and 0.336 nm interlayer distance; and so on till 6 layers.
Cylindrical nanopores having uniform diameter of 3 nm are considered on the membrane for ionic
conductance calculation through it. Two reservoirs containing the electrolyte, each having a size
of 8080 nm is considered. Figure 5. 1.(a-f) shows simulation models used for 1-6 layers of MoS»

nanopores.

For SiNx, hour-glass shaped nanopores are defined on 50 nm thick membrane. Two reservoirs
containing the electrolyte, each having a size of 5%5 um is considered. A conical geometry is
considered for the nanopore with diameter progressively increasing from 3 nm in steps of 1.5 nm
every 10 nm pore thickness. This is done because mainly two types of geometries are probable for
thick membranes like SiNx, hour-glass shape and conical. Conical nanopores provide
comparatively higher conductance due ion current rectification. Therefore, for the purpose of

selecting the material with the highest conductance, we selected SiNx nanopore with the geometry

81



choice providing the highest conductance. Figure 5. 1.(g) shows simulation models used for 50 nm

SiNx nanopore.
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Figure 5.1. 2D axis-symmetric models used for simulations representing (a) 1-layer, (b) 2-layers,
(c) 3-layers, (d) 4-layers, (e) S-layers, (f) 6-layers MoS», and (g) 50 nm SiNx nanopores each having
a characteristic diameter of 3 nm with each having an inset figure showing the membrane area

zoomed in.

5.3.1.2 For DNA electrokinetic simulation

A 2D model (no symmetry assumed) is adopted to simulate the electrokinetic behaviour of the
nanoparticle (DNA in this study) towards, through and away from the nanopore realized on
different membranes. The symmetry axis of an axis-symmetric model fails to capture the scenario
and the mesh distortion which occurs during particle translocation. Therefore, a full 2D model is
required for accurate replication of the particle motion, in this case. Figure 5.2 shows simulation
models used for 1-4 layers of MoS; nanopores having a diameter of 3 nm with the leading end of

the polynucleotide defined 10 nm away from the nanopore at the compartment kept grounded.
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Figure 5.2. 2D simulation geometry used for simulating electro-kinetics of DNA translocation

through 1-4 layers MoS: nanopores, having 3 nm diameter.

5.3.2 Geometry and mesh definition

A polygon is defined to represent the two electrolyte (KCl) filled compartments separated by the

nanopore bearing membrane. A single-stranded homogenous polyadenine (DNA) is defined as a

rectangle having 1 nm width similar to DNA dimension.

84



In this study, a transient continuum-based model is employed. The physics is captured by
considering Nernst Planck equations for ionic (electrolyte) transport, Navier Stokes for the laminar
fluid flow (for low Reynold’s number considering water as a solvent), Poisson’s equation to
evaluate the effect of external electric field; followed by geometry deformation to represent the
particle translational and simultaneously calculate translocation dynamics.

The parameter values used, and physics is explained in detail in Chapter 3.

5.4 Results and Discussions

Ionic conductance through 1-10 nm diameter pores was first simulated using COMSOL
Multiphysics 5.4, for different membrane types: 1-6 layers MoS: (0.65-4 nm thick), 50 nm SiNx
and 76-layers MoS: having thickness (49.4 nm) similar to that of SiNx membrane. This was carried

out using the geometry presented in Figure 5.1.

(a) Hydrodynamic + Electrostatic forces

Body force
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Figure 5.3. (a) Simple schematic representation of the force balance used for simulating DNA
translocation electro-kinetics through nanopores, (b) Simulated ionic conductance of 1-6 layers
MoS: (thickness range: 0.65-4 nm), 50 nm thick SiNx and 76-layers MoS: (thickness: 49.4 nm),
showing cross-over points, Cross-over 1 indicates the diameter beyond which ionic conductance
for 2-layers thick MoSz nanopore is higher than 1-layer thick MoS,. Similarly, above cross-over
point 2, the ionic conductance through 4-layers thick MoS, pore is found to be greater than that
for 3-layers thick MoS»; inset showing the cross-over points clearly: data reported for -200 mV to
200 mV trans bias and 300 mM KCI (c¢) Simulated I-V profile for 1-4 layers thick MoS, (shortlisted
from ionic conductance comparison) for 2.5 nm pore diameter (greater than cross-over point 1),

showing highest non-linearly varying I-V response demonstrated by 2-layers thick MoSa:
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simulation conducted for -200 mV to 200 mV bias range and 300 mM KCl, (d) Representative

nanopore circuit showing the active capacitance and resistances.

Figure 5.3.(a) shows the primary forces acting on the translocating particle, which are considered
for evaluating its velocity and blockade conductance. lonic conductance of 1-5 layers thick MoS»
2.5 nm diameter nanopore is found to be ~14 times higher than same sized pore on 50 nm thick
SiNx membrane (Table 5.7). Thus, there is better surface charge interaction along thinner pore
walls, stating that a better signal can be anticipated by using MoS> nanopores. The ionic
conductance of MoS> nanopores is seen to decrease with increase in the number of layers and
beyond 5-layers, the ionic conductance is found to be very close to that of 50 nm SiNx. The
comparison suggests that 1-4 layers thick MoS; nanopores with diameters > 2 nm are good

alternatives to SiNx for maximizing ionic conductance (Table 5.7).

Table 5.1. Simulation results for drawing an ionic conductance-based comparison between
different type of nanopores (1-6 layers thick MoS,, 76-layers thick MoSz and 50 nm thick SiNx)
for 200 mV bias and 300 mM KCIl. The ionic conductance for different nanopore types having 2.5
nm diameter are listed. The diameters at cross-over points 1 and 2 (extracted from Figure 5.3.(b))

are also numerically mentioned below.

Nanopore type Membrane thickness Cross-over points Ionic conductance
1-layer thick MoS» 0.65 nm 13.48 nS
Point 1: 2 nm diameter
2-layers thick MoS> 1.3 nm 14.12 nS
3-layers thick MoS: 1.9 nm Point 2: 1.5 nm diameter 5.39nS

87



4-layers thick MoS, 2.6 nm 6.33 nS

S-layers thick MoS» 3.8 nm 4.05 nS
6-layers thick MoS» 5.2 nm - 0.57 nS
76-layers thick MoS» 49.4 nm L 0.37nS

50 nm thick SiNx 50 nm 0.28 nS

The I-V behaviour for the selected 1- 4 layers thick MoS; pores with applied bias from -200 mV
to 200 mV in 300 mM KCI was then simulated. 1-layer thick MoSz pores demonstrate a linear I-
V curve as compared to the 2-4 layers thick MoS; pores show non-linear behaviour (see Figure
5.3.(c)). It was found that I-V profile tends to become more non-linear with increasing number of
layers. The ionic conductance trend and I-V response (Figure 5.3.(b-c)) observed by COMSOL
Multiphysics simulation can be best explained by utilising a Resistance (R) — Capacitance (C)
equivalent model for the nanopore (Figure 5.3.(d)). The nanopore acts as a resistance (R) and
membrane along with the electrolyte is the capacitance (C). The current variation with respect to

resultant impedance (Z) can therefore be studied (see Equation 5.1).

1

. 2 _ p2
Equation 5.1. Z° = R* + @0

where,  is the phase change

The Cross-over points 1 and 2 indicate the diameters above which the capacitance is dominant as
compared to the pore resistance, which reduces the impedance, thus causing a rise in ionic
conductance. It is also important to note that this behaviour is highly dependent on the applied bias
(greater than 50 mV in this case as seen in Figure 5.3.(¢c)). In case of 1-layer thick MoS,, the pore

resistance dominates the impedance producing a linear I-V (Figure 5.3.(c)). For smaller pores (~1-
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2 nm diameter), due to higher pore resistance, the impedance increases, thus reducing the ionic
current (Figure 5.3.(c)). With increase in the number of layers, an interlayer potential gradient
along the MoS; interfaces causes accumulation of ions therefore producing a capacitance [224],
[225]. Hence, the resultant impedance has a contribution from the membrane-based interlayer and
intralayer charge storage, electro-activity caused by pseudo-capacitance and the pore resistance
[224], [225]. As a result, an increase in [-V is observed above a certain applied voltage indicating

an increased conductance (Figure 5.3.(c)).

Then, to understand sensing performance of 1-4 layers MoS, nanopores, the kinetics for
translocation of the same analyte DNA were then simulated using 300 mM KCl electrolyte using

geometry presented in Figure 5.4.
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Figure 5.4. (a) Velocity profiles of the translocating 10 nm long polyadenine molecule through 1-

4 layers MoS: nanopores, with the highest possible nanopore area (i.e. for 4 layers) marked

89



according the (b-c) which presents corresponding geometry showing the DNA position at its entry

and exit to/from the nanopore.

First the velocity profile of the translocating polyadenine molecule is analysed. Figure 5.4.(a)
shows the velocity variation with respect to the DNA position (Yp) and Figure 5.4.(b-c) show the
position of the DNA at its entry and exit to/from the nanopore for 4 layers (which is the highest
membrane thickness when 1-4 layers MoS; nanopores are compared). According to Figure 5.4.(b-
¢), the nanopore area is marked in blue in Figure 5.4.(a). It is observed that the peak velocity
varies as 1 layer>3-layer> 4-layer> 2-layer suggesting that translocation is slowest for BL MoS;
nanopore. This may be due to the best electric field confinement offered by two biased MoS: layers
compared to >2-layers. 1 layer, on the other hand shows the highest velocity, which may be due
to the least surface charge interaction occurring at the ultrathin nanopore (thickness<< nucleotide
dimension). However, it is found that the velocity profile attains its peak far quite later to DNA
entry into the nanopore. To better understand the role of nanopore charge interaction in slowing
down DNA translocation, the rate at which velocity varies within the nanopore needs to be

analysed.
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Figure 5.5. (a) DNA velocity vs translocation time plot showing 2-layers MoS, nanopore
demonstrating least velocity and (b) Evaluated rate of change of velocity plot with respect to DNA

position showing the effect of nanopore on the reduction of DNA velocity.

We therefore first plot the velocity vs the translocation time (Figure 5.5.(a)) and then evaluated
the acceleration/retardation experienced by the DNA during its passage through the nanopore.
Figure 5.5.(b) shows that for all (1-4 layers) MoS> nanopores, DNA is retarded as soon as it enters
the nanopore, as depicted by the reduction in rate of change of velocity. However, in case of 1-
layer MoS> nanopore, the retardation is the least whereas 2 layers nanopore provided the most
retardation. From these results, we can confidently infer that 2 layers MoS,; nanopore can
successfully slow down DNA translocation compared to 1 layers or > 2 layers nanopores. To
comment on the effect of number of MoS; layers on dwell time/ time resolution of molecular

detection, we analysed the blockade current produced by the translocating DNA.
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Figure 5.6. (a) lonic current, I vs normalized time trace for DNA translocation through 1-4 layers
MoS; nanopores, and (b) Blockade current (evaluated as Ionic current, I — Baseline current, Io) vs
normalized time plot showing blockade current magnitude varying as 3 layers < 4 layers < 1 layer

<2 layers and dwell time varying as 1 layers < 3 layers < 4 layer < 2 layers.
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First we plot the obtained ionic current (I) vs translocation time trace (during DNA entry and exit),
as presented in Figure 5.6.(a). We observed different magnitudes of baseline current (Io) for the
different nanopores (Io = 2.72 nA for 1 layer, 3.69 nA for 2 layers, 1.35 nA for 3 layers and 1.58
nA for 4 layers MoS»), as shown by dotted lines in Figure 5.6.(a). The magnitude of baseline
current, I is found to differ (in the same way as observed in Figure 5.3.(b)), which makes direct
comparison of blockade current from Figure 5.6.(a) difficult. In order to infer on the molecular
blockade current resolution, we evaluated the blockade current (I-Ip) variation and also noted the
dwell times for each, as plot in Figure 5.6.(b). Blockade current magnitude is found to vary as 3
layers < 4 layers < 1 layer < 2 layers MoS> whereas dwell time is found to vary as 1 layers < 3
layers < 4 layer < 2 layers MoS2 nanopores. From the simulation results, it is clearly seen that 2
layers MoS; nanopore can improve the temporal resolution (due to highest dwell time) of sensing

while producing signals with a good signal-to-noise ratio (due to highest blockade current).

5.5 Discussions

The simulation comparison drawn between the behaviour of different membrane materials provide
the necessary support behind the choice of MoS, as the membrane material. Molecular
immobilization and residence at the nanopore and ionic current change specific to single molecule
can be studied from the simulation results.

Blank nanopore ionic conductance study showed that 2.5 nm diameter nanopore demonstrate ~14
times higher conductance than 2.5 nm pore on 50 nm thick SiNx membrane. This can be directly
related to the higher surface charge of MoS: (-0.031 C/m? at pH~7) compared to that of SiNy (-
0.02 C/m?) and also thinness of MoS> nanopores compared to SiNx. Normally, in case of 3D

membranes the ionic conductance reduces with increase in membrane thickness. However, the
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behaviour is different for 2D materials like MoS,. This is because of its layered property. van der
Waals force also acts only at the interface of two layers, so is active only for more than a single
layer. The membranes being free-standing, van der Waals has no role for 1-layer MoS, nanopore.
This prominently distinguishes multilayer from monolayer nanopores. So, for 3 layers MoS»
nanopore (for example), the membrane is not a 2.6 nm (theoretical thickness of 4 layers MoS»)
thick continuous membrane; instead it is a membrane composed of four 0.314 nm thick membranes
with 0.336 nm van der Waals gap between every two layers. This 0.336 nm nanochannels in
between the layers, present within the nanopore distinguish their behaviour from continuous 3D
membranes. When normally for 3D membranes, the nanopore only acts as a resistance, for 2D
membranes the interlayer electric field gradient gives rise to capacitive nanochannels favouring
ionic conduction (.a-d). However, with increase in the number of layers the resistance increases.
On the other hand, the capacitive power of even layers is found to be better than the preceding odd
layers (i.e. 2 layers better than 1 layer, 4 layers better than 3 layers and so on) due to greater
positive potential than the negative (Figure A- 1.a-d). Therefore 2 and 4 layers is found to provide
better ionic conductance than 1 and 3 layers respectively. We also looked into the total co-ion and
counter-ion flux through the nanopore which influences nanopore conductance. We also found
that the total flux (Figure A- 2.a-d) varies as 3 layers <4 layers < 1 layer < 2 layers, similar to the
ionic current variation trend. We therefore believe, that for 2-layers, the impedance is optimum for
giving rise to maximum ionic conduction compared to most resistive 1-layer and less capacitive
3-4 layers. The ionic current trend is also found to agree with the generated potential gradient along
the translocation direction (Figure A- 3.a-d). As a result, the generated electrostatic force is also
found to vary as 3 layers < 4 layers < 1 layer < 2 layers MoS> nanopore (see Table A- I). The

particle (DNA) translocation velocity (which is a function of electrostatic and hydrodynamic
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forces) is found to vary differently than electrostatic force. However, the hydrodynamic force (as
well as the total force) varies as 1 layers < 3 layers < 4 layer < 2 layers. This is because both co-
ionic and counter-ionic flow is permitted through the interlayer nanochannels as the size of K™ and
CI ions are less than the interlayer nanogap, which permits horizontal ionic cross-talk too. The
influence of this horizontal fluid velocity component becomes more prominent with more field
confinement at the nanopore. This horizontal flow is found to be greater for even layers than odd
layers. We therefore believe, the improved dwell time within the nanopore is due to increased
resistance offered by horizontal and vertical co-ionic repulsion to the translocating DNA. All our
results conclusively suggest that 2-layer MoS2 nanopores can produce improved blockade current

magnitude and temporal resolution suitable for molecular sensing and DNA sequencing.
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Chapter 6 *(Paper 3)

This chapter presents experimental comparison of DNA sequency efficiency and single
nucleotide detection efficiency demonstrated by monolayer MoS» and bilayer MoS> nanopores.
The size, thickness, and material of the nanopores used in this chapter are as optimized by the
previous two chapters i.e. Chapter 4 and Chapter 5. Data relevant to this chapter outside the

published work is given as Appendix B.
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6.1 Keywords

MoS; nanopores, single nucleotide sensing, DNA sequencing, dwell time, efficiency

6.2 Abstract

Single nucleotide detection is important for early detection of diseases and for DNA sequencing.
Monolayer (ML) MoS> nanopores have been used to identify and distinguish single nucleotides
with good signal-to-noise ratio in the recent past. Here, we use a bilayer (BL) MoS2 nanopore
(~1.3nm thick) to detect distinct single nucleotides with high spatial resolution and longer dwell
time. In this study, the performance of similar sized (< 4 nm) ML and BL MoS> nanopores for
detection of single nucleotide has been compared. Both single nucleotide and single stranded DNA
translocations through them are studied. For single nucleotide detection, we observe that BL MoS;
nanopores demonstrate twice the dwell time as compared to ML MoS: nanopores with 95%
confidence. Single nucleotide detection rate for BL MoS; nanopores (50-60 nucleotides/s) is five-
fold higher as compared to ML MoS; nanopores (10-15 nucleotides / sec) in 10 pM analyte
concentration. For single stranded DNA, we observe 89% (for 60 DNA molecules detected) single
nucleotide detection efficiency with BL MoS: nanopores as compared to 85% for ML MoS». The
DNA sequencing efficiency through BL MoS: nanopore is also found to be 8-10 % better than ML
MoS:> nanopore, irrespective of DNA sequencing orientation. Thus, owing to improved
analyte/nanopore charge interaction BL MoS:; nanopores can be used for single nucleotide

detection with high resolution due to longer dwell time, detection rate and efficiency.
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This study demonstrates the improved ability of BL MoS: nanopores in sequencing DNA with 8 -
10 % higher efficiency, two-times temporally resolved single-nucleotide current signatures and

five-times higher detection rate, compared to ML MoS: nanopores.

6.3 Introduction

DNA sequencing data can be used for detecting hereditary diseases based on genetic information
and also determine health effects of a microbial strain. DNA sequencing performed with nanopores
is an important technique as it is label free and can be conducted real-time with relatively low-cost
and long-read without amplification [1]. Solid-state nanopores are used extensively for DNA
sequencing due to nanopore stability and ease of fabrication [2-6]. However, the sensing efficiency
and resolution depend upon a lot of factors including the solid-state membrane thickness, nanopore
size and material properties. A variety of materials like silicon [7], silicon oxide [8], silicon nitride
[9], aluminium dioxide [10], hafnium oxide [11] have been used for sequencing DNA. In spite of
being mechanically stable, sensing suffers from poor spatial resolution making them incapable of
properly distinguishing four DNA bases. 2D material nanopores are rapidly emerging as a solution

to improve spatial resolution due to their ultra-thinness for identifying single nucleobase [12-27].
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Molybdenum disulphide (Mo0S>) is a type of 2D metal dichalcogenide that has been used in the
last decade for nanopore fabrication. These MoS, nanopores have demonstrated good DNA
sequencing with low sticking of the DNA and high signal-to-noise ratio [12, 16, 20, 21]. High
molybdenum (Mo) around MoS: nanopore is favorable for the analyte/nanopore wall surface
charge interactions as this minimizes the noise. Thus, this is a promising material for nanopore

fabrication.

Van der Waals force separate the layers of 2D materials like MoSz. Thus, the number of layers of
MoS:> separated can be controlled, which allows tunability of the membrane thickness. Single
nucleotide and polynucleotide translocation through monolayer MoS: nanopores have been
previously demonstrated experimentally [13]. However, MoS: nanopores also suffer from high
translocation velocity similar to other solid-state nanopores. Although different techniques have
been employed to slow down DNA translocation through solid state nanopore [28-31], the control
of translocation speed is still challenging. The thickness of monolayer (ML) MoS> (0.65 nm) is
less than a single nucleotide (1.6-1.8 nm). Thus, the charge interaction along DNA/nanopore
interface for ML MoS: gets compromised making DNA translocation fast. Molecular translocation
through ML MoS: nanopore has been slowed down by using transmembrane viscosity gradient for
producing temporally resolved current blockades capable of distinguishing different types of DNA

nucleotides [13].

In this work, we experimentally investigated the role of 2D material membrane properties on the
translocation speed of DNA. It is found that the behavior of monolayer (ML) and bilayer (BL)
MoS:; is different under a vertical electrical field applied using the cis and trans electrodes [32].
The strong interlayer coupling in the BL MoS; leads to a gradation in potential throughout the

thickness as each layer will experience a different electric potential [32]. Due to this potential
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gradient the phosphate groups are trapped and detrapped by the Molybdenum atoms in the
membrane. An additional pull is created because of the increased negative (analyte DNA) -
positive (Mo atoms lining the nanopore surface) charge interaction. This can help immobilize
molecules at the nanopore for longer time producing highly resolved signals. Molecular dynamics
simulation study conducted previously concluded that BL MoS> can slow down peptide
translocation producing stepwise distinguishable current blockades for single nucleotide sensing
[22]. Thus, we have conducted detailed single and poly nucleotide translocation experimental
studies through ML and BL MoS> nanopores. The translocations were conducted using picomolar
concentration and the dwell times were then extracted from these measurements for further

analysis.

6.4 Experimental

Standard microfabrication techniques were used to fabricate free-standing solid-state silicon
nitride (SiNx) membranes on silicon support. Electron Beam Lithography (EBL) was used along
with Reactive Ion Etching (RIE) to fabricate a 50 nm pore at the centre of the previously fabricated
SiNx membrane. Then, monolayer (ML) and bilayer (BL) MoS: flakes were transferred on the pore
via exfoliation using scotch tape. A dual-stage microscope was used to ensure a properly aligned
and centred MoS; transfer. Figure B- 1.a presents the detailed fabrication flowsheet of MoS:
nanopores. 20 um sized MoS» flakes were obtained repeatedly by this method. The membranes
were first characterized to determine and ensure the number of MoS» layers using JEOL JEM-
ARM200CF Scanning/ Transmission Electron Microscope (STEM). The nanopore was STEM
drilled on the free standing MoS; membrane. Nanopores with diameters between 2.5-3 nm were

obtained repeatedly and were suitable for our application. To prevent nanopore expansion or
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material redeposition due to prolonged beam exposure, intense imaging on the same nanopore was

avoided.

300 mM filtered KCl solution at pH=7 was prepared by adding 3 mM Tris-HCI buffer. The solution
was then degassed in vacuum for 90 minutes and used for the experiments after attaining room
temperature. 0.5 mM solutions of single nucleotides (deoxyadenosine triphosphate: dA,
deoxythymidine triphosphate: dT, deoxycytidine triphosphate: dC and deoxyguanosine
triphosphate: dG) were procured from Integrated DNA technologies for nanopore translocation
and dwell-time analysis thereof. 5 mM solution of single stranded (ss) customized DNA oligos
(3’-ATCGATCGATCGATCGATCGATCGATCG-5") were procured from Integrated DNA
technologies to evaluate the efficiency of ML and BL MoS» nanopores for detection of single
nucleotides from a DNA strand. Analyte solutions at 10 pM concentration were then prepared by

dilution of the purchased single nucleotide and ssDNA solutions.

Custom-made teflon half-cells were used to contain the electrolyte (KCl). As teflon or Poly-tetra-
fluoro-ethylene are both hydrophobic polymers, they help in maintaining a clean environment.
They also have high chemical resistance which ensures a well-insulated sensing environment. The
half cells were sealed with Polydimethylsiloxane (PDMS) to ensure that the electrolytic exchange
between the chambers is only via the nanopore. PDMS, also reduces capacitive noise which helps
in obtaining improved signals. The half-cells were thoroughly cleaned by ultra-sonication before
each experiment. The nanopores/membranes were dipped in acetone and kept in vacuum for 30
min. The nanopore was cleaned by gradually pulling the acetone through it. The cleaning steps
include three acetone-cleaning repeats followed by four IPA washes in vacuum (20 min each) to
remove acetone residue. Fresh solvent is used for every cycle of acetone and IPA treatment. The

membrane with the embedded nanopore was then mounted between the half cells. Two Ag/AgCl
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electrodes were cleaned using ethanol and DI water and re-chlorinated by treating them with bleach
for an hour. The electrodes were then dipped in each half-cell to apply a voltage across the
nanopore bearing membrane. The entire cell-assembly was enclosed in a Faraday cage (Warner
instruments) to prevent electrical interference. Filtered and buffered 300 mM KCI solution
(previously prepared) was introduced in both chambers and the ionic current at varying voltage (-
200 mV to 200 mV) was recorded to evaluate the channel conductance. The nanopore was
electrically conditioned at a constant 100 mV bias to obtain a stable baseline. The analytes were
then added to the trans chamber and pulled electrophoretically to the cis chamber through the
nanopore under a constant bias of 200 mV. Single blockade recording obtained from translocating
nucleotides and DNA were amplified using Axon MultiClamp 700B and digitized using Axon
Digidata 1550B. The raw data was separately filtered using an 8-pole Bessel filter using Clampfit
software and resampled by a factor of 100. The events in filtered data and resampled were
compared and the events showing dwell time greater than twice the transition time for the filtered
data were selected. The dwell times of those events from the resampled data were collected and
reported. This was done to prevent blockade current and dwell time value change induced by
filtering and to obtain more accurate results. Figure B- 1.b presents schematic of the sensing

assembly.

A customized MATLAB algorithm was used to identify translocation peaks. The raw traces were
first loaded as an .abf file. The peaks were identified as change points and the blockade current
was calculated by subtracting the mean blockade current from the mean baseline current. The
mean was calculated for the 100 samples before and after the peak to account for shift in baseline
during the translocation. The dwell time was calculated from the difference of the initial and final

changepoint indices multiplied by the sampling frequency. The mean and median of the dwell time
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were then compared to test whether the distribution is normal or not. We then assumed a null
hypothesis that the dwell times for ML and BL MoS» nanopore is the same and then tested the
hypothesis by conducting T-test at 95% confidence on the dwell time data. All statistical analysis
was performed for a population of 300 nucleotides. For the mixed DNA, a MATLAB algorithm
was built to first truncate the data at each molecular entry and exit. Then the dwell time and
blockade current at each individual current drop steps within a molecular translocation event were
obtained. The individual nucleotides were then identified by comparing the blockades with that

obtained from single nucleotide translocation performed earlier through the same nanopore.

6.5 Results and Discussions

The free-standing ML and BL MoS; membranes were first characterized by High Resolution TEM
(HRTEM) microscopy to confirm number of layers. Figure 6.1.a shows STEM image of
molecular arrangement of a ML MoS; membrane. Figure 6.1.b shows STEM image of an AA’
stacked BL MoS; membrane showing Moiré pattern of two overlapped domains rotated by 60°.
The TEM structure obtained for ML MoS2 and Moiré patterns observed for BL MoS; are in
agreement with the literature [33-35]. All the HRTEM images are low pass filtered using Gatan
Microscope software to remove noise for prominent visualization of the molecular structure. No
additional artifacts were produced from the simple filtering. Figure B- 2.a-b shows the
profilometric studies of ML and BL MoS; on SiNx support showing the corresponding membrane

thicknesses. Figure B- 2.c-d shows additional STEM images of the MoS; membranes.
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Figure 6.1. a. HRTEM image of a typical exfoliated free-standing ML MoS> membrane on SiNx
support with the inset diffraction pattern showing a single hexagon corresponding to monolayer
and b. HRTEM image of AA" stacked BL MoS; membrane with the inset diffraction pattern

showing two hexagonal domains twisted by 60° (image was filtered to remove noise).

The ionic conductance of the fabricated ML and BL MoS: nanopores were measured following
the procedure described in the methods section to ensure properly cleaned and conducting
nanopores. Figure 6.2.a-b shows MoS> nanopores with diameters of 2.6 nm for ML and 2.7 nm
for BL respectively. Ionic current through each nanopore was measured by applying a trans bias
in the range of -200 mV to 200 mV in 300 mM KCI. 4 consecutive ionic conductance
measurements were conducted through the nanopore along with intermediate cleaning steps. Here,
we have reported the average conductance for each pore. Figure 6.2.c-d shows the IV plot for both
the nanopores. The mean of ionic current recorded at each bias is displayed as scatter plot, with
the error bars showing the current variation between the 4 measurements at each voltage. The mean

nanopore conductance (calculated as the average of the ratio of ionic current and voltage at each
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bias value) was found to be 10.5 +0.016 nS for 2.6 nm ML MoS; nanopore and 17.2 £0.023 nS for

2.7 nm BL MoS: nanopore.
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Figure 6.2. a. HRTEM image of 2.6 nm STEM fabricated ML MoS> nanopore, b. HRTEM image
of a 2.7 nm STEM fabricated BL MoS: nanopore, c. IV plot for ML MoS; nanopore showing an
ionic conductance 10.5 nS and d. IV plot for BL MoS; nanopore showing an ionic conductance
17.2 nS. The ionic conductance is determined from the average of the ratio of ionic current to bias

value at each voltage. The error bars shown in IV plots correspond to the deviation obtained from

4 pore conductance measurements.
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To study the effect of ML and BL MoS» on single nucleotide translocation and sensing, 10pM
concentration of dA, dT, dC and dG were electrophoretically pulled through the above-mentioned
ML and BL MoS: nanopores. For these nucleotide translocations 200 mV bias was applied and
the and translocation traces were recorded. Figure B- 3.a-h shows the recorded data for single
nucleotide (for each of dA, dT, dC and dG) translocation for 5 sec and 1.5 secs through ML MoS,
and BL MoS» nanopores respectively. We also observe a detection rate of 10-15 nucleotides / sec
and 50-60 nucleotides / sec for ML and BL MoS; nanopores respectively (see Figure B- 3.a-h).
The five-fold higher detection rate obtained for BL nanopores may be due to faster capture of the

translocating nucleotides at the nanopore due to stronger electrophoretic pull towards the layered
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Figure 6.3. Truncated typical single nucleotide peaks for a-b. dA, c-d. dT, e-f. dC and g-h. dG
translocations through ML and BL MoS: nanopores respectively at 200 mV bias showing

characteristic dwell time and blockade current values. 1. Scatter plots of 3000 translocation events

106



(unfiltered and 100-fold resampled) showing four different levels for each nucleotide for both ML
and BL MoS» nanopores and distinctly higher dwell times for BL MoS> compared to ML MoS»
nanopores and j. Plots showing mean and median dwell time values to be similar for each of the

four nucleotides through ML and BL MoS» nanopores, suggesting a normal distribution.

Figure 6.3.a-h presents truncated single nucleotide peaks obtained for ML and BL MoS;
nanopores for a direct comparison of dwell times. It is observed that the dwell times are higher
for BL as compared for the ML MoS; nanopores for all the different nucleotides. Blockade current
is plotted as a function of dwell time for 3000 single nucleotide transport events in Figure 6.3.i.
We observe four distinct blockade current regions for the different nucleotides. Thus, we can
conclude that both ML and BL MoS; nanopores are capable of detecting single nucleotides. The
blockade current for the nucleotide translocation is plotted as histograms to observe their
distribution (Figure B- 4). We observe normal distribution for all the nucleotides for both ML and
BL nanopores. Thus, the mean blockade current values along with their standard deviations can

be obtained.

Table 6.1. Blockade current and dwell time for the single nucleotide translocation for both ML

and BL MoS; nanopores along with the deviation.

ML MoS:2 nanopore BL MoS: nanopore

Analyte Blockade current Dwell time Blockade current Dwell time

dG 0.595+0.057nA  0.0529+£0.0092ms  0.608+0.036 nA  0.1409+0.0424 ms

dC 0.987+0.066 n A 0.0577+0.0102 ms 1.256+0.048 nA  0.1430+0.0424 ms

dT 1.454+0.076 nA 0.0610+£0.0110 ms 1.809+0.07 nA 0.1422+0.0405 ms
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dA 2.245£0.079nA  0.0615+0.0122 ms 2.434+0.06 nA 0.1412+0.0401 ms

Table 6.1 lists the dwell time and blockade current values for all single nucleotides sensed using
ML and BL MoS» nanopores. The blockade current magnitudes measured are found to be the dA,
dT, dC and dC in decreasing order\r which agrees with previous study [13]. The mean blockade
current obtained through BL MoS; is found to be slightly higher than or comparable to ML MoS,,
which may be due to better charge interaction at the Van der Waals separated nanopore interface.
Based on these numbers we can conclude that the current resolution obtained for ML is preserved
in BL MoS; nanopores. On the other hand, it was observed that the dwell time values of the
translocations for BL nanopore are spread over a larger range as compared to the ML nanopore.
The events detected through ML nanopores show mean dwell times in range of 0.053-0.061 ms
with a 17-20% of deviation. For BL nanopore detection the mean dwell time range is 0.141 —0.143
ms with a deviation of 28-30 % (see Table 6.1 and Figure B- 5). The mean and median dwell time
values were then evaluated for ML and BL nanopores (see Figure 6.3.j) and the values were found
to be pretty close to each other, supporting an assumption of a normal distribution. Therefore, T-
tests were done on the values for a statistical comparison. T-tests thus performed, indicate that for
all the nucleotides, the dwell times for ML and BL nanopores are different at a 95% confidence
level (shown in Error! Reference source not found.). The sample mean of the dwell time for the
BL nanopore is approximately twice that of the ML nanopore. A higher dwell time indicates an

improvement in sensing.

To demonstrate the single nucleotide detection capability of ML and BL MoS» nanopores mixed
nucleotide translocations through ML and BL MoS; nanopores were conducted. Figure B- 6.a-b

show translocation traces for 5 sec and 1.5 sec through ML and BL MoS, nanopores respectively.
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The nucleotide distinction is made based on the current blockades obtained for individual

nucleotides sensed separately. The dwell time range for all nucleotides (as observed in the scatter

plot in Figure B- 6.c) is found to be the same as that when detected separately through ML and

BL MoS: nanopores.”
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Figure 6.4. A typical truncated ssDNA translocation data (unfiltered and resampled) through a.
ML MoS; nanopore and b. BL MoS; nanopore with single nucleotides being detected, Dwell time
vs blockade current scatter plot for the single nucleotides detected from ssDNA translocation
through c. ML MoS; nanopore and d. BL MoS: nanopore. and e-f. Percentage efficiency of
individual nucleotide detection per ssDNA strand and ssDNA sequencing efficiency for 3’-5” and
5’-3” orientations respectively showing that BL MoS> nanopore demonstrates better sequencing

efficiency than ML MoS, nanopore for both sequencing orientations.

To demonstrate that the BL MoS, improves the dwell time of the translocation and can detect
single nucleotides, we used 10 pM single stranded (ss) DNA oligos with customized mixed
sequence. The translocations were conducted using ML and BL nanopores. Figure 6.4.a-b show
the translocation trace for a single ssDNA strand through the ML and BL MoS> nanopore
respectively. For both the nanopores distinct molecular current blockades were observed. From
careful inspection of each molecular blockade, it can be clearly understood that the discrete
blockade steps correspond to the constituent nucleotides. All the translocations for the ML and BL
were analysed using the code developed and dwell time as a function of blockade current for 3 sec

translocations are plotted in Figure 6.4.c-d. For BL MoS:> nanopore, we observe four different
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current levels similar to observed for each nucleotide with dwell times ranging from 0.02-0.6 ms
with the highest density obtained around 0.08-0.3 ms which is similar to what we obtained for
single nucleotide translocations. On the other hand, for ML MoS, nanopore, four different
nucleotides are also detected. However, the time resolution obtained for dC and dG are particularly
low (0.004-0.04 ms for dG and 0.004-0.06 ms for dG) compared to dA and dT, the latter
nucleotides showing dwell times in the range of 0.01-0.07 ms, with the mean ~ 0.05 ms, which is

close to that obtained for single nucleotide triphosphates.

Based on the different dwell times and blockade current four different nucleotides can be distinctly
identified. The blockade levels are then matched with the single nucleotide data recorded before
to obtain and relate the DNA sequence. Figure B- 7.a-b shows the sequence of nucleotides
detected and left undetected by ML and BL MoS: nanopore sensing in a color-coded format, thus
representing the single nucleotide efficiency of detection in each case. ML MoS» nanopore is found
to demonstrate a single nucleotide detection efficiency of 84.9% ((Total — undetected) / Total
nucleotides) considering 60 DNA molecules translocation. Similarly, the experimental analysis
shows that BL MoS: nanopore are capable of identifying single nucleotides with about 89.1%
efficiency. For both ML and BL nanopores, it is observed that mostly dC and dG (especially at the
tailing end or entering end of the DNA) are undetected or detected with poor time resolution. This

may be due to the low density of these two nucleotides along with their low blockade current.

In addition, we have extracted the efficiency of ssDNA sequencing for both 3’-5’ and 5°-3°
orientations. BL MoS, nanopores demonstrate 83+1.07 % and 92+0.14 % for 5°-3” and 3’-5’-
ssDNA sequencing efficiency respectively. These are 10 % better than ML MoS, for 5’-3’-

orientation (73.35+0.55 %) and 8.4 % better for 3°-5’ sequencing (83.6+0.16 %). Figure B- 8 and
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Figure B- 9 shows sequencing events for 3°-5” and 5°-3° ssDNA translocations for ML and BL

MoS, nanopores respectively.

Figure 6.4.e-f shows the efficiency of detection of individual molecules from ssDNA and ssDNA
sequencing as a whole. It is found that the efficiency of BL MoS: nanopores is better in both cases.
The role of BL MoS; is observed to be most prominent in improving the temporal resolution of
the signature for dC and dG. It was observed that the 47/60 ssDNA translocations were in 3°-5’
orientation for ML MoS> nanopore and 51/60 ssDNA translocations were in 3’-5’ orientation for

BL MoS> nanopore.

6.6 Discussions

Short dwell time or high translocation speed in a nanopore prevents precise sequencing of
nucleotides. Different techniques have been used to slow down the DNA translocation using trans-
membrane viscosity gradient, electric field tuning and surface charge modification of the
nanopore/electrolyte interface [28-31]. DNA molecule sensing has been demonstrated through
sub-5 nm nanopores on 25 nm thick SiNx membranes in 38 pM concentration solution [36]. The
study demonstrated that unamplified dsSDNA molecules (as opposed to single nucleotides) can be
sensed by slowing down the translocation using 20-fold salt gradient [36]. A ML MoS; nanopore-
based viscosity gradient system has also been used for improved DNA sequencing by slowing
down the translocation by two orders of magnitude [13]. A simulation study has also been used to

demonstrate improved peptide dwell times for BL MoS, nanopores [22].

In this study, we experimentally explore the unaided capacity of BL MoS; nanopores in improving
real-time sensing resolution, detection rate and efficiency for ssDNA sequencing. We first

analysed the blockade current obtained for single nucleotide using ML and BL MoS» nanopores.
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Our ML MoS: nanopore current signatures are similar to that obtained in previous study [13].
However, we observed geometry defying blockade signatures for Guanine. This may be due to the
increased hydrogen bonding potential of Guanine or increased physical adsorption energy of
Guanine on MoS; which may increase the pore conductance, thus producing a lower overall ionic
blockade event [37]. For ssDNA sequencing, we also observed lower time resolution of guanine
base of the ssDNA compared to other bases, which may indicate that the effect of surrounding A
and C over nanopore blockade are dominant over G. Few studies have shown exceptions to the
geometry-determined blockade when larger A and G have produced lower blockades than C and

T, for both single nucleotide and polynucleotide sensing [13, 20, 38].

We also obtain higher blockade current levels for BL MoS» nanopore as compared to ML MoS»
nanopore. In general, for 3D bulk materials like SiNy, the conductance decreases with increase in
pore/membrane thickness [39]. However, in our study we find that 2D MoS; nanopores do not
demonstrate this behaviour. Unlike 3D bulk material nanopores, in 2D material nanopores
interlayer charge storage, electro-activity and field confinement between the van der Waals
coupled monolayers increases the capacitance of the pore [40]. COMSOL Multiphysics simulation
study indicates that the ionic conductance of MoS> nanopores demonstrates the following trend 2-
layers> 1-layer> 4-layers> 3-layers> 6-layers> 5-layers and so on above 2 nm diameter nanopore
[41]. Few studies on 2D materials nanopores like graphene also demonstrate similar behaviour

[18, 42, 43].

We further observe nearly double the dwell time for BL MoS: as compared to ML MoS: nanopore,
with 95% confidence. To observe the effect of the bias on the blockade current we measured the
blockade current for three different voltages. Figure B- 11 shows blockade current vs dwell time

scatter plot for single nucleotide translocations through ML and BL MoS» nanopores for varying
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transmembrane bias values (100 mV, 150 mV and 200 mV). However, significant change in dwell
times is not observed for either of ML or BL MoS» nanopore sensing. This further proves that the
events considered are indeed translocation events and strengthens the inference drawn about
improved ability of BL MoS, nanopores in providing better resolution for single nucleotide

sensing.

The effect of the temporal resolution improvement offered by BL MoS> nanopore on sequencing
single-stranded DNA oligos was investigated next. From these experiments, we found that the
capability of BL MoS: nanopores can resolve the nucleotide blockade currents and hence can
distinguish single distinct nucleotides. Thus, we observed an overall single nucleotide (for 1800
nucleotides in 60 ssDNA strands) detection efficiency of 89 % using BL MoS; nanopore, a 4 %
improvement compared to that for ML MoS; nanopores. We also observed an 8-10 % improved
ssDNA sequencing efficiency for both 3°-5” and 5°-3° ssDNA orientations. The interlayer potential
gradient for BL MoS: offers improved capture of analytes inside the nanopore even at low
(picomolar) concentration leading to 5X better detection rate. Previous studies have shown that
improved nanopore/DNA interaction can result in faster capture of DNA within the nanopore and
also cause longer residence of DNA at the nanopore [44]. We believe that the improved capture
rate and nanopore dwell time is a result of the enhanced DNA/nanopore interaction experienced

in BL MoS; nanopore as compared to ML MoS: nanopore.

Moreover, the behaviour of even and odd layers of MoS: is found to differ under an applied vertical
electrical field [45]. The electric field confinement within the layers is more for odd-numbered
layers than even-numbers, which thus improves the ionic conduction for even layers. Moreover,
the BL MoS: thickness is close to nucleotide size which helps maintain a good spatial resolution.

However, >2 layers can hamper the spatial resolution. Additionally, our simulation results also
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show a reduction in blockade signal amplitude above two layers. All things considered; we believe
> 2-layers MoS, may not be a better choice for DNA sequencing. The results conclusively suggest
that BL MoS; nanopores can distinguish four type of nucleotides with significantly higher dwell
time. Thus, BL MoS, nanopores can be a suitable choice for more efficient and faster DNA

sequencing.

6.7 Conclusion

In summary, we experimentally demonstrate that BL MoS> nanopores are capable of detecting
distinct single nucleotides with twice the dwell time as compared to ML MoS» nanopores. The van
der Waals separated layers of BL MoS; experience different potentials when a bias is applied
across them creating an interlayer potential gradient. This makes each individual molecule
experience an increased charge interaction and stronger immobilization at the nanopore, leading
to prominently sharp and broad translocation events. The translocation profiles through BL MoS;
nanopores show distinct peaks for each type of DNA nucleobase of 10pM concentration. Thus, we
have been able to detect nucleotides at 89% efficiency using BL MoS> nanopores for 60 detected
DNA molecules. Furthermore, we observed an 8-10 % improved sequencing efficiency by using
BL MoS; nanopores. The BL MoS: nanopore can resolve single-nucleotide signals temporally,
while maintaining a good spatial resolution as well. This high detection rate, efficiency and dwell
time makes BL MoS; nanopores promising for high-speed detections in low concentration analyte

solutions which is essential for several biosensing applications.
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6.8 Supplementary information
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Figure B- 1. (a) MoS; nanopore fabrication steps and (b) Schematic representation of custom-

designed cell assembly for sensing [1. Amplifier, 2. Digitizer, 3. User interface, 4. Faraday cage,
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5. Amplifier head, 6. Cell set up (a. Teflon cell containing KCl, b. Ag/AgCl electrodes, Gaskets

to hold membrane, d. Membrane bearing nanopore)].

(2)

X 1043

(b)
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(d)

Figure B- 2. (a) TEM line profile of ML MoS: with an inset raster plot of the same region showing
the layer thickness of 0.71 nm, characteristic to a ML MoS», (b) TEM line profile of BL MoS;
with the inset showing its raster plot, showing the layer thickness of 1.42 nm, characteristic to a

BL MoS:, TEM raster profiles of (¢) ML MoS> and (d) (left) AB stacked BL MoS: and (right)

AA’ stacked BL MoSs.
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Figure B- 3. Recorded data for single nucleotide (for each of dA, dT, dC and dG) translocation

for 5 sec and 1.5 secs through ML MoS, and BL MoS» nanopores respectively.
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Figure B- 5. 2D flat density plots showing distribution of polynucleotide traces with respect to
both blockade current and dwell time with ML pores demonstrating highest density of peaks at

0.05-0.07 ms dwell time and BL pores showing highest density of peaks at 0.06-0.14 ms.

Table B- 1. T-test results conducted on ~300 nucleotides (each for dA, dT, dG and dC) and

polynucleotide molecules (dA30, dT30, dC30) translocated through ML and BL MoS»

nanopores.

Dwell time difference Confidence interval

Analyte type p-value
(ms) (ms)
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dA 0.0879 0.0785-0.0973 1.10E-39 (<0.05)

dT 0.0853 0.0764 - 0.0942 7.65E-43 (<0.05)
dC 0.0813 0.0720 - 0.0905 1.37E-36 (<0.05)
dG 0.0797 0.0691 - 0.0902 2.81E-28 (<0.05)
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Figure B- 6. Translocation traces for a mixture of the four nucleotides through (a) ML and (b)

BL MoS; nanopores and (c) dwell time vs blockade current plot for the same.
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Figure B- 7. Color coded sequence for 60 ssDNA molecules (1800 nucleotides) detected through

(a) ML and (b) BL MoS> nanopore: dA (red), dT (blue), dC (green), dG (violet) and undetected

(yellow).
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Figure B- 8. Few instances of 3’-5” sequencing of ssDNA translocation through (a-b) ML and

(c-d) BL MoS: nanopores
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Figure B- 9. Few instances of 5’-3” sequencing of ssDNA translocation through (a-b) ML and

(c-d) BL MoS; nanopores
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Figure B- 10. Transient ssDNA bouncing events observed for (a) ML MoS; and (b) BL MoS;
nanopore and single nucleotide non-translocation interactions observed for (c) ML MoS; and (d)

BL MoS> nanopore.

dA-ML-200 mV
dA-ML-150 mV
dA-ML-100 mV
dA-BL-200 mV
dA-BL-150 mV
dA-BL-100 mV
dT-ML-200 mV
dT-ML-150 mV
dT-ML-100 mV
dT-BL-200 mV
dT-BL-150 mV
dT-BL-100 mV
dC-ML-200 mV
dC-ML-150 mV
dC-ML-100 mV
dC-BL-200 mV
dC-BL-150 mV
dC-BL-100 mV
dG-ML-200 mV
dG-ML-150 mV
dG-ML-100 mV
dG-BL-200 mV
dG-BL-150 mV
dG-BL-100 mV

3000

2500

N
=3
S
S

1500

Blockade current (pA)
s
S

500

OO0 00COQC000COC0000C0000

0
0 0.05 0.1 0.15 0.2 0.25 0.3
Dwell time (ms)

Figure B- 11. Blockade current vs dwell time scatter plot for single nucleotide translocations

through ML and BL MoS> nanopores for 100 mV, 150 mV and 200 mV transmembrane bias.
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Chapter 7 *(Paper 4)

This chapter discusses the study on development of a hybrid nanopore formed by combining outer
membrane porin G (biological nanopore) in solid-state bilayer MoS,, having a suitable size for
easy and stable hybrid nanopore formation. The reason for using bilayer MoS; as the solid-state
nanopore is discussed in Chapter 6. This chapter also discusses the reason and process of
modifying the porin in order to reduced pH-dependent gating and reduce low-frequency noise.
Polyadenine strands (length- 30 nucleotides) were then translocated through the hybrid pore and
this chapter discusses the complete analysis to infer on the role of hybrid nanopore on DNA

molecule sensing with improved temporal resolution and signal-to-noise ratio.
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7.2 Abstract

Hybrid nanopore combine the durability of the solid-state nanopore with the precise structure of
the biological nanopore. When a DNA strand is pulled electrophoretically through a solid-state
nanopore it can be sensed from the ionic blockades current produced by each translocating
molecule. However, owing to the lack of chemical specificity and pore size reproducibility, solid-
state nanopore sensing suffers from poor repeatability. Biological nanopores which have a constant
geometry ensures sensitive and repeatable sensing. In this study, hybrid nanopores were formed
by insertion of engineered outer membrane porin G (eOmpG) in a molybdenum disulfide (MoS>)
solid-state nanopore. Engineered outer membrane porin G (eOmpGQG) is used as the biological
counterpart of the hybrid nanopore due to its uniform cylindrical geometry and controlled gating
useful for specific detection of label-free analytes. Bilayer (BL) MoS:> is used as the solid-state
support for the hybrid construct owing to its surface charge and 2D layered properties, which
ensures a stable support with low capacitive noise, favourable for precise sensing. Single eOmpG
was electrophoretically pulled through a 3.4 nm solid-state BL MoSz nanopore at neutral pH and
+80 mV trans bias, to realize the hybrid nanopore. Hybrid BL MoS: - eOmpG nanopore was found
to demonstrate 32% lower noise levels with nearly 1.9 times improvement in the signal to noise
ratio (SNR) and 6.5 times longer dwell times for dA30 molecular sensing compared to solid-state
BL MoS: nanopore. The low-noise biocompatible platform of hybrid BL MoS: - eOmpG nanopore

can thus be used for highly resolved biomolecular sensing.

7.3 Introduction

Nanopore sensing is a technique by which single analyte molecules can be detected from the ionic

current blockade they induce during their translocation through the nanopore [13], [51], [52], [54],
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[125], [187], [189], [226]. An application of nanopore sensing is sequencing biopolymers like
Deoxy-ribonucleic acid (DNA) and Ribonucleic acid (RNA). Mainly, three types of nanopores are
being explored for molecular sensing (DNA sequencing in this case) i.e., biological, solid-state,
and hybrid nanopore. Solid-state nanopores with strong pore walls are ideal for making reusable
and portable sensors [51], [96], [98], [227]-[235]; however, they often fail to reproduce sensed
signals due to inconsistency in pore geometry. lonic current fluctuations observed in solid-state
nanopores are typically a result of high frequency noise which is characteristic to the pore material
and low-frequency 1/f noise which is subject to differ depending on the ion type and concentration,
nanopore size, mechanical stability of membranes and ionic cross-flow [118], [188]. On the other
hand, biological nanopores have a constant pore size producing highly repeatable signals. The
sensitivity of a biological nanopore is influenced by both analyte interactions at the nanopore
interface along with blockade events due to analyte translocations which results in improved single
molecular sensitivity. It also results in improved manifestation of the weak and reversible analyte
interaction with the nanopore producing easily distinguishable and prominent signals [236], [237].
Previous studies have reported that the mutant biological nanopores have shown better
performance, sensitivity and temporal resolution compared to the wild pore [238], [239]. The
controlled charge interaction and transport offered for biological nanopores also produce lesser
electrical noise compared to solid-state nanopores [236], [237]. According to previous studies
biological pores demonstrate better signal-to-noise ratio and lower noise levels as compared to the
solid-state nanopores [20], [61], [64], [154], [236], [237] However, biological nanopores are
thermo-mechanically unstable and have low durability [54], [118], [188], [189], [236]-[239]. A
hybrid nanopore (combination of solid-state and biological nanopore) helps achieve repeatable

blockade current with strong device framework [61], [64], [154].
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In hybrid nanopore, the sensing is conducted primarily through the biological part which is inserted
in a solid-state nanopore. Thus, the spatial resolution does not get affected by the thickness of the
solid-state membrane. The spatial resolution in hybrid nanopore is mainly governed by the
diameter and height of the biological nanopore. However, if the thickness of solid-state membrane
is high, it increases the capacitive noise [20], [240] reducing the signal to noise ratio (SNR). The
solid-state nanopore material and size is also important to ensure a spontaneous biological
nanopore insertion and a stable hybrid assembly, two factors essential for cost-effective and
prompt detection. Considering these factors, 2D material Molybdenum disulphide (MoS>) [221],
[230], [231] forms a suitable solid-state membrane in terms of geometry and charge interactions

to form a hybrid nanopore.

Different types of biological nanopores have been explored for developing a hybrid nanopore [20],
[61], [64], [130], [154]. Alpha hemolysin is commonly used as the biological counterpart of the
hybrid nanopore [64], [127]-[129], [131]. A ~2 nm inner diameter and hydrophilic inner walls
makes it a promising sensor for small molecules. The non-uniform mushroom-structure ensures
its stable insertion in a solid-state nanopore [64], [127]. Recently, Outer Membrane Porin G
(OmpQG) is emerging as a biological pore for sensing analytes over a wide size range [151], [153],
[172]. OmpG is a 32 kDa, 14 stranded monomeric porin that has a uniform barrel-shaped structure
allowing easy insertion in the solid-state nanopore [153]. The symmetry also allows uniform
surface charge interaction with the translocating or binding analyte. Another advantage of OmpG
nanopore is its gating phenomenon by which the permeability of the pore to analytes and ions can
be regulated. This can be attained by changing the OmpG environment. OmpG has 7 extracellular
loops, which respond differently with change in pH, ionic or electric conditions. The discrete

changes in protein dynamics induces more specific ionic current signals for analyte identification,
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without additional functionalization. The gating effect depends on a lot of factors including the
proximity of the analyte with OmpG; charge interactions between OmpG and analyte and
conformation changes of the flexible groups. Such flexibility of the loops leads to high selectivity
and sensitivity of OmpG nanopores which is an advantage. OmpG switches between open
(permeable) and closed (non-permeable) states with change in voltage or solution pH, thus making
fine tuning of the nanochannel possible. However, OmpG can experience spontaneous gating due
to minute changes in sensing environment, which may lead to unnecessary fluctuations during
sensing [151], [172]. Therefore, to ensure controlled gating, OmpG may require additional
structural and chemical modifications. Fortunately, OmpG allows easy adaptation of the loops by
introducing mutations in the amino acid sequence, which provides easy and better control on the

signal stability and resolution required for molecular sensing.

One of the common techniques of achieving a stable and aligned insertion of the biological
nanopore in the solid-state nanopore is by using a DNA guide, tethered to the biological nanopore
[127]. Research showed coaxial alignment of alpha hemolysin with the solid-state nanopore is
hindered without a tethered DNA [130]. In this work, we observed the ability of lone eOmpG to
self-direct, insert into and align with the solid-state bilayer (BL) MoS, nanopore without any
attached DNA [154]. Here, we have explored the hybrid nanopore stability using MoS» solid-state
pore and eOmpG. BL MoS: has been used owing to its thickness to obtain a more stable solid-
state support for the hybrid nanopore formation. A short single stranded (ss) polyadenine (dA30)
strand containing 30 nucleotides was sensed through the hybrid nanopore. This hybrid nanopore
demonstrates much lower noise than its solid-state counterpart. This study presents a novel
approach towards unfunctionalized and stable hybrid BL MoS, nanopore based biosensing at

picomolar analyte concentration.
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7.4 Results and Discussions

Hybrid nanopores were obtained using BL MoS; and engineered OmpG (eOmpG). 2D materials
owing to their thickness provide pore fabrication with repeatable size with an error of < 2A° using
Transmission Electron Microscopy. Figure C- I shows a few examples of four different fabricated
pores having ~3.4 nm diameter, showing the fabrication repeatability and controllability of BL
MoS; nanopores. These nanopores were fabricated using an exposure time of 5 sec using 40 mrad
corrected probe at 200 kV in the STEM mode. The complete fabrication and characterization
procedure of bilayer MoS, membranes used for our study is presented in our previous work [241].
Our previous study confirms the structure of the BL MoS; membrane through HRTEM
characterization and the corresponding diffraction pattern showing two overlapped hexagons.
Section 7.5 explains the details of the OmpG modifications and characterizations carried out
before using it for the pore application. Figure 7.1.a shows the HRTEM (High Resolution TEM)
image of the fabricated 3.4 nm diameter BL MoS: nanopore. In order to ensure a single eOmpG is
inserted, MoS2 nanopore diameter is kept just greater than the outer diameter of a single eOmpG
nanopore. A single eOmpG was pulled through the MoS, nanopore to observe the ionic
conductance before and after hybrid pore formation. Figure 7.1.b shows a schematic of the hybrid

eOmpG-BL MoS: nanopore.
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Figure 7.1. (a) HRTEM image of a ~3.4 nm diameter solid-state pore on BL (~1.2 nm thick) MoS;

membrane and (b) simple schematic of eOmpG integrated BL MoS: hybrid nanopore.

The open probability of the eOmpG in the pH range of 6.3-7.4 was tested using Tris-HCI. It was
found that the time for which eOmpG remains open after its insertion into the nanopore reduces
with increase in acidity. Figure 7.2.a-d shows spontaneous gating of single eOmpG through BL
MoS: nanopore at varying pH for a time span of 25 min. The opening time of the eOmpG was
measured with different pH and this is plotted in Figure 7.2.e as a function of pH. The eOmpG
open probability (as extracted from Figure 7.2.e) is 0.68+0.11 for pH = 6.3, 0.9+0.07 for pH =
6.6, 0.99+0.0084 for pH = 7.0 and 0.94+0.08 for pH = 7.4. The close probability of eOmpG is
found to be significantly low at neutral pH. There can be a few explanations for such the varying
open probabilities of OmpG. OmpG has seven extracellular loops of which the configuration and
flexibility of loop 6 (L6) controls its gating. The dynamics of L6 can cause the channel to open or
close depending upon whether it is drawn inside the lumen or repelled from it. This motion is
influenced by the protonation and deprotonation of the outer loops of OmpG. Acidic pH unlike
neutral pH necessarily can be directly related to an increased protonation resulting in increased

instability of the B-strand leading to comparatively more gating at pH < 7. Previous studies
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conducted have also demonstrated that the open probability of OmpG depends strongly on the
energy of the system [242], [243]. At pH = 7 the open configuration of eOmpG is found to be at
the lowest energy compared to acidic or alkaline pH thus restricting loop relaxation and showing

the least gating frequency [242], [243].
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Figure 7.2. (a-d) eOmpG spontaneous gating at a constant voltage of 200 mV, through BL MoS;

at pH = 6.3, pH = 6.6, pH = 7.0 and pH = 7.4 respectively using 10 mM KCl, (e) scatter plot for
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eOmpG open times for five traces noted for 25 min each, showing improved hybrid nanopore
stability at pH = 7 with an open probability of 99 % and (f) lonic current vs voltage plot using 10
mM KCI before and after eOmpG insertion into the fabricated BL MoS, nanopore at neutral pH
showing that the pore exhibits stable attachment at positive voltages and detaches at negative

voltages.

To further test hybrid nanopore stability at positive and negative voltages before and after eOmpG
insertion the ionic current was recorded for a trans bias of -200 mV to 200 mV and after eOmpG
insertion the ionic current was recorded for a trans bias of -200 mV to 200 mV using 10 mM
(Figure 7.2.f) and 100 mM KCI (Figure C- 2). The I-V profiles for ionic conduction through solid-
state and hybrid MoS; nanopores are shown in Figure 7.2.f. From the curves we can observe that
the hybrid assembly shows good stability at positive voltages but becomes unstable at negative
voltages. Beyond -100 mV trans bias, the ionic current of the hybrid nanopore becomes similar to
a solid-state nanopore indicating detachment of eOmpG. Thus, a positive bias of 80 mV was
maintained on the trans to ensure that eOmpG was inserted in the nanopore. 10 pM dA30 was
added to the cis side solution and pulled electrophoretically at 100 mV bias. Then after hybrid pore

formation, bias is increased slowly to 200 mV to record the DNA translocation traces.

Translocation traces were recorded for 60 min.
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Figure 7.3. (a) Single dA30 molecule translocation traces through 3.4 nm diameter solid-state BL
MoS; pore showing a steep drop of 1 nA at around 20 sec indicating single eOmpG insertion,
insets showing schematics of solid-state and hybrid pore, (b) dA30 molecular sensing event
through BL MoS: nanopore showing a molecular dwell time of about 6 ms, (¢c) dA30 molecular
sensing event through hybrid eOmpG-BL MoS: nanopore showing a molecular dwell time of about
50 ms (6.5 times larger than the solid-state BL MoS2 nanopore with 95% confidence), (d) Noise
traces (I-Imean) 0f 2.5E6 samples that is 12.5 sec data at a sampling frequency of 20 kHz for solid-
state (with 3.4 nm diameter) and hybrid (with 2.2 nm inner diameter) eOmpG-BL MoS; nanopores.
A reduction in the noise level is observed after hybrid nanopore formation. I and Iiean are the
ionic and the mean ionic current respectively., (e-f) Noise power spectral density (evaluated by
pwelch method at cut-off frequency of 1 Hz) for 1.25E7 samples that is for ~1 min data of at a
sampling frequency of 20 kHz (after the traces are high-pass filtered at 1 Hz for eliminating
baseline fluctuations) for solid-state and hybrid nanopore. The dark blue and dark red traces
showing moving average of the noise spectra for solid-state and hybrid nanopores respectively.
The plots show reduction of low-frequency noise after hybridization, but the high frequency noise

(>1 kHz) remains almost similar, although the trend and contributions differ.

Figure 7.3.a shows transient current drops for single dA30 translocation through solid-state and
eOmpG hybridized MoS; nanopore. The initial phase shows molecular blockades through the
solid-state nanopore. eOmpG insertion is found to occur after 30-40 min of dA30 introduction
every time. A 1 nA drop in ionic current indicates eOmpG integration inside the MoS> nanopore.
We also observed r molecular (dA30) dwell time of ~0.6 ms for solid-state BL MoS, nanopore
(Figure 7.3.b) and ~5 ms for hybrid eOmpG-BL MoS» nanopore (Figure 7.3.c). A capture rate of

14-18 nucleotides per second was obtained for the hybrid nanopore, which is about three-fold
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lower than what was observed for a solid-state bilayer MoS» nanopore [241]. Table C- I shows
the results of T-test performed on a sample population of 1000 events for both solid-state and
hybrid sensing. The dwell time with hybrid nanopore is 6.5 times longer than that of the solid state
nanopore with 95% confidence. This provides an improved time resolution along with an improved

sensitivity as the translocation speed is reduced.

Now, to obtain detection with good reliability and confidence, it is necessary to reduce noise
interference and the other sources of current deviations. We therefore analyzed the noise before
and after eOmpG integration. The signal is filtered using a high pass Butterworth filter (MATLAB)
to eliminate baseline drift. We estimated the cut-off frequency to be 1 Hz for which the baseline
shift is removed without significantly affecting the noise spectrum. The mean ionic current (Imean)
is then subtracted from the obtained ionic current (I) and plot in Figure 7.3.d to analyze the noise
traces for both solid-state and hybrid nanopore systems. Solid-state pore is seen to produce higher
deviations around the baseline current (RMS noise: 85.6 pA), whereas hybrid pore produces a
quieter signal (RMS noise: 58.5 pA), inferring a 31.7 % reduction in noise levels by eOmpG
insertion (see Figure 7.3.d). Nanopore noise can have contributions of low frequency (1/f) and

high-frequency (dielectric, thermal and capacitive) noises [20], [215].

Equation 7.1.
Noise = ¢, ]—1 (low frequency) + c,(thermal) + c;f (dielectric) + c,f *(capacitive)

The noise power spectral density of solid-state and hybrid nanopores is then evaluated by pwelch
method for ~1 min data (1.25E7 samples) and plotted in Figure 7.3.e and Figure 7.3.f respectively.
The noise spectra are then intercepted with low and high frequency noise components indicated in

Equation 7.1, to understand their contributions to the resultant noise. As can be seen from
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Equation 7.1, thermal noise is independent of frequency whereas the 1/f noise, dielectric and
capacitive noise are functions of frequency. 1/f noise therefore becomes dominant at lower
frequencies whereas dielectric and capacitive noises being proportional to the frequency becomes

appreciable at high frequency regimes.

To understand the noise contributions for the BL MoS; solid-state nanopore, the noise spectra
obtained was intercepted with 1/f curve as shown in Figure 7.3.e. It is observed that the noise is
predominantly due to the 1/f component. The high quality SiNy substrate used along with a small
free-standing area of 200 nm reduces parasitic capacitive noise. Additionally, low dielectric
constant and small thickness of BL. MoS; results in low membrane capacitance and dielectric loss.
Thus, for the solid-state BL MoS:2 nanopore the high frequency noise is very low levels (Power
spectral density (PSD) is <10 above 1000 Hz with negligible capacitance and dielectric noise
contributions) as shown in Figure 7.3.e. With the incorporation of eOmpG in the BL MoS»
nanopore the noise signature changes. For the hybrid nanopore we observe significant contribution
of dielectric and capacitive noise (as seen from the high frequency domain of Figure 7.3.f), which
primarily is characteristic to the nanopore type used and usually remains the same for a particular
type of nanopore. Therefore, for obtaining a good SNR one needs to control and reduce the low
frequency noise. Particularly, for biological nanopore, the 1/f noise has major influence of
protonation/deprotonation occurring at the nanopore interface. Specific structural modifications of
the biological nanopores can reduce electrokinetic noise response to the charge fluctuations, thus
reducing the low frequency noise and improving the SNR. The H231E mutation introduced in the
eOmpG reduces its spontaneous gating [152] which ensures a stable behavior and reduction of
low-frequency protonation noise [20], [244]. Additionally, the deletion of Loop 6 (by changing

W217 to A217) also contributes to the 1/f noise reduction [245] of the protein during sensing. This
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reduces the low frequency (1-20 Hz) 1/f noise spectral density of the hybrid nanopore by 2 orders
of magnitude as can be observed from Figure 7.3.f. The resultant RMS noise for hybrid nanopore
is also found to be lower as compared to the solid-state nanopore (RMS value: 85.6 pA, as
mentioned earlier). The SNR was then calculated from the ratio of the blockade signal value and
the RMS noise values [20], [246]. SNR values for the solid-state pore is found to be ~12.4 whereas
for the hybrid pore is found ~23.3, showing a 1.9 times improvement of SNR for dA30 sensing

through the eOmpG-BL MoS; hybrid.

The blockade current spectra were then analyzed to obtain the translocation event distribution. A
unimodal normal distribution of events is observed with respect to current blockades (Figure
7.4.a), with a mean blockade current of 725185 pA (25% deviation). The signal deviation
obtained from the hybrid nanopore sensing is found to be 8 % lower than that observed through
solid-state BL MoS: nanopore. The unimodal curve also suggests minimal leakage current along
the protein boundaries creating a great hybrid pore for DNA sensing. On the other hand, the
distribution shows a bimodal fit with respect to dwell time Figure 7.4.b) with lower density of
peaks between 2-4 ms and highest between 4-7 ms. Bimodal dwell time distribution for biological
and hybrid interfaces can happen due to the considerable length of the biological (OmpG in our
case) nanopore. During analyte translocation and sensing, another molecule may or may not be at
the mouth of the OmpG pore thus varying the translocation speed of the sensed analyte by varying
electrostatic interactions. 2D material solid-state nanopores due to their thinness do not face
competition from other molecule at the same time an analyte is sensed leading to unimodal

distribution [241].
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Figure 7.4. (a) Unimodal distribution of 1488 dA30 translocation events with respect to blockade
current with blockades ranging between 600 to 850 pA having the highest density between 700-
750 pA, (b) Bimodal distribution of dA30 events with respect to dwell times with molecular dwell

times ranging between 2-7 ms having two closely placed peaks centered at 4.5 ms and 5.8 ms.

Table 7.1 summarizes the relevant results for solid state, biological and hybrid nanopores from
literature. The nanopore diameter, thickness, SNR, RMS noise and low frequency PSD are
presented in the table. Hybrid nanopore thickness shown in the table is for the thickest component
which could be either the solid-state membrane or the biological nanopore. The SNR, RMS noise
and low frequency noise are strongly dependent on the nanopore type/material [20], [246],
size/thickness [20], [246], free-standing area of the membrane [72], [74] and the
electrolyte/concentration [72]. Thus, we are comparing nanopores of sizes similar to ours (1-5nm
in diameter) here. It is observed that the electrolyte (KCI) concentration plays an important role in
the nanopore SNR with it reducing with reduction of electrolytic concentration. Whereas the RMS
noise of the nanopores has a reverse trend and increases with reduction of the electrolyte

concentration.
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Table 7.1. Comparison of SNR and RMS noise obtained for solid-state and hybrid nanopore with

previous studies. Solid state, biological and hybrid nanopores from literature are shown here.

Type of | Pore Pore SNR RMS noise | KCl Low
nanopore | diameter thickness (pA) concentrati | frequency

(nm) (nm) on PSD

(pA%/Hz)
Solid state nanopores
Silicon 3 [244] 20 [244] ~5[244] | 0.1M[244] |
nitride ~45 1 M [244]
[244]

1.4 [20] 5120] 37[20] | 130[20] 1 M [20]

Graphene | 4 [72] 0.35[72] | 115.39  [72], | 1 M [72] ~10%[72]
[246]
10 [74] 0351741 | ___ 104.93  [74], | 1 M [74] ~10%[74]
[246]

hBN 2.5[215] 1.4 [215] |20[215] | 35][215] IM[215] |
ML MoS; | 1.4[20] 0.7 [20] 5120] 100 [20] 1 M [20] L

~2 [51] 0.65[51] |>10[51]|_ 0.1M([51] |
BL MoS: | 3.4 1.3 12 85.6 0.1M 0.1-1
[our study]
Biological nanopores
Alpha 1.4 [20] 5[20] 11[20] |8.8[20] 0.1 M [20] | 102-10[20]
hemolysin
MspA 1.2 [20] 0.6 [20] 4[20] 40.2 [20] 0.1 M[20] | 101073 [20]
Hybrid nanopores
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Alpha 1.4 [64] 20 [64] 1 M [64] ~107 [64]
hemolysin-

SiNx

Natural 2.3[62] 30 [62] n/a 102-10" [62]
DNA pore
- SiNx

Hybrid BL | 2.2 5 23 58.5 0.1 M 103-1072
MoS: -
OmpG

[our study]

A 9-fold reduction in the SNR of the SiNx nanopores is observed when the electrolyte, KCI,
concentration is reduced from 1M to 100 mM [244]. The SNR for our BL MoS; nanopore 3.4 nm
diameter is twice as compared to the 3 nm diameter SiNx nanopores at 100 mM KCI concentration
[244]. As compared to 2D material nanopores, our 3.4 nm diameter BL MoS; nanopores (for 100
mM KCl) demonstrate ~1.35 times lower RMS noise compared to 4 nm diameter graphene
nanopores (for 1M KCI). Also, 2.5 nm diameter hBN nanopore [215] demonstrate an SNR of 20
with an RMS noise of 35 pA for 1M KCI. For 1.4 - 2.5 nm ML MoS: nanopores, SNR is found to
be ~5 for 1M KCl [129] and 10-16 (2-3 times better) for 100 mM KCl [51]. As the RMS noise
levels increase and SNR reduces with lower KCIl concentration we observe that BL MoS»
nanopores demonstrate noise performance better than SiNx and graphene. Also, the performance
of the BL MoS; nanopores is comparable to hBN and ML MoS; nanopores in terms of RMS noise
and SNR. Also, for understanding, we have added the biological nanopore noise. The eOmpG-
BL MoS: hybrid nanopore is found to demonstrate higher SNR as compared to both alpha

hemolysin [20], [72] and MspA [20] biological nanopores. Additionally, our hybrid nanopore
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noise PSD levels are found to be comparable with existing hybrid nanopores [62], [64] which are

being used for DNA sensing.

This work introduces the advantage of using eOmpG hybrid with MoS; in creating a stable and
reusable nanopore device which can be scaled to arrays for parallel sensing. Future work can be
further conducted on the device for sensing single nucleotides by attaching a complementary DNA
strand to the eOmpG nanopore. The low noise assembly of this hybrid nanopore can also
ameliorate ionic fluctuation noise created due to dangling DNA strand. Thus, the eOmpG-BL
MoS; hybrid nanopore can lead the way for low-noise, time-resolved and repeatable molecular

sensing.

Here, we present the first realization of a hybrid BL MoS> nanopore. In our work, outer membrane
protein G (OmpQG) is used as the biological counterpart due to its unique gating properties along
with low noise behavior which allows controlled detection of single DNA molecules. However,
owing to the spontaneous gating tendencies of OmpG, the pore was engineered to reduce its gating
dependency on the pH or ionic changes. A BL MoS, was used as the solid-state support owing to

its stability and low capacitive noise due to its thickness which is good for low-noise detection.

The major contribution of lower noise obtained in this study is due to controlled and less turbulent
ionic and analyte flow through OmpG. However, the surface charge interaction between positively
charge molybdenum atoms at the surface of BL MoS: nanopore and the interlayer potential
gradient also can neutralize some of the negative charge repulsion at the OmpG interface thus
producing lower ionic current fluctuations as well. Therefore, we do believe that BL MoS along
with OmpG has a significant contribution towards hybrid nanopore stability and low-noise levels

demonstrated by it.
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In this work, we also demonstrate the unique ability of the untethered engineered OmpG (eOmpG)
with outer diameter of 3.3 nm, to form a stable and well aligned hybrid nanopore within a suitably
sized (3.4 nm) solid-state BL MoS» frame. We have employed a pore size of 3.4 nm in diameter
for this work. As the outer diameter of eOmpG is ~3.3 nm we do not expect multiple OmpG
insertions into the nanopore at the same time. However, an improper fit between eOmpG and BL
MoS; nanopore is probable which can give rise to leakage current. Although this leakage current
cannot be eliminated completely, we can observe very low leakage ionic current of ~20-40 pA for
100 mM KCI when the eOmpG is inserted into the nanopore and is closed (see Figure 7.2). Thus,

the leakage current is very small and what we observe is the ionic current through the hybrid pore.

The high conductance through the eOmpG may be due to many reasons. One of the reasons may
be E163C/E229A/H231E modifications carried out on wild OmpG, which increases cationic
contribution reducing loop repulsion and pore relaxation, thus making OmpG mutant more rigid
allowing larger ionic flux [243]. Again, the behaviour is expected to be different for hybrid pore
constructed from thicker silicon nitride and thin 2D materials like MoS, as well. Since the
thickness of BL MoS: is lesser than the OmpG pore, the functionalization occurs at the mouth of
the nanopore only. We therefore anticipate a significant contribution of BL MoS» and the way it
concentrates electric potential at the nanopore to the ionic flux through the hybrid pore. Previous
studies on DNA origami nanopores has also shown higher conductance within a graphene-based
hybrid construct compared to one on lipid bilayers [61]. Also, biological pores on lipid bilayers

are operated at low voltages (+50 mV) compared to higher 200 mV bias used for our work.

However, we agree that it requires further study to draw a direct correlation between the OmpG

composition, relaxation, and ionic conductance, and confidently comment on the ionic

154



conductance of the resultant hybrid pore and the contribution of solid-state membrane, which will

be explored in future.

We demonstrated 10 pM single dA30 polynucleotide molecular detection through the hybrid
nanopore at +80 mV bias and neutral pH with highly time-resolved (>2 ms) signals, 31.7 %
reduced noise, 8 % lower current deviation and 1.9 times improved SNR compared to solid-state
BL MoS> nanopore acting alone. Our analysis also leads the way for highly reliable low-noise

biomolecular detection over a wide size range.

7.5 Methods

Double-side LPCVD (low stress) silicon nitride (SiNx) coated 4 inch, 525 + 25 um, <100> silicon
wafers were purchased from Rogue Valley Microdevices. Low defect, high purity, MoS: crystal
(15x10 mm) was purchased from 2D semiconductors. Rest of the reagents were obtained from
Fisher Sci. 25.5 n-moles single-stranded (ss) polyadenine (dA30) strand containing 30 dA

nucleotides in 250 ul solution was bought from Integrated DNA technologies.

7.5.1 Protein engineering and characterization

Engineered OmpG-A216-228/E163C/E230A/H231E (eOmpG) was created to minimize pH-
change dependent spontaneous gating and ensure that OmpG remains open and stable above its
open-channel voltage. A single cysteine mutation was made at E163, several amino acid residues
216-228 were deleted, glutamate 230 was changed to Alanine and Hystidine 231 was changed to
glutamate. Figure C- 3 shows the sequence of wild-type OmpG (wWOmpGQG) and engineered OmpG
(eOmpQ). For refolding, the pooled protein was mixed with the refolding buffer (20 mM Tris—
HCI, 2 mM DTT, 3.25% OG, pH 9.0) at 2:3 volume ratios and incubated with gentle shaking at

37 °C overnight. Refolding was confirmed by the band shift as observed on SDS-PAGE (Figure
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C- 4). The refolded OmpG was then buffer exchanged into the storage buffer (20 mM Tris-HCI, 2

mM DTT, 150 mM NaCl, 10% (v/v) glycerol, 0.7%OG, pH 8.0 using desalting column.

eOmpG was characterized in lipid bilayers (DPhPC and POPG/POPE). Gating activity was

observed at a positive applied bias of 50 mV using 1 M NacCl buffer (pH 8.0).

7.5.2 Experiment protocol

Engineered OmpG (eOmpG) having an outer diameter of 3.3 nm and dA30 was introduced in cis
chamber. Bias across the nanopore was then slowly increased to 80 mV in steps of 10 mV to pull
eOmpG through the nanopore and for the DNA translocation. OmpG has a symmetric cylindrical
macromolecular structure. Therefore, its stability essentially depends upon the gating potential,
charge interaction with the nanopore, nanopore size relative to outer OmpG diameter and pH of
the analyte solution. So, fabricating a suitable sized solid-state nanopore and prevention of
spontaneous gating is crucial for its subsequent stability during sensing procedure. A solid-state
nanopore size just bigger than the eOmpG diameter (3.3 nm) is required to hold the porin at the
pore owing to surface charge interactions and to avoid multiple protein insertion at a time. Lesser
the difference between the outer eOmpG diameter and inner solid-state nanopore diameter, higher
is the stability of the hybrid assembly. BL MoS; solid-state nanopores were therefore fabricated
having a diameter around 3.4 nm. Nanopore fabrication, cell assembly (set-up for measurement),
pore and cell cleaning, reagent and analyte solution preparation were carried out following the

same procedure as described in our previous work [241].

Single channel recordings were obtained to characterize the solid-state nanopores, test protein
(eOmpQ) insertion and analyse the sensing profile through the hybrid nanopores. Signal alterations

due to eOmpG insertion and translocating analyte induced ionic blockades were amplified by
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Axopatch 200B and finally digitized by Digidata 1500B. 100 mM KCI solution buffered with 25
mM Tris-HCI was poured in each chamber separated by the membrane bearing nanopore. A pH
value of 7.0 was used to conduct the experiments to minimize any spontaneous closing of eOmpG
pore and a constant positive bias was applied [153]. After measuring signal from the pore, 1 ng/ml
of eOmpG was introduced in the cis chamber and mixed thoroughly. For ionic current
measurement, voltage sweep from -200 to 200 mV with 20 mV steps was applied to trans side and
the cis chamber was grounded. Ionic current was recorded for 10 sec for each applied voltage for
solid-state nanopores fabricated on BL MoS». Hybrid nanopores were produced by pulling eOmpG
through nanopore by applying a positive voltage of +80 mV to the trans chamber (Figure C- 5).
After complete eOmpG insertion, applied bias was slowly increased to +200 mV and dA30
translocation was conducted at that voltage. Translocation data is reported after baseline

stabilization.

Signal acquisition and analysis

In this work, we acquired translocation traces using Axopatch 200B amplifier and Digidata 1500B
digitizer. The signals were acquired at a sampling rate of 20 kHz. In-built low-pass filters were
bypassed for all the measurements. This was done to obtain a broader bandwidth of raw data. This
helped us in overcoming access resistance issues of MoS: before and sequencing DNA in our
previous work [241]. Hence, the same procedure was adopted for this work. Bypassing the in-built
filter also helped us in preventing alterations of blockade and dwell time values and monitoring

attenuations.

Two different techniques were used to analyze the data:
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1) The data was low-pass filtered at 2 kHz cut-off using 8-pole Bessel filter in Clampfit 10.6
software. The unfiltered raw data and filtered data were then compared to identify translocation
events. The translocation parameters were calculated of the selected events using the unfiltered
data, to ensure accuracy. Events attenuated after filtering were not considered in the analysis.

2) For power spectral density analysis and comparison, the traces were filtered using a high-pass
Butterworth filter (using MATLAB) at a cut-off frequency of 0.1 Hz to eliminate baseline

fluctuations to obtain spectra for 1 Hz to 10 kHz bandwidth.

Ionic conductance (I-V) measurements were conducted first for a low (10 mM) concentration (see
Figure 7.2.f) of KCl to avoid ionic turbulence shock to the OmpG nanopore during a voltage
sweep. However, at 10 mM KCI the signal-to-noise ratio for DNA sensing was highly
compromised. Therefore, a higher KCl concentration of 100 mM was used to obtain better signals.
[-V measurements were then repeated for 100 mM KCI concentration (see Figure C- 2) and all

translocation and gating response tests were conducted using 100 mM KCI.
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Chapter 8 3(Paper 5)

In thin chapter I demonstrate the use of hybrid nanopore developed previously (as explained in
Chapter 7) for sensing A°~THC molecules. THC, which is the primary psychoactive element in
marijuana is responsible for determining the toxicity and its effect on passive or active users of
marijuana. So, monitoring A°>-THC levels closely and accurately can help control THC usage, reap
medical benefits of marijuana in correct amounts and prevent adverse health effects due to
overdose. The chemical sensitivity of eOmpG interface can also help in further using it for
distinguishing between the toxic and non-toxic components for accurately predicting the

consequences on human health.
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8.1 Abstract

Prevention of Cannabis overuse has been one of the primary objectives after its legalization in
different countries. Active detection and monitoring the dose of Delta(9)-Tetrahydrocannabinol
(A°-THC) in individuals is crucial to determine tolerance level and to avoid severe health effects
due to overdose. Detection in saliva matrix allows accurate long-term sensing of THC due to long
lifetime (~ 34 hours) in saliva. Nanopore sensing provides a highly sensitive fast detection platform
for single molecule THC sensing in real-time. However, owing to fast translocation of neutral A°-
THC molecules, solid-state nanopore sensing produce events with very low temporal resolution,
thus making it unsuitable for being used as a reliable sensor. A hybrid eOmpG-BL MoS» nanopore
with its eOmpG interface slows down THC translocation, thus amplifying the charge interaction
and producing well-resolved detection events. In this work, we conducted A’-THC sensing at
different concentration (1 pM to 100 nM). eOmpG with its unique gating properties and sensitivity
to localized charge alterations, responds to both bound and free A°>-THC, thus showing an ability
to detect very minute (cut-off limit of 1 pM) changes in A’>-THC concentration in the saliva buffer

used. We additionally also obtained signatures specific (with respect to dwell times) to the
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orientation at which A°~THC molecules approach and translocate through the nanopore, the
specificity caused due to difference in chemical interactions to for different configurations. This
leads the way for determining the level of toxicity of marijuana by distinguishing between its non-

toxic and toxic components, which forms scope of future work.

8.2 Introduction

Drug use and abuse is a matter of prime concern in Canada and worldwide. According to Canadian
Alcohol and Drug Use Monitoring Survey (CADUMS) 2012, 21.6% Canadians i.e. 8 million
population in Canada suffer from drug addiction [247]. Cannabis or marijuana is one of the most
popularly used psychoactive herbal drug, which has medicinal benefits but also used for
recreational purposes [248]. Marijuana (Cannabis) was first legalized for medical purposes in
Canada in 2001 [249]. It can be used as an analgesic, bronchodilator, blood-pressure controller,
muscle relaxant and appetite stimulator [250]-[252]. Topical application has its anti-inflammatory
and pain killing effect [173], [174]. It shows its localized effect in minutes and can last for hours.
Sublingual cannabis sprays also have proved to be safe apart from a few side effects [253]. Oral
cannabis intake and inhalation in low doses has been found to cause euphoric feelings,
hallucinations, panic, sleepiness, etc. [254]. In 2018, Canada became the second country (after
Uruguay) to legalize recreational and medical use of Marijuana and its by-products under the
Cannabis Act [249]. Delta(9)-Tetrahydrocannabinol (A°-THC) is the chief psychoactive element
in Cannabis which affects the concentration of released neurotransmitters thus inducing mood
changes and sense of awareness [57]. THC can have short-term or long-term health effects
depending on the extent of its usage [178]. Low intake has been found to cause euphoric feelings

and sleepiness [178]. Overdosing above psychotropic level can cause hallucinations and panic
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attacks. Although fatality due to cannabis overdose has not been reported, long-drawn usage can
intensely harm memory, intellect or even majorly affect lungs and heart. Cannabis use during
pregnancy can even affect fetus health [178], [179], [255]. Individuals are found to display
withdrawal symptoms after regular use of the drug [179]. Hence, it is extremely essential to

monitor cannabis level in body and its effect to avoid major health issues.

Marijuana can either be smoked or ingested orally. When inhaled, THC can manifest itself in a
few minutes and its effect can last to 2-3 hours [181], [256]. Oral administration shows its effects
after 30-90 minutes and can last for as long as 12 hours [181]. Urine, blood, saliva and sweat are
the fluid mediums mostly used for testing THC intake. THC can be detected for 34 hours in saliva
with a cut off limit of 0.5 ng/ml [182], which is 20-30 times lower than that of blood and urine
[181], [182]. This also suggests that detection in saliva matrix can actively identify more recent

consumption of THC.

Since Cannabis legalization in Canada, a spike in Cannabis consumption has been witnessed.
According to National Cannabis Survey (2019), cannabis consumption has increased from 14% in
2018 to 18% in 2019 [257]. This poses an increased risk of accident and psychotic behaviour due
to continuous and overdosed consumption. A’-THC not only determines the degree of toxicity, but
the concentration of A°-THC also can be directly correlated with the time since last cannabis smoke
or ingestion. Cannabis Sensors Inc. has been working in developing breath-based and saliva-based
cannabis sensors using multiple strategies. Cannabisense, an aptamer nanopore has been recently
developed by Cannabis Sensors Inc. for sensing THC using a target-induced strand release (TISR)

strategy [258].

Solid-state nanopores have been used as potential small molecule sensors due to its steady pore

current [138], [226]. Analytes can be detected by their translocation-based ionic blockade. Thin
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2D semiconducting membranes have proved to be a good solution by slowing down molecular
translocation and improving detection resolution [51], [52], [54], [189]. The change in ionic
current generated through solid-state pores is molecular size dependent leading to lack of
specificity for detection of similar-sized analytes. Biological pores have structural precision and
high sensitivity to chemical and electronic modifications but lack the necessary structural strength
for good repeatability and stability of sensing [13]. Hybrid nanopores offer an amalgamation of
the favorable properties of both synthetic and bio pores preferably by inserting a single protein
pore in a solid-state nanopore [61], [64], [154]. A combination of alpha haemolysin and solid-state
silicon nitride pores has been successfully created for sensing proteins and dsDNA [64]. The solid-
state pore diameter is ensured sufficient to permit the beta barrel of OmpG into the pore, whereas
the broader cap sits on the pore and prevents it from moving out. The bio-pore orientation therefore
governs detection of the molecules electrophoretically pulled through the hybrid barrel pore.
Unlike alpha haemolysin, OmpG is a 32 kDa 14 stranded monomeric beta barrel-shaped porin
[153]. OmpG has 7 flexible extracellular loops, loop 6 being the most flexible [153]. These loops
respond to different pH, ionic or electric conditions in different ways producing a discrete analyte
binding changing the protein dynamics and ionic current differently in each case. These current
fluctuations or gating are characteristic to the bound analyte helping its identification [151], [172].
The gating effect depends on a lot of factors including the proximity of the analyte with OmpG,
charge interactions between OmpG, conformation changes of the flexible groups [151], [172]. The
flexibility of the loops leads to high selectivity and sensitivity of OmpG pores unlike other rigid
bio pores. It has been demonstrated that gating activity at positive potential is lower than negative
(Chapter 7). But a reduced noise is obtained for positive potential, making it more favorable for

sensing purpose [151], [153], [172]. A high electrolyte concentration is found to hinder binding

164



and detection of analytes through hybrid pores due to Debye screening [259]. As a result, a low
electrolyte concentration is usually used for biosensing of small molecules. Owing to the
cylindrical shape, the probability of OmpG sitting at the pore reduces. TMD-based 2D materials
like MoS; have high electrochemical activity at the surface allowing enhanced attachment of bio

pores to their solid-state pores.

In this work, OmpG hybridized bilayer MoS nanopore is used for detection of neutral A’>-THC
molecules with high temporal resolution and repeatability. In our previous work we performed
DNA sensing through solid-state and hybrid MoS; nanopores to demonstrate the improvement in
signal-to-noise ratio and ionic current stability after OmpG hybridization. OmpG has flexible outer
loops which respond differently due to variation of localized surface charge. As a result, pH and
analytes present in the sensing medium can therefore alter OmpG loop dynamics giving rise to
varying gating events, which can identify the analyte type. Our study demonstrates that THC
molecule can be detected by the sharp signals produced by electrostatic interaction induced gating
of the hybrid OmpG pore. We also present a dose (concentration) dependent sensor response which
can help build a sensitive tool for A>-THC tracking. Hybrid nanopores were used to detect A°>-THC

molecules in saliva buffer for 1 pM to 100 nM concentrations.

8.3 Material and methods

Prime 4-inch diameter silicon wafers having a thickness of 525 + 25 um and cut along <100> plane
with both sides coated with 50 nm thick LPCVD (low stress) silicon nitride was purchased from
Rogue Valley Microdevices. MoS» crystal (15x10 mm) was purchased from 2D semiconductors.
Rest of the reagents were procured from Fisher Sci. Engineered OmpG (eOmpG) having an outer

diameter of 3.3 nm was prepared following the same procedure as Chapter 7. Potential was then
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slowly increased in steps of 10 mV to 50 mV to pull OmpG and DNA through the pore. A pore
size just bigger than the OmpG outer diameter (3.3 nm) is required to hold the porin at the pore
owing to surface charge interactions. The smallest the difference between the outer OmpG
diameter and inner solid-state pore diameter, higher is the stability of the hybrid assembly. BL
MoS; solid-state pores were therefore fabricated having a diameter of ~3.4 nm. Nanopore
fabrication, cleaning, reagent and analyte solution preparation were carried out following the

procedure described in our previous work [241].

Single channel recordings were obtained to characterize the solid-state nanopores, observe protein
(eOmpG) insertion and analyse the sensing profile through the hybrid pores. Signal alterations due
to eOmpG insertion and translocating analyte induced ionic blockades were filtered by 2kHz
Bessel filter, amplified by Axopatch 1500B and finally digitized by Digidata. Artificial saliva
buffer is prepared with composition similar to real saliva except for the protein constituents. The
buffer was made following the same procedure as used by Wanklyn et al., 2016 [260]. All reagents
were purchased from Sigma Aldrich. A°-THC solution having different concentration were
prepared by diluting 1 mM solution of A>~THC in methanol with suitable amount of saliva buffer.

The resultant pH of the solution is found to be in the range of 6.3-6.5.

1 ng/ml of eOmpG was introduced in the cis chamber and mixed thoroughly. Hybrid nanopores
were produced by pulling eOmpG through nanopore by applying a positive voltage to the trans
chamber. Protein insertion was observed as potential was slowly increased above 80 mV. Different
concentration of A°-THC was sensed by pulling from cis to trans chamber at 100 mV through the
hybrid nanopore after OmpG insertion following the protocol described previously, to determine

the detection rate for each concentration. Concentration was varied for a range of 1 pM to 100 nM
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and current blockade was recorded for 15 min for each concentration. No parameters were changed

in between recordings for the same concentration.

8.4 Results and Discussions

The constructed eOmpG hybrid nanopore is seen to be stable for >5 hours under a bias of 100 mV,
until a negative potential is applied to the trans chamber to remove the protein out of the pore.
Different concentrations of A>-THC are introduced in the cis chamber and a transmembrane bias
of 100 mV is applied. The eOmpG hybrid displays a high affinity towards the A~ THC molecules
producing detectable gating events due to analyte binding and non-cognate analyte translocations
through the pore. We first determined the blank pore ionic current in presence of a saliva medium.
We varied the voltage over a range of -200 mV to 200 mV at a step-size of 10 mV and recorded
the ionic current for 12 sec. Figure 8.1.a shows the recorded nanopore current in presence of the
prepared saliva buffer medium. At 200 mV the mean current value is observed to be around 450
pA. We first tried to obtain THC sensing events by pulling 1 nM A’-THC in saliva medium through
the solid-state BL MoS: nanopore. Figure 8.1.b shows current traces in presence of analyte A°-
THC. We observed that in spite of showing current fluctuations, the events obtained are not
sufficiently resolved for being confidently recognized as A’>-THC blockades. This may be because
of very fast translocation of the neutral THC molecules through the solid-state nanopore hindering

sufficient surface charge interaction and identifiable drops.
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Figure 8.1. a. lonic current recorded in a saliva medium for 12 sec for a transmembrane voltage
varied from -200 mV to 200 mV, showing a blank current of ~450 pA for a bias of 200 mV and b.
Ionic current traces recorded at a bias of 200 mV through solid-state BL MoS> nanopore in
presence of A’-THC showing that A’>-THC translocation events obtained are not sufficiently

resolved for reliable molecular sensing.

eOmpG 1is introduced in the cis chamber and after a wait time of about 40 min, eOmpG
incorporation into BL MoS; nanopore is observed. First the open pore current in absence of any
analyte is recorded to note the open pore current through the hybrid nanopore. Figure 8.2 also
shows an open pore current of ~415 pA (maximum current obtained after eOmpG insertion) after
eOmpG incorporation into the solid-state BL MoS: nanopore. The eOmpG is found to open fully
in steps after insertion into the MoS; nanopore, as seen from Figure 8.2. Two partially open current
levels of eOmpG are also observed with 393 pA denoting a 95% open eOmpG and 360 pA
denoting an 87% open eOmpG. This stepwise opening observed in a saliva buffer unlike a KCI

medium may be due to mixed contribution of different counterions constituting the saliva buffer.
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These counterions require time to attain a diffusive equilibrium (constant baseline current) thus

quenching the effect of surrounding ions on loop configuration of eOmpG.
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Figure 8.2. Traces showing eOmpG insertion into solid-state BL MoS; and stepwise eOmpG

opening with a fully open pore current of 415 pA.

After achieving a fully open-state of eOmpG, A’-THC (at different concentrations, as mentioned
above) is introduced in the cis chamber and pulled electrophoretically through the hybrid
nanopore. A>~THC when sensed through the hybrid pore is found to display prominent temporally
resolved events, unlike when sensed through the solid-state nanopore. Figure 8.3 presents sensing
events at different A>-THC concentrations (100 nM, 10 nM, 1 nM, 100 pM, 10 pM and 1 pM).
Events with dwell time greater than 20 ps are considered only as we are using a 20 kHz filter for
analysis (rise time ~ 17 us). Two types of events were observed; First, events manifested as change
in baseline current are caused due to eOmpG gating induced by localized charge variation owing

to analyte A’- THC binding to eOmpG; resulting in rearrangement of the inner loops, changing the
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open pore volume and thus the nanopore current; Second, intermittent blockade events caused due

to translocation of free THC through the eOmpG hybrid.
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Figure 8.3. THC traces sensed through hybrid eOmpG-BL MoS; nanopore at different THC

concentrations: a. 100 nM, b. 10 nM, c. 1 nM, d. 100 pM, e. 10 pM and f. 1 pM.

A°-THC mainly consists of three domains: phenol, cyclohexene and a pyran ring. The aromatic
rings are prone to resonating and inductive effects. Furthermore, electronic interactions of other
entities with the phenolic group gives rise to conformational change of the THC molecules. The
dimensions of a A>-THC molecule are about 1.8x2 nm whereas inner diameter of eOmpG is about
2.2 nm, which indicates that A>-THC can translocate through eOmpG hybrid in any orientation

varying between the linear (Orientation 1) and transverse (Orientation 2) configurations, as

indicated in Figure 8.4.
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Figure 8.4. Schematic diagram of a. Orientation 1 denoting THC translocation in its linear
orientation which should produce characteristically smallest ionic blockade current and b.
Orientation 2 denoting THC translocation in its transverse orientation which should produce

characteristically highest ionic blockade current.

To further analyse the translocation events, we plot density plots of blockade current vs dwell time

information of the events (see Figure 8.5).
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Figure 8.5. 3D density plot of THC translocation events recorded for 600 ms, for concentrations
of a. 100 nM, b. 10 nM, c. 1 nM, d. 100 pM, e. 10 pM and f. 1 pM showing highest density of
peaks around 100-600 us dwell time and 10-40 pA blockade values. These signatures are obtained
for 87% open eOmpG, which theoretically should have a characteristic opening of 1.9 nm which
is just enough for letting in single THC molecules in linear orientation (Orientation 1). Therefore,

we believe, these signatures correspond to single THC molecule translocation for Orientation 1.

We observed highest density of events for blockades in the range of 10-40 pA and dwell time range
of 100-600 ps (Figure 8.5). As observed from Figure 8.3, these events are seen to happen through
an 87% open eOmpG, which theoretically should have an inner diameter of 1.9 nm. This opening
is just sufficient for allowing THC translocations in linear fashion (Orientation 1 of Figure 8.4).
Also, relatively lower dwell times (< 600 ps) are obtained for these events. This may be due to
weak dipole-dipole interactions caused due to the leading -CH3 group of linearly oriented THC
molecules. Other events are also observed with blockades greater than 40 pA and dwell times
greater than 600 ps, which correspond to a baseline current indicating 95% and 99% open eOmpG.
These signatures are obtained because, with increase in eOmpG volume (open gating), transverse
orientations (Orientation 2 of Figure 8.4) of THC molecules are also permitted in, thus resulting
in higher blockades. Additionally, transverse orientations cause stronger -OH interactions to

dominate resulting in higher dwell times (> 600 ps).

The sensor response was evaluated for varying THC concentration by noting the number of single

THC molecules detected per sec as a function of THC concentration (see Figure 8.6).
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Figure 8.6. Concentration based response of a THC molecule sensing demonstrated by hybrid

eOmpG-BL MoS; nanopore in a saliva medium.

The sensor is found to be sensitive to THC concentration change with a cut-off limit of 1 pM,
which suggests that minute (picomolar) concentration changes in THC levels in saliva can be
detected by this sensor. The results pave the way for efficient and proactive control of THC dosage

and simultaneous prevention of serious health concerns.

This study demonstrates the ability of eOmpG-BL MoS; hybrid nanopore sensor in recognizing
minute (1 pM) change in THC level in saliva. Our study leads the way for sensitive and instant
detection of THC levels in saliva helping in control and monitoring of its dose and subsequent
health effects. It can also increase awareness of individuals towards their intake and help avoid

overdose symptoms and health hazards due to active and passive marijuana usages.
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Chapter 9

9 Summary of results

Nanopores are extensively used as biomolecular sensor due to their real-time low-cost
amplification free sensing platform. Nanopore sensing mainly depend on blockade current
produced by translocating analyte molecules as dictated by Coulter-counter principle. So, the
efficiency, reproducibility, sensitivity, and resolution of nanopore sensing is influenced by
nanopore volume (nanopore diameter and membrane thickness), analyte translocation velocity,
analyte charge, surface charge of the membrane and noise contributions. In this work, these factors
were addressed one by one to design a reusable, repeatable and scalable sensor capable of
efficiently detecting single charged and uncharged molecules with good spatial and temporal
resolution, with sensitivity high enough to detect analytes at low concentrations. Solid-state
nanopore fabricated on synthetic insulating or semiconducting membranes are good choice for
such biomolecular sensors primarily due to their durability and scalability. Of all the solid-state

materials, silicon nitride is by-far the most-used and standardized material.

In this work, the influence of nanopore geometry on the reproducibility of sensed ionic current
was first tested using silicon nitride nanopore. It is also important to monitor nanopore diameter
during multiple nanopore measurements, for improving signal accuracy and reliability. The ionic
current/conductance was repeatedly recorded through nanopores having variable diameters. A
COMSOL Multiphysics model was built to first predict the nanopore geometry from the measured
ionic conductance and to evaluate the size change experienced by each nanopore due to multiple

measurements. Since the nanopore size is directly related to ionic conductance, change in nanopore

174



size indicates change in signal amplitude due to multiple measurements. So, the nanopore size
undergoing the least size change can be listed as the most repeatable and reliable. We observed
that nanopores having < 4 nm diameter demonstrate the best reproducibility. We therefore

continued our studies using ~3 nm diameter nanopores.

Next, research was carried out in improving spatial resolution of sensing. Standard 50 nm silicon
nitride senses multiple molecules at a time, thus reducing spatial resolution for molecular sensing.
So, it is essential to select a stable and thin nanopore material suitable for fabricating ~ 3 nm sized
nanopores, which can sense single molecules with high spatial resolution. DNA sensing and
sequencing are two of the primary applications of nanopore sensors. So, a COMSOL Multiphysics
simulation approach was adopted to first compare the DNA sensing performance and spatial
resolution of 3 nm diameter nanopores on 50 nm SiNx with similar sized nanopores on 1-6 layers
and ~50 nm MoS> nanopores. When the results clearly indicated improvement in ionic current
magnitude and spatial resolution by employing few layers of MoS; instead of 50 nm SiNy, the
effect of number of MoS> layers in improving the temporal resolution of sensing was investigated.
Comparison of DNA translocation electro-kinetics through 3 nm diameter (as selected from
Chapter 4) nanopores on 1-6 layers MoS, showed the potential of bilayer MoS2 nanopore in
slowing down translocation; i.e. demonstrating time resolution better than monolayer MoS»
nanopore while maintaining a good spatial resolution. To conclusively infer on the prospects of
bilayer MoS: nanopore sensors, monolayer and bilayer MoS; nanopores having 2.5-3 nm
diameters were fabricated and single nucleotide sensing and DNA sequencing experiments were
performed through them to compare their performances. In the recent past, monolayer (ML) MoS>
nanopores have been used to detect and classify single nucleotides with good signal-to-noise ratio.

Bilayer (BL) MoS; nanopores were found to show double the dwell time offered by ML MoS;
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nanopores for single nucleotide sensing. A 5X higher single nucleotide detection rate was also
obtained for BL MoS; nanopores compared to ML MoS; for a low concentration of 10 pM,
indicating an improved capture of nucleotide by BL MoS; nanopores. BL MoS: nanopore was also
found to demonstrate 4% higher singe nucleotide sensing efficiency and 8-10% better single-
stranded DNA sequencing efficiency compared to ML MoS» nanopore. The results infer that BL

MoS; nanopores can sequence DNA with high temporal resolution, detection rate and efficiency.

After achieving a solid-state nanopore capable of efficiently and rapidly determining the DNA
sequence with good spatial and temporal resolution, work was focussed on reforming the sensor
to make it durable, biocompatible as well as fit for sensing charged and neutral molecules with
high signal-to-noise ratio (SNR). Therefore, a hybrid nanopore was constructed using outer
membrane porin (OmpGQG) as the biological nanopore and BL MoS: as the solid-state nanopore.
Due to its surface charge and 2D layered properties, BL MoS; was used for providing a robust
solid-state support while minimizing capacitive noise required for precise sensing. The choice of
OmpG as the biological nanopore also helped in further improving the SNR by reducing low-
frequency noise. OmpG is very sensitive to localized charges and adapts its inner and outer loops
in response to changes in its environment giving rise to gating (open/close) events. Such gating
has its own advantages and limitations. The advantage of such gating is increased control over the
nanopore volume, which can be suited to the particular analyte type being sensed. However, its
sensitivity to surrounding charge fluctuations can lead to spontaneous gating (open and closing)
of OmpG producing a noisy and unstable baseline current. To overcome the latter limitation,
OmpG was modified to prevent spontaneous gating in response to ionic concentration or pH
change of the buffer medium in presence or absence of the analyte. The engineered OmpG

(eOmpQ) was incorporated into the solid-state BL MoS2 nanopore by pulling it electrophoretically
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at 80 mV trans-bias. For charged molecule detection, work was continued on DNA sensing and
single-stranded polyadenine having a length of 30 nucleotides (dA30) was translocated through
the hybrid nanopore. With nearly 1.9 times increase in signal to noise ratio (32% lower noise
levels) and 8 times longer dwell times for dA30 molecular sensing relative to solid-state BL MoS,
nanopore, hybrid BL MoS; - eOmpG nanopore was found to be suitable for highly resolved

charged biomolecular sensing.

Thus, solid-state BL MoS» nanopores capable of identifying individual nucleotides were achieved
for fast, efficient, and well-resolved (spatially and temporally) DNA sequencing. A hybrid BL
MoS; - eOmpG nanopore capable of sensing DNA with even more temporal resolution and signal-
to-noise ratio (as obtained through solid-state BL MoS» nanopores) was also achieved. However,
it is to be noted in this case that nanopore/analyte charge interaction which governs the analyte
translocation velocity and resultant temporal resolution, differs immensely for charge and neutral
analytes. So, the solid-state nanopores which are capable of sufficiently resolving charged analytes
may not be suitable for resolving neutral molecule detection events too. However, hybrid
nanopores are found to demonstrate even better temporal resolution for charged DNA molecules
compared to its solid-state alternative. So, an increased probability of properly resolving neutral
molecule sensing events by using hybrid nanopores can be anticipated. In order to look more into
the truth behind this, a neutral analyte which can benefit health monitoring further was selected.
Thus, the current issue on prevention of Cannabis overuse in Canada and worldwide was
addressed. In order to assess the tolerance level and to prevent serious health consequences due to
toxicity, successful identification, and control of THC dosage in individuals is very important.
Detection in saliva buffer facilitates effective long-term detection of THC as it can be detected in

saliva for as long as 34 hours. For single molecule THC sensing in real-time, nanopore sensing
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offers a highly sensitive and rapid detection tool. Therefore, THC sensing at different
concentrations (1 pM to 100 nM) was performed. eOmpG reacted to both bound and free THC
with its special gating characteristics and susceptibility to localized charge shifts, thereby
demonstrating the ability to detect as low as 1 pM change in THC levels in saliva. THC
translocations in linear orientations led to blockades of 10-40 pA and dwell times of 100-600 ps,
while blockades of > 40 pA and dwell times of > 600 us corresponded to transversely directed
THC translocations. Due to the variation in chemical interactions for various configurations, such
orientation-specific signatures were acquired. This can offer a means for determining the extent of
toxicity of marijuana by separating between its non-toxic and toxic elements, which form the scope

of future work.

Thus, a versatile biocompatible nanopore sensor capable of identifying and distinguishing both
charged and neutral analytes was achieved. Improved spatial and temporal resolution, signal-to-
noise ratio, and efficiency for sensing and sequencing DNA, representing charged molecules and
THC, representing neutral molecules, were also achieved. The sensor built can be further used to
test chemical specificity by using target-specific tethers and functionalization, which can be scaled
up by forming nanopore arrays for parallel sensing. Additionally, further work is required in testing
the selectivity of THC in a mixture of Cannabinoids to determine the degree of toxicity by
differentiating THC from non-toxic components like CBD and then estimating THC abundance
from its detection rate as shown in our study. The study conducted can thus provide a good

foundation for making significant contributions to betterment of health and environment.

A high efficiency was achieved for single nucleotide sensing and pseudo-random single-stranded
short DNA sequencing having a length of 30 nucleotides by using ~ 3 nm solid-state BL MoS»

nanopores. The device can be further used for the following applications to influence genome
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sequencing more significantly. The nanopore can be first used for double-stranded DNA
sequencing to replicate the real scenario more closely. The nanopore can be tested for evaluating
its read-lengths and the influence of DNA length on the sequencing efficiency. The nanopore can
also be further utilized to sequence truly random DNA sequences to prepare it for heathy and

mutated genome sequencing of human and microbes.

A hybrid nanopore designed by combining engineered OmpG with BL MoS> nanopore was also
achieved, which enabled DNA sensing by temporally resolving the signals even more than what
was obtained for solid-state nanopores and a good signal-to-noise ratio as well. Good sensitivity
to neutral THC molecule sensing was also obtained and a strong foundation for THC level
monitoring and control was also provided. This sensor can be further improved by using target-
specific tether or functionalization to specifically detect molecules from a mixture or solution of
other molecules. To further benefit THC dose control and monitoring, a mixture of CBD (non-
toxic) and THC (toxic) and obtaining signals capable of differentiating these components so the
effects of non-toxic elements can be eliminated for accurately monitoring the toxicity of marijuana

and predicting its consequences.
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Figure A- 1. Electric field gradient contour plot (in V/m) obtained for (a) 1 layer, (b) 2 layers, (c)

3 layers and (d) 4 layers MoS2 nanopores.
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Figure A- 2. K" and CI total (diffusive, convective, and electrical) flux contributions to the

nanopore conductance for (a) 1 layer, (b) 2 layers, (¢) 3 layers and (d) 4 layers MoS» nanopores.

Table A- 1. Hydrodynamic, electrostatic, and total force acting on the translocating DNA.

Hydrodynamic force (N) Electrostatic force (N) Total force (N)
1 layer 20.273E-15 1.4509E-14 34.782E-15
2 layers -8.4948E-15 2.5175E-14 16.6802E-15
3 layers 15.275E-15 1.2754E-14 28.029E-15
4 layers -2.296E-15 1.924E-14 25.944E-15
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Figure A- 3. Potential gradient along the translocation axis for (a) 1 layer, (b) 2 layers, (c) 3 layers

and (d) 4 layers MoS: nanopores.
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Appendix B
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Figure B- 12. dA30 translocation traces through (a) ML and (b) BL MoS> nanopores, dT30
translocation traces through (c¢) ML and (d) BL MoS; nanopores and dC30 translocation traces

through (e) ML and (f) BL MoS> nanopores. All traces recorded at 300 mM KCI and 200 mV

trans bias.
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Figure B- 13. (a-b) Scatter plot of dA30, dT30 and dC30 sensing events through two different

nanopores for each of ML and BL MoS», bar plots showing (¢) mean blockade current and (d)

dwell time obtained for polynucleotide (dA30, dT30 and dC30) sensing through ML and BL

MoS; nanopores.

211



Appendix C

Figure C- 1. Four different STEM fabricated nanopores having ~3.4 nm diameter, showing the

pore fabrication repeatability and controllability of BL MoS2 nanopores.
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Figure C- 2. Ionic current vs voltage plot using 100 mM KCIl before and after eOmpG insertion
into the fabricated BL MoS, nanopore at neutral pH showing that the pore exhibits stable

attachment at positive voltages and detaches at negative voltages.
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Protein purification and cell culture

The vector encoding eOmpG (pET-28a-eOmpG-6His) was transformed into C41 competent cells
and the cells were plated on an agar plate supplemented with 5 ug/ml kanamycin. A fresh colony
was grown in 2 ml SOC (Super Optimal broth with Catabolite repression) broth supplemented
with 5 ug/ml kanamycin at 37°C and 250 rpm overnight. The starter culture was then diluted 1:100
into TB broth supplemented with 20 mM glucose and 5 ug/ml kanamycin. Cells was grown at
37°C and 250 rpm until the optical density at 600 nm (OD600) reached 1.0. The cells were induced
by the addition of isopropyl B-D-1-thiogalactopyranoside (IPTG) (final concentration 0.5 mM)
and were allowed to grow for another 3 hr at 37°. The cells were harvested by centrifugation at

9000 xg for 15 min and then the pellets were frozen at -20 °C.

For refolding and purification, the pellet was resuspended in 1/40 culture volume of ice-cold lysis
buffer (20 mM Tris-HCI, 100 mM NaCl, pH 8.0) supplemented with 0.2 mM
phenylmethylsulfonyl fluoride (PMSF) and 2 ng/ml DNase I, then lysed using a cell disruptor. The
cell lysate was centrifuged at 12,000 xg for 30 min at 4°C. The supernatant was discarded, and the
pellet was washed using the wash buffer (20 mM Tris—HCI, 100 mM NaCl, 10 mM
Ethylenediaminetetraacetic acid (EDTA), 1% Triton-X 100, pH 8.0) for three times and then
washed using the lysis buffer to remove residual Triton-X100. The washed inclusion body (IB)
was then dissolved in the dissolving buffer (8 M urea, 50 mM Tris-HCI, 2 mM Dithiothreitol
(DTT), pH 8.0) (1ml dissolving buffer per 0.1g of IB). The mixture was incubated for 1 hour at
room temperature before centrifuge at 18000xg at room temperature for 30 min. The supernatant
was then applied on a Hitrap Q FF column (GE Healthcare) and eluted using gradient elution (0 to
500 mM NaCl over 30 CV). Fractions containing the pure unfolded OmpG were pooled and

concentrated using Amicon 10kD centrifugal device.
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T-test results for dwell time comparison for dA30 sensing through solid-state BL

Table C- 1

MoS; and hybrid BL MoS>-eOmpG nanopores.

p-value

1.36E-17<0.05

interval

Confidence

(ms)

3.91-4.41

time difference

Dwell

(ms)

4.1573

Analyte type
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Figure C- 3. Sequence alignment of eOmpG and wOmpG. eOmpG equals wOmpG-A215-

227/E163C/E229A/H231E. Modifications in eOmpG are highlighted in red. The beta-strand

structures are highlighted with green background.
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Figure C- 4. SDS-PAGE gel of eOmpG. Lane 1: molecular weight ladder; 2: dissolved inclusion
body before FPLC purification; 3: purified unfolded sample; 4: refolded eOmpG; 5: heat-

denatured refolded protein.
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Figure C- 5. Schematic explaining the cis and trans sides of hybrid eOmpG-MoS: nanopore

sensing set-up.
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Appendix D

Data acquisition and analysis:

Single nucleotide and DNA sequencing data were acquired at a sampling rate of 200 kHz. No in-
built filtering was used to recorder larger bandwidth and prevent data loss due to filtering. The
data was resampled by a factor of 100 to reduce the rise time and accurately calculate the blockade
and dwell time values for short-lived single nucleotide translocation events. After resampling the
white gaussian noise is also transferred to the resampled trace to prevent aliasing and for accurate
representation and prevention of artifacts. Then the raw data were filtered at a cut-off frequency
of 20 kHz, using 8-pole low-pass Bessel filter of Clampfit software. This was done to confidently
identify translocation events and separate them from non-translocation interactions and attenuated
events. The translocation statistics of the selected events were then calculated from unfiltered and
resampled data and reported in Chapter 6. Polynucleotide and THC translocations through hybrid
nanopore were conducted at 20 kHz frequency. No resampling was required or done in this study.
Translocation events were identified in the same way as before at a cut-off of 2kHz. The noise
analysis in Chapter 7 was carried out on raw data, high pass filtered at 1 Hz to remove low-

frequency baseline fluctuations.
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