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ABSTRACT

RNA interference (RNAI) is a powerful mechanism to regulate gene expression. A
key feature of RNAL is its sequence specificity: a short interfering RNA (siRNA) assembles
into the RNA induced silencing complex (RISC) and then targets cellular transcripts
complementary to the siRNA for degradation. RNAi has been adapted for therapeutic
applications, but is challenged by the need to identify unique target transcripts for each
disease that are both effective and result in few off-target effects. This challenge could be
eased if siRNAs could be activated only and specifically in diseased cells. If this were the
case, rather than targeting a new transcript for each new disease, the same cellular
housekeeping genes could be reused. Targeting housekeeping genes would result in greater
potency, both effectively treating the disease and requiring less drug for treatment,
alleviating problems associated with toxicity and delivery. A new class of nucleic acid
therapeutics called conditional siRNAs (Cond-siRNA) is designed to act in this
environment-specific manner. The first part of this thesis uses molecular dynamics
simulations to understand the structure of Cond-siRNA and to suggest improvements in
future designs.

Bioengineering like the work done in the development of Cond-siRNAs depends on
the existence of tools that make work simple, fast, cheap, and reproducible. In the case of
nucleic acids, de novo synthesis of custom constructs is a fundamental tool. While
approaches to synthesis have improved immensely since their inception, increasing
ambition demands increasingly powerful tools. As target constructs get longer, the
synthesis can become intractably complicated, slowing the process, increasing costs, and
making it less likely to be replicated by others. The source of complexity in nucleic acid
synthesis is the inability to directly synthesize long fragments without errors. Finding a new
means of sequence-controlled synthesis that results in fewer errors and perhaps allows for
correction could address this challenge. The second part of this thesis looks at using
graphene as a mask for patterning the deposition of molecules on a surface with an eye

towards arranging and coupling reactants in a sequence-specific way.
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Introduction

This is an exciting era for the engineering of biology. In biological molecules and
organisms, engineers have at their disposal a medium that can sense and respond to its
environment, complete complex chemical reactions at room temperature and pressure, and
evolve to become better at its work over time. The potential impact is particularly exciting
in the field of medicine where the treatment of complex pathologies would benefit from
more sophisticated therapeutics. The application of RNA interference (RNAI) to treat
disease is an example of such a therapeutic. By introducing a small interfering RNA
(siRNA) to a cell, a particular cellular mRNA transcript can be targeted for degradation and
thereby regulate gene expression. The effect of this siRNA could be improved if it were
activated only on the condition that it is in a diseased cell. If this were the case, an essential
housekeeping gene common to all cells could be targeted. Targeting a housekeeping gene
would have the effects of simplifying the design, increasing potency, and reducing the
amount of drug required, lowering toxicity and easing the challenge of delivery. A new
class of therapeutics named conditional siRNAs (Cond-siRNA) seeks to achieve this
conditional activation.' Chapter I of this thesis presents the results of molecular dynamics
simulations conducted to better understand the structure of Cond-siRNAs and to suggest
improvements in future designs.

Successful engineering of biological systems is enabled by tools that make the work
simple, fast, cheap, and reproducible. Nucleic acid products like Cond-siRNAs are made
via solid-phase synthesis, a technique that sequentially adds monomers to a growing chain
and is characterized by a limited product length due to failed coupling events. To achieve
longer constructs, the products of solid-phase synthesis can be inputs to enzymatic
assemblies, but these assemblies become more complicated and unsuccessful as the number
of inputs increases. If the issue of error could be addressed at the stage of direct synthesis,
the complications of the enzymatic assembly could be avoided. With this end in mind, the
second part of this thesis explores a new graphene-based method of patterning molecules
on a surface with the eventual goal of using the technique to arrange and couple monomers

in a sequence-specific way.



Chapter I

A Molecular Dynamics Investigation of Cond-siRNAs



Introduction

RNA interference (RNAI) is a powerful biological mechanism for gene regulation.
Within a cell, double-stranded RNA is enzymatically cut down to ~20 base pair fragments
that then join with protein to form the RNA-induced silencing complex (RISC). The RISC
then knocks downs gene expression in a sequence-specific manner. Since its discovery in
C. elegans,” we continue to learn about the prevalence of RNAA. It is used both for
endogenous post-transcriptional gene regulation and for defense from exogenous sources.’
The power of RNAI in regulating gene expression has made it an exciting candidate for
therapeutic applications. Initial trials have shown that it can be effective against diseases
that are intractable with typical small-molecule therapies, however, there are a number of
limitations.* A unique mRNA target must be found for each disease. This target must be
specific to the disease and not to healthy cells, and the disruption of this target must lead to
remission of the disease. As always, delivery is a challenge. Each of these problems could
be addressed if RNAi could be initiated only in cells where the disease is present. If this
were the case, essential genes common to all cells could be the target of the siRNA.
Targeting essential genes would make the drug more potent and broadly applicable.
Further, a more potent drug could be delivered in smaller quantities, avoiding off-target
toxicity and easing the burden of delivery. This environment-specific RNAI1 activity is the
aim of conditional siRNA (Cond-siRNA).'

In the presence of a user-defined mRNA transcript, Cond-siRNA activates a siRNA
that targets a separate user-defined transcript for knockdown. A Cond-siRNA comprises an
siRNA and a sensor duplex covalently linked through a pair of carbon chains. The
proximity of the two duplexes prevents the enzymatic processing of the siRNA and
assembly into the RISC. The removal of the sensor duplex through toehold-mediated strand
displacement leaves the siRNA accessible for processing and assembly into the RISC,
leading to knockdown of the target. Given the role of the sensor duplex in protecting the

siRNA, the structure of the Cond-siRNA is critical to its function. The initial Cond-siRNAs



were designed using only thermodynamic optimization to choose stable duplexes and to
avoid problematic secondary structures. This thermodynamic optimization does not take
into account the dynamic structure of the Cond-siRNA. The goal of this work is to use
molecular dynamics simulations to give detailed structural information about the Cond-
siRNA. Of special interest is how well the Dicer cleavage site of the Cond-siRNA is
protected and the stability of base pairing in the face of extensive modifications. With these
answers in hand, this work further seeks both to explain experimental results and suggest

improvements for the design of the next generation of constructs.

Background

Structural Description of Nucleic Acids

Nucleic acids play essential roles in biology. They are the material in which genes
are encoded and expressed. They also regulate gene expression and serve as a source of
energy. The capacity for nucleic acids to play these roles is a function of their structure.
The nucleoside, the basic unit, comprises a furanose ring and a nitrogenous base. Figure
1-1 shows both a purine and pyrimidine nucleoside, with each atom named according to
convention. Modifications to naturally occurring nucleosides change both structure and
chemical properties. This work on Cond-siRNA involves several modified nucleosides: the
Locked Nucleic Acid (LNA), 2° O- methyl, and phosphorothioate. Figure 1-2 shows the
structures of these modified nucleosides. The LNA involves a carbon that bridges the 2’0
and the C4’. The result is a furanose ring locked in the 3’ endo conformation, which
stabilizes base pairing. The 2’O-methyl performs a similar role. The phosphorothioate
prevents degradation via exonucleases.

Nucleosides are connected to other nucleosides via phosphodiester bonds to form
single strands of nucleotides. When strands have complementary sequences, they can come
together to form a duplex. The bases of each nucleoside interact with one another across

strands through hydrogen bonding. Adenosine pairs with thymidine and uridine, and
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guanosine pairs with cytidine. The specificity of base pairing is responsible for the fidelity

of replication and transcription. Nucleosides also interact with one another within strands
through = stacking between bases. These interactions influence the overall shape of the
duplex.

Standard parameters have been defined to describe nucleic acid structures.” At the
level of the single strand, seven torsions are used to describe the strand shape. Six of these
torsions are along the backbone, and one describes the gycosidic linkage between the base
and furanose ring. Figure 1-3 shows these torsions. Within each base, the pucker of the
furanose ring is described as a phase angle in a pseudorotation cycle. Base pairs are
described by six parameters: buckle, opening, propeller twist, shear, stagger, and stretch.
These are shown in Figure 1-4. Steps between base pairs are described by six parameters:
rise, roll, shift, slide, tilt, and twist. These are shown in Figure 1-5. The local and step
parameters allow a complete description of helical structure. The duplex can also be

described more coarsely in terms of pitch: base pairs per turn and rise per turn.



Figure 1-2 Modified Nucleosides. LNA (A), 2’-O methyl (B), and phosphorothioate (C).
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Figure 1-4 Nucleoside local parameters.
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Figure 1-5 Nucleoside step parameters.




RNA Interference

The first example of RNA interference (RNAi) was discovered in C. elegans® in
which a micro RNA (miRNA) originating in the cell nucleus was found to be
enzymatically processed and moved to the cytoplasm where it assembles into the RNA-
induced silencing complex (RISC). The RISC then regulates function in the cell by
sequestering or degrading mRNAs. This first example represented a new means of
regulation of endogenous genes. Since this first discovery, different incarnations of the
mechanism have been discovered in different organisms.® Another instance of RNA
interference utilizes small interfering RNA (siRNA), which is much smaller than miRNA
and may have both endogenous and exogenous sources.

The typical siRNA is 20-30 nt in length. Dicer, an enzyme, trims siRNA leaving a
two-nucleotide overhang on each 3’ terminus and phosphate at each 5’ terminus. This
processed RNA is then loaded into a ribonucleoprotein complex with a member of the
Argonaut family. Once the double-stranded helix is in Argonaut, the phosphate of the guide
strand is bound by PAZ domain and MID domains respectively, generating the RISC. At
this point, the passenger strand is discarded, leaving a complex between a single strand of
RNA (the guide strand) and the protein. The guide strand is then used to base pair with
mRNAs in the cell. Depending on the level of sequence complementarity, the RISC can
regulate the transcript in two ways. With a high degree of complementarity, the mRNA can
be degraded. With low complementarity, the translation of the transcript can be inhibited.

This powerful means of regulating gene expression made RNAi an obvious target
for drug development.* siRNAs targeting transcripts associated with disease could
specifically and effectively treat that disease. Much work has been done along these lines.
The use of siRNA for treating disease is met with several challenges, however. First, a
suitable mRNA target must be chosen. This target must be specific to the disease and its
down-regulation must lead to the disease going into remission. Further, the siRNA must
have little toxicity and cause minimal off-target effects. These requirements mean that a
new target must be found for each disease and toxicity must be determined each time. A
powerful advance in the field of siRNA would be made if the siRNA could first assess the

disease state of the cell, and act only if the cell is diseased. In this case, the siRNA could
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target an endogenous housekeeping gene of the cell rather that something specific to the

disease. This would be helpful because the same target could be used for myriad diseases,
and because targeting housekeeping genes would likely result in greater potency. Greater
potency, in turn, would require smaller doses of the drug. These aims could be achieved by

Cond-siRNA.

Conditional RNA

The goal of the Cond-siRNA is to knockdown a user-defined target mRNA
transcript in cells via the RNA1 pathway in response to the presence of separate user-
defined signal transcripts in the same cells.! Han e al. achieved this behavior through the
architecture depicted in Figure 1-6. Three strands form two duplexes that are joined by a
pair of three-carbon linkers. The guide strand and the inner part of the core strand form the
siRNA duplex. The sensor strand and the termini of the core strand form the sensor duplex.
The three-carbon linkers join the termini of the core strand to its middle. The key
hypothesis is that the proximity of the two duplexes prevents Dicer from cleaving the
siRNA duplex to render it viable for the RISC. In the event that RNA complementary to the
sensor strand is present, it will remove the sensor strand through toehold-mediated strand
displacement, leaving single stranded regions on the termini of the core strand. With the
sensor duplex melted, Dicer can process the siRNA duplex, as shown in Figure 1-7.

In the experiments performed by Han ef al., three different Cond-siRNA constructs
were tested. In each case, the sensor sequence was selected by considering the sequence of
the target mRNA, going over all frames 33 nucleotides long, and finding those sequences
that did not have significant overlap with other endogenous mRNA sequences or
significant secondary structures. These sequences were further modified with LNAs, 2°-O
methyls, and phosporothioates to stabilize the desired base pairing over secondary
structures and to prevent degradation by nucleases. It is important to note that the only
design considerations were sequence overlap and thermodynamic stability of the intended
duplex relative to potential secondary structures, and that each duplex was considered in

isolation.
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Dicer cleavage
sites

M Guide strand

m Core strand

W Sensor strand

W Sensor overhang
Dicer cleavage site

5" Oy 3"

Z Pro-siRNA

Figure 1-7 Activation of Cond-siRNA. Reproduced with permission from Han ef al.

Molecular Dynamics

Molecular dynamics (MD) is a computational technique for studying the evolution
of a molecular system through time.” Depending on software and hardware, MD can
produce trajectories spanning from nanoseconds to milliseconds. Molecular dynamics is an

important tool because it gives atomic resolution insights about systems that could



12
otherwise be difficult to study at that spatial and temporal resolution. Atoms are

represented by their coordinates and masses. Bonds, angles, dihedrals, and two-body non-
bond interactions are represented by potential functions that are parameterized in a force
field. Building an atomic model of the initial state of the system can be done by using a
crystal structure as template or from quantum mechanics calculations. Explicit water and
ions can be added as well. Calculation of point charges associated with each atom is
achieved through quantum mechanics techniques. The force field can be parameterized
either through empirical data or through quantum mechanics calculations.

A typical simulation begins with a geometry optimization that moves the structure
into a local energy minimum. This process improves the conformation of a solute molecule
and reduces large forces due to clashes with the added solvent. The next step is to bring the
system to the appropriate temperature and pressure or volume. This is achieved through
integration while keeping certain variables constant. The NVT ensemble, for example,
keeps the amount of mass in the system, the volume, and the temperature constant.
Temperature is kept constant through the use of a thermostat. In the NPT ensemble, mass,
pressure, and temperature are kept constant. Pressure is kept constant through the use of a
barostat. Finally comes the production run, the step from which data will be collected for

analysis. This step can utilize any of the aforementioned ensembles.
Materials and Methods

RNA structures were built using a combination of Nucleic Acid Builder,® Cerius?, a
GUI builder by Accelerys, and custom scripts written in both Python and Perl. These RNA
structures were then solvated with a custom script using TIP3 explicit waters, creating a
buffer of 15 A on each face of the water box. Each structure was neutralized by both
magnesium and sodium, with each ion equally represented by charge. The ions were placed
using a custom script that calculates the electrostatic potential of the entire system and
places the ions at the minima, removing waters that clash. To this neutralized structure,
150 mM NaCl was added using the same process. The forcefield is a combination of

AMBERO03’ and General Amber Forcefield (GAFF).'” Parameters and charges for the
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LNA, phosphorthioate, and 2°0-Methyl came from Condon,'' Venkateswarlu,'* Lind,"

respectively. Charges for the standard bases were assigned using LEAP'* with the ff99SB
parameter set. For the three-carbon linkers and amine and PEG termini, charges were
calculated using the RESP ESP charge Derive (R.E.D.) server."

Simulations were run using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS)'® on Nvidia K80 GPUS. Structures were first minimized for 500
steps using the steepest descent algorithm, with a harmonic potential on all RNA atoms to
keep them in place while the solvent moved into a better position. This minimization was
then followed by a second 500-step minimization using the conjugate gradient algorithm.
The restraint on the RNA atoms was then removed, and the entire system was minimized a
third time for 500 steps using the conjugate gradient algorithm.

The minimization was followed by several equilibration steps. In each case, a
1 femtosecond timestep was used and the SHAKE algorithm was applied to the hydrogens
in the system. The first equilibration brought the system to 310 K. Velocities were
initialized randomly at 1 K. The NVT fix was used to bring temperature up from 1 K to 310
K over the course of 10 picoseconds. A relaxation time of 100 femtoseconds was used for
the themostat. This equilibration was followed by a 10 picosecond NPT step to relax the
size of the water box. The target temperature and relaxation time for the thermostat
remained at 310 K and 100 femtoseconds, respectively. The target pressure and relaxation
time were set at 350 bar and 1 picosecond. The high pressure was used to avoid negative
pressure oscillations. The NPT equilibration was followed by the 20 ns NVT production
run. A periodic box was used. A 12 A cutoff was implemented, using the
lj/charmm/coul/long/gpu pair style. The kspace style was pppm/gpu with an accuracy of
0.001. The amber special bonds style turns off 1-2 and 1-3 non-bond interactions, and
scales Columbic interactions by 0.8333 and van der Waals interactions by 0.5. Off-diagonal
van der Waals terms are handled by geometric combination rule. Snapshots were dumped
every 5 picoseconds. Structures were visualized in VMD'” and X3DNA'® was used for
calculating the helical parameters. MATLAB was used to process the data and generate

plots.
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Results

The two goals of the simulations are to determine if the extensive modifications
have compromised the structure of the Cond-siRNA, and to test the hypothesis that the
proximity of sensor duplex protects the Dicer cleavage site. NVT simulations were run for
20 ns on three Cond-siRNA constructs used in experiments. Simulations were also run for
20 ns on the isolated all-natural version of each duplex: the siRNA, and the sensor duplex
for construct 1, 2, and 3. These all-natural simulations were used to obtain the mean and
standard deviation of each parameter against which the modified constructs were plotted.
The sequences for each construct can be found in appendix 1 Figures Al-1 through A1-3.
Figure 1-8 shows the initial and energy-minimized final conformations for each construct.
For analysis, the average structure of the final 5 ns of the trajectory was constructed using
X3DNA. These structures are depicted in Figure 1-9. Considerable deformation of the
siRNA and sensor is apparent for construct 1. Minor deformations are apparent for the
other duplexes. To quantify these features, the helical parameters vs. time are plotted for
each strand, base pair, and step of each duplex.

For each strand, the seven torsions and the pucker are examined. In all cases, the
torsions are within the normal range. The chi torsion is presented as Figure 1-10 and the
other torsions can be found in appendix 1 Figures A1-4 through A1-17. A chi torsion
between 90° and 270° is said to be in the anti position and denotes a base pointed away
from the furanose ring allowing for good Watson-Crick base pairing. It is, therefore, a good
indicator of health of the duplex. Figure 1-10 shows that the glycosidic torsion is in the anti
position for all bases. One feature of note in Figure 1-10 is that the plot has a high
representation of points below the average. This is due to the isolated natural reference
structure for the sensor of construct 1. Interactions between the toehold and the duplex
during the trajectory caused the bottom of the duplex to deform and the affected base pairs

adopted higher chi values. The reference structure is in effect bimodal, with a small
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Construct 1

Construct 2

Construct 3

Figure 1-8 Molecular Dynamics of three Cond-siRNA constructs. Images show the initial
configuration and the energy-minimized final frame of a 20 ns simulation.



Sensor

Construct 1

Construct 2

Construct 3

Figure 1-9 Average structures for each duplex of each construct. The last 5 ns of each
20 ns trajectory were used to calculate the average structure of each siRNA and sensor
duplex.
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population above the main population. This small population shifts the average upward,

and thus makes most points appear below the mean. Figure 1-11 shows the pucker for each
base of each strand represented as an angle along a pseudorotation cycle. RNA, and
particularly LNA and RNA modified with 2’ O Methyl groups, should be stabilized in the
3’ endo confirmation, which corresponds to a phase angle of 18°. Figure 1-11 shows that
puckers are stable around this value.

The six local parameters were calculated, and all values are within normal ranges.
The propeller twist is shown in Figure 1-12 and the others can be found in appendix 1
Figures A1-19 through A1-29. Propeller twist is unique among the local parameters, as it is
expected to have a non-zero average of about 12°. Base pairs are not perfectly planar
because they twist so as to optimize base stacking with adjacent bases. The mean of -10°
shown in Figure 1-12 is consistent with expectation, considering the convention for
measuring the propeller twist is reversed by X3DNA.

The six step parameters were calculated, and all values are within normal ranges
(see appendix 1 Figures A1-30 through A1-40). Of particular interest in describing the
curvature of duplexes is the roll angle, which is presented in Figure 1-13. Of note are the
steps 5, 16, and 20 in the siRNA, which are the only steps in the siRNA duplex that have
extreme roll angles across constructs. Inspection of these steps shows that they occur where
purine bases on opposite strands and adjacent base pairs can clash in the minor groove.
Calladine predicted that due to non-zero propeller twist, purine bases in this situation would
clash with one another and that this clash could be resolved by reducing the propeller twist,
increasing the helical twist, and increasing the roll angle."” It seems that the increased roll
angle in these three steps is the result of Calladine’s purine-purine clashes. Examination of
an isolated all-natural siRNA also shows extreme roll angles at these steps (see appendix 1
Figure A1-32). While this result appears to be as sequence-dependent feature, it should be
noted that the degree of roll is not consistent across constructs at these steps. This variation
could be a matter of sampling and the effects of the other duplex.

Steps that should be subject to steric clashes between purines are also present in the
sensor duplexes. In construct sensor 1, these steps are 10, 16, 19, and 22. Examining the

roll angles in Figure 1-13 shows extreme roll angles at 10 and 16, however, the roll angle in
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step 10 is decreased relative to the average, opposite to what Calladine’s rules predict. In

the sensor of construct 2, steps 7, 9, and 14 may clash. There is some evidence of 7 and 9
increasing the roll. In construct 3, the steps are 3, 13, 19, and 22. These don’t appear to
have extreme roll angles. Proximity to the nick and presence of modifications likely have

an effect on the behavior of the RNA in these examples.
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Figure 1-12 An average of -10° for propeller twist is consistent with expected value of 12°, considering the difference in convention
adopted by X3DNA.
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Figure 1-13 The roll angle averages at 8° and is consistent with expectation. Of note are steps 5, 16, and 20 in the siRNA. These are
predicted to have large deviations by Calladine’s rules. Other steps in the sensor duplexes are also predicted to have deviations, but do
not. This could be due to the modifications or the nick.
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The RNA duplex can also be described by its pitch both in terms of base pairs per

turn and rise per turn. The values for ideal A-RNA are 11 base pairs per turn and 30 A per
turn, and A’-RNA is 12 base pairs per turn and a rise of 36 A per turn. Table 1-1 shows the
pitch of each duplex. Each construct is consistent either with A-RNA or A’-RNA. The
sensor duplexes are consistently underwound and longer relative to the siRNAs. This could
be due to both the modifications and the nick. The torsions, pucker, base pair and step
parameters, and pitch all suggest that despite the extensive modifications and linkage, each

RNA duplex behaves within the bounds of expected behavior.

Table 1-1 Pitch of each duplex

Base Pairs per Turn Rise per Turn (A)
Construct 1 siRNA 11.38 30.30
Construct 1 Sensor 12.33 36.83
Construct 2 siRNA 11.37 31.05
Construct 2 Sensor 12.08 33.47
Construct 3 siRNA 11.30 31.03
Construct 3 Sensor 11.65 32.72

Even though they are within normal bounds, the overall shapes of the duplexes in
construct 1 demonstrate significant curvature. These shapes can be explained by stress
induced by the relaxation of the sensor duplex to its equilibrium pitch. The equilibrium
pitch for the sensor is 12.33 base pairs per turn. Relative to the 11 base pairs per turn of
ideal A-RNA in which it is initialized, the sensor duplex equilibrium is unwound. The
motion of unwinding the sensor duplex is transferred to the siRNA through the three-
carbon linkers and leads to the deformation of the siRNA. Looking down from the top and
up from the bottom of the construct, in order to unwind, the sensor must rotate clockwise.
At the top, the rotation brings the three-carbon linker across the junction between two
duplexes. Given that the bottom of the siRNA duplex cannot move freely, the top of the
duplex deforms in response to the movement of the sensor. At the bottom, the rotation of

the sensor moves the three-carbon linker further away from the junction between the
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duplexes. As the sensor duplex rotates, it makes the three-carbon linker taught, which

brings the bottom of the two duplexes together. Figure 1-14 illustrates these motions.

Top View Side View

Top

Bottom

Figure 1-14 Direction of movement of the three-carbon linkers in response to unwinding of
sensor duplex.

In the case of construct 2, the equilibrium pitch of the sensor is 12.08 base pairs per
turn, so it is also driven to unwind relative to the ideal A-RNA. In the earlier portion of the
trajectory, both siRNA and the sensor look similar to their counterparts in construct 1; the
top of the siRNA is deformed, and the bottoms of the siRNA and sensor duplex are brought
together. Call this conformation A. By the end of the trajectory, however, the sensor
duplex has moved upward along the helical axis relative to the siRNA and neither duplex

shows much deformation. Call this conformation B. Given the similarity in equilibrium
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pitch, it is surprising that constructs 1 and 2 demonstrate such different final structures.

One possible explanation is that construct 1 can achieve conformation B, but it simply
didn’t sample that conformation in the course of the trajectory. If true, the next questions to
ask are whether there is a substantial energetic barrier to transition from A to B and what
contributes to the barrier. Assuming there is a large barrier, one culprit could be the 5’
toehold. Construct 1 has one, and construct 2 does not. It could be that the interaction of the
toehold with the siRNA in construct 1 impedes the transition. Another possible explanation
is that the conformation of the three-carbon linkers is important. In order for one duplex to
translate along the helical axis relative to the other, each linker must adopt a particular
conformation. If there are large barriers to the conformational sampling of the linkers, this
could impede the transition. It may also be that conformation B is simply not as
energetically favorable for construct 1, and so it does not move toward that conformation.

Regarding construct 3, both the siRNA and sensor duplex equilibrium pitches are
close to the ideal A-RNA pitch of 11 base pairs per turn, so there is little unwinding. Even
so, there is some minor deformation in both the siRNA and sensor duplexes. A unique
feature of construct 3 is a long 5’ toehold that is observed to interact with the siRNA during
the trajectory. While the interactions are not strong, they may be sufficient to influence the
overall structure of each duplex.

The second goal of the simulations is to determine how well the sensor duplex
protects the Dicer cleavage site. Ultimately the best measure of protection would be to dock
a molecular model of Dicer to the various conformations of the Cond-siRNA in the
trajectory, but just observing the position of the Dicer cleavage site in a qualitative way still
gives some insight. It is assumed that the initial structure is close to the ideal in terms of
protection. Examining the trajectory shows that the two main modes of deviation from this
ideal are the Dicer cleavage site translating away from the sensor duplex through bowing of
one or both duplexes, and turning away from the sensor duplex through rotation of the
siRNA along the helical axisfire. Figure 1-15 shows frames from the trajectory showing
these deviations in the case of construct 1. Both the bowing and turning can be attributed to
the deformations that occur as a result of the sensor duplex unwinding to its equilibrium

pitch.
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Bowed and Turned

Figure 1-15 Variance in the position of the Dicer Cleavage Site (gold spheres) of the
siRNA relative to the sensor duplex. The ideal is the initial position.

Discussion

Review of the helical parameters across all three constructs indicates that the
extensive modifications and three-carbon linkage do not destabilize either duplex.
However, a duplex with a pitch that deviates from the ideal for A-RNA will relax to the
equilibrium pitch and may lead to deformation in a linked duplex. These deformations lead
to some variance in the level of protection afforded by the sensor duplex, but on the whole,
the Dicer cleavage site is well-protected. To know whether the variance in protection is
problematic, it must be known where the sensor duplex must be in order to prevent Dicer
from cleaving.

Assuming that the initial conformation is best for protection, and that Dicer activity
is sensitive to the variation in protection observed in Figure 1-15, then avoiding
deformations in each duplex should lead to better protection. The deformation seen among
the constructs is largely attributable to the sensor duplex dragging the termini of the siRNA
duplex with it as the sensor duplex moves towards its equilibrium pitch. One way to
alleviate the problem is to increase the linker length, perhaps to a four- or five-carbon
chain. The longer chain would allow the sensor duplex to relax while not forcing the
siRNA to deform. The danger in this approach, of course, is that increasing the linker

length would increase the region between the duplexes and allow a greater opportunity for
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Dicer to cleave the siRNA. There may be an optimum linker length that prevents

deformation even in the face of disparate pitches, but does not allow the duplexes to drift so
far as to allow Dicer to approach the cleavage site. Another approach would be to design
sensor duplexes that have natural pitches closer to that of the ideal A-RNA so that the
unwinding and associated deformation does not occur. Construct 3 is an illustration of this
approach.

Given a pitch and linker length, there are still some changes that could alleviate the
deformations. One approach would be to modulate the mechanical properties of the duplex.
The roll data for the siRNA suggests that bending tends to happen at steps where purine-
purine clashes can take place. Perhaps eliminating these steps would avoid weak points for
bending the duplex. Understanding the reason for the difference in final conformation of
constructs 1 and 2 could yield another means of avoiding deformation. If a 5* toehold were
primarily to blame for the barrier to transition between conformations A and B, then it
would be best to use 3’ toehold. If the limited conformations of the three-carbon linkers are
to blame, then there is even more reason to use a longer linker that would allow for greater
motion between the duplexes.

It is important to note that the protection of the dicer cleavage site only partly
governs the behavior of the Cond-siRNA. The behavior is also governed by activation
through toehold-mediated strand displacement. This process occurs on the order of
milliseconds, so MD can’t address it directly. However, some inferences may be made by
considering how the structure of the Cond-siRNA might impact the process of strand
displacement. For example, during strand displacement, a Holliday Junction will be present
involving the sensor strand, the core strand, and the invading strand. Crowding around this
branch point could inhibit the progression of the displacement. If that were true, then
proximity between the terminus of the sensor duplex and the siRNA could inhibit
activation. The final conformations of both construct 1 and 2 could lead to this sort of
inhibition. In construct 1, the clash between the termini of each duplex could create an
environment with little room for the junction. Even in construct 2 where there is no such
clash, on the 5’ side of the sensor strand, the initial invasion would take place on bases

situated in the region between the siRNA and sensor duplexes where there would be greater
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crowding. These hypotheses offer a plausible explanation for the experimental data in

which Han et al. found that only the 3’ toehold of construct 1 was viable for activation.
Both of these hypotheses could be investigated by further simulation.

These results must be considered in the context of the limitations of the molecular
dynamics simulation. With respect to the atomic model, a significant limitation is the use of
fixed charges. Charges are environment-dependent. In places like the junction at the bottom
of construct 1 where the siRNA and sensor duplex clash, the charges would certainly
deviate from the fixed charges and perhaps lead to a different conformation. Using a
technique like Charge Equilibration (Qeq) could help on this front.*” Another concern is
conformational sampling. The initial position for each construct was chosen under the
assumption that it would afford the best protection for the Dicer cleavage site. The
simulations can therefore be interpreted as asking how stable that initial orientation is. The
simulation does not necessarily explore the entire conformational landscape of the
conditional RNA. The global energetic minimum could look considerably different. Using
techniques like umbrella sampling or metadynamics could explore this landscape.

Cond-siRNAs offer an exciting therapeutic opportunity. By causing the activation
of RNAI to be context-dependent, more potent siRNAs can be used at lower dosages.
Structure is critical to the proper function of the Cond-siRNA. These simulations show that
the extensive modifications required to stabilize the desired structure over problematic
secondary structures does not compromise either duplex. Further, while the equilibrium
pitch of the sensor duplexes can deform the siRNA considerably, this deformation does not
seem to significantly compromise the capacity of the sensor duplex to protect the Dicer
cleavage site. These deformations may, however, impede the process of toehold-mediated
strand displacement. In future designs of the Cond-siRNA, means of alleviating the stresses
caused by non-ideal duplex pitch should be considered to make both cleavage site

protection and activation more consistent.
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Chapter I1

Holey Graphene as a Weed Barrier for Molecules

Adapted with permission from:
Gethers, M. et al. (2015). “Holey Graphene as a Weed Barrier for Molecules”. In: ACS
Nano 9, pp. 10909-10915. doi: 10.1021/acsnano.5b03936.
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Introduction

DNA, RNA, proteins, and polysaccharides are polymers key to biology, biological
engineering, and medicine. As these disciplines have advanced, they have increased the
demand for longer and more complicated instances of these polymers at greater yields and
lower costs and turn around times. Means of synthesis have improved, but their capabilities
are being strained by increasingly ambitious goals. The workhorse for synthesis of these
polymers is the solid-phase approach in which monomers are sequentially added to a
growing chain until the full polymer is synthesized.' The problem with solid-phase
synthesis is that monomer additions fail, leading to polymers with missing elements. Even
with a coupling efficiency of 99.5%, 1000 coupling events leads to a yield of less than 1%.
In the case of DNA, the route to longer products is to use the solid-phase approach to
synthesize short oligos at high yield, and then enzymatically assemble these oligos into the
longer construct.”> While effective, these enzymatic assemblies become complicated with
longer constructs, making success less certain.

A fast, cheap, and reliable way to synthesize long polymers would give a strong
boost to research in a variety of disciplines. The sequence and dispersion control from a
more powerful method would be useful for polymers generally, not just those important for
biology. The key to an improved method would be to overcome the ruinous effect of failed
coupling events between monomers. One approach to achieve this end is to arrange and fix
the monomers in the desired sequence first, and then initiate coupling of all monomers
simultaneously. If monomers could be arranged and fixed in this way, they could only
interact with the correct partners. Further, by separating the arrangement and coupling
steps, the approach would allow for correction in the case of a missing or incorrect
monomer.

Using a surface as a scaffold for arrangement and coupling requires a means of
precisely addressing monomers to the surface. The self-assembled monolayer (SAM)

serves as a good starting point.”® In the most popular example of a SAM, a Au{111}
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surface is incubated with a solution of n-alkanethiols. The thiol group binds strongly to

the gold and the alkyl “tail” group orients away from the surface and forms a semi-
crystalline layer. Replacing the tail of the SAM with a monomer creates a means of
attaching monomers to the surface in a high-throughput way. To meet the requirements for
sequence control, self-assembly would further need to direct particular molecules to
specified loci. To this end, a promising approach comes from Battaglini ef al. who were
able to use cobalt as a mask that could be used to pattern the deposition of the SAM.” The
cobalt mask embodies a number of limitations, so for greater patterning control, we
consider a different mask: graphene. While current techniques to pattern graphene place
single molecule deposition out of reach, advances may one day make this possible, and the
widespread use of both SAMs and graphene in other parts of materials science suggests

that even achieving relatively large features with a graphene mask could be valuable.
Background

The extraordinary electronic, thermal, and mechanical properties of graphene have
been elaborated and exploited.® Graphene’s high carrier mobility and ambipolarity make it
a potentially powerful component in electronic systems.” An equally intriguing aspect of
graphene is its capacity to act as an impermeable or semipermeable membrane; Bunch et
al. demonstrated the impermeability of graphene to helium through the inflation of a
“nanoballoon”.'’ "’ Graphene can also act as an effective barrier to oxidation of metal

12-14

surfaces under certain conditions. ” " The purposeful introduction of pores into graphene

tunes this permeability by allowing certain molecules to pass through while others are
inhibited. This use of graphene has led to proposals as varied as desalination and DNA

132 Here, we demonstrate and explore the use of “holey” graphene as a

sequencing.
molecular barrier by applying it to adsorption and self-assembly.

Self-assembly provides a convenient route towards the bottom-up placement of
single molecules with applications ranging from nanotechnology to biology."* ****

Molecules for self-assembly typically comprise an attaching head group, an interacting
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backbone, and a functional tail group. The head group binds the molecule to a substrate,

backbone intermolecular interactions lead to crystalline packing (through design), and the
exposed terminal functional group can tune interfacial chemical properties between the
substrate and its environment.”> Molecular monolayers enable controllable surface
functionalization and can be used to isolate and to study individual molecules.”**® Self-
assembly is made even more powerful when combined with patterning. Currently,
patterning of SAMs is achieved through conventional, soft, or hybrid lithographies that are
limited by the conflicting requirements of feature resolution and large-scale fabrication,
where manufacturing cost and assembly time each play key roles.”> Inspired by the
approach of Battaglini ef al., we pattern SAMs by masking the surface with an inert
material.” We find that graphene can function as such a mask, as it is a material with
relatively inert chemistry’* and functions as an impermeable barrier against other
molecules. Our choice was also influenced by the number of techniques that enable the
introduction of nanoscale pores of arbitrary size and location to graphene, including both

3% These techniques will

electron-beam bombardment and chemical approaches.
ultimately provide flexibility and precision in pattern shape and scale, including precise
hole size and pitch. Used in this way, graphene acts as a “weed barrier”, where it restricts
covered areas from forming Au-S attachments (molecules “taking root”) and thus enables
only the open regions exposed by the pores to form substrates covered by self-assembled
monolayers (akin to gardening where, ideally, plants only grow in the holes deliberately
placed in the weed barrier).

At the same time, the graphene-Au interaction is relatively weak, as observed in a

number of quantitative and spectroscopic studies of aromatics on Au{111}.** F

or
example, aromatics sit much farther from and interact much less strongly with the Au{111}

surface than from the close-packed Ag{111} and Cu{111} surfaces.*
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Materials and Methods

Holey Graphene Sample Preparation

Graphene was synthesized on a 25-um-thick copper foil (99.8%, Alfa Aesar, Ward
Hill, MA) that was treated with hydrochloric acid/deionized water (1:10) (36.5-38.0%,
Sigma-Aldrich, St. Louis, MO) for 30 min and rinsed by isopropyl alcohol (99.8%, Sigma-
Aldrich, St. Louis, MO) for 10 min. After drying under an N, stream, the copper foil was
loaded into the chemical vapor deposition (CVD) furnace (1-inch tube diameter;
Lindbergh/Blue M, Thermo Scientific, Waltham, MA). The system was pumped down to a
vacuum of 10 mTorr in 30 min and refilled with 300 sccm Hy/Ar flow (25 sccm/475 scecm)
and heated to 1040 °C within 25 min. Next, diluted methane and Ar were introduced into
the CVD system for graphene growth at 1040 °C for 90 min (500 ppm methane in Ar,

35 scem) with Ho/Ar (25 scem/440 scem). All process gases were supplied by Airgas, Inc.
(Burbank, CA).

Graphene was grown on both sides of the copper foil, and one side of the
graphene/copper surface was spin-coated with poly(methyl methacrylate) (PMMA;

495 PMMA C,, MicroChem, Newton, MA) and baked at 140 °C for 5 min. The other side
of the copper foil was exposed to O, plasma for 1 min to remove the graphene. After that,
the Cu foil was etched away using copper etchant (ferric chloride, Transene), resulting in a
free-standing PMMA/graphene membrane floating on the surface of the etchant bath. The
PMMA /graphene film was washed with HCl/deionized H,O (1:10) and deionized water
several times, and then transferred onto a 300-nm-thick SiO, substrate. After air-drying, the
PMMA was dissolved by acetone and the substrate was rinsed with isopropyl alcohol to
yield a graphene film on the substrate.

A 2-nm-thick gold film was deposited using thermal evaporation onto the
graphene/SiO; substrate. After annealing at 350 °C for 15 min, gold nanoparticles were
found on the substrate. The holey graphene is oxidized by exposure to oxygen in the
ambient air, with gold nanoparticles acting as the catalyst. The gold nanoparticles were
removed by gold etchant (KI/I, solution, Sigma-Aldrich, St. Louis, MO) and washed with

isopropyl alcohol and deionized water. The graphene/SiO, was again spin-coated with
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PMMA, and the SiO; substrate was etched away using a buffered oxide etch. The

PMMA-coated holey graphene was washed in deionized water and transferred to a
deionized water bath. A H, flame-annealed (at a rate of 1 Hz, 10 passes) Au{111}/mica
substrate (Agilent, Santa Clara, CA) was then used to scoop the PMMA-coated graphene
from the water bath. The PMMA/graphene/Au substrate was allowed to air dry overnight,
and then the PMMA was dissolved in acetone and the graphene/Au substrate was washed

with isopropyl alcohol.

Transmission Electron Microscopy

The morphology and structure of the graphene were characterized with field
emission high-resolution transmission electron microscopy (TEM; FEI Titan S/TEM),
typically with an accelerating voltage of 300 kV. The diffraction patterns were collected
with accelerating voltages of 300 kV to assess whether the beam energy played a role in
graphene surface changes. Specimens for TEM analysis were prepared by the same as the
process of graphene transfer onto 200 mesh formvar/copper grids purchased from Ted

Pella, Inc. (Redding, CA).
Scanning Tunneling Microscope Sample Preparation

Holey graphene was deposited onto flame annealed, commercially available
Au{111} on mica substrates. Samples were imaged and then subsequently annealed at
100 °C for a period of 24 h in a gasketed glass v-vial (Wheaton, Millville, NJ). Samples
were heated in a chamber of a Barstead Thermolyne 1400 furnace (ThermoFischer
Scientific, Waltham, MA). Samples were taken out and imaged with STM, then placed
back into a clean v-vial above a solution of 1 mM commercially available
I-adamantanethiol (Sigma-Aldrich, St. Louis, MO) in ethanol for vapor deposition. Vials
were placed back into a preheated furnace at 78 °C for a period of 24 h. Inserted
I-adamantanethiolate holey graphene samples were taken out for STM imaging. After

sufficient experiments were performed, samples were placed back into a preheated furnace
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at 250 °C for a period of 24 h for molecular desorption. Samples were then taken out for

subsequent imaging and desorption confirmation.
Imaging

All STM measurements were performed in air using a custom beetle-style scanning
tunneling microscope and a platinum/iridium tip (80:20).* The known lattice of
1-dodecanethiolate SAMs on Au{111} was used to calibrate the piezoelectric scanners.
The sample was held between -1 V to -0.1 V bias range, and 256 x 256 pixel images were
collected, at varying size, in constant-current mode with a tunneling current ranging from 2
to 80 pA. There is a strong tip dependence for imaging cage molecules, as reported

previously.™
Image Analyses

All STM images were initially processed with automated routines developed in
MATLAB (Mathworks, Natick, MA) to remove any high-frequency noise and intensity
spikes that may otherwise impair reliable segmentation.”’ Images used to obtain nearest-
neighbor spacings were resized to account for drift at room temperature. Transmission
electron microscopy images were thresholded to segment both graphene holes and the
graphene layer that was used to create a binary mask, where the average diameter of the
holes was computed. Orientations in diffraction images obtained by TEM were highlighted
by computing local maxima within a defined pixel radius (10 pixels), referenced, and
plotted for clarity. The nearest-neighbor spacing of graphene was computed in Fourier
space for the pre-1-adamantanethiol deposition and post-annealing experiments. The
spacings of assembled 1-adamantanethiol and the surrounding graphene were determined
by fitting the centers of the molecules using a binary mask generated through thresholding
and the Regionprops function in Matlab. Values obtained by Fourier analysis and
Regionprops fitting on the same image were compared to ensure that results were similar.
Apparent height was also used for image segmentation and to determine separation

distances in the z-direction.
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Results

The process developed for producing spatially patterned monolayers on Au{111}
using a graphene mesh is shown schematically in Figure 2-1. “Holey” graphene is

fabricated by depositing graphene on a SiO, substrate,”>>*

then evaporating a thin layer of
Au (2 nm) onto the exposed graphene layer. Subsequent annealing forms surface-bound Au
nanoparticles. The Au nanoparticles catalyze oxidation of the graphene by oxygen in the
air, thereby forming pores. The Au nanoparticles are then etched via brief immersion into
an etchant solution (see Materials and Methods for details). A thin protecting layer of
poly(methyl methacrylate) (PMMA) is added to facilitate transfer, and the “holey”
graphene is transferred onto a Au{111} substrate. The protecting layer is removed and

samples are ready for characterization. Further annealing at 100 °C removes any excess

solvent, and the covered Au{111} substrate is thereby primed for molecular deposition.
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Figure 2-1 Process for producing spatially patterned monolayers on Au{111} using a
graphene mesh. From a monolayer sheet of graphene on a SiO, substrate, (1) 2 nm of Au is
deposited and (2) then annealed for 15 min at 350 °C. (3) The Au is etched (KI/I,, solution)
for 30 sec and (4) washed in DI water for 30 sec. (5) “Holey” graphene is then transferred
to a Au{111}/mica substrate and (6) annealed at 100 °C for 24 h. (7) The same substrate is
then exposed to the vapor of a 1 mM ethanolic solution of 1-adamantanethiol (1AD) at

78 °C for 24 h for deposition.

The fabrication of porous graphene is confirmed by transmission electron
microscopy (TEM), where TEM images show a graphene mesh with randomly distributed
holes; measured holes have an average diameter of 37 + 8 A (Figure 2-2 and appendix
Figure A2-1). Images also depict cracks in the graphene induced by the transfer and
annealing processes. Graphene is known to retain the surface morphology of the substrate
on which it was synthesized even when attached to the PMMA overlayer.55 When
transferred to the final substrate, this morphology results in gaps between the graphene and
the substrate that can cause folding and cracking when the PMMA is removed. Further,
water caught between the graphene and the substrate can leave gaps between the graphene
and substrate upon drying that lead to folds, thereby appearing like graphite in images.”

After the mesh is successfully transferred to Au{111} and annealed, scanning tunneling

microscopy (STM) is used to probe the local environment.
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Figure 2-2 (A, B) “Holey” graphene measured with transmission electron microscopy
(TEM) supported on a 200 mesh formvar/copper grid. Each image was acquired at an
accelerating voltage of 300 kV using a FEI Titan microscope. Holes measured with TEM
are 37 + 8 A in diameter and are randomly distributed across the graphene layer. (C) A
diffraction image of B is shown, where the hexagonal pattern of graphene is observed.
Orientation points are highlighted, for clarity, in blue, where local image maxima were
computed within a defined pixel window. (D) A thresholded binary of B that highlights
randomly distributed holes within the graphene mesh.

The scanning tunneling microscope provides a window into the nanoscopic world,
where constant-current imaging measures a convolution of electronic and topographic
structure as a function of position across surfaces.”' *°°” Measurements are recorded on a
custom-built, ultrastable microscope held at ambient temperature and pressure.”’ Scanning
tunneling micrographs before annealing are shown in appendix Figure A2-2, where a large
depression (pore) in the center of the image is noted that is surrounded by other pores filled
with residual solvent from the transfer step. Annealing removes the solvent within the
pores. The annealed graphene-gold surface is shown in Figure 2-3, where images depict

porous graphene with hole diameters that match TEM measurements. The surrounding
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graphene Moir¢ pattern shows a six-fold symmetry with a nearest-neighbor distance of

5.0+ 0.5 A, which is in good agreement with the predicted and energetically favorable (2 x
2) superstructure for graphene on a Au{111} substrate.’
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Figure 2-3 (A) Scanning tunneling micrograph (L,neiing = 3 PA, Vgmpie = -1.0 V) of “holey”
graphene on Au{111}/mica along two monoatomic step edges after annealing at 100 °C for
24 h. We highlight an ordered region (red arrow, higher in conductance), and an area of
disorder (blue arrow, lower in conductance) that we attribute to possible cracks, folds, and
varied underlying graphene-Au attachments. (B) Higher resolution of the larger box in A.
(C) Higher resolution image of the smaller box in (A). Inset in B shows a fast Fourier
transform, where graphene displays hexagonal nearest-neighbor spacings of 5.0 0.5 A.
(D) A schematic showing a pore in graphene exposing the underlying Au{111} substrate
that further depicts the measured (2 x 2) Moiré superstructure of graphene on Au.

The structure of graphene on Au{111} is difficult to predict and likely to be locally
varied, where measured superlattices are highly influenced by both the underlying Au
substrate and the detailed structure of the STM tip.’> > With this caveat in mind, acquired

STM images confirm a single transferred layer of holey graphene with exposed Au regions,

where image differences were quantified in real and Fourier space. Thresholding and
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masking techniques, performed in MATLAB, enable gold and graphene regions to be

segmented and compared (appendix Figure A2-3). In STM images, under the conditions
used, graphene layers are 2.1 + 1.1 A more protruding in apparent height compared to
exposed Au regions. The same sample is then exposed to the vapor of a 1 mM ethanolic
solution of the self-assembling cage molecule 1-adamantanethiol (1AD) and subsequently
imaged.®’

The diamondoid 1AD is ideal for an initial patterning test, in that it is commercially
available, forms well-ordered monolayers with few defects (due to limited degrees of
freedom), and has a well-defined structure.’"** Scanning tunneling micrographs recorded
after deposition show islands of molecular protrusions consistent with the diameters of the
pores (Figure 2-4). Nearest-neighbor distances within measured molecular protrusions
(7.2 £ 1.1 A) are near previously recorded distances of 1AD on Au{111} (6.9 +0.4 A)

61,65

(appendix Figure A2-4). The areas surrounding the islands proved difficult to resolve;
however, there were small, well-resolved areas bearing molecular features that were
analyzed (appendix Figure A2-5). Several of these areas topographically resemble the
graphene overlayer imaged prior to 1AD deposition. The average nearest-neighbor
spacings of these areas (5.0 + 1.1 A) is consistent with the graphene overlayer. The
difference in nearest-neighbor spacings provides evidence of separate molecular domains
brought about due to the graphene masking effect against the deposition of 1AD. Graphene
regions show a different apparent height than 1AD islands and can thereby be segmented
(appendix Figure A2-6), where 1AD patches differ by 1.1 0.5 A in the z-direction under
the STM imaging conditions used. Measured spacings, both in the lateral and surface
normal (apparent height) directions, and consistent hole diameters confirm the blocking
effect of the graphene layer. The same samples are then annealed again to test if molecular

desorption can be achieved, and thus if the bare surface in the pores of the graphene mask

can be regenerated.
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Figure 2-4. (A) Scanning tunneling micrograph (I,,eiing = 3 PA, Vmpie = -1.0 V) of “holey”
graphene on Au{111}/mica after exposure to the vapor of a 1 mM ethanolic solution of
I-adamantanethiol (1AD). (B, C) Two regions where 1AD has assembled on Au{111}
within the confines of the pores of the holey graphene. Here, we highlight protrusions due
to 1AD (red arrow) and areas of graphene (blue arrow) for clarity. (C, inset) A fast Fourier
transform shows local order of the graphene overlayer with nearest-neighbor spacings of
5.0+ 1.1 A. Molecular distances for 1AD were computed in real space, with nearest-
neighbor spacings of 7.2 + 1.1 A (see Figure S4 for more detail). (D) A schematic of the
arrangement in (C) where the graphene pore is filled with assembled 1AD. (E) Ball-and-
stick model of the 1AD molecule with hydrogens not shown.

Scanning tunneling topographs before and after this second anneal, to 250 °C, are
shown in Figure 2-5, where evidence of molecular desorption is obtained.** ®®” Once-filled
holes are now empty and the hexagonal spacing of 5.0 + 0.5 A is recovered outside
graphene pores. We confirm desorption by topographic imaging, where the exposed areas
within the mask are destructively regenerated and thus prepared for further molecular
deposition steps (appendix Figure A2-7). We note that non-destructive methods such as
displacement techniques can also be applied, since 1AD has been shown to be labile upon
exposure via solution, vapor, or contact to more strongly bound self-assembling

4
molecules.®
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Figure 2-5 (A) Scanning tunneling micrograph (Iypneiing = 3 PA, Vgmpie = -1.0 V) of “holey”
graphene with the 2D pores filled with assembled 1-adamantanethiol on Au{111}/mica.
(B) Annealing at 250 °C for 24 h removes adsorbates from the pores, as shown
schematically. (C, D) Scanning tunneling micrographs (Iyeiing = 3 PA, Vgmpie = -1.0 V) of
the same sample after complete molecular desorption, recorded at two different resolutions,
as indicated. (D, inset) A fast Fourier transform shows the recovered hexagonal spacing
(5.0 £0.5 A) measured previously.

Discussion

The effectiveness of graphene as a mask against adsorption depends on the integrity
of the graphene. Defects, folds, wrinkles, and strain can all compromise the impermeability
of the mask. Small defects and cracking permit penetration of adsorbates through to the
underlying substrate. Folding leads to multilayered regions where a pore in one layer can
be occluded by another layer that is not porous. A strained lattice could open gaps in the
mesh and induce tearing at pores. Second to the synthesis of the graphene itself, the transfer

of the graphene to the target substrate is the most important process in minimizing these
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undesirable features. Improving the transfer method can alleviate some of these issues.

Liang et al. point out several ways in which the transfer can be improved, including
increasing the hydrophobicity of the target substrate, annealing the graphene/substrate
complex before dissolving the PMMA, and using the modified “RCA Clean” method to get

rid of residual agents.”> %!

While our method patterns graphene destructively, another
approach is to employ bottom-up methods to graphene synthesis that enable the placement
and design of desired structures with predetermined pore size, shape, and pitch.”*”

The graphene mask approach embodies a wholly different set of strengths and

weaknesses than photolithographic and soft-lithography approaches.* **

Patterning is
achieved with electron-beam and chemical methods, surpassing the diffraction limit of
photolithographic methods and placing it in league with scanning probe lithography in
feature size. The graphene mask, akin to the PDMS stamp and unlike the scanning probe
lithography techniques, is reusable, and can cover large areas. Our approach permits
control over the pattern, overcoming a major limitation of Battaglini’s approach, though it
is not removable and thus cannot be backfilled. The value of graphene as a mask is further
enhanced by its thermal stability, making it resilient to high-temperature fabrication
processes.’® Importantly for SAMs, thermal stability implies that the integrity of the
graphene should not be compromised when annealing the masked substrate to remove
adsorbates and thereby to regenerate the mask.

Our results show that graphene can serve as a barrier to adsorption and open up a
plethora of future patterning experiments. Since graphene pores can be readily

manufactured, masks can be used with a wide variety adsorbates with implications ranging

from constructing well-defined nanoarchitectures to patterning biosensors.
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Figure A1-26 Stagger of isolated natural duplexes.

Base Pair ID

© © O N O o » W No—=

11
12
13
14
15
16
17
18
19
20
21
22
23

Construct 3 Sensor

Standard Deviation

25

0.5

80

24

1.91

1.42

0.93

0.44

-0.05 A

-0.54

-1.03

-1.52

-2.01

-25



Base Pair ID

Base Pair ID

1 E|
b E|
3 E
4 3
5 E
6 E|
T E|
8 E|
9 E
10 E
" E
12 E
13 E
14 e
15 1
16 B
74 4
18 1
19 B
20 B
21 B
22 B
23 s Fl . N E
0 1 2 3 4 5
Time (ns)
Construct 1 Sensor Duplex
1 - . . - 5
2F ]
3E E
4F 3
5 E
6 E
b 4 E
8 E|
9 el
10 E
11 B
12 B
13 E
14 E
15 B
16 E
1.7 E
18 E
19 F ]
20 F El
21 F ]
22 1
23 E
0 1 2 3 4 5
Time (ns)

Construct 1 siRNA Duplex

Standard Deviation

Standard Deviation

o
13

25

15

0.5

-0.5

24

1.91

1.42

0.93

0.44

-0.05 A

-0.54

-1.08

-1.52

-2.01

24

1.91

1.42

0.93

0.44

-0.05

-0.54

-1.08

-1.52

-2.01

2
Base Pair ID

>
Base Pair ID

ORI R b b b b b bk b b k.
w

Stagger

Construct 2 siRNA Duplex

SN

=4
)

Standard Deviation

©ONDUITRWN O WOONDUIAWN =

NN O —+
N=o

n
w

bl bbb

Time (ns)

Construct 2 Sensor Duplex

25

1.5

N

0.5

-0.5

Standard Deviation

—“OOONOURWN=OORNDUIAWN —

>
o Ll bbb b b L Bl
)
o

0 1 2 3 4
Time (ns)

Figure A1-27 Stagger of Cond-siRNAs.
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Figure A1-28 Stretch of isolated natural duplexes.

25

0.5

3.7

2.97

2.24

1.51

0.78

0.05 A

-0.68

-1.41

-2.14

-2.87

Base Pair ID

o © o N O o »~ W N

-

14
12
13
14
15
16
17
18
19
20
21
22

Construct 3 Sensor
T T T T

Time (ns)

Standard Deviation

25

15

0.5

-1.5

82

3.7

297

2.24

1.51

0.78

0.05 A

-0.68

-1.41

-2.14

-2.87



83

Stretch

g 2 S STEYG "
uonelne(q piepuels
r 1<
x
2
=
F
(=]
<r 8]
g g
) ©
© E
ol ] =
1 o
=
7]
c
)
o
o

TANTDONONO—ANNTOONODO =N M
NN

B s —mtapat ]

al lred eseq

r 1<
x
92
=
F
[a]
<r 1o
=z
5
@
~
Bl p
] o
=
=
7]
c
Q
o
P I 4 4 Y
~ANOTOONDDOT—NNTONDNO =N D

R bttt PN E

al lred sseg

<

© = * N
EEEEEEEEEE
o A =g B 5 o Gk gk
® . M =G 0l s o D
A - = < i o
uoneine( piepuels

(3 R B B B A B B B B B R A B A R )
F 1<
x
2
=
F
o
<r 1o
=
=
@
i
Bt :
5 o~
=
=
7]
c
o
o
NARAARAAAARAAARARAARAR &

TNOTIDOMDHOTNOITVORONO TN 0

S R R Y

al Jied oseg

Time (ns)

Time (ns)

37

®

Construct 3 Sensor Duplex

Construct 2 Sensor Duplex

37

™

Construct 1 Sensor Duplex

2.97
224
5
0.78

0 N Y -
o -

uoleIneq plepueis

5

3
Time (ns)

2

TANTDONONO—ANNTOONODO =N M
NN

B et ]

ql red eseq

2

TANOTOONODO—ANNTODONODNO

B Y

ql lred oseg

am
N

297
224
5
0.78

n N Y -
o -

0.5

uoieIne( piepuels

5

3

Time (ns)

1

TNOTIDOMDHOTNNTVORONO TN D

Sm R R Y

al Jied oseg

Time (ns)

Figure A1-29 Stretch of Cond-siRNAs.
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Figure A1-30 Helical Rise of isolated natural duplexes.
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Figure A1-36 Slide of Cond-siRNAs.
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Figure A1-38 Tilt of Cond-siRNAs.
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Figure A1-40 Helical Twist of Cond-siRNAs.
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Appendix B
Supplementary Material for Holey Graphene as a Weed Barrier for Molecules.
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Figure A2-1 (A) Original transmission electron microscopy image from Figure 2 before
segmentation. (B) An image histogram of the data in A showing the intensity threshold cut
off used to create an image binary. (C) Resulting binary mask, where graphene holes are
separated from the graphene layer. (D) Small outlier artifacts in the image binary are
removed. (E) The diameters of the remaining holes are displayed in a bar graph, binned by
diameter (10 A bin width); we measure an average 37 + 8 A hole size.
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Figure A2-2 (A ,B) Scanning tunneling micrographs (Iyuneiing = 3 PA, Vmpe =-1.0 V) of
“holey” graphene on Au{111}/mica directly after deposition from solution of water and
acetone. Images show protrusions and depressions, displayed as brighter and dimmer,
respectively. We attribute the higher protrusions as solvent that has not desorbed from the
holes, and depressions as holes (without solvent) within the graphene overlayer. (C) After
annealing at 100 °C for 24 h, all solvent is evaporated and only the depressions (holes)

remain.
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Figure A2-3 (A) Scanning tunneling micrograph (Iyneing = 3 PA, Vmpe = -1.0 V) of
“holey” graphene on Au{111}/mica with (B) a corresponding apparent height histogram.
Masking techniques, performed in MATLAB, enable “holey” regions and graphene regions
to be isolated and analyzed independently. (C) The image in A is segmented by apparent
height. The graphene layer is 2.1 + 1.2 A higher in average apparent height compared to

(D) the exposed Au region.
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Figure A2-4 Scanning tunneling micrographs (Iyneiing = 3 PA, Vmpe = -1.0 V) of “holey”
graphene filled with 1-adamantanethiolate (1AD) on Au{111}/mica, where the spacing
between adjacent 1 AD molecules and graphene atoms is recorded. Images of the molecules
were first smoothed and then analyzed using the Regionprops function in Matlab in the
molecular regions highlighted. The inserted molecular layer shows an average spacing
(across multiple images) of 7.2 + 1.1 A, while the graphene mask shows an average
spacing of 5.0 + 1.1 A.
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Figure A2-5 Molecule Fitting Methodology. To determine nearest-neighbor spacings
between molecules post-1AD deposition, molecules were fit using the Regionprops
function in Matlab. A median filter is applied to remove intensity spikes, and then the
region of interest is cropped for analysis. The contrast of the cropped image is enhanced,
and then the image is thresholded using the Otsu cutoff. The cutoff was increased until
sufficient segmentation was achieved. The average adjustment was 0.16 where images
were set to a grayscale. Finally, the center of each segmented molecule was determined.
The locations of these centers were used to calculate nearest-neighbor distances. Fittings
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were also performed on regions that were analyzed in Fourier space to crosscheck results.
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Figure A2-6 (A) Scanning tunneling micrograph (Lyneiing = 3 PA, Vampe = -1.0 V) of
“holey” graphene filled with 1-adamantanethiolate on Au{111}/mica with (B) a
corresponding apparent height histogram. Masking techniques, performed in MATLAB,
enable filled regions and bare graphene regions to be isolated and analyzed independently.
(C,D) The image in A is segmented by apparent height and displayed. A 1-
admantanethiolate patch appears on average 1.1 +0.5 A than the graphene layer.
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Figure A2-7. (A, B) Scanning tunneling micrographs (Iyeing = 3 PA, Vmpe =-1.0 V) of
“holey” graphene on Au{111}/mica after a second 1-adamantanethiolate vapor deposition
for 24 h. Each sample was regenerated, prior to the second deposition step, by annealing at
250 °C. Images depict 1AD molecules within a “holey” graphene framework.



