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Abstract

This thesis presents a novel idea for a device for single-molecule DNA sequencing. The device con-
sists of a nanometer scale water channel embedded in glass, with an array of evenly spaced nanoelectrodes
running at a 90 degree angle with the channel and terminating on both sides of it. These nanoelectrodes
permit an electric characterization of the DNA, differentiating between the bases on the basis of their per-
manent dipoles. The contribution of the DNA’s charged backbone is easily eliminated by clever choice of
applied signal and signal processing.

Whereas traditional DNA sequencing methods rely on costly chemical reactions and unscalable
machinery, the device only uses DNA and water and allows system-on-a~chip identification. Our theoretical
analysis, supported by finite element data, shows that it surpasses the capabilities of all other non-traditional
DNA sequencing technologies: We show that a feasibly manufacturable device should be able to classify
with approximately 2~19 base accuracy a DNA molecule of arbitrarily long length comprised of two con-
catenated strands of a single base type.

We also discuss the manufacturing process, the tolerance in the various physical design parameters
and their effects on performance. As current molecular dynamics technology is insufficient to accurately
capture all the intricacies of the system, we present sufficient information for a full molecular dynamics sim-

ulation to be implemented in future work.
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1 Introduction

1.1 DNA

Deoxyribonucleic acid, commonly called DNA, is a polymer consisting of nucleotides; nucleotide
is an umbrella term for the three components of the monomers in DNA. An individual nucleotide consists

of a phosphate group, a sugar (deoxyribose) and a nitrogen base. Single-stranded DNA, or ssDNA, is a poly-
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Figure 1-1. Single-stranded DNA (ssDNA) [1].



mer consisting of nucleotide monomers joined by bonds between adjacent sugar and phosphate groups as

shown in Figure 1-1.

For a geneticist, the elements of interest in DNA are the nitrogen bases, of which there are four dif-
ferent types: thymine, adenine, cytosine, and guanine, typically labeled ‘T,” ‘A, °C,” and ‘G’ respectively.
All of the genetic information in a strand of DNA is encoded in these bases; the nucleotide’s remaining com-

ponents are only relevant structurally.

It is possible for two complete single-stranded molecules to hydrogen bond at every base-pair to
form a double-stranded molecule (called dsDNA); this process is termed hybridization. For this to occur two

requirements need to be met:
1. The two ssDNA molecules need to be of opposite “orientation” (described below)

2. The two ssDNA molecules need to have the appropriate “base-pairs” at every position
(described below)
In ssDNA one end is necessarily terminated with a

phosphate group (called the 5° end), and the other a sugar

Purine Pyrimidine

i
5 end
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(called the 3° end). This determines a strand’s orientation:

either 5°-3’ or 3°-5.
There are two separate categories of bases (see
Figure 1-2): purines, cytosine and thymine, and pyrimidines,

guanine and adenine. As shown, cytosine can form three

Figure 1-2. Double-stranded DNA (dsDNA);
dsDNA consists of two hydrogen-bonded

ssDNA molecules [2]. hydrogen bonds with guanine and thymine can form two

hydrogen bonds with adenine; as a result, “cytosine and guanine” and “thymine and adenine” are called
base-pairs (abbreviated “bp”).

Complete hybridization requires both condition #1 and #2 described above to be met, but incom-

plete hybridization is still possible if there exists only a small percentage of inappropriate base pairs. If two



ssDNA molecules are capable of complete hybridization they are called “complimentary” (note that a given

ssDNA molecule has exactly one “complimentary”).

1.2 History of DNA Sequencing

Frederick Sanger is accredited with the first successful technique for rapid DNA sequencing in

19781, 1t is as follows (note DNA can trivially be copied nucleotide-by-nucleotide):

1.

Make a multitude of copies of a strand of DNA (for reasons not discussed here, these
are made of “dummy” nucleotides called ANTP (deoxyribonucleic triphosphate), i.e.

dATP, dTTP, dGTP and dCTP).
Divide these copies into four pools of approximately equal size.

In addition to the dNTP, add a different ddNTP (dideoxyribonucleic triphosphate) to
every pool (one gets ddATP, one gets ddTTP, one gets ddGTP and one gets ddCTP).
These are similar to the INTPs, except that

a) Copying (done nucleotide by nucleotide) stops immediately upon adding a ddNTP

b) ddNTPs are easily detectable in X-ray machines
Separate the copies in each pool by size (easily accomplished by gel electrophoresis)

Apply traditional X-ray technology to view the results. Assuming that sufficient cop-
ies were made, the sequence can be trivially read off. For 5’-GATTACA-3’

a) The “ddATP” pool should have a 2-long, a 5-long and a 7-long strand

b) The “ddTTP” pool should have a 3-long and 4-long strand

¢) The “ddGTP” pool should have a 1-long strand

d) The “ddCTP” pool should have a 6-long strand

1. For more information on this and the other topics in this section, piease refer to references [3] and [4].

3



Sanger’s technique is extremely accurate but exceedingly slow: to do a million bases typically takes

more than a year whereas DNA is usually many millions to billions of bases long.

In 1986 Leroy Hood responded to this by developing a technology that allows replacement of the
ddNTPs by 4 different electronically detectable fluorescent dyes. This so called system of “color coding”
eliminates the need for four separate pools as well as arduous hand analysis of X-ray data, making it over

four times as fast as Sanger’s technique. Hood’s developments made electrophoresis the slowest step.

In 1991 Craig Venter developed “shotgunning,” a process consisting of mechanically chopping up
a strand of DNA, taking the pieces and running them in parallel, and then statistically re-assembling the
original. Although initially dismissed as inaccurate, Venter’s technique has proven as accurate as its prede-

cessors, with a vast improvement in speed, as the speed of electrophoresis is limited by the longest piece of

DNA present.

Finally in 1999 machines capable of electrophoresis became available, enabling fully automated
DNA processing. The technology was called “capillary array electrophoresis,” referring to the large arrays
of tiny capillaries included to accommodate shotgunning. As of this writing this is the present state-of-the-
art technology. Interestingly, even 25 years later this technology is rooted in Sanger’s work. To date nobody

has managed to sequence a strand of DNA without making copies and doing size-based separation.

1.3 Nanopores
Sequencing DNA is inherently difficult because of the extremely small size of DNA bases (12-15

atoms). The DNA bases and a scale are illustrated in Figure 1-3. To determine what a given base is, it is
necessary to interact with it individually, requiring a detector of similar size. Traditional technology avoids
this problem by repeated copying, chemically generating a multitude of labeled polymers for every base
present; determining the presence or absence of a big group of polymers is trivial compared to determining

what a single molecule is. Recent developments in nanotechnology with biological nanopores, silicon nan-
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Figure 1-3. DNA bases to scale [5].
opores, and nanochannels have attempted to address the issue of single-molecule sequencing (i.e. without

copies); cartoons describing these developments, as well as our concept of an nanoelectrode-lined

nanochannel (NLN) are shown in Figure 1-4.

1.3.1 o-hemolysin nanopores

In 1996, John J. Kasianowicz (Harvard) [6] discovered that measurements of the general length of
individual DNA strands were possible by passing DNA through o-hemolysin, a transmembrane protein that
self-assembles in a lipid bilayer (see cross-section in Figure 1-5). o-hemolysin forms a channel with a lim-
iting inner diameter of approximately 1.5nm [7], a value extremely close to the diameter of ssDNA or RNA

(but too small for dsDNA) [8].

Kasianowicz did as follows:

1. Built a chamber and divided it in half with a lipid bilayer membrane



Figure 1-4. Cartoons of experimental setup for a) oi-hemolysin nanopore, b) silicon nanopore, ¢) nanochannel, and d)
our proposed design, the nanoelectrode-lined nanochannel. For a more complete illustration of how these are
connected to an experimental apparatus, see [10]. Of interest is the entropy difference between parts of the DNA on
different sides of the nanopores (a, b). The nanochannel (c¢) puts all parts of the DNA at approximately equal entropy.
The nanoelectrode-lined nanochannel (d) is able to further reduce the entropy by stretching the DNA; the others are
incapable of this since their sensing methods is intimately coupled to their control (positioning) method.

m

N Lysine/Glutamate
Ring-
Limiting Aperture

Figure 1-5. a-hemolysin cross-section [8): the side on the left is cis-; the side on the right is frans-.
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2. Allowed o-hemolysin to self-assemble in the membrane, but then stopped the process
as soon as one finished, thus obtaining two reservoirs connected by a single nanopore

(called cis- and trans-, a reference to the orientation of the nanopore; see Figure 1-5)
3. Added KCl to the cis~ and trans- reservoirs
4. Added ssDNA to the cis- reservoir
5. Put a negative electrode on the cis- side and a positive electrode in the trans- side

6. Applied a voltage and measured the current by means of a patch clamp amplifier.

In the following discussion, please refer to Figure 1-6.

The electric field naturally causes the K*CI™ ions to pass from one side to the other (1-6A, top). The
phosphate group in DNA has an excess electron, and as a result it as well moves in an applied electric field

(this is the basis of electrophoresis). Thus in this setup it is eventually forced to pass through the nanopore

- Channel ¥
| Insertion +DNA

Figure 1-6. The concept behind the nanopore sequencing system (not actual data) [9].

a) (top) A differential voltage applied between electrodes on either side of the nanopore (not pictured) force K*Cr
ions to pass through the nanopore, resulting in a measurable current.

a) (bottom) The electric field between the electrodes also forces DNA molecules to pass through (translocate).

b) When an ssDNA molecule translocates, the K'CI™ current is impeded because it occupies some of the cross-
sectional area the ions were passing through,; this is shown in this current versus time graph. The bottom graph is a
zoomed-in view of the top one.

¢) The amount of current falloff depends on the blockage present in the nanopore; if single base precision could be
achieved, the DNA could be sequenced by reading off the different of current blockage levels.
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