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ABSTRACT

Nanopore Biosensors for Molecular Detection and Analysis
By
Muhammad Usman Raza, PhD
University of Texas at Arlington, 2018
Supervising professor: Dr Samir M. Igbal

Nanoscale fabrication techniques have led the march towards a new class of biosensors that were not
possible to build in the past due to technological limitations. These molecular nanosensors can have
biochemical, electromagnetic, acoustic, optical or electrophoretic detection modalities. One of these
nanosensors, is solid state nanopores which use resistive pulse sensing in nanometer apertures in thin
dielectric membranes. Solid state nanopores have been fabricated using cutting edge fabrication
techniques to detect and analyze nanoscale biomolecules such as DNA, proteins, miRNA, viruses etc.
These biosensors can be used as electronic sensors for biomarkers of certain diseases such as cancer
and can form effective tools for early detection which can eventually save lives. Solid state nanopores have
also been used as a novel way for cheap DNA sequencing. In the case for early detection of cancer,
molecular biology plays a critical role and solid state nanopores can be used to study that and provide

effective ways for the effect.

In this dissertation we work on solid state nanopores and try to improve them using the cutting-edge
fabrication techniques and optical modalities to make them ultrasensitive biomarker detection and
multiplexed sensing biosensors. In the first project, we use solid state nanopores in silicon nitride
membranes to detect epidermal growth factor receptor (EGFR) protein which is overexpressed in many
cancers and is a cancer biomarker. We use an RNA Aptamer to selectively bind to the EGFR which

increases the selectivity for this cancer biomarker through solid state nanopores. In the second project, we



simulate two adjacent nanopores on a single membrane in the quest to find the adjacent nanopore distance
for reduced electronic crosstalk. The optical parameters derived from the simulations can be used as a blue
print for fabrication of nanopore arrays on single membranes to increase the throughput and self-
referencing capability for noise cancellation. The final project reinvents the solid state nanopore with the
inclusion of an optical plasmonic trap cavity at the mouth of the nanopore. We are the first ones to report
this type of nanopore device. This novel sensor provides dual mode optical and electrical sensing capability.
In addition, the localized plasmon field can trap the nanoparticles for up to 7 seconds at the mouth of the
nanopore, which was previously not possible due to the electrophoretic translocation. It is shown that
nanoparticles oscillate in the trap, which results in high frequency electrical noise that is synchronous to the

mass loading of the plasmonic cavity.
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1. INTRODUCTION

1.1. BACKGROUND

Over the past millennia, healers have been diagnosing diseases in humans using physical and phycological
markers that become apparent when the disease had progressed throughout the human body. The
diagnosis would be based on anecdotal knowledge about certain apparent symptoms and the cure would
be administered based on trial and error over numerous patients suffering similar symptoms in the past
[1]. The general attributes of herbs and other complex medicines were part of the base knowledge for
healers of that time. With the advent of modern medicine, it became necessary to understand the prognosis
of diseases so that solutions to diagnosis, prevention and cure are based on biological evidence [2-4]. The
need for knowledge on biological basis of disease progression is where the field of molecular biology
became vital in the biology of drug action [5-8]. Hence, as human knowledge about molecular biology
increased, the cures of previously deadly diseases were discovered [9-12]. As biomolecular analytical
technologies evolved as tools to study disease the interest in development of ever more sensitive and
specific biosensors increased. This also resulted in the development of new biosensors which used the
biomolecular changes in the human body, that result from certain diseases, to be used as markers for
disease detection and prognosis [13-15]. Miniaturization of sensors down to the nanoscale promises to
fulfill the sensitivity-specificity goals, which in turn can enable early detection of deadly diseases such as

cancer.

Cancer is one of the deadliest diseases, with abnormal cell growth resulting in the formation of tumors in
the body. Cancer cells develop out of healthy cells due to DNA mutations that result in altered signaling
pathways that may help the cell evade cell cycle checkpoints and programmed death. [16]. When cancer
starts, it has no apparent symptoms that only become apparent once the mass of the tumor grows. For
example, in the case of colorectal cancer, this may lead to bowel blockage [17]. In the case of lung cancer
this may lead to cough, flu or pneumonia symptoms[18]. Many apparent symptoms caused by cancer are

non-specific in nature as cancer imitates symptoms of other diseases [19, 20]. So, if proper diagnosis is not
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Fig 1.1: Early cancer diagnosis results in higher 5-year survival rates. If the cancer is detected
in stage IV the chances of survival are less [25].
performed and testing does not take into consideration the biomarkers of cancer, the cancer could progress
into a more aggressive metastatic stage, in which the abnormal cells proliferate throughout the body by

being transported through blood vessels at which point a cure is often not feasible [21-24].

In cancer, early stage detection and diagnosis, when the tumor is at its primary site can result in the
difference between life and death [25]. However, the most common stage of detection is different between

cancer types and heavily skewed towards late detection [Fig 1.1]. Cancer is the second most prevalent
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Fig 1.2: Cancer deaths are going to increase as overall death rates due to other diseases

decrease [26]



disease in the world only next to heart disease. However, as the number of deaths for heart disease patients
have halved for those under 85 years of age, those of cancer patients are almost stagnant. This shows the
importance of research on cancer biology to further understand the prognosis of cancer from start. As the
number of deaths per 100,000 people decrease due to medical advances the deaths due to cancer is

projected to increase in the next few years in US [26] [Fig 1.2].

Progression of cancer in the human body is referred to as carcinogenesis [27]. Normal cells mutate in to
abnormal cells with changes in the characteristics at the genetic, epigenetic and cellular level leading to
abnormal cell division [28]. Additionally, DNA mutations disrupt the process of programmed cell death, or
apoptosis. Whereas normal cells are eliminated with apoptosis, cancer cells skip apoptosis and multiply
uncontrollably. These cells form local tumor sites in organs called primary sites [29, 30]. Cancer cells in
tumor sites over time mutate into malignant cells, which are invasive, and they enter nearby vascular tracts
and start their journey in the blood stream. In the blood stream, malignant cells can migrate into distant
organs and start remote tumor sites as they proliferate [31, 32]. When metastasis has established itself in
the host body, many apparent signs of the disease are established, which leads to a diagnosis that is too
late in most cases to be cured fully. Hence, the most effective way to cure cancer is to detect it in its early

stages[33-36].

The study of DNA mutations and subsequent proteomics has led to the belief that early detection of cancer
progression can be achieved through detection of minute changes in DNA sequences or the up-regulated
expression of cancer specific biomarkers [37, 38]. The biomarkers are molecular signatures made by tumor
or by the body in response to the tumor. These biomarkers can be detected either in biopsied tissue from
the tumor sites or in blood, urine and other fluids in the body[14]. Cutting-edge research in cancer detection
focuses on biosensors, which can target circulating molecular biomarkers in the bodily fluids such as blood,
urine because they are easily accessible. These biosensors can utilize electrical, optical, chemical,
physical, magnetic properties of a specific biomarker or coterie of biomarkers to detect the advent of a
tumor at nascent Stage 1 when it is bound to its primary tumor site, which maybe small enough to evade
detection using current Point of Care (POC) testing facilities. The hope is that these nanoscale molecular

biosensors may become efficient, robust and cheap tools to detect cancers in early stages so that lives are



saved. It is projected that in 2020, 158 billion USD [39] will be spent on cancer care and this can be
significantly reduced if tumors are detected at early stages where they can be cured effectively at a lesser

cost.

1.2. NANOPORE BIOSENSORS

A human cell is replete with various kinds of biological nanopores which regulate the transport of ions,
nutrients and biomolecules in and out of its nuclear, mitochondrial and outer cell membranes. This becomes
the basic mechanism by which a human cell interacts and lives in its environment. However, if we take this
idea from nature and regulate the transport of disease biomarkers through manmade nanopores under
certain conditions and monitor the results we may be able to study, identify and quantify those biomarkers.
Biological nanopores, occur in nature, regulating the transport of ions and molecules across the cell
membrane. Electrophysiology experiments of single ion channel nanopores in cells membranes was done
decades ago [40]. It was in the 1990’s that first work on DNA sequencing using biological nanopores based
on a-hemolysin [41, 42] was accomplished. In subsequent works, it was shown that translocating ssDNA
across the a-hemolysin nanopore would produce a characteristic current and have different translocation
times based on its composition. Nanopores based on a-hemolysin which is a protein toxin created by a
bacterium called Staphylococcus Aureus, makes 1.4 nm diameter nanopores that spontaneously insert

themselves into a lipid membrane. This resulted in the hypothesis that cheap and fast DNA sequencing

0

5\

. Nanopore
Starting Sample Biosesor Data Analysis/
Sample Preperation Detection Results

Fig 1.3: Process flow of Point of Care solid state nanopore biomarker detection

could be accomplished using these nanometer-size natural pores. However, the limitations of these

biological nanopores consisting of fixed size, inability to detect single base pairs due to fast translocation



and structural instability caused by external factors like salt concentration, pH and mechanical stress, lead

to the fabrication of nanopores through solid state materials which are more robust to external factors.

Solid state nanopores are fabricated using silicon nanoscale fabrication techniques. The elementary idea
behind solid state nanopores is that they can become robust analytical devices for any kind of bio molecule
as their structure and size can be tuned to match the size of the target analyte [43]. The target analyte can
be a disease biomarker in a patient sample. The sample after going through required pre-processing can
be analyzed using a solid state nanopore biosensor at the point of care [Fig 1.3]. This idealized use case
scenario is what makes the field of nanopore biosensing important for the future [44]. With scale, solid state
nanopore biosensors can be fabricated inexpensively, leading to greater financial reach for average POC

facility.
(a) SiN LPCVD Deposition (b) Front Side Patterning (C) CF4 DRIE

(d) TMAH Solution Anisotropic (e) Free Standing Nitride (f) TEM Drilling of 60 nm
Etch|ng Membrane after CF4 DRIE Nanopore

for membrane thinning

Fig 1.4: Steps to fabricate a simple solid state nanopore on a silicon wafer.

Solid state nanopores are nanometer holes drilled into thin dielectric membranes suspended on silicon
chips [45, 46]. These nanopore dielectrics can use silicon nitride, silicon oxide, graphene or other materials

based on the requirements of the application[47, 48]. The fabrication can incorporate complex techniques



for certain applications such as DNA sequencing [49]. Fig 1.4 shows the steps required to fabricate solid
state nanopores in dielectric membranes using silicon nanofabrication techniques. Fabrication is started by
depositing a thin silicon nitride layer on top of a 525 um thick (100) silicon wafer [Fig 1.4 (a)]. The wafer is
patterned using optical lithography and a 780 um square window is opened in the photoresist [Fig 1.4 (b)].
CF4 chemistry is used in the Deep Reactive lon Etcher (DRIE) to etch away the silicon nitride exposed
inside the patterned square windows [Fig 1.4 (c)]. Tetra Methyl Ammonium Hydroxide (TMAH) anisotropic
wet etching is used to etch the silicon all the way to the other side of the wafer till the silicon nitride on the
other side remains suspended [Fig 1.4 (d)]. The suspended membrane in this design is 75+10 um squares
in size [Fig 1.4 (e)]. After this, the chips are placed in a high energy beam which can be a Transmission
Electron Microscope or Focused lon Beam to drill the nanometer sized nanopore in the thin silicon nitride
membrane [Fig 1.4 (f)]. This chip is sandwiched between two containers of ionic solution with bio-analyte
suspended in the cis container. Voltage bias is applied to the cis and trans containers via Ag/AgCl
electrodes leading to electrophoresis of ionic solution through the nanopore and translocation of analyte
through the nanopore. As the analyte translocates through the ion channel it gives a characteristic resistive
pulse which is detected by the measuring equipment [50]. This procedure has been used for the past two
decades for many biological applications. Solid state nanopores with three-dimensional dielectric materials
silicon nitride (SisN4) and two-dimensional materials such as graphene and molybdenum disulphide (MoS:)
have been used for DNA sequencing [51-54]. The two-dimensional materials provide the extraordinary
characteristic of less than 1 nm thin nanopores leading to precise base pair detection in nanopores. Solid
state nanopores can also be functionalized with certain biomolecules to improves the detection capability
of a target analyte[55-57]. Nanopores have also been used to detect and analyze bio molecules such as
mMiRNA, proteins, enzymes and others which may be disease biomarkers[58-64]. Larger size nanopores
have also been used to investigate large entities such as viruses, bacteria and big biomolecules [65-67].
The breath of reported sensing applications illustrates the extraordinary capability of solid state nhanopores
of different structures and sizes to be used for individualized bio-applications where the nanopore design

parameters are built to suit the constraints of the analyte.

The work in this dissertation focuses on the use of simple solid state nanopores for early detection of cancer

using the proteomic indicators that are overexpressed in cancers of different types. We also use selective



binding agents called aptamers, for targeted binding on the protein biomarker which causes the spread of
cancer through abnormal cell growth. We show that solid state nanopores can be used to selectively detect
cancer molecular biomarkers which can be found at the tumor site or in bodily fluids, albeit at a smaller
scale. Furthermore, we try to improve the throughput and self-referencing capability of solid state nanopores
by conducting simulations for array of nanopores on a single chip and find out the distance requirement
between adjacent nanopores for actual fabrication. Finally, we build an original optical and electrical dual
modality, plasmonic solid state nanopore which can be thought as the solid state nanopore for the future.
This dual modality nanopore uses plasmonic force to trap the individual molecules and particles at the

mouth of the nanopore.

1.3. CANCER BIOMARKER DETECTION USING SOLID STATE NANOPORES

In the first project, we use solid state nanopores to detect extracellular domain of Epidermal Growth Factor
Receptor (EGFR) and use a bare nanopore that is not functionalized to detect characteristic translocation
of this protein that is highly overexpressed in many tumors. We can selectively detect presence of this
protein with the help of its RNA Aptamer binding. This can be used as a biosensor for certain cancers in

which EGFR concentrations can be found to detect cancer or it can be used for cancer prognosis studies.

1.4. NANOPORE ARRAYS CROSSTALK SIMULATIONS

In the second project, we simulate electrical crosstalk between adjacent nanopores that can be used to fix
the distance between adjacent nanopores. This distance is necessary to avoid electronic crosstalk between
adjacent nanopores. This simulation provides a mechanism to determine the adjacent nanopore distance
based on the requirements of a certain application. We simulate for different applied voltages, adjacent
nanopore distances and nanopore sizes for a characteristic thickness of the membrane. Finally, a particle
is simulated translocating inside a nanopore and it is shown that there is no measurable effect in electrical

field in the adjacent nanopore as both are more than one debye length away from each other.



1.5. DUAL MODALITY PLASMONIC SOLID STATE NANOPORES

In the last project, we fabricate a new kind of dual modality nanopore trying to resolve the technological
difficulties in molecular detection and analysis in simple solid state nanopores. We fabricate Au dual
nanohole (DNH) nanoapertures at the mouth of a solid state nanopore. A near-infrared (NIR) laser is
focused on the DNH cavity. Due to the previously reported Self Induced Back Action (SIBA) effect, the DNH
traps translocating nanoparticles at the mouth of the nanopore for a duration of seconds. This trapping
effect provides valuable time to study individual biomolecules and biomarkers. The four orders of magnitude
improvement in the time a particle stays in the vicinity of a nanopore, compared to electrical sensing alone,
enables detecting high frequency charge oscillations from the detected electrical signal. We interpret these
high frequency oscillations to originate from nanoparticle bobbing and the resulting frequency spectrum
peaks at lower frequencies when more than one nanoparticle is trapped inside the DNH optical trap. This
novel biosensing platform that we have fabricated, offers significant promise to improve the detection of

protein biomarkers and DNA, which we propose to explore in future work.
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Abstract

Epidermal growth factor receptor (EGFR) is well known as an early biomarker for many cancer types. The
current methods for EGFR detection lack the sensitivity and selectivity required to efficiently detect and
differentiate EGFR from other proteins. We demonstrate a nanopore-based resistive pulse-sensing
technique to selectively detect small amounts of EGFR from a mixture. An anti-EGFR aptamer is
used to impart selectivity in the sample solution. The shift in translocation dwell time of samples both
with and without a bound anti-EGFR aptamer is used to detect EGFR. EGFR with the bound aptamer
results in a translocation dwell time that is about 23% shorter than that of EGFR alone, indicating a
greater net charge for the complex. Thrombin is used as a control to demonstrate that the high specificity
of the aptamer for EGFR enables differentiation of similar-sized proteins. The use of anti-EGFR aptamer
as a targeting agent makes the label free detection of EGFR possible without nanopore surface

modification or functionalization.
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Introduction

EGFR detection and enumeration promises early cancer detection [1, 2] and the ability to monitor therapy
and prognosis [3-5]. Elevated levels of EGFR expression in patients’ serum is a strong prognostic
indicator for many tumor types [6-8]. For example, Quaranta et al. reported the mean EGFR level in
brain cancer patients’ sera to be nearly twice than that of healthy subjects [9]. The total concentration
of EGFR in patient serum is very small (ng/ml) and can be easily obscured by the biological noise. These
facts highlight two major challenges in detection of EGFR expression levels in patients’ serum: first, a
useful biosensor should have molecular level sensitivity and second, it should have very high
specificity. In last couple of decades, a variety of detection assays for proteins have been developed
using fluorescence, electrochemical, colorimetric, chemiluminescence and surface plasmon resonance
means [3, 10]. These assays lack the sensitivity and specificity required for the efficient detection of

physiologically relevant EGFR levels.

Development of new approaches for point-of-care (POC) detection of protein biomarkers is a pressing
need in early cancer diagnosis. Devices for POC must be ultrasensitive, fast, accurate, low priced and
should be easy to use [11]. One candidate technology that has recently emerged as a potent single
molecule detector is the solid- state nanopore [12-17] based on the resistive-pulse enumeration. When
a molecule hinders the ionic flow through the nanopore, it registers a unique electrical pulse in the
baseline ionic current trace. Analysis of these electrical pulses can be used to determine size and
charge of molecules [12], length of nucleic acids [14, 18], protein size [19, 20], folding state [20, 21]
and molecular agglomeration [22]. They can also be chemically modified [15, 23] for detection of

specific biomarkers [17, 24] and toxic agents [25, 26].

Biological nanopores are unstable and their measurement setup is tedious due to their small fixed diameter
(1.5 — 3.6 nm); only polypeptides or denatured proteins are able to translocate there [27, 28]. Moreover,
preparation of large-scale protein nanopore arrays faces technical challenges [12]. On the contrary, solid-
state nanopores are compatible with proteins of any conformation and size due to the tunable

dimensions. These have been successfully used to detect proteins of various sizes and stochastic
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sensing of proteins [14]. The current approaches have some disadvantages. First, single-ligands
functionalized nanopore can only detect one type of target protein; proteins not recognized by ligands are
not detected at all. If several proteins need to be simultaneously identified, different kinds of ligands
should be respectively immobilized on separate nanopores [29, 30]. This means multiple copies of
samples and multiple sets of nanopore frameworks need to be prepared for signal collection, analysis
and calibration. Although technically feasible, such strategies for multiplexed protein detection require
tremendous workload and would be unreliable from the noise and system artifacts. In addition, due
to different sizes of proteins, the nanopore diameter would need to be precisely tuned in order to
accommodate each analyte. If the proteins of interest have broad ranges of size that would be another
challenge to decide on nanopores with suitable diameters. Another challenge is the immobilization of the
specific ligands onto the inner edge of the nanopore. Surface functionalization at such small size scales
is not trivial and is expected to result in insufficient immobilization sites and heterogeneous grafting
especially when irregular surfaces result into various charge distribution and variations in the nanopore
stoichiometry [12, 29, 30]. An ideal solid-state nanopore system should be able to simultaneously and
quickly identify target proteins in a multiplexed fashion from a single miniscule sample. Such detection

should be performed, from initial system setup to final data report, on one framework.

This letter reports solid-state nanopores as single-molecule sensors [31-33] for detection and
enumeration of EGFR in POC setting. To keep the process simple, instead of using a functionalized
nanopore [34], a bare nanopore was used and in- solution binding of EGFR with anti-EGFR aptamer
was used to impart selectivity [35]. Anti-EGFR aptamer has very high affinity for EGFR and it is very
selective as well [36]. Aptamer binding to the protein altered the overall charge and mass of the complex
as compared to the unbound EGFR [37]. Since the speed of the translocating species strongly
depended upon its charge [38-40], attachment with aptamer tweaked the translocation time for EGFR only.
This change was readily identified from the analysis of registered pulses. As a negative control, the
experiments were done with human a- thrombin protein. With thrombin, no change was observed in the

translocation time after incubating the protein with the aptamer.
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Results and Discussion

Current-voltage (I-V) characteristics of the nanopore in 20 mM Tris-acetate pH 8.2 + 5 mM Mg-acetate + 1
mM K-acetate are shown in Figure 1(b). Conductance of the nanopore was calculated to be 2.5 nS by a
linear fit to the data. For the voltage range of -100 mV to 100 mV, linear I-V characteristics were observed

[41, 42]. Open pore current for the nanopore at 50 mV applied bias is shown in Figure 2(a).

EGFR was introduced into the cis (negative) side of the nanopore that resulted in significant current
blockage events. A snapshot of the nanopore current trace at 50 mV is shown in Figure 2(c). These
pulses are for EGFR translocation measured in 10sec. Very uniform current pulses were observed in
terms of translocation time and peak amplitude. EGFR translocation through the nanopore registered
characteristic current pulses with average peak amplitude of 0.9 + 0.21 nA and average translocation
time of 80 +£4.06 us (Table 1). Only one population of events was observed for the peak amplitude

versus the translocation time for EGFR translocation through nanopore at 50 mV as shown in Figure 2(d).

TABLE 1. Pulse Statistics for Unbound EGFR & EGFR-aptamer Complex

Translocating Species Translocation Time [ps] Peak Amplitude [nA]
EGFR (Unbound) 80 +4.06 0.£0.21
EGFR-aptamer Complex 62 £5.24 1.1+£0.18

In the next set of experiments, again EGFR was introduced into the cis side of the nanopore for
translocation but this time sample was incubated with anti-EGFR aptamer for a certain period under
conditions mentioned in the experimental section. This time again significant current blockage events
were observed. But, in contrast to the previous observations, there were two distinct types of pulses
(Figure 3(a)). The two types of pulses were not very different in terms of their peak amplitudes but they
were remarkably different in terms of their translocation times. The two types were different from each

other by 22.5% with respect to their average translocation times and 18.2% in terms of their average
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Figure 1. Nanopore for EGFR translocation experiments. (a) TEM image of a 40 nm diameter
solid-state nanopore fabricated in 40 nm thick freestanding SiN membrane drilled with
focused electron beam from TEM. (b) Linear |-V characteristics for the nanopore show 2.5
WS conductivity. (c) Incubating EGFR with aptamer allows them to bind with EGFR molecules
and form the complex. Complex due to their higher charge and slightly larger excluded volume
than unbound EGFR cause electrical pulses that are wider and deeper as compared to those

registered by unbound EGFR.
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One of the two types of pulses were exactly similar (i.e. same translocation time and peak amplitude) to
those that were observed for EGFR translocation without incubation with the aptamer. The second type
of pulses had shorter widths i.e. higher translocation speed, and larger peak amplitudes i.e. more
pore blockage, when compared to those for pulses associated with EGFR translocation without
incubation with the aptamer. The second type of pulses, characterized by faster translocation

speed and more pore blockage, stemmed from the translocation of the complex.

~
1 <5
1sec Baseline sec ~ 7
: \ W \ VAN
(b)
(a)
1.5 : : :
<
£ 4l
f: © 1
o
y > 3
rl“ \ ‘; —g'
1 sec o
x 0.5 1
< 3
c o

% e 70 80 90 o5
Translocation Time (us)

(c) (d)

Figure 2. Snapshots of the nanopore current for 10 seconds duration for (a) Baseline,
translocation of (b) Anti-EGFR aptamer (unbound only) (¢) EGFR (unbound only) and (d) Scatter
plot of the translocation time versus peak amplitude of the registered pulses for EGFR
translocation through 40 nm nanopore at 50 mV. The registered pulses for EGFR translocation

are consistent and form only one cluster of event population on the plot.

The complex translocation through a 40 nm wide and 40 nm thick solid-state nanopore under an

applied voltage of 50 mV registered pulses with average peak amplitude of 1.1 +0.18 nA and
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average translocation time of 62 +5.24 ps. The presence of two distinct types of populations can be
clearly seen in Figure 3(d). Another important point to notice from this scatter plot is that the events
frequency is not the same for the two types of pulses. There are much more events of EGFR
translocation as compared to that of complex translocation. One plausible reason for that could be the
abundance of unbound EGFR as compared to the EGFR-aptamer complex. To systematically prove
this hypothesis, a titration series was conducted in which the molar concentration of EGFR was kept
constant and the molar concentration of anti-EGFR aptamer was gradually increased. Figures 3(b) and
3(c) show the 10 sec current traces when EGFR was incubated with 4 uM and 10 pM anti-EGFR aptamer,
respectively. For each case, blockage events are plotted on a scatter plot of translocation time versus
peak amplitude (Figure 3(e) and 3(f)). A gradual increase in the event frequency for complex
translocation was observed as the molar concentration of aptamer increased. The effect was opposite
on the event frequency of EGFR translocation. It kept on decreasing. This shifting signal from event
population of EGFR to that of complex, with the increase in aptamer concentration, indicates that more
EGFR molecules were binding to aptamer as the aptamer concentration increased. So, for the first
experiment with the complex translocation, there were plenty of unbound EGFR molecules present in the
sample (Figure 3(d)) that reduced as the aptamer concentration increased and ultimately very few
unbound EGFR molecules were left (Figure 3(f)). This is when most of the EGFR molecules were bound
to the aptamer forming the complex. One might think that the second type of events can be associated
with the translocation of free floating anti-EGFR aptamer in the solution. To rule this out, another
experiment was carried out to record pulses for the translocation of anti-EGFR aptamer alone through
the same nanopore. For this purpose, anti-EGFR aptamer was introduced into the cis side of the
nanopore and this time no current blockage events were observed. There can be multiple reasons for
that but one of the strongest reasons is that a 40 nm nanopore is probably too large to detect the
translocation of aptamer (few nanometers in size [43, 44]) because for nanopore based detection
scheme, nanopore size should be close to the size of the target [12, 13, 15]. In that case, even if aptamer
would be indeed translocating through the nanopore but due to their much smaller size than the pore
they are unlikely to block current and hence not registering any pulse, as was observed in these

experiments. Another possibility can be that the charge on the aptamer is much smaller than the overall
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Figure 3: Snapshots of the ionic current trace for 10 seconds of the EGFR (3 pM) translocation
when incubated with aptamer at (a) 0.5 pM (b) 4 uM and (c) 10 pM. The scatter plots show the
translocation behavior of EGFR (3 pM) when incubated with aptamer at (d) 0.5 pM (e) 4 pM
and (f) 10 pM. Two populations are visible: One with higher dwell time corresponds to the

translocation of unbound EGFR, and second with shorter dwell time corresponds to complex’s

translocation.

charge of the protein. So even if 50 mV is enough to exert sufficient electrophoretic force on the protein
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to translocate through the nanopore, it might not be sufficient to push aptamer alone through it due to
their small charge. In that case, aptamer will not even be going through the nanopore at all and hence
there will be no pulse. Though this is a less likely case but can’'t be ruled out completely. In any case,
the point here is that, out of the two types of events that were observed for the translocation of EGFR
after incubating it with aptamer, one was due to the translocation of EGFR alone and the other was

due to the translocation of complex and not the free-floating aptamer.

Finally, to check the specificity of this assay, experiment was repeated with human a- thrombin protein
instead of EGFR. First, thrombin was translocated through a 40 nm wide and 40 nm thick nanopore
at 50 mV. Figure 4(a) shows the current trace for thrombin translocation for 10s duration. The
average translocation time and average peak amplitude of the registered pulses from thrombin
translocation were determined to be 68 + 3.17 us and 0.5 + 0.15 nA, respectively. Thrombin (8 ul, 50
ng/ul) was then incubated with anti-EGFR aptamer (10 uM) and sample was run through the same
nanopore at 50 mV. This time again, only one type of pulse was observed that was exact replica of
those observed for thrombin without incubation with aptamer. The nanopore current trace for thrombin
translocation after incubation with aptamer is shown in Figure 4(b). Figures 4(c) and 4(d) show the
population regions of the events recorded by the translocation of unbound thrombin and thrombin-
aptamer complex (i.e. after incubation with aptamer), respectively, on translocation time versus peak

amplitude plot.

The two populations are exactly same indicating that thrombin translocation profile remained same before
and after incubation with aptamer. This is because no aptamer attached to thrombin and the assay
was highly selective for EGFR protein. Incubating thrombin with aptamer did not affect their translocation

profile since aptamer did not attach to thrombin and no thrombin-aptamer complexes were formed.

The dynamics of protein translocation, in general, through bare as well as chemically-modified solid-state
nanopores and the forces involved in this process have already been explored through simulations and
experiments [14, 21, 34, 37, 45-48]. EGFR translocation through the nanopore is not different from other

proteins. At a pH of 8.2, carboxylic groups in EGFR molecule have negative charge whereas amines
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are protonated i.e. they attain positive charge. The isoelectric point (pl) for EGFR is 6.7 and at our buffer
solution’s pH the net charge on EGFR molecule is negative [49]. Due to this charge, after applying
biasing voltage, electrophoretic force (EP) pushes the EGFR molecules towards the positive electrode in
the trans compartment [50]. The velocity of this moving molecule can be calculated using Smoluchowski’s

[}

equation [51, 52]: vep = (&/7)¢pro.E where “vep’ is the electrophoretic velocity of EGFR molecule, ‘¢
is the dielectric constant, ‘77’ is the solution viscosity, ‘{pro’ is the zeta potential for protein molecule
and ‘E’ is the electric field. Electroosmotic flow (EO) in the electrolyte also affects the dynamics of the

1.5
(c)

-

1sec

Peak Amplitude (nA)
o
o

%0 60 70 80 90 95
Translocation Time (ps)

1sec

1nA
Peak Amplitude (nA)
o
W

(b)

% 60 70 80 90 95
Translocation Time (ps)

Figure 4. Snapshots of the nanopore ionic current traces for 10 seconds for the translocation of
(@) Thrombin (b) Thrombin (11 pM) incubated with 10 pM of aptamer. Scatter plots of the
registered pulses for the translocation of (¢) Thrombin (d) Thrombin incubated with 10 pM
aptamer.
EGFR movement in nanopores. In some cases EO can also cause a reverse flow of the proteins [47] i.e.
negatively charged protein molecules will start moving towards the cis side, opposite to the EP.
Reverse flow of the EGFR molecule was not observed in the experiments that meant that EO was

either in the direction of EP or even if it was opposite to EP, it was not sufficient to counteract the EP and

EP solely was the dominant factor in governing EGFR direction of flow.
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The overall translocation process can be split into two stages; (1) Capture step, and (2) Actual
translocation through the nanopore. For a 40 nm pore, the capture of EGFR molecule will be diffusion
controlled as opposed to the barrier-limited case. The dynamics of this diffusion controlled capture
step can be calculated with the Smoluchowski’s diffusion equation [40, 51-53]: J = 2ncDrp , where J’ is
the rate at which the EGFR arrives at the nanopore entrance, ‘c’ is the bulk analyte concentration, ‘D’ is
the diffusion constant and ‘rp’ is the nanopore radius. Once EGFR has entered the nanopore, the
translocation depends upon the zeta potential of the EGFR molecule and of the nanopore [50]. Cressiot
et al. simulated the interaction of proteins with nanopore walls formed by FIB as well as TEM. They
found that due to the absence of dangling atoms [54] and rearrangement of silica in nanopores formed
by TEM, the interaction between proteins and nanopore walls is very weak [48]. Blockage time, th = L/vep
(‘L is nanopore channel length) is a function of the applied voltage [48] as well as the charge of the
translocating species [19, 47]. Increasing either of these would increase the EP on the EGFR molecules
and hence will decrease the blockage time and vice versa. At fixed applied bias of 50 mV, the pulses
were pretty consistent in their width i.e. translocation time or blockage time for EGFR translocation.
Coagulation of molecules, if happened, would have either blocked the pore completely or much longer
translocation times would have been present [45]. However, none of such events were observed so it can
be concluded that no EGFR coagulation occurred under these experimental conditions. Concurrent
translocations of multiple EGFR molecules were observed though, but these events were very few and
were discarded from the analysis. From single EGFR translocation events, very consistent pulse depths

were observed, that was a clear indication of the uniform excluded volume of the EGFR molecules.

The specificity of anti-EGFR aptamer for EGFR and their attachment chemistry is quite well established
[35, 36, 55]. When EGFR is incubated with the aptamer, they form a complex with 1:1 stoichiometry. It
is just like aptamer, which has its own charge and mass, riding on the EGFR molecule. Since the
estimated pl for aptamer is 5.5, at pH 8.2 it has almost the same charge as the EGFR. The attachment
of EGFR with aptamer enhances the overall charge of the complex as well as the complex has more
mass now than EGFR alone. These changes influence the overall dynamics of the complex

translocation through the nanopore and make the translocation profile of complex different from that of
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EGFR. The additional charge of the complex very well explains the faster translocation of the complex
through the nanopore. One might argue here that due to the additional mass it might be possible that
the complex actually moved slower than the EGFR. However, this is not the dominant factor in
determining the translocation profile of the complex [37], since due to the binding of aptamer with
EGFR, the overall change in charge is much more than the overall change in mass. That's why much
more shift in the translocation time was observed rather than the peak amplitudes between the pulses

associated with complex and EGFR translocation.

The shifting of the EGFR translocation behavior, as the molar concentration of aptamer increased, can
be explained with Smoluchowski’'s diffusion equation. According to this equation, the capture rate ‘J’
increases by increasing the analyte concentration ‘c’ in the solution. In Figure 3(d), the event rate is low for
complex and higher for EGFR but as we increased the aptamer molar concentration, many more
complexes were formed causing the event rate for them to shoot up (Figure 3(e) & 3(f)). With thrombin,
since aptamer didn’t bind to it, no complexes were formed, and the translocation profile remained the same

as before when no aptamer was involved.

The nanopores depicted a very selective and sensitive framework for label-free detection of EGFR from
a sample. The use of bare nanopore made the process very simple and provided much more flexibility
in the choice of nanopore size, unlike functionalized nanopore in which the ligand would be tethered inside
the nanopore walls and the target must interact with the nanopore walls [37]. A functionalized nanopore
is usable for one type of target and functionalization itself is a time consuming and labor extensive
process. The use of bare nanopore with ligands to bind specific targets in solution increase the
usability of the device since the same device can be used for multiple targets. There are no stringent

limitations on the size of the nanopore as well.

Materials and Methods

Materials: Recombinant Human EGFR/ErbB1 Fc Chimera, CF (EGFR ~134 KDa) was purchased from

R&D Systems and human a-thrombin (Thrombin ~37 KDa) was purchased from Abcam, plc. Anti-EGFR
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aptamer (~10 KDa) had the sequence GGGCGCUCCGACCUUAGUCUCUGUGCCGCUAUAAU
GCACGGAUUUAAUCGCCGUAGAAAAGCAUGUCAAAGCCGGAACCGUGUAGCACAGCAGAGAAUUAAAU
GCCCGCCAUGACCAG [36, 56]. All other chemicals were obtained from Sigma-Aldrich unless specified

otherwise.

Nanopore Fabrication and Electrical Measurements: A solid-state nanopore of 40 nm diameter and
40 nm length (Figure 1(a)) was used for all the translocation experiments. The nanopore was drilled in a
thin suspended silicon nitride membrane by focusing an electron beam of a transmission electron
microscope (TEM). Nanopore diameter was controlled by the exposure time [57]. The detailed fabrication
process for membranes is reported elsewhere [58]. The nanopore chip was sandwiched between two
PDMS gaskets that were further sandwiched between two Teflon blocks that contained the electrophoresis
buffer solution (20 mM Tris-acetate pH 8.2 + 5 mM Mg- acetate + 1 mM K-acetate). Protein unfolding
has strong dependence on the applied voltage [21, 48]. To keep proteins in their native states and to
avoid any unfolding all the translocation experiments were done at a very low voltage i.e. 50 mV.
For current measurement and to apply the voltage, Ag/AgCI electrodes were immersed in the buffer
solution and were connected to Axopatch 200B through the headstage. Figure 1(c) shows the
schematic of nanopore measurement system. Current recording was done at a bandwidth of 250 kHz
whereas filtering was done at 100 kHz with a lowpass Bessel filter. A custom-made MATLAB routine

[59] was used for analysis of the data. The t-test was done for statistical analysis.

In-solution Binding of Protein and Aptamer: For in-solution binding, EGFR protein and anti-EGFR
aptamer were mixed in the binding buffer (Figure 2c). The binding buffer constituted of 1X PBS and 5
mM/L MgCl2. Three separate mixtures were prepared by mixing EGFR and anti-EGFR aptamer in
different concentrations. In mixture 1, 8 ul of 50 ng/ul (3 pM) EGFR was mixed with 0.5 uM aptamer.
In mixture 2 and 3, EGFR concentration was kept same as mixture 1 but aptamer concentration was 4
uM and 10 uM, respectively. The mixtures were incubated at 37 °C for 10 minutes and then were placed
in freezer (0-4 °C) for 5 minutes. The details on binding dynamics have been explained before [36].

For control experiments, 8 ul of human a-thrombin protein at 50 ng/ul (11 pM) concentration was also
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mixed with anti-EGFR aptamer (10 uM) and was incubated first at 37 °C for 10 minutes and then at 0-4

°C for 5 minutes.

Conclusions

In summary, the use of nanopore based resistive-pulse sensors for rapid and reliable detection of
EGFR has been presented. Due to high single molecule sensitivity of nanopore sensors, very small
amount of EGFR has been detected. EGFR overexpression, though an early biomarker for different
types of cancers, have not yet been utilized properly for early cancer detection because available
methods are not sensitive enough to detect very small changes in the quantities of EGFR. Besides high
sensitivity and rapid detection, the scheme of nanopore with complex detection does not require pre-
processing of the samples. The simplicity of this label-free detection method can enable the use of the
nanopore device in a POC setting for early cancer diagnosis. The methodology can be further expanded
for the detection of other biomarkers as well if there are matching ligands available. Additionally, this

technique can be used to determine the affinity of the aptamer-protein complex as well.
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Abstract

Single nanopores are used to detect a variety of biological molecules. The modulations in ionic current
under applied bias across the nanopore contain important information about translocating species, thus
providing single analyte detection. These systems are, however, challenged in practical situations where
multiple analytes have to be detected at high-throughput. This paper presents analysis of a multi-nanopore
system that can be used for the detection of analytes with high throughput. As a scalable model, two
nanopores were simulated in a single solid-state membrane. The interactions of the electric fields at the
mouths of the individual nanopores were analyzed. The data elucidated the electrostatic properties of the
nanopores from a single membrane and provided a framework to calculate the -3 dB distance, akin to the
debye length, from one nanopore to the other. This distance was the minimum distance between the
adjacent nanopores such that their individual electric fields did not significantly interact with one another.
The results can help in the optimal experimental design conditions to construct solid-state nanopore arrays,

for any given nanopore size and applied bias.
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Introduction

Certain diseases such as cancer can lead to severe complications and drastically reduced survival
rates if not detected early. Early detection is the key in fight against cancer which killed about 574,743
people in the US in 2010 (or 186 deaths per 100,000 population) as shown by the data from Center for
Disease Control (CDC).[68] These trends have not improved for many years. Survival rate of patients
affected with cancer improve dramatically when diagnosis is made early in the disease lifecycle.

The clinical symptoms of cancer do not show up until it has reached an advanced stage. Little can
be done to contain or eliminate it then. The usual diagnostic tests leave much to be desired towards early
and effective cancer detection. The need is for cheap, readily available and specific cancer diagnostic tools
and methods.

In this paper, the problems associated with solid-state nanopore based detection of biomolecules
are analyzed. A framework of nanopore arrays can sense multiple cancer biomarkers. The simulations lay
foundations for rational design of electrically isolated nanopore arrays. The distance between adjacent
nanopores, applied bias and nanopore sizes define some basic design principles. In the end, the flow of
an elliptical molecule is presented through a nanopore at two different adjacent nanopore distances. This
demonstrates the utility of the solid-state nanopores in an array format for real-time sensing of protein
molecules.

A. Solid-state Nanopores.

The nanopore biosensors are increasingly used for rapid and cost-effective detection of various
biological analytes. The main reason for their emergence is the specific, label free and robust single
molecule analysis capability. These can be used with varying functionalization for detection of multiple
analytes.[69][70] There are two different kinds of nanopores. First are the biologically occurring a-
hemolysin nanopores which are suspended in lipid bilayers made from Staphylococcus aureus which
contains homoheptametric subunits leading to transmembrane channels of about 1.5 nm in
diameter.[71]):[72][73] Second, the solid-state nanopores are made using silicon fabrication processes.

Solid-state nanopores are relatively more robust and practical than the biological nanopores. Nanopores
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have been used to detect proteins, DNA and RNA complexes which may be linked to the detection of
cancer.

Solid-state nanopores are fabricated by drilling holes in silicon nitride or silicon oxide membranes.
Silicon nitride is generally preferred over silicon dioxide because it has low stress and remains intact even
when its thickness is reduced to less than 10 nm.[74][45][43] However, the thickness of the membranes
can further be reduced to a mere nanometer by using graphene.[75]:[76][48]

In the experiments, each nanopore chip is sandwiched between two containers filled with ionic solution.
The cis-trans containers are separated by the nanopore in the membrane. The analyte to be detected is
introduced in the appropriate side. Ag/AgCl electrodes are immersed in each container of ionic solution and
a voltage is applied across the nanopore. The analyte travels under the effect of bias through the solid-
state nanopore. The ionic current through the nanopore gets disrupted when analytes pass through.[77] A
large variety of biological molecules like DNA, RNA, disease biomarkers, and viruses have been detected
with nanopores.[78][79][80] The side to which the analytes are introduced depends on the isoelectric point
of the analyte,[81][82] the pH of the solution and the polarity of the electrodes. The drop in the ionic current
when the analyte passes through the nanopore results into the detection of the particular analyte.[83] This
detection has been made specific by attaching ligands on the nanopore walls for a specific analyte under
consideration.[84] The interaction of translocating species with nanopore surface grafted species results
into characteristic negative peaks in the ionic current which makes detection of the specific analytes
possible.[85] Single nanopore biosensors have many issues related to their practical implementations like
baseline shifting, low throughput, and challenges in reproducible measurements.[86] On the measurements
of nanopores, first, there is no self-referencing capability for the baseline current at any time when the
analyte is passing through. Second, it cannot detect multiple analytes because the nanopore
functionalization makes it specific to only one analyte. Third, the single nanopore sensor does not have the
ability for differential operation that can be used to reduce noise for enhanced detection.[87] Fourth, if the
single nanopore is blocked by a large molecule somehow,[88] it requires replacement of the nanopore,
which means it lacks robustness. Last, and most importantly, the single nanopore biosensor has severely

low throughput. This means that it takes a lot of time to process the millions of molecules in a sample
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looking for a few hundred copies of target biomolecule such as a cancer biomarker, especially at the early

stages of the disease.

In order to circumvent problems associated with single nanopore technology, a framework of multiple

nanopores made in the same membrane is presented here. Fig 1 shows a model two-nanopore array.

charge

Nanopore opening

Metal Electrode «—Adjacent Nanopore Distance Metal Electrode

Silicon Nitride Silicon Nitride

Bio-molecules

FIG.1. Two nanopore array. The biasing electrodes are shown in circle. These are
immersed in the electrolyte solution. In the inset above, the translocation time of the
molecule is plotted against the translocation current through the nanopore. This shows that
as the molecule passes through the nanopore, it results in a downward pulse in the current.
The lower-right inset shows an actual 60 nm nanopore drilled in a silicon nitride membrane
using transmission electron microscope.

B. Nanopore Arrays

In a nanopore array, each nanopore has to be addressed with its own sensing electrodes, made on the
membrane right close by. In line with this concept, the simulations consisted of two nanopores made in one
membrane. When voltage bias was applied across the nanopores, a field was generated across the
nanopores. This field resulted in the ionic current across the nanopores, moving the molecules through
and ultimately causing pulses in the ionic current. The electrodes right next to the respective nanopores
would detect the individual pulses in respective ionic currents. The measurements from each nanopore
would thus provide quantitative pulse statistics related to the specific biomolecules. The system can detect

multiple biomolecules at the same time and with throughput double than that through a two-nanopore array.
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The problem of paramount importance in the nanopore array is that the adjacent nanopores have
to be at a specific distance away from each other. If the distance is less, the electric fields from adjacent
nanopores intersect with each other. This results in the ionic current drop at the metal electrodes to be
affected by the adjacent nanopore current leading to false results. Also, the distance between the nanopore

mouth and the metal electrode has to be optimized so that maximum detection is possible through the
electrodes.

l. Nanopore Model

A two-dimensional model was constructed to simulate the effects of adjacent nanopore electric

Distance [nm]

-3500 -2500 -1500 =500 0 500 1500 2500 3500
Distance [nm]

FIG. 2. The two-nanopore array model. The contour lines depict the electric field

fields on the translocation profile. The nanopores were made in a silicon nitride membrane of 20 nm
thickness. A 1 M KCl ionic solution was used in the model. It was contained in two containers of silicon
nitride insulator separated in the middle by the silicon nitride membrane. The only path between the two

containers for the ionic current to flow was through the two nanopores. The depth of the 2D model was set
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at 5 nm. Electric potential was applied as a line source at the top and bottom extremes of the 2D model

(Fig. 2).

The materials used in the model consisted of silicon nitride with an electrical conductivity of 0 S/m,
relative permittivity of 9.7 and density of 3100 kg/m?3. For 1 M KClI, the electrical conductivity was taken as

11 S/m and a relative permittivity of 60 [89]. The material KCI was assigned to be the ionic solution that

was contained by the silicon nitride boundaries.

The COMSOL simulations used time-invariant electric currents physics model. The top and bottom
plate was assigned as high potential and ground in this model, respectively. This resulted in the change in

electric potential across the nanopore through the ionic solution (Fig. 3).

Il. Experimental Setup
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FIG. 3. A two nanopore array at 500 nm distance showing the interaction of the electric fields

In order to simulate the properties of a two nanopore array using the electric currents model, the
DC bias was applied across a silicon nitride membrane. The ionic current flow was through the two adjacent
nanopores. The simulations provided electric potential at the mouth of the nanopores to measure the best
distance feasible between the two adjacent nanopores. It is important to note that the potential was the

largest at the mouth of the nanopore where the molecules would exit the nanopore. There were three
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variables in the nanopore array setup. These were the adjacent nanopore distance, the applied voltage
bias and the size of the nanopore. The three specific scenarios were simulated to measure their effects on
electric potential through the two nanopores while keeping the other two factors constant. First, the distance
between the adjacent nanopores was varied to find the optimum distance between two nanopores of certain
size at fixed DC bias. Second, the effect of varying the DC bias applied across the nanopores was measured
on the electric potential of adjacent nanopores. Third, the effect of varying the size of the nanopores was
found as it changed with the electric potential through two adjacent nanopores at fixed distance and fixed
DC bias. These three parameters translated into the properties of measurement system that can be tailored

to design for optimum results.

. Results

The results of the simulations were plotted to get the best possible distance between the
nanopores. At the end of each simulation and once equilibrium was achieved, the system snapshot was
taken (Fig. 4). The field values clearly showed the drop across a region much wider than the unperturbed

area.

A. Variation in Nanopore Distance

Figure 4, shows two cases, out of many (Fig. 5), with inter-nanopore distances of 1000 nm and 4000 nm.
As can be seen in Fig. 4(a), the electric fields of two nanopores intercept each other in the ionic solution,
while the ionic solution is passing through the nanopore. The direction of flow of anions and cations in the
1 M KCI solution is opposite to one another as these pass though the nanopore. This is due to the net
charge on the individual K* and CI- ions in the solution and the effect of electric field on them. The net
movement of charge through the nanopores created an ionic current flowing through these nanopores. The
nanopores provided resistance to the flow of ionic current due to the small size of the opening. This resulted
in the maximum potential drop across the nanopores, hence leading to the maximum magnitude of electric

field at the nanopore mouth.
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Fig. 5 shows the effects of the variation in adjacent nanopore distance on the electric potential at
the DC bias of 3 V and at the nanopore size of 50 nm. As the adjacent nanopore distance increased, the
electric potential between the nanopores decreased significantly. The peak electric potential was thus at
the mouth of the nanopore and it degraded significantly as the distance from the mouth of the nanopore
increased. For two adjacent nanopores to be independent of the electric fields of each other, the amplitude
of electric potential should drop by at least -3 dB at the adjacent nanopore midpoint. So, if the peak
amplitude is Vo, then the -3 dB amplitude of the electric potential should be less than 0.709V,. The
simulations showed that at an adjacent nanopore distance of 2 microns or higher, the value of the electric

potential at the adjacent nanopore midpoint was less than -3 dB value of peak electric potential at the mouth
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FIG. 5. The electric potential at the adjacent nanopores separated by increasing distance
show that as the adjacent nanopore distance increases the electric potential at the middle of
the two nanopores also decreases.
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Bias is varied. This shows that as the DC bias is reduced, the adjacent nanopore distance
required to minimize crosstalk also lessens. AA’ and BB’ slices are explored further to analyze
change in the electric potential with respect to the applied bias in later text.
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FIG. 7. The plot shows the linear behavior of electric potential at various points in the ionic
solution. The rate of change of applied bias is largest at the center of the nanopore and
reduces at points away from the center of the nanopore

of the nanopore which is also the debye length. This distance was enough for the adjacent nanopore electric

fields to not interfere with each other.
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B. Variation in DC Bias

The electric potential interference change was linear at all points of interest when the distance
between 50 nm nanopores was kept at 5000 nm and the DC bias across the nanopore was reduced from
5V to 1V (Figs. 6 and 7). From the data, it can be seen that the required adjacent nanopore distance is
less for systems with lower applied bias, and the rate of change of applied bias at the center of the nanopore
is the highest (Fig. 8(a)). This shows that for optimum detection of the translocating biomolecule through
the nanopore, electrodes should be placed at the center of the nanopore sandwiched inside the nanopore
membrane. Sensitivity of the electrodes will be thus maximum if placed in the middle of the nanopore which

is experimentally challenging.
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FIG. 8. Plot shows the relationship of electric potential and the y-component of the electric
field along the line AA’ (line AA’ is shown in inset of Fig. 7).
In line with the limitations of actual fabrication, the electrodes were placed at the mouth of the
nanopore where the rate of change was relatively lower. The y-component of electric field was also the
highest at the center of the nanopore (Fig. 8(b)). This shows that the pull on the biomolecule will be the

highest at the center and would decrease as it moves outwards towards the mouth of the nanopore. As a
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consequence, the translocation acceleration of the biomolecule will be the highest at the center of the
nanopore. This shows that even a distance of less than the required 3 microns would be enough between

adjacent nanopores at a bias of 1 V, which is in the range of voltages employed in the nanopore
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FIG. 9. The field with nanopore diameter of (a) 10 nm and (b) 50 nm (c) The variations in electric
potential as the nanopore diameters are changed show that the larger diameter nanopores
require more adjacent nanopore separation.

experiments.

As shown in Fig 1, the nanopore sensors are used to selectively detect biomolecules passing
through the nanopore. These biomolecules can behave as anions or cations when suspended in solutions
of different pH according to their isoelectric points. The net charge on the individual molecules determines
whether the target biomolecule will be suspended in the cis or trans side of the nanopore. As the

biomolecules have complex structures, if the electric fields at the mouth of the nanopore are high, the
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molecules start to loose their shape and characteristics [85].This can result in flawed experimental results.
The higher the DC bias, more field is felt by the biomolecule to translocate through the nanopore. This
behaves as an accelerating force on the biomolecule and leads it to pass through the nanopore in less time
leading to less interaction of the biomolecule with the nanopore or the nanopore grafted ligands. This high
acceleration is thus undesirable in nanopore experiments as it may result in the loss of selective

biomolecule detection.

The DC bias across the nanopore membranes thus has to adjust to values that lead to translocation
of these biomolecules across the nanopore without disrupting their molecular structure and without
interfering with sub-molecular forces. That is one of the reasons of using very low bias values in actual

nanopore experiments; down to about 100 mV in some experiments.

C. Variation in Nanopore Size

The third variable was the nanopore size, varied while keeping the adjacent nanopore distance and
the applied DC bias constant. The need for change in nanopore size is dictated by the fact that the
biomolecules used in the experiments (as shown in Fig 1) are of varying shapes and sizes. If the
biomolecule size is much smaller than the size of the nanopore, the biomolecule may not significantly block
the flow of ionic current through the nanopore. This would result in nonspecific and insignificant drops in
ionic current during translocation. On the other hand, if the size of the biomolecules is larger than that of
the nanopore, it would cause permanent blockage or may result in molecule deformation and loss of their

shape, structure and functionality.

The detection of specific biomolecules requires that the nanopore walls are functionalized with
specific ligands that attach selectively with the translocating biomolecules of interest. Larger nanopore may
result in lack of significant interactions between the translocating biomolecules and the ligands
functionalized on the walls of the nanopore. Therefore, the size of the nanopore has to be designed based

on the size of the translocating species and the layer thickness of ligands.
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Fig 9 shows the electric potential between adjacent nanopores as the nanopore size was varied
but the adjacent nanopore distance was kept constant at 2000 nm and DC bias was set at 3 V. This data
further elucidates that a nanopore size of 50 nm is good enough when the next nanopore is just 2 micron
away. The 2 micron inter-nanopore distance at 3 V bias provides smooth operation of the nanopore array
biosensor without adjacent nanopore crosstalk. It is thus easy to decide the configurations for a multi-

nanopore multi-analyte detection scheme.

V. Biomolecule translocation through the nanopore

To further validate the preceding results with a biomolecule, simulation were also done with an
elliptically shaped protein. EGFR is a cell surface receptor that is overexpressed in many cancers. The
radius of EGFR is about 20 nm and it is 40 nm long. The molecule is negatively charged at neutral pH, so
a charge number of -1 was used to simulate the negatively charged molecule. The applied bias was 3 V
and the nanopore diameter was 50 nm. For this simulation, two distances (between adjacent nhanopores)
were used. First adjacent nanopore distance was 100 nm which was less than the debye length. The second
adjacent nanopore distance used was 3000 nm which was more than the minimum distance for these

conditions.

Fig. 10(a) shows the electric potential contours at 100 nm while the molecule is passing through
the nanopore on the left. It can be seen that the nanopore on the right is so close that it is significantly
affected by the electrical interference from the changes in electric field from the adjacent nanopore. This
shows that at a distance less than debye length; 100 nm distance in this instance; the results may be false
and nonspecific. The adjacent nanopore distance of 3000 nm, which is much more than the debye length
of 2000 nm, shows no electric potential distortion when the molecule passed through the left nanopore (Fig

10(b)).

Fig 10(c) shows that at an adjacent nanopore distance of 100 nm, when the molecule passes
through the left nanopore there is significant change in electric potential at the mouth of the nanopore as

well. However, there is absolutely no change in electric potential at the right nanopore when it is 3000 nm
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apart. So in this case there will be no false results in the experiments when electrodes are placed at the

mouth of the nanopore.
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FIG. 10 (a) & (b). shows an elliptical molecule translocating through the nanopores. The adjacent

nanopore distance in (a) is 100 nm and in (b) is 3000 nm. The molecule is right at the nanopore

center in both (a) and (b). The contour lines represent the electric potential. (c) Shows the electric

potential at the mouth of the nanopore.

The data shows that a protein would be difficult to detect and give nonspecific results if the design

constraints are not met. Hence, a nanopore with an adjacent nanopore more than Debye length away would

result in negligible crosstalk and true molecule detection. Calculating the Debye length i.e. is the -3 dB drop
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in voltage from the peak to the midpoint is done in Fig. 11. It shows clearly the case of a translocating

molecule at 80 nm from the nanopore. The debye length has been calculated by calculating the length at

which the midpoint voltage is — 3 dB the peak voltage. It is clearly shown for a case when the nanopore

diameter is 50 nm and applied voltage is 3 V the Debye length is 2000 nm between the adjacent nanopores.

At 2000 nm adjacent nanopore distance V, is 1.37 V at the mouth the nanopore with the translocating

molecule. At midpoint of the two nanopores the voltage is 0.97 V. This turns out to be 0.709V, which is

what we require. So, we conclude that the debye length in this case is 2000 nm adjacent nanopore distance.

Finally, for construction of the nanopore array system, for 3 V applied voltage, our adjacent nanopore

distance should be more than 2000 nm apart.
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Fig.11: Shows the case of voltage at the mouth of the nanopore as the elliptical molecule passes

through the nanopore. We clearly see that the debye length is 2000 nm as the -3 dB drop in

electric potential between the peak and midpoint is 0.709Vo.

Another important aspect of a multiple nanopore array is to see how the voltage drop from the
molecule translocation change at variable voltages and for variable nanopore sizes. The relationship of

molecular translocation to nanopore diameter and applied voltage is depicted in Fig. 12, where the adjacent
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Fig.12. (a) Change in nanopore diameter when the applied voltage is constant at 3V and the

adjacent nanopore distance is 2000 nm. The voltage drop is for the mouth of the nanopore as the

elliptical molecule passes through the nanopore. (b) The case of change in applied voltage as the

nanopore diameter is kept at 50 nm and the adjacent nanopore distance is kept at 2000 nm.
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V. Conclusions

Nanopore arrays have the potential to build more robust, faster and highly selective molecular sensors.
The throughput of the currently used single nanopore devices can be increased manifold if these were
employed in array formats. With differential operation, noises can be subtracted from the experimental
results leading to more sensitive detection of biomolecules. However, nanopore arrays bring forward a new
set of design challenges. The simulations presented can guide fabrication towards optimum distance
between two adjacent nanopores for them to function relatively independent of each other. It is also
established that the nanopore array devices need electrodes at the mouth of the nanopores for differential
measurements unlike conventional nanopores. The simulations show that the adjacent nanopore
fabrication must be done keeping in view the size and electrical characteristics of the biomolecule being
investigated. The size of the nanopore and the applied bias has to be varied depending on the biomolecule.
In short, all parameters have to be evaluated before fabrication of the nanopore array device as increase
in applied bias or in nanopore size require increase in the adjacent nanopore distance. The reduction in
adjacent nanopore interference can open roadmap for multi-nanopore self-referencing systems that can go

beyond current single nanopore frameworks.
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4. SIBA ACTUATED NANOPORE ELECTROPHORESIS (SANE)

Reprinted with permission from (M.U. Raza, S.S.S. Peri, L-C. Ma, S. M. Igbal and G. Alexandrakis, SIBA

actuated nanopore electrophoresis (SANE), In review, 2018, IOP Nanotechnology.
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ABSTRACT

We present a novel method to trap nanoparticles in Double Nanohole (DNH) nanoapertures integrated on
top of solid-state nanopores (ssNP). The nanoparticles were propelled by an electrophoretic force from the
cis towards the trans side of the nanopore but were trapped in the process when they reached the vicinity
of the DNH-ssNP interface. The Self-Induced Back Action (SIBA) plasmonic force existing between the tips
of the DNH opposed the electrophoretic force and enabled simultaneous optical and electrical sensing of a
single nanopatrticle for seconds. The novel SIBA Actuated Nanopore Electrophoresis (SANE) sensor was
fabricated using two-beam GFIS FIB. Firstly, Ne FIB milling was used to create the DNH features and was
combined with end pointing to stop milling at the metal-dielectric interface. Subsequently, He FIB was used
to drill a 25 nm nanopore through the center of the DNH. Proof of principle experiments to demonstrate the
potential utility of the SANE sensor were performed with 20 nm silica nanopatrticles. The addition of optical
trapping to electrical sensing extended translocation times by four orders of magnitude. The extended
electrical measurement times revealed newly observed high frequency charge transients that were
attributed to bobbing of the nanoparticle driven by the competing optical and electrical forces. Frequency
analysis of this bobbing behavior hinted at the possibility of distinguishing single from multi-particle trapping
events. We also discuss how SANE sensor measurements could be used to estimate the total charge
around a nanoparticle. The SANE sensor therefore shows promise as an enabling tool for selective

detection of biomolecules and quantification of their interactions.
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INTRODUCTION

Nanopore biosensors utilize resistive pulse sensing of ion currents to detect biological analytes.
Translocation of the analyte through a nanometer aperture is driven by the applied bias [43, 50, 91]. This
technique has been used to detect DNA [92-95], proteins [61, 96-101], miRNA [58, 63, 102, 103] and other
bio-analytes [64]. It has also been proposed as an affordable DNA sequencing tool [104, 105]. Although
nanopores have been made from biological membranes [106, 107], solid state nanopores (ssNPs) have
been widely used as a more robust alternative [108]. SsNPs are fabricated in silicon chips with suspended
dielectric membranes in which the nanopores are etched or milled [45, 109-111]. Over the past two
decades, numerous enhancements in nanopore technology have been reported for biosensing, including
surface attachment to nanopore walls [63, 95], nanopore arrays [112], optically enhanced nanopores [113]
and embedded tunneling electrode nanopores [114]. These technologies were developed to address
challenges relating to low throughput, high sensor noise, lack of self-referencing, and high pore

translocation speeds [46, 91].

To enhance nanopore sensing further, attempts have been made to combine it with optical sensing. Optical
enhancement of nanopore sensing has garnered much interest since Keyser et al [115, 116] used a tightly
focused laser on a DNA-tethered micrometer bead translocating through an ssNP. Optical forces acted as
a tweezer for controlling bead translocation thus enabling study of biomolecular interactions inside the
nanopore by force spectroscopy. However, tweezing cannot be extended to sub-diffraction limit
nanoparticles directly due to the exponential reduction in optical trapping force with size. Surface charge
control by optical excitation has also been used as an alternative approach employing electroosmotic flow
to slow down the translocation of analytes through the nanopores [117]. Nevertheless, this technique only
works in small nanopores due to Debye length restriction and requires fluorescent labeling for optical
detection. Jonsson et al. [118] used gold bowtie plasmonic nanoantennas to create optical field
enhancement in the nanogap over the mouth of a TEM-milled silicon nitride nanopore. The plasmonic
focusing led to increased ionic conductance due to localized heating but did not slow down translocation

through the nanopore. They also reported photoresistive switching in plasmonic nanopores [119], which
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was attributed to plasmon-induced gaseous air bubble formation at the nanopore mouth. Recently, Meller
et al. [120] reported a plasmonic nanopore with a circular gold nanowell on the trans side of the nanopore.
This resulted in dual-mode detection of nanopore current and plasmonically excited fluorescence from the

labelled DNA, without any control on nanopore translocation speed.

Nanoaperture-focused plasmons in metallic films are a potentially enabling technology for controlling
analyte translocation through a nanopore, but this has been explored very little to date. Optical trapping at
low laser powers can be attained in the immediate vicinity of metallic nanoapertures through a self-induced
back action (SIBA) mechanism [121]. In SIBA, when a dielectric nanopatrticle has a slightly higher refractive
index than its surrounding medium a photon-mediated feedback force is actuated due to conservation of
momentum against diffusion forces near the nanoaperture. The resulting coupling of light to the far field via
the dielectric nanopatrticle results in increased light transmission through the plasmonic nanoaperture and
therefore enables label-free detection [122]. Double nanohole (DNH) nanoapertures have been reported
as SIBA-mediated optical traps by Gordon et al. for high local field enhancement at the intersection of the
nanoholes [123]. The Gordon group has reported a series of studies on the design characteristics of the
DNH structure [124-126] and their use in many applications, including the trapping of nanoparticles [127-

129] and single protein molecules [130-133].

Here we report nanofabrication and proof of principle studies for a DNH-ssNP sensor enabling simultaneous
SIBA-mediated optical trapping by the DNH and electrophoresis through the ssNP. We name this a SIBA
Actuated Nanopore Electrophoresis (SANE) sensor. The nanopore is milled between the tips of the DNH
where the highest plasmonic energy is focused, resulting in trapping of the nanoparticle due to dielectric
loading at the mouth of the nanopore. The nanoparticle translocates through the nanopore after it escapes
trapping and yields the characteristic drop in ionic current due to pore blockage. Two types of focused ion
beam (FIB) milling enabled nanofabrication of the DNH structure in an Au layer deposited on top of a thin
silicon nitride layer without damaging it. Furthermore, the DNH structure is known to dissipate heat very
effectively with minimal temperature increases at optical trapping powers [134]. In proof of principle

experiments, we show that the DNH-nanopore structure trapped 20 nm dielectric nanoparticles for several
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seconds, while enabling their concurrent electrical sensing during the same time interval. The SANE sensor
controlled the nanopatrticle translocation through the nanopore, which extended the duration of electrical
sensing by up to four orders of magnitude compared to nanopore sensing alone. The extended electrical
measurement times revealed a newly observed high frequency charge transient phenomenon related to
occupancy of the optical trap by one or more nanoparticles. Finally, we discuss how upon sensor calibration,

these bimodal measurements could be used to estimate the total charge around a nanoparticle.

MATERIALS AND METHODS

DUAL NANOHOLE — NANOPORE CHIP FABRICATION

The fabrication was done on double side polished, (100) orientation 4-inch silicon. Wet oxidation was done
to grow 500 nm SiO: followed by a 60 nm LPCVD non-stoichiometric low stress silicon nitride (SixNy). For
each wafer, individual 15 mm x 15 mm square chips were created with one side patterned using S1813
photoresist with a darkfield backside mask. The first mask contained square windows of 786 um size in the
center. The 786 um square etch windows were opened in SixNy using DRIE to etch through its entire 60 nm
layer thickness and then a 6:1 Buffered Hydrofluoric acid (BHF) solution was used to etch the SiO2to reveal
the bare silicon (Fig. 1). The wafers were placed in 22 % tetramethylammonium hydroxide (TMAH) solution
at 90 °C to anisotropically etch the wafer all the way to the front side revealing the 100 um square SiO2/SixNy
membranes at the other side, henceforth called the front side. The SiO2 was a sacrificial layer to protect
the membrane during further processing and was etched away at the last step of the chip fabrication. The
wafers were cleaned in Piranha solution and inspected under an optical microscope to confirm the design
parameters of the anisotropic etch. E-beam evaporation was used to deposit 5 nm of Cr as the adhesion
layer on which 100 nm of Au was subsequently deposited on the front side of the wafer on top of the
suspended SixNy membranes. The S1813 positive resist was used to coat the front side of the wafer to
pattern four diagonal FIB alignment markers in Au. A backside aligner (EVG 620) was used to align the
dark field second mask and to expose the front side while aligned to the backside patterns. Au and Cr were
wet etched using commercially available wet etchants (Sigma Aldrich). The etched and cleaned wafers

were inspected under an optical microscope for proper placement of FIB alignment markers on the

68



100 ym membrane 100 pm membrane

25 nm ssNP 25 nm ssNP

-~

FIB Alignment Marker FIB Alignment Marker
(a)

Au= 100 nm

Si Frontside Membrane = 100 um

Si Backside Etch Window = 786 pm

(c)

100 membrane

- V 100 nm DNH

FIB Alignment Marker 2l 17 % Taper

(d)

Fig. 1: (a) (b) (c) Not to scale. (a) Front side view of SANE chip. (b) Back side view of SANE chip.
(c) Cross-section of the SANE sensor chip. (d) SEM micrograph of front side of the SANE chip

before FIB drilling. He ion microscope image of top view (e) and tilted view (f) of milled DNH with

17 % sidewall taper and a 25 nm ssNP drilled at its center.

suspended SixNy membrane from the front side and the back side [Fig. 1(d)]. The front side of the wafers
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was coated in thick S1813 photoresist and hard baked. The individual chips were diced and separated from
each other. The sacrificial SiO2 layer beneath the SixNy was then wet etched from the back side using 6:1
BHF for 8 min and the photoresist layer on the front side was removed in acetone. The individual chips
were dried and inspected under an optical microscope to confirm the integrity of the membrane and of the
alignment markers on it. The membrane area now consisted of a 50 nm thick SixNy layer with a 5 nm Cr /

100 nm Au metal stack [Fig. 1(c)]. These 15 mm x 15 mm individual chips were now ready for FIB milling

[Fig. 1(d)].

The FIB milling on these individual chips was done using a mix of Ne and He GFIS focused ion beams (Carl
Zeiss, ORION NanoFab, Peabody, MA). The Ga FIB or TEM beam could not be used due to the complex
requirements of the dual layer design [Fig. 1(c)]. The dumbbell shape of the DNH was milled into the Au
film (Critical Dimension = 25 nm) and the milling had to be stopped at the metal/dielectric interface. The
DNH shape was designed to have 15-20 % tapered edges [Fig. 1(f)], in line with a prior feature optimization
study [125], converging towards the metal/dielectric interface. A Ne ion beam was used to mill the DNH
shape in the Au/Cr metal stack (500 fA beam current, 25 kV acceleration voltage, 10 um aperture and 8.5
mm working distance). A beam dose of 0.2 — 0.225 nC/um? was determined to be optimum to reach the
Au/Cr — SixNy interface. The secondary electron current was used in the nanopatterning visualization engine
to determine when the dielectric interface was reached to terminate the Ne FIB milling. At that point, the
beam was switched to He ions and a 25 nm circle was drilled through the suspended SixNy membrane in
the middle of the DNH shape (2 pA beam current, 30 kV acceleration voltage with 150 nC/um? dose, 10 pm
aperture and 8.5 mm working distance). He FIB nanopore drilling through the SixNy film was stopped when

the secondary electron current suddenly decreased to almost zero [Fig. 1(e)].

EXPERIMENTAL SETUP

The beam from an 820 nm laser diode (L820P200, Thorlabs) was collimated to a 2 mm diameter and
circularly polarized through a QWP (WPQO5M, Thorlab), followed by a Glan-Thompson linear polarizer

(GTH10M, Thorlabs) for controlling the polarization of light incident on the chip. The light then passed
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through a tunable HWP (WPHO5M, Thorlabs) to make the direction of polarization perpendicular to the
DNH’s long axis to excite maximally wedge plasmons for trapping [46]. A downstream 4x beam expander
(Newport) was used in combination with an 8 mm circular aperture (ID.1.0, Newport) to make the intensity

profile of the cylindrical beam flatter. The beam then went through a periscope and into the back aperture
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Fig. 2: (a) PDMS flow cell cross-sectional view with SANE sensor. (b) Image of prepared PDMS
flow cell with SANE chip ready for placement on piezo-controlled stage. (¢) Complete optical
setup with PDMS flow cell placement and measurement instruments. LD: Laser Diode, QWP:
Quarter Wave Plate, GTP: Glan-Thompson Polarizer, HWP: Half Wave Plate, 4x BE: 4x Beam
Expander, MR: Mirror, OL: Carl-Zeiss 1.3 N.A. 63x Objective Lens, CL: Condenser Lens, PD:

Photodiode.

of a 63x oil immersion objective lens and focused onto the front Au side of the SANE chip. The objective’s
focal spot was aligned with the DNH center by adjusting the piezoelectric stage controls until polarized light
transmission was maximized. Light transmission through the FIB alignment markers was used as a first

coarse step to find the DNH on the chip. The light transmitted through the chip’s center and any leakage
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light scattering through alignment markers was collected by a condenser lens and focused onto a

photodiode (PDA36A, Thorlabs).

The standard soft lithography techniques were used for fabrication of a flow cell that could house the SANE
sensor chip with a cis and a trans chamber for the nanopore and to provide optical access to the DNH. The
flow cell was made from polydimethylsiloxane (PDMS) mixed in a 10:1 ratio of polymer to initiator as
prescribed by the manufacturer (Dow Corning). This mixture was degassed to remove air bubbles and
subsequent fabrication was performed in three steps. In the first step, a flat PDMS slab of 2 mm thickness
was created by adding the bubble-free mixture to a cavity created on a polished side of a silicon wafer and
curing it on a hotplate at 100°C for 10 min. After peeling this PDMS slab, a pattern was cut into it consisting
of a 10 mm square opening at the center and a 2 mm wide rectangular channel connecting it to another 10
mm square opening towards the end of the slab [Fig. 2(a)]. The PDMS slab was bonded onto a3 in x 2 in
glass slide using oxygen plasma (Electro-Technic). In the second step, the SANE sensor was placed over
the central square opening using a double-sided tape (3M) sealing the square opening underneath and
creating the trans chamber of the nanopore. Another flat PDMS slab of 3 mm thickness was created using
the same procedure and a hollow rectangle was cut and placed over the square opening at the end of the
slab using double-sided tape [Fig. 2(b)]. This secondary chamber acted as a reservoir holding enough ionic
solution to keep the bottom of the nanopore always wet. The rectangular channel connecting these
openings was also covered with the same double-sided tape to completely seal the flow path. In the third
step, a 1-inch coverslip of 170 um thickness (VWR) was plasma-bonded onto a very thin PDMS layer of
200 pum thickness, with a square opening of 10 mm cut through the center of this layer to form a cis chamber
over the SANE sensor. An additional 1 mm wide gap was cut at the edge of this PDMS layer to allow
introduction of analyte into the cis chamber along with the cis chamber electrode. Subsequently, the trans
side was gently filled with ionic solution using Teflon tubing connected to a syringe up to the brim of the 3
mm PDMS reservoir wall. To complete the electrical path, the trans side electrode was introduced through
the reservoir wall and pushed along the rectangular channel until its tip was located right below the sensor.
Finally, the secondary reservoir was topped with a coverslip to confine the ionic solution within the flow cell.

This flow cell was attached to a holder and the assembly was screwed onto a piezo-controlled translation
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stage (MDT6938, Thorlabs) immediately below the objective lens. The prepared PDMS flow cell with the

SANE chip is shown in Fig. 2(b).

To implement electrical sensing the cis and trans chamber Ag/AgCI electrodes were attached to the Axon
Headstage (CV 203BU) of the Axon Axopatch 200B patch clamp in voltage clamp mode. A custom-made
Faraday cage using copper wire mesh (PSY405, Thorlabs) was installed to cover the entire optical
assembly and shield the PDMS flow cell from low-frequency electromagnetic noise during highly sensitive
patch clamp ionic current recordings. Subsequently, the nanopore was first tested for wetting. If the
nanopore was blocked, an alternating +5 volts square wave was applied to the two electrodes for 60 sec to
unblock the nanopore through electrophoretic pressure. After wetting, the trans side reservoir of the PDMS
flow cell was filled with 7.4 pH 1M KCI solution and the cis reservoir was filled with 1 % solution of 20 + 4
nm silica nanoparticles (MELO010, NanoComposix) suspended in the same solution. The PDMS flow cell
was attached to the piezo-controlled stage using screws and the laser beam was aligned to the DNH center
as described above. A 250 mV bias was applied through the patch clamp in voltage clamp mode. The
photodiode and Axopatch 200B signals were both sent through an Axon Digidata 1440 ADC to a PC for
recording and data analysis in Axon Clampfit 10.6 software. The complete experimental setup schematic

is shown in Fig. 2(c).

RESULTS

Fig. 3 shows the first proof of principle measurements with the SANE sensor that demonstrate multi-second
trapping of a single 20 nm silica nanoparticle with concurrent electrophoretic measurements through the
nanopore at the center of the DNH. When the 20 nm nanopatrticle was trapped by the DNH, a step increase
of 11 % in optical transmission was seen due to dielectric loading of the trap [Fig. 3(a)]. Concurrently, high
frequency transients were seen in the raw ionic current [Fig. 3(b)], registering a positive charge peak of ~38
nA which was 19 times more than the baseline nanopore current. These ionic current oscillations were
likely caused by axial nanoparticle oscillations, which we will henceforth refer to as ‘bobbing’, in the

nanopore vicinity due to opposing optical and electrical forces. It is noteworthy that optical trapping enabled
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ionic current sensing of the nanopatrticle for a few seconds, which is about four orders of magnitude longer

than the typical current sensing times for nanoparticle translocation events through a nanopore alone.
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Fig. 3: (a) Plots of simultaneously recorded optical transmission (top, blue; V), raw ionic current
(middle, red; nA) and 20 Hz low-pass filtered ionic current [bottom, green; nA) versus time (sec)
for the single 20 nm silica nanoparticle trapped in the SANE sensor. Physical interpretation
schematics for the signals recorded within gray-shaded regions A, B and C are shown in panels
(b), (c) and (d), respectively. (b) Region A: Negatively charged nanoparticle entering the DNH-
ssNP under applied bias. (c) Region B: Nanoparticle trapped and bobbing inside the DNH near
the ssNP mouth. (d) Region C: Nanoparticle exiting the optical trap after the electrophoretic force

dominates translocation.
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The recorded raw ionic current was also filtered with a 20 Hz, low pass 8-pole Bessel filter in Axon Clampfit

10.6 to enable visualization of the nanoparticle movement effects on low frequency ionic current. A distinct
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Fig 4: (a) Plots of simultaneously recorded optical transmission (top, blue; V), raw ionic current

103
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(middle, red; nA) and 20 Hz low-pass filtered ionic current (bottom, green; nA) versus time (sec)
for a 1 min trace with three complex multi-particle trapping events. (b) Power spectrum analysis
of the raw ionic current signal for Regions A, B and a No-Trapping (NT) region. (c) Power

spectrum analysis of raw ionic current signal for Regions C, D, and E including NT for reference.

positive peak of 26.2 ms was registered during charged nanoparticle entry in the DNH, when the trapping
started [Fig. 3(a), Region A, green curve in third row]. The nanoparticle was bobbing inside the DNH trap

for about 2.15 sec [Fig. 3(a), Region B] and the low-pass filtered ionic signal did not show any appreciable
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changes during that time. Towards the end of the trapping period, the amplitude of high frequency transients
increased concurrently with a slight increase in optical transmission before the nanoparticle escaped and
translocated through the nanopore [Fig. 3(a), Region C]. When the nanoparticle translocated across the
ssNP from the cis to the trans region, a characteristic negative ionic current pulse was seen (third row,
green) due to nanopore blockage during translocation (1.84 nA, translocation time 58.6 ms) taking place

concurrently with a drop in optical transmission decrease back to the baseline (first row, blue).

In addition to single trapping events, more complex multiple nanopatrticle trapping events were recorded
and analyzed as well. Fig. 4(a) provides a 1 min trace showing three such trapping events. The gray-shaded
Region A in that figure highlights a two-nanoparticle trapping event, as deduced from the nearly doubled
optical transmission amplitude compared to the trapping event in Region B (10 + 2 % versus 18.5 £ 1 %).
Frequency spectrum analysis of raw ionic current signals for Regions A and B is shown in Fig. 4(b).
Interestingly, the peak of the frequency spectrum for Region A was found in the 850 Hz range whereas it
was in the 1kHz range for Region B. The latter had a remarkably similar power spectrum for the single
nanoparticle trapping event described in Fig. 3 (frequency spectrum not shown for brevity). Furthermore,
the frequency spectrum from a No-Trapping (NT) period is included for comparison in Fig. 4(b),
demonstrating a plateau rather than a peak frequency and spectral amplitudes that were up to four orders
of magnitude lower than those for trapping events. These spectral differences suggest the possibility of
differentiating single versus double nanoparticle trapping events over background signals with the SANE
sensor. A representative sequence of multiple nanopatrticle trapping events is highlighted in Regions C and
D of Fig. 4(a). Fig. 4(c) shows the power spectra of these Regions and compares them to the NT condition.
The power spectrum of Region C with an amplitude peak at 850 Hz and a 19.5 + 1 % increase in optical
transmission shows a two-nanoparticle trapping event. Optical transmission in region D was 8.7 + 1 % over
baseline, indicating single nanoparticle trapping. However, the raw ionic current showed no high frequency
transients in Region D, making its frequency spectrum indistinguishable from the NT condition, even though
optical transmission indicated single nanoparticle trapping. We hypothesize, that during this period the
nanoparticle attained transient equilibrium in the DNH-ssNP trap and was not bobbing significantly. In

Region E, another nanoparticle entered the trapping site, indicated by an increase in optical transmission
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to 15 £+ 1 % and shifted the ionic current fluctuation spectral peak from ~1kHz to ~900 Hz. These
observations are interpreted as the entry of an additional nanoparticle instigating bobbing for both

nanoparticles inside the trap before these translocated through the nanopore.

DISCUSSION

The dynamics of a nanoparticle in electrophoretic flow through a ssNP have been studied in detail [43]. In
our study, the nanopatrticle translocation dynamics changed drastically due the SIBA-actuated trapping of
the nanopatrticle in the DNH nanocavity. The trapping force acting on the nanoparticle remained balanced
for several seconds, e.g. 2.15 sec for the particle shown in Fig. 3(a). Furthermore, the characteristic
negative peak due to ionic current blockage lasted 58.76 ms for the single 20 nm nanoparticle translocation
event shown in Fig. 3(d), which is much longer than the 200 + 30 ps translocation times of similar
nanoparticles [135]. Therefore, optical trapping enabled ionic current recordings of the nanopatrticle in the
vicinity of the nanopore that were about four orders of magnitude longer than typical translocation times for

similar nanoparticles and also slowed down their translocation through the nanopore.

The greatly extended ionic current recording times also revealed a newly observed high frequency charge
transient phenomenon. We hypothesize that this originates from bobbing of the nanoparticle through the
mouth of the nanopore due to the competing electrophoretic and SIBA forces. These high frequency
transients were seen both for single nanoparticle [Fig. 3(a)] and multiple nanoparticle [Fig. 4(a)] trapping.
At the end of the single trapping event seen in Fig. 3(a) (Region D), the nanoparticle started bobbing, which
resulted in larger amplitudes for both ionic current and optical transmission. These observations suggest

that the electrophoretic force led the nanoparticle to translocate through the ssNP.

It was observed that the peak amplitude of high frequency transients for raw ionic current decreased as
dielectric loading in the trap increased from a single nanopatrticle (~1kHz) to two nanoparticles (~850 Hz).
Therefore, frequency spectrum analysis of the SANE sensor’s raw ionic current shows promise for

distinguishing single nanoparticles from more complex trapping events. In addition to periods of high
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frequency ionic current transients, instances of trapping with relatively quiet ionic current signals were also
observed. For example, the single nanoparticle trapping in Fig. 4(a) (Region D), with similar optical
transmission amplitude as Region B did not show any high frequency transients. We hypothesize that this
behavior was a result of transient equilibrium achieved by the single nanoparticle in the trap as it temporarily
stopped bobbing. However, when another nanoparticle entered the DNH trap this equilibrium was disturbed
and the high frequency charge transients returned with a peak frequency of ~900 Hz (Region E) in the raw
ionic current trace [Fig. 4(c)]. The latter behavior was consistent with two-nanoparticle trapping. The
subsequent gradual decrease in optical transmission and low-amplitude spikes in the low-passed ionic
current in Region E suggest that the two nanopatrticles translocated through the nanopore sequentially and
not as a single unit. These findings indicate that the SANE sensor can provide information on the dynamics

of single and two-nanoparticle dynamics inside the optical trap.

Finally, it is worth pointing out the possibility of using calibrated SANE sensor measurements in future work
to estimate the number of total surface charges around unknown analytes. The Grahame equation [136]
can be used to calculate total surface charge using the experimentally determined zeta potential of the
analytes by the SANE sensor. The zeta potential can be deduced from the electrophoretic mobility of the
analytes, which entails measurement of their translocation time and knowledge of the applied bias and
nanopore size [137]. Concurrent optical measurements of analyte radius can be used to determine which
approximation of Smoluchowski's theory is appropriate for deducing the zeta potential [138]. For
experimental parameters relevant to this work the appropriate approximation is the Hiickel equation, which
would yield the zeta potential estimate for the analytes [139]. These considerations indicate the possibility
of calibrating the SANE sensor’s optical and ionic current signals in future work to estimate the charge

around unknown analytes by direct measurement of their radius and electrophoretic mobility.

CONCLUSIONS

We have demonstrated multi-second optical trapping of electrophoretically translocating nanoparticles

through a ssNP. The competing electrophoretic and SIBA forces induced bobbing inside the optical trap
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that led to high frequency ionic current oscillations sensed through the nanopore. Frequency analysis of
these oscillations demonstrated the possibility of distinguishing between single nanoparticles versus two
nanoparticles inside the trap. Furthermore, the SANE chip’s bimodal sensing ability showcased the
possibility of using it as a tool to estimate the charge around a nanopatrticle. This framework demonstrated
the significant potential of the SANE sensor as an enabler for analyzing the charge and selective

interactions between biological molecules.
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5. CONCLUSION

In this dissertation, we investigated solid state nanopore technologies for the sensitive detection of
nanoparticles and protein biomarkers of cancer. Firstly, a study was performed by use of solid state
nanopores to determine the binding of EGFR, a biomarker overexpressed in multiple cancers, to its RNA
aptamer. This study demonstrated the promise of nanopore sensing technology for protein biomarker
detection and led to our next goal, which was to explore the feasibility of detecting multiple biomarkers
simultaneously to improve the specificity of disease diagnosis. As a first step towards that goal, in the
second part of this dissertation we investigated the feasibility of resolving the throughput and multiplexing
problems with single ion channel solid state nanopores by fabricating multiple nanopores on a single chip
for simultaneous detection of biomarkers and self-referencing capability. Simulations were done to
investigate the adjacent distance required so that electronic crosstalk between nearest-neighbor nanopores
could be minimized for fabrication of hanopore arrays. In the last part of this dissertation, we have tried to
resolve another long-time problem associated with current nanopore technology, namely the limited
translocation time and lack of selectivity through solid state nanopores which impedes their use in real world
situations where millions of biomolecules must be parsed to find the biomarker for a certain disease. A
significant first step towards resolving this challenge was attained by fabricating a novel dual modality
optical and electrical DNH-nanopore biosensor. A DNH aperture was milled at the mouth of a solid state
nanopore and an NIR laser was focused onto the nanopore leading to trapping of the translocating
nanoparticles at the mouth of the nanopore. The nanopore particle oscillated at the trapping site and
translocated after some time when the electrophoretic force was able to overcome the plasmonic trapping
force. Proof of principle experiments on this novel plasmonic solid state nanopore biosensor were
accomplished by demonstrating optical trapping induced control of translocation of 20 nm silica
nanoparticles through the nanopore. The extraordinary four orders of magnitude increase in electrical signal
sensing time for any single particle trapped near the mouth of the nanopore opens up many future
possibilities for use of the DNH-nanopore sensor as a fingerprinting tool for biomolecular applications. Much

future work remains to be done to enable practical use of this sensor’s ground-breaking properties in diverse
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possible applications such as early cancer detection, DNA sequencing, Dual modality Mass Spectrometry,

and active virus identification and analysis.
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