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Biological nanopores are an essential element to the success of the lipid bilayer that
makes life possible on the cellular level. Protein based pores are responsible for the
transport of specific ions and molecules across the bilayer and can accomplish their jobs with
incredible variety. Some pores, such as those from bacteria have relatively simple structures
and allow for many types of transport. Others, like those found in neurons have very high
specificity as well as the ability to respond to different cues in the surrounding environment.
The vast number of biological ion channels and their complex structures make it difficult to
study and understand the nanofluidic phenomena they exhibit. Inspired by the pores seen
in nature, scientists have begun to create their own synthetic versions which are usually
simpler in structure. These man made pores have been fabricated through a variety of
techniques and materials and provide well controlled systems capable of isolating and
testing specific transport phenomena. Additionally, these pores provide the building blocks
with which more complicated and truly biomimetic pores can be made.

In this thesis, three very different types of nanopores will be examined. First, an alpha

hemolysin pore will be isolated and the physics governing transport time will be studied.
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The diameter and charge of single stranded DNA molecule is modified before being
electrophoretically driven through the pores inner constriction. These translocation events
are monitored via current measurements across the pore and a biological model is
formulated to explain the behavior. This work has the potential to improve DNA sequencing
technologies which are dependent on slowing down DNA translocation speed for accurate
reads. Next, a synthetic conical nanopore etched in a polymer film will be used as the
foundation for a biomimetic nanopore gate. Through the attachment of ssDNA to the pore
walls, a pH and voltage responsive nanochannel is created. This is done through the careful
selection of the DNA sequence to contain protonatable nucleotides which enable the
formation of a transport blocking mesh. Synthetic gated channels that can respond to
multiple stimuli as well as have a robust and reversible closing mechanism have been
historically difficult to design and are essential to advancing the nanopore field. Finally, a
different type of synthetic nanochannel is made from the inner volume of a carbon nanotube.
We present a platform that allows for the isolation and study of a single nanotube and use it
to examine the underlying transport properties. Carbon nanotube based nanochannels show
several unique behaviors which the current literature has not been able to completely
explain. Several questions such as the magnitude and origin of enhanced flow and even what
carries the current remain open, motivating additional studies, such as ours, which aim to

help provide much needed answers.
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Chapter 1: Nanopores in Nature and the Lab

Separating one thing from another is an essential concept to all types of life and across
all size scales. Whether its keeping the cold from the inside of you home, pathogens from
getting inside of your body, or keeping the nutrients inside a cell from being washed away,
barriers need to be set up and maintained. The problem with such barriers is that they
generally can’t be absolute. They must allow for the passage of some things while still
keeping the rest separate. Doors are needed to enter homes, sweat needs to be able to pass
through the skin and cells need to be able to transmit signaling molecules and replenish their
nutrients. When looking at micro and nano scale barriers, such as those used in cells, nature
utilizes various types of nanopores in order to allow for controlled passage across such
barriers.3

A nanopore, at the simplest level is a tiny hole spanning the width of a barrier. It
serves as a selective pathway between the inside and outside of a biological entity. Perhaps
the most important barrier in which nanopores exist is the cellular membrane. This
membrane surrounds and protects an individual cell and is made from two layers of fatty
acids. The core molecule of these membranes, the phospholipid, has a hydrophilic head
attached to a hydrophobic tail. This causes them, when in an aqueous environment, to
organize into two layers with the tails facing each other and the exposed heads facing
outwards on both sides of the membrane.*

The pores which span these membranes are generally made from proteins that insert

themselves into the cell bilayer. These proteins consist of very long chains of amino acids



that fold up into a three-dimensional hollow structure. Once in position, specific molecules
are able to traverse the membrane by passing through the protein interior. Most of the
simple nanopore proteins come from bacterial cells such as E. coli and Staphylococcus.5 Such
pores are described this way because they tend to act as simple holes, allowing anything that
can fit to travel through them. Alpha-hemolysin (a-hemolysin) is one such example and has
been studied quite a bit in the lab.67 This particular protein is one reason Staphylococcus
aureus is so dangerous as a-hemolysin will embed itself into human cell walls leading to cell

death.89

Figure 1.1 Alpha-hemolysin in a lipid bilayer. Supramolecular model of an alpha hemolysin pore
inserted into a tethered bilayer membrane. Image taken with permission from Elsevier from
McGillivray et al.?

Other protein-based nanopores, such as those found in mammals, show much higher
levels of complexity. Through more complicated structures they can have abilities such as
selectively passing molecules, changing transport properties in response to environmental
cues, and actively pumping molecules against a concentration gradient. These types of
nanopores are required for a huge host of cellular processes that are happening in humans
all of the time. Examples include nucleic acid transfer, protein secretion, viral replication

and nerve signaling.3 The last example in particular was one of the first biological
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phenomena tied to the presence of nanopores. As early as 1949 Huxley and Hodgkin were
able to observe, through applying a voltage across the cell membrane, the action potential in
giant squid axons.10 As one possible explanation, they proposed some sort of selective ion
channels through the membrane. This theory was later verified by Roderick MacKinnon who

was able to isolate and image potassium ion channels using x-ray crystallography.1!

Figure 1.2 Sodium ion channels. An artist’s depiction of sodium ion channels imbedded in a lipid
bilayer. Channels are shown in both open and closed states. Taken from Rajakulendran et al.12

Because nanopores are essential to life, when they fail the results can be catastrophic.
The deadliness of many diseases and toxins is the result malfunctioning protein-based
nanopores.12-15 Through understanding the physics behind how such pores work, and even
potentially building our own, many lives can be saved. In the absence of the ability to build
and study synthesized nanopores, using those found in nature is a tempting option. One
technique that was developed to this end was the Nobel Prize winning patch clamp which
was developed by Erwin Neher and Bert Sakmann in the late 1970s and 1980s.1¢ This
allowed for the isolation of a single biological ion channel, embedded in a lipid bilayer, which
could be studied by monitoring the current passing through it. Recently, this line of research
has received attention as a potential method to sequence DNA.17 Researchers have been able

to apply a voltage across a membrane containing an a-hemolysin pore and monitor the



current as DNA molecules pass through.1® The pore occlusion caused by the individual bases
translocating the inner constriction results in a current signature unique to each base. From
this current trace, the DNA sequence can then be deduced. Techniques such as this one,
which are based on biological nanopores, have several benefits. The pore structure is known
to high accuracy thanks to the use of crystallography and the consistency of one pore to the
next is very high. Additionally, it is possible to chemically modify such pores at specific
locations due to exposed reactive chemical groups. The downsides include the fragility of
the lipid bilayer membranes which house the pores and the inability to easily change the

pore dimensions or core structure, which is generally complex.19

Figure 1.3 Synthetic nanopores. Early versions of synthetic which were made from polymer films.
Scanning electron microscope images show the large opening of conical nanopores etched in PET (A)
and a polyimide foil (B). Images courtesy of Zuzanna Siwy.

With the advancement of modern technology it has recently become possible to
manipulate matter at the nanoscale.?? This has opened up the possibility of generating
synthetic nanopores similar to their biological analogs. Many techniques are now used to
generate pores in a variety of materials including glass pipettes, SiN membranes, polymer
membranes and carbon nanotubes/graphene.20-23  Artificial nanopores allow for two
important lines of research to be done. First, these pores have simple sizes, shapes and
structures which can be controlled and designed. Along with their ability to withstand a

wide range of testing environments this lets pores be used for much needed fundamental
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studies on nanofluidic phenomena. Much is still not known about the steric, electrostatic
and hydrophobic effects that govern pore behavior at the nanoscale. Second, synthetic pores
provide a foundation to modify and build on in order to design more sophisticated pores of
our own. The ability to design synthetic pores that have the properties and abilities of
nature’s protein based pores would be incredibly useful in a variety of fields.20-23

In this thesis, the fundamental workings of three very different types of nanopores
will be explored. First, a-hemolysin pores imbedded in a lipid bilayer will be utilized to look
at what effects govern the speed of DNA translocation. Second, a polymer pore fabricated
through the track-etch technique will be modified with DNA in order to create a synthetic
nanopore which exhibits a gating response. Finally, nanochannels are created using the
interior of single CNTs and the physics underlying these channels unique transport

properties is studied.



Chapter 2: Theoretical Background

2.1 Nanopore Transport Theory
2.1.1 Charged Surfaces and the Debye Length

One unique characteristic of nanopores is the relative influence that surface
properties have on overall transport behavior. This is primarily caused by the fact that as
the diameter of a pore decreases, the ratio of surface area to volume dramatically increases.
As a result, molecules which pass through a nanopore will generally have strong and
frequent interactions with the pore walls. For this reason, the physics of charged surfaces
submerged in an aqueous solution are vitally important in formulating a complete picture of
nanopore transport.

Regardless of the geometry our charged surface has, we can imagine that it begins to
appear flat and extend outward to infinity from the perspective of a particle which is very
small and close. Making this assumption, we will consider an infinite plane with surface
charge o submerged within a solution containing ions, one of which can be described by its
distance, x, away from the surface. The potential felt by our particle will then be the result
of both the surface charge and the charge on neighboring ions in solution. In order to write
an expression for the density, p, of ions near the surface, we can use the common Boltzmann

distribution

ziFp(x,t)

p(x,t) = ZZiFCie RT (2.1.1)

L

with R representing the gas constant, T the solution temperature, F the Faraday constant, @
the electric potential, Ci the bulk ion concentration, z the ion charge number and i as an index

which sums over all the present ion species. In our system, it will be assumed there are only



two symmetrical ions of opposite charge, such as potassium and chloride. From this, we can

write out the density of ions given from Equation 2.1.1 as

zFp(x,t) zZFp(x,t)
p(x,t) = zFC, (e RT —e RT )

(2.1.2)

zZFp(x, t)
= —2zF(Cysinh | ——————
zFCysin ( °T )

taking advantage of the trigonometric identity for sinh. For the next step, we need to plug

the expression for p(x, t) into the Poisson equation which is given by

o)
Vi = ——
= (2.1.3)

and tells us the relationship between a given charge distribution and the resulting potential.
The € and ¢, in the above equation represent the dielectric constant of our solution and the
permittivity of free space, respectively. Continuing with the substitution and dropping the V
in favor of a one dimensional derivative relevant to our system as well as dropping the time

parameter gives:

d2¢ _ ZZFCO sinh (ZF¢(X)) (2.1.4)

dx? g RT
To further simplify this expression, we can restrict our analysis to cases such that ¢ is much
smaller than the product of R and T which allows the sinh function to be approximated by
the first term in its Taylor expansion. This gives the now linearized Poisson-Boltzmann

equation given below.

d*¢  2z°F*C,
dx?2  egyRT

1
P() =7 9() (2.1.5)

To solve this equation we need to impose appropriate boundary conditions for our system.

The first is that the potential drops off to zero as x approaches infinity and the second is that



the potential is continuous at the surface (x = 0). Putting everything together and solving
the system of equations gives us the following expression for ¢:
X
P = doe (216

The constant ¢ in this exponential equation represents the potential at the charged surface.
This solution to the potential near a charged surface is called the Debye-Hiickel equation and
is very useful in understanding nanopore behavior.

Perhaps the most important result of the above derivation is the definition of the

parameter A in Equation 2.1.5 and 2.1.6 which is given explicitly below.

eggRT
= ’— 2.1.7
A ZZZFZCO ( )

This term is known as the Debye length and provides a characteristic length scale for
determining the importance of surface charge effects on nanopore behavior. Looking at
Equation 2.1.6 tells us that a charged surface will attract ions of the opposite charge,
artificially increasing the concentration of that ion above bulk behavior. This shielding effect
will then die off at an exponential rate until the ion concentration eventually returns to bulk
values. The Debye length then, is the distance at which the potential has decreased by a
factor of 1/e. Looking at Equation 2.1.7 also shows that the Debye length is inversely
proportional to the square root of the bulk electrolyte concentration. To better see this, we
can rewrite the Debye length for the specific case of a monovalent 1:1 set of ions in water at

room temperature (25° C) with its concentration expressed in terms of moles/liter.

_ 0.304

Te (2.1.7)

The output of this formula gives us the Debye length in the units of nanometers which is

convenient when discussing nanopores. It also shows us that at a salt concentration of 1 M
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the Debye length is only 0.304 nm which is much smaller than the diameter of most pores
used in this thesis. If the same pore is instead measured in a concentration of 10 mM, the
Debye length becomes 3 nm which is sufficient to significantly alter the behavior of truly
nanoscale pores. For this reason, testing pore behavior across a range of salt concentrations
can provide insight into both the pore dimensions and surface charge characteristics.

The unique organization of ions near a charged surface in an aqueous environment is
typically referred to as an electrical double layer. The structure of parallel charged layers is
where the term double layer comes from and is reminiscent of a traditional parallel plate
capacitor. The original idea was discovered by Hermann von Helmholtz who, prior to the
formulation done above, realized that ions of opposite charge would adhere to a charged
surface in solution. He was also able to show that this phenomenon resulted in a unique type
of capacitance.2* What Helmholtz did not include in his formulation is that this capacitance
is dependent on an applied potential and ionic concentration. These issues were later
accounted for in models worked out independently by both Louis Gouy (1910) and David
Chapman (1913).2526 This formulation is now called the Gouy-Chapman model and is
essentially what was derived above. It wasn’t until 1924 that Otto Stern combined the ideas
of Helmholtz with the Guey-Chapman model.2” This hybrid depiction of the double layer is
drawn in Figure 2.1.1 and shows the inclusion of both a Stern layer and diffuse layer.28 The
Stern layer is thought of as immobile charges across which the potential drops off linearly
while the diffuse layer has ions with some mobility and has a potential which decays
exponentially. More modern models of the electrical double layer now exist, accounting for
things such as a penetrable Stern layer,2? the interaction of the solvent with the surface

interface3? and partial charge transfer between charged electrode surfaces and solutions,31



but the improvements they offer are small enough to ignore for the work presented in this

thesis.

© Positive Counterions @ Negative Coions

Debye Layer

Potential

\

A
Stern Layer Distance, x

Figure 2.1.1 Electrical double layer. A Model of the electrical double layer shows the different
resulting layers. The Stern layer is represented by an immobile layer of ions and has a linear drop
in the potential. The Debye or Diffuse layer shows an exponential drop in potential and an increased
ion concentration resulting from the charged surface. At distances beyond the Debye length, the
potential is reduced by a factor of e or more and the concentrations approaches that of bulk. Figure
courtesy of Eric Kalmen.28

2.1.2 Nanopore Transport Physics

Now that we have an understanding of the charge distribution inside of a nanopore,
we can begin to look at the overall transport behavior. The source of transport through a
nanopore is the presence of a potential energy difference across the pore. There are many

different sources for such a potential difference, including pressure, concentration gradients,
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temperature gradients and electrostatic potential. The transport resulting from these types
of potential differences can be roughly broken up into two types. The first is the movement
of individual particle species resulting from electrostatics or concentration gradients while
the second is the movement of the bulk solution due to something like an applied pressure
gradient. To give a more specific example the case of KCl dissolved in water can be looked
at. In the presence of an electrostatic potential it is easiest to study the resulting force on
individual ions, assuming that the water around them is stationary. In the presence of an
applied pressure however, the volume of water/ion mixture that is displaced needs to be
examined. There will also be some amount of coupling between these different types of
transport due to the interactions between molecules in solution. The primary mechanism
behind this comes from the fact that as the charged particles are moved via electric field, they
will induce a drag force on the molecules around them, causing movement in the bulk fluid.
We will work through these different types of transport one at a time, excluding heat since
all experiments are done at room temperature, and finally put together a more complete
picture at the end.

Starting with a single particle located within a potential gradient, we can write out
the definition of its so-called mobility, i, which is the velocity of the particle in response to

an applied force.

=2 2.1.8
=7 (2.1.8)
Now, we can write out an expression for the flux, ], which is the total number of particles
which pass through a cross-sectional unit area (perpendicular to the particles motion), A,

during an interval of time, dt, where C represents the concentration of particles.
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Jo = vC (2.1.9)
Assuming that we are dealing with a spherical particle in a constant electric field allows us
to make a few substitutions. First, we can say that the force, F, felt by this particle is equal to
its charge times the electric field it feels, or qE. Next, we can take advantage of the Einstein
relation between the diffusion constant and mobility, given by D = ukgT. Finally, thanks to
Stoke’s law, we know that the mobility of a sphere within viscous flow is given by
LD

= g = KT (2.1.10)

U

where 7 is the viscosity of the fluid and r is the radius of the particle. Now we can write out
in full the expression for flux, adding the position along the pore, x, and time dependence of

the electric field and concentration.

qE(x,t)C(x,t)

]ep(x' t)y=D kT

(2.1.11)

This term describes what is called the electrophoretic induced current. Having arrived at an
expression for the flux resulting from an applied electric field, we can next turn to the force
created by a concentration gradient. It is well known that particles in areas of high
concentration will have a net diffusion towards areas of lower concentration. More
specifically, Fick’s law of diffusion tells us that flux is proportional to the concentration

gradient which is written below.

dC(x,t)

2.1.12
Tx ( )

Ja(x,t) = —D

With electrophoresis and diffusion now described, we can turn to the final piece of

the puzzle. We know that particles under the influence of electrophoresis will drag some
amount of the surrounding, neutral molecules with them due to friction. Once the system

reaches equilibrium this means a velocity can be assigned to the surrounding fluid, u,,. With

12



this definition, it is then possible to write out the flux of our charged particles which will be
a product of u,, and the particle concentration.

Jeo (%, ) = U C(x, 1) (2.1.13)
This term is generally referred to as electroosmosic current. To complete the picture, we can
combine the previous three equations into one expression that describes particle motion due
to all three types of transport. Summing the three relevant terms results in the following
expression.

qE(x,t)C(x,t) dC(x,t)
kBT dx

Jeot (%, £) :]ep(xr ) +Ja(x,t) +Jeo = D( > + Ueo C(x, 1) (2.1.14)

This equation is a one dimensional version of what is known as the Nernst-Planck equation,
with the inclusion of electroosmotic flow. Generalizing to three dimensions, exchanging
electric field for the potential and writing in units of Coulombs per meter squared result in

the most common form of the Nernst-Planck equation.
zFC
J = —zFD (vc + (v¢)> — Uy, C (2.1.15)

At this point we have successfully included all relevant types of transport, but we are
missing a way in which to find u,, in the above equation. To do this, we need to relate the
movement of the solution as a whole to a force which is applied to it. This is precisely what

the Navier-Stokes equation describes and it is given in full below.

ou
Pm (E +u- Vu) = —VP +nV?u + p,V¢ (2.1.16)

In this equation, p,, represents the mass density, p, represents the charge density, u
represents the fluid velocity and P represents an applied pressure. Luckily, we can make
several simplifications to this equation when applying it to our system. First, the left hand
term, which is referred to as the inertial term can be assumed to be negligible. This is
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because we are dealing with a situation where the viscous forces greatly overwhelm the
inertial forces. The ratio of these two forces is known as the Reynolds number and will be
sufficiently low in our system.32 The second simplification we can make is to remove the
time dependency of the equation. This is allowed since any changes to the potential are
sufficiently small compared to the kinetics of our fluid particles. Following these
assumptions, we can write out what is referred to as the Stokes equation, except with the
added force term due to the electric potential.
—VP +nV?u = —p, V¢ (2.1.17)
Finally, one more equation must be added which represents the fact that our fluid is both
non-compressible and that there is zero total flux in or out of our entire system. This can be
done using the following continuity equation for a non-compressible fluid.
V-u=0 (2.1.18)

We now have a complete model representing all forms of transport that will be seen
in our pores. The Navier-Stokes, Nernst-Planck and Poisson equations (sometimes called
the PNPS model) together can be solved to predict the overall ionic current observed in a
nanopore. The specific geometry and setup of the nanopore used will decide the
corresponding boundary conditions needed. Solutions are generally complex and require
the use of computer software such as COMSOL or Matlab. In the nanochannels discussed in
Chapter 3 and 4, electroosmotic current is known to be very low allowing for simplification
of the analysis.33 In this case, the term containing u,, in the Nernst-Planck equation can be
dropped and as a result the Navier-Stokes equation is not required. This is called a PNP
formulation and has been solved for many different pore geometries. An example solution

is given in Figure 2.1.2 and shows that in a conical nanopore with a negative surface charge,
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the data match the prediction well.3* The pores used in this PNP model are very similar to

those used in Chapter 4 of this work and the nonlinear behavior will be discussed further

there. In Chapter 5, the pores used were found to have very high electroosmotic flow

resulting in the need for a full PNPS set of equations.
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Figure 2.1.2 PNP calculation. Results from numerical PNP calculations for the ion current profiles

and total ionic current for a conical nanopore with negative surface charge.

(a) Electrode

configurations are shown for the currents shown in (b) and (c). The negative surface charge comes
from carboxyl groups, which become protonated around pH 3. Concentration profiles along the
pore are shown in (d)-(f) for several applied voltages. Insets show results zoomed in near the tip of
the pore. Figure taken with permission from EDP Sciences from Cervera et al.34
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2.2 Electrochemical Setup
2.2.1 Silver/Silver Chloride Electrodes

Directly measuring the ionic current through any type of nanopore can be difficult
due to the fact that standard electronics are electron based. In order to interface a nanopore
in ionic solution with a standard ammeter the ionic current needs to be converted into
electrons. This is typically done through an electrochemical setup where some type of
electrode placed in solution undergoes a chemical reaction absorbing an ion and releasing
an electron, or vice versa. It is important to understand the details of this reaction to
properly interpret the observed electronic current through our nanopores.

The chemistry selected for this work was that of Silver (Ag)/Silver Chloride (AgCl)
electrodes. These are very common reference electrodes used throughout the chemistry
community and even in medical applications such as electrocardiography.3> The Ag/AgCl
electrode works through a redox reaction between the pure silver and its salt form. In a
system which is made of two Ag/AgCl electrodes which are used to apply a voltage across a
salt solution, such as KCI, Cl- ions are exchanged with electrons through the following
chemical equation.

AgCl(s)+e~ & Ag(s) + Cl™ (2.2.1)
[t can be seen that at one electrode an electron is absorbed, releasing a Cl-into solution. On
the other electrode, the opposite reaction occurs with a Cl- being incorporated into the
electrode and an electron being released into the electronic system.

Due to the frequency of use, Ag/AgCl electrodes have been heavily characterized and
are very useful in this work for a few reasons. The first is that the redox reaction has been

found to have very fast electrode kinetics.3¢ At the currents used here, it can be assumed
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that the conversion from ions to electrons happens with 100% efficiency. Next, the
electrodes are very stable across a wide range of pH values allowing for pH based nanopore
characterization. Finally, the electrodes are safe, and easy to acquire via commercial

ordering or making them from silver wire.

2.2.2 Electrochemical Cell
When two Ag/AgCl electrodes are placed on either side of a membrane, such as in the
electrochemical cell shown in Figure 2.2.1 the resulting potential will be given by the Nernst

equation.
RT
Ecen = Eey — ﬁln(Q) (2.2.2)

Here, Ecel represents the potential across the membrane, EOce.n represents the potential
resulting from differences in electrode makeup, R is the gas constant, T is the temperature,

F is the Faraday constant, n is number of moles of electrons and Q is the reaction quotient

n
&)

Figure 2.2.1 Electrochemical cell. Diagram of one electrochemical cell that was used in this work.
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which is given by the ratio of ion concentration on each side of the membrane. It can be seen
then, that so long as the KCl concentration and electrodes are kept identical on each side,
there will be no resulting potential difference. We can then attach a voltage source and apply
a potential difference directly across the electrodes in order to measure the ionic current
through the membrane.

It is important to remember that any potential gradient applied between the
electrodes is actually spread out across the whole system, of which the nanopore is just one
element. The system can be thought of as many different resistance elements in series with
each other. Each resistance in the circuit is also in parallel with a capacitance resulting from
the formation of the electric double layer discussed earlier. This is represented by Figure
2.2.2 and includes the electrode resistance, bulk solution resistance, and pore resistance. At

the size scales we are making our pores however, it turns out that the rest of the system can

n
&)

R

electrode bulk pore bulk electrode

C

electrode bulk pore bulk electrode

Figure 2.2.2 Electrical model of a cell. The equivalent electrical circuit for a pore in an
electrochemical cell is shown. Due to the nanopore being many orders of magnitude smaller
than the rest of the system (gigaohm resistance values), it is safe to assume the entire voltage
drops across the pore alone.
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be ignored. The resistance of Ag/AgCl electrodes is known to be lower than 10 Ohms,37 while
the resistance of the bulk solution depends on the geometry. In the cells used in Chapter 3
and 4, the bulk solution resistance at 1 M is roughly 4 Ohms, while in Chapter 5 a smaller cell
is used with a resistance of around 103 Ohms. In either case, these resistance values are
many orders of magnitude below that of our nanopores, which is in the range of 10° Ohms.
This means we can assume that any applied voltage is felt entirely across our pores which

makes data analysis much easier.

2.3 Coulter Counter
2.3.1 The Resistive Pulse Technique

The coulter counter technique is based on the simple idea that when a particle passes
through a pore, it will temporarily change its resistance.3® A schematic showing the resistive

pulse technique is shown in Figure 2.3.1. This is a technique that can be used to learn various

/@ | |
'

— Potassium lons

. ", —> Chloride lons
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Time

Figure 2.3.1 Resistive pulse. Schematic of a resistive pulse generated from a particle passing through
a nanopore. While the particle is inside the pore, it changes the ionic resistance and produces a pulse
in a plot of the current as a function of time. Figure courtesy of M. Pevarnik.*3
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types of information about a particle, such as its size and charge if the characteristics of the
channel are known (or the other way around).3? In this thesis, the coulter counter is used,
mostly qualitatively, with several different types of pores as proof of particle translocation.
As a result, only a simple model of how the current amplitude can be modulated will be
discussed. A more complete description, especially for very small pores and particles, is still
not completely agreed upon, but a good summary is given by Davenport et al.40

Assuming we start with a cylindrical ion channel with radius r and length L which has

ohmic behavior, we can write out its resistance as

R f YL dx = —=_ (2.3.1)
= X = .
0 12 A(X) krD?

where L is the pore length, A is the cross-sectional area and k is the bulk ion conductivity.
Now, as a particle enters the pore it will change the cross sectional area of the pore over the
region it blocks pore transport. To find the new value of R for the pore we have to integrate
over this new region which now holds the particle and add it to the sections of the pore which
are still empty, if they exist. It is also important that we assume the particle is roughly the
same size (within a factor of 10) as the pore diameter so that we can assume a constant
current density across the channel, otherwise, budging electric field lines at the pore wall

must be accounted for.4142 If we assume a spherical particle with diameter d translocating

the pore we can break up our total pore resistance as

R =fL/2de:M+fd/2 L i (2.3.2)
! _12A() krD? —ay2 KA(X) h

where the final term still requires an expression for the cross-sectional area through the

region with the sphere in it. This can be written as
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A(x) = — — — + mx? (2.3.3)

With a little bit of work, we can plug this in and solve for the change in resistance and current

due to our particle being inside the pore.43

Rl—Rozlo_Ilzg/Sin_l(%) _E\

R, I L\ 1_(%)2 D

A more general approach was calculated by Sung Kim et al. which describes a system with

(2.3.4)

both an arbitrarily shaped pore and particle, defined by their radial functions f(x) and g(x)

respectively. e equation givin e resistance of the pore with a particle inside is given
pectively.** The equation giving th t fthe p th a particl deisg

by

1 (b2 1
=l rer@® 239

where the only restriction is that both the pore and particle have symmetry around the x
axis.

It is worth noting that this approach only looks at the volume-restricting element
which changes resistance. In different setups, it is also possible for the charge of the particle
to influence the pulse resulting from its translocation. If the particle charge density is large
enough then it can bring additional charges with it into the pore, which can compete with
the steric blockage effects. In fact, in using extremely charge particles and specific pores, it
is possible to produce current increases during translocation instead of blockades. An
example of this can be seen by Golovchenko’s group where they looked at DNA translocation
through solid state nanopores and were able to see both current spikes and blockades

depending on the system condititions.*>
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2.4 DNA Basics

2.1.1 Description of DNA

DNA stands for Deoxyribonucleic acid and is made up of repeating units of a monosaccharide
and phosphate backbone along with a nucleobase. DNA found in nature is generally in what
is called the double stranded (dsDNA) form. This means that there are two polynucleotide
chains joined with each other in a double helix formation. The unique ordering of bases is
what nature uses to encode the information needed to create the building blocks of all life.
The four nucleotides found in DNA are adenine (A), cytosine (C), guanine (G) and thymine
(T). Each base has a unique chemical structure such that they bond in pairs - A is opposite
and bonded to T and C is paired with G. DNA can also exist in what is called the single

stranded form (ssDNA) which means that the double helix has been stripped in half, splitting
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Figure 2.4.1 DNA structure. Cartoon drawings show the structure of DNA. Image on the left shows
the double helix structure of dsDNA and the image on the right shows the bonds holding
complimentary nucleotides together. These Images are reprinted with the courtesy of US National
Library of Medicine and Madeleine Ball.
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up and exposing the inner nucleotides. Each strand of ssDNA still encodes the same amount
of information and the strands are said to be complimentary to each other. Under the right
conditions, each single strand of DNA can reform a new double stranded DNA molecule,
doubling the original amount of DNA. This process is called polymerase chain reaction (PCR)
and is used in both the lab and in nature to replicate DNA. Figure 2.4.1 shows the structure

of a double helix DNA molecule.
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Chapter 3: Steric and Electrostatic Effects in Nanopore Translocation

3.1 Introduction

Perhaps the most fundamental characteristic of a nanopore is its ability to transport
molecules from one side of a membrane to the other. Different types of pores found
throughout nature have taken this concept and expanded on it, resulting in all sorts of
different control mechanisms governing this transport. Specific groups of biological pores
however, have remained fairly simple in design and purpose. Many of these pores originate
and are produced by bacterial cells. While the three-dimensional structures composed of
amino acids are complex compared to synthetic versions, the resulting pores are relatively
easy to understand. Due to this, many such pores have attracted the attention of scientists
for use in studying nanopore physics as well as for applications in biotechnology.

Of the long list of bacterial pores in nature, there exist a small handful that have spent
the most time in the spotlight. Included in this group is gramicidin, which is produced by a
type of bacteria called Bacillus brevis which is found in soil, Mycobacterium smegmatic porin
A (MspA) which is produced by various bacteria in the Mycobacterium genus, and a-
hemolysin which comes from the potentially dangerous Staphylococcus aureus. Of these
three, the latter two are currently being used in the search for fast and accurate DNA
sequencing technologies.46-50 One particularly noteworthy example comes from a company
called Oxford Nanopore Technologies. They have recently released a portable DNA
sequencing device, based on a modified a-hemolysin pore, which is amazingly not much
larger than a standard USB flash drive (and plugs into your computer just like one).>! These

types of technologies are possible because of the size and structure of such bacterial pores.
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As previously mentioned, a-hemolysin comes from the Staphylococcus genus and is
highly toxic to most animal cells. The pore has the ability to incorporate itself into the lipid
bilayer which, when combined with its transport properties, can cause a lot of problems. «
-hemolysin essentially acts like an unrestricted channel, allowing transport of any molecule
that can fit through its internal diameter. As molecules required by cells to live are allowed
to exit, and unwanted outside molecules are allowed to enter, cell death eventually occurs,
typically through lysis.8® The same reasons that make the pore so toxic to cells, however,
make it a great model pore to work with.

The structure of a-hemolysin is known thanks to having been solved using X-ray
crystallography techniques.52 The entire molecule is roughly 10 nm long and looks a little
bit like a mushroom with a cap that sits on the lipid membrane and a stem which is inserted
to the other side. The interior channel is largest at both the entrance and exit tapering down
to a minimum aperture close to the center. This internal central constriction is only about
1.3 nm in diameter and is responsible for most of the pores usefulness. Somewhat
surprisingly, with a little bit of nudging (most often in the form of an applied voltage) both
modeling and experimental studies have verified that DNA is easily capable of being
transported through this small channel.>3 Only single stranded DNA (ssDNA) can accomplish
this, which happens to be ideal since the exposed nucleotides make sequencing much easier.
The details of how this sequencing is accomplished will be elaborated on in the next section.

Due to is promising structure and prevalence in the DNA sequencing industry, a-
hemolysin was selected for use in this study. We aim to model the translocation of DNA and
DNA like molecules through one of these pores in order to elucidate on some of the

underlying physics governing transport. One specific question relates to the rate of DNA
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transfer since it is directly tied to the throughput of future technologies. Higher transport is
directly tied to the rate at which samples can be processed, but only up to a limit. If the
translocation occurs too quickly, the interpretation of the data becomes more difficult and
accuracy decreases. It is for these reasons that the ability to accurately control and balance
the movement speed of DNA through a nanopore is essential.>#>> In the following chapter
we modify DNA with additional peptide tags which, verified through molecular modeling,
change both the DNA’s effective radius and charge density. We can then monitor the
translocation speed and interpret the relative importance of steric and electrostatic effects
on transport speed. Studies of this type are essential to unlocking the full potential of

nanopore based sequencing and the results can be applied to pores of any type.

3.2 Theory and Background
3.2.1 DNA Translocation through a-hemolysin

As mentioned in the introduction, a-hemolysin has an internal constriction with a
diameter of roughly 1.3 nm. Comparison to the width of a double helix strand of DNA, which
is about 2.3 nm, makes it clear that dsDNA is unlikely to pass through the pore. When the
DNA is in its single stranded form however, is it sufficiently small to feed through a-
hemolysin. It is important to note that this requires the ssDNA to enter single file. This is

typically a desirable characteristic since ssDNA is known to fold up into various
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confirmations, based on free energy considerations, which can make further analysis

difficult.

Figure 3.2.1 Pulling proteins through a-hemolysin. Schematic showing an a-hemolysin pore
imbedded in a lipid bilayer which also has the addition of an ClpX unfoldase protein. A DNA tag
that is attached to a Smt3 domain is threaded through the pore using an applied voltage. Fueled
by ATP hydrolysis, the ClpX pulls on the tail and causes unfolding and translocation of the Smt3
domain. Figure reprinted with permission from Macmillan Publishers Ltd from Nivala et al.56

Due to the size difference between ssDNA and a-hemolysin being so small it is
typically required that the ssDNA be pushed through. This has been accomplished a few
different ways including the addition of proteins near the a-hemolysin which feed the DNA
through (Figure 3.2.1) as well as through the use of an electric field.>>5¢ In the latter case, an
electrochemical cell is used to maintain a voltage across a membrane containing an a-
hemolysin pore. Due to the large negative charge present on DNA it can be
electrophoretically driven along this potential. If the DNA is placed on the proper side of the
membrane, this driving force will eventually cause it to encounter the a-hemolysin pore. The

initial opening of the pore is large enough to contain folded ssDNA strands, but upon
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threading into the internal constriction, the ssDNA is then transported through in a straight
line. In this manner, the electrostatic characteristics of the DNA make it possible to gain
some control over the rate and frequency of ssDNA translocation events. Even at low
voltages however, DNA can move through the pore quickly, with rates of 1 to 5 us per base,
which may be faster than desired for the purpose of data analysis.>>57 As a result, both more
advanced recording systems and methods to slow down the DNA are required. Some
progress has been made on the former need with at least 3 us resolution reported and the
latter challenge is the focus of this work.>8 One key method which can be used to control
translocation rate would be to alter the relative diameters of the ssDNA and inner
constriction of the a-hemolysin. It has previously been shown that DNA can be modified
with chemical tags, impacting its translocation behavior.>® By increasing the ssDNA
diameter and altering its charge, its movement through the pore can be significantly slowed,

which is the motivation for the work done in this chapter.

3.2.2 Applications of the Coulter Counter Technique

The coulter counter technique, which is discussed in Chapter 2, can be used to identify
the passage of DNA molecules through an a-hemolysin pore. As a ssDNA strand enters and
occludes the channel, the pore resistance is increased, creating a pulse in the ionic current.
The amplitude of the resistive pulse is dependent on the volume occluded by the molecule
and is therefore largest when translocation through the internal constriction is occurring.
Due to the similarity in size between the channel diameter and modified ssDNA molecule the
current is expected to drop almost to zero during a translocation event. According to MD

simulations, ssDNA naturally has a diameter around 1.4 nm but under confinement can
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increase the angle between bases to achieve an effective diameter below 1.25 nm (see Figure
3.2.2).60 As a very rough calculation, the pore and ssDNA can be modeled as cylinders of
radius 1.3 and 1.25 nm respectively. Assuming the pore is entirely filled, which is reasonable
since our ssDNA is much longer than the inner constriction of a-hemolysin, it can be seen
that the occluded volume is roughly 93 percent.

w(1.3)% — m(1.25)2 _
B 7(1.3)2 -

0.93 (3.2.1)

It also makes it clear that if the diameter of a ssDNA molecule increases, so does the
amplitude of the pulse. In this work, we will be examining ssDNA molecules which have had
their effective diameters increased through chemical modification. Using the resistive pulse

technique, it is then possible to easily distinguish between the two molecules based on the

1 l L

|
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pore diameter (nm)

Figure 3.2.2 Diameter of ssDNA. Molecular dynamic simulations show the alignment of ssDNA
under confinement in a cylindrical volume. Snapshots from left to right are taken at a radius of
1, 1.25 and 3 nm. The dashed vertical line represents the diameter of the inner constriction of
a-hemolysin. The horizontal dashed line represents the angle between nucleotides when the
ssDNA is unconstrained. Figure courtesy of Mathe et al.60
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recorded amplitude of the ionic current change. Additionally, the pulse amplitude can be
used as an estimate of the ssDNA strand diameter, giving evidence that we have correctly
synthesized the molecule. It is important to point out that this simple geometrical based
model is an over simplification of the system since the behavior at this scale can be counter
intuitive and is still being studied.#0 Even still, since the focus of this work is to study

translocation duration, this model is sufficient for our needs.

3.2.3 DNA Sequencing using Nanopores

The goal of DNA sequencing is to correctly identify all of the nucleotides in a DNA
molecule. To be useful, it is required that both the type and position along the strand are
identified. In an ideal system, each correctly ordered nucleotide is sent through an
appropriately sized channel while the channel resistance is monitored. In order to
distinguish one nucleotide from another, it is required that they each have a unique
size/shape/charge and therefore a corresponding unique current trance as they pass
through the pore. While the difference in structure between nucleotides is small, is has been
shown that they can be successfully distinguished. A schematic is shown in Figure 3.2.3.

The idea of nanopore based DNA sequencing has been around for at least 20 years
with one of the first examples published in 1996 by Kasianowicz et al.#¢ Generally, an electric
field is used to drive ssDNA through an isolated biological or synthetic nanopore. In most
methods, the intact ssDNA strand passes through the pore but alternative methods have
been used, such as cleaving the nucleotides and sending them through individually.¢? The
characteristics of the nanopore are important and the diameter and length must be carefully

selected. First, the diameter must be larger enough to allow ssDNA to enter but not so large
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that the ssDNA can pass through in non-single file conformations. Second, the diameter of
the pore must be small enough such that the small changes in nucleotide structure are
sufficient to adequately detect. Finally, the pore length must be sufficiently short so that it is
on the same scale as a single or a few nucleotides. If the length is greater than this, the
current trance will be an average of all bases inside the pore at that instant and therefore
harder to identify. In some technologies however, several bases are examined at once
intentionally to introduce more redundancy into the system.>> Various types of both
biological and synthetic pores have been used although a-hemolysin seems to be a popular
choice and is the pore focused on here. The inner constriction of this pore meets most of the

above criteria which is why it is used so often.

Figure 3.2.3 DNA sequencing. Model showing the resistive pulse technique used as a method
for sequencing DNA. ssDNA is driven through an alpha hemolysin pore and the nucleotide
specific current pulses are read and converted into the correct sequence. Image reprinted with
permission from Elsevier from Hagen Bayleyss
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3.2.4 Statistical Analysis of Translocation Events

The nature of DNA translocation behavior in a-hemolysin requires that large
numbers of events are statistically analyzed to draw useful conclusions. In the case of this
work, step like modulations in the ionic current were identified and the duration of the
events were recorded. To understand what mechanics govern the rate of translocation, the
distribution of these event durations was examined.

Before going further, it is useful to definition of the survival function S(t). This
function represents the probability that an event is at least as long as time t. In order to
predict the form of the survival function, certain assumptions must be made about the
system. If it is assumed that a ssDNA strand threaded into the pore exits through one
dimensional diffusion against an applied potential, the one-dimensional Fokker-Plank
equation can be used. This system can be modeled where f(x,t) is the probability density
function, t is time and x is the distance the ssDNA has moved along the pore from its initial
position.

0 8 0 F(x) 322
Ef(x,t)—Dﬁf(x,t)—an(x,t) (3.2.2)

D in the equation above is the diffusion coefficient, y represents the coefficient of friction and
F(x) is the force term which includes terms from the applied voltage and entropic
considerations. The survival function would then be the integral of f(x,t) over the entire
ssDNA molecule. Following the work of Wiggin et al. it can then be shown that in this case,
the expected form of the survival function would be exponential at long times.>” This is
independent of the energy barrier the ssDNA is facing, so long as it is constant throughout

the process. It is somewhat surprising then, that throughout the literature, and in the data
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shown in the rest of this chapter, an exponential fit provides a poor match to the data,
especially at long times.57:62,63

The mismatch between a Fokker-Plank based model and the data, suggests that there
are important considerations being left out. Most likely this includes interactions between
the pore and ssDNA which are time and position dependent. In order to account for this,
several alternate fits were used to interpret the survival probability data including a double
exponential, stretched exponential and Becquerel function. When compared to our data, the
best fit turned out to be from the latter option which is what we used for the remainder of

the calculations.

3.2.5 The Becquerel Function

The Becquerel function was originally used in 1861 by Edmond Becquerel to model
phosphor-luminescence decay rates.®* More recently, it has been used to describe kinetics
of CO binding to myoglobin at low temperatures.®> In the context of this work, it was selected
because it seems to most accurately match the interactions governing the exit time for ssDNA
in an a-hemolysin pore. Unlike the formulation in the previous section, which only considers
a single energy barrier facing the ssDNA, the Becquerel function allows for an energy barrier
distribution. Equation 3.2.3 gives the survival function associated with the Becquerel

function.
_t -B
Psyrvivar () = (1 + TO) (3.2.3)

The symbol to represents a constant with dimensions of time and 3 is a dimensionless
constant which controls the spread of the timescale distribution and can vary from 1 to

infinity. This function has a known Laplace transform which can be used to express the
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energy barrier distribution. Taking advantage of the Arrhenius relation, T = ef»/¥87 this
can then be written in terms of T and is shown in Equation 3.2.4.

BaTo/T

To/T) €

G(7) = (/D" e (3.2.4)
T(B)kgT

We can then define the characteristic time, t*, which is associated with the peak of the energy

distribution. Taking a derivative of Equation 3.2.4 with respect to t and then setting it equal

to zero leads to the definition of T which is given below.

=20 5
=3 (3.2.5)

Arriving at the same conclusion as the work done by Wiggin et al. it is then this characteristic
time constant which is most useful in characterizing the translocation of ssDNA through an
a-hemolysin pore.>” In order to analyze the data presented in this chapter, this Becquerel
survival function is fitted to the raw dwell time data in order to extract to and 3. These

constants are then used to calculate t for a particular sample.

3.2.6 Formalism of First Passage time for a Stochastic Polymer

Later in this chapter, a model describing the transport of ssDNA through an a-
hemolysin pore will be described. The bases of this model comes from the stochastic process
of a chain moving in one dimension. The formalism used to arrive at an expression for first
passage time will be discussed here so that it can be utilized later in the chapter.

The system which will be analyzed consists of a chain that is broken up into N discrete
segments and is restricted to movement in one dimension. This chain is trapped in a pore
and we are interesting in the time it will take to escape. The position of the chain in the pore

can be defined as the number of segments that have entered the pore, starting at 0. Lastly,
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to distinguish the two ends of the pore, we can call the side on which the chain starts the cis
side, and the opposite end the trans side. The system can now be described using the
backwards master equation given below, where P(n,t|m) represents the probability that the
ssDNA will be in position n after time duration t has elapsed if it started in position m.66.67
d:P(n,tim) = k,(m)P(n,tim — 1) + k_(m)P(n,tlm + 1)
(3.2.6)
—[k+(m) + k_(m)]P(n, 7|m)
In the above equation, k+ and k- represent what is called the hopping rates. These functions
describe the rate at which the chain is shifting either one segment forward (+) or one
segment backwards (-). The time derivative of P(n,t|m) will then give p(t,m) which is the
probability distribution function for exiting the pore out of either the cis or the trans end.
p(t,m) is written for each end of the pore here.
Ptrans(t,m) = 0.P(N,7|m)
(3.2.7)
pCiS(T' m) = atP(O,Tlm)
Integrating p(t,m) from O to infinity gives the total probability of a strand exiting the pore

through the appropriate side. This is defined as w(m) and can be written specifically for the

trans side.

o

Werans(m) = f Ptrans(T, m)dt (3.2.8)
0

In order to arrive at a solution, it is easiest to now rewrite Equation 3.2.6 in terms of w(m)
instead of P(n,t|m).

0=k,(m)wim—-1)—wm)] + k_(m)wim+ 1) —w(m)] (3.2.9)
We are interested in solving this equation for the trans side only which will impose the
following boundary conditions.

Werans(0) =0 (3.2.10)

35



Werans(N) =1
Werans(m) + Weis(m) =1
Solving Equation 3.2.9 using the boundary conditions given above is now possible and will

produce an expression for wtrans(m).

1+ S e o
Wirans(m) = ) (3.2.11)

N-— 1 l —
L+ 2= i g ¢y

The goal of this procedure is to arrive at an expression for average passage time <t> which
is not currently possible because <t> does not have boundary conditions for both m = N and
m = 0. To avoid this problem, we can instead solve for 9(m) which will be defined as the
following product.

I(m) = w(m)(t(m)) (3.2.12)

We now have boundary conditions that apply to both the cisand ¢transside, which are shown

below.
9(0)=0
(3.2.13)
I(N) =0
Using this expression the master equation can be rewritten one final time.
—w(m) =k, (m)[9(m —1) —I9I(m)] + k_(m)[9(m + 1) — I(m)] (3.2.14)

Finally, it is now possible to solve for the average passage time <t>(m) as a function of both

the hopping rates and exit probability.

N-1 1 m—1

l l
N Werans® T k=0 Werans(®) T k-0
0m =3 SR | EG e Ly @29

=1 i=1 Jj=i+1 1=1 i=1
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3.3 Experimental Setup
3.3.1 Nanopore Recordings

Single-channel current recordings were performed by using a planar lipid bilayer
apparatus. A bilayer of 1,2- diphytanoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids)
was formed on an aperture (80 um in diameter) in a Teflon septum (Goodfellow Corporation,
Malvern, PA) separating the cis and trans chambers of the apparatus. Each compartment
contained 2 M KCl, 50 mM Tris-HCI, pH 8.0. Gel-purified heptameric a-hemolysin protein
(final concentration 0.01-0.1 ng/ml) was added to the cis compartment to achieve insertion
of a single channel into the bilayer. Subsequently, DNA samples that had been stored at 4°C
after preparation were added to the cis chamber with a final concentration of approximately
1 uM. Peptide-modified DNA strands that had been stored in dry ice and freshly thawed on
ice were not used for the analysis since they gave rise to unusually long translocation
durations which might be caused by the formation of electrostatically bound dimers of
arginine-tagged DNA strands. Transmembrane currents were recorded at a holding
potential ranging from +100 mV to +180 mV (with the cis side grounded) by using a patch-

clamp amplifier (Axopatch 200B, Axon Instruments, Union City, CA). For analysis, currents

100 mV 120 mV 140 mV 160 mV 180 mV
R3 2182 2788 3565 5378 4369
R5 1968 2598 3305 3419 3145
R7 318 a92 1619 1787 1211
D& 670 660 880 1641 N/A

Table 3.3.1 Number of translocation events. Number of events used in dwell time analysis

for each voltage and modification
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were low-pass filtered at 10 kHz and sampled at 50 kHz using a Digidata 1200 A/D converter
(Axon Instruments). The number of events analyzed per peptide tag and per voltage was on
average 250 for amplitude histograms and 1600 for dwell-time histograms. The detailed

numbers of events per condition for the dwell-time analysis are provided in Table 3.3.1.

3.3.2 Peptide-DNA Molecule Preparation

Peptides with the sequence HOOC- Argn-Cys-NHz (n = 3, 5, 7) and HOOC-Aspe-Cys-
NH:2 were synthesized using standard Fmoc solid-phase peptide synthesis on a Syro
automated system using pre-loaded Wang resin and HBTU coupling chemistry, followed by
purification using high-performance liquid chromatography and chemical identification
using ESI-MS. For the coupling of peptides to DNA, a synthetic oligonucleotide with the
sequence 5'-ACA TTC CTA AGT TCT GAA ACA TTA CAG-3' (25 pL of a 1 mM ODN solution in
10 mM Tris, 1 mM EDTA, pH 8.0 buffer) carrying an amine-modified thymidine analogue at

an internal position (underlined) was first reacted with the heterobifunctional cross-linker
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Figure 3.3.1 DNA-peptide coupling. Chemical scheme illustrating the chemical coupling steps to
prepare oligo-arginine- tagged and oligo-aspartate-tagged DNA oligonucleotides.
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N-succinimidyl 3-(2-pyridyldithio)-propanoate (10 uL of a 250 mM solution in DMSO) in 0.1
M NaHCOs3, 50 mM NaCl, pH 9.0 (see Figure 3.3.1). The excess small molecule was separated
from the ODN via automated size exclusion chromatography on an AKTA purifier. The
added, thiol-reactive 2-pyridyldithio group was then coupled to a cysteine-bearing HOOC-
Argn-Cys-NH2 or HOOC-Asps-Cys-NHz peptide to form a disulfide bond (Figure 3.3.1). The
resulting peptide-tagged DNA strands were purified and analyzed using anion-exchange
chromatography (Resource Q column on an AKTA system) and MALDI mass spectrometry.

The methods used here are similar to those used by Mitchell et al.>?

3.3.3 Molecular Modeling

The a-hemolysin crystallographic structure coordinates were taken from Protein
Data Bank (PDB) entry 7AHL. Atoms missing from the PDB file (residues dLys-30, gLys-30,
aLys-75, dLys-240, fLys-283, and aArg-66) were reconstructed using ‘psfgen’, which is part
of the NAMD?2 structure building module.®8 The protein was inserted into a patch of 150 A x
150 A pre-equilibrated and solvated 1- palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) lipid bilayer using the VMD plug-in ‘membrane’, aligned to the xy-plane. The center
of mass of the hydrophobic belt of a-hemolysin (residues 118-126 and 132-142) was aligned
with the center of mass of the lipid bilayer. Lipid and water molecules overlapping the
protein were removed. The system was solvated in a water box of pre- equilibrated TIP3P
water molecules®® using the VMD plug-in ‘solvate’ with a 2.4 A buffer distance applied
between water molecules. The aqueous solution was set at 1 M NaCl using the VMD plug-in
‘ionize’. The dimensions of the lipid membrane and water box were chosen to minimize

interactions between periodic images of the molecules, due to the use of three-dimensional
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periodic boundary conditions. The polynucleotide and peptide molecules were too large to
simply insert into the constriction, therefore they were steered into the constriction after
insertion into the a-hemolysin vestibule. The 25 base poly(dC) molecule was constructed
using the AMBER module ‘nucgen’.’® A double stranded conformation of the nucleic acid
polymer was first built, the coordinates of which were derived from fiber diffraction
studies.”? A selected strand of the double helix was then removed from the PDB file, while
the remaining single stranded nucleic acid polymer was charge neutralized with sodium
counter-ions using the AMBER module ‘xleap’.’? The nucleic acid polymer was then
orientated as necessary using the VMD module ‘orient’’2 and the molecule was inserted into
the a-hemolysin vestibule with the C3’-carbon atom of the leading residue aligned with the
center of the alpha carbon atoms of protein residue 111. The 7 unit arginine peptide was
generated using ‘Swiss PDB Viewer’73 and inserted into the a-hemolysin vestibule alongside
the polynucleotide. Water molecules that were overlapping the inserted polymers were
removed. The leading atom of the arginine peptide was constrained to the z-axis position of
the leading C3’-carbon of the polynucleotide using a strong adaptive biasing force, which acts
to approximate a linker molecule connecting the two polymers.

The final model consisted of 328,000 atoms, while the dimensions of the simulation
cell were 145 A x 145 A x 154 A. Simulations were performed using the molecular dynamics
simulation package NAMD version 2.6.8 The CHARMM forcefield’+ was applied using all-
hydrogen parameter files for CHARMMZ22 proteins and CHARMM27 lipids and nucleic acids.
Periodic boundary conditions were applied and the Particle Mesh Ewald method?> was used
to calculate electrostatic forces with a dielectric constant of 1, computed over 128 Ax128A

x 128 A grids. Van der Waals energies were calculated with a smooth 10 to 12 A cut-off.
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Constant temperature was maintained at 295 K using a Langevin thermostat.’®¢ Constant
pressure was maintained by Nosé-Hoover Langevin piston pressure control at 1.01325
bar.”7 A 2 fs timestep was used, with SHAKE turned on. In order to eliminate high-energy
atom clashes, models were energy minimized for 2 ps until the gradient tolerance was below
20. The temperature was raised by 5 K every 50 fs for 3 ps to a final temperature of 295 K.
Prior to insertion of the polymers, the a-hemolysin model was equilibrated in the NpT
ensemble for 1.3 ns with the backbone of the protein constrained, and for a further 4 ns
without constraints. After insertion of the polymers, the model was equilibrated in the NpT
ensemble for 4 ns with the alpha carbons of the protein constrained and the ribose unit's C3’
atom of the leading residue of the nucleic acid molecule fixed. After the molecules were
equilibrated, the polynucleotide was steered into the constriction using constant velocity-
steered molecular dynamics, the peptide molecule was dragged along with it due to the
adaptive biasing force constraint. Once the peptide molecule was half way through the
constriction, the system was equilibrated for 4 ns. The average positions of the atoms in the
model were calculated from an additional 4 ns equilibration, which was used to calculate the

distances and conformations referred to in this chapter.

3.3.4 Data Analysis

The characteristic timescale Toff for the events was obtained by plotting survival
probability (Psurvival) versus time. To extract the characteristic timescales, Psurvival was fitted
to the Becquerel decay function (from section 3.2) because a single-exponential decay gave
a poor fit. The characteristic time (from section 3.2), T is used as a parameter for kinetic

analysis. Extracting t* from the fits to the dwell time distributions yielded plots of T vs.
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arginine tag length and applied potential. Plots of the survival function for each of the Rn-

DNA molecules as well as the different fits are shown in Figure 3.3.2.
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Figure 3.3.2 Survival function. (A) Event time distributions for R3-DNA (green triangles), R5-DNA
(blue circles) and R7-DNA (red squares) at 100 mV. (B) Fits to the event time distribution for R7-
DNA at 120 mV applied potential.

The biophysical model used was formulated and solved using Mathematica. The
mathematical expression for T was generated and then used to find the best fit to the entire
Rn data set with the NonLinearModel fit function built into the Mathematica software. The
values of electric charges for unmodified and modified parts of the DNA oligomer, q1 and qz,
respectively as well as the threading rate k2 were found and used to calculate the resulting
t*. Survival probability distributions were fitted to 5 different mathematical expressions
using Mathematica’s EstimatedDistribution function and the quality of the fits were

compared. Using the most accurate fit, the Becquerel distribution, the characteristic time

scale was then computed.
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3.4 Results and Discussion
3.4.1 Modeling DNA-Peptide Molecules

Due to the fact that detailed experimental data is not available, molecular modeling
of our synthesized DNA-peptide strand was performed prior to synthesis. The primary goal
was to estimate the size and charge of the central region containing both peptide and ssDNA
as it is threaded through the internal constriction of an a-hemolysin pore. Known X-ray

coordinates for a-hemolysin were used and the structure of R7-DNA (27 nt ssDNA molecule

Figure 3.4.1 MD snapshots. Snap-shots of the computer simulations on the R7-DNA conjugate
threaded inside the inner constriction of aHL. The conjugate was threaded into the pore via constant
velocity-steered molecular dynamics simulations followed by equilibration for 4 ns to obtain an
energetically representative structure. (A, B) snap shots for the pre-pulling state and (C, D) after
pulling and 4 ns equilibration from two points of view differing by 90 °C. Teal-colored stripes
represent residues 112, 113, 146 and 147, indicating the position of the constriction.

43



covalently bonded to seven residues of oligoarginine) was generated based on previously
known monomer dimensions and results from molecular modeling software. It was found
that the diameter of the molecule at the central region was 1.63 nm which is notably larger
than the 1.3 nm diameter of the inner constriction found in a-hemolysin. Through adding an
applied voltage the molecule was steered towards an a-hemolysin pore and was successfully
threaded through the internal constriction. The results from this simulation are shown in
Figure 3.4.1 as snapshots of the a-hemolysin while the translocation event is occurring. It
was found that when inserted, the diameter of the arginine-DNA conjugate shrinks to 1.39
nm, which matches fairly closely the diameter of a-hemolysin. The model also provided an
estimate of the charge on our molecule. When inside the constriction of a-hemolysin, the
arginine peptide formed a helix structure with a pitch of 0.29 nm while the ssDNA
maintained a larger pitch of 0.52 nm. Due to each having the same charge per residue, this
resulted in a small net positive charge of 0.8e per DNA residue. From these simulations we
conclude that our peptide-DNA conjugate will translocate through an a-hemolysin pore, but
both the positive charge and increased diameter should reduce its movement speed. The
control sample Ds-DNA was not directly modeled, but was assumed to have a similar

diameter as the arginine, with a negative charge.

3.4.2 Verification of DNA-Peptide Modification

In order to make sure that the ssDNA molecules were successfully modified, a two
step method was used. First, anion exchange high performance liquid chromatography (AE-
HPLC) purification was done on the sample following the modification step. In AE-HPLC, the

solid phase is positively charged which will cause negatively charged molecules to travel
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through the column at a slower rate, increasing the retention time. As a result, it is expected
that the most negative molecule, Dé-DNA, will correspond to the longest elution time, while
the R7-DNA has the smallest. Taking advantage of known ultra-violet absorption wavelength
of DNA, 260 nm, spectroscopy can be done to detect the exit of the peptide-ssDNA molecules
from the column.”® The results are shown in Figure 3.4.2 with the y-axis showing absorption
percentage and the x-axis showing elution volume. Although it is labeled on the figure, it is
important to note that at this point in analysis, it is not known which peak corresponds to

which molecule.
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Figure 3.4.2 HPLC traces. Traces from AE-HPLC for non-modified and R3-DNA, Rs-DNA, R7-DNA and
De-DNA. Elution volume and therefore molecule net charge can be seen to follow the expected order
based on the peptide modification done, providing evidence of successful peptide-DNA conjugation.

In order to identity the output of AE-HPLC, mass spectroscopy (MS) was done on the
now purified samples. Through ionizing the sample, accelerating it through an
electromagnetic field, and measuring the deflection, the ratio of mass to charge (m/z) can be

found. Samples containing both the peptide alone and the peptide-DNA conjugates were sent
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through the MS step, allowing for a direct comparison of the two. Based on the known
structure of the peptides and ssDNA used, a theoretical m/z ratio can be calculated and
compared against the values found experimentally. The evidence of successful modification
is then threefold. First, it can be seen in Table 3.4.1, which summarized the characterization
results, that the experimental and theoretical m/z values match very well for all molecules.
Second, with the identification of each molecule through MS, it is now possible to return to
Figure 3.4.2 and label each peak. As expected, the samples exit the column in order of net
charge accounting for the peptide modification. Finally, the HPLC retention times for a

peptide and the corresponding peptide-DNA conjugate can be compared with a proper shift

Oligo-
Name n|._|clf[=: Peptide Ollgonuclec?tlde-Peptlde-
-tide Conjugate
Length | Sequence™ Mass [m/z]™@ HPLC Mass [m/z]™ AEC
[nt] Theory Found retention | Theory Found retention
time time [min] /
[min]™ purity [%]™
DNA 27 n.a. n.a. n.a. n.a. 8380.6 8379.4 25.5/99
DNA-Dg 27 G1DsG1CH 925.21 926.15 11.5 9391.8 9401.2 27.45 /99
DNA-R; 27 G1R7C+ 127152 | 636.559 13.1™ 97386 | 9737.9 | 21.3/99
DNA-Rs 27 G1RsC+ 959.15 480.4859 12.5 9426.2 -1 21.8/90
DNA-R3 27 G1R3C 646.8 647.49 11.5 9113.9 - 22.5/96

Table 3.4.1 HPLC and MS Summary. Summary of the AE-HPLC and MS characterization that was
done to insure successful peptide-DNA modification. Samples were first subjected to AE-HPLC for
purification followed by MS for characterization. The ratio of m/z for the peptide alone and peptide-
DNA conjugate matches the theoretical value in all cases. Successful modification is also suggested by
the shift in AE-HPLC retention time which is dependent on the specific peptide modification done.

indicating successful modification. As an additional control, the purity of each sample is
calculated during the MS step, ensuring that the purification step was successful and the MS

results are accurate.
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3.4.3 Peptide Modified DNA Translocation Produces Closure Events

Before DNA-peptide molecules were added to the system, single a-hemolysin pores
were characterized to get a baseline current. It was found that over four independent
measurements, the conductance of a single pore was 1.93 * 0.19 nS which matches what is
recorded in the literature at 100 mV in a solution of 2 M KCl, 12 mM MgClz and 5 mM Tris-
HCI (pH 7.4).18 Following this control test, the arginine modified DNA strands, with 3, 5 and
7 residues and the DNA attached to 6 residues of aspartate were added to the cis side of the
pore and driven towards the other side via an applied voltage between 100 and 180 mV.
Clear high amplitude current blockades were then observed. Various event types and
behaviors were recorded, which will be elaborated on below. We believe that the majority

of these events correlate to individual ssDNA-peptide molecules passing through the a-
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Figure 3.4.3 Event traces. Representative single-channel recordings of aHL with (A) R3-DNA (B) Rs-
DNA (C) R7-DNA and (D) Ds-DNA at 100 mV in 2 M KCI 20 mM Tris, pH 8 solution. Intermittent
stretches with open channel current are omitted.
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Figure 3.4.3 shows the several different types of events that were observed. The first
and simplest event type (type 1) is a step like current reduction with a single level. The
current reduction from these events was almost complete with an all-point histogram

producing the values given in the table below.

Molecule Type Blockade Amplitude (%)
R3-DNA 98.2 + 0.5
R5-DNA 98.7 + 0.5
R7-DNA 99.3 £ 0.4
D6-DNA 97.4 + 1.43

Table 3.4.2 Blockade amplitude. Summary showing the percentage of current reduction resulting
from the blockade of the pore by different peptide-DNA molecules.

The shape and magnitude of these events most likely suggests that they are generated by
DNA-peptide molecules which are aligned in parallel before being electrophorectically
driven towards the trans side of the a-hemolysin pore. The immediate blockade suggests
that the molecule is quickly threaded into the internal constriction and once through, quickly
leaves the pore. The near 100% reduction in current for each event also suggest that they
are due to translocation though the internal constriction, based on the model generated size
estimates from the previous section. It is also reassuring that the current blockades were
larger than those seen in unmodified ssDNA molecules (91.7%)5° supporting the claim that
our peptide modifications successfully increase the diameter of ssDNA.

The second most common type of event was characterized as having two current
levels, an initial partial blockade state, followed by a complete closure similar to that seen in
type 1 events. We believe that this may be caused by strands being misfolded as they enter

the a-hemolysin pore. This results in them occupying the larger pore entrance for some time
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before successfully being threaded into the inner constriction where they produce a
complete blockade. As evidence of this is the fact that the final current reduction in type 2
events matches the single current reduction of type 1 events. Additionally, the partial
blockade state was only ever observed to occur before the full closure and not after which
would be expected in this case.

The final type of event was much shorter than the previous two events and an
example can be seen in Figure 3.4.3 part C, identified with the asterisks. We believe that
these events represent approaches of DNA-peptide molecules towards the a-hemolysin pore
that did not result in translocation. This is based on the much shorter duration of these
events and the more seemingly varied amplitude. An alternative explanation could be that
these events represent ssDNA molecules which were not successfully modified with a
peptide chain. If this is the case however, it would be expected that the events would be
consistent with an event depth matching previous experiments. These types of events were
rare, with roughly 98% of all events being long duration, so collecting useful statistics was
not possible. Regardless of the cause for different event types, they were not included in the
analysis presented in the rest of this chapter. We restricted examination to type 1 events in

order to help eliminate unknowns and to provide more accurate data analysis.

3.4.4 Trends in Translocation Time

In order to look at how peptide modification impacts translocation time, the
characteristic duration of type 1 events was studied. As described in section 3.2 of this
chapter, this was done through analyzing roughly 2500 events at each condition and fitting

to a Becquerel decay function. The characteristic average time t* was then found and is
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plotted. From the results there are several conclusions that can be drawn, specifically
regarding how t* depends on both steric and electrostatic effects.

The first relationship that can be observed is between peptide tag length and
characteristic translocation time. At 100 mV t* for R3-DNA, Rs-DNA and R7-DNA was found
tobe 2.4 £ 0.3,10.9 £ 1.2, and 19.1 * 7.8 ms, respectively. Figure 3.4.4 part A shows similar
data plotted at a voltage of 140 mV (ignoring the black line for now). The first thing this
suggests is that the modified ssDNA is in fact passing entirely through the pore. If this were
not the case, a much weaker dependence, if present at all, would be expected as the entirety
of the modification would potentially never see the internal constriction of the pore. Next, it
is clear that the tags themselves are in fact slowing down the translocation of the molecules
they are attached too. When compared to unmodified ssDNA of similar length, which has a
translocation time of about 0.12 ms>9, the durations seen in modified strands are one to two
orders of magnitude larger. Additionally, we can clearly see that as arginine tag length
increases, so does translocation time. This is as expected, but the root cause, electrostatics
vs sterics, is not yet clear.

The first potential cause of longer duration events stem from electrostatic effects.
Due the relative size of a-hemolysin’s internal constriction, the majority of an applied voltage
will be concentrated across it. As a particle is threaded in, this effect is further enhanced due
to the decreased effective pore size. What this means is that the electrostatic force on a
translocating molecule will be greatly affected by the charges located in the internal
constriction. In the case of the arginine modified DNA, the net positive charge can even result
in a force pushing against the translocation direction which acts on the modified region. This

effect is verified through comparison of the Rs-DNA and the Ds-DNA conjugates. Despite

50



having similar size and structure, the De-DNA conjugate, which retains its negative charge at
all points along the strand, had a translocation time of 2.0 + 0.2 ms. This is almost an order

of magnitude higher than the value give for the Rs-DNA.
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Figure 3.4.4 t* vs voltage. Quantitative analysis of pore translocation for DNA-peptide conjugates.
Plots show experimental data points and fits for t* the dominant characteristic time scales of the
Becquerel decay function. Characteristic time scales for translocation of (A) the Rs-tag as a function of
arginine tag length at 140 mV, and (B) for R3-DNA (green triangles), Rs-DNA (blue circles), and R7-DNA
(red squares), as a function of applied potential, and (C) for Ds-DNA as a function of applied voltage.
Error bars are calculated as the average standard deviation in t* obtained from three or more
independent experiments at each voltage with the exception of data points for Rs-DNA at 120 and 180
mV with two recordings but with an above-average total number of 2598 and 3145 events, respectively.
The fits are derived from the biophysical model and provide the parameters of q1 = 0.31, q2 = -0.013, k:
=1387s1ko =105 s'1for data in panels A and B, and q2 = 0.48 for data in panel C.

The second source of slowed movement through a-hemolysin is due to the steric
effects caused by the modifications to the ssDNA. The increase in diameter should slow
down the movement speed and this is what is seen in the data. This is most easily observed

by comparing Deé-DNA data to that of unmodified ssDNA. The order of magnitude increase
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in translocation time of the Ds-DNA over ssDNA makes it clear that charge is not the only
factor at play. This must be the case considering that the D¢-DNA actually has an increased
negative charge compared to its unmodified counterpart. Steric hindrance, then, is the most
likely cause of this behavioral difference.

Final trends can be seen in the data when the plot is expanded to include
characteristic translocation time as a function of voltage. This is shown in Figure 3.4.4 part
B for all three arginine tag lengths. The first observation is that the previously mentioned
trend of tag length influencing event duration continues across all voltages. This is expected,
as both steric and electrostatic effects remain present as voltage is modulated. The second
noteworthy trend is that as voltage increases, translocation time decreases for ssDNA
attached to all modifications. Since the primary force driving translocation is electrophoretic
in nature, this trend is also expected. As applied voltage is increased, the driving force is
increased with it. The strength of this effect is very weak however, indicating other effects

might play a larger role over the electrostatic driving force.

3.4.5 Formulation of a Biophysical Model

In order to further probe the relative importance between steric and electrostatic
effects, a biophysical model was developed to describe the passage of our modified ssDNA
strands through an a-hemolysin pore. Our model was based on the previous approach of
Schink et al.”? and modified to give T of our system as a function of applied voltage and
aspartate/arginine taglength. This is done through first describing our modified ssDNA with
charge distributions and size dependent movement rates. Then, the free energy landscape

of a molecule undergoing translocation is calculated. Following this, so called hopping rates
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are applied to the forward and reverse movement of the peptide-DNA conjugate which in
turn lead to a predicted t* value. This process is summarized in Figure 3.4.5 below and will

be elaborated on in the next paragraphs.
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Figure 3.4.5 Biophysical Model. Scheme illustrating our biophysical model. (A) The charge and
steric features are defined. (B) The voltage drop across the pore is assumed to be linear. (C) The free
energy is calculated which provides the hopping rates which in turn provide the translocation time.
Bottom row shows an illustration of the hopping rates.

The first step in this process is to accurately describe the differently modified ssDNA
molecules used in the study. This is most easily done by characterizing the charge along the
DNA strand, given by g, and the stochastic motion the DNA strand, given by the hopping rates
k. Each molecule is best described piecewise, as a function of nucleotide position, m (m
specifies how many nucleotides have entered the pore). The two ends on either side of each

strand have the characteristics of unmodified ssDNA, specifically a charge expressed as the
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electron charge, e, times the partial charge constant, q1 as well as the known basal hopping
rate of ssDNA in an a-hemolysin pore, ko (~10-> s-1).53 The central modified regions will be
similarly written as having a charge of q2 multiplied by e and be assigned a hopping rate of
ki, which will be smaller than ko due to the added steric effect. The complete equation for

q(m) is given by

q.e m< 18
q(m) = {qze 18<m< (17+R) (3.4.1)
q.e m > (17 + R)

and the expression for k(m) is given below.

{ko m< 18

k(m) =1k, 18<m< (17+R) (3.4.2)
ko m > (17 + R)

In this equation, m = 1 refers to the first nucleotide having entered the inner constriction and
m can be any value between 1 and 27 (the full length of our ssDNA). To best match our
synthesized molecules, the modified region begins at nucleotide 18. This is not the same
location as the covalent bond adhering the peptide modification because we will treat the
linker as negligible due to its relatively small size.

Once the ssDNA molecules are accurately described, it is possible to calculate the free
energy landscape associated with the ssDNA moving through an a-hemolysin pore. The free
energy function, F(m), will again be piecewise due to the three regions of our translocating
molecule. This function F(m) will be the sum of three terms including the applied voltage
(Fvoltage), total number of possible DNA configurations (Fconf), and the energy of the DNA
binding to itself (Ffda). The second term, Fcon, was shown to be at least two orders of
magnitude lower than Fvoitage for unfolded ssDNA80 and as such will be negligible in our

system. The third term, Fflq, turns out to also be negligible due to the design of our ssDNA
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nucleotide sequence. This factor is depended on the number the complimentary nucleotides
that can interact with each other along the same strand of ssDNA. There are many online
tools, such as Oligo Analyzer (Integrated DNA Technologies), which can calculate the energy
of varies sequence dependent structures. For our sequence, the most likely conformation
has a G value of 0.93 kcal per mol, which is small enough to ignore. This leaves us with the
following function for F(m) which is calculated by summing the energy of each charged

segment, m, of our ssDNA molecule moving in a potential.

m—1
> vaem-1) m<l
l=7?L—L L-1
F(m) =3V qlh)+ ) Vihg(m -1 L<m<27 (3.4.3)
m-—L L-1
%4 q) + V(hg(m -1 m > 27
‘=1 1=;27

It is assumed that the entirety of the voltage is dropped over the inner constriction and that

itis done so linearly. This results in the following expression for V

m+1
L+1

V(m) =V, (3.4.4)

where the length of the inner constriction is then given by L and a value of 4 is used to best
match the structure of our pore.

It is next required that the position dependent hopping rates we written out. As
previously mentioned, these functions represent the likelihood that our ssDNA will shift
either forward (+) or backwards (-) by one value of m. Following the lead of Schink et al. we
take the form of our hopping rates to be exponential, with their full equations being given as

a function of m below.79
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k+ — k(m)e—aA(m+1)
(3.4.5)
k= k(m)e—(l—a)A(m+1)

The term A(m) is defined as the energy difference between two consecutive states and is

given by the following.

Agm) = £ _kZEm — D (3.4.6)

The variable a in the Equation 3.4.5 is included because there may be asymmetry present in
the physical transition point between two successive values of m stemming from the
structure of ssDNA. It has been shown that for ssDNA a value of a equal to 0.6 is appropriate
for translocation in the 5’ to 3’ direction.81

We are now in a position to use the first passage formulation developed in the theory
section of this chapter. Our system is described very well by the model presented there, and
we are able to use the resulting equation for the average translocation time of our ssDNA
through the pore. The above equations describing the free energy of the system can be fed
into the expression for the hopping rates, which in turn can be inserted into the final

equation (3.2.15) predicting the average translocation time.

3.4.6 Disentangling Steric and Electrostatic Factors

Before the presented biophysical model can be used to extrapolate the relative
importance of steric vs electrostatics effects, it is important to see how well it describes our
data. This was done by first writing out the equation for translocation time as a function of
ko, ki1, q1, g2 and V, then fitting to the entire data set, over all voltages and tags, in order to
find best fit values for ki, q1, and gz. Since the value of ko is known, it was held as a constant.

The results from this fit are shown by the black lines in Figure 3.4.4 and the fit was of high
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quality for the majority of the data set with an overall correlation coefficient, R%, of 0.98. The
fit matched best for Rs-DNA and R7-DNA with worse fit for the R3-DNA, especially at low
voltages. This may be related to other interactions between the ssDNA and the pore and is
discussed later in this section.

Table 3.4.3 shows a summary of the best fit parameters found using our model, for
unmodified ssDNA, Rn-DNA and De-DNA. All of the parameter values are in good agreement
with the expectations. Starting with the charge on the unmodified ssDNA segments, q1, we
get a value of 0.31 which matches previously published data which is in the range of 0.1 to
0.4.53 When looking at the Rn-DNA data set, the charge on the modified region, qz, is found
to be -0.013. Keeping in mind that the total charge still requires a factor of e, this value also
makes sense. From the computational simulations we predicted that the arginine modified
ssDNA would have a small positive charge, which matches to our qz value. The best fit
parameters for the Ds-DNA, on the other hand, resulted in a q2 value of 0.48. This value is
the correct sign, and it is larger than that found on unmodified ssDNA, which again matches
expectation. Lastly, the parameter ki1 was found to have a value of 1387. It is more difficult
to evaluate the quality of this value due to a lack of comparable studies in the literature. What
can be said is that this value is many orders of magnitude smaller than that of ssDNA inside
a-hemolysin which is a trend in the correct direction. The increased diameter of the
modified ssDNA will increase steric hindrance and therefore lower the rate of hopping,
translating to a lower value of ki. As a whole, the results of the model suggest that it
describes our system accurately enough that it can be used to gain insights on the relative

importance of the different aspects governing transport.

57



DNA R#-DNA D#-DNA
qi1=.31e qi1=.31e q1=.31e
qz=.31e qz=-.013e qz = .48e
k1 =10° k1 =10° k1 =105
k2 =10° k2 =1387 k2 =1387

Table 3.4.3 Fit parameters. Fit-parameters for the biophysical model of nanopore translocation for
unmodified, arginine-modified and aspartate-modified DNA.

Attempts to use our model without either the steric or electrostatic components
resulted in relatively poor fits in all cases. For example, Rs-DNA at 160 mV has an
experimental translocation time of about 8 ms and this value is correctly predicted when the
complete model is used. If the steric effects of the modification are removed from the
equation, by setting k1 equal to ko, the predicted translocation time is only 0.2 ms. If the same
type of calculation is done, except this time only the electrostatic effects are ignored, which
can be done by setting gz equal to qi, the predicted duration is 1.5 ms. As a control test, if
both steric and electrostatic effects of the modification are ignored, a translocation time of
0.1 ms is predicted, which matches experimental results using ssDNA.>° In both cases where
only one factor is included, the model inadequately describes the system making it clear that
the combination of both effects are required. Additionally, the error given by each method
provides some small insight into the relative importance of each effect and makes it clear

that there is some amount of interplay between the mechanisms.
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3.5 Conclusion

To summarize, this chapter has presented the transport behavior of ssDNA locally
modified to alter charge and diameter characteristics. Through molecular simulations and
experimental data, it was found that the additions of peptides to the central region of ssDNA
molecules dramatically slowed down the translocation rate through an a-hemolysin pore. In
order to explain this behavior, a biophysical model was constructed which incorporates both
electrostatic and steric based effects. The resulting parameters and the quality of the best fit
analysis against our experimental data validate its use. We conclude that both steric and
electrostatic effects are required for accurate predictions of the translocation time, and
provide some insight into the relative importance of each.

The work in this chapter has been done with certain simplifying assumptions. The
first is that the voltage was assumed to drop off linear across the central restriction of the a-
hemolysin pore. In reality, this is dependent of the specific channel characteristics as well
as surrounding areas. The known structure of a-hemolysin makes a more accurate
representation of the voltage possible, but would require additional computing power and
time. The second assumption is that only steric and electrostatic effects were considered in
the biophysical model. It is known that there are other forces at play such as interactions
between the pore wall and the ssDNA. At large voltages, and long tag lengths, these factors
may be not play alarge role, but as voltage and tag length decreases their relative importance
increases. This may explain why the fit of our model seems to be lower quality at low
voltages and short tag lengths. Finally, our model does not include any effects due to

electroosmotic flow which can sometimes be important in determining DNA translocation
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kinetics.8283 In the case of this work however, the majority of the channel was blocked
during translocation reducing the possible amount of electroosmotic flow.

In the larger picture, we aim to help with understanding how the speed of
translocation can be tuned to best fit the application. Many current technologies, such as
those used for high speed DNA sequencing suffer from low signal to noise ratios, making data
analysis difficult. Techniques like the one proposed here could be used to slow transport
down and improve accuracy. Additionally, our methods can be applied to any type of
molecule or pore through substitution of a few equations, such as the hopping rates or free
energy. As technologies based on nanopore sensing continue to develop and push current
boundaries the ability to carefully monitor and tune transport behavior will be required,

which in turn, requires the use of an accurate physical model.
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Chapter 4: Making Nanopore Gates from Polymer Pores and DNA

4.1 Introduction

Biological nanopores found throughout nature often have the capability to respond
to stimuli in the surrounding environment. This is possible because changes in conditions
such as voltage, pH, light, temperature and mechanical stress, have the potential to trigger a
significant difference in a pore’s transport properties.? The underlying mechanics of this
behavior have mostly remained a mystery until the development of recent laboratory
techniques, such as X-ray crystallography and patch clamps, which allow individual pores to
be isolated and examined. While we have gleaned significant information on the
mechanisms governing pore gating, it has been found that these ion channels often have
incredibly complex structures. This has made it very difficult to identify which elements of
the design are required for pore function and exactly how they work. An alternative route
towards this end is the use of synthetic nanopores as model systems which we can directly
manipulate at test. This provides a platform which can be built and studied from the ground
up, as opposed to the top down methods used for biological pores.

In order to create synthetic nanopores on par with those seen in nature, we have to
start with something simple. One logical point of origin is with synthetic pores such as those
made in polymer or SiN membranes. There are several methods used to fabricate these types
of pores, some of the most popular using the track etch technique, e-beam lithography/TEM
and focused ion beam technology, and they produce simple and robust pore designs.20 Alone,
these pores generally do not show strong stimuli induced gating behavior (in some cases

charged based ion selectivity is present), but they provide a scaffold to which modifications
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can be applied. Through careful design, researchers have been able to tune their behavior to
partially mimic that of their biological counterparts. In the case of pH and voltage response,
a common trigger for natural pores, gating is typically achieved through a nanomachanical
change which can alter the pore’s internal diameter, exposed surface chemistry and channel
shape.? One way this mechanism has been replicated, using solid-state nanopores, is through
the attachment of molecules to the pores opening and/or inner walls. These modifications
can then interact with the pore transport properties though steric and electrostatic effects.
Pores that have been fabricated in this way have successful shown some gating behavior in

response to individual changes in pH or voltage.

poly (4-vinyl pyridine) brushes
" pH-dependent % - H* %
polymer brush-modified
nanopore wall = surface charge - H+
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nanopore <«— |onic Transport =——» - H+
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Figure 4.1.1 Polymer brushes. (a) Schematic describing a nanochannels modified with polymer
brushes. (b) pH dependent pyridine-pyridinium equilibrium occurring in brushes. (c) Conformational
changes in the brush layer resulting from a change in the pH. Reprinted with permission from Yameen
et al.85 Copyright 2009, American Chemical Society.

Synthetic pores that show a pH or voltage response have been created in a few
different ways but they all follow the above template. One example was fabricated using a
20 nm diameter (tip side) track etched conical nanopore in a polyimide membrane.8* The

pore was then modified such that zwitterionic polymer brushes could be grown on the
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interior pore walls. As the pH was changed, these brushes would effectively alter the surface
charge of the pore wall influencing the transport properties, namely ion rectification. This
work was expanded on by altering the polymer brushes so that as pH values increased, they
would become swollen and more hydrophilic (shown in Figure 4.1.1).8> Cylindrical pores 15
nm in diameter modified with these brushes showed a 10 fold decrease in conductance when
in the closed state. A somewhat different approach was taken by Charles Martin’s group and
used tracked etched polycarbonate pores with sub 60 nm tip diameters modified with ssDNA
to achieve gating behavior.8¢ The ssDNA was attached to the tip side of the conical pore and
acted as a voltage sensitive mechanical gate due to its high charge, a schematic is shown in
Figure 4.1.2. The steric effects of the applied voltage pulling on the DNA strands resulted in

arectification value of 11.5, showing that both methods produced similar gating magnitudes.

On State Off State

Cathode Anode Anode Cathode

Revmo
Polarity
uDNA

Figure 4.1.2 DNA gate. Schematic of a polymer pore modified with DNA attachments to the pore
wall. The electrode polarity and DNA chain position of two different conductive states are shown.
Reprinted with permission from Harrell et al.86 Copyright 2004, American Chemical Society.

The work in this chapter will build on the idea of using ssDNA as a tool to modify
polymer nanopores in order to improve their gating characteristics. We aim to create a
synthetic nanopore which can respond to multiple stimuli at once, including pH and voltage,
similar to biological pores. We also will show that our pore design results in flux changes

between open and closed states that are significantly more dramatic than one order of
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magnitude. While there is still a long way to go before biomimetic synthetic nanopores can
compete with those found in nature, the work here is an important step to achieving that

goal.

4.2 Theory
4.2.1 Track Etch Technique

The track etch technique consists of two fundamental steps, which as the name
implies, include the formation of a track and then the etching of it. To create the track a
specific path through the material is modified in some way. The material is subsequently
subjected to an etching step, which impacts the unmodified material differently than the area
where the track was formed. Although track etching is a technique used in a wide variety of
applications,87:88 the discussion here will be focused on its use in fabricating nanochannels
in polymer membranes. In this context, the base material is a thin polymer membrane and
the track passes from one side to the other. During the etching step, the material along the
track is removed, resulting in a void, which becomes the nanopore. The pores prepared in
this chapter were etched in polyethylene terephthalate (PET) films.

In order to create a track through a polymer film, a particle accelerator is utilized.
The membrane is suspended in place and irradiated with anywhere from a single, to 1010
heavy energetic ions. Accelerated ions used in this study include gold, xenon and uranium,
and are referred to as heavy due to having an atomic mass significantly larger than the
hydrogen, carbon and oxygen atoms that make up the polymer matrix. They are described
as energetic due to having an energy of around 2 GeV, which is sufficient for them to pass

entirely through a 12 um PET membrane. As these ions pass through a film, they transfer
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energy from themselves to the atoms along their path. This results in a latent track of
damage that will change the etching characteristics along the path during the later
fabrication steps.

The details behind exactly how these accelerated heavy ions transfer their energy to
the atoms in the polymer films is still up for some debate. There are two current theories
which represent this process, the first of which is called the thermal spike model. In this
model, as the imparted ion passes through the polymer, it promotes electrons in nearby

atoms thereby transferring thermal energy to them. This results in so called “hot” atoms
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Figure 4.2.1 Thermal spike model. Diagram showing the thermal spike model for latent track
formation. Atoms near the imparted heavy ion have their electrons excited, resulting in thermal
fluctuations. This energy quickly leaves the system freezing the atoms in a disorganized structure.
Figure courtesy of Eric Kalman.28

which temporarily have enough energy to overcome neighboring bonds and shift in position.
These atoms quickly cool back down to normal temperatures and become stuck in their new
locations. The end result is a track of disorganized atoms along the path traveled by the
imparted heavy ion. An illustration of this model is shown in Figure 4.2.1. The alternate

theory is called the ionization spike model and is similar in that energy is transferred from
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the accelerated ion to the atoms in the polymer matrix. The difference is that in this model,
the energy transfer ionizes the polymer atoms stripping away their electrons and giving
them a positive net charge. These atoms then electrostatically repel each other, once again
resulting in a damaged track as seen by Figure 4.2.2. Both models are plausible and not
mutually exclusive so it is likely that the true cause of the damaged track is a combination of
the two. A study using TEM based techniques to answer this question, among others,
observed evidence suggesting both effects are indeed occurring.8? Once formed, this latent
track is very stable and films prepared in this way can be stored or shipped without much
worry of causing damage.

Once the creation of the track is complete, the samples are ready for wet chemical
etching. The PET films used here are etched through hydrolysis of the ester bonds in the
polyester chains. This can be achieved through the use of almost any alkali solution but the

one selected for this work was sodium hydroxide (NaOH). Both the etching rate of bulk PET,
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Figure 4.2.2 Ionization spike model. Diagram showing the ionization spike model for latent
track formation. The imparted heavy ion fully ionizes atoms which is passes, resulting in an
electrostatic repulsion between neighboring atoms along the damaged track. Image courtesy of
Eric Kalman.28
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Vbulk, and along the damaged track, virack, will be influenced by the etchant concentration and
temperature. Additionally, the etch rate viack will be significantly faster than vbuik due to the
increased reactivity of the broken polymer chains. For reference, using 9 M NaOH at room
temperature results in verack = 1200 nm/min and vbulk = 2 nm/min.?0 It has also been shown
that exposing the films to UV radiation, prior to etching, speeds up vtrack through creating
more fragmented polymer chains.? The difference between the track and bulk etch rates is
what enables the formation of a nanopore and can be used to tune the pore characteristics.
Through altering the etch conditions, it is possible to change the ratio of vbuik to Vtrack.
This allows for some control over the pore shape by controlling the etching in the radial and
axial directions. In the limit that vtack is much larger than vbuik, the bulk etch rate can
essentially be ignored. This will produce a pore that has completed the axial etch before any
radial etching is done resulting in a pore which is cylindrical in shape. Once the pore has
etched through, further incubation in the etchant solution will increase the pore diameter
evenly at the rate of vbuik along the length, maintaining the cylindrical shape. If instead, vbulk
becomes more significant when compared to vtrack, it results in some radial etching that
increases the pore diameter in areas where the track was first etched. If etchant is placed on
both sides of the membrane, this will create a symmetrical but hourglass shaped pore, with
the center of the pore having the smallest diameter. If the etchant is placed only on one side,
the final pore shape will be conical with the smallest diameter on the end farthest away from
the etchant. This can be seen in Figure 4.2.3 (left side). Conical pores etched in this way can
have small opening angles (1°-2°)%2 with incredibly small tip diameters (sub 10 nm) through

the application of a few additional techniques.
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Figure 4.2.3 PET pore etching. (Left) Conditions used to etch a conical pore in a PET film. The etch
rate along the track is much faster than the bulk etch rate, resulting in a cone shaped cross section
with a small opening angle. (Right) Chemical structure of the PET polymer showing the site which is
attacked by the NaOH (red line).

Control over the shape of a conical pore, especially the tip diameter, can be enhanced
through the use of additional controls in the etching process. First, a mildly acidic stopping
solution can be placed on the side of the film opposite from the etchant. As the track etch
breaks through the far side of the membrane, this stopping solution is exposed and
neutralizes further etching of the pore. This is particularly useful because tip diameter can
grow beyond the sub 10 nm range in a matter of minutes following breakthrough. A second
addition is an applied voltage across the membrane through the use of platinum electrodes
placed in solution. The benefit of this technique is twofold. When positive voltage is applied
on the etchant side, it pulls hydroxide ions away from the tip, slowing down the etch rate
prior to breakthrough and allowing more room for error in stopping the etching process.
This voltage also provides an easy way to monitor the breakthrough and know when occurs.
Measurement of the ionic current across the membrane will show a significant spike the
moment an ion channel is formed. When this is observed, the etchant is removed, the
membrane is washed, and the etching step is complete. Finally, it has been found that PET
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pores can sometimes have incompletely etched polymer strands near the tip of the pore.?3.94
The length of these dangling ends is small enough that they can be typically ignored, but
when the pore size is only a few nm, they can impact the pore behavior. If the pore shows
reversible pore blocking or non-smooth I-V curves, it is sometimes desirable to briefly
expose the tip side of the film to NaOH. If done quickly enough this can help to remove some

of these polymer strands without significantly increasing the tip diameter.

4.2.2 PET Surface Chemistry

PET pores etched using the track etch technique have surface chemistries that are
desirable for several reasons. The etching process produces a pore wall that consists of
exposed hydroxyl and carboxyl groups.?> This gives rise to the first benefit of PET pores,
which is hydrophilicity. Due to the polarity of the exposed groups PET pores wet very easily,
which is not always the case at the nanoscale. The chemical groups at the surface also result
in a net surface charge under most testing conditions (about e/nm”2 at pH 8).9¢ This comes
from the deprotonation of the carboxyl groups at sufficiently high pH levels (carboxyl groups
have a pKa around 3.7).7 When the pore diameter is small enough, this surface charge can
change the pores ionic behavior as discussed in Chapter 2. Finally, these carboxyl groups are
attractive because they can be used to attach many different kinds of modifications to the
pore surface.

In the case of this project, the modification chemistry used was based on a commonly
used technique involving N-(3- Dimethylaminopropyl)-N’-ethylcarbodiimide (EDC).?8 In
this process, which is summarized in Figure 4.2.4, the carboxyl groups are first exposed to

EDC, which combine to form an active O-acylisourea ester. This intermediary state is not
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particularly stable and is quickly replaced with an amine group, producing an isourea
byproduct. The end result is a strong amide bond between the original carboxyl group and
added amine groups. It follows then that so long as the desired pore modification either has
or can be attached to an amine group, it can be easily adhered to a PET pore wall. Luckily,
there are several companies from which amine modified DNA can be ordered to spec, which

is what was used here.
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Figure 4.2.4 EDC chemistry. Chemical diagram showing the one step EDC modification reaction. A
surface containing a carboxyl group reacts with EDC to produce an intermediary O-acylisourea
molecule which is displaced by an amine group. The end result is the attachment of the modification
molecule to the surface via an amide bond.
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4.2.3 Characterization of Nanopores

The conical PET pores used in this section were characterized using known etch rates
combined with measurements of ionic current. The complete picture representing pore
transport was discussed in Chapter 2, however, the pores used in this section allow for many
useful simplifications to be made. Due to the negligible amount of electroosmotic flow in
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these pores, the Stokes equation and corresponding velocity term can be dropped.33
Additionally, when doing characterization, we will be working at very low voltages and high
KCl concentrations, so that the device can be assumed to behave ohmically even when
small.?? This allows us to model the pore as a simple resistor made from a linear dielectric
material. We know that our pores are conical in shape and therefore we must solve for the
matching geometry. It turns out that a perfectly conical pore is not analytically solvable so

we instead use an approximation with the pore size given by

e 41,
" knDR

(4.2.1)

where L is the pore length, D is the large pore opening, R is the pore resistance, d is the small
pore opening, and k is the bulk conductivity. The accuracy of this simplified equation
increases with decreasing opening angle, which is why its use is acceptable for the high
aspect ratio pores in this chapter.190 In the above equation, we are able to deduce R through
taking I-V curves and measuring the slope at low voltages. Figure 4.2.5 shows the pore

geometry as well as an example I-V curve and corresponding value of R.101 We are also able
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Figure 4.2.5 Pore sizing. (A) Geometrical layout of a conical pore for which Equation 4.2.1 can be
used. (B) Sample fit of an I-V curve from a conical pore in order to find the resistance. The resistance
shown corresponds to a pore with a 7 nm tip diameter. (B) Courtesy of Matt Powell.101
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to find D based on the bulk etch rate of PET in 9 M KOH and the total pore etching time. The
length L, is known based on the thickness of our films and the bulk conductivity is easily
measured or looked up. This leaves us in a position where we can find the small pore

opening, d, which is the physical parameter of most interest in determining pore behavior.

4.2.4 Rectification in Conical Nanopores

Rectification in nanopores refers to the passage of current in one direction much
more readily than the opposite direction. This is a type of behavior commonly seen in
electronics, being the primary purpose of a solid state diode. This behavior is also observed
in biological pores such as a-hemolysin, although their complex structure makes it difficult
to analyze.192 [n some synthetic nanopores, however, the structure is simple enough to
reveal the underlying physics of rectification. Through solving the PNP equations discussed
in Chapter 2, it is possible see that a conical nanopore with negative surface charge will
rectify under the correct conditions (shown in Figure 2.1.2).34103 The carboxyl groups
present on pores made from PET carry a negative charge and result in high concentrations
of cations, such as potassium, near the pore walls. At the tip of the pore, where the diameter
approaches the Debye length, the concentration across the pore profile will be almost
entirely potassium ions. As a result, the transport through our pores is strongly cation
selective with a ratio of 9:1 cations to anions.194105 When an applied potential is in the
direction that moves positive ions from the tip towards the base, the ions readily go. This is
helped by the fact that the tip side easily replaces ions from the nearby bulk. In the opposite

case, the potassium will be pushed from the tip towards the bulk leaving a space that needs
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to be sourced from the base area of the pore. This is more difficult and results in a lower
transport rate.

This behavior is dependent on an underlying asymmetry in the system combined with
some form of surface charge. In the case of our PET conical pore, the surface charge is
constant while the narrowing diameter of the pore breaks the symmetry. In an alternative
setup, the surface charge could be modified such that part of the pore has a charge and part

does not (unipolar diode) or that part has a negative surface charge and part has a positive

Forward Bias Reverse Bias

Conical Pore

s

Unipolar Diode

Bipolar Diode

Figure 4.2.6 Ionic diodes. Diagram showing different types of nanofluidic diodes. Asymmetry is
derived from both the conical shape and a non-uniform surface charge. In the unipolar and bipolar case,
the discontinuity in surface charge forms depletion regions making it harder for ions to pass in the off
state. Figure courtesy of Matt Davenport.109
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surface charge (bipolar diode). In the bipolar and unipolar setup, the non-uniform surface
charge adds additional asymmetry to the system, increasing rectification. This is realized
through the formation of an ion depletion region near the surface charge discontinuity which
is enhanced or reduced based on the direction of the applied potential.196-108 Drawings of
these three types of rectifiers are shown in Figure 4.2.6.19° When using pores made from
unmodified PET, the level of rectification can also be modulated through changing the
solution pH, which changes the charge on the pore walls. Using a pH near the pKa value of
carboxyl groups can result in the removal of rectification. This behavior is also dependent
on the ion concentration which directly influences the Debye length. Lower salt
concentrations increase the Debye length which can increase the impact of the surface
charge on the ion density in the pore. Finally, rectification is dependent on pore size. Pores
with smaller diameters are more influenced by surface charge and diffusion limited
processes resulting in higher rectification. If the pore diameter is significantly larger than

the Debye length, rectification behavior will not exist based on these principles.

4.2.5 Charge Distribution of DNA

Of particular importance to this work is the location of charges along the DNA
molecule. The net charge of DNA is heavily negative with each sugar-phosphate segment
containing a one extra electron charge. Due to the double helix structure, dsDNA will have
two electron charges per segment, while ssDNA will have only one. The length of a single
sugar-phosphate-nucleotide unit is approximately 3 nm which means that DNA is one of the
most negatively charged molecules, per unit length, found in nature. This backbone charge

dominates the large scale behavior of a DNA strand, but on the smaller scale, the nucleotides
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themselves can show some interesting behavior. As previously mentioned, each base is
slightly different which results in each molecule having a slightly different pKa value. A and
C are both relatively protonatable with a pKa value of around 5.3.110.111 G on the other hand
has a much lower pKa of 3 and T usually does not become protonated.1’? Under the right
conditions, this allows for the formation of local positive charges among the strands of DNA
which contain the proper bases. These local charges may influence the confirmation of
DNA113 and how DNA strands packed in high density can interact with each other which is a

concept that we aim to test and use as a gating mechanism.

4.2.6 DNA Confirmations in Solution

The steric effects resulting from DNA attached to the inside of a nanopore will
influence the pore behavior. Single stranded DNA is much more flexible than its dsDNA
counterpart. This flexibility allows the confirmation of a ssDNA molecule to be greatly
influenced by different types of forces. One such force is due to the exposed bases which
have affinities for one another. Complimentary bases will bond to each other, forming so-
called hairpins, inducing a confirmation which reduces the free energy of the molecule. This
effect can be controlled through the careful selection of the nucleotide sequence. Many tools
are available which allow for the prediction of ssDNA confirmations based on nucleotide
binding and the corresponding free energy values. The easiest way to avoid this problem is
to use sequences which do not contain any complimentary bases, such as a repeating
sequence of A and C, or all one base.

Another important element in determining the confirmation of a DNA strand is the

repulsion of each sugar-phosphate backbone element on its neighbors. In the absence of
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other molecules, this repulsion will cause the DNA strand to stiffen. When the DNA is in
solution, the highly charged backbone will attract ions of the opposite sign, thereby shielding
some of this repulsion. The more ions that are available in the solution, the larger this
shielding effect will be and the repulsion due to the backbone charge will decrease.1* The
result of this phenomenon is that a high ionic concentration causes a ssDNA strand to fold in
on itself more readily, decreasing its effective length, while at low salt concentrations the
opposite occurs. This behavior has been predicted by modeling polyelectrolyte chains,
which was done as early as 1977.115 Additionally, the persistence length, a measure of
stiffness, seen in ssDNA has been experimentally measured as a function of ion concentration
and can be seen to decrease as salt concentration increases.11® A lower persistence length
corresponds to a more flexible ssDNA molecule, which can be seen in Figure 4.2.7. This is
especially important in nanopores since it means that changing the concentration of salt in a

solution can directly translate to changing the effective pore size.
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Figure 4.2.7 ssDNA length. Characteristics of ssDNA molecules experimentally measured using
fluorescence recovery after thermal denaturation. (A) Plot of the persistence length of ssDNA as a
function of the ionic concentration. (B) Plot of the diffusion coefficient as a function of number of
bases of a ssDNA molecule. Reprinted with permission from Tinland et al.!16 Copyright 1997,
American Chemical Society.
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4.2.7 Concentration Profile in a Conical Nanopore

The work in this chapter will take advantage of the ability to only modify one side of
a conical nanopore. In the majority of cases, DNA is attached to only a small segment at the
tip and in one case DNA is attached everywhere except the tip. The way in which this is
accomplished is through the steady state solution to diffusion stemming from a single side
of the pore. What this means is that if the ssDNA solution is placed only on the tip side of the
pore, the concentration of ssDNA very quickly dies off along the direction of the pore axis
resulting in sufficiently high concentrations to induce modification only at the tip.

In order to better see this a calculation can be done to predict that concentration
gradient in our conical pores. This can be expressed starting with the steady state diffusion
equation which reduces to Laplace equation

Vic =0 (4.2.2)
where C is the concentration. It is then easiest to define a conical pore using spherical
coordinates with an opening angle and length in terms of r and use the Laplace equation in
spherical coordinates. Switching variables back to x, applying the appropriate boundary
conditions for either the tip or base side and then solving for the concentration is possible.
The complete derivation will not be done here but can be seen in the thesis of Gael

Nguyen.106117 The solution to starting with DNA on the tip side is found to be

c( _Cacot(a)( L—z ) 423
2)=C6— acot(a) + z (4.2.3)
and the solution resulting from DNA placed on the base side is
_ .z (L+acot(a)
€@ =G L (z +a cot(a)) (4.24)
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where the coordinates are given by Figure 4.2.8 part C. The previous two equations are
plotted in Figure 4.2.8 part A and B which show strong gradients of modifying agents over

the first few hundred nm or the pore tip which die off at larger distances.
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Figure 4.2.8 Diffusion through a conical pore. Plots of the steady state solution for diffusion from
the (A) tip side and the (B) base side of a conical nanopore. The narrow opening of the pore was set
to 5 nm and the large opening was set to 250 nm (red line) and 1250 nm (black line). (C) Schematic
of the pore used in the diffusion model resulting in Equation 4.2.3 and 4.2.4. Figures courtesy of
Nguyen et al.106 © [OP Publishing. Reproduced with permission. All rights reserved.

4.3 Experimental Setup
4.3.1 PET Pore Fabrication

Individual cone shaped nanopores were prepared in 12 um thick PET membranes
using the track etching technique discussed in section 4.2. Films were first irradiated by our

collaborators at GSI Helmholtzzentrum fur Schwerionenforschung GmbH (GSI).118 This was
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done with stacks of eight samples that were covered in a mask, restricting ion penetration to
a 0.1 mm diameter region in the center. Auatoms were accelerated towards the membranes
at an energy of 11.4 MeV and detected on the other side, ensuring that only a single ion
penetrated each film. Following delivery to our lab, the samples were placed under UV

radiation (max intensity at 320 nm) for 30 minutes. The membranes were then loaded into
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Figure 4.3.1 GSI beamline. Schematic of the GSI beamline used for single ion irradiation of a PET
film. Following acceleration, the beamline is defocused so approximately 1 ion per second are sent to
the film. An ion detector is used to ensure that only a single ion hits each film. Image courtesy of
Toimil-Molares et al.118

a polychlorotrifluoroethylene and stainless steel cell and sealed with parafilm and pressure
for etching. During etching, 9 M NaOH was loaded into one side of the cell and 1 M formic
acid stopping solution was loaded into the other at room temperature. Platinum electrodes
were inserted into both sides of the cell and 1 V was applied across the membrane, with the
positive electrode on the NaOH side. Trans-membrane current was monitored until a spike
was observed at which point the NaOH was removed, etching time was recorded and
stopping solution was added to both sides, followed by washing of the membrane with DI
and/or KCl solution. If pores showed erratic conductance behavior, the tip side was

sometimes exposed to 9 M NaOH for an additional 30 s.
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4.3.2 Conical PET Pore Characterization

Immediately following etching and washing of a membrane, both reservoirs were
filled with KCl solution of known concentration and pH. Voltage sweeps were then applied
between -5 Vand +5 V and current values were recorded at intermediary values to generate
[-V curves. During this step and the remainder of pore measurements Ag/AgCl electrodes
were used to measure ionic current. Conductance information from the I-V curves along
with etching time were then used to find the size and shape of the pores based on the
equations given in the previous section. Several I-V curves were taken at different KCl
concentrations to ensure each pore showed expected and repeatable behavior before

proceeding with any sort of modification.

4.3.3 Modifying Pores with ssDNA

DNA oligomers chemically modified with an amine attached to the 5’ end were ordered
from Integrated DNA Technologies (Coralville, IA) with three different sequences:

e 5-/5AmMC12/CGC GAG AAGTTA CAT GAC CTG TAG ACG ATC -3

e 5-/5AmMC12/CAC CCA CAA CCA CCAACACACACCACCACC-3

e 5-/5AmMC12/GTG GTG GTG TGG TGG TGT TGG TGG TGG TGG -3
Prior to modification, DNA was resuspended into 100 mM MES buffer at pH 5.5 to achieve a
DNA concentration of 1.2 + 0.3 mM. 0.05 M EDC was then added to the DNA solution to
facilitate bonding between the 5’ amine modified DNA end and the carboxyl groups along the
pore surface. This solution was then added to one side of a mounted nanopore (generally
the tip side) and incubated for 24 hours at room temperature. Following removal of the DNA

solution and washing of the film with DI, modified pores were then re-characterized at 1 M
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KCI to ensure modification was successful. This was most easily seen through a reduction

of the effective pore diameter.

4.3.4 Data Acquisition and Analysis

The majority of data shown was recorded wusing a Keithley 6487
picoammeter/voltage source. If higher resolution time data was required, data was taken
on an Axopatch 200B Amplifier (Molecular Devices). Data analysis was done using Wolfram

Mathematica, OriginLab Origin, Adobe Illustrator and Microsoft Excel.

4.4 Results and Discussion
4.4.1 Competing Steric and Electrostatic Effects from DNA Modification
Following successful modification of our PET pores with ssDNA at the tip, -V curves

were recorded at both pH 8 and pH 5.5. As expected, the addition of this DNA had a
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Figure 4.4.1 AC-rich modified pore. (A) I-V graphs for nanopore modified with AC-rich DNA
recorded in 100 mM KCl at pH 8 (red) and pH 5.5 (green). The small opening diameter of this pore
was found to be 8 nm after modification. (B) I-V curves for the same pore prior to DNA
modification. All data is an average of three scans.

81



significant impact on the overall pore conductance. Figure 4.4.1 shows the I-V curves from
a conical pore before and after modification with AC rich DNA, at both pH 8 and 5.5. It can
be seen that this pore exhibits a strong pH and voltage dependent behavior following
modification. In order to understand these effects, it is first useful to study pH independent
impacts of the DNA modification. Focusing first on the pH 8 scans, it can be seen that the
ionic conductance actually increased following the modification. This may be somewhat
surprising considering that a significant amount of material is added to the interior of the
pore, thereby reducing the effective pore diameter. In order to understand what is
happening here, it is important to note that there are actually two competing phenomena
which alter the pore conductance.

The first effect, which was already briefly mentioned, comes from the filling of the
pore with DNA. This results in a steric effect which reduces the void space or open volume
of the pore. As discussed earlier in this chapter, the conductance of a nanopore is directly
related to its effective cross section. This means that the more DNA there is inside the pore,
the lower the conductance will be. On the other hand, DNA is known for being a highly
charged molecule and it brings this charge with it into the pore. From Chapter 2, it was shown
that, assuming the pore has a diameter on the order of the Debye length, surface charge will
alter pore conductance through influencing the salt concentration inside the pore. The
highly charged DNA can then be thought of as increasing surface charge, while
simultaneously reducing the pore diameter. These steric and electrostatic effects can alter
the conductance in opposing ways with the relative strength of each dependent on the
specific conditions of the pore.11° One way this can be tested is through modifying pores of

different sizes with the same DNA molecules and this is shown in Figure 4.4.2. It can be seen

82



that the behavior is roughly broken up into three regions. In the case of a very small pore
(less than ~5 nm) the occluded volume resulting from the DNA dominates all other effects
and the current is dramatically reduced. In the very large pore case (above ~20 nm) it can
be seen that neither effect is particular significant, with the occlusion barely winning out.
Finally, there appears to be a middle region where the electrostatic effects overcome the
DNA occlusion to increase the pore rectification resulting in higher currents at low voltages

following modification.

Small Pore (3 nm) Medium Pore (8 nm) Large Pore (20 nm)
2.0.1 MKCI, pH 8 0.1 MKCI, pH 8 29.1 M KCI, pH 8
l,
2 0 = 0 ~ 0
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Figure 4.4.2 DNA in different size pores. [-V curves before and after DNA modification for pores
with diameters of 3, 8 and 20 nm on the tip side. In the small pore the DNA occludes the pore volume
overwhelming the electrostatic effects and dramatically reducing the current. In the medium
diameter case, the electrostatic effects are able to overcome blockage from the DNA increasing the
current and rectification. In the large pore case, neither the surface charge or occluded volume have
a significant effect but the current can be seen to slightly drop.

To further complicate matters, a change in electrolyte concentration will have an
impact on both of these effects. As salt concentration drops, the Debye length increases and
therefore the impact of surface charge also increases. This means that at very low salt
concentrations, the current amplification caused by the DNA charge will have a larger effect.
Additionally, the extension of a DNA molecule is dependent on the ionic shielding from the

surrounding electrolyte (Figure 4.2.7). As KCl concentration is decreased, the DNA will
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experience larger electrostatic repulsion and extend farther into the pore interior, lowering

the conductance.

4.4.2 Nano-mechanical Voltage Dependent Gating

Voltage dependent gating has previously been reported in pores with DNA
modifications and the pores in this work show it as well.120 In Figure 4.4.1 it can be seen
(most easily at pH 8) that after DNA modification of an 8 nm pore, the rectification increased
due to the DNA in the pore. This DNA induced voltage response is not seen in pores of all
sizes however and an explanation is shown in Figure 4.4.3. As a voltage sweep is applied
across a conical nanopore, the DNA is first pulled in one direction (towards the tip side of the
pore for negative bias) and then pulled in the other direction (towards the base side for

positive bias). Due to the asymmetrical shape of our pores, this can potentially result in a

Small Pore: Steric effects dominate

Large Pore: Electrostatic effects dominate

[+]
s

Figure 4.4.3 Voltage response vs pore size. Drawing which shows the voltage dependent gating
resulting from the attachment of ssDNA to the pore interior. It can be seen that the voltage induced
conformation change of the DNA influences pore behavior in a diameter dependent way.
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type of gating behavior if the pore has a small enough diameter. For large pores, the
arguments of the previous section apply and extension of the DNA due to the applied voltage
does not have a large impact on overall conductance. In this case, the pore will continue to
rectify in a similar fashion as an unmodified pore, but more strongly due to the increased
surface charge. In smaller pores however, this voltage dependent steric blockage can start
to dominate the behavior. As DNA is pulled towards the tip, it is packed into a smaller
volume, thereby reducing pore conductance. When the DNA is pulled towards the base, the
opposite happens. This induces rectification in the opposite direction of our unmodified
pores. If the DNA gating effect is strong enough, it is possible for this to dominate the pore
behavior and reverse the rectification which will be discussed in section 4.4.4.

Under certain testing conditions, I-V curves show also show evidence of more
complicated DNA movement occurring inside the pore. One place this can be seen is in the
[-V curves for an 8 nm DNA modified pore which is shown in Figure 4.4.4. It seems that a
voltage sweep from negative potential to positive does not always produce the same [-V
curve as one applied in the opposite direction. It has been suggested that this effect, known
as hysteresis, is dependent on the initial state of the DNA prior to taking a conductance
measurement.120 [f the DNA is packed tightly (into the pore tip for example), then it could
potentially become “stuck”, requiring additional force to revert to a new state. If the DNA is
instead deflected into a larger volume (such as the base of the pore), it will be much easier
for it to change orientations. This means that, at some intermediary voltage, scanning from
the positive to negative direction could result in a different conductance value than what is
seen when the scan is done in the opposite direction, similar to what is observed in the I-V

curve in Figure 4.4.4.
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Figure 4.4.4 Hysteresis from DNA conformations. Forward (+4 V to -4 V) and reverse (-4 V to +4
V) I-V curves are shown for a pore with 8 nm diameter showing hysteresis. Insets show diagrams
of DNA configurations at key points through the voltage scan. Image adapted from Nguyen et al.120
with permission of Springer.

This explanation for the hysteresis is further solidified by what appears to be a
transition in conductance states within the negative voltage regime during a single voltage
sweep. We hypothesize that this is caused by the fact that low/medium negative applied
voltages induce an increase in ionic concentration inside the pore that increases the amount
of ionic shielding around the DNA. This in turn can reduce the effective length of the
molecules, opening up the pore and putting it into a temporary open state. As the negative
bias is increased, the electric force acting on the DNA eventually overcomes this effect and

pulls the DNA towards the tip, reducing the pore conductance. The I-V curve in Figure 4.4.4
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shows this transition, from region B to region C, occurring at around negative 2 V and a
schematic drawing showing the DNA structure in each region is given. This intermediate
state is relatively fragile and can form more easily when the DNA starts in a less packed
orientation. It will be seen in a later section that this intermediate conformation can be

removed entirely through changing the solution conditions.

4.4.3 pH Dependent Gating through DNA Mesh Formation

One of the primary goals of this research was to create a gate sensitive to multiple
stimuli, in this case voltage and pH. To achieve this, the DNA, which was previously described
to show voltage dependent gating, was carefully selected to show pH sensitivity as well.

Custom DNA molecules were tailored based on the fact that each nucleotide has a different

DNA with uniform charge (pH 8)
(b)

DNA with zwitterionic nucleotides (pH 5.5) — Negative charge
~ Positive charge
{d)

Mesh |

Figure 4.4.5 Formation of electrostatic mesh. Schematic of voltage and pH responsive gating in
conical pores modified with DNA molecules. (a) Voltage induced deflection of negatively charged DNA
reduces ionic current. (b) Deflection in the opposite direction results in increased conductance. (c)
Careful selection of nucleotide sequence results in the formation of a nanmechanical mesh blocking
the pore. (d) Deflection of the DNA is only partially allowed due to mesh formation.
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pKa value. The relatively protonatable bases, A and C, were used to create our gated
nanochannels, and the much more difficult to protonate G and T were used as control
sequences. Returning to Figure 4.4.1 it can be seen that prior to modification, the nanopore
showed very little difference between scans done in pH 8 and pH 5.5. This is expected since
the pKa of the negatively charged carboxyl groups of the PET walls is well below 5.5.
Following modification however, decreasing the pH to 5.5 had a dramatic effect, lowering
pore conductance by approximately 60 times at -4 V (to value below 100 pA). This
demonstrates a clear and almost complete closure of the pore for both voltage polarities in
response to a pH change.

As an explanation for this pH gating behavior (summarized in Figure 4.4.5), we turn
to the nucleotide dependent structure of DNA and how it influences neighboring
interactions. At pH 5.5 it is likely that some of the A and C bases have become protonated,

giving them a small local positive charge. We believe that when the density of the DNA is
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Figure 4.4.6 Summary of pH gating data. Ionic current recorded at -3 V for independently
prepared nanopores after attachment of (A) AC-rich and GT-rich ssDNA or (B) DNA containing all
bases. Points in red and green represent data at pH 8 and pH 5.5, respectively. The tip diameter
given for all pores was calculated after DNA modification in 1 M KCl and pH 8.
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high enough, these local positive charges facilitate the formation of a biopolymer mesh that

spans the pore.

This mesh provides a more complete blockage than previous DNA

modifications, producing the large drop in conductance. In order to test our mesh based

hypothesis, we repeated the same experiments shown in Figure 4.4.1 using pores with

varying diameter modified with both AC rich DNA and our GT control sequence. A summary

of the results taken from eight pores with post modified diameters ranging from 1 - 14 nm

is shown in Figure 4.4.6 part A and selected -V curves from which this data was taken are

shown in Figure 4.4.7.
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Figure 4.4.7 pH dependent I-V curves. I-V curves for representative pores modified with either
AC or GT rich DNA. Data in red and green represent pH 8 and 5.5 respectively. AC-rich DNA:
Recordings for three nanopores with opening diameters (a) 1nm (b) 8 nm and (c,d) 14 nm.
Recordings are in 100 mM KCl for (a), (b) and (c) and in 10 mM KClI for (d). GT-rich DNA: Data
recorded in 100 mM KClI for a pore with diameter (a) 4 nm and (b) 5 nm. All insets show [-V curves
prior to modification.
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First, we will focus on the six pores modified with the AC rich DNA strands. These
pores show that there seems to be a relationship between post-modified pore diameter and
the magnitude of pH response. This can be explained simply by the fact that if the pore is
sufficiently filled DNA, there is no room for additional closure. This is observed to be most
extreme in the smallest two pores, both with modified diameter of only 1 nm. These two
devices show current levels for pH 8 and pH 5.5 that are both similar to those seen in larger
pores that are in a closed state. The pores with a modified diameter in the range of 4 to 6 nm
showed a moderate pH response and the larger pores showed the greatest response, backing
this claim. It is interesting to note that pH behavior was at its maximum for the modified 8
nm pore suggesting that there may be an optimal post modification diameter. This would
mostly likely arise from balancing the overcrowding effects of a small pore with high DNA
density with the inability of the DNA to bridge the gap of a pore with a larger radius. This

idea can be probed through extending the DNA molecules via using a lower KCl
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Figure 4.4.8 All base I-V curves. I-V curves for nanopores modified with DNA containing all bases.
Scans were taken in 100 mM KCl at pH 8 (red) and pH 5.5 (green). The diameter of the tip side after

DNA attachment was (a) 1 nm and (b) 3 nm. Insets show [-V curves recorded at the same conditions
prior to DNA modification.
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concentration. When the 14 nm pore was exposed 10 mM KCl it did indeed become entirely
closed at pH 5.5.

Further evidence of the mesh formation is given by the right most two pores in Figure
4.4.6. As expected, these GT control modified devices did not show any closure in response
to lowered pH. The small changes observed were most likely electrostatic in nature and due
to the modulation of the surface charge via pH change. From Chapter 2 as well as in previous
publications from our lab, it has been shown that such modulation can produce nontrivial,
nonmonotonic effects on pore conductance which are also dependent on pore geometry.121
[t is also possible that increased proton concentration resulted in more flexible DNA which
increased pore conductance. This behavior makes it very clear that there is no formation of
a mesh like in the AC modified case. As additional evidence, we show in Figure 4.4.6 part B
that DNA containing all bases also showed pH dependent closure, although it was not as
strong. Selected I-V curves from Figure 4.4.6 part B are shown in Figure 4.4.8. This points

to the fact that the underlying mechanism for the pH gating comes from the protonation of A
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Figure 4.4.9 Base side modificaton. I-V curves from a 14 nm diameter pore which was modified
with DNA from the base side in pH 8 (red) and pH 5.5 (green) using (A) 100 mM and (B) 10 mM
KCl. Based on the diffusion model presented earlier, it is expected that DNA is attached
everywhere except a few hundred nm near the tip. As a result the narrowest region is tens of nm
in diameter which is large enough to stop the DNA from forming a pH dependent mesh.

91



and C along with the inability of G and T bases to be protonated at pH 5.5. As a final check,
one pore was modified with DNA placed on the large side resulting in DNA attachment
everywhere except a few hundred nanometers near the tip. The data can be seen in Figure
4.4.9 and shows that pH induced gating was not observed. This is most likely due to the fact
that the DNA molecules are unable to reach across the larger pore radius and form a

stabilizing mesh.

4.4.4 Switching of the Rectification Direction

In order to validate some of the theories thus far, it is useful to closely examine the I-
V curves taken from the smallest pores. Figure 4.4.10 shows this data for one of the post
modification 1 nm diameter devices. This pore was sufficiently occluded with DNA and
showed very little pH response in Figure 4.4.6. More careful analysis shows that the current
traces from pH 5.5 and pH 8 do show elucidating differences. At pH 8, hysteresis behavior
and a change in conductance states similar to that discussed in section 4.4.3 can be seen,

(a) 0.2- 21 A pH 8 (b) 0.29 >
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Figure 4.4.10 Switching rectification direction. [-V curves recorded from a pore with a post
modification tip diameter of 1 nm at (a) pH 8 and (b) pH 5.5. I-V curves prior to modification
(diameter of 3 nm) are shown at the same conditions in the insets.
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suggesting that the DNA is free to undergo some asymmetrical movement in response to the
applied voltage. Scans at pH 5.5 however, show that this behavior is no longer occurring.
This lack of hysteresis in low pH [-V curves suggests that there is a mesh in place that is
robust enough to hold the DNA molecules in place and only allow minor deflection.

Beyond restricting movement of the flexible DNA molecules, this mesh formation is
strong enough to make the pore undergo a complete reversal in rectification behavior.
Figure 4.4.10 part b shows I-V curves with larger currents at positive voltages which is the
opposite of behavior seen in unmodified conical PET pores. This type of reversal in pore
rectification has previously been achieved by modifying the pore walls with positive charges,
but this is the first time it has been accomplished through the addition of negative charges
and governed by steric interactions. It may also be worth noting that electroosmotic effects
were not considered here and may play a role. It has been previously show, however, that

these effects are very small.122

4.4.5 Reversibility of closure

The pH induced closure of our DNA modified pores is shown to be easily reversible.
Figure 4.4.11 presents the data from an AC modified pore (4 nm post modification) that
underwent several cycles of closure and reopening. This was done by alternating the pH of
the KCl solution between pH 5.5 and 8 with DI washing steps in between. It can be clearly
seen that, with the exception of a small current reduction at pH 8, the open and closed states
of the pore can be recovered. If the mesh formation is indeed occurring, this would be
expected since the A and C bases can be reversibly protonated and deprotonated via pH. To

explain the change in current at pH 8 after varying cycles we have two theories. The firstis
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that each time the mesh forms and deforms, the DNA will be left in a unique arrangement.
Differing arrangements could then result in different ionic currents. The second explanation

is that there could be some residual mesh formation that never completely recovers. This is
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Figure 4.4.11 Reversable closure. Magnitude of the currentat -3 Vin 100 mM KCl is shown for a
pore with AC-rich modified pore with a modified tip diameter of 4 nm. The pH is alternated between
8 (red) and 5.5 (green) and I-V curves were taken from -4 V to 4 V in order to show the reversibility
of the mesh formation. The current drop after the first cycle may be due to residual mesh formation.

suggested by the seemly smooth decay of the current at pH 8 as the DNA structure converges
on a possible residual formation. In either case, this current decrease is small enough that it

does not hinder overall device reversibility.

4.5 Conclusion

In conclusion, we have presented a novel synthetic nanopore which demonstrates a
gating response to multiple stimuli at once, namely changes in voltage and pH. Additionally,
when the pore is in the closed state, translocation of both charged and neutral molecules are

blocked. This was achieved through the attachment of carefully selected ssDNA molecules

94



to the tip side of a conical PET nanopore. The central concept of our nanopore gate is the
formation of a robust and stable mesh resulting from ssDNA molecules with local positive
charges due to the presence of zwitterionic nucleotides. Pore closure and opening was
reversibly shown through altering the pH between 8 and 5.5 followed by taking voltage
sweeps across the pore membrane. We were also able to gain some insight into the
nanomechanical movement of ssDNA inside the confined space of a nanopore as voltage, pH
and ion concentration are modulated. We believe our nanopore gate is an important
stepping-stone along the road to fabricating synthetic nanopore gates comparable to those
found in nature.

While the work presented here, along with other accomplishments in the nanopore
community is significant, it is important to note several key shortfalls in synthetic nanopore
performance. The first of which is the amplitude of the gating. With the addition of our work,
synthetic pores have achieved approximately 100-fold difference in conductance between
open and closed states. This is comparable to some biological pores but still at least an order
of magnitude below others.123 Additionally, the open states of synthetic pores generally have
significantly lower conductance values than those of biological pores. The second area
synthetic pores are outclassed is in selectivity. Protein based pores such as potassium and
sodium gated channels are incredibly successful in distinguishing one type of ion from
another. Even though potassium and sodium have a size difference of less than one angstrom
they are easily selected for in their respective ion channels. This requires methods of
selection more sophisticated than those that have been designed so far. Finally, natural

pores, like the potassium channels described above can respond a complex arrangement of
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stimuli at once. While the work here was an attempt to bridge this gap, there is still much
ground to cover.

As the capabilities and sophistication of synthetic nanopore gates improve, they will
provide new insights, which could help elucidate the remaining mysteries of their natural
counterparts. This, in turn, will produce new understandings of nanopore physics that can
be applied to improving our synthetic versions. The results of this feedback loop promise to
produce future technologies such as novel drug delivery systems designed to release their
payload in a safe way under specific conditions or new and exciting biosensors built around

recently discovered gating mechanisms.

96



Chapter 5: Unraveling Nanofluidic Phenomena in Individual CNTs

5.1 Introduction

The focus of this chapter will be on yet another type of nanochannel which is
fabricated using carbon nanotubes (CNTs). The history of CNTs goes back a long ways
starting in 1952 when Russian scientists L.V. Radushkevich and V. M. Lukyanovich published
work showing tubes made of carbon with diameters of 50 nm.124125 Unfortunately, due to
the publication being in Russian and exposed to a limited audience thanks to the Cold War,
the work was mostly ignored. There were a few intermediate publications, such as the
vapor-phase tubes grown by Morinobu Endo,12¢ but the catalyst for future CNT related
research didn’t come for another 39 years. In 1991, Sumio lijima published a paper showing
CNTs with diameters as small as 0.7 nm and lengths of microns, which were fabricated using
arc-evaporation techniques.1?” Once in the spotlight, many remarkable predictions were
made about their properties, which fueled further attempts to find applications for them.
Examples include water filtration,128-130 high strength materials,131-133 electronic circuitry
and components134-136 and even biomedical applications.137-139 The work done in this
chapter will be specifically looking at their use as nanochannels and examining their unique
behaviors.

Carbon nanotubes can be thought of as a sheet of graphene (a single layer of carbon
atoms in a hexagonal lattice) that has been rolled up into a seamless cylindrical tube. They
can be grown with diameters ranging from greater than 100 to less than 1 nm and can have
lengths reaching centimeters controlled with sub micrometer precision.14? Unlike most

other pores, which have some form of undulating diameter or surface roughness, CNTs are
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uniform along their entire length. Due to their graphitic nature the walls are both
molecularly smooth and hydrophobic. An additional advantage is that carboxyl groups at
the entrance of CNTs provide an easily targetable site for modifications that may be required
in future technologies. Finally, CNTs are incredibly robust and their structure is known with
atomic precision which makes them ideal for studies in nanofluidic phenomena and as

biommetic pores.

PMMA
S10
S10
S1

Figure 5.1.1 Horizontal single CNT device. Experimental setup used by Pang et al. to test the
behavior of a nanochannel made from the interior of a single CNT which bridged the gap between two
fluid reservoirs. (a) Scanning electron microscope images of a CNT on silicone oxide. (b) Optical
microscope image showing a top view of the device. (b) Schematic of the device structure and
electrical connections used. Reprinted with permission from Pang et al.14® Copyright 2011, American
Chemical Society.

The hallow interior of CNTs can be used to bridge a gap between to reservoirs in an
electrochemical cell, creating a system similar to those seen in the previous chapters. In this
way, synthetic nanopore systems can be fabricated which possess finely tuned
characteristics and truly nanometer size scales. Importantly, the unique properties of the
carbon walls and confined space they create have the potential to produce very unusual

nanofluidic behaviors. Looking primarily at tubes with diameters below 10 nm, some of
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most exciting results include: 1) spontaneous wetting of the CNT interior despite its
hydrophobicity;141.142 2) selective transport through tubes with the addition of entrance
modifications;143144 3) incredibly high gas, water and proton permeation rates that can be
orders of magnitude larger than other comparable pores;145-147 and 4) large complex
molecules, such as ssDNA or florescent dyes can translocate through similarly sized CNTs.148

Despite the work that has been done so far, some of the most fundamental physical
principles governing CNT transport are widely debated in the literature.?? The first example
is the true enhancement factor of CNT transport over similar pores. Researchers using a
combination of membranes, molecular modeling and individual CNTs have reported values
spanning a few orders of magnitude. In addition, the cause of this enhanced flow is only
partially understood. Most explanations agree that it is due to high electroosmotic flow, but
require additions such as surfaces charges which are difficult to fully justifiy.14° A second
example is the expected current modulation resulting from a translocating particle in a
coulter counter setup. Depending on the charge and size of such a particle it is known that
both current increases and decreases are possible. There is debate however, regarding
which types of events can be used to justify the existence of a single conducting channel.150.151
Finally, the question of what carries the majority of the current remains an open question.
In the work done by Strano and coworkers it is suggested that protons carry the current and
the entrance of salts into the tube interior causes stochastic blocking.151.152 Publications by
Lindsay’s group, on the other hand, find that the current is carried primarily by salt
ions.149153 The sensitive nature and the variety of CNTs used across the community has

made it difficult to elucidate and study the physics that govern transport.
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In order to help answer some of the above questions, this chapter will cover the
fabrication and analysis of a platform in which single CNT nanochannels are isolated and
tested. Here, we build a platform in which a forest of vertically aligned CNTs are grown and
then sealed on a freestanding silicone nitride (SisN4 but will be abbreviated as SiN)
membrane. Focused ion beam (FIB) techniques are then used to open one end of a single
tube on one side, followed by reactive ion etching (RIE) which opens all the tubes on the
other side. The final product is a single (or a few) active CNT channel in series with a SiN
pore, which can then be placed between two reservoirs in an electrochemical cell. In parallel
with experiments done using this system, theoretical simulations will be used to model
transport through a similar CNT. We use methods based on first principles, molecular
dynamics and continuum modeling to offer possible explanations for the nanofluidic

phenomena observed in our system.

5.2 Theory
5.2.1 Structure of a CNT

Carbon nanotubes can be structurally thought of as a layer of graphene rolled up into
atube. A graphene layer consists of sp2 bonded carbon atoms in a honeycomb lattice, shown
in Figure 5.2.1 (top left). The lattice can be described through its lattice vectors, a1 and a,
which point from one location on the lattice to a corresponding repeat of that point. In order
to form the carbon nanotube, this graphene sheet can then be rolled up in many different
ways. In order to describe the different rolling orientations, something called the chiral

vector is defined as
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where n and m are integers. The chiral vector points along the direction of rolling and
connects two equivalent points where the tube is completed. The integers n and m describe
the number of unit lattice vectors which need to be summed in order to create the chiral
vector. In the simple case where m = 0, the tube is rolled along the direction of a1 and the
tube is called zigzag (blue coloring in Figure 5.2.1). If we use values such that n = m, then the

tube is rolled in a symmetrical fashion and is called armchair (red coloring in Figure 5.2.1).

Figure 5.2.1 Structure of a CNT. Diagram showing the structure of graphene (top left) and of carbon
nanotubes of different chirality. The lattice vectors a: and a; are defined as well as the chiral vector
(red or blue shading). Figure courtesy of Balasubramanian et al.15¢ Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission.

Both of these terms come from the pattern of the carbon bonds along the chiral vector. For
all other values of n and m, the tubes are simply called chiral. Since the chiral vector is by
definition a path along the circumference of the tube cross-section, it is possible to find a

relationship between it and the tube diameter. This is given by

C V3
D=—-= 7acx/n2 +m? + nm (2.2.2)

T
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where ac is the length of a carbon-carbon bond which is known to be about 0.14 nm. Figure
5.2.1 shows a cartoon representation of three different possible carbon nanotube
configurations.154

A carbon nanotube can consist of a single layer of graphene rolled up in the described
way or it can include many. If the tube is a single sheet, it is referred to as a single walled
carbon nanotube (SWCNT), if it has two layers it called a double walled carbon nanotube
(DWCNT) and if it has more than two layers it is called a multi walled carbon nanotube
(MWCNT). Figure 5.2.2 shows how the different layers of a MWCNT are organized. The
tubes used in this chapter were primarily single walled although a small fraction of them

were found to be double walled.

Figure 5.2.2 Multi walled CNT. Structural representaion of a carbon nanotube that consists of
many walls. In the case of a single walled tube, the blue and gray layers are not present. Figure

taken from Balasubramanian et al.15¢ Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission.

5.2.2 Electronic Characteristics of CNTs
The way in which a CNT is rolled up, as well as the number of walls, can greatly impact

its electronic behavior. The electronic band structure can be solved for in a SWCNT and
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shows that tubes are roughly broken up into two categories, conducting and semi-

conducting.’>> It is found that if n and m are related by

2n+m
QEZ

. (2.2.3)

where Z represents integers, then the CNT will be conducting. In all other cases, the tube
will be semiconducting with the band gap that decreases with tube diameter as 1/D. Carbon
nanotubes fabricated by chemical vapor deposition, which is the method used in this chapter
will be approximately two thirds semi-conducting and one third conducting.

The focus of this chapter will be on the transport through the interior of CNTs. As a
result the currents measured are not likely related to electrons traveling down the CNT walls,
but instead to charged ions traveling down the tube opening. Although it might be possible
for the chirality ofa CNT to have some effect on the structure of molecules inside, it is unlikely
to cause observable changes in our experiments. As a result of this, as well as the way in
which devices are fabricated, we will not attempt to measure or monitor any of the chiral

characteristics of the tubes used here.

5.2.3 Enhanced Flow in CNTs

One of the most unique characteristics seen in CNTs is incredibly rapid transport
through their interiors. This has been both predicted with simulations as well as observed
in experiments. As mentioned in the introduction, this fast flow has been seen for many
different types of transport including that of gas, water, protons and ions. It was first
predicted by scientists such as Hummer et al. who were able to simulate fast pulse like flows
of water through CNTs using MD simulations.14! Due to the difficulty in isolating single CNTs,

the majority of experimental results measuring CNT flow come from using membranes
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which contain billions of open pores. One such example comes from the Hinds research
group, where they showed that water transport through a membrane of MWCNTSs under an
applied pressure was 4-5 orders of magnitude above similar membranes.146 More recently,
experiments have been done on single CNTs by scientists such as Lindsey and Strano. It has
been found that the ionic conductance is also greatly enhanced with values several orders of
magnitude above equivalent non carbon pores.14?

Most of the literature agrees that this enhancement in flow stems at least in part from
the hydrophobicity and molecular smoothness characteristic of carbon nanotube walls. In
order to model this mathematically, the concept of slip length needs to be introduced. In
Chapter 2, the Navier-Stokes equation was discussed which gives us the fluid flow resulting
from different types of applied potentials. If this equation is simplified to the specific case of
an incompressible fluid undergoing laminar flow through a long cylindrical pipe we get what

is called the Hagen-Poiseuille equation.

PR* r?
upp(r) = ——<1 ——) (2.2.4)

In the above equation the fluid velocity in the pipe, vyp, is given as a function of radius, r. P
stands for the pressure difference, R is the radius of the pipe and as before, 7 is the viscosity.
To get the total flux through the tube the above expression can be integrated over the pipe
cross-section to give the following.

TR4P
8n

(2.2.2)

Jup =

In order to arrive at this equation, a no-slip boundary condition must be used. This
means that velocity of the fluid is set to be zero at the pore wall, or written mathematically,

u(R) = 0. This is an assumption that is acceptable for the pores in the first two chapters, but
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CNTs are unique. Instead of using this, we can represent the smoothness of the CNT walls
through the inclusion of a slip length. This can be done using the following boundary

condition

ou
u(R) = _LsalrzR (2.2.2)

where we have introduced the slip length given by Ls. Using this new formulation, the new

expression for the velocity profile is found to be

PR* r2 2L,
‘LI.S(T) = _W 1- ﬁ + ? (222)

and the corresponding expression for flux is given below.

Js = Jue (14 22) (22.2)

It can be seen that through introducing the slip length, we have made it possible to model
enhanced flow rates through selection of a fitting value for Ls. With this formulation, the
enhancement factor of CNT flow can be defined as the ratio of the observed flow to the flow
predicted by the Hagen-Poiseuille law. For a thorough summary of the different
enhancement factors present throughout the literature, the reader is directed to a recent
review by Guo et al.22 The physical interpretation for these very long slip lengths present in
CNTs is still a topic of interest in the field, but one possible explanation involving a depletion

layer with reduced viscosity near the pore wall is given by Tim Myers.156

5.2.4 Limitations of the Continuum Models in CNTs
All of the mathematical modeling of transport through nanotubes so far has been
based on a continuum formulation. This means that the finite size of particles is not taken

into consideration. In order for this to be true, the size scale of our system must significantly
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larger than the size of individual molecules. One useful parameter which helps determine

this is known as the Knudsen number. Itis defined as

l
=— 2.2.2
Kn I ( )

where [ is the mean free path of a particle and L is the smallest physical length of a system.
For our system, we can plug in the mean free path of water (~0.3 nm) and compare it to the
diameter of our CNTs (~3 nm) to get a value of Kn equal to 0.1. This is a somewhat safe
regime for a continuum approach, but not if the tube diameter is decreased by a significant
amount. A second parameter which can be looked at is the Debye length. At high
concentrations such as 1 M KCl, it approaches a value of 0.3 nm which is on the same scale
as the mean free path of particles in our system. As a result some care needs to be taken in

using the continuum approach here.
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Figure 5.2.3 MD simulation inside a CNT. Cross-sectional images of the radial distribution of Na+,
K+ and Cl-ions in an (8,8) CNT (left). Graph of the interaction energy within a range of 1 nm for Na*-
H20 (black), K*-H20 (red) and Cl-H20 (blue) for several different CNT types (right). It can be seen
that tube structure can have a large impact on the interactions between molecules in the tube.
Reprinted with permission from He et al.1s? Copyright 2013, American Chemical Society.

Additional issues with the formulation so far involve ignoring interactions between
the particles in our system. It has been shown that under the confinement of small CNTs,

water and salt molecules can take on very unique organizations due to their hydrogen
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bonds.157:158 Figure 5.2.3 shows one example of this in which chiral tubes containing water
and either K*, Na* or CI- were modeled. It can be seen that the interaction energy and as a
result the structure of the molecules differ greatly as the tube diameter changes, with the
(8,8) tube being the most unique. It is also known additional interactions between ions,
water molecules, and the carbon atoms in the tube walls take place such as cation-m bonds.15°
Ignoring these interactions can result in models which are lacking in terms of accurately
describing transport through a CNT. Near the end of this chapter, we approach this through
first principle and MD simulations that attempt to more accurately examine the structure of

saltions inside our CNTs.

5.3 Experimental Setup
5.3.1 Device Fabrication

Devices fabrication can be described in two stages, those done at the wafer scale, and
those done on an individual device scale. Starting with a double polished 300 nm thick Si
wafer (100), a 250 nm thick layer of SiN is deposited using standard low pressure chemical
vapor deposition (LPCVD) techniques. Next, AZ1518 photoresist is spun onto one side and
standard photolithography is used to expose a grid like pattern that defines the 5 mm x 5
mm chip size. The entire side then undergoes reactive ion etching (RIE) using CF4 and O2
(20 sccm and 1.6 sccm respectively) at ~0.3 Torr and 180 W in order to remove the SiN
under the exposed pattern. Photoresist is then removed using an acetone IPA cleaning and
the wafer is left in 44% KOH solution for 18 hours at 65° C. Finally, the smooth side of the
wafer is used for catalyst deposition. Using electron beam lithography a catalyst layer

(details in section 5.3.2) is deposited on top of the SiN.
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Device Fabrication Steps

Whole Wafer Steps
1 Bare Si Wafer 2 SiN Deposition 3 Photoresist 4 RIE SiN Removal 5 Photoresist 6 KOH Etching 7 Catalyst
Double polished LPCVD Furnace App|led CF,/O, (20:1.6) Removal 44% KOH Solution Deposmon
300 um thick 250 nm thick Devices are 5 x 5 mm 180w Acetone-IPA-DI ~18 hours Fe/Mo catalyst on Si;N,/
DCS/NH3 (6:1) ALO,
L i B = _ - _ aa  an
Alignment marker
Individual Device Steps
9 10 1 12 13 14
CNT Growth SiN Infiltration Kapton Tape Mask RIE SiN Removal KOH Back Etching FIB Drilling RIE Opening of
Tube length is 5-10 um Target thickness is 1000 nm Applied CF,/O, (20:1.6) 44% KOH Goal is 30 - 60 nm CNTs
Diameter is ~3 nm Laser cut mask applied by 180w ~20 hours CF,/0, (20:1.6)
hand 180 W
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Figure 5.3.1 CNT Device Fabrication. Schematic of the fabrication process for our ssDNA platform.
Starting with a bare Si wafer, a 250 nm layer of SiN is deposited and photolithography and etching in
44% KOH solution is used to define the device shape. A catalyst layer is then deposited on the entire
wafer. The remaining steps are done in individual 5 x 5 mm devices (sometimes in batches). CNT
growth via CVD is followed by SiN infiltration using LPCVD. A Kapton tape mask is applied to remove
remaining SiN and KOH etching exposes the CNT supporting membrane. FIB is used to drill a ~60 nm
diameter pore followed by RIE which exposes all the tubes on the opposite side.

Following catalyst deposition, the wafer is broken up into the pre-patterned 5 mm
device squares and placed in a tube furnace for CNT growth (details in section 5.3.2).
Following growth of a vertical CNT forest, LPCVD is again used to infiltrate the gaps between
tubes and seal the membrane. After this step, a Kapton tape mask outlining a 1.5 x 0.5 mm
window is placed on the backside (non CNT side) and RIE is used to remove the exposed SIN.
The device is then placed in a Teflon cell which makes it possible to expose only the backside
to 44% KOH. Overnight incubation results in the removal of Si material creating a
freestanding SiN membrane with the CNT forest on top. With the SiN membrane exposed, it

is now possible to use FIB to drill a 20 to 100 nm sized pore reaching a single (or a few)
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CNT(s) on the other side. As a final step, RIE is again used to remove the excess SiN layer on
top of the CNTs resulting from the initial infiltration. This process also removes the closed
CNT caps, opening all the tubes on that side. The result is a FIB drilled pore in series with a

single (or a few) open CNT nanochannel(s).

5.3.2 CNT Growth

CNT growth begins with the deposition of a multilayer electron beam (Semicore
SC600) deposited catalyst layer. The layers are sequentially added at a constant pressure
below 1.6 x 10-¢ Torr and consist of 30 nm of aluminum oxide followed by 0.05 nm of
molybdenum (Mo) and 0.55 nm of iron (Fe). Due to the very thin films used, the given values,
especially of the latter two are what is reported by the thin film deposition monitor and can
vary slightly from actual thickness. Using Rutherford backscattering spectroscopy (RBS) on
a representative sample gave thicknesses of 0.42, 0.06 and 30 nm for Fe, Mo and aluminum
oxide respectively.

Following catalyst deposition, vertically aligned CNT forests are grown using a
thermal CVD tube furnace (Lindberg Blue M Mini-Mite, Thermo Scientific). Prior to growths,
the tube is kept at 120° C with water vapor monitored and kept below 20 ppmv. The devices
are placed inside and the tube is purged with 1000° sccm of He for 10 minutes. Next, the
temperature is raised to 850° C while the sample is exposed to an atmosphere of 515 sccm
of He and 400 sccm of H2. Once this temperature has stabilized, it is held in this state for 10
minutes in order to facilitate annealing which creates nanoparticle growth sites. The
temperature is then brought down to 750° C, and the sample is ready for growth. A flow of

100 sccm of Ethylene is added to 15 sccm of H2 and 515 scem of carrier He is maintained
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until the desired tube length is achieved, which in this study was a height of 6-12 pm.
Following growth, the samples are slowly cooled down to room temperature in an

atmosphere of He (515 sccm).

5.3.3 CNT Characterization

Characterization of CNT forests was carried out using several different techniques,
the first of which was scanning electron microscopy (SEM). Samples were sometimes
sputtered coated with a thin layer of gold and then imaged using a cold cathode JSM-6333F
SEM. Samples were examined top down as well as broken in half and looked at via cross-
section. Next, high-resolution transmission electron microscopy (TEM) was used to quantify
CNT diameter distribution and to count the number of tube walls. A JOEL 2100-F field
emission analytical TEM, operating at 120 kV and 200kx magnification was used. Samples
were prepared by dispersing CNT forests into ethanol and using ultrasonication to separate
tubes followed by dropcasting the dispersion onto Cu TEM grids coated with Formvar. The
final method of characterization used was Micro-Raman spectroscopy using a Nicolet
Almego XR dispersive Raman spectrometer (Thermo Scientific). An excitation wavelength

of 633 nm and a 100x objective magnification was used and produced a sub pm spot size.

5.3.4 Leak Testing

In order to ensure there were no alternate pathways through a SiN infiltrated forest,
the devices underwent control testing at several points during the fabrication process. Both
before and after FIB was performed, the devices were loaded into an electrochemical cell and

the conductance across the membrane was measured at 1 Vin 1 M KCIL. If the current was
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larger than 100 pA the device was considered to have a leak and was not used. Additionally,
SEM cross-sectional images were used to evaluate the quality of the SiN infiltration for a
representative device from each batch. If the quality visually looked poor, the rest of the

devices in the batch were not used.

5.3.5 Data Acquisition and Analysis

Data acquisition was done by loading the CNT device into a molded PDMS cell (Figure
5.3.2) which contained two reservoirs isolated by a CNT/SiN membrane fabricated as
described above. Ag/AgCl pellet electrodes (A-M Systems) were inserted into either side and
the current across the membrane was recorded in the presence of an applied voltage. This
was done using either an Axopatch 200B amplifier connected to a 1550 Digitizer (Molecular
Devices) or HEKA EPC 10 (HEKA Electronics). Data analysis was done using Clampfit 10,
Matlab 2012b and Origin 9.0. During voltage sweeps, voltage was held at each value until
current was stable and [-V curves were generated by taking the average and standard

deviation of the current calculated over the final 2 seconds.

Figure 5.3.2 PDMS electrochemical cell. Photo of the PDMS conductivity cell that was used to take
measurements in our CNT devices. The device is sandwiched between two layers of PDMS with the
CNT forest perpendicular to the largest PDMS surface. Picture courtesy of Matt Davenport.
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5.3.6 Molecular Simulations

To understand the structure of KCl solution under confinement, first-principles MD
simulations were performed. Confined KCI solution inside a CNT was represented by a
tetragonal supercell constructed from 4 repeats of the (19,0) CNT primitive unit cell, with
the dimension of a = b = 21.17 A, ¢ = 17.06 A. The supercell contains one KCI pair and 52
water molecules in a d = 14.0 A diameter CNT, yielding a 1.0 M concentration salt solution
with the bulk water density. Born-Oppenheimer molecular dynamics (BOMD) simulations
were carried out using Qbox160 with interatomic forces derived from density functional
theory (DFT) and the Perdew, Burke, and Ernzerhof (PBE) approximation for the exchange-
correlation energy functional.l¢l The interaction between valence electrons and ionic cores
was represented by norm-conserving pseudopotentials,162 and the electronic wave functions
were expanded in a plane-wave basis set truncated at a cutoff energy of 85 Ry. All hydrogen
atoms were replaced with deuterium in order to maximize the allowable time step and a time
step of 10 a.u. was adopted in all simulations. Models of bulk and confined solutions were
equilibrated at a constant temperature T=400° K for 15 ps and 5 ps, respectively.

Classical simulations were also carried out to examine the performance of different force
fields and the effect of specific interactions on the structures of confined ions, and results
were compared with those derived from first-principles. Both non-polarizable and
polarizable force fields were considered with and without cation-r interaction. Specifically,
we employed OPLS-AA for ions163.164 and a SPC/E water model%> for non-polarizable force
fields. Polarizable force fields simulations were carried out using the SWM4-NDP water
modell¢6 and polarizable ions as well as a CNT.167 Finally, cation-r interactions were also

included using polarizable force fields.168 Statistics were collected over 2 ns NVT simulations.
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Ionic conductance in nanopore structures mimicking the actual nanofluidic devices were
calculated by numerically solving coupled Poisson, Nernst-Planck, and Navier-Stokes

equations using COMSOL, with and without slip boundary conditions at the CNT inner wall.

5.4 Results and Discussion
5.4.1 Demonstration of a Successful Device

The nature of single ion channel experiments and the design complexity required to
isolate a single carbon nanotube make it important to ensure a successful device following
fabrication. In order to maintain high control over fabrication, characterization from
devices following several of the fabrication steps was done. A summary of these tests is
shown in Figure 5.4.1 for CNT forests, CNT/SiN composites and FIB drilled pores. First,
Raman spectroscopy was done following the growth of a vertical CNT forest. The most
important indicator was the ratio of the G band (1582 cm-1) to the D band (1350 cm-1). This
gives a good measure of the quality of the CNTs with the G band representing sp? bonded
carbon and the D band representing defects in the CNT structure.l® Samples were
considered to be high quality forests if the G/D was in the range of 6-8. Following Raman
analysis, cross-sectional SEM images of the CNT forests were used to verify vertical
alignment and provide a rough estimate of tube density. An example spectrum and SEM
image are both shown in Figure 5.4.1 part b. As a final method to monitor tube quality,
forests were then dispersed in EtOH and imaged using TEM. Along with verification of the
tube structure, TEM analysis makes it possible to record the tube diameter distribution
which is a good indicator of the catalyst deposition thickness. A representative distribution

as well as a sample TEM image is shown in Figure 5.4.1 part a.
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Figure 5.4.1 CNT device characterization. Characterization of representative devices at different
steps in the fabrication process. a) TEM analysis of CNT tube diameter which is directly influenced
by catalyst deposition thickness. b) SEM and Raman analysis show successful growth of a vertically
aligned CNT forest. c) SEM images show successful infiltration of SiN between tubes as well as the
formation of an excess layer on top. d) Cross-sectional SEM image following the drilling of a pore
using FIB show that only a few tubes are activated. e) SEM images following RIE etching on the side

with the excess layer of SiN showing the exposed tips of the CNTs. SEM images courtesy of Shirui
Guo.

Following infiltration of the CNT forest with SiN using LPCVD, a random sampling of
devices were broken in half and a cross-section SEM image was taken. Using this method it
is possible to make a rough visual observation of how complete the gaps between the tubes
were filled in (see Figure 5.4.1 part c). In all cases, the formation of a solid SiN layer was

observed on top of the CNTs that was about 900 nm thick. SEM images following RIE (Figure
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5.4.1 part e) show that when only a few hundred nm of the layer is removed, tubes can be
seen protruding through suggesting the forest extends into the solid SiN layer. We believe
this layer is instrumental is sealing transport across the membrane and only after excessive
etching can some gaps be seen. Finally, Figure 5.4.1 part d shows cross-section images
following the FIB drilling of a pore in the SiN layer supporting the CNTs. To get these images,
the FIB pore was first drilled, then a larger area of material was milled away until a cross-
section of the pore was visible. It can be clearly seen in the image, that not only is a well
defined FIB pore successfully created in the SiN, but that it is also in contact the CNT forest
on the other side.

In order to test for the presence of leaks in our system, we also subjected our device
to several electrochemical control tests. We did this by measuring the current across the
CNT/SiN membrane in various states of fabrication. Testing was first done in devices which
had yet to undergo KOH etching and were therefore several hundreds of microns thick
(consisting of Si). Occasional leaks were observed during this step that we were able to
mostly remove though cleaning of the PDMS cell surface to ensure a tight seal was formed at
the SiN interface. We believe this step is especially important since it is has been previously
shown that small channels in PDMS interfaces can form and even show stochastic blocking
behavior.170 The next control test was done following the KOH etching step, which results in
a free standing SiN support in contact with a SiN/CNT composite. This was to check for any
possible cracks in the SiN membrane caused by the stress of KOH etching and failed devices
at this stage were rare. Finally, currents were measured following the FIB drilling of a small
pore in the SiN membrane. Large currents here would indicate a possible leak through the

CNT/SiN matrix and were also found to be rare. In all cases, if currentsat 1 Vin 1 M KCl were
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observed to be above 100 pA, a device was considered to have failed the control test. Devices
which successfully passed all of these steps were then opened on the CNT side using RIE and
retested. Successful devices showed an ionic current only after this final fabrication step.
As additional proof of interior CNT conductance, translocating particles were used.
Based on the idea of the coulter counter, the addition of particles with known diameter to
one side of the CNT allowed them to be driven through with an applied voltage. Single
amplitude blockade events indicate the conductance of only one channel and give some
information on its size. If multiple blockades are seen, or no blockades are present, it is
evidence that the channel is not working as intended. Using this technique, we were
successfully able to observe single amplitude blockades after the addition of PEG in many of
our devices. Example current traces of these PEG events are shown in Figure 5.4.2. Itis also
worth noting that PEG is an uncharged molecule indicating the presence of significant
electroosmotic flow. Further evidence of this type of current will be given later in this

chapter. Further characterization of these translocation events is planned in future work.
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Figure 5.4.2 Translocation through a CNT. (left) Structure and size of a 10.5 kD PEG molecule and
(right) current traces showing particle translocation through a CNT channel where single level
blockades can be seen.
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5.4.2 lonic Transportina CNT

Once the success of our device fabrication had been validated, we turned to the
analysis of conductance through a CNT. We thoroughly investigated the current-voltage
characteristics of our CNT channel as a function of the solution concentration, pH and field
strength. Starting first with the pH, Figure 5.4.3 shows the ionic current recorded across a
range of different pH values. The data clearly show that there does not seem to be a
significant correlation between the magnitude of the current and the pH. More specifically,
as pH decreases the current does not show a strong upward trend. Any patterns we did

observe were inconsistent between devices and the magnitude of variation were incredibly
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Figure 5.4.3 Conductance vs pH. Conductance as a function of pH for three different CNT devices.
Plots (A) and (C) have their conductance values taken from the entire I-V curve while (B) has the slope
over positive and negative voltages calculated separately. In all cases there is very little change in
conductance, especially considering pH is the log of the proton concentration.

small considering that pH is based on the log of the proton concentration. The device in
Figure 5.3.4 part B was unique in that it showed some non-linearity in its I-V curves that
changed as a function of pH, but even still these changes are small given the pH range. This
tells us that in our system, the dominating current is almost certainly not derived from the
transport of protons. This result matches that of some groups in the literature, such as work
from Lindsey’s group, but it is in direct opposition to the work of Strano’s group. It is not

entirely clear where the difference is originating from, but it is worth noting that the CNTs
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used by Strano’s group are significantly longer and have slightly smaller diameters. The
tubes used by Lindsey however, much more closely resemble our own. Itis possible that the
length of a CNT can play a role in determining the dominating charge carrier. Itis also worth
noting that when doing experiments with salt ions, stochastic blocking due to ion
translocation, similar to that reported by Strano’s group, was not observed. This further
suggests that our system is not dominated by proton transport.

Next, we looked at the magnitude of the current resulting from salt ions in solution.
The studies done here used KCl dissolved in deionized water (DI) at concentrations spanning
many orders of magnitude. Since our system consists of both a SiN pore and a CNT in series,
it was important to verify that any observed behavior was dominated by the CNT. To test
this we did our experiments using devices both with and without the CNT forest. The results
are summarized in Figure 5.4.4 for both of these cases. Part A shows that when using a SiN
nanopore between 54 and 105 nm, the results match what is expected for a charged pore.
As previously discussed, when a pore carries a surface charge, one of the expected behaviors
is aleveling off of the conductance as the salt concentration drops. The surface charge is able
to maintain an artificially high salt concentration in the pore and as the bulk concentration
drops, causing the Debye length to increase, an equilibrium is eventually reached. In our
data the beginning of this effect can be seen starting at roughly 10 mM KCI. At 10 mM the
Debye length is roughly 3 nm, which is sufficient to impact conductance. When the data from
these devices is fit to equations describing traditional pore transportl’! we were able to
successfully generate surface charge densities expected from SiN as well as diameters that

matched with our SEM analysis. The predictability of these reference devices serves as a
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nice control test as well as allow for a direct comparison against their CNT containing

counterparts.
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Figure 5.4.4 Conductance vs KCl concentration. Plots of the ionic conductance dependence on
concentration. (A) Devices which do not have the CNT forest and consist of a SiN pore alone show
expected linear behavior which levels off at low concentrations. (B) Devices which have CNTs show
anomalous ionic conductance that follows a sub-linear power law with an exponent between 0.18 and
0.26. Insets show a diagram of the devices used in each plot

When devices which have a CNT in series with the SiN pore are tested, the results are
significantly changed. This can be seen by looking at Figure 5.4.4 part B which shows a
summary of the CNT data. There appear to be two profound behaviors due to CNT transport
phenomena. The first is a very large overall magnitude of the current and the second is a
unique power law dependence of conductance on KCl concentration. The measured
conductance, above 100 nS at 1 M KCl, is many orders of magnitude above what would be
expected from a classical pore that is of a similar shape and size. For reference a classical
uncharged nanopore with a diameter of 3 nm and a length of 10 um would have a
conductance at 1 M KCI of only 30 pS (ignoring entrance resistance). Comparing these two
values gives our system an enhancement factor of roughly three orders of magnitude. This

huge conductance is in line with other literature as well as with most simulation work. It is
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worth noting however, that there is a huge spread in the reported CNT enhancement factor
and it remains a mystery as to why it is so large.

The second clear difference over the SiN control device is the power law dependence
of the conductance. Rather than the linear relationship that levels off at low KCl seen in the
control case we observe a power law dependence, with an exponent between 0.18 and 0.26,
that is consistent over a huge range of KCl concentrations. Tests were done at concentrations
down to 10 uM and the power law dependence was clear down to around 100 uM. We
believe that as the KCI concentration reaches extremely low values, the behavioral effects of
the SiN pore will dominate, which may be happening at the 10 uM data point. This power
law dependence again only matches a small subset of the current published literature in the
field. Lindsey’s group is the only other to report this type of unique power law behavior. It
is not yet known for certain where these unique phenomena originate, but the leading idea

is based on the high electroosmotic flow predicted in CNTs.

5.4.3 Evidence of Electroosmotic Flow

Published work, both based on simulations and experimental data, attribute many of
the unique characteristics seen in CNTs to having very large elctroosmotic flow. This is
generally said to originate from the smooth graphitic surface which creates a very long slip
length combined with the presence of some surface charge. Direct experimental
confirmation of this has been somewhat difficult and lacking as it can be hard to decouple
the different types of possible transport. Some experiments have attempted to measure the
electroosmotic velocity, but the reported values show huge variability.22 Additionally, it is

not clear where a strong surface charge on the pore wall could originate. It is worth noting
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that the ends of a CNT have carboxyl groups which result in a negative charge. The
magnitude and location of charges sufficient to produce strong electroosmotic flow in most
simulation work however, goes well beyond what could be provide by the CNT ends. Due to
these concerns, the explanation and magnitude of electroosmotic current in CNTs is still up
for some debate.

The unique geometry of our platform allows for verification of electroosmotic flow.
Because our system consists of two pores in parallel, it gives us a way to observe the
electroosmotic effects of one channel induced on the other. From Figure 5.4.4 it can be seen
that the devices with CNTs in series with a FIB pore have conductance values that are often
larger than the reference devices with only FIB pores of the same diameter. Interestingly,
this seems to be in direct contradiction with the standard resistance in series method for
calculating the system conductance. This unexpected result can be explained by the
presence of electroosmotic flow through CNTs that is much larger than that of a regular FIB
pore. Solving the full PNPS equations for two pores that are connected in series shows that
the electroosmotic flow of one induces electroosmotic flow in the other to produce an overall
averaging effect. This means that the CNT induces a large electroosmotic current in the FIB
pore, making it possible to achieve currents higher then with the FIB pore alone.

To validate these claims, we have performed continuum calculations and quantified
ionic conductance for a setup similar to our experimental device. A single 30 nm FIB pore
was compared to a FIB pore of the same size in parallel with a 4 nm diameter 1 pum long CNT
with a surface charge of 1 electron charge per nm2. The ionic current at -1 V was calculated
using a slip length of both 0 and 100 nm and is shown in Figure 5.4.5. It can be seen that in

the no slip case, the FIB/CNT pore combination has a much lower conductance than the FIB
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pore alone. In the presence of a large slip length, however, the FIB/CNT pore is able to
maintain a conductance that is actually larger than the FIB pore alone. This helps to validate
the large conductance values observed in our system and show that their mostly likely origin

is due to large electroosmotic current in CNTs. We hope, in future work to arrive at a more
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Figure 5.4.5 Electroosmotic flow. Comparison of ionic currents predicted at -1 V for a system with
a SiN pore, a CNT channel and a CNT-SiN in series pore. The CNT has a diameter of 4 nm and a surface
charge of 1 electron per nm? and is shown with and without slip. The SiN pore has a diameter of 30
nm and a length of 280 nm. Predictions are shown using both a full PNPS simulation as well as a
traditional resistor in series model.

quantitative comparison through more accurately comparing our systems. It should be
noted that the continuum model used here predicts some rectification in a plot of I-V which
is not generally seen in our system. The data presented is taken for the most conductive
voltage polarity to emphasize the impact of electroosmotic flow but further work is still
needed to find the source of this discrepancy. Like most other simulations done, this model
also leaves lingering questions related to the origin of such a strong surface charge on the
CNT walls, which is a question we hope to address in the next section through MD

simulations of ions in a CNT.
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5.4.4 Simulation Suggests Origin of Electroosmotic Flow

In order to obtain some information on the origin of electroosmotic flow in CNTs, first
principle and classical MD simulations were performed. More specifically, we looked at the
structure that was induced when salt ions dissolved in water were placed inside a CNT. A
1.4 nm diameter single walled CNT was filled with a solution representing 1 M KCI and the
resulting radial distribution of the molecules were computed. The radial distributions as
well as molecular snapshots are shown in Figure 5.4.6. It was found that both K* and Cl- ions
tended to remain close to the carbon surface but the potassium ion was notably closer. The
radial density distribution of the potassium ions was very narrow and indicates a strong
interaction with the CNT wall. Additionally it suggests that the K* cation may be desolvated.
As a result of this attraction, the MD simulations show the formation of localized negative

polarization charges on the carbon atoms located near a K* ion.
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Figure 5.4.6 MD simulations of KCl in a CNT. First principle and classical MD simulations of KCI
solution inside a 1.4 nm CNT. Images in the top row are snapshots of MD trajectories with Cl- (light
blue), K+ (violet), oxygen (red) and hydrogen (white) ions along with negative and positive
polarization charges in yellow and blue respectively. The bottom row shows radial distribution
functions for oxygen, K+ and Cl- molecules using, from left to right, classical MD and non-polarizable
fields, classical MD with polarizable force fields, classical MD with polarizable fields and cation-t
interactions and first principle MD simulations. Image courtesy of Anh Pham.
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To study this effect further, simulations were carried out using different classical MD
simulations to see if the effect was still present. It was found that in order to correctly
capture this unique cation behavior, both polarization and cation-m effects were needed.
This indicates that ion-carbon based interactions cannot be left out of future CNT related
simulations. Additionally, some initial calculations were done using NaCl. It was found that
sodium ions did not exhibit this unique behavior, with the Na+ ion actually farther away from
the carbon wall than the Cl-. In future work we hope to verify this claim experimentally by
running tests with different salts.

We believe that these observations might shed some light of the origin of surface
charges present on seemingly uncharged graphitic walls. The unique structural behavior of
K* cations seems to induce a type of surface charge on the CNT walls resulting from charge
polarization. This charge imbalance could then, in part or in whole, be the source of the
missing charge in CNT simulations. If so, it could help explain the huge magnitude of
electroosmotic current observed in CNTs. Importantly, more simulation work needs to be
done in order to bridge the gap between ion structure inside the tube and measurable ionic
currents. It would also be particularly interesting to compare the conductance of CNTs using
both NaCl and KCl. Future work planned on this topic will include such experiments and
hopefully provide an explanation to the long running questions regarding large CNT

conductance.

5.4.5 Interpretations of a Work in Progress
The work presented in this chapter is part of an ongoing project and as such the

results should be interpreted accordingly. Every effort has been made to accurately and
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consistently report the data. The nature of single CNT experiments, however, results in a
large amount of experimental complexity and inconsistency. As we continue to fabricate and
test devices we will thoroughly compare behaviors with those seen in previous devices to
both verify the claims in this work and continue to further our understanding of CNT

nanofluidic phenomena.

5.5 Conclusion

To summarize, we have presented a novel platform which can isolate a single or a few
CNT channel(s) for analysis. By growing a vertical CNT forest on a SiN membrane, we have
the capability to activate single CNT nanochannels using FIB nano-milling technology. This
fabrication method is ideal because the large CNT membrane fabrication technique side
steps the need to position or otherwise manipulate single CNTs which is a requirement in
most other systems. Additionally, it allows for the opening of anywhere from a single, to
billions of tubes within the same device by simply increasing the SiN membrane opening
size. Following the fabrication of our device, we first subject it to many control tests to
ensure the absence of leaks and that transport is through a CNT interior. We then work to
help elucidate some of the long standing questions regarding CNT transport and aim to
reduce the inconsistencies seen in the literature.

We first demonstrate a distinct lack of pH response when measuring pore
conductance, suggesting that protons do not supply the current. We then show a summary
of data using KCI solutions that suggest our CNTs have both a very large conductance and a
power law dependence on salt concentration, in line with some reported literature. Next we

are able to demonstrate a unique type of evidence in support of electroosmotic flow through
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CNTs, resulting from the FIB and CNT channels being in parallel. Finally we perform
simulation work that provides a possible explanation for the large electroosmotic flow
needed to explain the behavior in this chapter. Despite agreement that electroosmosis is
involved with CNT phenomena, the question of where the needed surface charge originates
has remained. Our modeling shows that unique ion behavior under confinement may result
in a type of effective charge on the CNT wall.

Despite the work done in this chapter, the project is still incomplete and remains
ongoing. Several questions remain regarding topics such as the effect of length on transport
modes, the apparent difference between CNT membranes and individual CNT channels, the
relationship between salts used and conductance measured and the physics governing the
translocation of large molecules such as DNA. We believe our platform allows for the
necessary experiments to be performed and in future work we plan to test many of these
questions.

The amazing phenomena observed in CNTs makes them great candidates for many
types of high performance devices such as miniaturized ultrasensitive detection systems,
separation systems and energy storage based nanomaterials. The development of
technologies such as these, however, is dependent on a successful understanding of how and
why CNTs behave the way that they do. Studies such as the one presented here are essential
to testing these core concepts and much work is still needed. As the CNT community is able
to identify the source of the wide variability in the literature and agree on the physics behind

CNT behavior, many new types of exciting technologies have the potential to be unlocked.
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Chapter 6: The Future of Nanopore Research

Over the course of this thesis we examined the fundamental properties present in a
variety of different types of nanochannels. Starting with the study of biological pores found
in nature, we moved on to produce synthetic analogs and study their unique behaviors.
Researchers have developed many different materials and methods which can produce
synthetic nanopores, of which a few are used here. In all cases, there remains a gap in our
understanding of what governs nanopore behavior, which is the focus of many scientists
around the world, including those involved with this thesis.

In Chapter 3, the physical principles governing transport characteristics through a-
hemolysin were studied. It was found that we could successfully model many elements of
the transport and as a result predict ways to interact with it. We also demonstrated an ability
to modify DNA strands to influence their transport speed. This is important because these
bacterial pores have shown great promise for many technologies, most notably DNA
sequencing. The ability to read DNA with incredible speed and portability are very
appealing. Through this technology, the future holds a world where every person can quickly
and easily acquire his or her entire genome, exposing huge amounts of useful health related
information. Knowing a patients genetic predispositions can improve the ability of medical
professionals to make correct decisions.172173 Further, through the addition of other natural
proteins found in nature, nanopores could potentially allow for alterations to the molecules
they probe such as substituting one gene for another. In order for any of this to be possible
however, we must continue to study and unwrap the remaining mysteries surrounding

biological nanopores.
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In Chapter 4, a type of synthetic nanopore was fabricated providing the foundation
for additional pore modifications. Using PET films subjected to the track etching technique,
simple conical pores were made with tip diameters on the true nanoscale. The structure of
these pores is simple enough that a clear model for transport can be developed. With that in
hand, we can then use a bottom up approach to increase the complexity of the pore and
influence its behavior. It was shown that through the addition of DNA molecules attached to
the pore walls, a nanopore gate was fabricated. The synthetic gate designed was able to
respond to multiple stimuli as well as show complete sterically induced closure, bringing us
one step closer to truly mimicking biological gates. Advanced man-made nanopore gates
promise to have applications in drug delivery systems and biosensor applications as well as
teach us how natural gates work.21.174 The road to synthetic gating systems that truly match
their natural counterparts is still long however, the rate at which ground is being covered
continues to increase.

Finally, in Chapter 5, a third and unique type of pore was examined. Single and double
walled carbon nanotubes were grown and individually activated to study the transport
properties through their interiors. CNTs are a very unique type of nanochannel which have
demonstrated amazing characteristics such as transport orders of magnitude beyond similar
pores. These properties make them instrumental to advances in technologies such as
filtration systems, bio-secure fabrics, and energy storage. Despite the immense potential
much is still not known about the physics involved with their behavior. Reports in the
literature include a wide range of enhancement factors as well as explanations for the
existence of enhanced flow in the first place. The platform presented here allowes for the

study of this enhanced flow and it gives some insights into its source. As further work
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continues to elucidate on the physics of carbon nanotube transport, it is very likely that they
will be the source of many amazing new technologies to come.

The world of nanopore science is currently a very exciting place. The last 20 years
have seen an explosion in the amount of nanopore related research being done. The result
is a wealth of new information regarding their behaviors and the creation of many new
nanopore based technologies. As the fundamentals continue to be ironed out, additional
progress will become ever easier. For this reason, the future of nanopore science holds

enormous potential.
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