SELF-INDUCED BACK ACTION ACTUATED
NANOPORE ELECTROPHORESIS (SANE) SENSOR
FOR MOLECULAR DETECTION AND ANALYSIS

by

SAI SANTOSH SASANK PERI

DISSERTATION

Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy at
The University of Texas at Arlington
May 2019

Arlington, Texas

Supervising Committee:
George Alexandrakis, Supervising Professor
Jon Weidanz
Weidong Zhou
Yuze Sun

Michael Vasilyev



Copyright by
Sai Santosh Sasank Peri
2019



ACKNOWLEDGEMENTS

Firstly, | would like to thank my supervisor, Dr. George Alexandrakis, for his trust in me
to pursue scientific research. He constantly supported and encouraged me through every obstacle
| faced through the process of turning this work from an idea into reality. This doctoral dissertation
would not have been possible without his invaluable inputs derived from his expertise and
experience.

I would like to thank the Office of Vice-President of Research at the University of Texas
at Arlington for supporting this work through a Pilot Research Program for Interdisciplinary
Collaboration.

| am thankful to my dear friend and co-worker Dr. Muhammad Usman Raza for
contributing an equal part in all the hard days of work to realize the sensor and measurement
system from an illustration on a paper into its physical form.

| am thankful to Dr. Nader Hozabri, Mr. Dennis Bueno and and Mr. Richard K. Chambers
for their technical guidance in semiconductor fabrication at the Shimadzu Institute
Nanotechnology Research Center. | am grateful to Mr. Soeren Eyhusen and Mr. Chuong Huynh
for allowing access to the focused ion beam at the Zeiss ORION NanoFab facility in Peabody,
MA.

I would like acknowledge our collaborators at Dr. Weidanz’s lab, Mr. Manoj Kumar
Sabnani and Mr. Soroush Ghaffari for providing me with the necessary biological samples in a
timely manner, sharing their invaluable expertise in immunology and participating in the healthy
scientific brainstorming sessions to improved the quality of my research work.

With profound sense of gratitude, | am grateful to Dr. George Siemens and Lisa Berry for
providing me with financial support towards my tuition and stipend through various grants at
LINK research lab. | worked here as a graduate research assistant on innovative ideas in digital
education and published in academic conferences.

In addition, I would like to thank Dr. Samir M. Igbal and Dr. Vinay Abhyankar, who played
a pivotal role in nurturing my interest in research by providing me with opportunities for publishing
my research work at peer-reviewed avenues in the earlier years of my doctoral degree.

Finally, 1 would like to thank my supervising committee for their valuable inputs in

completion of this dissertation work.



DEDICATION

| dedicate this work to my mother and father. | am always indebted and grateful to my
parents for their unconditional love and affection. They were my pillars of strength and support
and constantly encouraged me to achieve my goals. My dad’s moral and financial support along
with my mom’s love and prayers helped me complete this dissertation. Kind advice and
encouragement from many friends and family members was essential in the successful completion
of my doctoral degree. | will always be grateful to every member of LINK research lab for being

my support system and my family away from home.



ABSTRACT

SELF-INDUCED BACK ACTION ACTUATED NANOPORE ELECTROPHORESIS (SANE)

SENSOR FOR MOLECULAR DETECTION AND ANALYSIS

by

Sai Santosh Sasank Peri, PhD

University of Texas at Arlington, 2019

Supervising Professor: George Alexandrakis

We fabricated a novel single molecule nanosensor by integrating a Solid-State Nanopore
(SSNP) and a Double Nanohole (DNH) nanoaperture. The nanosensor employs Self-Induced
Back-Action (SIBA) for optical trapping and enables SIBA-Actuated Nanopore Electrophoresis
(SANE) for concurrent acquisition of bimodal optical and electrical signatures of molecular
interactions. We demonstrated the potential utility of the SANE sensor by trapping and
translocating 20 nm silica and gold nanoparticles. The electrical translocation time of the
nanoparticles was extended by four orders of magnitude due to opposing electrical and optical
forces acting on the nanoparticle, causing high frequency oscillations or bobbing in the electrical
signal. Using frequency analysis, we were able to show that bobbing can be used as a signature to
distinguish between single and multiple trapping. These promising results enabled us to pursue
biomolecular detection with SANE sensor. We used high affinity T-cell receptor-like antibodies
(TCRmADbs), and tested their binding to specific peptide-presenting Major Histocompatibility
Complex (pMHC) ligands. We used irrelevant TCRmADbs, targeting the same pMHCs as control

experiments. We were able to distinguish between individual molecules and their specific and non-



specific mixtures. The optical-electrical metrics enabled measurement of increased bound fraction
of the antibody-ligand complexes at lower concentrations than bulk solution equilibrium binding
constant (Kp). In addition, we detected low affinity ligand-receptor interactions between soluble
heterodimer receptors and pMHC ligands. We used irrelevant pMHCs to target the same receptor
as a control experiment. We discriminated the optical-electrical signatures for specific and non-
specific binding of receptor-ligand interactions, and were able to quantify the dissociation rate
constant (Koff) of the receptor-ligand binding comparable to the commercial technologies. The
measurement Kof value can be correlated to the receptor-ligand binding time required for activation
of immune response in vivo. Therefore, we demonstrated the utility of SANE sensor as a potential

screening tool in cancer immunotherapy.
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CHAPTER 1

INTRODUCTION

Background

The growing need for knowledge about human health and diagnostics has paved the way for
development of molecular diagnostic techniques necessary for the detection of diseases [1-3]. With
the advancement of science and technology the diagnostics and cure of many diseases is easily
possible [4-6]. The need for more reliable, faster, and robust detection systems has led to the
development of biosensors. Biosensors can detect and quantify biomolecular interactions to be
used as a marker for disease diagnosis [7-9]. With ever increasing need for sensitivity and
specificity in detection of markers and molecules to aid in early detection of life-threatening
diseases such as cancer, biosensor research is focused more on detection at the single molecule

level.
Cancer and Immunotherapy

Cancer is a condition of abnormal growth of cells and can occur in two forms-benign and
malignant. It develops due to mutations in healthy cells leading to altered cell signaling pathways
that cause disruption of cell cycle checkpoints and hurdle programmed cell death [10]. Early
warning indicators and symptoms of cancer may go unnoticed for a really long period of time. In
some cases, the symptoms might not directly indicate the presence of cancer, until a biopsy or x-
ray is done and may be misleading for the presence of other disease [11, 12]. Therefore, early and
correct diagnosis of cancer is the need of the hour and in order to do so, we need to develop new

and advanced diagnostic techniques with high sensitivity and specificity. Detection of cancer at



the benign stage can cause a significant difference in the course of treatment and in some cases
may even help in saving the life of a patient, as in the malignant stage the cells have spread through
the blood vessels to different sites in the body [13-16]. The rising concern for early detection of
cancer is because it is the second most common disease and early detection can help in higher five-
year survival rates. Chances of saving a person’s life if stage 4 cancer is detected are less as
compared to stage 1 cancer [13]. The advancement in the field of proteomics and genomics has
led to the early detection of cancer progression. These techniques detect minute changes in DNA
base pairs or presence of increased level of cancer biomarkers for the detection of the disease [17,
18]. These cancer specific biomarkers are often called as bio-signatures and represent the
molecular changes caused by the tumor cells inside the body. Biomarkers can be identified either
at the primary tumor site or secondary tumor site by biopsy of the tumor tissue or by inspecting

blood, urine, sweat or saliva in the form of proteins, DNA and RNA [9].

Biomarkers such as proteins are presented on the surface of cancer cells by peptide
presenting major histocompatibility complex (pMHC) that enable targeting and lysing by cytotoxic
T cells through immune response. Using immunotherapy, the response rate for identification and
killing of cancer cells by T cells has been advanced in recent years with the use of recombinant T-
Cell-Receptor like monoclonal Antibodies (TCRmAbs) [19-24]. The current challenge in
implementing this therapeutic approach is that cancer cells express a wide variety of such
receptors, making it difficult for the selection of appropriate TCRmADb to target cancer. When a
specific TCRmAD is used, it can target the pMHC and induce an immune response against cancer
cells. TCRmADbs are engineered to have precise and tailored binding affinities for the specific
pPMHC [25]. Advancement in cancer immunotherapy can be possible when the TCRmAD’s

specificity, sensitivity and binding kinetics can be quantified with precision nanotechnology based



biosensors. Using patient specific biomarkers found through pre-treatment diagnosis, antibodies
targeting those pMHCs can be synthesized as a personalized vaccine thereby improving cancer

remission and survival.

Advances in the field of nanotechnology have enabled the development of biosensors that
can meet this need. Various transduction principles such as electrical, optical, piezoelectric,
acoustic, etc. are employed by these sensors to detect and quantify the interaction of proteins and
ligands. These interactions are better detected at single molecular level through two popular
nanosensing technologies, one is optical trapping through metallic nanoapertures and the other
electrical sensing through solid-state nanopores. The aim is to develop efficient, robust and cost-

effective nanoscale molecular biosensors for early detection of cancer.

Nanoaperture Optical Trapping

Ashkin’s demonstration of manipulating the dynamics of a micrometer sized particle using
the forces of light pressure, referred to as optical trapping has been applied extensively in trapping
dielectric objects, nanoparticles and biological particles [26]. Particles (<100 nm in size, including
biological particles) with a refractive index slightly higher than its immediate surroundings, the
gradient force acting on the particle decreases at a rate of third power of size, increases the viscous
drag and thermal motion. These conditions make the particle unstable inside the trap and with the
only option to increase the intensity of the laser beam, thereby damaging the temperature sensitive

biological particles [27, 28].

Nanoapertures, fabricated in metallic films facilitate optical trapping of such dielectric
particles (<100 nm diameter), by utilizing the increase in optical transmission due to changes in

local electric field at low beam intensities. This approach of nanoaperture based optical trapping



is called as self-induced back action (SIBA) optical trapping [28]. In SIBA optical trapping, when
a dielectric particle of slightly higher refractive index than its surroundings enters the laser beam
pathway above nanoaperture the diffusion forces are opposed by a photon-mediated feedback
force, causing the particle to be trapped and increasing the light transmission through the
nanoaperture. This is a label free detection method, enabling characterization of proteins [29-31]
and their interactions with other small biomolecules [27, 32-35]. Plasmonic optical trapping has
limitations in throughput due to diffusion based delivery of particles to the sensing zone, prolonged
trapping of particles with decreasing concentration and sensitivity to the shape of the nanoapertures

[27, 36-38]
Nanopore Electrophoresis

The idea behind the working of nanopore biosensors was inspired from nanometer sized
biological nanopores like a-hemolysin (~1.4 nm) present in the lipid membranes of
Staphylococcus Aureus bacteria. These nanopores mimic the process of uptake of ions, nutrients
and exchange of other biomolecules with the extracellular environment in vivo. These a-hemolysin
pores have been extracted to perform DNA sequencing by translocating single strand DNA across
the pore under optimal electrical bias allowing for the identification of base pair sequence based
on the characteristics electrical signature registered for each current blockade event by the
nucleotide [39-45]. Though these pores worked as alternative sequencing technology, they had
many limitations such as inflexible pore sizes, mechanical stress, inability to capture single base

pairs, and instability in higher molar electrolyte solutions [46].

Synthetic nanopores or solid state nanopores (SSNPs) are the robust, reliable and stable

counterparts of biological nanopores with a pore size flexibility to accommodate for analyte’s



dimensions making them suitable for single detection and analysis [46]. SSNPs are nanometer
holes drilled right in dielectric membranes that are suspended in Si chips using focused ion beam
(FIB) [47] or transmission electron microscopy (TEM) [48]. Dielectric membranes used in SSNPs
are made in silicon nitride, graphene, silicon oxide [49-51]. These membranes are fabricated using
standard semiconductor fabrication techniques. The fabricated chip is placed between two
containers filled with ionic solution with the analyte in the cis-chamber. Analytes are translocated
under an electrical bias from cis to trans chamber, causing a significant reduction in in nanopore
current that is characteristic of the analyte’s size, volume and charge [49, 52-55]. Nanopore
electrophoresis has been widely used in the past two decades for detection of DNA, proteins,

antigens, antibodies, bacteria and viruses [56-65].

Nanopore sensing has been enhanced with the combination of optical sensing for studying
the bimolecular interactions of particles by slowing down the translocation velocity of particles
which otherwise go undetected in a normal SSNP. One of the earliest studies was tweezing of a
DNA-tethered micrometer bead [66] under a tightly focused laser, which cannot be extended
beyond the sub-diffraction limit. Optical excitation of fluorescently labeled analytes to slow down
their speed by manipulating the surface charge and using the electroosmotic flow [67]. This
technique was limited to small size nanopore only. Bow tie shaped nanoantennas [68-74] in gold
were created to enable plasmonic enhancement of optical field over the nanopore which resulted
in localized heating due to increased ionic conductance but did not slow down the analyte

translocation velocity.



SIBA Actuated Nanopore Electrophoresis (SANE)

In this work, we designed and fabricated a novel bimodal optical-electrical nanosensor by
combining both of the above single molecule detection methods, the self-induced back action
(SIBA) optical trapping and the Nanopore Electrophoresis (NE), SANE [75]. We placed a classical
nanopore in silicon nitirde at the center of a gold double nanohole (DNH) nanoperture with tapered
walls. The first article describes the fabrication of this sensor and explains the mechanism of how
a particle is trapped above mouth of a SSNP using excited wedge plasmons and translocated
through SSNP when the electrophoretic force overpowers the optical forces. A proof of concept
study is shown with nanoparticles recording concurrent bimodal optical and electrical signatures
proportional to the size, volume and charge of the particles. In the second article, the SANE
sensor’s ability to sense biomolecules has been investigated by detecting the high affinity
interactions of Anti-RAH, a TCRmADb and a pMHC, RAH as a means to differentiate bound from
unbound antibodies and specific from non-specific binding of TCRmADbs. This work characterized
a potential anti-cancer immunotherapeutic antibody capable of triggering a cytotoxic response
when deployed in vivo. The final article is another immunotherapy application with the protein
receptors (soluble CD94/NKG2A) having low affinity towards their ligands (Qdm/Qa-1°) are
characterized using SANE sensor for their binding duration and distinguished from non-specific
binding to irrelevant ligands. This work has the potential to block the specific ligands displayed
on the surface cancer cells evading the immune system and induce a natural killer cells response
to lyse them, thereby using natural interactions to kill cancer. Both the biological applications are
intended towards the advancement of personalized precision medicine with the aid of

nanotechnology-based biosensors.
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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 nanoparticle 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 and Au
nanoparticles. 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 measurement characteristics differ between silica and Au nanoparticles due to
differences in their physical properties and how to estimate the charge around a nanoparticle. These
measurements show promise for the SANE sensor 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
[1-3]. This technique has been used to detect DNA [4-7], proteins [8-14], miRNA [15-18] and
other bio-analytes [19]. It has also been proposed as an affordable DNA sequencing tool [20, 21].
Although nanopores have been made from biological membranes [22, 23], solid state nanopores
(ssNPs) have been widely used as a more robust alternative [24]. SSNPs are fabricated in silicon
chips with suspended dielectric membranes in which the nanopores are etched or milled [25-28].
Over the past two decades, numerous enhancements in nanopore technology have been reported
for biosensing, including surface attachment to nanopore walls [7, 16], nanopore arrays [29],
optically enhanced nanopores [30] and embedded tunneling electrode nanopores [31]. These
technologies were developed to address challenges relating to low throughput, high sensor noise,

lack of self-referencing, and high pore translocation speeds [3, 32].

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
[33, 34] 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 [35]. Nevertheless, this technique only works in small nanopores due to
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Debye length restriction and requires fluorescent labeling for optical detection. Jonsson et al. [36]
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 [37], which was attributed to
plasmon-induced gaseous air bubble formation at the nanopore mouth. Recently, Meller et al. [38]
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 [39]. In SIBA, when a
dielectric nanoparticle has a slightly different 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
nanoparticle results in increased light transmission through the plasmonic nanoaperture and
therefore enables label-free detection [40]. 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 [41]. The Gordon group has reported a series of studies on the design
characteristics of the DNH structure [42-44] and their use in many applications, including the

trapping of nanoparticles [45-47] and single protein molecules [48-51].
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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 vyields 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 [52]. In proof
of principle experiments, we show that the DNH-nanopore structure trapped 20 nm nanoparticles
made of silica or Au for several seconds, while enabling their concurrent electrical sensing during
the same time interval. The SANE sensor controlled the nanoparticle 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 and how SANE
sensor measurements characteristics differ between silica and Au nanoparticles due to differences

in their physical properties.
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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 Dbackside 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 suspended SixNy
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membrane from the front side and the back side [Fig. 1(d)]. The front side of the wafers 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)].
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Fig. 1: (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.
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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 [43], 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 (WPQO05M, Thorlab), followed by a Glan-
Thompson linear polarizer (GTH10M, Thorlabs) for controlling the polarization of light incident

on the chip. The light then passed through a tunable HWP (WPHO5M, Thorlabs) to make the
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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 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 light scattering through alignment markers was collected by a

condenser lens and focused onto a photodiode (PDA36A, Thorlabs).

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 a 3 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
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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 um thickness, with a square opening of
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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.

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

22



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 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/AgCl 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 200 pM solution of 20 + 4 nm
silica nanoparticles (MEL0010, NanoComposix, zeta potential = -40 mV) suspended in the same
solution. Au nanoparticles (C11-20-TM-DIH-50, Nanopartz, zeta potential = -15 mV) of the same
size and concentration as silica were also used to fill the cis reservoir in separate experiments. A
2 nm thick methyl polymer coating on the Au nanoparticles helped maintain their stability in KCI
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
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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). In subsequent
data analyses the coefficent of variation was defined as the ratio of standard deviation to the signal
mean value and the ionic current translocation time and signal to noise ratio (SNR) during

translocation were defined as decribed previoulsy [53, 54].
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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
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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.

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 nanoparticle 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 higher 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 ionic current sensing of the nanoparticle 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.

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 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 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
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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 (1.79 nA, translocation time

22.3 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 nanoparticle 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 (8.6 £ 0.8 % versus 19.2 + 0.5 %). 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 nanoparticle
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 22.2 £ 1.2 % increase in optical transmission shows a two-
nanoparticle trapping event. Optical transmission in region D was 8.7 £ 0.9 % over baseline,

indicating single nanoparticle trapping. However, the raw ionic current showed no high
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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 to 15.6 + 0.4 % and shifted the
ionic current fluctuation spectral peak from ~1kHz to 850 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.
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Fig 4: (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 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.
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To further investigate the influence of charge of individually trapped nanoparticles on
SANE sensor measurements, 20 nm methyl functionalized Au nanoparticles were also measured
under identical experimental conditions to the silica ones, so as to make comparisons. Fig. 5 shows
the trapping event and electrophoretic movement of a single Au nanoparticle. When the
nanoparticle was pushed towards the DNH center by the electrophoretic force, its optical trapping
caused a rise in optical transmission of 6%. Simultaneously, the raw ionic current through the
nanopore registered a positive peak of 8.5 nA for 27.7 ms, as the particle entered the trap [Fig. 5,
Region A]. Unlike the silica nanoparticles, the electrical high frequency transients during particle
trapping were attenuated to very low levels. At the same time, the coefficient of variation of optical
fluctuations during Au nanoparticle trapping reduced to 0.02% compared to the 0.11% seen for

the silica nanoparticle fluctuations [Fig. 3, Region B].
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Fig. 5: (a) Plots of simultaneously recorded optical transmission (top, blue; V), raw ionic current (bottom, red; nA)
versus time (sec) for the single 20 nm Au nanoparticle trapped in the SANE sensor. Region A: Au nanoparticle
entering the DNH-ssNP under applied bias. (¢) Region B: Nanoparticle trapped inside the DNH near the ssNP

mouth. (d) Region C: Nanoparticle exiting the optical trap after the electrophoretic force dominates translocation.

Typical Au nanoparticle trapping durations were a few seconds, 3.28 sec in [Fig. 5, Region B].

Subsequently they escaped trapping and translocated through the nanopore [Fig. 5, Region C]. A
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negative ionic current pulse was measured during translocation, while the Au nanoparticle blocked
the nanopore (2.64 nA, translocation time 19.1 ms). At the same time the optical transmission

dropped back to the baseline.

Comparisons of SANE sensor measurement characteristics for Au versus silica
nanoparticles highlighted a number of differences: (1) Au nanoparticles had a lower optical step
increase from baseline compared to silica by a factor of 2.9 + 0.4 (2) The coefficient of variation
for the optical signal during trapping was lower than silica by a factor of 148.3 = 2.4. (3) After
applying the same 20 Hz low pass 8-pole Bessel filtering to the ionic current during Au
nanoparticle optical trapping, the coefficient of variation was lower than silica by a factor of 5.5 +
1.2. (4) Translocation times were slower for Au nanoparticles by a factor of 0.87 + 0.05. (5) The
ionic current during Au nanoparticle translocation was higher than silica nanoparticles by a factor
of 1.7 £ 0.3, resulting in an SNR of ~72 compared to ~43 for silica. These differences are

considered in the Discussion section below.

DISCUSSION

The dynamics of a nanoparticle in electrophoretic flow through a ssNP have been studied
in detail [1]. In our study, the nanoparticle translocation dynamics changed drastically due the
SIBA-actuated trapping of the nanoparticle 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 22.3 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 in nanopores [55]. Therefore,

optical trapping enabled ionic current recordings in the vicinity of the nanopore that were about
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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 for silica nanoparticles. 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 [Fig. 3(a)] and multiple [Fig. 4(a)] nanoparticle 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 one (~1kHz) to two (~850 Hz) silica
nanoparticles. 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 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
while the single nanoparticle was blocking the pore and 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 850 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
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ionic current in Region E suggest that the two nanoparticles 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.

Experiments were performed subsequently with Au nanoparticles of the same size under
identical experimental conditions to silica to compare the effect of nanoparticle charge on SANE
measurements. The lower change in optical transmission compared to silica when Au nanoparticles
entered the optical trap could be attributed to differences in optical interaction cross-sections.
Although the scattering cross-section of 20 nm Au nanoparticles in water is ~59% higher than that
of the silica ones at 820 nm, the absorption cross-section is about 4 times larger than scattering for
the Au nanoparticles [56]. In contrast, silica nanoparticles have negligible absorption. The reduced
coefficient of variation in optical signal during Au nanoparticle trapping is therefore expected to
be at least in part due to increased absorption. In addition, Au is a conductor and the applied voltage
bias across the senor would exert an electric field force on the Au nanoparticles, which would push
towards a preferential direction in nanoparticle displacement. Indirect evidence for the existence
of an electric field force was seen in the shorter translocation times of Au nanoparticles even
though they had a lower zeta potential relative to the silica nanoparticles. In addition to the reduced
translocation time, the observed increase in ionic current amplitude during translocation for Au
nanoparticles is consistent with a zeta potential based interpretation [57-59] and resulted in the
observed increase in SNR compared to silica. Finally, it was evident that the raw ionic current
during Au nanoparticle trapping [Fig. 5, bottom, red, Region B] had significantly reduced high
frequency charge transients compared to silica. Although Au nanoparticles had reduced
displacement amplitudes within the trap, as discussed above, it is hypothesized that charge

fluctuations around the nanoparticle played a major role. Since Au is conducting, it is possible that
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charges within the nanoparticle would move around to cancel out charge fluctuations in its

immediate vicinity.

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 [60] 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 [61]. Concurrent
optical measurements of analyte radius can be used to determine which approximation of
Smoluchowski's theory is appropriate for deducing the zeta potential [62]. For experimental
parameters relevant to this work the appropriate approximation is the Huckel equation, which
would yield the zeta potential estimate for the analytes [63]. 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.

CONCLUSION

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 that led to high frequency ionic current oscillations sensed through the
nanopore. Frequency analysis of these oscillations for silica nanoparticles demonstrated the
possibility of distinguishing between one 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
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the charge around a nanoparticle. Different SANE sensors were used to collect the measurements
for this work which demonstrated the repeatability of this approach. In future work, we plan to
apply this sensor to study interactions between biological molecules. Our longer term vision is to
scale up towards a multiplexed SANE array within a microfluidic channel to facilitate parallel

detection of biomolecular interactions to help resolve their heterogeneity in solution.
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ABSTRACT

Recent advances in plasmonic nanopore technologies have enabled the use of concurrently
acquired bimodal optical-electrical data for improved quantification of molecular interactions.
This work presents the use of a new plasmonic nanosensor employing Self-Induced Back-Action
(SIBA) for optical trapping to enable SIBA-Actuated Nanopore Electrophoresis (SANE) for
quantifying antibody-ligand interactions. T-cell receptor-like antibodies (TCRmADbs) engineered
to target peptide-presenting Major Histocompatibility Complex (pMHC) ligands, representing a
model of target ligands presented on the surface of cancer cells, were used to test the SANE senor’s
ability to identify specific antibody-ligand binding. Cancer-irrelevant TCRmAbs targeting the
same pMHCs were also tested as a control. It was found that the sensor could provide bimodal
molecular signatures that could differentiate between antibody, ligand and the complexes that they
formed, as well as distinguish between specific and non-specific interactions. Furthermore, the
results suggested an interesting phenomenon of increased antibody-ligand complex concentrations
near the SANE sensor compared to bulk solution conditions. A possible physical mechanism and
potential advantages for the sensor’s ability to augment complex formation at concentrations lower

than the value of the free solution equilibrium binding constant (Kp) are discussed.
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INTRODUCTION

Single molecule detection methods can identify unique biophysical signatures enabling the
study of molecular interactions at a level of detail that is often lost by bulk solution interaction
analysis methods, such as surface plasmon resonance (SPR) and ELISA [1] . The underlying
physical principles of current single molecule detection methods include chemical [2-4],
mechanical [5-7] , electrical [8-10] and optical [11-16] mechanisms. In recent years, much
research effort has been focused on the quantification of electrical molecular signatures by use of
solid-state nanopore technology [17, 18] and optical signatures via subwavelength optical trapping

[19-22] as a facile means of characterizing molecular interactions.

Solid-state nanopores are drilled by focused ion beam (FIB) [18] or transmission electron
microscopy (TEM) [23] through synthetic membranes of nanometer (hm) thickness. These nm-
size pores are sandwiched between two compartments filled with electrolyte solution where
analytes are driven between compartments through the nanopore by an applied electrical bias [17].
The translocating molecules or molecular complexes obstruct ion flow by displacing charges while
translocating through the nanopore. The resulting transient changes in nanopore current depend on
analyte size [24], volume [25]and surface charge [26] and are often quantified as current spike
amplitude and molecular translocation time [27]. These ionic current metrics are used as molecular
signatures for the characterization of single molecules, such as proteins [28, 29] and DNA [30,

31], and their interactions [32-34].

Subwavelength optical sensing methods for single molecule studies rely on confinement
of the focused light waves by nanoapertures into intensity hotspots that enable molecular trapping

[35]. Although nanoaperture sensing methods are highly sensitive, their throughput is limited
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compared to nanopore technologies due to long optical trapping times [22] and diffusion-limited
time-to-trap intervals of increasing duration with decreasing analyte concentration [21].
Integration of electrical nanopore with optical nanoaperture technologies could help improve the
throughput limitations of optical sensing while allowing detection of bimodal optical-electrical
analyte signatures for improved characterization of molecular interactions. Efforts have been made
in that direction with the combination of nanopore sensing with gold (Au) bowtie [36]and nanowell
[37] structures, where localized plasmonic heating was used to improve connective flow that
facilitated nanopore throughput. In other recently published work, bowtie shapes were drilled
through consecutive layers of Au and silicon nitride (SiN) to create arrays of inverted bowtie
plasmonic nanopores [38-40]. The advantage of inverted structures was that the surrounding Au
layer could conduct away efficiently any optically-induced heating, which suppressed the creation

of convective low, but enabled optical trapping and extended measurement times [41].

In our previous work, we reported on a new optical-electrical nanosensor composed of a
classical circular nanopore placed at the narrowest point of an Au double nanohole (DNH)
structure [42]. This plasmonic nanosensor utilized self-induced back action (SIBA) to effect
optical trapping immediately over the nanopore and was coined as the SIBA-induced actuated
nanopore electrophoresis (SANE) sensor [42]. Neon (Ne) ion FIB was used to create tapered Au
walls at the center of the DNH structure for optimal plasmon excitation [ref], while a nanopore
was drilled by Helium (He) ion FIB at the center of this wedge structure through the underlying
SiN layer. The SANE sensor was used to demonstrate optical trapping of dielectric (silica) and
metal (Au) nanoparticles with concurrent electrical signal acquisition, bobbing of nanoparticles

inside the trap due to opposing optical and electrical forces, and extension of translocation times
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by up to four orders of magnitude compared to nanopore sensing alone due to slowing down from

the optical trap [42].

This work goes beyond nanoparticle trapping to demonstrate the feasibility of using the
SANE sensor for the identification of antibodies, their ligands and the complexes they form, while
also distinguishing between specific and non-specific binding. Importantly, the proteins used in
this proof-of-principle study are of biological relevance, representing a simplified free-solution
model of peptide-presenting Major Histocompatibility Complex (pMHC) ligand [43-45]
interactions with T-cell receptor-like monoclonal antibodies (TCRmADbs) [46, 47]. When deployed
in vivo, TCRmADbs could help elicit a systemic immune response against cancer cells presenting
specific pMHCs that are not presented by normal cells, thus presenting a possible approach to
cancer immunotherapy [43-47]. This work tested the ability of the SANE sensor to distinguish
between specific binding for a TCRmADb, engineered to target with high affinity (nM) a cancer-
relevant pMHC, and the non-specific binding of a cancer-irrelevant TCRmADb to the same pMHC
ligand. It is demonstrated that the SANE sensor enabled identification of formed complexes with
different bimodal signatures from individual antibody and ligand signatures, as well as clear
separation between specific and non-specific binding for these proteins. Interestingly, the SANE
sensor also presented a significantly higher bound fraction for a range of concentrations below the
known equilibrium binding constant (Kp) for these particular antibody-ligand pairs compared to
the bound fraction values measured by a commercial binding assay. The possible reasons for the
observed difference are discussed and suggest the presence of a physical mechanism enabling more
frequent protein-ligand interactions near the SANE sensor compared to bulk solution conditions.
The existence of such an analyte-concentrating mechanism could be beneficial in the future for

screening assays where antibodies or target ligands are in limited supply, as is often the case for
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TCRmMADs that are time-consuming and expensive to make, or pMHCs that in a clinical scenario

would be isolated from tissue biopsy.

MATERIALS AND METHODS

SANE Sensor Fabrication

The detailed fabrication procedure for the SANE sensor has been reported previously [42].
Briefly, sensors were fabricated on clean double side polished 4-inch silicon (Si) wafers (100
orientation) with a 500 nm silicon dioxide (SiO2) layer grown on top of it by thermal oxidation,
followed by a 60 nm stoichiometric (SizNa4), henceforth referred to as SiN, deposition by LPCVD.
On one side of the wafer, marked as the backside, a grid pattern was created with a darkfield mask
(positive photoresist S1813) to divide the wafer into 21, 15 mm X 15 mm individual chips. The
mask also marked a square window of 786 um per side to etch away the SiN layer using Deep
Reactive lon Etching (DRIE) with tertrafluoromethane (CF4) gas at an etch rate of 1 nm/min. Then
the underlying SiO> layer was also etched away using a 6:1 buffered hydrofluoric (BHF) acid to
reach the Si layer. Using a 22% tetramethylammonium hydroxide (TMAH) solution at 90°C, Si
was anisotropically etched from the backside to create a 100 um window on which the overlying
SiN/SiO; layers from the front side of the wafer were left suspended. On the front side, 100 nm of
gold (Au) were deposited with a 5 nm chromium (Cr) adhesion layer using e-beam evaporation
method at a rate of 0.1 nm/sec. On this Au layer, alignment markers for FIB milling were patterned
using photolithography and the Au and Cr layers over the marker positions were etched using the
respective wet etchants (Sigma Aldrich). A thick layer of photoresist was applied as a protective

layer and the wafer was then diced into individual chips. Each chip was then rinsed in acetone to
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remove the photoresist layer and the backing SiO2 layer was removed using 6:1 BHF. Individual
chips were then placed inside a GFIS focused ion beam (Carl Zeiss, ORION Nanofab, Peabody,
MA) where the DNH nanostructures through the Au layer using a Ne ion beam and the nanopore
was milled through the silicon nitride membrane at the center of DNH structure using a He ion
beam. Typical dimensions for the DNH structures used in this work were 100 nm diameter circles,

with a 15-20% tapered edges converging towards a 25 nm diameter pore in the middle of the DNH.

Experimental Setup

Figure 1 (c) shows a schematic of the experimental setup. A laser diode (820 nm,
L820P200, Thorlabs) was collimated by an aspheric lens to form a 2 mm diameter linearly
polarized beam that was made circularly polarized using a QWP (WPQO05M, Thorlabs). A Glan-
Thompson linear polarizer (GTH10M, Thorlabs) combined with an adjustable HWP (WPHO05M,
Thorlabs) were then used to select the linear polarization that best aligned with the short axis of
the DNH on each chip in order to excite wedge plasmons optimally. A 4x beam expander
(Newport) was used to fill the back aperture of a 63x oil immersion objective lens (NA= 1.2, Zeiss
C-Apochromat) through a periscope. Precise positioning of the focused laser beam to the center of
the DNH was performed with the help of the alignment markers by adjusting the controls of a
piezo stage (MDT6938, Thorlabs) holding the chip. The sensor was encased into a transparent
PDMS flow cell fabricated as described in our previous work [42] with a coverslip on top, through
which light was focused onto the center of the DNH on each chip. The transmitted light was
collected using a condenser lens and the beam was subsequently focused onto a photodiode

(PDA36A, Thorlabs).
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Fig 1: (a) Scanning electron microscope image of FIB milled DNH and nanopores structure on the metal-dielctric
membrane. (b) PDMS flow cell cross-sectional view with SANE sensor. (c) Experimental setup with optical and
electrical 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.

The PDMS chip holder had a cis where protein solutions mixed in potassium
chloride (KCI) were dispensed, while the trans side contained KCI solution only, of the same
molarity. A voltage bias through the nanopore at the center of the DNH structure was enabled
using two silver electrodes coated with sliver chloride (Ag/AgCl), one placed in the cis, and the
other in the trans chamber. These electrodes were connected to an Axon Headstage (CV 203BU)
which was part of an Axon Axopatch 200B patch clamp amplifier and digitizer equipment
(Molecular Devices) operating in voltage clamp mode to measure the change in resistance due to
ionic current flow through the nanopore. To eliminate low-frequency electromagnetic noise during
ionic current recordings a Faraday cage made of aluminum foil (Reynolds) was placed around the
piezo-controlled stage. A 100 mV bias was applied across the nanopore through the Ag/AgCl
electrodes for electrical measurements of protein translocation events. Any nanopore clogging

during experiments was removed by using an AC +/-5V voltage for 60 sec across the nanopore.
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Alternatively, a 7.4 pH 1 M KCl ionic solution with no analytes, was used to clear off any proteins

clogging the nanopore by forcibly translocating them from cis to trans at voltages of 500-700 mV.

Generation and Validation of Antigens and Antibodies

H-2D° RAH antigen (RAH) [48], a MHC class | allotype from C57BIk/6 (mouse strain)
analogous to HLA (Human) consisted of a purified mouse MHC | heavy chain, H-2D" (35 kDa)
and a human B2m (13 kDa) light chain. The peptide RAHYNIVTF 4957y (1 kDa) derived from
human papilloma virus-16 (HPV) E7 protein (Genescript, Piscataway, NJ) was loaded onto the
RAH antigen by in vitro refolding to create a peptide-presenting MHC (pMHC) antigen that was
purified by size exclusion chromatography [49]. This HPV-induced RAHYNIVTF peptide is
common in ovarian cancers and is known to induce a T-cell response when presented by H-2D°
in the mouse [48, 50, 51]. To target the RAH antigen, monoclonal antibodies with T-cell Receptor-
like specificity Anti-RAH (TCRmADbs) (150 kDa) were generated by classical B cell hybridoma
technology [43]. These TCRmAbs specifically recognize RAH/ H-2D® pMHCs to form
complexes [50]. A different TCRmADb specifically targeting a West Nile virus peptide (Anti-
WNV) presented by H-2D? pMHC [52] was used as negative control. The RAH antigen and the
anti-RAH and Anti-WNV TCRmADbs (150 kDa) were made in-house by Dr. Weidanz’s group. The
binding kinetics of these molecules were measured using a guided mode resonance based sensor
system (ResoSens bioassay system, Resonant Sensors) in separate experiments. This system used
an ELISA type plate reader with nanostructures on its surface (Bionetic plate) where the antibodies
of interest were surface-immobilized at a fixed concentration while the concentration of the antigen
flowing over it was increased up to binding saturation, followed by a wash-out period, in a similar

fashion to surface plasmon sensor technologies [53]. The plate was incubated inside the system
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while the plate is being constantly scanned for shifts in the wavelength resonance peak due to mass
loading. The rate constants of association (Kon), dissociation (Koff) and equilibrium dissociation
(Kp= kofi/kon) were estimated for RAH antigen-Anti-RAH TCRmAb interactions by fitting the

observed time-dependent traces of wavelength resonance shift to appropriate binding models [53].

Sample Preparation

The total sample volume that the PDMS flow cell encasing the SANE sensor held on the
cis side was 70 pl. To create stock solutions for studying protein interactions, equal proportions of
antigen (RAH, 2 nM) and antibody (Anti RAH or Anti WNV, 2 nM) were incubated together for
30 minutes. The reacted mixtures were then diluted in pH 7.4 KCI electrolyte to attain antibody-
antigen concentrations in the 100 nM to 1 nM range while maintaining KCI at 150 mM. The trans

reservoir of the PDMS flow cell was filled with about 1.5 ml of 7.4 pH, 150 mM KCI solution.

Experimental Data Acquisition and Analysis

The optical signals detected by the photodiode and the electrical ones detected by Axopatch
200B were both sent through an Axon Digidata 1440 ADC to a computer, where Axon pCLAMP
10.6 software was used to record the signals and perform data analysis. When a molecule entered
the optical trap, there was an increase in the optical transmission amplitude, which was
proportional to its size. We calculated the percentage change of the transmission amplitude with
respect to the baseline (optical step change) and the trapping duration (optical trap time) as the
optical modality metrics for characterizing molecular interactions. The concurrently acquired ionic

current traces enabled quantification of current amplitude changes relative to baseline current
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during nanopore translocation events (translocation current) and transit durations, calculated from
the full width half-maximum (FWHM) from the current drop of for each event (translocation time)
were the electrical modality metrics used for characterizing molecular interactions [42]. These
bimodal optical-electrical molecular signatures were analyzed cumulatively in box plots and any
pair-wise statistically significant differences between the signatures detected in the experiments

were tested using independent sample t-tests.

RESULTS

Figures 2a-2c and Figures 2d-2f show examples of optical trapping and concurrent
electrical nanopore sensing events for individual antigens (RAH, 150 nM) and specific antibody
(Anti-RAH, 300 nM), respectively. For the events shown here, the optical step change and trapping
time metrics for antigen (Figures 2(a), 2.25%, 0.63 sec) were lower compared to those for antibody
(Figure 2(d), 3.04%, 9.32 sec). The corresponding electrical metrics showed lower translocation
current for RAH (Figure 2(c), 686 pA) compared to Anti-RAH (Figures 2(f), 937 pA, 39.86 msec),
but translocation times were comparable for RAH and Anti-RAH, at 37.85 msec and 39.86 msec,
respectively. These bimodal molecular signatures were used to test the feasibility of discriminating
between individual antigen, and antibody versus the complexes that these formed in pure protein

mixtures.
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Figure 2: Time traces of individual RAH antigen and Anti RAH antibody molecules. (a & d)Optical transmission, (b
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Figure 3: Comparison scatter plots of RAH-Antigen (150 mM) and Anti-RAH Antibody (300 mM) for all data types.

(a) Electrical alone. (b) Optical alone. Differences in translocation current (c) and translocation time (d) based on

optical step change percentage.
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Figure 3 shows a comparison of all data types for antigen and antibody measured in
separate experiments at a concentration of 150 mM and 300 mM respectively in a KCI ionic
solution. Figure 3 (a) shows that the electrical metrics cannot distinguish between the two groups.
Figure 3(b) shows that step changes in optical transmission and optical trapping times showed very
little overlap. We empirically chose a highest possible step change that results in a 10 % false
discovery rate as threshold criterion, a conservative choice that reflects the compromise between
all unbound antibody compared to bound antibody. An optical step threshold of 4.90 % was
estimated for the complexes. Using this threshold, we were able to distinguish antigen and
antibody molecules by comparing their optical step change to electrical translocation current

(Figure 3(c)) and translocation time (Figure 3(d)).

Figure 4(a) shows that using above threshold, the number of antibodies falsely identified
as complexes in Figure 4(a) would be 10 %. In contrast when applying the same threshold to 1
nM, 10 nM and 100 nM (Figures 4(b)-4(d), green dots) mixtures of antigen-antibody (in equal
proportions) the fraction of detected events exceeding the 4.90% threshold, and therefore
presumed as likely antigen-antibody complexes, were 29.51 %, 42.85 %, and 68.42 % respectively.
It was also observed that certain event signatures with optical step changes larger than the complex
threshold also had very high optical trapping times compared to those for antibodies alone (> 25
sec), while the proportion of those longer trapping times increased with increasing concentration
of the antigen-antibody mixture (Figures 2(b)-2(d)). As the Anti-RAH antibodies had two binding
sites [54-56], it is presumed that at higher concentrations a larger proportion of bound complexes
had both binding sites occupied. Addition of a second antigen to an existing antigen-antibody
complex would not increase the optical step change significantly and is estimated at 0.48 %.

Therefore, the additional antigen would not shift those events significantly towards the right of the
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x-axis in Figures 4(b)-4(d). However, addition of the second antigen could also reduce the overall
charge of the complex due to shielding of the antibody binding sites [32]. Charge reduction could
lead to prolonged trapping times due to a weaker electrophoretic force pushing the complexes out

of the trap for a given voltage bias.

a) b) Likely
18 - 10% false 300 @ RAHand Anti-RAH U, comprents
16 @ RAH Antigen d-scotverv 555 Mixture at 1 nM |

) rate @
14 |0 Anti-RAH Antibody O 1 = I ‘ @

. : g I

% 12 IO ‘ @) i= 200 Likely |

E ) g Antigen or

: 10;9 o I 00 E 150 Antibody |.

5] e % ! s o

B 6 1 & 100 1

2l o008 o 1 1 09 o

- 6 50 [

2 4 o ® | «
0 -_u_&‘.._,_,_.' o
0 2 2 2 4 5 6 7 0 1 2 3 a 5 6 7 8

Optical Transmission (%)

250 -

c) °® RAH and Anti-RAH| | Likely d) 250 4 RAH and Anti-RAH | Likely
Mixture at 10 nM | Complexes ® Mixture at 100 nM 1 Complexes
200 4 Il ®
_ 200 o
z ® 1 | o - | 0
£ I 2 |
£ 150 1 | o g 150
-] Likely = Likely 1 %)
= Antigen or | a Antigen or 1
3 100 o Antibody 1 ® £ 100 Antibody | .. (]
g . g 1® e
50 4 ® I ® ;“ 50 1 I @
° o
QG0 @0 © 0.0 W o
o 0 r . —, 0O T .
0 1 2 3 4 5 6 v 4 8 0 1 2 3 4 5 6 7 8

Optical Transmission (%) Optical Transmission (%)

Fig 4: Event density plots for optical metrics. (a) RAH antigen (blue), Anti RAH antibody (yellow). RAH and Anti
RAH equal concentration mixtures at (b) 1 nM, (c) 10 nM and (d) 100 nM. The red dotted line indicates the threshold
of 4.9 % optical step change.

The optical (step change, trapping time) and electrical (translocation current, nanopore
translocation time) data types acquired for RAH antigen, Anti-RAH antibody and for the
complexes they formed were compiled and analyzed for statistically significant differences.
Figures 5(a)-5(b) show the optical signature comparisons as box plots. The 4.90% optical step
threshold discussed above was used to define bound complexes and events with higher trapping

times (>25 sec) attributed to likely bivalent binding were plotted separately from lower values,
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likely attributed to monovalent binding. In all, optical measurements distinguished RAH antigen

clearly from antibody and complexes. Figures 5(c)-5(d) show the corresponding results for the

nanopore metrics. The electrical translocation current and translocation times for RAH antigens

and Anti-RAH antibodies were not significantly different between them (p = 0.07 and p = 0.13,

respectively; Figure 5(c)-5(d), blue and yellow boxes). Similarly, most pairwise comparisons

between Anti-RAH antibody and antigen-antibody complexes were not significant (p > 0.05). The

only exception was the comparison for nanopore translocation time between the likely bivalent

bound complex and antigen (p = 0.01).
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The ability of the SANE sensor to discriminate specific binding of Anti RAH to the RAH
antigen, compared to any non-specific binding from an irrelevant antibody Anti-WNV was also
evaluated in separate experiments. Typical time traces for both optical and electrical signals for
these experiments are shown in Figure 6. Figure 6(a) shows a trapping event for Anti RAH-RAH
antigen complex, where initially Anti-RAH antibody was trapped at the DNH (Region A) and after
a few seconds the RAH antigen attached to this antibody (Region B) resulting in a total optical
step change of 5.77 %. The binding of the antigen to the antibody was not only observed as a step
increase in optical transmission (Figure 6(a), Region B) but also as a second positive peak in the
ionic current Figure 6(b), Region B). The bound complex translocated through the nanopore at the
end of the trapping event duration. Just prior to entering Region C in Figure 6(a) high frequency
electrical transients are that are attributed to bobbing near the bottom of the optical trap [42]. After
applying a low-pass 20 Hz filter, two electrical translocation events are seen in rapid succession
(Figure 6(c), Region C), concurrently with two optical step changes (Figure 6(a), Region C). These
observations suggest that as the complex translocated through the nanopore the electric field
gradient, combined with the opposing light field gradient likely effected shear forces on the
complex [57] separating antigen and antibody, which resulted in them translocating through the

pore individually.
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Figure 6: Optical and Electrical time traces of mixture of specific Anti-RAH with RAH antigen (a)-(e), mixture of

non-specific Anti-WNV with RAH antigen (d)-(f).

Figures 6(d)-6(f) shows a typical event from the mixture of non-specific Anti-WNV with

RAH antigen. The optical signatures (3.09% step change, 10.50 sec trapping time) and electrical

signatures (1237 pA translocation current and 42.60 msec translocation time) indicated trapping

and translocation of a single molecule consistent with the bimodal signatures of Anti-WNV when

measured alone (not shown for brevity). These optical and electrical signatures were therefor

consistent with non-binding of Anti-WNV antibody to RAH antigen.
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Figure 7: Event density plots of specific vs non-specific mixtures at 10 nM for all data types. (a) Electrical metrics.
(b) Optical metrics. Comparison of Translocation Current (c) and Translocation Time (d) with the optical step change
of the mixtures.

Figure 7 shows combinations of optical and electrical metrics for mixtures of RAH with
Anti RAH (green circles) versus Anti WNV (orange circles), containing equal concentration of
antigen and antibody at 10 nM. Events from the mixture with specific targeting were identified as
bound complexes (step change greater than 4.9%) as in figure 3. Threshold was applied only to
specifically bound events (green circles). Figure 7(a) demonstrates that the electrical signatures
alone cannot discriminate between specific and non-specific binding events. Nevertheless, Figures
7(b)-7(d) show that combining optical and electrical signature metrics, or using optical metrics
alone can differentiate clearly between specific and non-specific binding for these molecules. All

these metric combinations performed similarly in identifying possible complexes and only optical
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step change versus optical trapping time are shown here below for brevity. The separation was

equally good at higher concentrations of the mixtures.
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Figure 8: Bound Fraction as a function of the concentration RAH mixture with Anti RAH.

For the case of specific binding, the bound fraction of the antigen-antibody complexes
determined by the SANE sensor (using the 4.90 % criterion as in Fig 3) was calculated and
compared it with the bound fraction obtained from the commercial Resonant Sensor [53]. The
association rate constant kon was determined as 7.8 x 10 + 2,01 X 10> Ms! and the dissociation
rate constant Korr as 4.51 x 10° + 1.22 X 10 s, resulting in an equilibrium dissociation constant
Kp= 58 + 17 nM. Mixtures of RAH antigen and Anti-RAH antibody were then prepared in equal
proportions at 100 nM (above Kp), and 10 nM and 1 nM (below Kp) to quantify the fraction of
bound complexes in these mixtures with the SANE sensor. Figure 8 shows that the Resonant
Sensor system detected a bound fraction that decreased rapidly at concentrations below the Kp

value. In contrast, the SANE sensor presented a linear reduction in bound fraction with decreasing
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concentration, with much increased bound fraction values even at 1 nM, i.e. at concentration ~58
times below the Kp value. It is hypothesized that the electrical field of the SANE sensor pulls
proteins on the cis side towards the nanopore where they get slowed down by the optical trap,
which results in an increased concentration of reactants immediately over the sensor. Higher local
concentrations would results in higher bound fractions. Interestingly, the magnitude of this effect
was reduced at 100 nM, which was above the Kp value, where the available binding sites would
be reduced. Also, the resonance shift was almost zero for the RAH — Anti-WNV TCRmADb

mixture, confirming the latter as a negative control.

DISCUSSION

This work presented the use of a novel bimodal optical-electrical SANE sensor technology
to identify and differentiate between individual antibodies, their ligands, and the complexes they
formed under specific and non-specific binding conditions. The difficulty of identifying bound
protein complexes using electrical nanopore translocation current and translocation time metrics
has been reported previously and a composite metric of excluded volume was suggested as an
improved differentiator metric [58]. Application of this latter method requires knowledge of the
charge and volume of the antigen, antibody and mixture, which were not known a priori for these
proteins that were made in-house. In another study, the overall electrophoretic mobility of the
bound complex was shown to increase with respect to its individual components making it difficult
to identify based on threshold detection methods [32]. In this work, electrical data (current
amplitudes and translocation times) and concurrently acquired optical data (transmitted intensity
change and trapping duration), obtained from the nanopore and DNH components of the SANE

sensor respectively, were tested for their ability to differentiate between binding conditions.
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Similar to the previously reported studies, it was found that using the electrical metrics alone did
not allow separating bound from unbound proteins (Figure 3(a)) or specific from non-specific
binding (Figure 7 (a)). In contrast, combining optical with electrical metrics or using optical
metrics alone enabled differentiating both bound complexes (Figure 4(b)-4(d)) and specific

binding (Figure 7(b)-7(d)).

Optical methods identify bound molecules through an increase in optical transmission, but
their natural tendency for prolonged trapping times limits the throughput for analyzing sequential
trapping events [21]. The results of this work indicate that the bimodal SANE sensor can help
address this limitation as the presence of an electric field pushing the trapped molecules through
the nanopore, against the opposing optical trapping force, results in bobbing motions followed by
a forced translocation (Figure 6(b)), without having to rely on diffusion for un-trapping to occur.
The resulting trapping times were in the seconds to tens of seconds in most cases, which was a lot
shorter than typical optical trapping times of many minutes observed in the absence of an electric
field [59]. Furthermore, the waiting times to detect a trapping event were shortened dramatically
in the presence of the electric field bias compared to waiting for an event to trap optically by

diffusion alone, especially at lower concentrations (e.g. 40 s versus few min at 1 nM).

Following the previously reported rule of thumb that optical transmission intensity step
changes detected by the DNH structure are linearly proportional to the mass of a molecule [60], a
threshold of ~4.9 % , representing an empirical chosen 10 % false discovery rate in the highest
possible step change , was assumed to be the threshold for detecting bound complex optically.
Interestingly, the optical tapping times for events past the defined bound complex threshold
showed wide variation, with a higher proportion of longer trapping time events detected with
increasing concentration, Figures 4 (b)-4(d). It is hypothesized that the fraction of bound events
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with longer trapping times represent complexes with both binding sites of the antibody occupied,
while shorter times represent single binding site occupancy. Addition of a second antigen to the
antibody-antigen complex would only increase the optical step signal only by 0.48%, which would
not permit its easy detection through the optical step metric. Of the electrical metrics, only the
nanopore translocation time was found to be different compared to antigen alone (Figure 4(d)),
where the overall complex charge was presumed to be lower than that of the antibody. This
observation is similar to the result reported in a prior nanopore study where an increase in protein
complex charge resulted in increased electrophoretic mobility [32]. This discrepancy could be
explained by the bimodal nature of the SANE sensor used in this work, where a surface charging
effect of the Au DNH structure edges due to the optical excitation [61] could create an additional
repulsive force for the translocating molecules. Some events in Figures 3(b)-3(d) fell below the
4.9 % step threshold, but still had higher optical trapping times than those seen in Figure 3(a) for
antibody alone. As these events were very few in number, there was no additional threshold
criterion applied for the discrimination of complexes in these data based on optical trapping times,

although this will be evaluated further in future work.

The ability of the SANE sensor to differentiate specific from non-specific binding was also
tested using an RAH-irrelevant antibody (Anti-WNV), which however had closely matched
electrical and optical signatures to the specific antibody (Anti-RAH). Figure 7 shows that the
electrical data metrics, derived from the nanopore component of the SANE sensor, could not
differentiate specific from non-specific protein mixtures. However, when optical data metrics were
included the two mixtures could be separated clearly. The 4.9 % threshold was implicitly applied

for the specific binding but no threshold was applied for the non-specific binding. The mixture of
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Anti-WNV and RAH antigen did not result in any detected binding events and therefore all the

recorded events corresponded to signatures of antibody or antigen only.

One limitation of the SANE sensor, shared by most single molecule analysis technologies,
is that it cannot measure the mean life of binding (= 1/koff) for individual high affinity interaction
events. The Resonant Sensor measurements for RAH — Anti RAH complex indicated a mean
binding life of >6 hours. Given that typical complex trapping times were in the tens of seconds, it
would be impossible to measure the mean binding life by direct observation of single molecule
on-off binding events. Therefore, attempts to use the SANE sensor for measuring Kp values would
have to be directed at experiments quantifying the changes in bound fraction as a function of ligand
concentration. Interestingly, when the bound fraction of specific complex was compared to
measurements by the commercial Resonant Sensor system it was found that the SANE sensor
detected considerably higher bound fraction values at corresponding antigen concentrations
(Figure 8). The SANE and Resonant Sensor experiments are not directly analogous as the latter
were performed at excess of antibody immobilized on a surface whereas the former were
performed in solutions of equal antigen-antibody proportions. The fact that fewer antigens should
be available in the SANE sensor experiments, since they are not available at excess, yet higher
bound fractions were still detected than Resonant Sensor, along with an apparently linear reduction
in bound fraction with reducing ligand concentration, suggest the existence of an underlying
mechanism affecting protein interactions at the SANE sensor. We hypothesized that the applied
electric field concentrated the protein solution components immediately over the SANE sensor.
This is justified by the fact the top layer of the sensor ship is covered by gold, which is a conductor,
except for the nanoscopic area drilled by FIB to make the DNH structure. The proteins pushed by

the electric field towards the sensor would likely slow down near the DNH structure due to the
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optical trapping of molecules occupying the space over the nanopore, which would offer more
opportunities for binding interactions in the vicinity of the optical trap than in bulk solution at a
given concentration. Such an interaction augmentation mechanism would need to be characterized
further in future work to determine if the SANE sensor could be calibrated with different binding
affinity complexes to quantify Kp from measurements of bound fraction as a function of antibody
and ligand concentrations. Nevertheless, the apparent augmentation of bound fraction by the
SANE sensor presented in this work demonstrated the existence of a novel phenomenon of
potentially great utility. The bound fraction measurements shown in Figure 8 indicate that the
SANE sensor could be used to answer yes-no questions on whether a ligand is being targeted or
not by a candidate antibody at concentrations that are much lower than the Kp value, where the
bound fraction should be 50% in bulk solution. The resulting savings in protein material could be
important in cases where only small protein amounts are available. For example, the Anti-RAH
antibodies used in this work are an example of T-cell receptor-like antibodies that bind with high
affinity to pMHCs, like the RAH antigen, that are presented on the surface of cancer cells [49].
When used in vivo, the binding of such antibodies can be the first step towards helping the immune
system mount a response against the cancer [43-47]. The availability of pMHC ligand amounts
that can be isolated from tissue biopsy is limited and therefore the SANE sensor-enabled savings
of pMHC ligand amounts could enable testing of multiple antibodies to select the best candidate

to target a particular tumor.
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CONCLUSION

We have demonstrated the feasibility of using the bimodal SANE senor to detect specific
antibody-ligand interactions. Calibration experiments of individual antigen and antibody solutions
were used to calculate typical values for optical and electrical metrics derived from the
concurrently acquired bimodal data to identify the specifically bound antigen-antibody complexes
found in mixtures. Our results hinted at the possibility of differentiating between monovalent
versus bivalent binding, which was possible to occur for the antigen-antibody model used in this
work. A mixture of RAH antigen and RAH-irrelevant Anti-WNV was used to show the specificity
of antigen binding. In this work, the Anti-WNV antibody showed no detectable binding, which
facilitated its differentiation from specific binding. Further experiments to test the separation of
non-specific binding with other antibodies that could stick non-specifically to a target antigen will
be the object of future work. This work also demonstrated an interesting and novel property of the
SANE senor for enhancing the bound fraction values compared to those expected for the known
Kp of the interaction, which was measured by a commercial Resonant Sensor system that
quantifies surface-immobilized binding kinetics. Although this novel SANE sensor behavior
requires further characterization to test the feasibility of using it to quantify Kp values, the present
work suggests the potential of using this sensor as a screening tool for antibody-ligand interactions

using minimal protein material.
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ABSTRACT

A plasmonic nanopore sensor enabling detection of bimodal optical and electrical
molecular signatures was fabricated and tested for its ability to characterize low affinity ligand-
receptor interactions. This plasmonic nanosensor uses a Self-Induced Back-Action (SIBA) for
optical trapping to enable SIBA-Actuated Nanopore Electrophoresis (SANE) through a nanopore
located immediately below the optical trap volume. A Natural Killer (NK) cell inhibitory receptor
heterodimer molecule CD94/NKG2A was synthesized to target a specific peptide-presenting Qa-
1° Qdm ligand as a simplified model of low-affinity interactions between immune cells and
peptide-presenting cancer cells that occurs during cancer immunotherapy. A cancer-irrelevant
GroEL ligand was also targeted by the same receptor as a control experiment to test for non-
specific binding. Although the analysis of different pairs of bimodal SANE sensor signatures
enabled some level of discrimination between specific and non-specific interactions the separation
was not complete, which suggested the need for multi-dimensional data analyses in future work.
However, the SANE sensor showed ability to quantify the fast dissociation rate (Kof) in this low-
affinity model system that was previously shown to be challenging to quantify with commercial
technologies. The kofr value of targeted peptide-presenting ligands is known to correlate with the
subsequent activation of immune cells in vivo, suggesting the potential utility of the SANE senor

as a screening tool in cancer immunotherapy.
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INTRODUCTION

Single molecule detection methods have been able to quantify protein-ligand interactions
and provide valuable information that is usually unavailable from ensemble methods such as
ELISA, Surface Plasmon Resonance (SPR) and other assays [1]. These modalities have utilized
either optical or electrical sensing technologies to differentiate between bound and unbound
reactants. Current single molecule interaction analysis methods utilizing optical technologies
include optical tweezers, atomic force microscopy, single molecule FRET and ultra-high
resolution microscopy [2]. Electrical sensors for single molecule analysis predominantly consist
of solid-state nanopores (SSNPs) [3] and electrical break junctions [4], of which the former are

more popular due to their sensitivity and specificity.

SSNPs are nanometer sized pores milled in suspended dielectric membranes using focused
ion beam (FIB) [5] or transmission electron microscopy (TEM) [6] and work as a robust alternative
to biological pores [7]. In nanopore sensing two compartments filled with electrolyte solution are
joined together with the SSNP at its center and analyte molecules are added to one compartment
and translocated through the SSNP into the other using applied bias. The translocation of the
molecule causes changes in the ionic current signatures that defines the data metrics (translocation
current and translocation time) that SSNP depend on molecular size [8], volume [9] and charge
[10] as well as solution pH and salt concentrations [11]. SSNPs have been used to study and

characterize protein-ligand interactions [12-16] .

On the optical sensing side, an area of focus in recent years has been the development of
metallic nanoaperture structures that utilize strong plasmonic confinement to enable using self-

induced back action (SIBA) as a mechanism for the optical trapping of protein-size molecules at
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low laser powers (12 mW) [17]. Metallic nanoapertures circumvent the difficulty of using high
laser powers to trap entities smaller than 100 nm with optical tweezers [18]. SIBA based optical
trapping has been reported to quantify protein-small molecule interactions by trapping the
molecules in a double nanohole (DNH) structure milled in a gold (Au) film on a glass substrate
[19]. However, optical sensor throughput can be limited by long optical trapping times and
diffusion-limited molecular transport to the sensing region, as many experiments often use low
analyte concentrations. Plasmonic nanopore structures have been previously suggested as a means
of using optical illumination to create local heating on plasmonic nanoantennas to augment event

detection rate through an SSNP located immediately below [20-22].

Recently, we [23] and others [1, 24-27] have reported on plasmonic nanopores combining
the optical trapping of metallic nanoapertures with the electrical sensing of SSNPs, to augment
optical event detection rate with the help of an external electrical bias, while also slowing down
SSNP event detection by use of the spatially overlapping optical trapping field. In our prior work
[23], a DNH nanoaperture had a SSNP placed at its center, which enabled to combine optical
trapping by SIBA with electrical nanopore sensing. The resulting bimodal sensor technology was
named as a SIBA-Actuated Nanopore Electrophoresis (SANE). The DNH was milled by Neon
(Ne) ion FIB and had tapered walls that excited the wedge plasmons such that the molecule was
trapped above the mouth of the SSNP. The latter was drilled by Helium (He) ion FIB through a
silicon nitride (SiN) layer existing immediately below the Au layer. In initial experiments with
nanoparticles the opposing optical and electrical forces generated high frequency oscillations
(bobbing) inside the optical trap, while the presence of the optical trap near the SSNP extended
the translocation time of nanoparticles up to four orders of magnitude compared to a classical

nanopore [3].
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This work goes beyond the initial experiments with nanoparticles to test the feasibly of
using the bimodal optical-electrical data obtained from the SANE sensor to study low-affinity
ligand- receptor interactions in solution and differentiate specific from non-specific binding. The
proteins used in this work represent a simplified model of ligand-receptor interactions that are
relevant to cancer immunotherapy. CD94 and NKG2A heterodimer receptors are expressed on the
cell surface of Natural Killer (NK) lymphocyte cells [28]. These receptors can be cloned and
expressed in the mammalian expression system as soluble recombinant protein, CD94/NKG2A
herterodimer (henceforth referred to as NK receptor). Heterodimer can recognize a specific
peptide-presenting Major Histocompatibility Complex (pMHC) ligand known as Qdm/Qa-1°
(henceforth referred to as Qdm) [29]. Usually, expression of Qdm ligand is associated with an
inhibitory response from the receptors on the NK cells. Tumor cells are also known express to
Qdm ligand to evade immune system response. These soluble heterodimers specifically target and
block Qdm ligands expressed on the tumor cells. In the absence of inhibitory ligands, activating
receptors of the NK cells can Kill the tumor cells [30]. Cancer-irrelevant ligands (GroEL) were
also used in control experiments. GroEL is an immunodominant epitope expressed by Salmonella
typhimurium and presented by a Qa-1° MHC molecule. It is specifically recognized by CD8+

cytotoxic T lymphocytes after natural infection in mouse [31, 32].

The SANE sensor bimodal signatures were tested for their ability to discriminate between specific
(Qdm-NK receptor) and non-specific (GroEL-NK receptor) interactions in equimolar mixtures
over a wide range of concentrations. Furthermore, as the low affinity of NK receptor receptors to
Qdm resulted in short binding times that were challenging to quantify in prior SPR experiments
[33, 34], the SANE sensor was also tested for its ability to quantify these short binding times. The

mean value of detected binding time events yielded an estimate for the dissociation constant (Koff)
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that was compared to the corresponding value for NK receptor targeting the human equivalent of
Qdm (mouse), estimated in a prior study [34]. The results presented in this work suggest the

potential future utility of the SANE senor as a screening tool in cancer immunotherapy.

MATERIALS AND METHODS

SANE Sensor Fabrication

The SANE sensor was fabricated according to a previously reported procedure [23]. This
sensor consists of a metal-dielectric membrane with nanostructures milled using Focused lon
Beam (FIB) on a double side polished 4-inch silicon (Si) wafer (100 orientation). A 500 nm silicon
dioxide (SiO2) was grown by thermal oxidation, followed by deposition of a 60 nm stoichiometric
silicon nitride (SiN) by LPCVD on both sides of the Si wafer. On one side of the wafer (referred
to as backside), square windows of side 786 pum were patterned using photolithography process.
The SiN layer exposed in these windows were etched away using Deep Reactive lon Etching
(DRIE) with tertrafluoromethane (CF4) gas at an etch rate of 1 nm/min. Followed by etching of
the SiO. layer using 6:1 buffered hydrofluoric (BHF). The underlying Si layer was etched
anisotropically using a 22% tetramethylammonium hydroxide (TMAH) solution at 90°C to create
a 100 um window on the front side leaving SiN/SiO- layers suspended. On the front side, a 5nm
chromium (Cr) layer, followed by 100 nm Au were deposited through e-beam evaporation method
at 0.1 nm/s deposition rate, where Cr was used as an adhesion layer for Au. Using a
photolithography process, alignment markers were patterned on this Au side to assist in FIB
milling. The Au and Cr layers in these marker regions were etched away using respective wet
etchants (Sigma Aldrich). The Si wafer was diced into individual chips and the backing SiO- layer

was etched using 6:1 BHF for each chip. These Si chips with a metal-dielectric membrane were
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placed inside a GFIS focused ion beam (Carl Zeiss, ORION Nanofab, Peabody, MA) ultra-high
vacuum chamber to mill the nanostructures. A DNH nanoaperture (100 nm diameter circles) was
milled through the Au layer with tapered edges having a 15-18% slope for optimal plasmon
excitation [35] . In the SiN layer, a 25 nm diameter nanopores was milled using a Ne ion beam

such that it was exactly at the middle of the DNH.

Experimental Setup

Figure 1(a) shows a scanning electron microscope (SEM) image of the milled DNH and
nanopore structures comprising the SANE sensor. Figure 1(b) shows the schematic of the
experimental setup, that was similar to our previously reported work [23]. Briefly, a near infrared
region laser diode (820 nm, L820P200, Thorlabs) was collimated and circularly polarized using a
QWP (WPQO5M, Thorlabs) to create a 2 mm diameter beam. This beam was linearly polarized
using a Glan-Thompson linear polarizer (GTH10M, Thorlabs). An adjustable HWP (WPHO5M,
Thorlabs) was used to select the polarization that was parallel to the horizontal axis of the DNH
for optimal excitation of wedge plasmons. The beam was expanded using a 4x beam expander
(Newport) and passed through a periscope to the back aperture of a 63x oil immersion objective
lens (NA= 1.2, Zeiss C-Apochromat). The light beam was focused through a cover slip onto the
SANE chip. The chip was enclosed in a transparent PDMS flow cell (Figure 1(b)), fabricated as
per previously reported procedure [23]. This PDMS flow cell was attached to a piezo stage
(MDT6938, Thorlabs) to perform coarse and fine adjustments and align the short axis of the DNH
with the polarization of the laser beam. A condenser lens was used to collect the transmitted light
from the DNH and then focused onto a photodiode (PDA36A, Thorlabs). The PDMS flow cell
consisted of two chambers, one above the SANE sensor chip (cis) and the other below the chip

(trans). Analytes mixed in 150 mM potassium chloride (KCI) solution were added to the cis
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chamber. Similar molarity KCI only solution was added to the trans chamber. Two silver
electrodes were immersed in bleach solution to form a coating of silver chloride (Ag/AgCl). One

electrode was inserted in the cis and one in the trans chamber.
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Fig 1: (a) Scanning electron microscope image of FIB milled DNH and nanopores structure on the metal-dielctric
membrane. (b) Experimental setup with optical and electrical 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. (¢) PDMS flow cell cross-

sectional view with SANE sensor.

The electrodes were connected to Axon Axopatch 200B patch clamp amplifier and digitizer
equipment (Molecular Devices) through Axon Headstage (CV 203BU) and operated in voltage
clamp mode. The change in resistance across the chambers was measured as a drop in ionic current
flow when a protein passed through the nanopore while translocating from cis to trans. A faraday
cage was built with aluminum foil (Reynolds) around the piezo-stage with PDMS flow cell to
eliminate low-frequency electromagnetic noise while recording the ionic current traces. Protein

translocation events were performed at 100 mV voltage bias across the nanopore.

77



Generation of Ligands and Receptors

Qa-1° Qdm ligand (Qdm) [30], a MHC class Ib allotype from C57BIk/6 (mouse strain)
analogous to HLA-E (Human) consisted of a purified mouse MHC | heavy chain, Qalb (35 kDa)
and a human B2m (13 kDa) light chain. The peptide AMAPRTLLL (1 kDa) derived from leader
sequence of H2D® and synthesized by Genescript, Piscataway, NJ and refolded in vitro to create a
peptide-presenting MHC (pMHC) antigen that was purified by size exclusion chromatography
[36]. This Qdm peptide is known to induce a NK cell inhibitory response when presented by Qa-
1b in the mouse [28, 29]. CD94 (~26 kDa) and NKG2A (~43 kDa) were cloned form murine NK
cells and expressed as a soluble recombinant protein in mammalian plasmid in HEK293 cells. The
CD94/NKG2A heterodimers specifically recognize Qdm/Qalb pMHCs to form complexes [30].
Another ligand containing a different peptide, GroEL (refolded in Qa-1° similar to Qdm) [31, 32]
was used as negative control. Plasmid construct was a generous gift of AbeXXa Biologics Inc.,

while Dr. Weidanz’s group made the Qdm ligand (45 kDa) and the receptors (~ 150 kDa) in-house.
Sample Preparation

NK receptor molecules were mixed with Qdm/Qa-1° and GroEL/Qa-1° ligands to create
specific and non-specific binding mixtures respectively. Stock solutions of proteins were created
with equal proportions of antibody (NK receptor, 1200 nM) and antigens (Qdm or GroEL, 1200
nM) were incubated over ice for 30 minutes. These mixtures were diluted in a KCI electrolyte (pH
7.4, 150 mM) to achieve dilutions of 600 nM to 10 nM range. 70 pl of sample solution was
dispensed onto the cis reservoir of the sensor. The trans reservoir was filled with 1.5 ml of 7.4 pH,

150 mM KCI solution.
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Experimental Data Acquisition and Analysis

The detected optical (photodiode) and electrical (Axopatch 200 B) signals were processed
as patch-clamp data through an Axon Digidata 1440 ADC connected to a computer, where Axon
pCLAMP 10.6 software was used for data acquisition, recording and analysis. Optical signals were
recorded as changes in transmission amplitude proportional to the size of the particle in the optical
trap. The optical modality metrics calculated from the optical signals were percentage change in
the optical amplitude (optical step change) from the baseline and the total trapping duration
(optical trap time) of that particle. Electrical signals were recorded as changes in the ionic current
proportional to the charge and volume of the particles. The electrical modality metrics calculated
from the concurrent ionic current traces were drop in current amplitude from the baseline
(translocation current) and the transit duration from the full width half-maximum (FWHM) of the
current drop for every event (translocation time). These concurrent bimodal metrics were used to

characterize the protein interactions.

Qdm antigen and NK receptor antibody mixtures were evaluated for any statistical
differences in the optical and electrical metrics derived from the bimodal traces as a function of
concentration. Equimolar concentrations of 600 nM, 300 nM, 100 nM and 10 nM were used for
both ligands and receptors. Statistical significance was evaluated for all of the six possible pair-
wise comparisons between the above-mentioned solution concentrations using a two-tailed
unequal variance t-test for the optical (step change, trap time) and electrical (translocation current,
translocation time) metrics (where p = 0.05). The differences between specific (Qdm and NK
receptor) and non-specific binding events for all bimodal data types at each concentration were

evaluated through two-tailed unequal variance t-tests for all concentrations.
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The Qdm-NK receptor mean lifetime of binding interactions was estimated from the
average duration of time traces that had optical step change values above the threshold for ligand
or receptor alone. The dissociation rate constant (kotf) for ligand-receptor interactions was then
determined as Kot = 1/(mean lifetime). Optical trap durations were compared for statistical
differences between specific and non-specific binding using two tailed unequal variance t-tests (p<

0.05).

RESULTS

Figures 2(a)-2(c) show typical concurrent bimodal molecular signatures for a binding event
of NK receptor to Qdm ligand in an equimolar 600 nM mixture. Figure 2(a) shows optical time-
series data for a NK receptor that was initially trapped at the DNH (Region A) causing an optical
step change of 3.71% and after about 8 s a Qdm ligand is attached to the receptor (Region B)
resulting in a total step change of 5.54%. In the total optical trap time of the ligand-receptor
complex (12.47 s), the ligand was bound only for a short duration (~2 s) before leaving the trap
and translocating through the nanopore (Region C). The step change in optical transmission
coincided with a positive peak in ionic current (Region A, Figure 2(b)) as the receptor was trapped
by the DNH, near the nanopore. The subsequent high-frequency charge transients just before
Region B in Figure 2(b) are attributed to the initial approach of the ligand into the optical trap,
while the higher amplitude transients within Region B are attributed to the bound ligand-receptor
complex. The occurrence of these transients has also been reported in our previous work
characterizing the SANE sensor with dielectric nanoparticles [23], where it was interpreted to be
a result of the opposing electric bias and optical trap forces that caused bobbing at similar

frequencies before the particle stabilized over the nanopore. When the electrical signal was filtered

80



using a low-pass 20 Hz filter a small positive spike was discernible in Region B of Figure 2(c),
indicating the charge added by the ligand when it bound to the receptor, as seen in the concurrent
increase in the optical step. High frequency charge transients began once again at the start of
Region C in Figure 2(b), near the end of the bound complex duration, indicating the imminent
escape of the complex components from the optical trap and the overtaking of the electric field

bias that forced their translocation through the nanopore.
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Figure 2: Time traces of an event from NK receptor and Qdm ligand mixture. (a) Optical transmission, (b) Raw ionic

Current, (c) Filtered lonic current for a single receptor and ligand binding.
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Interestingly, two separate translocation events were observed in Region C, one likely due to the

ligand (1737 pA) first, followed by one due to the receptor (853 pA). It would appear that once

unbinding occurred, the higher charge ligand experienced higher electrophoretic mobility and

translocated first, followed by the lower charge receptor. Optical step change reductions in Region

C or Figure 2(a) are concurrent with the electrical translocation spikes in current for these events.

High-frequency charge transients persisted even after the receptor translocation, past Region C,

indicating that the optical trap still kept that receptor in the vicinity of the nanopore even after

translocation and eventually these oscillations end after a few seconds as seen at the end of the

trace in
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Figure 3: Box plot, demonstrating significant differences between the mean values for NK receptor and Qdm ligand

mixtures for different data types. An equal proportion of receptor and ligand mixture at 1200 nM was diluted to 600

nM, 300 nM, 100 nM and 10 nM. *p<0.05.
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To investigate if there is any effect of concentration of mixtures on the molecular
interactions, the optical (step change, trapping time) and electrical metrics (translocation current,
nanopore translocation time) were acquired for different dilutions of the ligand and receptor
mixtures and compared for their significant statistical differences using a two-tailed unequal
variance t-test. Figures 3(a)-3(b) show comparison of optical metrics as box plots. Optical step
change measurements clearly distinguished (p< 0.05) all groups except between 100 nM & 10 nM
(p= 0.50). Optical step change was significantly different only for pairs formed with 600 nM
concentration. The mean value trends reported for optical step change (decreasing) and optical
trapping time (increasing) were opposite as a function of decreasing concentration. Figures 3(c)-
3(d) report the electrical characteristics of these molecules at different concentrations.
Translocation current was significantly different between 600 nM & 300 nM, and all pairs of 300

nM. Translocation time was not statistically distinguishable among the mixture concentrations.
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Figure 4: Time traces of an event from NK receptor and Qdm ligand mixture. (a) Optical transmission, (b) Raw ionic

Current, (c) Filtered lonic current for a single receptor and ligand binding.
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In separate experiments, mixtures of irrelevant ligand (GroEL) were mixed with receptor

(NK receptor) to evaluate whether the SANE sensor could differentiate non-specific interactions

from the specific binding events of NK receptor with Qdm ligand observed in the prior

experiments. Equimolar mixtures of GroEL and NK receptor were prepared at 600 nM, 300 nM,

100 nM and 10 nM. Figure 4 shows a typical time trace of such an event at 600 nM. Figure 4(a)

shows the optical metrics (3.53% first step and total 4.31 %, 91.75 s) and Figure 4 (b) shows the

raw ionic current. The translocation metrics (751 pA , 31.49 ms and 180 pA, 34.68 ms) was

revealed after applying a low-pass 20 kHz filter in Figure 4(c).
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Figures 5(a)-5(d) compare the electrical metrics of Qdm-NK receptor (blue circles) and
GroEL -NK receptor (orange circles) mixtures at 600 nM, 300 nM, 100 nM and 10 nM. The
translocation current was statistically distinguishable at the lower concentrations of 100 nM and
10 nM with no difference at 600 nM (p = 0.80, Figure 5(a)) and 300 nM (p= 0.69, Figure 5(b)).
The translocation time was statistically different for the specific and non-specific groups only at
600 nM (Figure 5(a)) concentration and no difference at other concentrations (p=0.10, 0.90, 0.32
at 300 nM, 100 nM and 10 nM respectively). Majority of specific binding events are seen above
~400 pA at 10 nM (Figure 5(d)). As the mixture concentration decreases in Figures 5(a)-5(d) a
switch is seen in the data trends for translocation time where the specific complexes have higher
values at higher concentrations compared to the non-specific mixture events (Figure 5(b)), but

lower values at lower concentrations (Figure 5(d)).

As the electrical metric plots in Figures 5(a)-5(d) did not yield statistically significant
separation between specific binding and non-specific interaction events, the metric of optical
trapping time was also plotted against translocation current to test whether it could improve
specific event discrimination. We did not add optical step change into these comparisons because
optical step change was significantly different only at 600 nM, with other concentrations having
no significant difference (p=0.67, 0.17, 0.32 at 300 nM, 100 nM and 10 nM respectively). Figures
6(a)-6(d) show data for these bimodal metrics for the same mixture concentrations. Optical
trapping time was significantly different across all concentrations. A similar trend was observed
as in Figure 5, where at the lowest mixture concentration of 10 nM a reversal in relative optical
trapping times was observed, with the non-specific mixture reducing in values, consistent with our

hypothesis of reduced level of non-specific mixture agglomeration. These results indicate the
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multi-dimensional data metric analyses may be need to improve the discrimination of specific

binding events.
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Figure 6: Event density plots comparing of the specific mixture (Qdm-NK receptor) with non-specific mixture
(GroEL-NK receptor) based on combined electrical and optical metrics.

The ability to measure the duration Qdm-NK receptor binding events with the SANE senor,
also enabled the estimation of a mean binding time averaged over all detected events, which in
turn enabled estimation of a Koff value for this interaction. The binding duration corresponds to
the mean lifetime of the ligand-receptor interaction. Figure 7(a) shows a typical optical signature
of a specific binding event, where the entry of ligand can be seen as rise in optical amplitude
(Region B) above the existing optical step change (Region A). Qualitatively similar step changes

were observed in the non-specific mixtures (Figure 7 (b)), but we attribute those to mass loading
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of agglomerates entering and leaving the optical trap. Figure 7(c) shows average binding duration
as a box plot for specific binding of Qdm to NK trap receptor and non-specific binding of GroEL
receptor. The results show a statistically significant difference (p<0.01) between specific and non-
specific events, where binding durations extracted from the optical data were pooled from
experiments across all concentrations. The mean value of binding duration for specific binding
was 4.54+2.62 s and Korr approximately between 0.14 - 0.52 s, which is closer to the reported Koft

value of 0.42 s’ for an analogous human pMHC (HLA-E, ref).
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Figure 7 (a): Detection of binding duration for NK receptor- Qdm ligand complex. (b) Detection of binding duration
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DISCUSSION

This work presents the use of a bimodal optical-electrical SANE sensing technique to
differentiate complexes as specific or non-specific based on whether a relevant or an irrelevant
ligand was interacting with the receptors. Optical data (optical amplitude change and trapping
duration) and electrical data (current drop amplitude and translocation time) was recorded to
differentiate between these types of interactions. Figure 2 and Figure 4 show the time traces with
for both binding conditions. Non-specific binding (Figure 4(a)) had lower optical step change than
specific binding (Figure 2(a)). This difference was statistically significant only at 600 nM mixture
probably due to the greater availability of specific ligands at higher concentrations that allow for
multiple bound complexes. Other mixtures did not show any statistically significant difference for
optical step change. The optical trapping time is longer for non-specific binding at 600 nM
concentration due to likely agglomerate formation (Figure 6(a)). This behavior was completely
opposite at 10 nM according to our hypothesis of reduction in agglomeration (Figure 6(d)). The
mean value of translocation current for specific binding events did not change significantly
between mixture concentrations at 600 nM (p = 0.80, Figure 5(a)) and 300 nM (p=0.69, Figure
5(a)). At 100nM (Figure 5(c)) the mean translocation current of specific binding was lower than
non-specific binding. At 10 nM (Figure 5(d)) it was the opposite trend (Figure 5(d)). It is
hypothesized that the observed trend reversal occurred due to reduced agglomerate formation in
the non-specific mixture with decreasing concentration (Figure 6 (d)). The translocation time was
significantly higher for specific binding at 600 nM only. Other mixtures did not show any
significant difference for translocation time. The lack of a clear trend across the concentrations or

data types could possibly be due the availability of the binding molecules, influence of the total
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charge of the molecules and the laser induced surface charge effects. Multi-dimensional data
metric analyses can be used to improve the discrimination of events in these binding conditions.
This work presents with a method to measure kinetics of interaction between low affinity ligands
and NK cell inhibitory receptors. Weak affinities lead to fast association and dissociation kinetics
which is difficult to detect in an optical plasmon resonance system [33]. It is previously reported,
fast translocation times for antigen-antibody complexes make it difficult to be detected through
nanopores [37]. Optically, the molecules can be trapped for prolonged times, limiting the detection
of these interactions [17, 38] . Using the SANE sensor to study the Qdm-NK receptor interactions,
the mean binding duration of ligand and receptor binding (Figure 2 (a), Region B) was estimated
from the optical transmission signals, which led to the estimation of kos. It is likely that the bound
complex gets pulled by the optical field gradient [39] (Figure 2(a), Region C) while it is forced to
translocate. It is possible that this puling effect could increase the apparent kot value compared to
bulk solution conditions. However, the comparison with Kot measured by plasmon resonance in
another study indicates that this effect may not be significant [40, 41] . Figure 7(a) shows shorter
binding duration of the Qdm ligand to the NK receptor compared to the GroEL ligand (Figure 7
(b)). The inverse value of this mean binding time is equivalent to the kofr and our estimation is

comparable to the reported value from another study [34].
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CONCLUSION

We have demonstrated the feasibility of using the bimodal SANE senor to quantify low
affinity kinetics between specific ligand-receptor interactions and discriminate from irrelevant
ligand binding. Optical and electrical metrics from the concurrent bimodal signals were used to
differentiate specific from non specific binding. Qdm ligand and NK receptor mixture was used to
show specific ligand and receptor binding. GroEL ligand and NK receptor mixture was used to
show non-specific binding. Different dilutions of the mixtures were made to compare the effect of
concentration of binding molecules on the optical and electrical metrics and estimate the event
detection limit of the SANE sensor. Multi-dimensional analysis of the data types and ionic current
power spectrum analysis would improve the separation of specific from non-specific binding. We
were able to show possible agglomeration of non-specific molecules through prolonged optical
trapping times at higher concentrations and a reverse in the trend at lower concentrations due to
reduction of this agglomeration. Our results indicated a possibility of estimating dissociation rate
kinetics (kotf) for low affinity and fast kinetic rates molecules comparable to reported values. With
further characterization the SANE sensor can be used as a potential screening tool for

immunotherapeutic receptor-ligand interactions.
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CHAPTER 5

CONCLUSION

In this work, we demonstrated methods for design and fabrication of a bimodal optical-
electrical sensor for single molecule detection and analysis. The Self-Induced Back-Action (SIBA)
Actuated Nanopore Electrophoresis (SANE) Sensor is a combination of Solid-State Nanopore
(SSNP) and a double nanohole (DNH) metallic nanoaperture for electrical and optical
characterization of nanoparticles and biomolecules. Chapter 2 in this dissertation describes the
design and fabrication of the SANE sensor on a metal-dielectric membrane in a silicon substrate
with the SSNP and DNH nanostructures milled using a focused ion beam (FIB) tool. The sensor
successfully trapped dielectric and metallic nanoparticles for multiple seconds at the DNH and
translocated them through the SSNP while recording concurrent optical and electrical metrics for
each event. We differentiated single and multiple particle trapping using frequency analysis of
ionic current oscillations. This work also showed a possible method to estimate charges on

individual nanoparticles.

In chapter 3, the SANE sensor’s ability to study biomolecular interactions was
demonstrated by detection of interactions between cancer specific TCR-like monoclonal
antibodies and peptide presenting surface ligands. Baseline experiments helped quantify the
optical and electrical metrics of individual RAH antigen and Anti-RAH antibody molecules as
well as identify specifically bound antigen-antibody complexes in a mixture. A possible antibody
bivalent binding was detected from the acquired data. An irrelevant antibody Anti-WNV was used
as negative control to demonstrate the capability of the SANE sensor to distinguish specific and

non-specific binding. An interesting result in this work was the possibility of calculation of bound
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fraction of the antigen-antibody interaction. The bound fraction was significantly enhanced in the
SANE sensor compared to a value estimated from the surface-immobilized binding Kinetics of a
commercial Resonant Sensor system. These results demonstrated SANE sensor as a potential

screening tool to investigate antibody-ligand interactions using minimal protein material.

In chapter 4, we quantified the low affinity binding kinetics between a cancer specific
ligand and a soluble recombinant NK receptor as well as distinguish them from non-specific
binding using the optical and electrical metrics derived from concurrent bimodal signatures of the
SANE sensor. Qdm ligand was shown to specifically bind to CD94/NKG2A NK receptor and
GroEL ligand was used as a negative control. We tested for the event detection limit of the sensor
by reducing the concentration of ligand and receptor mixtures and measured their statistical
differences. An interesting outcome in this work is the possibility for estimation of fast (sub-second
to seconds) dissociation rate Kinetics (Kofr) for low affinity interactions and achieving results

comparable to reported values attained with commercial assays.

All the experiments were performed with different SANE sensors on different days
demonstrating the repeatability of this single molecule characterization work. Multi-dimensional
analysis of the optical and electrical metrics as well as power spectrum analysis of ionic current
will enhance the power of data analysis for better discrimination of biomolecules. This sensor has
the potential to screen immunotherapeutic antibody-ligand interactions label-free at the single
molecule level. A future vision would be to have an array of SANE sensors on a chip integrated
with microfluidics so as to achieve higher throughput screening of molecular interactions. This
novel technology could possibly find application in the identification of which pMHCs expressed
by cancer cells are targeted by T-cell receptors or high-affinity biologics and thus help guide
personalized immunotherapy.
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journal on 21 August, 2018, Volume 29, Number 43.

| would like to request your written permission to use the article in my dissertation as | am an equal
author on this article.

We have a style called "article-based” dissertation, in our university, UT Arlington, which allows us to use
the published article as it is for our dissertation without need to re-write it. For this, | require your
permission letter that | need to attach it along with my dissertation.

Kindly accept my request and provide me an approval in my name:
First name: Sai Santosh Sasank
Last name : Peri

Let me know if you need any further information.

Thank you,
Sai Santosh Sasank Peri

As part of some systems improvements we're making in February and March 2019, IOP Publishing
email addresses will change from @iop.org to @ioppublishing.org, except those of our legal and
finance teamns, which will switch to @ioplegal.org and @iopfinance.org respectively.

This email (and attachments) are confidential and intended for the addressee(s) only. If you are not the
intended recipient please immediately notify the sender, permanently and securely delete any copies
and do not take action with it or in reliance on it. Any views expressed are the author's and do not
represent those of IOPP, except where specifically stated. IOPP takes reasonable precautions to protect
against viruses but accepts no responsibility for loss or damage arising from virus infection. For the
protection of IOPP's systems and staff; emails are scanned automatically.

IOP Publishing Limited

Registered in England under Registration No 00467514

Registered Office: Temple Circus, Bristol BS1 6HG England

Your privacy is important to us. For information about how IOPP uses your personal data, please see

our Privacy Policy
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Chapter 3 and Chapter 4- Permissions from co-authors

UNIVERSITY OF | OFFICE of
TEXAS GRADUATE STUDIES
' ARLINGTON

Multiple Author Release for Master’s Thesis or
Doctoral Dissertation

Thesis / Dissertation Writer Name: Sai Santosh Sasank Peri
Co-Author Name: ManOJ K Sabnanl

Title(s) of Co-Authored Work(s):

Co-Author Statement of Consent:

As the co-author of the above named work(s), | acknowledge the above-named thesis /
dissertation writer as the primary author of the work(s) listed above. I authorize the thesis /
dissertation writer named above to use the listed work(s) in their thesis / dissertation. | further
agree that the thesis / dissertation writer may use this work to comply with requirements for

graduation.

/(,9&\2" = T
Co-Author Signature: b

05/10/2019

Date:

Please maintain a copy of this completed form for your records.

You may be entitled to know what information The University of Texas at Arlington (UT Arlington)
collects concerning you. You may review and have UT Arlington correct this information according to
procedures set forth in UTS 139, The law Is found in sections 552021, 552.023 and 559.004 of the Texas

Gavernment Code.
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UNIVERSITY OF | OFFICE of

¥% TEXAS |GRADUATE STUDIES
) ARLINGTON

Multiple Author Release for Master’s Thesis or
Doctoral Dissertation

Thesis / Dissertation Writer Name: Sa' SantOSh Sasank Peri
Muhammad Usman Raza

Co-Author Name:

Title(s) of Co-Authored Work(s):

Co-Author Statement of Consent:

As the co-author of the above named work(s), | acknowledge the above-named thesis /
dissertation writer as the primary author of the work(s) listed above. I authorize the thesis /
dissertation writer named above to use the listed work(s) in their thesis / dissertation. [ further
agree that the thesis / dissertation writer may use this work to comply with requirements for

graduation,

Co-Author Signature:

Date: M M\g 20l
Q} L4

Please maintain a copy of this completed form for your records.

You may be entitled to know what information The University of Texas at Arlington (UT Aslington)
collects concerning you. You may review and have UT Arlington correct this information according to
procedures set forth in UTS 139. The law is found in sections  552.021, 552,023 and 559.004 of the Texas
Government Code.
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A UNMIVEREITY OF OFFICE or
'™ TEXAS GRADUATE STUDIES
‘ ‘ ARLINGTON

Multiple Author Release for Master’s Thesis or
Doctoral Dissertation

Thesis / Dissertation Writer Name: Sai Santosh Sasank Peri

Soroush Ghaffari

Co-Anthor Name:

Title(s) of Co-Authored Work(s):

Co-Author Statement of Consent:

As the co-author of the above named work(s), I aclmowledge the above-named thesis /
dissertation writer as the primary author of the work(s) listed above. [ authonze the thesis f
dissertation writer named above to use the listed work(s) m their thesis / dissertation. I further

agree that the thesis / dissertation writer may use this work to comply with requirements for

graduation.
- Chgitslly sigra bry Ghaflan,
Ghaffari, Soroush e
Co-Aunthor Signature: ’ Clmta: 201T.05. 10 1628014 L0000

bae 5.10.19

Please maintain a copy of this completed form for your records.

You may be entitled to know what information The University of Texas at Arlington (UT Arlington)
collects concerning you. You may review and have UT Adington correct this information according to
procedures set forth in UTS 139, The law is found in sections 552,021, 552,023 and 559004 of the Texas
Government Code.
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UNIVERSITY OF  OFFICE of

w4 TEXAS GRADUATE STUDIES
‘ ARLINGTON

Multiple Author Release for Master’s Thesis or
Doctoral Dissertation

Thesis / Dissertation Writer Name: O8I Santosh Sasank Peri

el e
Co-Author Name; ‘\u&(mnc /-s,m }:n

Title(s) of Co-Authored Work(s):

Do W Spte. P Namcpom

Co-Author Statement of Consent:

As the co-author of the above named work(s), 1 acknowledge the above-named thesis /
dissertation writer as the primary author of the work(s) listed above, I authorize the thesis /
dissertation writer named above 1o use the listed work(s) in their thesis / dissertation. I further
agree that the thesis / dissertation writer may use this work to comply with requirements for

graduation.

- \ 4
.‘." \ ‘:‘ & /
Co-Author Signature: = J U~ /)7-*( '
Date: 0s /IC‘ /2017

Please maintain a copy of this completed form for your records.

You may be entitled to know what information The University of Texas at Arlington (UT Arlington)
collects concerning you. You may review and have UT Arlington correct this information according to
procedures set forth in UTS 139, The law is found in sections 552,021, 552.023 and 559.004 of the Texas
Government Code,
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n UNMIVEREITY OF OFFICE or
'™ TEXAS GRADUATE STUDIES
‘ ‘ ARLINGTON

Multiple Author Release for Master’s Thesis or
Doctoral Dissertation

Thesis / Dissertation Writer Name: Sal SantGSh Sasank Peri
Debra Wawro Weidanz

Co-Anthor Name:

Title(s) of Co-Authored Work(s):

Co-Author Statement of Consent:

As the co-author of the above named work(s), I aclmowledge the above-named thesis /
dissertation writer as the primary author of the work(s) listed above. [ authonze the thesis f
dissertation writer named above to use the listed work(s) m their thesis / dissertation. I further
agree that the thesis / dissertation writer may use this work to comply with requirements for

graduation.

q’_" —_
Co-Aunthor Signature: 'x.-"_l:';bz"'\l\j'-‘_\__)_

e May 13, 2019

Please maintain a copy of this completed form for your records.

You may be entitled to know what information The University of Texas at Arlington (UT Arlington)
collects concerning you. You may review and have UT Adington correct this information according to
procedures set forth in UTS 139, The law is found in sections 552,021, 552,023 and 559004 of the Texas
Government Code.
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A UNIVERSITY OF DFF|CE aF
'™ TEXAS GRADUATE STUDIES
‘ ‘. ARLINGTON

Multiple Author Release for Master’s Thesis or
Doctoral Dissertation

Thesis { Dissertation Writer Name: Sai Santosh Sasank Peri
Jung Soo Lee

Co-Aunthor Name:

Title(s) of Co-Aunthored Work(s):

Co-Author Statement of Consent:

As the co-author of the above named work(s), [ aclmowledge the above-named thesis /
dissertation writer as the primary author of the work(s) listad above. I authorize the thesis /
dissertation writer named above to use the listed work(s) in their thesis / dissertation. I further
agree that the thesis / dissertation writer may use this work to comply with requirements for

graduation.

Co-Author Signature: W

05-10-2019

Date:

Please maintain a copy of this completed form for your records.

You may be entitled to know what information The University of Texas at Arlington (UT Aslington)
collects concerning you. You may review and have UT Ardington correct this information according to
procedures set forth in UTS 139, The law s found in sections 552,021, 552.023 and 559.004 of the Texas

Government Code.
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A UNMIVEREITY OF OFFICE or
'™ TEXAS GRADUATE STUDIES
‘ ‘ ARLINGTON

Multiple Author Release for Master’s Thesis or
Doctoral Dissertation

Thesis / Dissertation Writer Name: Sai Santosh Sasank Peri

MinJun Kim

Co-Anthor Name:

Title(s) of Co-Authored Work(s):

Co-Author Statement of Consent:

As the co-author of the above named work(s), I aclmowledge the above-named thesis /
dissertation writer as the primary author of the work(s) listed above. [ authonze the thesis f
dissertation writer named above to use the listed work(s) m their thesis / dissertation. I further
agree that the thesis / dissertation writer may use this work to comply with requirements for

graduation.

i Ki ey
Co-Anthor Signature: minjun Imﬂm;;

Date. 05/10/2019

Please maintain a copy of this completed form for your records.

You may be entitled to know what information The University of Texas at Arlington (UT Arlington)
collects concerning you. You may review and have UT Adington correct this information according to
procedures set forth in UTS 139, The law is found in sections 552,021, 552,023 and 559004 of the Texas
Government Code.
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n UNMIVEREITY OF OFFICE or
'™ TEXAS GRADUATE STUDIES
‘ ‘ ARLINGTON

Multiple Author Release for Master’s Thesis or
Doctoral Dissertation

Thesis / Dissertation Writer Name: Sai Santosh Sasank Peri
Jon Weidanz

Co-Anthor Name:

Title(s) of Co-Authored Work(s):

Co-Author Statement of Consent:

As the co-author of the above named work(s), I aclmowledge the above-named thesis /
dissertation writer as the primary author of the work(s) listed above. [ authonze the thesis f
dissertation writer named above to use the listed work(s) m their thesis / dissertation. I further
agree that the thesis / dissertation writer may use this work to comply with requirements for

graduation.

Co-Aunthor Signature:

... 5/10/2019

Please maintain a copy of this completed form for your records.

You may be entitled to know what information The University of Texas at Arlington (UT Arlington)
collects concerning you. You may review and have UT Adington correct this information according to
procedures set forth in UTS 139, The law is found in sections 552,021, 552,023 and 559004 of the Texas
Government Code.
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n UNMIVEREITY OF OFFICE or
'™ TEXAS GRADUATE STUDIES
‘ ‘ ARLINGTON

Multiple Author Release for Master’s Thesis or
Doctoral Dissertation

Thesis / Dissertation Writer Name: Sai Santosh Sasank Peri
George Alexandrakis

Co-Anthor Name:

Title(s) of Co-Authored Work(s):

Co-Author Statement of Consent:

As the co-author of the above named work(s), I aclmowledge the above-named thesis /
dissertation writer as the primary author of the work(s) listed above. [ authonze the thesis f
dissertation writer named above to use the listed work(s) m their thesis / dissertation. I further

agree that the thesis / dissertation writer may use this work to comply with requirements for

graduation.
Georgics E".;u_...""n_.....""".'?.._u_... "
Co-Author Signature; Alexandrakis o ks arer

pae. 05/10/19

Please maintain a copy of this completed form for your records.

You may be entitled to know what information The University of Texas at Arlington (UT Arlington)
collects concerning you. You may review and have UT Adington correct this information according to
procedures set forth in UTS 139, The law is found in sections 552,021, 552,023 and 559004 of the Texas
Government Code.
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