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Abstract

This report will investigate the manipulation of biomolecules on 2D hexagonal boron nitride
(hBN) crystal surfaces. The goal of this research is to explore the potential for a device that
utilizes the interaction between biomolecules and hBN as a new approach to protein sequencing.
Our hypothesis is that molecules adsorbed to hBN surfaces can be unfolded and moved at a
controlled velocity through the use of shear horizontal surface acoustic waves. These surface
acoustic waves utilize acoustoelectric effects that create forces on polarizable molecules. Until
this point, the use of surface acoustic waves for manipulation of molecules has not been explored
in the framework of single-molecule sequencing. Along with this, the surface interaction between
biomolecules and hBN has been investigated primarily with simulations, while experimental
confirmations are still lacking. To address this gap in the field, we conducted experiments to
fluorescently image lambda DNA, M13mp18 DNA, and a-synuclein proteins adsorbed to hBN
surfaces and analysed their free diffusion behavior. We subsequently designed, fabricated and
characterized shear horizontal surface acoustic wave devices compatible with measurements in
fluid and with an inverted fluorescence microscopy setup. Here, we studied the behavior of the
same molecules adsorbed to an hBN surface when subject to acoustic actuation. It was found
that limited diffusion effects were visible for a-synuclein proteins and M13mp18 DNA. However,
it was possible to observe fragmented lambda DNA freely diffusing on the hBN surface. When
acoustically actuated it was found that a-synuclein proteins and M13mp18 DNA located on the
hBN surface could not be manipulated. Lambda DNA molecules that were in contact with the
hBN surface could be manipulated through acoustic actuation. These findings open up further
research opportunities for the use of shear horizontal waves in manipulation of molecules on 2D
material surfaces.
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1 Introduction

Proteins play a critical role in a myriad of biological functions in an organism. While DNA
is regarded as the "instructions" upon which an organism operates, proteins are the workforce
behind many of these complex operations. These proteins do everything from copying DNA to
producing muscle motion.! Protein analysis can provide critical information about the underly-
ing biological processes that are occurring in every living organism. By knowing the sequence
of amino acids that make up a protein it is possible to determine the structure of said protein.
This structure is what dictates the function that a protein serves in physiological processes.?
The field that studies the composition of proteins and how this composition affects biological
functions is referred to as proteomics.?

Currently, the depth and coverage of protein sequencing is lacking compared to the routinely
used whole-genome profiling that is possible with DNA sequencing methods. Proteomics is
still awaiting the leap in innovation that took place in the DNA sequencing field.* This lag in
sequencing capacity is clearly visible in the missing proteome or ’dark’ proteome. This missing
proteome refers to proteins that have never been measured before but for which we have evi-
dence from transcription data.®® Up until this point only around 56% of the predicted human
genome has been mapped to a full-length protein despite having sequenced the human genome
nearly thirty years ago.® The lack of rapid and parallel sequencing methods for proteins has
resulted in this large gap in our knowledge about the proteome and must be addressed in order
to truly understand, and potentially predict, the biological functions and malfunctions of the
human body.

In order to work towards creating rapid parallel sequencing methods for proteins, it is im-
portant to first consider the unique challenges presented by the nature of proteins. If it was
possible to directly apply DNA sequencing methods to proteins, then the proteome would have
already been sequenced. The main challenges that are limiting the use of existing technology
for proteomics are as follows:

1. Dynamic range. No known amplification process such as polymerase chain reaction
(PCR) exists for proteins which restricts the available concentration to what is found
in cells. The protein concentration ranges from picograms per milliliter (interleukin) to
milligrams per milliliter (albumin).® This means that protein sequencing devices must
have extremely large dynamic ranges upwards of 10° in order to comprehensively sequence
the proteins in a single cell.! It also means that the detection limit of protein sequencers
must be very low in order to detect proteins with low concentrations. If this detection
limit is high it means millions of cells worth of proteins would need to be analyzed in order
to detect the lowest concentration proteins.® In order to truly map the human proteome,
sequencing even the lowest concentration of proteins is critical.

2. Charge. DNA inherently has a negative charge that allows for relatively simple control
of the motion of the particle via electrophoresis for instance. Proteins have a mixture of
positive and negative local charges resulting in a low or neutral global charge that de-
pends on the protein composition. This mixed charging makes controlling the sequencing
process through electrophoresis much more difficult.* The differences between proteins
and DNA mean that existing DNA sequencing methods often will not function for pro-
teins. However, the methodologies behind DNA sequencing technologies can be applied
to protein sequencing technologies to create a base of work to build upon.



3. Composition. Proteins are composed of over 20 different amino acids while DNA is
only composed of four bases. It is a large challenge to be able to distinguish 20 distinct
output signals regardless of the read-out method used.! This means that the readout of
a protein sequencer is inherently more complicated than a DNA sequencer.

Through a combination of existing genomics technologies and the rapidly advancing field of
proteomics, it will become possible to open new avenues into synthetic biology, drug discovery,
and even personalized medicine.® However, there is still a large amount of innovation that must
occur. The driving goal of this field is to develop a method for highly sensitive high throughput
sequencing of proteins.! This goal requires the development of new technologies that build upon
the success of DNA sequencing methodologies, but are applicable to the unique characteristics
of proteins.

2 Protein Sequencing State of the Art

In order to determine a suitable research question that will contribute to the advancement of
the proteomics field, it is first critical to discuss the current state of the art sequencing methods.
There are many different approaches that can be used to sequence proteins. These methods
range from well-established methods to theoretical concepts. Figure 1 summarizes the various
possible platforms for protein sequencing.
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Figure 1: Overview of protein sequencing methods and their development status. Adapted
from Alfaro et al. (2021).*

As can be seen in Figure 1, there are many different approaches to protein sequencing but only
a few have reached a point of wide spread adoption. Well-established sequencing and analysis
methods such as Edman degradation, immunoassays and mass spectroscopy have reached ma-
turity and are widely implemented. However, these methods each have their limitations that
restrict their ability to quickly and accurately analyze the proteome.



2.1 Current Protein Identification Methods

I will begin by discussing the features and limitations of three technologies that are currently
widely used for protein analysis: Edman degradation, immunoassays, and mass spectroscopy.

1. Edman degradation is a process that allows for the ordered identification of a chain
of amino acids from the N- to the C-terminus.” This is accomplished through a cycling
chemical reaction that labels, cleaves, and identifies one amino acid at the end of the
protein. Edman degradation is an extremely useful tool that allows for single molecule
sequencing of peptides. This process usually has very low error which allows for reliable
sequencing results.

However, there are large drawbacks to this process. The first of these drawbacks is the
fact that Edmand degradation is limited to the analysis of high purity peptides of a length
shorter than 50 amino acids. This means that large proteins must be broken up into many
peptides for analysis. Another drawback is that each degradation cycle can take upwards
of 45 minutes, which results in extremely long measurement time for a single protein.!

2. Immunoassays have been extensively adopted as a semi-analytical method of detecting
proteins. Immunoassays depend on the use of either polyclonal or monoclonal antibodies
to recognize specific parts of a protein.®? Generally, the sample to be analyzed is exposed
to a wide set of different antibodies in order to detect the presence of different peptide
sections. By exposing the sample to a large number of antibodies it is possible to deter-
mine the protein composition and concentration.

The main challenge facing the use of immunoassays for analytical analysis is the low speci-
ficity of the method. For this technology to be of use for analytical evaluation of proteins,
the immunoassays must be designed with high specificity to prevent cross-reactions with
multiple target proteins.’

3. Mass spectrometry is the gold standard for proteomic analysis that measures the mass
to charge ratio of charged peptides or proteins.* This is achieved by digesting proteins
into peptides that are then put through a chromatography process in order to separate
them according to hydrophobicity and charge.! This method is a bulk technique and is
not yet capable of true single-molecule sequencing.® In theory, mass spectrometry can
measure molecules that in attomolar concentration.® In practice, the measurement range
is restricted by how rigorous the separation is. The level of separation of the digested
peptides directly affects the resolution of the process.®® Generally peptide mapping us-
ing mass spectrometry requires concentrations in the picomolar range.®> As mentioned in
section 1 this minimum detection limit is insufficient to identify low abundance proteins.
Mass spectrometry also is restricted in its dynamic range. State of the art mass spectrom-
eters have a dynamic range of around 10* to 10°.! In order to comprehensively analyze
human plasma samples it was found that a dynamic range of 10? is required.!%

2.2 Nanopore Sequencing Advantages and Challenges

It is clear that the protein identification methods currently at our disposal have inherently
restricted capabilities. As such, many new and experimental protein sequencing and analy-
sis methods are under development. One of the most promising research directions is based
on nanopore technologies|4]. This approach builds upon the success in DNA sequencing with



nanopore membranes. In a typical DNA nanopore experiment an insulating membrane contain-
ing a nanometer sized hole is placed in between two electrolyte filled cavities.!® A potential is
then applied across the membrane which induces an ionic current through the pore. This ionic
current is measured and as strands of DNA pass through the pore, fluctuations are recorded,
which correlate to the DNA nucleotides passing through the pore, thereby allowing for the
sequencing of the molecule."'! A similar sequencing concept to this can be used to sequence
proteins. An illustration of this concept is shown in Figure 2.

Nanopore
Y\/Al\l
)
Lipid bilayer il
O

0 5 10 15 20
Protein translocation Time (ms)

Current (pA)

Figure 2: a) Schematic of a biomolecule translocating through a nanopore and b) characteristic
ionic current signal from several translocation events.!

As previously discussed, DNA and proteins have differences that challenge the direct application
of DNA sequencing technologies for proteins. In the following sections, these challenges are
outlined.

2.2.1 Controlled Translocation

DNA has a global negative charge but proteins have a wide range of local charges that often
result in a low or neutral global charge. Because of this lack of global charge, the transport
of the protein through the nanopore is not easily induced. The translocation of a protein can
be driven by either electrophoretic force or electro-osmotic force. As each protein experiences
a different translocation force due to their individual charge profiles it is necessary to modify
proteins to enable easier translocation through the pore. A modification that is commonly
made is to use sodium dodecyl sulphate (SDS) as a denaturant. SDS will both unfold proteins
and wrap them with a homogeneous negative charge through the use of attached sulphate
groups. This allows the proteins to be translocated across the nanopore in a more controllable
manner.'? A second method used is the attachment of a negatively-charged oligonucleotide
strand to one of the terminus of a protein. The attached oligonucleotide allows the protein to
be dragged through the nanopore using electrophoretic forces. This approach was successfully
demonstrated for solid-state nanopores and increased the number of translocation events.®!3
Both of these methods are displayed graphically in Figure 3.
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Figure 3: a) Translocation of native and SDS-coated protein and respective current traces.'?
b) Attachment of oligonucleotide strand to the peptide for guided translocation.!®

In both cases it was found that while translocation through the solid-state nanopore is achieved,
it occurs in under 1 millisecond. This translocation speed is too fast to accurately sequence
a protein. In order to make nanopore-based sequencing feasible (i.e. with sufficient temporal
resolution), it is critical that a method of slowing down translocation be developed. By being
able to control the speed of translocation it will be possible to accurately read the different
amino acids of the molecule as they pass through the solid state nanopore.!

2.2.2 Protein Folding

Another large difference between proteins and DNA is the degree of folding that proteins
inherently display. Proteins fold locally and globally into secondary and tertiary structures that
facilitate different biological functions.'* Currently it is possible to sequence digested peptides
through nanopores due to their lack of stable tertiary folding. However, in order to sequence
full length proteins, it is necessary to use an unfolding method.

Multiple chemical and physical methods for protein unfolding has been proposed and analyzed.
The most commonly used method is the use of strong denaturing chemicals such as SDS or
guanidine hydrochloride.! This chemical unfolding of proteins is best suited for use in solid-
state nanopores as biological nanopore are prone to denaturing.! This often restricts the use
of biological nanopores to short peptide sequencing. For sequencing full length proteins new
methods of controlled translocation speed through solid-state nanopores must be explored.

2.2.3 High Fidelity Signal Output

One of the main challenges for the implementation of nanopores in protein sequencing is the
method of signal output and analysis. In DNA sequencing there are only four unique signals
that must be distinguished, while in protein sequencing there are 20 unique signals that have
to be differentiated. In terms of signal output, there are three main methods for identifying
proteins. The first is through traditional ionic current measurement of a linearized protein, the
second is through fluorescence time-traces, and the third is through ionic current measurements
of folded proteins with lipid tethers.* These three processes are schematically shown in Figure 4.
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Figure 4: Signal output methods for 3D nanopores using ionic currents (a and c¢) and fluores-
cence time traces (b) for sensing proteins characteristics (e.g. dynamics etc.).*

In Figure 4a, the traditional form of single amino acid sequencing using the ionic current of the
protein passing through the nanopore can be seen. This method is attractive due to its straight
forward implementation in solid-state nanopores. However, this method can also be challenging
due to the difficulty in distinguishing a unique current level for all 20 amino acids. A large
limitation to distinguishing these current measurements is the inability to control translocation
speed of particles through a nanopore. Very fast translocation, as is often seen in solid-state
nanopores,'*! can result in a noisy transient output signal that can be difficult to analyze.'®
The third method presented in Figure 4c¢ works on a similar premise as the ionic current
sequencing method. However, in this method the protein is left in its native form and is
tethered into a pore using lipids. This method allows for analysis of the shape, volume, charge
diffusion, and dipole moment.* However, this measurement does not allow for the sequencing
of the amino acids in the protein which limits its usefulness to this study.

The second method that was presented in Figure 4b is the use of fluorescence signals to create
a fingerprint of the protein. In this method fluorescent molecules are attached to a specific
subset of the amino acids of the protein and are used to generate an output fluorescence signal
as they pass through the nanopore. This method is advantageous as it is a very fast process
and can be massively parallelized.! However, this method of output is limited by the number of
available fluorescent markers. There are fluorescent markers that can be attached to some but
not all of the 20 different amino acids. Despite this, it has been shown that even using just three
fluorescent markers it is possible to identify 95% of the proteins in the human proteome with
high confidence.»1® While this method is not true sequencing, it allows for protein identification
from partial sequence information.



3 Interaction between Biomolecules and 2D Materials

Flat 2D nanochannels are a very new technology that may be able to address some of the chal-
lenges that traditional 3D nanopores face. The premise of this technology is to apply the unique
properties of 2D materials to the challenges found in 3D nanopores. These nanochannels can
consist of heterostructures made of two or more in-plane materials or can be made with a single
material. The structure and materials that are chosen dictate the behavior and performance of
the nanochannels.

3.1 2D Materials

One class of materials that is especially interesting for the fabrication of nanochannels are
crystalline 2D materials. These are layered crystals that hold unique mechanical and electrical
properties as a result of their atomically thin nature and unusual electronic band structures.
Nanofabrication techniques such as reactive ion etching and ebeam lithography enable the gen-
eration of narrow constrictions and channels in a wide variety of 2D materials such as graphene,
hBN, WS,, MoS,, MoSe,, and WSe,.'” Of these, graphene and hexagonal boron nitride (hBN)
can be of particular interest due to their interactions with biomolecules and their bio-compatible
nature.!®19

Both hBN and graphene possess similar crystal structures. While graphene is a planar hexag-
onal lattice made of sp? hybridized carbon atoms, hBN consists of a planar hexagonal lattice
arrangement of boron and nitrogen atoms. It has been found that the lattice mismatch of hBN
and graphene is only 1.5%.2° This means that these two materials can be nearly seamlessly
stitched together into heterostructures.?:?2 The interlayer forces of both of these materials are
weak van der Waals forces, which means that it is possible to produce atomically thin layers of
hBN and graphene through the use of mechanical exfoliation. Using exfoliated crystals and de-
terministic stamping, atomically thin flakes of these 2D materials can be accurately positioned
and integrated onto larger functional devices.?%:?3

Both graphene and hBN have unique interactions with biomolecules that are of interest for
sequencing. It has been observed that the components of both DNA and proteins will ac-
tively adsorb onto hBN and graphene surfaces.?*?* During this adsorption, the van der Waals
forces and hydrophobic interactions of biomolecules towards hBN and graphene is believed to
result in structural unfolding on the crystal surfaces in the case of hBN.1%?426 The unfolding
of biomolecules onto the surface of these 2D crystals is a unique and potentially exploitable
phenomenon.

The effect of graphene and hBN on biomolecule fluorescence should also be noted. Fluores-
cence of a biomolecule is important as it can be used for both motion tracking and sequencing
purposes. As such, it is undesirable for the materials used in a sequencing setting to quench the
fluorescence of the biomolecule being analyzed. For hBN it has been found that fluorescence
is not actively quenched when biomolecules are adsorbed to the surface.?” It is also possible to
generate single photon emitters on the surface of hBN that can serve as a readout method for
fluorescent tags attached to a protein.?®?° On the other hand, previous work has shown that
graphene does in fact suppress the fluorescence of many biomolecules.?*:3! This is due to non-
radiative coupling between between the emitter (e.g. fluorophore) dipole and electron-hole pair
excitations in graphene..?? Therefore, the application of graphene in a device that requires flu-
orescent readout can be detrimental to performance as graphene acts as a very efficient energy



sink.33

3.2 Nanochannels

One of the most important functions of a nanopore is the localization of the biomolecule that
is to be analyzed. Without trapping and localization of the molecule it is very difficult to
deterministically study its structure and properties. In 3D nanopores, this localization is im-
plemented using the geometry of the pore.!* As a molecule passes through this pore, it is
possible to analyze the composition of the molecule if it is linearized and threaded from one
end to the other.

It may be possible to exploit biomolecule unfolding from 2D material interaction to assist with
localization during translocation of a nanopore. Utilizing graphene, this concept has been
simulated for use in a traditional solid-state nanopore configuration as seen below in Figure 5.
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Figure 5: a) Molecular Dynamics simulation of graphene nanopore with biomolecule translo-
cating through pore b) Simulation of number of adsorbed amino acids to graphene surface*

In this Figure the peptides adsorb to the graphene surface and exhibit stepwise transloca-
tion when subject to a transmembrane bias or a hydrostatic pressure gradient.?* The stepwise
translocation of the peptides inherently restricts the translocation speed. Utilizing similar
methodology it is possible to develop new sequencing techniques that have different form fac-
tors than traditional nanopores. One such method that utilizes the properties of 2D materials
is the use of nanochannels made from hBN, graphene, or both. Our hypothesis is that 2D
nanochannels can provide an alternative linearization and transport avenue that feeds directly
into a sequencing output and is therefore of particular use for single molecule sequencing.

By exploiting the characteristics of graphene and hBN it is possible to develop systems that
can constrain and control translocation of proteins and other biomolecules. One example of
such a system is an hBN/graphene 2D nanochannel. A simulation of this proposed system can
be seen in Figure 6.



Figure 6: hBN nanochannel surrounded by graphene with DNA adsorbed to surface of the
hBN.17

2D nanochannels in theory offer advantages over traditional 'bulk’ solid-state nanopores in
two main areas: 1) controlled unfolding before the biomolecules enter the pore region and 2)
potential for controllable translocation speeds. The details of how these advantages can be
achieved will be discussed in later sections. The goal of this report is to analyse the feasibility
of implementing 2D hBN for use in a biomolecule sequencing platform.

3.3 Protein Adsorption

The first step to localize a protein on a 2D nanochannel is the binding of a protein to the
device surface. It has been shown that proteins and other biomolecules can be preferentially
adsorbed onto the surface of a 2D nanomaterial due to van der Waals interaction and hy-
drophobic interactions.'®2%35 During this adsorption process, it is believed that amino acids
and nucleotides will form 7 — 7 bonds with the surface of hexagonal 2D materials.?43% From
theoretical work, these bonds combined with spontaneous diffusion motion have been shown
to result in unfolding of the structure of proteins that have been adsorbed to the surface.?¢
This unfolding results in a planar configuration in which all of the parts of the molecule being
analyzed are in contact with the 2D material. This means that many of the degrees of freedom
for the molecules motion have been restricted.

The adsorption properties of proteins onto 2D surfaces is not the same between materials.
Biomolecules will preferentially adsorb onto surfaces with lower average energetic interaction.®
This was shown through simulation to be true for graphene and hBN heterostructures. It was
found that for single-stranded DNA (ssDNA) this interaction energy is -23.2 kcal/mol per nu-
clotide for graphene and -29.3 kcal /mol per nucleotide for hBN.?* A similar energy difference
between the two materials of -230 kcal/mol for graphene and -330 kcal/mol for hBN was also
be seen for proteins.?>2% This shows that both ssDNA and proteins will preferentially adhere
to hBN instead of graphene. The effect of this energy difference was tested in simulation using
an in-plane graphene and hBN structure with an Af342 protein adsorbed onto the graphene
surface. Figure 7 shows a representative depiction of this interaction.



Figure 7: Split plane hBN-graphene biomolecule diffusion simulation®

In the simulation seen in Figure 7, it was found that the adsorbed A (42 strand rapidly diffused
from the graphene surface to the hBN surface (on a scale of ns). It was also observed that
the molecule did not return to the graphene surface.?” This simulation shows that due to the
energy difference between the two surfaces, the molecule diffused and remained confined to the
hBN area. Such preferential motion was confirmed through multiple simulations and was also
demonstrated for ssDNA.3*> This phenomenon shows great promise for enabling the localization
of proteins onto an hBN surface.

3.4 hBN Nano-Ribbons

By exploiting the adsorption behavior seen in the previous section it is theoretically possible
to localize and linearize proteins on a graphene-hBN surface. It has been proposed that by
using a graphene-hBN-graphene sandwich heterostructure it is possible to confine a protein to
a single hBN nanoribbon. This confinement is possible because there are less energy favorable
materials on both sides of the hBN nanoribbon. Using these energy barriers, a protein will be
confined in the hBN region. An illustration of this proposed in-plane heterostructure and its
effect on biomolecules is shown in Figure 8.

Figure 8: Graphene/hBN/Graphene in-plane heteorostructure as protein confinement concept!”

The concept has been evaluated in molecular dynamics simulations for both ssDNA as well as
proteins. These simulations focused on the speed at which biomolecules linearized as well as
the forces applied to the molecules by surface interactions. In each of these simulations the
molecule of interest was placed in its native folded state onto a graphene surface adjacent to the
hBN nanoribbon. For all of the simulations it was found that, as expected, the molecule would

10



become unfolded as it adsorbed to the surface. It was also observed that the molecule would
move from a disordered planar orientation to a linearized orientation on the hBN. Figure 9
shows these results for three different proteins.
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Figure 9: Linearization of three different proteins at different timestamps in Graphene/hBN /-
Graphene in-plane heteorostructures.?

As can be seen from the simulation data in Figure 9, the proteins are localized and linearized
as expected. It was found that during this process, the amino acids of the proteins were
stretched.?”3® This is important as it may allow for easier readout of signals during the sequenc-
ing process. Along with this, it was found that longer peptides experience higher confinement
forces. This results in a higher probability density that the protein will be confined in the
transverse direction.

The simulation work described above demonstrates that by using energy barriers associated
with hBN nanoribbons it is possible to localize and linearize proteins, and that the lineariza-
tion force actually increases for longer peptides.?® This represents an interesting alternative
to translocation through traditional 3D nanopores that rely on chemical denaturing agents to
unfold proteins. By being able to localize these biomolecules, hBN nanoribbons open up the
possible use of 2D nanochannels as a quantitative sequencing method.

As aforementioned, one main challenge facing the use of hBN /graphene heterostructures is that
graphene exhibits strong fluorescence quenching.?’3! This means that graphene may quench the
fluorescence from the molecules that are being analyzed. Without this fluorescence it is difficult
to track translocation of the molecules. Likewise, the use of fluorescence as a sequencing read-
out method is challenging if graphene surfaces are present in the device. Due to this quenching
behavior of graphene, it is necessary to consider a nanochannel system that depends solely on
the molecule adsorption and localization properties of hBN nanoribbons.

It is currently unknown if the use of graphene is a necessary component for the linearization of
biomolecules. It is possible that any energy barrier will work in the same manner. It is feasible
that hBN nanoribbons without adjacent graphene regions will still be able to constrain and
linearize the molecules being analyzed. Additionally, edge effects of hBN layers can potentially
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serve as an energy barrier that can constrain a biomolecule to the nanoribbon.?® This behavior
has not yet been simulated for the proposed hBN nanoribbon system. This research proposal
will explore the potential use of hBN nanoribbons as a localization method from an experimen-
tal standpoint.

Until this point the advantages of using hBN for 2D nanochannels has been theorized and
simulated in relation to heterostructure based systems. In order to show the feasibility of a
single material hBN based system, it is necessary to test both the adsorption of biomolecules
to an hBN surface as well as the transport of molecules on an hBN surface, we aim to lay the
groundwork for further development of hBN nanoribbon based devices through these baseline
experiments.

4 Techniques for Localization and Transport of Biomolecules

Localization of a protein is only the first step in the sequencing process. In order to determine
the composition of the molecule, it is essential that the molecule be transported through a
sensor. In 3D nanopores, this is generally accomplished through the use of electrophoretic
forces between two reservoirs separated by a membrane. This method of electrophoresis for
the transport of proteins in a 2D nanochannel is not a feasible transport mechanism due to
the lack of separate reservoirs. However, due to the planar nature of the 2D nanochannel, it
is possible to exploit transportation methods that cannot be used for traditional translocation.
Three specific avenues of interest are the use of optical tweezers, electrophoresis, and surface
acoustic wave (SAW) devices.

4.1 Optical Tweezers

One of the most widely implemented manipulation methods in single-molecule biophysics is
the use of optical tweezers. This method uses a high power laser system and optical apparatus
to create a optical 'trap’ that a particle will become fixed inside of. This method can be
used to localize and transport microscopic particles. The size of the particle that can be
manipulated with a standard optical tweezer apparatus ranges from a few hundred nanometers
to a few micrometer.®” As most biomolecules are much smaller than this range, it is difficult
to directly manipulate them with optical tweezers. Often biomolecules are attached to larger
particles that are then manipulated using the optical tweezers. One use of this technology is
for the threading particles through solid-state nanopores. By optically manipulating the beads
that the biomolecule is attached to, it is possible to restrict the speed at which the molecule
translocates the nanopore. An illustration of this concept can be seen in Figure 10.
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Figure 10: DNA strand attached to a microbead and translocated through a nanopore.*®

Optical tweezers face several challenges for implementation with the proposed 2D nanochannels.
One major issue is that this method cannot directly manipulate the biomolecule on the surface
of the nanochannel. This issue is a result of varying orientations of guide particles that could
result in only partial biomolecule adsorption to the nanochannel. This requires the system to
employ guide particles that may cause the biomolecule being analyzed to not properly attach
to the hBN surface. A secondary issue is the fact that optical tweezers can generate a large
amount of localized heating.®® This heat generation has the possibility of damaging both the
nanochannels as well as the molecule being analyzed. These challenges make the use of optical
tweezers difficult for the translocation of biomolecules in this system.

4.2 Electrophoresis

Electrophoresis as a method for transport is a very appealing concept due to its relative sim-
plicity. By applying a potential on both ends of the nanochannel an electropheretic force is
generated on any charged particles adsorbed to the surface. In multiple simulations of 2D
nanochannels, this method is used to translocate ssDNA at a constant speed.®> This translo-
cation is accomplished by applying a voltage of between 0.2 V and 1 V which is easily achiev-
able in an experimental setup. Translocation speeds of around 0.5 nm/ns to 3 nm/ns were
achieved through the constant application of this voltage.'™® These velocities are well suited
for sequencing applications.! However, in simulations, the electrophoretic transport of proteins
requires orders of magnitude higher applied electric field strength than DNA. Also, a constant
velocity may not be achievable due to the lack of global charge in proteins.?® Those make ma-
nipulation of unmodified proteins with electrophoresis experimentally infeasible. In order to
use this method of transport it would be necessary to use one of the protein modifications as
mentioned in section 2.

4.3 Surface Acoustic Waves

A largely unexplored transport method for single biomolecules is the use of SAW for the trans-
port of proteins along a 2D crystal surface. SAW in micro devices are generally produced
by applying an electric field to a piezoelectric material. When this electric field is applied to
the device, the piezoelectric material deforms and produces a mechanical stress, which is in
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turn converted into a standing or travelling surface wave. This behavior is the result of the
inverse piezoelectric effect. A SAW device typically consists of metallic interdigitated trans-
ducers (IDTs) formed on a piezoelectric material. IDTs consist of a set of connected metal
fingers that are interspaced with a mirrored set of connected metal fingers. To generate the
electric field used to deform the substrate, an alternating current signal is applied between the
two sets of fingers. Importantly, the structure of the IDTs determines the characteristics of the
generated wave such as bandwidth and direction of propagation.*’*! One type of SAW device
that is of particular interest is the two-port SAW device which consists of two sets of IDTs that
are separated by an area called the delay line.*? An image showing this delay line SAW design
can be seen in Figure 11.

IDTs
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Figure 11: A schematic illustration of a delay line SAW device.*?

By using two sets of IDTs that have the same signal frequency and phase it is possible to
create a standing wave in the delay line. By slightly shifting the phase of the input signals, a
travelling wave is generated. The piezoelectric material used for the device has an influence on
the type of wave that is generated.*®>%* The most commonly used wave type for SAW devices
is the Rayleigh wave in which the mechanical displacement is perpendicular to the plane of the
substrate. This type of wave is useful for movement of particles or cells suspended in a fluid but
is not well suited for in plane manipulation of particles as a result of energy loss to the liquid.*?
This type of wave is also not suitable for transport of proteins along the surface of a 2D crystal
because of its fluid streaming effects.** It has been shown that acoustic streaming results in
removal of non-specifically bound proteins on a surface.*> A possible wave type that can be
used for transport of proteins on a surface is a shear horizontal wave. These shear horizontal
waves have an in-plane deformation instead of an out of plane deformation. An illustration of
the differences between these two types of waves can be seen in Figure 12.

~f

Figure 12: a) Rayleigh wave in a SAW delay line, b) Shear horizontal wave in a SAW delay
line.%
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The type of SAW generated by a device is dependent on the material and crystal orientation
of the piezoelectric substrate. Some materials such as Y-128 lithium niobate (LiNbO3) are
especially efficient for use in generating Rayleigh waves. The most common material that is
found to have a high efficiency for generating shear horizontal acoustic waves is Y-36 lithium
tantalate (LiT'aOs3).** As such, this material was selected for further analysis in this report.

Using Y-36 LiTaQOs3 it has been shown that it is possible to concentrate, pattern, and trans-
port biomolecules that are attached to a supporting lipid membrane.*>¢ This includes the
manipulation of DNA and proteins. In these studies the authors were able to show small scale
patterning of the molecules and even demonstrated a moving pattern of molecules.**% The
motion of this moving pattern will be referred to as a 'beating’ wave in this report. It was
noted that different proteins being patterned using this method would migrate to the nodes or
the antinodes of the SAW. This patterning and separation of proteins under SAW actuation
can be seen in Figure 13

a) streptavidin avidin st reptawdln

Figure 13: a) Schematic of patterning and separation of avidin and streptavidin molecules, b)
Patterning of each protein type, c. Migration of protein to nodes and anti-nodes.*6

Originally it was speculated that the force driving the patterning of these molecules was an
acoustoradiative force. The observed migration of proteins to the nodes and anti-nodes of the
SAW leads to the possibility that the proteins under evaluation where actually undergoing
patterning due to a dielectrophoretic effect instead of the assumed acoustoradiative force. This
possibility was strengthened by a study in which carbon nanotubes under SAW actuation where
found to be aligned with the electric field of the SAW device instead of the mechanical wave.*”
Through further investigation, it was found that this phenomenon was most likely caused by
acoustoelectric forces.*

4.3.1 Acoustoelectric Transport

Generally, in a SAW device, acoustoradiative forces dominate the manipulation of particles.
However, in a shear horizontal wave device, the acoustoelectric forces are the dominant force.**
Acoustoelectric forces are generated from the presence of a SAW driven evanescent electric field
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near a polarizable particle.?%4 This evanescent field is generated as a reaction to the deforma-
tion of the piezoelectric substrate. Using these fields it is possible to induce dielectrophoresis
in molecules that do not have a uniform charge or are not charged.*®* This is ideal for the
manipulation and translocation of proteins due to their varied local charge distributions.

Dielectrophoresis can occur when an alternating current is applied to a SAW device. The
rapidly changing localized electric field induced by the standing SAW creates an alternating
potential near a particle in a solution. The charge carriers inside the particle and in the solution
are moved to alternating sides of the particle. A slight delay in the speed at which these charge
carriers move results in a net dipole.*’ An illustration of this concept can be seen in Figure 14.
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Figure 14: a) Polarization of a particle using negative dielectrophorsis, b) Polarization of a
particle using positive dielectrophorsis.

This net dipole results in polarized particles that will move when an electric field is applied.
Therefore, the electric field generated by a standing SAW will create a force towards the negative
or positive nodes of the electric field. This will concentrate particles into nodes and anti-nodes
depending on their dielectrophoretic characteristics.***” These characteristics are dependent
on multiple different parameters such as particle size, ionic concentration in the solution, and
applied frequency.*®?° Figure 15 shows the standing SAW patterning of polarized particles
that have different dielectrophoretic characteristics.
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Figure 15: Patterning of polarized particles in a standing SAW device.*”

It has been shown that dielctrophoretic forces generated by SAW can pattern many different
nanomaterials. Using a Y-41 LiNbOj3 substrate it was possible to pattern nanomaterials include:
DNA, exosomes, graphene flakes, quantum dots, proteins, and dextran molecules.** By shielding
parts of the substrate and observing no patterning effect in these areas, it was found that this
patterning was entirely induced through electrical effects. The patterns generated using this
approach can be seen in Figure 16.
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Figure 16: Various types of nanoparticles patterned by acoustoelectric forces.*

These patterning experiments were conducted directly on a piezoelectric substrate without the
aid of a supporting lipid membrane. This shows the patterning is not an effect of the lipid
behavior but is a result of the SAW actuation itself. Thus, we hypothesize that acoustoelectric
forces can be used to also generate patterns on a hBN surface without the need of a supporting
lipid layer.**

We speculate that a constant transport velocity can be achieved by employing a scrolling SAW
to molecules adsorbed on hBN surfaces. This could enable the controlled movement of proteins
through a sensor allowing for clear single amino acid fluorescence sensing. The speed of this
motion will be dictated by the scrolling speed of the SAW.

4.4 Comparison between Protein Transport Techniques

It is important to directly compare the advantages and disadvantages of the three different
biomolecule transport methods discussed in this section. A figure comparing the characteristics
of these transport methods can be seen below in Figure 17.
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Figure 17: Comparison of biomolecule manipulation techniques for 2D nanochannels.

It can be seen in Figure 17 that optical manipulation and electrophoresis have downsides that
restrict their implementation into the proposed nanochannel device. SAW devices are a very
promising technology but has not been thoroughly studied for this application. The possibility
of using shear horizontal SAW to achieve transport of biomolecules on hBN surfaces will be
experimentally explored in this project.

4.5 Characterization of Transport

In order to be able to characterize the efficiency of a transport method, it is necessary to be able
to see spatial variations with sufficient resolution. As most biomolecules are on the nanometer
scale, it is impossible to view them using traditional optical microscopy.” As such, it is nec-
essary to detect the molecules using a different method. One simple and widely implemented
method for detecting the location of biomolecules is the use of fluorescent tags.

Fluorescent tags are molecules that can be attached to different locations on a biomolecule
such as DNA or proteins and emit a certain frequency of light when excited by a light of
sufficient energy.®? By placing these tags on mobile molecules it is possible to track the posi-
tion of this light emission as a means of determining translocation direction and speed. This
can be further analysed by object tracking software that allows for frame by frame plotting
of biomolecule movements.?>> Using this method, it should be possible to determine whether
biomolecule transport is driven by diffusion or by surface acoustic waves.

Using fluorescent tags it may also be possible to observe the unfolding and linearization of
biomolecules on an hBN surface. By attaching many fluorescent tags to very long molecules,
one could discern the shape and folding of the molecule in real time. This approach was used
to study conformational changes in long DNA strands and was able to show different types of
folding, coiling and unfolding. The study showed that by attaching a DNA strand with multi-
ple fluorescent tags to a surface and unfolding it using a shear flow, it was possible to see the
various possible shapes of the molecule.”® Figure 18 shows different experimentally observed
configurations of a DNA strand, including coiled and nicked geometries.
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Figure 18: Fluorescent molecule tagged DNA unfolding due to shear flow. The colour shows
the concentration of fluorescent molecules:Red is high concentration while dark blue is low
concentration.”*

In this thesis, we will use a similar fluorescence-based imaging technique to investigate the
behaviour of the biomolecule in space and time. By tracking the motion of the fluorescent
biomolecules under SAW actuation, the efficiency of the transportation method can be evaluated
for statistically significant data sets given the large field of view in fluorescence microscopy.

5 Research Proposal

The overarching goal of this project is to investigate the potential for SAW driven unidirectional
transport of individual biomolecules along an hBN surface. Understanding this transport will
enable the implementation of hBN based protein sequencing methods. The state-of-the-art
presented in previous sections indicates that 2D hBN sequencing methods could offer significant
advantages over existing materials and platforms for protein sequencing applications. In order
to focus the scope of the proposed research, it is necessary to make some initial experiment
design decisions. These decisions are as follows:

1. Materials. As seen in Section 3 there are a plethora of potential materials that can be
used to create a 2D material nanochannel. Of these materials, the most widely simulated
and studied combination is hBN-graphene heterostructures. However, it was shown that
graphene’s fluorescence quenching property makes it incompatible with the tracking of
biomolecules with fluorescent tags. As such, the focus of this report will focus on the use
of hBN for the constraint and transport of biomolecules.

2. Manipulation method. Three main manipulation methods are proposed for the translo-
cation of proteins in Section 4. Of the three main manipulation methods for the trans-
port of biomolecules introduced in Section 4, we have shown that the surface acoustic
wave technique is the most promising for our application. As such, it was decided that
SAW devices manufactured on Y-36 LiTaO3 will be used for studying the transport of
biomolecules on an hBN surface.

3. Readout method. Single-protein sequencing readout methods exist in many flavors
and have specific sets of design requirements. As such, a separate project studying the
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characteristics of fluorescence based optical readout will be undertaken. The finding of
this separate project may be combined with the findings of this project at a later time.

5.1 Knowledge Gap

To the best of our knowledge, the combination of biomolecule adsorption to 2D hBN and
SAW driven manipulation of biomolecules is entirely new and has not been attempted by other
groups. This novelty aspect also means that there is very little literature than can be used for
baseline experiments. As such we have found several points that require certain assumptions
to be made in order to design an experimental methodology. One of the goals of this project is
to fill these knowledge gaps through these experimental methods.

An obvious first major gap in the knowledge is related to the diffusion driven unfolding of
molecules on 2D hBN surfaces. There is very little experimental data that shows this unfolding
on 2D hBN surfaces will occur as shown in simulation. As such it is uncertain under what con-
ditions this behavior will occur at all. It is also unknown if this phenomenon will be affected by
variables such as aging or contamination. As such it will be necessary to analyze the diffusion
of biomolecules on hBN surface under a wide range of conditions.

There is also a large gap in knowledge related to the use of SAW devices as a biomolecule trans-
port mechanism. So far, there has been a lack of literature related to the in-plane manipulation
of biomolecules that are adsorbed to a 2D material. As shear horizontal waves have been shown
to pattern molecules attached to a lipid bilayer membrane,*%¢ we speculate that the same con-
cept can be applied to biomolecules on hBN. It was also reported that shear horizontal waves
can manipulate a wide range of molecules that are suspended in a fluid without significant fluid
coupling.** Therefore, it is expected that such a negligible fluid coupling due to shear horizontal
waves will not remove molecules from the surface.”® However, there is no experimental data
suggesting that shear horizontal waves can be used for manipulation of molecules adsorbed to
the hBN surface.

5.2 Research Questions

Having acknowledged the gaps in our understanding of this system, we can now outline three
main research questions:

1. How are the diffusion dynamics of single molecules affected by the interaction with hBN
surfaces?

2. Can we manipulate single molecules using non-invasive acoustoelectronic forces generated
with SAW devices?

3. Can we demonstrate unidirectional single molecule transport and using combined hBN /-

SAW devices?

The planned experiments are designed to explore each of these research questions. The details
of the experimental steps and methodology that will be used to answer these questions will be
laid out in the following sections.
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6 Experimental Methods

In order to investigate the research questions presented in Section 5.2, it was necessary to
develop an experimental approach, divided into four main parts: 1) SAW device design, fabri-
cation, and characterization; 2) hBN surface fabrication and experimental setup; 3) adsorption
and diffusion of biomolecules on hBN surfaces; and 4) SAW-driven transport of biomolecules.
The methodology for each of these steps will be illustrated below.

6.1 SAW Device Design

The first step in towards achieving SAW driven transport of biomolecules is the design of
the SAW device itself. This SAW device must be designed in a way that optimizes the
acousto-electric manipulation of the selected biomolecules. As such, we must first consider
the biomolecules that are being manipulated. This report analyze the manipulation of multiple
bio molecules including: lambda DNA, M13mp18 DNA, and a-synuclein. The details of each
of these molecules and their characteristics can be found in section 6.8.

It has been shown that when the wavelength of a SAW device is much larger than the size of
the particle being manipulated, the particles tend to aggregate.”® This behavior is not ideal
for single molecule sequencing application. In order to sequence individual biomolecules, it is
necessary to prevent aggregation of large numbers of molecules in the nodes of the SAW. Using
a SAW with a wavelength comparable to the size of the biomolecule increases the chances that
single molecules will become trapped in SAW nodes.?® This concept can be clearly illustrated
below in Figure 19.
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Figure 19: Difference in number of trapped particles for large and small SAW wavelengths.5

By having a SAW wavelength similar in size to the particle it is possible to manipulate lower
numbers of particles in each SAW node. Lambda DNA has fully linearized length of approxi-
mately 7 pum® and M13mpl8 DNA has a linearized length of around 3 gm. The length scale
of these molecule dictates the selected acoustic wavelength of the SAW device. As such, the
desired wavelength of the SAW device was set to be approximately A = 10um. The driving
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frequency is determined by the speed at which sound moves through the selected piezoelectric
substrate. The equation that dictates the driving frequency of the device can be seen below in
equation 1.
v

F=4 (1)
In this equation, f is the driving frequency, v is the speed of sound at the surface of the
piezoelectric substrate Y-36° cut lithium tantalate, and A is the desired acoustic wavelength.
The speed of sound in lithium tantalate has been found to be 4160 m/s.’” The remaining
properties of lithium tantalate can be found in Appendix A. Using equation 1 and the value

of the speed of sound in lithium tantalate, it was found that for a wavelength of 10 um, the
driving frequency of the SAW device should be 416 MHz.

Is is possible to determine the dimensions of the SAW device structures using the desired 416
MHz driving frequency. The pitch of the IDT fingers should be the same as the wavelength
of the driving frequency in order to generate the desired surface acoustic wave.*® As such, the
pitch of the IDT fingers was set to A = 10um. The delay line length was set to Lp = 500um.
This value of Lp was selected so that the IDT phase center is in the same location as the
geometric center of the SAW device.”® The value of the electrode overlap was set to 104 um.
This value was selected so that hBN surfaces with a width of around 100 pum could fit in the
propagation region of the SAW device.

The number of IDT finger pairs N and the thickness of the fingers 7 were selected to minimize
impedance mismatch of the IDTs with a standard 50 € signal source. The impedance of the
IDTs is calculated by setting the resistance of the IDTs equal to the inverse of the radiation
conductance.” The radiation conductance G,(fy) can be calculated using:

Ga(fo) = SK?fyCyN? (2)

where K? is the electromechanical coupling constant, and the variable of f; is the synchronous
frequency. The value of Cg is the static capacitance of each pair of IDT fingers and the number
of finger pairs is represented by N.* By setting the value of 1/G, equal to 50 €2, the number of
finger pairs and the finger thickness can be selected. As a result of this calculation, the number
of finger base pairs N was selected to be 31 pairs, and the value of 7 was selected to be 65 nm.
An illustration of this final design can be seen below in Figure 20.
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Figure 20: Schematic of SAW device idt design with critical dimensions labeled
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The two leads connected to each IDT are connected to bond pads, which allows the SAW
device to be connected to external control electronics. It was decided that these bond pads
would have dimensions of 100 um by 100 pum in order to allow enough space for bonding. In
order to maximize the number of SAW devices that can fit on one chip, the bond pads were
staggered. In total, four SAW devices can fit on the available 5 mm by 10 mm lithium tantalate
substrates. The layout of this chip can be seen below in Figure 21.
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Figure 21: Schematic of SAW device IDTs with bond pads on piezoelectric substrate.

6.2 SAW Device Fabrication

The designed SAW device was fabricated onto a lithium tantalate substrate with a thickness
of 500 pm. The wafer used for these substrates was polished on both sides and was selected
for its optical transmission. The substrate was spin-coated with ebeam resist (AR-P 6200.9)
and conductive polymer (Electra 92) before it was placed into a Raith Nanofabrication 5200+
electron beam lithography system for pattern exposure. The exposure dose administered to
the substrate was adjusted based on the geometry of the SAW device to provide a uniform
dose profile to the entire pattern. Following the pattern writing, the resist was developed by
first washing the substrate in water to remove the electra layer, followed by a wash in pentyl
acetate, MIBK:IPA (1:3) and IPA. These chemicals act to develop and remove the resist that
was exposed to electron beam irradiation.

After the lithography process, a deposition of 5 nm of titanium and 60 nm of gold was placed
onto the lithography defined SAW pattern. This was accomplished through the use of electron
beam physical vapor deposition. The SAW substrate was then placed into a 60 °C bath of
anisole for three hours to release the resist layer from the lithium tantalate. The substrate was
then ultrasonically cleaned to remove the remaining resist from the device and reveal the SAW
structures on the surface.

The final step of the SAW device fabrication process was the addition of a silicon dioxide
passivisation layer on top of the SAW IDTs. This layer prevents Joule heating, electro-osmotic
current, and damage to the SAW devices when exposed to a buffer solution. This Si0, layer was
deposited using an radio frequency (RF) sputtering machine. The bond pads of the device were
covered in a kapton tape shadow mask in order to prevent deposition of Si0Oy onto this region.
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The complete SAW device fabrication process can be seen summarized below in Figure 22.

Step 1 Step 2 Step 3
Electron Beam Lithography Deposition and Lift Off Si0, Deposition
Clean Substrate Electrode Depc%?/ikion Kapton Shadow Mask
u
LiTa03 | -
l LiTa03 LiTa03 |
Apply Resist Anisole Liftoff Si02 Deposition
LiTa03 ‘ - H
l | LiTaO3 | LiTaO3
Electron Beam Patternin . : 1
& Ultrasonic Cleaning Shadow Mask Removed

I I
LiTa03 | LiTa03 | 03

Resist Development

LiTa03

Figure 22: SAW device fabrication process.

Using this fabrication method, a total of seven usable SAW substrates were fabricated. Each
substrate has a total of two to three usable SAW devices that have minimal defects. Varying
thicknesses of Si0, passivisation layers were added to the substrates. A summary of the
completed devices and their characteristics can be seen below in Table 1.

Table 1: Summary of fabricated devices and the thickness of passivisation layers

Chip Name S102 Thickness
LT-Al 297nm
LT-A2 0
LT-B2 370nm
LT-B4 140nm
LT-B7 0
LT-C1 198nm
LT-C2 180nm

6.3 SAW Device Characterization

A printed circuit board (PCB) was prepared to accommodate the SAW chip and provide stan-
dard SMA connectors for interfacing with test equipment. The connector pads of this circuit
board were designed to minimize the impedance mismatch between the SAW device and the
connectors. The SAW device was placed in a cut out located in the center of the PCB, and the
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cover slip was attached to the bottom of the PCB using double sided tape. An illustration of
this stacked configuration can be seen below in Figure 23. Once the SAW device was attached
to the PCB, it was wire bonded to the PCB.
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Figure 23: a) Stacked configuration of PCB with SAW device b) Realized PCB stack.

A characterization of the SAW device was carried out using a vector network analyzer (VNA).
The VNA performs a frequency sweep at a set power level in order to determine the frequency
behavior of the SAW device. Using this frequency sweep, we can determine the amount of
power that is transmitted and reflected in the SAW device.*® These parameters are expressed
as S-parameters. The transmission power will be highest at the resonance frequency. By driving
the SAW device at this resonance frequency it is possible to maximize the amount of power
that can be used to transport biomolecules.

S-parameter measurements of each of the SAW devices were taken using a NanoVNA version
2. These measurements were first performed in air as a baseline. SAW devices with differing
thicknesses of S0, layers were tested. Representative results of these in air measurements can

be seen below in Figure 24.
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Figure 24: VNA transmission power measurement for three chips with passivisation layers of
different thicknesses

The results in Figure 24 show that the frequency behavior of the SAW devices has some
dependence on the thickness of the silicon dioxide passivisation layer. This shift in the frequency
is caused by the SiO, changing the speed of the SAW wave.% As such, each of the devices will
have a slightly different excitation frequency. It was found that all of the devices analyzed had
a resonant frequency that resulted in a wavelength close to the desired 10 um. This shows that
while not perfect, the fabrication process resulted in SAW devices that are sufficient for the
intended manipulation tasks.

It is also important to evaluate the transmission and reflection power of the SAW devices. A
poorly connected or potentially incorrectly induction-matched device will result in very low
transmission power. This transmission power is critical, as it is the driving force behind the
patterning and manipulation of molecules on the surface. It was found that for most of the
fabricated SAW devices operating at the peak resonance frequency, the value of the transmission
S-Parameter was between -21 dB and -19 dB, which is similar to the measurement results in
the literature..**>

The S-parameters seen in Figure 24 were measured in air, which is not representative of the
real experimental environment for manipulating biomolecules. As such, it was necessary to
characterize the SAW devices when immersed in a fluid environment. Each SAW device was
immersed in a buffer solution (10 mM Tris, 50 mM NaCl, pH 8.0) and were characterized using
a VNA. These measurements were then compared to the air-based measurements. An example
of this comparison for SAW device LTA1 can be seen below in Figure 25.

26



N
o
T

SAW Trasmission (dB)
A
o
[

——SAW in Air
SAW in Buffer

Fluid Induced Transmissiory

"'n"

\’li ”

]
|

’I\MI w\‘l Fﬁl\li'“““l "liJW ||M'I .‘H”‘

i
"
il

W‘W‘
\Ul; W\

'l

“ |“ h

I ,,‘w iR 1“, |

I mlw,u.,l.m

i WH‘ |2
I “\

Damping ~
60
65 - Small Frequency Shift [«
I I I \ \ L | I ! \ L
360 370 380 390 400 410 420 430 440 450 460
Frequency (MHz)

Figure 25: Transmission characterization of the same SAW device in air and in fluid

It can be seen in Figure 25 that the two frequency responses are similar. However, in the
fluid-based measurement, the response has a notable damping that results in steep transmis-
sion drop off in certain parts of the plot. This is most likely due to coupling with the fluid at
these frequencies. Despite this loss of power, at peak resonance, the transmission powers in
both air and in fluid are comparable. This shows that the device is not losing power to the
strong fluid coupling that out of plane SAW devices exhibit.**% By driving the SAW devices
only at resonance frequencies, it is possible to avoid losing substantial amounts of power to the
fluid.

Using these VNA measurements, the driving frequencies and wavelengths of the SAW devices
can be set for further experiments. However, before each experiment an in-liquid characteriza-
tion was conducted to ensure that no changes have occurred. Using these repeated characteri-
zations, it is possible to exactly select the resonance frequencies for biomolecule actuation.

6.4 2D Material Preparation and Transfer

After the fabrication and characterization of the SAW devices, it was possible to move on to
designing the experimental setup. This experimental setup was designed to accommodate both
molecule diffusion experiments as well as SAW driven molecule transport experiments. The first
step in the experimental setup process is preparing a 2D hBN surface. There are two typical
approaches for creating this 2D hBN surface.%! The first is through the use of chemical vapour
deposition (CVD) grown hBN crystals. This method is useful due to its tendency to create
near atomically thin layers of hBN.%! However, this CVD-grown hBN has been shown to have
a lower quality crystallinity and significant surface contamination.’? This makes CVD-grown
hBN unsuitable for this application, as surface contamination can severely restrict the diffusion
of molecules on an hBN surface. As such, it was necessary to consider a different source of 2D
hBN surfaces.

The hBN source that was selected for this research was hBN crystals grown under a high-
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pressure high-temperature (HPHT) environment. These crystals were provided by the National
Institute for Materials Science in Japan. It has been shown that crystals grown in this way
have a much higher purity than CVD-grown crystals.? However, these HPHT grown crystals
are macroscopic crystals and are not thin flake crystals. As such, it is necessary to break off
thin flakes of the hBN from the macroscopic crystals. In order to generate thin flakes of hBN a
process called mechanical exfoliation is used. This mechanical exfoliation process exploits the
fact that hBN layers are held together by weak van der Waals bonds.®! When a mechanical
force is applied to the crystal, these bonds are easily broken, which results in layers of the hBN
crystal separating. When these layers separate from the larger crystals, they form thin flakes
of hBN that have a range of sizes and thicknesses. These hBN flakes make ideal candidates for
use as a 2D hBN surfaces in this research.

In order to create the mechanical force necessary to create the hBN flakes from the larger
crystals, a tape exfoliation method was used. The first step of this process involves placing
the HPHT crystals onto a piece of scotch tape. A second piece of scotch tape is placed over
the crystals and is connected to the first piece of tape. The two pieces of tape are pulled
apart resulting in exfoliation of the crystals. This process is repeated multiple times in order
to generate more flakes. The second scotch tape piece is then taken and placed onto a SiOs
substrate. The tape is left for a time before gently being lifted from the substrate resulting in
the flakes exfoliating onto the Si05 surface. This transfer process is referred to as a direct hBN
transfer. An illustration of the direct transfer process, and an example of the flakes generated,
can be seen below in Figure 26
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Figure 26: a) Mechanical exfoliation and direct transfer process to generate hBN flakes, b)
example of hBN flakes generated using direct transfer.

Once the hBN flakes have been transferred onto the SiO, surface, it is possible to select a flake
that is suitable for analayzing the interaction between biomolecules and the hBN surface. The
preferred flake for the planned experiments is a large (around 100 pm), relatively thin flake
(between 40 nm and 200 nm) that has a surface without many wrinkles. Having a large surface
without wrinkles allows for a large area for molecules to adsorb onto. It also allows for a larger
distance to move molecules along the surface using the SAW device. Having a thin flake is
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critical, as thick flakes of hBN absorbs fluorescent light emitted by bio-molecules.%?

In order to be able to systematically identify thin flakes, a quick method of estimating flake
thickness was necessary. A number of flakes with varied thicknesses were measured using an
atomic force microscope. These measurements were then correlated with the optical color of
the flakes on a SiO, surface. By correlating the thickness with the color of the flakes, it was
possible to quickly estimate which flakes were potentially viable options for molecule diffusion
and manipulation experiments after the direct transfer process.

Once a suitable flake was located, it was necessary to transfer the flake from the SiO,/Si
substrate to the final substrate. To achieve this a method called "PPC bubble transfer" was
used. The first step of this method is to create a polydimethylsiloxane (PDMS) bubble on a
glass microscope slide. A thin layer of polypropylene carbonate (PPC) film is then placed over
this PDMS bubble. This PPC layer is taped in place in order to create tension between the
PPC and the PDMS. This bubble with PPC coating is then placed into a precision stamping
setup. An example of the PPC bubble as well as the stamping setup used can be seen below
in Figure 27.

a) b)
PPC Film on PDMS Bubble

Figure 27: a) PDMS bubble with PPC layer, b) Precision Stamping setup

The Si0, substrate containing the direct transfer flakes is the placed in the stamping setup
under the PDMS bubble. The bubble is then positioned over the desired flake. The bubble is
then slowly lowered until the PPC film comes into contact with the flake and SiO, surface. This
contact surface is then slowly released by moving the bubble away from the surface. During
this release, the flake’s adhesion to the PPC film becomes greater then its adhesion to the SiO,
and is therefore released from the SiO, surface.?® Once the flake is removed from the SiO,, the
final substrate is placed under the PDMS bubble. The position of the bubble is shifted so that
the flake is over the desired final location. The bubble is then lowered until contact is made
with the substrate surface. At this point the PPC layer is heated to 60°C in order to reduce
the adhesion of the flake to the PPC film.?® Finally the bubble is slowly raised until the PPC
layer is released. As the PPC is removed, the flake is deposited onto the substrate. A diagram
illustrating this PPC bubble transfer process can be seen below in Figure 28.
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Figure 28: PPC bubble transfer process of hBN flake from SiO; onto SAW device

When transferring flakes onto the final substrate, it was found that thin flakes exhibit high
transmission of light making them ideal for analyzing biomolecule motion. However, their low
quantity and high adhesion to SiO; makes them difficult to transfer. The small size of the thin
flakes also limits their use for molecule actuation cases. Thick flakes often are very large and
are very abundant. However, due to their lower optical transmission thick flakes have limited
usefulness for molecule actuation experiments. Due to these limitations, the ideal flake for the
planned experiments is a large, thin flake. An illustration of two flakes after being transferred
onto glass and SAW devices can be seen below in Figure 29.

a) b)

Figure 29: a) hBN flake on glass cover slip, b) hBN flake in delay line of SAW device.

Once a large, thin hBN flake has been located and transferred onto the final substrate, it is
possible to move to the next step in the experimental setup. As the hBN on the surface of
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the device can experience aging effects when exposed to air, it is important that this stamping
process is completed directly before experiments. It was found that hBN flakes on the surface
of the SAW device had no noticeable effects on the S-parameters of the device.

6.5 Flow Cell Assembly

Once a flake has been placed onto the SAW device, the PCB assembly (seen in Figure 23)
can be built. The wirebonding of this PCB assembly is then tested in air using the VNA
characterization process shown in Section 6.3. The PCB assembly is then placed onto a
microscope adaptor and secured using double sided tape. A flow cell is then used to interface
the buffer containing the biomolecules with the SAW device surface.

A custom flow cell was designed to deliver biomolecules to the surface of the SAW device. This
flow cell is designed to only expose the IDT region of the SAW device to a fluid environment.
Exposing the regions of the chip without SiO, to a fluid environment results in unwanted
electrical coupling. Exposing these regions to fluid also has the potential to result in rapid
contamination and physical damage. To achieve the necessary isolation, an O-ring was selected
with a diameter that fits around the IDT region of the device. This flow cell was also designed
to have both an inlet and an outlet to enable the possibility to flush buffer across the surface
of the SAW device. The flow cell is secured to the SAW substrate through the use of a custom
microscope adaptor. An illustration of the designed flow cell assembled with the microscope
adaptor can be seen below in Figure 30.

Flow Cell

SAW Device
on PCB

Microscope
Adaptor

Figure 30: Flow cell assembled onto SAW device with microscope adaptor

In order to attach the flow cell to the SAW chip, a specific assembly order was required. The
first step of this process was to place a 4 uL droplet of milliQ water onto the IDT region of
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the SAW device. This droplet wets the SAW surface and prevents an air pocket from forming
in the flow cell. The flow cell was then positioned over the IDT region and was slowly lowered
into place. Once the O-ring made contact with the SAW chip, the flow cell and PCB assembly
were secured using four bolts that pass through the flow cell into the microscope adaptor. An
illustration of this assembly process can be seen below in Figure 31.
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Figure 31: Assembly procedure for placement of flow cell

At this point the SAW is characterized again to ensure that the wire bonds were not broken by
the O-ring contacting the SAW chip. Once the integrity of the wire bonds are confirmed, the
SAW device is fully prepared for experimentation.

6.6 Optical Setup

The microscope that was used for measurements of biomolecule fluorescence was a Nikon Eclipse
Ts2-FL inverted fluorescence microscope. This microscope is equipped with two LED laser
sources at wavelengths of 525 nm and 470 nm. For the conducted experiments, the 525 nm light
source was primarily used, as it is closest to the excitation wavelength of the Cy3 fluorescent
dyes attached to the three different types of biomolecules as discussed in Section 6.8. In
order to separate the fluorescence light from the reflected excitation light, a filter cube with a
dichromatic mirror was utilized. A 60X magnification water immersion apochromatic objective
lens was used for all experiments.

In order to load the SAW device and flow cell into the microscope, a custom microscope adaptor
was developed. This adaptor was created as a means to secure the flow cell as well as to interface
the assembly with the microscope. The adaptor is secured in place using a set of pressure
clamps. Once the adaptor plate was secured in the microscope, a dark hood was placed over
the top of the microscope in order to reduce background light. The microscope setup used in
this research can be seen below in Figure 32a.
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Figure 32: a) SAW device assembly mounted in fluorescence microscope, b) Excitation of
fluorescent molecule energy states,% ¢) Optical path of fluorescence microscope. Adapted from
Cho et al.(2013)%

This microscope is a wide-field epifluorescence microscope. When a fluorescent molecule is
excited by the microscope’s LED source, the energy state of the molecule drops back into an
unexcited state, which releases a photon of a different wavelength, illustrated in Figure 32b.5*
The emitted photon travels through the microscope objective and a dichromatic mirror, which
filters the excitation wavelength from the fluorescence, allowing for imaging of fluorescence in
the sample.’® An example of the optical path of an epifluorescence microscope can be seen in
Figure 32c.

With this microscope, it is possible to directly measure the fluorescence near or on the surface
of an hBN flake located on a SAW device. It is possible to determine if a molecule is on the
surface of the device or in the bulk solution based on if the molecule is in focus or out of focus.
This principle was tested using fluorescent polystyrene beads with a diameter of 1.5 um. It
was found that it is possible to differentiate beads that are directly on the SAW surface from
those in the bulk solution.

6.7 SAW Electronics

In order to actuate the SAW device designed in section 6.2, it was necessary to implement a
high frequency signal generation setup. As the driving frequency for the SAW device was set
to be 416 MHz, it was necessary that all components of this setup should be able to operate at
or above this frequency.

This experimental setup was designed to be able to generate both standing waves and beating
waves in the SAW device. Two phase-coupled microwave signal generators, connected on each
side of the SAW device, were used to create these waves. Phase-coupling was achieved using a
10MHz external reference signal from a signal generator(Rohde&Schwarz SM300). In order to
measure the difference in phase between the two main signal generators, a digital oscilloscope
(Rohde&Schwarz RTB2004) was used. An illustration of the signal generation setup can be
seen below in Figure 33.
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Figure 33: RF signal generation setup with SAW device connected

In order to generate a standing wave in the SAW device, the relative phase between the signal
generators must be measured and adjusted to zero. Similarly, in order to generate a beating
wave it is necessary to have the signals out of phase. The larger the relative phase, the faster
the beating wave will travel.* The phase was measured and adjusted to create both types of
waves in the molecule actuation experiments described in section 6.10.

6.8 Biomolecule Preparation

Before beginning experiments, it was necessary to prepare the biomolecules that will be analyzed
in this research. Each of the selected molecules have unique characteristics that make them
interesting as experimental subjects. The biomolecules used in this research are the following:
lambda DNA, M13mpl8 DNA, and a-synuclein. A description of these molecules and their
characteristics can be found below.

1. Lambda DNA. This molecule is a DNA molecule comprising of both single-stranded
and double-stranded segments of DNA. The total length of the molecule used was 20 kbp,
which equates to around 7 pm when fully linearized.>* This molecule is useful due to its
large size and its bright fluorescent signal when multiple sites along the length of DNA are
labeled. It has also been shown that it is possible to linearize this lambda DNA through
induced flow.% It may be possible to observe this same phenomenon due to interactions
with hBN and SAW actuation.

2. M13mp18 DNA. This molecule is a single-stranded Virion DNA that is isolated from an
M13 lac phage vector.% This molecule has a length of 7.249 kbp, which is equivalent to 2-3
um when fully linearized. This molecule is of interest as many biomolecule-hBN diffusion
simulations have been conducted using single-stranded DNA.3® Using these molecules it
may be possible to compare experimental results to the simulated results of other research
groups.
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3. a-synuclein. This molecule is a presynaptic neuronal protein that is linked genetically
to Parkinson’s disease.’” a-synuclein is composed of 140 amino acids and is a relatively
small molecule compared to the lambda DNA and M13mpl8 DNA. This molecule is of
interest as the overall goal of this project is to be able to apply SAW-driven molecule
manipulation to protein sequencing. However, it was found that the small size of this
molecule presents challenges that will be discussed in a later section.

While both lambda DNA and M13mpl18 DNA are relatively long molecules, they are only a
few nanometers wide. As such, it is not possible to directly view the molecules using opti-
cal microscopy. As these biomolecules cannot be seen using optical microscopy it is necessary
to use fluorescence microscopy. In fluorescence microscopy, fluorescent dyes attached onto a
biomolecule are observed. Using this fluorescence measurements it is possible to image the
behavior of single molecules.

There are many different labeling methods that can be used to prepare a molecule for fluores-
cence measurements. The biomolecules used in this report were all labeled with Cy3 fluorescent
dyes: a-synuclein was labeled with monoreactive maleimide Cy3 dye, and M13mp18 DNA and
lambda DNA with Cy3 fluorophores using Mirus Label IT Nucleic Acid Labeling Kit. For
a-synuclein, only a single Cy3 dye was attached to each molecule. For M13mpl18 DNA and
lambda DNA, a Cy3 dye was attached every 20-60 base pairs. This means there are many dyes
per molecule and as such, each molecule produces much more fluorescence than a-synuclein.

6.9 Biomolecule Surface Interaction Experiment

The first experiment conducted in this research was an observation of biomolecule diffusion on
an hBN surface. In order to facilitate this experiment, hBN flakes were placed onto cover slips
using the direct transfer and PPC transfer methods discussed in section 6.4. The cover slip
was then secured to a microscope adaptor using adhesive tape. A flow cell was not used in this
experiment in order to minimize the optical effects caused by additional material interfaces. The
microscope adaptor loaded with the sample was then mounted onto the fluorescence microscope,
as was illustrated in Section 6.6. Before any biomolecules were added to the cover slip, both
bright field and fluorescence images of the hBN flake were taken..

For each diffusion experiment, the biomolecule of interest was prepared by diluting a feed stock
with a 10 mM Tris, 50 mM NaCl, pH 8.0 buffer. Different concentrations of biomolecules
were prepared for multiple test cases. For each experiment, a droplet of diluted biomolecule
solution was carefully placed onto the region of cover slip in which the hBN flake was stamped.
The microscope camera exposure time per a single frame was adjusted to be able to see the
fluorescence signal of the molecules and videos were taken of the experiment. The results of
these diffusion experiments can be found in Section 7.1.

6.10 Biomolecule Actuation Experiment

Actuation experiments of molecules on hBN flakes are critical for understanding if it is possible
to transport biomolecules on a 2D hBN surface. The first step of this experiment was placing
hBN flakes in between the IDTs of a SAW device, which was accomplished using the methods
illustrated in Section 6.4. The SAW device was then assembled into the PCB assembly and
wirebonded as illustrated in Figure 23. Finally the PCB was integrated with a flow cell and
was mounted onto the fluorescence microscope.
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The biomolecule for each experiment was introduced and incubated to the SAW device surface
through the use of the flow cell assembly seen in Section 6.5. If it was found that many
molecules remained in the bulk solution then the flow cell was flushed with buffer. Once the
biomolecules were incubated and the number of molecules in the bulk solution was reduced,
a measurement of the molecule diffusion on the hBN surface was conducted. This diffusion
measurement provided a means to compare actuated and actuated motion of the particles on
the surface.

Using the RF setup shown in Section 6.7, it was possible to conduct a number of experiments
with SAW actuation. The first experiment consisted of actuating the SAW device with zero
phase shift between the signal generators. Multiple different power levels were used in order to
analyze how additional power affects actuation. In theory, the lack of a phase difference results
in a standing wave. This standing wave was expected to result in trapping of molecules.

The second experiment that was conducted was a beating wave actuation of the SAW device.
In order to generate a beating SAW, it was necessary to shift the relative phase between the
two signal generators. The propagation speed of the wave is proportional to the amount of
phase shift. As such, for each actuation experiment, a number of different relative phases were
implemented.

7 Results and Discussion

7.1 Biomolecule Interaction with hBN

Before attempting to manipulate biomolecules on hBN, it was important to observe and analyze
the unactuated behavior of the molecules. As discussed in Section 3, it has been shown that
in molecular dynamic simulations, both single-stranded DNA and proteins tend to adsorb and
diffuse on a hBN surface. This diffusion has also been shown, in simulation, to result in an
unfolding of molecules onto a hBN surface.!”3® At the time of this research, there has been very
little experimental research conducted on this diffusion behavior. Due to the dearth of previous
experiments in literature, these results will serve as a baseline for future work regarding this
diffusion behavior.

7.1.1 Diffusion of a-synuclein on hBN

In order to conduct this analysis, hBN flakes were prepared and placed onto glass cover slips as
discussed in Section 6.9. Before a solution of a-synuclein was place onto the hBN flake, bright
field images as well as 525 nm fluorescence images were taken to serve as a baseline for later
experiments. An example of these bright field and fluorescence images can be seen below in
Figure 34a and Figure 34b.
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Figure 34: a) Bright field image of flake, b) 525 nm inital fluorescence image of flake, c) 525
nm fluorescence measurement after four minute incubation of 1 nM a-synuclein solution.

The flake used in this experiment was a large flake, with a diameter of approximately 72 um.
This flake was found to be relatively thin and had large areas without any folds, making it
optimal for the diffusion experiment, as thinner hBN flakes have higher optical transmission
of fluorescence. It can also be seen in Figure 34b that the flake has a overall low fluorescence
compared to background fluorescence. The fluorescence that is visible is located on the edges
of the flake. A lack of signal coming from the majority of the flake indicates that there is not
a significant amount of contamination caused by the exfoliation process and transfer process,
as some organic contamination is visible in 525 nm fluorescence images. This lack of visible
contamination is important, as it has been observed that contaminants on the hBN surface
greatly restrict diffusion of molecules.

A 1 nM concentration of a-synuclein was added onto the glass surface on top of the hBN flake
pictured above. Once these molecules were added to the surface, they were left to incubate
for four minutes. After incubation, it was possible to begin taking fluorescence measurements.
The initial state of the flake after the introduction of the biomolecule can be seen in Figure 34c.
The brightness seen on the flake visibly increases with the addition of the biomolecule, as
demonstrated by comparing Figure 34c with Figure 34b. New bright spots are also now visible
on the surface of the flake. This increase in brightness is a result of the fluorescence of the
added a-synuclein.

As illustrated, it is very difficult to detect the fluorescent signal from single molecules of a-
synuclein. This is most likely a result of the low sensitivity of the CMOS camera attached on our
microscope, the presence of background fluorescence, and the intensity of the fluorescence light
from a single molecule. Each a-synuclein molecule is only a few nanometers in diameter and
only has a single Cy3 fluorescent label. As such, the signal from any single molecule is extremely
limited compared to the fluorescence of larger lambda DNA, which has many thousands of Cy3
labels. This means that it was not possible to directly track the diffusion of a-synuclein on the
surface of the flake with the current experimental setup.

A second surface interaction experiment was conducted with a 10 nM concentration of a-
synuclein. This experiment was conducted to test the hypothesis that it may be possible to
observe group behavior of a large number of a-synuclein molecules on the surface. Before
adding the molecules to the surface, bright field and fluorescence images were taken once again
for the purpose of post-experiment comparison. These images of the flake can be seen below in
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Figure 35a and Figure 35b.

a)

Figure 35: a) Bright field image of flake, b) 525 nm fluorescence image of flake, ¢) 525 nm
fluorescence measurement after four minute incubation of 10 nM a-synuclein solution.

The flake use in this experiment was a large flake, with a width of 51 um and a length of 69
pum. It can also be seen in Figure 35 that the flake has an overall low fluorescence compared
to background. The initial fluorescence measurement that was taken after incubation of 10 nM
a-synuclein can be seen in Figure 35c.

It is clear that the surface of this flake shows a much brighter fluorescence due to the higher
concentration of a-synuclein. However, despite this brighter signal, it was still not possible to
analyze the behavior of single molecules, as it is impossible to distinguish the light emitted by a
single molecule. In order to evaluate the diffusion behaviour on a-synuclein, a higher resolution
microscope or fewer brighter molecules are needed.

7.1.2 Diffusion of M13mpl18 DNA on hBN

The interaction of M13mp18 DNA and hBN was also analyzed. In order to accomplish this,
the same experimental setup was used as for previous diffusion experiments. This included the
fabrication and stamping of an hBN flake onto a glass cover slip, before taking bright field and
fluorescence images, shown in Figure 36a and Figure 36b.
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a)

Figure 36: a) Bright field image of flake, b) 525 nm fluorescence image of flake, ¢) 525 nm
fluorescence measurement after four minute incubation of 100 pM M13mp18 DNA solution.

This flake has a size of around 112 pm in width and 90 gm in length. This flake was found to
be slightly thicker than many of the other flakes analyzed. It is important to note that there
was very little fluorescence being emitted from either the center or edges of the flake, indicating
the possibility that the hBN has little surface contamination and minimal defect sites, as the
flake is not visible in Figure 36b.

A solution of M13mpl8 DNA was prepared with a concentration of 100 pM. This solution
was then introduced onto the surface of the hBN flake and was allowed to incubate for four
minutes. After incubation, an initial fluorescence measurement was taken. The results of this
measurement can be seen in Figure 36c¢.

The individual M13mp18 DNA molecules can clearly be seen on the surface of the flake. It was
found that the 100 pM M13mpl8 DNA solution resulted in a very high coverage of the flake
surface with molecules although very few molecules of M13mp18 DNA seemed to be present on
the glass surface near the flake. This indicates that the M13mp18 DNA preferentially adsorbed
to the hBN surface. From the fluorescence present on the flake, it appears that the molecules
on the flake have an even density distribution.

By evaluating how the molecules change in position between frames it is possible to determine
their behavior on the hBN surface. As such, a video of this motion was taken and analyzed.
In this analysis, it was found that these molecules begin to photo-bleach within minutes of
introduction to the hBN flake. An illustration comparing the brightness of molecules on the
surface at the beginning of the experiment and sixteen minutes into the experiment can be seen
below in Figure 37.
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Figure 37: Comparison of 525 nm fluorescence from M13mpl8 DNA before and after photo-
bleaching.

This high rate photo bleaching is potentially a result of the unfolding of the M13mp18 DNA
onto the hBN crystal surface. However, this behavior was not observed in either a-synuclein
nor lambda DNA. As such experiments utilizing this molecule had to be conducted in a very
short time frame in order to be able to observe and measure molecule motion.

Despite the original theory of surface diffusion, no significant diffusion motions of the M13mp18
DNA could be observed on the hBN flake through fluorescence microscopy observation over
time. This could be a result of surface contamination that was not detected optically, the
crowding of M13mpl8 DNA on the hBN surface, or the strong interaction between the hBN
surface and such a long DNA molecule. The high density of M13mpl18 DNA molecules may
have resulted in restricted diffusion of molecules due to the limited surface area for motion.
It is also possible that surface defects or residue from the PPC transfer process resulted in
the molecules "sticking" to the surface. In the future, this should be repeated with a smaller
concentration of M13mpl8 DNA molecules to rule out crowding effects.

It is also possible that the absence of the expected diffusion process of the single-stranded DNA
is due to incorrect molecule dynamic simulations. It is possible that these simulations do not
reflect how the molecules may actually behave. In these molecule dynamic simulations, the
molecules freely diffused and unfolded onto the hBN surface. However, these simulations did
not account for many of the crystal defects and manufacturing residues that are present on a
real hBN flake. Additional simulation and experimentation may be necessary to understand
the phenomenon and why the behavior of M13mp18 DNA differs from the simulated works.

7.1.3 Diffusion of Lambda DNA on hBN

The final molecule that was analyzed for surface interaction was lambda DNA. This molecule
is of particular interest, as it is the brightest and largest of the molecules selected for exper-
imentation. The SAW device was also designed to manipulate molecules with a size similar
to these lambda DNA molecules. However, lambda DNA interaction with hBN has not been
simulated in literature using molecular dynamics simulations. This means that while it may be
easy to view these molecules, the observed behavior does not have a backing in literature. For
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this reason, It was very important to observe unactuated molecule interaction with the hBN
flake before SAW actuation was investigated to establish baseline interactions.

The bright field and fluorescence images of the hBN flake used for the first experiment can be
seen below in Figure 38a and Figure 38b.

Figure 38: a) Bright field image of flake, b) 525 nm fluorescence image of flake, ¢) 525 nm
fluorescence measurement after four minute incubation of 3 pM lambda DNA solution.

This flake has a size of around 40 pum in width and 70 um in length, as shown in Figure 38.
While the majority of this flake is thin, there is a portion of the flake that has been folded and
is much thicker. As such, this section of the flake exhibited different behavior from the rest of
the flake. It is also important to note that no significant fluorescence was seen in the center
region of the flake, but there was some fluorescence emitted by the edges of the flake. It was
decided that this flake was suitable for diffusion experiments.

A 3 pM concentration of lambda DNA was introduced onto the surface of the hBN flake and
was allowed to incubate for before Fluorescence images of this flake were taken. The initial
fluorescence of the molecules on the hBN flake can be seen in Figure 38c. The fluorescence image
after incubation shows no significant increase of fluorescence in comparison to the background
image. This indicates that the molecules that were deposited on the flake were so diffuse that
they did not increase the overall fluorescence significantly. However, it is possible to see small,
bright spots on the surface of the hBN flake in the image shown. These spots are lambda
DNA molecules that were deposited from the solution. These bright spots on the surface of
the hBN had only a 300 nm spot size. This means that these molecules are most likely not
the intended full size lambda DNA molecules but are fragments of the lambda DNA that have
broken off due to handling or fluorescent labeling, which could occur because lambda DNA
becomes more unstable as more Cy3 labels are attached. As such, the behavior of these small
fragments provides insight into the diffusion dynamics of molecules on the surface.

After measuring the initial fluorescence of the flake, a series of fluorescence measurements were
taken to measure molecule motion. In these measurements, many of the small fragments of
lambda DNA can be seen moving on the surface of the hBN flake. This behavior was observed
mainly for molecules in the center of the hBN flake. An overview of the flake with the molecule
paths tracked can be seen below in Figure 39.
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Figure 39: Tracking of lambda DNA fragment movements on the surface of an hBN flake.

During the tracking of the molecules’ motion, it was found that the molecules tended to move
sporadically in a small region of the flake. This indicates that the molecules are freely diffusing
across the surface of the flake. This conclusion closely supports the results of the molecule
dynamics simulations seen in Section 3. Molecules that were moving on the surface moved at
a speed between 0.5 um/s and 4 pm/s with an average of 1.47 um/s. A plot of the molecule
paths average measured diffusion speed can be seen below in Figure 40.
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Figure 40: Average velocities of molecules tracked on surface.

It is important to note that not all of the lambda DNA fragments were shown to be in free
diffusion. Many of the molecules appear to be stuck to either the edge of the flake or to specific
spots in the center of the flake. This is most likely a result of surface contamination or from
defects in the crystal that cause the DNA to remain stationary in specific locations on the
chip. Overall, the results of this experiment support the possibility that lambda DNA will
adsorb and freely diffuse on the surface of hBN. While it is not possible to see the length of
the DNA fragments with the microscope used in the experiment, it can be speculated that this
free diffusion of the molecules results in the unfolding of the molecule.

A second diffusion experiment was conducted under the same conditions but with a different
hBN flake. Both bright field and fluorescence measurements were taken and can be seen below
in Figure 4la and Figure 41b.

Figure 41: a) Bright field image of flake, b) 525 nm fluorescence image of flake, ¢) 525 nm
fluorescence measurement after four minute incubation of 30 pM lambda DNA solution.
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Figure 41 shows that this flake has a size of around 74 pum in width and 92 pum in length. the
majority of this flake is a thin flat surface. However, there is a section that is folded in upon
itself resulting in a much thicker area. It was found that the fluorescence emitted by this flake
is very faint and is located primarily on the flake edges.

A solution of 30 pM lambda DNA was placed onto the surface of this hBN flake was allowed to
incubate for four minutes before observation. Intial fluorescence can be seen in Figure 41c. The
lambda DNA molecules are visible as light spots with a size of around 2.5 pym in diameter, the
size that we expect from unlinearized lambda DNA. When analyzing experiment video, many
lambda DNA molecules landed onto the flake surface throughout the course of this experiment.
When these molecules landed, they appeared to stick to a single spot on the hBN flake. This
sticking meant that no significant diffusion was observed on the surface. However, there was
some flickering motion of the molecules that were on the surface.

It is possible that only one part of the lambda DNA was making contact with the crystal
surface. This may be a result of the fact that lambda DNA is composed of both single-stranded
DNA and double-stranded DNA. It is believed that the single-stranded DNA has a higher
interaction with the hBN surface than double-stranded DNA. As such, the end of the lambda
DNA molecules attached to the surface and the remainder of the molecule remained floating
in the buffer. This phenomenon explains the flickering motion of the molecule around a fixed
point on the crystal. However, it is also possible that the molecules are fully attached to the
surface and the flickering is a result of localized diffusion.

A final diffusion experiment was conducted using lambda DNA. A hBN flake was created and
transferred to the glass substrate using the same method as previously discussed. Both bright

field and fluorescence measurements were taken and can be seen below in Figure 42a and
Figure 42b.

a)

Figure 42: a) Bright field image of flake, b) 525 nm fluorescence image of flake, ¢) 525 nm
fluorescence measurement after four minute incubation of 150 pM lambda DNA solution.

The flake used for this experiment was generally thin with a smooth surface of of 62 um by 32
um. However, it was also found that this flake was placed on top of defects in the glass cover
slip. These defects resulted in a strained surface in the hBN that is clearly visible in bright
field and fluorescence images. Despite these defects, the majority of the flake emits fluorescence
that is similar in intensity to the background fluorescence of other flakes. A solution of 150 pM
lambda DNA was placed onto the surface of this hBN flake. The lambda DNA was allowed
to incubate for a four minutes before observation. An initial measurement of the molecule

44



fluorescence was then taken. This initial measurement can be seen in Figure 42c.

This initial fluorescence measurement is very different from the other measurements taken of
lambda DNA. A much higher concentration of lambda DNA was placed onto the surface of
this flake and as such, it was possible to see clumps of full sized lambda DNA instead of single
molecules. These lambda DNA clumps are much brighter and larger than any of the previously
tested molecules.

A video of the fluorescence emitted by the lambda DNA was taken in order to evaluate the
surface behavior of the molecules. The video proved the ability to observe clumps of lambda
DNA diffusing across the surface of the hBN flake. An illustration of this motion can be seen
below in Figure 43.

0 Seconds 24 Seconds

Figure 43: Time series/stamps of lambda DNA molecules diffusing on hBN surface.

It was found that some of the lambda DNA clumps were in fact diffusing on the hBN surface.
The diffusion of these lambda DNA clumps was much slower than the diffusion of the small
lambda DNA fragments. It was measured that the molecules seen shifting in Figure 43 where
moving at a rate of approximately 0.02 um/s. The diffusion shown in this experiment did not
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demonstrate the expected random walking that was shown in molecule dynamics simulations.
Instead, the molecules tend to migrate from high concentration regions near the edges of the
flake towards the lower concentration regions in the center of the flake. This behavior is different
from the behavior observed for the DNA fragments and single lambda DNA molecules. This
change in surface interaction may be a result of the clumping of the molecules. This clumping
may lead to decreased surface interaction and increased molecule mobility.

7.2 SAW Actuation of Molecules

Experiments to manipulate molecules using SAW devices were prepared in a manner as de-
scribed in Section 6.10. For each actuation experiment, new hBN surfaces were generated and
transferred onto SAW devices in order to limit possible surface contamination from previous
experiments. The biomolecules used in each experimental work were then placed onto the hBN.
Finally the SAW device was driven at different power levels and phase shifts in order to analyze
the behavior of the molecules on the surface.

7.2.1 SAW Actuation of a-synuclein

The first biomolecule to be used for actuation experiments was a-synuclein. It was shown in
previous sections that it was not possible to see individual molecules of a-synuclein using this
experimental setup. However, it was believed that by using a SAW device, it may be possible
to see some dynamic behaviour of a large number of a-synuclein. As such, an hBN flake was
prepared and transferred onto a SAW device for initial imaging, shown below in Figure 44a
and Figure 44b.

Figure 44: a) Bright field image of flake, b) 525 nm fluorescence image of flake, ¢) 525 nm
fluorescence measurement after four minute incubation of 10 nM a-synuclein solution.

This flake had a size of around 80 pum by 30 pum. It was selected for this experiment because it
was an relatively thin flake. This is important as the light emitted from a-synuclein has a low
intensity and is mostly absorbed by the layers of material it must travel through to reach the
microscope. In Figure 44b, it was found that after being transferred to the SAW device, the
surface of the flake was emitting some fluorescence. This fluorescence may be a result of surface
contamination or may simply be a result of the very thin nature of the flake. It was decided
that this flake was still viable for use in the actuation experiment, despite this fluorescence.
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A solution of 10 nM a-synuclein was prepared and was injected into the flow cell. These
molecules were allowed to incubate for a four minutes before initial measurements were taken.
These initial results can be seen in Figure 44c. In this initial fluorescence measurement, it was
found that the background was much brighter then the hBN flake. This means that much of
the light emitted by the proteins on the hBN surface is being lost or suppressed. Along with
this, it is still not possible to see the signal from single molecules of a-synuclein.

The first actuation experiment was a standing wave actuation of the SAW device. This means
that both IDTs were driven using an in phase sine wave. This results in a SAW whose nodes
and antinodes are stationary. A series of standing wave experiments were conducted at different
power levels. Fifteen frame z-projection images were taken after three minutes of actuation in
each experiment. These z-projection images provide an average of the particle fluorescence over
these fifteen frames. The images of the actuation experiments can be seen below in Figure 45.

-5dBm 0dBm

10 dBm 15 dBm

Figure 45: Standing wave actuation of a-synuclein on hBN at different power levels.

In the measurements of standing wave behavior, it was not possible to see motion of individual
a-synuclein. Along with this, the molecules did not form ribbons of concentrated particles as
expected, despite steady increases in input signal power. At some point between actuation
experiments, a line of bright spots appeared on the hBN surface. These bright spots had a
spacing of around 6 to 7.5 um. The spots did not appear during an actuation of the SAW
device and were not visibly affected by any actuation of the SAW device. As such, it is difficult
to confirm if these spots are a-synuclein or if they are caused by another unknown factor.
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The second experiment that was conducted was a beating wave actuation of the SAW device.
This beating SAW was generated by changing the relative phase between the input signals. In
this case, the relative phase between the input signals was set to 45 degrees. The power for the
beating wave was set at multiple different levels and the SAW was actuated. The fifteen frame
z-projection images of this actuation can be seen below in Figure 46.

-5dBm 0dBm

Figure 46: SAW actuation of a-synuclein on hBN with 45 degree phase shift.

The behavior of the molecules on the hBN does not appear to change when a beating wave is
applied. No clear patterning nor movement of molecules on the surface could be seen. It was
observed that particles in the bulk solution were being moved by the SAW device. However,
these molecules were too large to be a-synuclein, so likely are contamination.

Overall, it was found that it was not possible to observe either patterning due to standing waves
nor unidirectional motion due to a beating wave. This lack of observable manipulation of the
biomolecules may mean that it is not possible to control the motion of a-synuclein with this
current SAW design. The small size of a-synuclein may limit the amount of force that the 10
pm wavelength SAW can apply on the molecule.**8 It also may not be possible to observe this
motion due to the experimental setup and limited microscope resolution. By repeating this
experiment with single-molecule microscopy methods, it may be possible to see the behavior of
single molecules under actuation.
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7.2.2 SAW Actuation of M13mp18 DNA

The second biomolecule that was used for actuation experiments was single-stranded M13mp18
DNA. In earlier experiments, it was not possible to observe diffusion dynamics of M13mp18
DNA on the hBN flake. However, it was believed that it would be possible to observe motion
of M13mpl8 DNA when a SAW was applied. To test this hypothesis, a new hBN flake was
prepared for experiments and imaged, shown in Figure 47a and Figure 47b.

Figure 47: a) Bright field image of flake, b) 525 nm fluorescence image of flake, ¢) 525 nm
fluorescence measurement after four minute incubation of 100 pM M13mp18 DNA solution.

The flake used for this experiment had a width of 30 um and a length of 70 um. This flake
is one of the thinnest used during these experiments. This thinness is apparent as the flake
is almost invisible in bright field images. As has been seen in the past, this flake emits more
fluorescence due to it being so thin. It was decided that despite this initial fluorescence this
flake was suitable for actuation experiments.

A solution of 100 pM M13mpl8 DNA was prepared and was placed into the flow cell. This
DNA was circulated through the flow cell and then was allowed to incubate for four minutes.
An initial measurement of the flake surface was taken before actuation and can be seen in
Figure 47c. Unlike in the previous a-synuclein experiment, it is possible to see the individual
molecules of M13mp18 DNA on the surface of the flake, represented by individual fluorescent
dots. Due to the large number of molecules on the surface, it is difficult to determine if these
molecules are freely diffusing on the surface of the flake.

Once the molecules had been shown to be adsorbed to the hBN surface, it was possible to
begin SAW actuation. The first tests that were conducted were standing wave tests at different
power levels. The goal of these test were to determine if it was possible to generate a pattern
of M13mp18 DNA on hBN using a standing SAW. The result of these actuation experiments
can be seen below in Figure 48.
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Figure 48: Standing wave actuation of M13mp18 DNA on hBN at different power levels.

Over the course of the standing wave actuation experiments, it was found that no patterning
of the M13mp18 DNA was observable. Along with this, it was found that the molecules visible
on the surface appeared to disappear between actuation experiments. This is most likely a
result of the photobleaching that was shown in Figure 37. Another possible cause for this lack
of visible fluorescence on the hBN may also be the removal of the molecules from the surface.
However, this is most likely not the cause due to the fact that much of the fluorescence was
lost between experiments and not during actuation. A phenomenon that was observed during
this experiment was that when the SAW device was actuated, it increased the rate at which
M13mp18 DNA molecules deposited onto the substrate and hBN surface. This indicates that
the molecules are being pushed towards the surface of the SAW device by the actuation forces.
This finding further supports the speculation that the molecules are becoming photobleached
instead of being removed from the hBN surface by the SAW.

A second experiment was conducted in which the input signals for the SAW device were set
with a relative phase shift of 45 degrees, which should result in a beating wave. This beating
wave was applied to the M13mp18 DNA molecules that were adsorbed to the hBN flake used
for the standing wave experiments. A comparison of the flake before and during actuation can
be seen below in Figure 49.
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Before SAW Actuation After 120 Seconds of Actuation

Figure 49: SAW actuation of M13mp18 DNA on hBN with 45 degree phase shift at 10 dBm

power.

During this experiment, no measurable shift of M13mp18 DNA molecules could be detected on
the hBN flake. The measurements that were taken showed very similar results to the previous
standing wave experiment. These results may indicate that it is not possible to manipulate
M13mpl8 DNA with this experimental configuration.

A phenomenon that was observed in these experiments was the movement of M13mpl18 DNA
in the bulk solution. It was found that it was possible to see streaming of molecules. The
molecules that were in the bulk tended to move from outside the delay line to the center of
the delay line of the IDTs. This streaming always tended to move in one direction across the
flake. This shows that the molecules in bulk are being unidirectional manipulated using the
SAW device, but the molecules adsorbed to the surface appear to be unaffected.

7.2.3 SAW Actuation of Lambda DNA

The final molecule that was used for SAW actuation experiment was lambda DNA. Previously
in diffusion experiments, this molecule showed great promise due to its large size and bright
fluorescent signal. Fragments of this molecule also showed surface diffusion and surface inter-
action with hBN, making it an good candidate for further experimentation. A new hBN flake
was prepared and bright field and fluorescence images of the flake were taken and can be seen
below in Figure 50a and Figure 50b.
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Figure 50: a) Bright field image of flake, b) 525 nm fluorescence image of flake, c¢) 525 nm
fluorescence measurement after four minute incubation of 30 pM lambda DNA solution.

In this experiment multiple flakes were transferred at the same time onto the SAW device. The
largest of the flakes has a size of 64 pm by 35 pm. The second largest flake had a size of 55 um
by 26 pm. These flakes had very little fluorescence compared to the background fluorescence.
As such these flakes were suitable for actuation experiments.

A solution of 30 pM lambda DNA was prepared and was introduced into the flow cell of the SAW
device. The lambda DNA molecules were circulated through the flow cell and then were allowed
to incubate for a period of four minutes. Following this incubation, the first measurement of the
molecules was taken. This initial measurement can be seen in Figure 50c. In this measurement,
the lambda DNA can be clearly seen in the bulk solution as well as on the surface of the hBN
and SAW device. The expected spot size of the molecules on the surface of the hBN is around
2.5 pm. Many of the molecules visible in this initial measurement were close to this spot size,
meaning that they were very close to or in contact with the surface of the device.

After it was shown that the lambda DNA molecules were present and could be individually
identified, it was possible to begin actuation experiments. Early in these experiments, one set
of IDT wire bonds failed. As such, this experiment was conducted exclusively as a traveling
wave experiment. In the first lambda DNA actuation experiment, a number of powers were
used. It was found that power levels below 0 dBm did not cause noticeable motion of molecules
in bulk or on the hBN surface. The experiment that presented the most interesting results was
the actuation at 5 dBm. A snapshot of this lambda DNA motion under 5 dBm actuation can
be found below in Figure 51.
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Figure 51: Time slices of lambda DNA under 5 dBm SAW actuation with three molecules
tracked.

The SAW actuation of the lambda DNA at 5 dBm showed a very interesting result. The
molecules in the bulk solution can be seen moving in a single direction due to the actuation.
Along with this, it was possible to see molecules of the correct size that appear to be on the
hBN surface also moving due to this actuation. These molecules were observed moving from
outside the hBN flake and then moving onto the hBN flake when the SAW was actuated. After
the actuation had ceased, these molecules appeared to remain on the hBN flake. During actu-
ation, these molecules were found to generally travel in one direction. If they were outside the
delay line, these molecules would move both towards the delay line and then towards one of
the IDTs. For a 5 dBm actuation, the lambda DNA was found to travel at an average velocity
of 2.83 um/s over the hBN surface. It was found that for higher power actuation very similar
behaviour was observed but with a higher average velocity of the molecule.

It can be speculated that these lambda DNA molecules are exhibiting the desired unidirec-
tional transport on the hBN surface. However, it is not possible to know with certainty that
the molecules are actually attached to the surface. It is possible that this molecules are simply
floating very near the surface or that only a single part of the molecule is attached. To inves-
tigate the true nature of this transport, it was necessary to conduct further experiments. As
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such, a new flake of hBN was prepared and transferred onto the SAW device. The bright field
and fluorescence images of this flake can be seen below in Figure 52a and Figure 52b.

Figure 52: a) Bright field image of flake, b) 525 nm fluorescence image of flake, ¢) 525 nm
fluorescence measurement after four minute incubation of 10 pM lambda DNA solution.

This flake has a size of 100 um by 92 pum which is larger than many of the other flakes used.
The fluorescence of the flake was found to be similar to background fluorescence and is therefore
suitable for this experiment. A solution of lambda DNA with a concentration of 10 pM was
prepared and introduced into the flow cell. These molecules were cycled over the hBN flake
and then allowed to incubate. The initial measurement of the fluorescence was taken and can
be seen in Figure 52c.

The initial fluorescence measurement shows that there is a significantly lower number of lambda
DNA molecules both in bulk and on the surface. This is intentional because it limits the noise
generated by a large concentration of molecules above the hBN. It also makes it much simpler
to track single molecules when they do appear on or near the hBN flake.

The first experiment that was conducted using this flake was a standing wave experiment with
a power level of 5 dBm. A snapshot of the motion observed during this actuation can be seen
below in Figure 53.

0 Seconds 0.56 Seconds 1.11 Seconds

Figure 53: 5 dBm standing wave actuation of lambda DNA with one molecule tracked.
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It was found that the molecule that was visible in this actuation was most likely near to, or
on the surface. While the molecule was traveling over in the bulk solution, it had a speed of
approximately 31.17 um/s. While the molecule was traveling over the hBN flake, the molecule
had an average velocity of around 20.86 pm/s. This may indicate that the molecule is slowed
due to an interaction with the hBN surface. It is also possible that the molecule is slowing as
it approaches the geometric center of the delay line. An illustration of the measured velocities
of the molecule can be seen below if Figure 54.
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Figure 54: Velocity profile of molecule moving from bulk to hBN under 5 dBm standing wave
actuation.

A second experiment was conducted in which the relative phase of the input signals was shifted
by 60 degrees. The SAW device was then actuated with a power level of 5 dBm. In this
experiment it was found that both molecules in the bulk solution as well as potentially on the
hBN surface were manipulated. By comparing the speed and orientation of these molecules, it
is possible to determine if lambda DNA interaction with hBN is slowing the transport speed
of the molecules. A time sequence of one of the molecules that was found to be moving in the
bulk solution can be seen below in Figure 55.
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0 Seconds 0.66 Seconds 1.32 Seconds

Figure 55: 5 dBm 60 degree phase shift beating wave actuation of lambda DNA with one
molecule tracked in bulk solution.

It was found that the molecule being tracked in the bulk solution had an average velocity of
39.11 um/s. By comparing this speed to the measured speed of the molecules that are moving
across the hBN in the same actuation, it is possible to speculate about the interaction of lambda
DNA and the hBN surface. As such, two molecules were tracked as the moved across the surface
of the hBN flake during the same 5 dBm actuation at 60 degrees relative phase difference. A
time sequence of these two molecules can be found below in Figure 56.

0 Seconds 1.97 Seconds 3.29 Seconds

Figure 56: 5 dBm 60 degree phase shift beating wave actuation of lambda DNA with two
molecule tracked on hBN surface.

The two molecules that were tracked on the surface of the hBN were observed to travel at
about the same speed of 4.64 pm/s. It was also noticeable that these molecules are moving in
opposite directions towards the geometric center of the delay line. A comparison of the velocity
profiles between the molecule tracked in bulk and the two molecules tracked on hBN can be
seen below in Figure 57.
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Figure 57: Velocity profiles of molecule moving in bulk and two molecules on hBN 5 dBm 60
degree phase shift beating wave actuation.

It can be speculated that the reduction in the speed of the molecules is a result of surface
interaction with the hBN flake. Most likely, only a segment of the lambda DNA is interacting
with the hBN as was seen in the diffusion analysis discussed in section 7.1. However, even if
only a single segment of DNA is attached to the surface, this result still shows promise for the
use of SAW actuation to transport biomolecules on hBN surfaces.

8 Conclusions and Outlook

This report strives to investigate and improve the understanding of localized transport of
biomolecules on an hBN surface. The goal of this research was to investigate the possible appli-
cation of hBN as a sequencing platform for proteins and other difficult to sequence biomolecules.
We hypothesized that that SAW actuation of biomolecules could be an inexpensive non-contact
method for the manipulation of molecules. The behavior of biomolecules on hBN surfaces as
well as the manipulation of molecules on these surfaces has not been experimentally investi-
gated before this report.

In order to conduct research into the SAW manipulation of molecules, it was first necessary
to design and fabricate a SAW device. These devices were designed with a 10 um acoustic
wavelength and an operational frequency of 416 MHz. We successfully fabricated these de-
vices and subsequently characterized them using a vector network analyzer to determine the
frequency behavior. It was found that the thickness of the SiO, protective layer caused the
SAW to have a slightly larger acoustic wavelength then originally designed. These SAW de-
vices were characterized in both air and buffer solution, and it was found that the resonance
frequencies and transmission powers of the SAW remained similar for both cases, as desired for
measurements in liquid. This shows that the SAW device used is generating mostly in-plane
shear horizontal waves with minimal fluid coupling. The results of the SAW characterization
were in good agreement with literature.
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Flakes of hBN were prepared through the use of mechanical exfoliation onto a SiO, substrate.
Flakes with large surface areas and low thicknesses were then selected from this Si0O; substrate
for transfer onto SAW devices and glass cover slips. These flakes were transferred onto the final
substrates through the use of a PPC bubble transfer process. Using this transfer method, we
were successful in deterministically placing the selected flakes in the delay line region of the
SAW device, with no visible damage to the flakes and with high reproducibility. Having the
ability to select and deterministically transfer flakes onto SAW devices was key to this research.

Once the SAW device was prepared and the hBN surface was transferred onto the surface, we
began experiments to analyze the behavior of biomolecules on the surface. The goal of these
experiments was to answer the research questions posed in section 5. Each of these questions
and the relevant conclusions from the experimental results can be seen below.

1. How are the diffusion dynamics of single molecules affected by the interaction with hBN
surfaces?

In section 7.1, the diffusion dynamics of various biomolecules adsorbed to hBN were ana-
lyzed. In these experiments, three different biomolecules were deposited onto hBN flakes
and were allowed to incubate. The behaviour of these molecules was then measured and
recorded.

In the measurement of a-synuclein, it was not possible to observe the individual biomolecules
due to low fluorescence and experimental limitations. It was found that fluorescence from
these molecules appeared to be highest near the edges of the hBN flakes and at apparent
defect regions of the hBN. Details regarding changes to the experimental setup that will
potentially allow for single molecule measurements can be found in section 8.1.

The behavior of M13mp18 DNA on hBN was also evaluated. These molecules were found
to be evenly distributed on the hBN surface. However, it was not possible to observe any
clear diffusion motion of these molecules on the hBN surface. It is possible that surface
contamination or surface crowding resulted in the lack of motion of these molecules on
the hBN surface. These molecules experienced rapid photo bleaching when adsorbed to
the hBN surface. The cause of this photo bleaching is currently unknown, as hBN is a
dielectric and not a fluorescence quencher.%’

The behavior of lambda DNA presented the most promising results of the three molecules.
Fragmented lambda DNA molecules were observed freely diffusing on the surface of the
hBN flake. This diffusion was similar to the random walking diffusion shown in many
molecular dynamic simulations of single stranded DNA. However, when full molecules of
lambda DNA came into contact with the hBN surface, no free diffusion was observed.
It was found that many of these molecules appeared to have one piece of DNA attached
to the surface while the remainder moved above the surface. At high concentrations of
lambda DNA clumps of molecules were observed very slowly diffusing from regions of
high concentration to low concentration.

Overall, it was found that the various molecules had different behaviors when adsorbed
to the hBN surface. It was expected that the molecules would adsorb to the hBN sur-
face and freely diffuse. However, this behavior was only observed for fragmented lambda
DNA. The other molecules became stuck on the hBN when they became adsorbed to the
surface or were not observable. Further experiments will need to be conducted in order
to determine the exact reason for this behavior.
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2. Can we manipulate single molecules using non-invasive acoustoelectronic forces generated
with SAW devices?

In the actuation experiments conducted, it was found that the current manipulation
approach had limited success in the manipulation of biomolecules on an hBN surface.
In literature, it was found that under standing wave actuation molecules would often
pattern onto the nodes or antinodes of the SAW. In this experiment, this behavior was
not observed for any of the three test molecules. This lack of clear patterning is most
likely a result of the acoustoelectric interaction of the biomolecules with the SAW. This
behavior is strongly dependent on many design elements such as SAW wavelength, particle
size, and buffer composition.**

It was possible to observe the manipulation of both M13mpl18 DNA, as well as lambda
DNA that was in the bulk solution. When under actuation, it was found that both
molecules tended to move towards the geometric center of the delay line and then towards
one of the SAW IDTs. It is uncertain if this behaviour was a result of fluid coupling with
the SAW or if it was true acoustoelectric manipulation.

3. Can we demonstrate unidirectional single molecule transport and using combined hBN /-

SAW devices?

In the manipulation of lambda DNA, it was possible to move molecules across the surface
of hBN. Many lambda DNA molecules were observed moving near or on the surface of
the hBN during actuation. As these molecules moved from the SiO2 surface to the hBN
flake, it was found that the velocity of the molecules was decreased. This provides strong
evidence to support the possibility that these molecules are interacting with the hBN
surface while being transported.

It was also found that the motion for molecules located in the delay line of the SAW
device tended to always be in a uniform direction. Often these molecules were shown
to only move horizontally towards one of the SAW IDTs and did not show shifts in the
vertical direction. This did not hold true for molecules initially located outside of the
delay line. These molecules tended to rapidly move towards the delay line and then begin
moving towards one of the IDTs. As such it can be claimed that molecules located on
the hBN surface inside of the SAW delay line were observed to experience unidirectional
transport.

The results of this research will serve as a baseline for further research into the behavior of
molecules on hBN surfaces. This research also provided preliminary support for the use of
SAW devices and hBN surfaces for the manipulation of biomolecules. Through further work,
it is believed that both of these processes can be understood and utilized for future protein
sequencing applications. This technology presents a small step towards the ability to sequence
new proteins, overcoming some limitations of existing protein sequencing methods.

8.1 Future Work

The current preliminary results found in this report are useful for setting a baseline for the
manipulation of biomolecules on hBN with a SAW device. However, there were a number of
challenges that were faced during experiments that restricted the quality of data that could
be gathered. Along with this, many of the processes used to conduct this research are not
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well investigated or modeled. By conducting further research into these processes, it will be
possible to conduct more controlled measurements. In order to improve upon the processes
and experimental results, there are a number of unknowns that can be investigated. These
unknowns are outlined below.

8.1.1 Modeling of SAW Device

In order to more fully understand the behavior seen in the preliminary result, it was deemed
necessary to model the behavior of the SAW device in this system. Currently it is not well
understood how the mechanical and electrical fields are affected by the presence of the hBN
flake and S0, layer on the surface of the device. Understanding the acoustoelectric effect may
be critical for developing a more advanced control scheme for the manipulation of bio molecules
with a SAW device.

Currently one of the best methods for modeling these fields is through the use of a software
such as COMSOL Multiphysics. Many different models of lithium tantalate-based SAW devices
have been simulated using COMSOL.”™™ The SAW devices in these simulations often have a
very similar design to the design seen in Section 6.1. Often these simulations use a standard
two IDT device with a delay line between the IDTs. These models enable the simulation and
visualization of both the mechanical and electrical waves present during actuation. An example
of this visualization for a SAW device on lithium tantalate can be seen below in Figure 58.
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Figure 58: COMSOL visualization of acoustic wave on lithium tantalate SAW device under
actuation.™

Using this simulation, it may be possible to correlate the motion of molecules under actuation to
the acoustoelectric fields generated by the SAW device. Some modification to existing COMSOL
models is necessary in order to include a hBN flake on the surface of the SAW device. This
may prove challenging, as some of the properties of thin hBN are not fully modeled.

By more thoroughly understanding the behavior of the SAW device, it is possible to begin
to develop a more empirical understanding of the behavior seen in this report. As such, the
development of these simulations are a clear next step to understand the manipulation of
biomolecules adsorbed to an hBN surface with SAW devices.
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8.1.2 Investigation into hBN Surface Contamination

A critical component of the manufacturing process used in this research is the PPC transfer
process. This process is what allows for the selection of optimal hBN flakes and facilitates the
transfer of these flakes onto the SAW device. As such, it is important to fully understand this
process and how it affects the quality of the hBN. It is possible that this transfer may cause
some contamination transfer from the surface of the PPC film onto the surface of the hBN
during the transfer process. This residue may be one factor that is limiting the diffusion of
biomolecules on the surface of the hBN. Those contaminants are not visible in either bright
field or fluorescence images. This makes it difficult to determine if the flakes are in fact being
contaminated by the PPC transfer process.

To determine if the PPC transfer process is contaminating the hBN flakes, it may be necessary
to use Raman spectroscopy. Raman spectroscopy would enable the evaluation of the exact
chemical composition on the surface of the hBN flake.”™ Using this composition, it could be
determined if significant contamination occurs during the PPC transfer process. The Raman
spectra of a direct transfer hBN flake would be compared to the Raman spectra of a PPC
transferred flake in order to determine the level of contamination. If a significant difference in
spectra is found it would be known that this transfer method causes significant contamination.

If it were found that the PPC transfer process causes surface contamination, it would be
necessary to remove this contamination before conducting diffusion or actuation experiments.
One possible method for the removal of these contaminants is through the use of annealing. It
has been found that high temperature annealing of the hBN flakes can remove most organic
residues created by adhesives.?®™ An example of the Raman spectra of an exfoliated hBN flake
before and after annealing can be seen below in Figure 59.
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Figure 59: a) An hBN flake with adhesive residue b) The Raman spectra before and after
annealing at two temperatures showing a reduction of organic materials on the surface in the
two regions marked with an X.™

There is a range of environments and temperatures that can be used in this annealing process.
It would be necessary to select a temperature and environment that limits potential damage
to the SAW device. In order to find this temperature, multiple experiments will need to be
conducted to make sure the SAW IDTs do not melt or crack.

By investigating and removing surface contamination on the hBN flake, it is possible to elimi-
nate one major unknown variable from future experiments. Once this surface contamination is
removed, it would be of interest to conduct diffusion experiments such as those seen in section
7.1. If the results found in these new experiments differ greatly from the previous experiments,
then it can be concluded that PPC transfer contamination significantly affects the biomolecule
interaction with hBN.

8.1.3 Optical and Experimental Setup Improvements

During the experiments conducted for this research, both the optical and mechanical experi-
mental setup could be improved upon. One main challenge that was detrimental to the quality
of measured data was the loss of light due to the optical stack presented in Figure 23. In
order to measure fluorescence from biomolecules, it was necessary for the excitation laser to
pass through water, glass, air, lithium tantalate, silicon dioxide, and finally hBN. It was also
necessary for the much lower intensity fluorescence from the molecules to pass through the
same materials in order to return to the objective. Because of this long optical path through
many materials, the emitted fluorescence most likely lost much of its intensity and experienced

62



refraction effects. This results in a low intensity image with optical aberration’s to be mea-
sured. Multiple different optical stacks were tested in order to reduce these effect with minimal
success.

In order to improve the measurement of the fluorescence from the biomolecules, it is necessary
to take a different optical approach. To reduce the amount of loss fluorescence and decrease
aberrations, it is necessary to reduce the amount of materials the light passes through. One
promising approach to achieve this is to flip the SAW device so that the surface of the hBN is
facing the objective. This approach would mean that the fluorescence would only need to pass
through water, glass, and buffer to be measured.

By flipping the SAW device the experimental setup must be redesigned. One major change is
the need for a smaller, thinner flow cell that is made of glass. One possible solution is to use a
simple flow cell made using double sided kapton tape and a glass cover slip. An illustration of
this proposed flow cell can be seen below in Figure 60.
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Figure 60: a) Top view of flow cell on SAW device, b) Side view of flow cell on SAW device.

It can be seen that this new flow cell design is very different from the previous design. It is
also possible to see that it is not compatible with the current SAW device design. Currently,
with this SAW design, it would not be possible to interface the IDTs with the macroscopic
electronics due to the short IDT leads. This configuration also presents challenges for wire
bonding the device.

By increasing the size of the SAW substrate and increasing the length of the SAW IDT leads,
it is possible to implement the new flow cell. These changes also allow for the implementation
of changes that can decrease time and difficulty involved in the setup of the PCB assembly.
Currently, the assembly process speed is restricted by the need to wire bond the SAW device.
This is a tedious process that often results in weak connections that break during experiments.
An alternative to wire bonding is the use of pressure contacts. By directly contacting the SAW
IDT leads to contact pads on the PCB, it is possible to quickly and easily assemble the PCB
assembly. The proposed implementation of the flow cell, as well as the contact pins, can be
found below in Figure 61.

63



Positioning Jig Mechanical Clamp
SAW Device hBN Flake

Kapton Tape Covir slip

Flow Cell

Macroscopic
RF Connector

Bolt ]
Microscope Pressure PCB

Adaptor Contact

Microscope
Objective

Figure 61: Overview of flipped SAW device with pressure contacts.

The new SAW PCB assembly will first be tested in the wide field epifluorescence microscope
described in Section 6.6. If it is found that the new configuration facilitates improved measure-
ments, then the molecule diffusion and actuation experiments will be repeated.

A final change that could be made to the experimental setup is the type of fluorescence mi-
croscope used. It was found that when using wide field epifluorescence, it is very difficult to
determine with certainty if biomolecules are located on the surface of the saw device or if they
are located in the bulk solution. As such, it is necessary to use a microscopy method that
has a very narrow focal range. One such microscope is a confocal flourescence microscope. By
using this method it would be possible to observe the molecules that are on the hBN surface
more precisely. As such, this microscope is being considered for implementation into future
experiments.

64



Appendices

A Material Properties of Y-36° Cut Lithium Tantalate

Material Property Symbol Value
Density P 7.465x 103 kg / m3
Thickness T 500 um
Transmissivity T 5.9x10-11<5<2.0*10-10 at 25°C
Cut Orientation 0 Y-36°
Coupling Coefficient k~2 5%
Surface Wave Velocity v 4160 m/s

Refractive Index at 632.8 nm n 0 2.1787

Figure 62: Properties of lithium tantalate used in this research.

B Control of 1.5 um Fluorescent Beads with SAW Actuation

Before conducting the SAW actuation experiments seen in Section 7.2, a test of the SAW device
was conducted with 1.5 um fluorescent polystyrene beads. The beads were mixed with buffer
and then introduced into the flow cell, where they were allowed to settle for five minutes. An
initial fluorescence image of these beads on the SAW device can be seen below in Figure 63.

Figure 63: Incubated 1.5 pm fluorescent beads on SAW device.

A -5 dBm actuation power was applied to the SAW device in order to manipulate the beads. A
standing wave was the first experiment conducted followed by two beating wave experiments.
For the beating wave experiments the phase shift was +£60 degrees. An overview fo the observed
motion for all three of these actuations can be seen below in Figure 64.
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Figure 64: a) Standing wave actuation of SAW device, b) Beating wave actuation with -60
degree phase shift, c) Beating wave actuation with +60 degree phase shift.

During the standing wave experiment the beads were observed to move towards the delay line
of the SAW device. Once these beads reached the delay line, most of their directional motions
stopped. These beads demonstrated localized random motion once at the geometric center of
the delay line.

In both beating wave experiments, the beads were observed to first approach the geometric
center of the delay line. Once they reached the center, the beads were found to unidirectionally
move either left or right depending on the phase shift. For the -60 degree phase shift the beads
moved to the left and for the 60 degree phase shift the beads moved to the right. These bead
actuation experiments showed that it was possible to unidirectional manipulate objects in the
bulk solution.
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