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ABSTRACT

Single molecule DNA Sequencing technology has been a hot research topic in the
recent decades because it holds the promise to sequence a human genome in a fast and
affordable way, which will eventually make personalized medicine possible.

Single molecule differentiation and DNA translocation control are the two main
challenges in all single molecule DNA sequencing methods. In this thesis, | will first
introduce DNA sequencing technology development and its application, and then explain
the performance and limitation of prior art in detail. Following that, 1 will show a single
molecule DNA base differentiation result obtained in recognition tunneling experiments.
Furthermore, | will explain the assembly of a nanofluidic platform for single strand DNA
translocation, which holds the promised to be integrated into a single molecule DNA
sequencing instrument for DNA translocation control.

Taken together, my dissertation research demonstrated the potential of using
recognition tunneling techniques to serve as a general readout system for single molecule

DNA sequencing application.



DEDICATION
This thesis is dedicated, first of all, to my parents for raising me up and for their
tremendous help in my education. Without their support and advice, |1 would not go this
far to pursue my dream, which is to use the scientific knowledge | have learnt to make
this world more beautiful.
Secondly, to my dear wife Qianru Gao for her generous support, valuable advice

and unconditional love.



ACKNOWLEDGMENTS

I want to express my sincere thanks to all the people who helped me during my
PhD residency. The first is Prof. Stuart Lindsay. Because he truly gave me the
opportunity to be involved in a real-world cutting-edge scientific research project, and he
lets me contribute my efforts to solve problems or try to answer them. He tolerated my
crazy ideas, and was kind enough to give me invaluable advice about how to get out of
my bad experiment desert and seek my professional oasis. He contributed all of his
wisdom and strength to his scientific career, education and business management. His
persistent efforts and selfless devotion for the prosperity of his ideas, knowledge and the
lab left me a warm and lifetime-lasting impression. | truly and deeply appreciate what he
did to educate, help and inspire me, and | sincerely admire his engineering skills,
leadership charisma and his dedication. Secondly Prof. Peiming Zhang with his expertise
in organic synthesis, surface chemistry and omics research, he helped me tirelessly to
refine my experimental procedure and project goal. Thirdly, Prof. Hao Yan and Prof.
Marcia Levitus with their outstanding and inspiring coursework, they provided me the
technical expertise and extensive research advice. Moreover, Prof. Jin He, Dr. Brett
Gyarfas, Dr. Brian Ashcroft, Dr. Pei Pang, Dr. Shuai Chang, Dr. Di Cao, Dr. Feng Liang,
Dr. Shuo Huang, Dr. Qiang Fu, Dr. Ashylei Kibel, Dr. Parminder Kaur and my
colleagues in the lab Yanan Zhao, Weisi Song, Suman Sen, Padmini Krishnakumar, they
all helped me a lot with my experiments and my PhD life. | am so grateful that | have so
many talented, helpful and dedicated people around me in these five years of memorable

time.



The projects in my PhD work were funded by the DNA sequencing technology

program of the National Human Genome Research Institute.



TABLE OF CONTENTS

Page
LIST OF TABLES . .....c oottt eb e e sab e e e sab e e st ee e sabe e e sabe e eanees iX
LIST OF FIGURES ...ttt saa e s s be e e sabe e s sabeennneas X

CHAPTER1 BRIEF OVERVIEW OF DNA SEQUENCING: TECHNOLOGY AND

APPLICATION ..t 1
1.1 Introduction Of DNA SEQUENCING.......coeireirieieirieeseseeesieeste e e sresesseseesesseseeseseenennes 1
1.1.1 Early Genome Sequencing Technology HiStory..........cccocevviveviveveiieecnennn, 3
1.1.2 The $1,000 Genome COMPELItION........c.ccevierieieieirie e 4
1.1.3 High-throughput DNA SEQUENCING .....ccveriieiiiierieeie e see s se e 5
1.1.4 ISFET DNA SEQUENCING.....ceeiieiieitreiesiesieeitesseesteeeesseesseassesseesseesesseessesnsenns 9
1.1.5 Single Molecule DNA SEQUENCING .......cceiiereeieiiesieerie e seeee e e sie e e 11
1.2 Application of DNA SEQUENCING........ccuriririreririerieeseisesee e siesesreseesessesesseseesesseseesens 13
1.2.1 Personalized MEdICINe ...........coiiiiiiiiieiee e 13
1.2.2 Better Understanding of Our Neighbors and Ourselves..............c.ccocoovrinnns 14
1.2.3 Better and Safer FOOU ... 15
1.2.4 Data STOTAQE.....cviiureriieiieeesiee sttt et n e 15
CHAPTER 2 STM RECOGNITION TUNNELING EXPERIMENTS........cccooiiiiinens 16
2.1  Introduction of STM Recognition Tunneling DNA Sequencing Technique.............. 16
2.2 Recognition Molecule OptiMIZation ..........ccocoieiirniinnie e 19
2.3 Explanation of Recognition Tunneling Base Differentiation Mechanism................. 20
2.4 Self-assembled Monolayer (SAM) ChemisStry.........ccccoveirneiiineineecseee e 22



2.5

2.6

2.7

2.8

2.9

Page

2.4.1 Monolayer Growth MechaniSm ..........cccooeeiiiiininie e 22
2.4.2 Choosing A Better Metal ..........ccoovoiiiiiiiiieee e 23
2.4.3 SAM Preparation Experimental Method .............ccccooeiiiiinnniii e 26
Self-Assembled Monolayer CharaCterization ............cccoceveerennieneinence s 26
2.5.1 KPS ettt nar et e 26
2.5.2 FTIR ettt bbb 28
2.5.3 EHIPSOMELIY ... et 30
2.5.4 COoNtACT ANQGIE ... 30
2.5.5 STM Surface Scanning IMage ........cccovveiiriieiiiiiee e 31
Fabrication OF STIM TIPS, ..o 32
STM Recognition Tunneling EXPEriments .........cccoeverreneienernesieiese e 33
2.7.1 Recognition Tunneling Experimental Method.............ccccooceiiiiiiiie e, 33

2.7.2 Time Traces of DNA Nucleoside Monophosphates Recognition

TUNNEIING SIGNAIS ... 34
2.7.3 SVM Analysis of Tunneling Signals .........c.cccevviiiiieie e 35
2.7.4 Recognition Tunneling Signals for Monosaccharide Molecules................. 36
Conclusions of STM Recognition Tunneling EXperiments..........cccccveeveevereseseennnns 40

Future Work: Building Recognition Tunneling Based Single Molecule DNA

Sequencing NanOPOre DEVICE ......ccooeivierieiieise et 40

CHAPTER 3 TRANSLOCATION OF SINGLE-STRAND DNA [IN CARBON

NANOTUBES e 43



3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

Page

Why using a carbon nanotube for DNA translocation?...........cccceeveeveinenennienenen, 43
Growth Of Ultra-Long Single-Walled Carbon Nanotubes (SWCNTS) ........cccccvveeee. 45
3.2.1 CNT Growth Mechanism and Problem to Be Solved............c.ccccooenininnne. 45
3.2.2  Iron Nanoparticle Method...........ccooiiiiiniini e 46
3.2.3 Ferritin-based SWCNT CVD Growth Method...........ccccceveiiiiiiiininie, 49
PDMS NanO-FIUIdIC DEVICE.........c.ciiieiirieiiisieeee e 51
3.3.1 Fabrication of DNA Translocation Chips (My colleagues’ work) ............... 51
3.3.2 Fabrication of PDMS Stamp .......cociiiiiriiiiesiecee e 53
Design of Single-Strand DNA and PCR PrIMErS.......cccoceveirenrienenne e 54
Proof of DNA Translocation by lonic Current Measurement...........ccccoceveverveinennen, 55
3.5.1 DNA Translocation EXperiment SEtUP ......cccoovereriiiiniiniesee e 55
3.5.2 Translocation Signal of Single-Strand DNA ...........ccoco i, 56
Proof of DNA Translocation by Polymerase Chain Reaction(PCR) ..........cccccceveueaee. 57
3.6.1 PCR Experiments and the ReSUILS ...........ccccueiieiiiiiiicie e 57
3.6.2 Quantitation of Translocated DNA Molecules Using g-PCR.............c......... 58
Conclusions of DNA Translocation in Carbon Nanotubes.............cccccovrniccceene, 61
FULUIE WOTK ..o 61

3.8.1 End Modification of CNT and CNT-based DNA Sequencing Device
FaDFICALION ..ot ettt 61

3.8.2 Using Graphene for DNA SEQUENCING ......ccveiveiuieiieiie ittt 62

vii



Page

CHAPTER 4 BEYOND SEQUENCING: THE MARRIAGE OF
BIOCHEMISTRYAND SEMICONDUCTOR INDUSTRY FOR FUTURE
BIOMEDICAL DEVICES .......coiiice e 65

REFERENGCES ... 66

viii



Table

LIST OF TABLES

Page
AU/Pt/Pd Physical Properties COMPAriSON..........ccceieerierernieieseesieeie e sieeeeseeas 23
Pt/Pd Grain Size Measured DY STM ..o 25
Time Course Ellipsometry Analysis of SAM Thickness..........ccccoovevieiiicinnenne. 30
Time Course Contact ANgle ANAIYSIS.......cccoiiiiiiierieiiesiere e 30
SVM Analysis Result for dA/dT/dC/dG/dmC Differentiation..............cccceuveneen. 36
SVM Analysis Result for Glucose and Galactose Differentiation........................ 39
SVM Analysis Result for Ribose and Deoxyribose Differentiation..................... 39
SVM Analysis Result for Glucose, Ribose and Deoxyribose Differentiation...... 39
Quantification Results of Translocated sSSDNA Molecules...........cccceeeevveennnnnne, 60



Figure

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

LIST OF FIGURES

Page
DNA Chemical StrUCLUTE. ... 2
454 GS FLX Sequencer WOTKFIOW? ...........cc.ouieeeeeeeeeeeeeseeseeessessees s ssesseeneenes 5
PYrosequencing ChEMISIIY .........oo.iuivieeeeeeeeee et 6
Illumina Sequencing Chemistry and WOrkflow® ..............o.cocoevveeeenieeseseeeeen, 8
ISFET DNA Sequencing Chemistry >...........coovveeeieeereeeeeeeseeseeseseesseeseeseeneone. 10
Pacific Biosciences Real-time Single Molecule DNA Sequencing Illustration?.. 12
STM Recognition Tunneling Experiment HUStration ...........cccocceveveninieninnnnnn, 17
Recognition Molecule Form Different Hydrogen Bonding Structures® ............... 18
Recognition Tunneling for Oligomers @ ... 18
Examples of Recognition Molecule Chemical Structure Optimization................ 19
An Empirical Explanation of Recognition Tunneling Mechanism?®..................... 21
Scheme of the Self-assembled Monolayer Growth Mechanism® ......................... 23
Surface Functionalized Pd Is Resistant to Etchant ..o, 24
STM Images of Different Metal Surface ...........ccccoccvveieiie i, 25
XPS Spectrum of Imidazole Dithiocarbamate on Au Substrate...........c.cccccveenee.n. 27
XPS Spectrum of Imidazole Dithiocarbamate on Pd Substrate..............cccccuo....... 28
An Imidazole Dithiocarbamate Monolayer FT-IR Spectrum.........c.ccccevevveienen, 29
Comparison of Au Surface without and with SAM Functionalization................. 31
Bare Pd Surface Imaged with an Unfunctionalized Pd Tip in Buffer................... 32
Functionalized Pd Surface Imaged with a Functionalized Pd Tip in Buffer ........ 32
STIM THPS coververereeeeeeeesee s eeeees e eeseesseees e s e s es s es s s et es s ee s ee s e s e seseseer e 33



Figure Page

22

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

. Typical Nucleotides RT Signal (Imidazole dithiocarbamate Reader) .................. 34
Dominant Forms of Various Monosaccharide Molecules in Aqueous Solution’. 37
Typical Ribose and Deoxyribose Recognition Tunneling Signals ....................... 37
Typical Glucose and Galactose Recognition Tunneling Signals.............cccccv.... 38
Typical Glucuronic Acid Recognition Tunneling Signal ..............cccoceeeiieinnnee. 38
Illustration of a Parallel Recognition Tunneling Nanopore Device®.................... 41
CVD CNT Growth MecChaniSm .........cccceieiiiiiiiniieeee e 46
Iron Nanoparticle Synthesis MeChanism ............cccovoeiiiiiiiiiieneseee e 47
AFM Image of Iron Nanoparticles on the Substrate...........cccocvvevinieiieniininnnn, 48
CNTs Grown by Iron Nanoparticle Method ..., 48
Use AFM to Measure CNT Diameter Grown by Iron Nanoparticle Method........ 49
CVD SWCNT Synthesis Using Ferritin-based Method®...........cc.ccccoevvvvirinnnnn. 49
AFM Image of The Surface After Treatment of Ferritin Organic Shell Removal 50
Long and Clean Growth of SWCNTSs Using Ferritin Method................ccccovenene. 51
Ferritin-derived SWCNT on TEM grid. .....ccooveiiiiiiieecc e 51
CNT Before and After Translocation EXperiment..........c.cccovevveveiiieiecreseeennen, 52
Chip Design for CNT Mass Transport EXperiments..........cccocevvvevecieeveeriesnennnnn, 53
Assembled Nanofluidic Device for CNT Mass Transport Experiments .............. 54
Mfold Prediction of Designed SSDNA StruCtUre .........cccecveveerieeieseece e 55
Typical sSSDNA Translocation 10niC CUITeNt ..........ccceeveiieieiiee i 57
sSDNA translocation experiment PCR resultS.........cccccvvveviiiciiece e, 58
60nt sSDNA Real-time Amplification Result.............cccooveiiiiiiiieie e, 59

Xi



Figure Page

44. 60nt SSDNA gPCR Standard CUNVE. ........coeeieiierieiieeeie et 59
45. 60nt ssDNA gPCR Standard Melting Peak Plot (only one peak)...........cccccveueenee. 60
46. Proposed CNT DNA Sequencing SCNemE........ccouuriiererinieeiesie e 62
47. Exfoliated Graphene and Raman SPeCctrum...........ccocverviiriinnenienee e 63
48. CVD Grown Graphene and Raman SPeCtrUM .........cccuervrerieerienienienesee e 63
49. Transfer Graphene t0 PDMS .........ooiiiii e e 64
50. Proposed Graphene DNA Sequencing SChEME .......cccovviieiieiiieenese e 64

xii



CHAPTER 1 BRIEF OVERVIEW OF DNA SEQUENCING: TECHNOLOGY AND
APPLICATION

In this chapter, I will first introduce DNA sequencing and the technology evolution
history. | will then discuss the broad application of DNA sequencing in short, which is
the ultimate motivation of DNA sequencing technology innovation and
commercialization.
1.1 Introduction of DNA Sequencing

DNA (deoxyribonucleic acid) is a macromolecule encoding all the genetic
instructions used in the development, metabolism and reproduction of all known living
organisms and many viruses. Most DNA molecules are double-strand helices. One strand
of such helix consists of long spiral polymers of phosphate deoxyribose backbone and
nucleobases guanine, adenine, thymine and cytosine represented using the letters G, A, T
and C. G and C, or A and T form base pairs through hydrogen bonding. Figure 1 shows
such a chemical structure. The human genome, which is the entirety of the genetic
information stored as DNA sequences in human egg or sperm cell nuclei, consists of

approximately three billion DNA base pairs.*?
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Figure 1. DNA Chemical Structure."

The DNA double helix is stabilized primarily by two forces: hydrogen bonds
between nucleobase pairs and hydrophobic base-stacking interactions among aromatic
nucleobases.™ By increasing the temperature of the DNA solution to a point where 50%
of the base pairs break, the strength of hydrogen bonding interactions of two helices can
be measured. This temperature is the melting temperature, also called T, value. Tp,
depends on the length of the DNA molecule and its specific nucleotide sequence
composition**. Higher melting temperatures are typically associated with higher GC

nucleobases percentage.



For primary B-form double-strand DNA, the diameter is around 2nm, and the
distance between each nucleotide unit is around 0.3nm.* The diameter of a single-strand
DNA is narrower, around 1nm. When a single-strand DNA is stretched, the distance
between the bases could reach as far as 0.7nm."®

Because DNA plays a crucial role in life, methods for manipulating, storing and
reading DNA have been the subject of frequent technology innovation ever since the
discovery of its double-helix structure. The goal of determining the entire DNA sequence
of a human genome was first reached with the essential completion of the Human
Genome Project in 2001.%

1.1.1 Early Genome Sequencing Technology History

The modern history of DNA sequencing technology began in 1977, when Sanger
published the first genome of a bacteriophage with nearly five thousand nucleotides using
Sanger chain-terminating DNA sequencing method.!” The first fully automated DNA
sequencer, developed by Applied Biosystems (founded in Foster City, California in 1987,
now part of Life Technologies), was proved to be a rapid platform for obtaining short
strand DNA sequences with almost 100% accuracy.™

For longer DNA, they must be first divided into smaller fragments for sequencing
by Sanger’s method. Computer programs were then deployed for solving the
reassembling puzzle according to the overlapping region to render the entire sequence.
‘Shotgun’ sequencing method was thus named and was one of the precursor technologies
enabling full human genome sequencing. The first human genome draft was generated by

an improved version of this simple procedure in 2001.%°



Today, the shotgun genome sequencing strategy is still under deployment. Other
sequencing technologies, so called next-generation DNA sequencing technologies, are
invented with the benefit of much higher throughput, longer read length, faster speed and
cheaper chemistry.

1.1.2 The $1,000 Genome Competition

The cost of the Human Genome Project was nearly three billion dollars.** Among
many of the initiatives promoting the development of whole genome sequencing
technologies, the series of ‘$1,000 Genome’ grants introduced by National Human
Genome Research Institute gain the most attention. The grants aim to promote the
development of technologies that will eventually allow a human genome to be sequenced
for $1,000 or less. $1,000 genome shows a strong promise for this once-in-a-lifetime
expenditure to be affordable by an individual.

To achieve this goal, all makers of sequencing instruments are competing
furiously with each other to improve sequencing throughput, read length, read speed and
accuracy. In January 2012, Life Technologies unveiled its benchtop lon Torrent
Sequencing platform and chips, designed to sequence a human genome for just $1,000 in
a matter of hours. The $1,000 estimated cost per genome includes the materials needed
for template preparation, amplification, sequencing itself and the cost of the chips. The
next day, Illumina - the market-leading DNA sequencer manufacturer - said the company
launched its own updated sequencing machine HiSeq2500 capable of reading a human
genome at >30x coverage in 27 hours.”® Genia Technologies is even proclaiming a $100

genome using its nanopore-based NanoTag sequencing technology.?



Foreseeably, the cost of next-generation sequencing will be soon acceptable to the
general public, and the application could be widely adopted as a diagnostic routine in
clinical laboratories.

1.1.3 High-throughput DNA Sequencing

The developments of high-throughput sequencing (or massively parallel
sequencing®) are driven by the high demand for low-cost sequencing. Thousands or
millions of sequences can be generated at once by parallelized sequencing process.
Compared to the traditional Sanger sequencing method, the price has been dramatically
reduced, and the throughput has been increased by several orders of magnitude.® Since its
debut circa 2005, high-throughput DNA sequencing platform has increased its capacity at
a speed higher than the Moore’s Law rate, which states that the number of transistors per
chip will double every two years.”? The latest methods and programs are developed for

sequence assembly, analysis and interpretation because of the large quantities of data
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Figure 2. 454 GS FLX Sequencer Workflow?



produced by DNA sequencing. In order to manage the extremely large data sets,
substantial enhancements in computer infrastructure, data storage and transfer capacity

will be needed.

Flows of single dNTP type across PTP wells ===

Sulphurylase

Luciferase Luciferin

Light and ouyluciferin
Figure 3. Pyrosequencing Chemistry*
The Roche 454 GS FLX series Genome Sequencer is one of the examples of high-
throughput DNA sequencing platforms. The latest version GS FLX+ platform produces a

mode read length of 700 bp and a typical 700 Mb throughput (= 1M reads per run X



700bp mode read length) per 23h run. The consensus accuracy at 15x coverage is
99.997%.% Figure 2 shows a workflow chart. A typical 500ng genome DNA is first
nebulized at 30psi (2.1bar) with vented cap nebulizer. DNA Fragments are polished to
generate blunt ends for adaptor ligation. Adaptors containing fluorescent molecule for
direct quantitation of the library are ligated. Single-strand DNA templates attached to the
magnetic bead are separated for emulsion PCR amplification in water-in-oil
microreactors. DNA-positive beads are then enriched and deposited into microwells.
Because of the confined well geometry, only one bead is allowed in one well. Layers of
packing beads, enzyme beads and PPiase beads are then deposited. The core sequencing
chemistry, as shown in Figure 3, is the famous pyrosequencing method. Rather than the
chain-termination method in Sanger sequencing, this method relies on the detection of
pyrophosphates released in the nucleotide incorporation process. The read length, though
shorter than Sanger method and continuously challenged by other high-throughput
sequencing method (MiSeq from Illumina, e.g.%), is still the longest among all non-
single-molecule methods. Long reads, which makes genome assembly easier and more
accurate, are essential for de novo sequencing of genomes, transcriptomes or amplicons
containing repetitive and rear-ranged DNA segments®. High reagent cost, long and
tedious sample preparation, high error rates in homopolymer repeats and crosstalk
between adjacent wells containing single clonally amplified beads are examples of the

common drawbacks of this method.*



Illumina’s high-end sequencer HiSeq2500 uses ‘sequencing by synthesis’ (SBS)

technology. Novel reversible terminator nucleotides each labeled with different

24,25

fluorescent dyes” > produce single reads of 150+ base pairs (bp) per end. This machine
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Figure 4. lllumina Sequencing Chemistry and Workflow®
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is currently capable of generating up to 120 gigabases (Gb) of sequences in 27 hours in a
rapid run mode.?® As shown in Figure 4, fragmented DNA are first ligated with adaptors,
and then immobilized to the solid support coated with oligonucleotides complementary to
the adaptors in the flow cell chamber. ‘Bridge PCR’ is performed, and the following
denaturation generates dense clusters of single stranded template sequencing library
anchored to the surface. The denatured clusters are then added with a universal primer
targeting the adaptor sequence of the DNA fragments, fluorescently labeled nucleotides
each with their 3’-OH blocked*, and a special DNA polymerase capable of incorporating
the modified nucleotides. The sequencing is done by the cyclic reversible termination
technology. After each base is incorporated, the surface is imaged to determine the
identity of the incorporated nucleotide. The 3’-OH inactivating residue and the
fluorophore are removed, and then the sequencing process is repeated. The resulting 4-
color images are used for base calling.
1.1.4 ISFET DNA Sequencing

ISFET, short for ion-sensitive field effect transistor, is used to measure ion
concentration in solution. The current passing through the transistor will change
according to the change of the ion concentration. An ISFET has a gate electrode
connecting only to a passivation layer. The interfacial potential is controlled with respect
to the source by means of a reference electrode placed in contact with the electrolyte
above the passivation layer. Typical gate materials are SiO, Siz0s, Al,Os, or Ta,0s5.%
The mechanism of the oxide surface charge change in response to the local ion

concentration can be described by the site binding model®’

. The hydroxyl groups on the
oxide surface can donate or accept protons.?” The chemistry of ISFET DNA sequencing

9



technology is shown in Figure 5. The protons released in the DNA synthesis process in a
local chamber can result in falling of pH, which will be further detected by an ISFET.
The DNA sequencing library on the bead can be amplified again by emulsion PCR, the
same method as shown in 454 sequencing workflow.

lon Torrent, a division of Life Technologies Inc., recently developed and
successfully manufactured ISFET based sequencing chip®. Such chips, which contain all
the measurement and data collection complexity, are combined with additional automated
sample preparation instrumentation, standard sequencing reagents, simple fluidics and

adjacent computational hardware to provide a complete, computer-like sequencing
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Figure 5. ISFET DNA Sequencing Chemistry *
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platform. The production of the chip leverages the large scale and low-cost
complementary metal-oxide semiconductor (CMQOS) chip fabrication facilities currently
widely used for computer or cellphone microprocessors manufacturing. CMOS
compatible fabrication of the detection circuits makes it super easy for scaling up so the
cost of the instrument can be dropped down dramatically.

The company has their own strategy to tackle the “data tsunami” problem and
increase genome sequencing pipeline handling efficiency by introducing the stand-alone
lon Proton Torrent Server for data processing, which includes base-calling, alignment,
and variant analysis.

Being a topic out of my thesis scope, a detailed comparison between the lon
Torrent Proton and the Illumina HiSeq2500 performance and cost has been done.?

1.1.5 Single Molecule DNA Sequencing

In sharp contrast to traditional high-throughput or ISFET DNA sequencing
technologies, physical approaches probing DNA molecules at the single-nucleotide level
have the potential to deliver faster and low-cost sequencing by cutting out the expensive
chemistry needed for library generation and DNA amplification. Nanochannels, nanogaps
or nanopores allowing spatial confinement of DNA molecules are central to the single
molecule DNA sequencing method.

Nanopore technologies are one of the fast and direct single molecule DNA
sequencing methods. Kilobase length single stranded genomic DNA or RNA can be
driven through the nanopore by electrophoretic force. The sequence can be reflected by
distinct current blockade levels of various bases as DNA traverse through a mutated
protein pore’s (a-hemolysin® or MspA®) thin and narrow constriction with high

11



sensitivity.*® No DNA amplification or labeling is needed makes affordable and rapid
DNA sequencing a possibility. Single-nucleotide resolution and DNA translocation speed
control are the two long-standing hurdles to nanopore sequencing.** Deconvoluting
current traces for underlying sequence extraction is not an easy effort. Identifying
extended homopolymer regions with high confidence is still problematic in nanopore
sequencing. Robust platform and parallelization needs to be constructed in order to
successfully commercialize nanopore sequencing.

A number of other startup companies are vying to commercialize single molecule
sequencing technology, including Oxford Nanopore in the UK, NABsys in Providence,
Rl and Genia Technologies. Oxford Nanopore has not released its commercial
sequencing platform yet, but the excitement about its single-molecule nanopore-based

sequencing technology prevails.

Pacific Biosciences — Real-time sequencing

Phospholinked hexaphosphate nuclectides

Limit of detection zone

Fluorescence pulse

INtensity  m—

Epifluorescence detection Time s

Figure 6. Pacific Biosciences Real-time Single Molecule DNA Sequencing Illustration®
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Pacific Biosciences, a company leading the effort of single-molecule DNA
sequencing uses nucleoside quadraphosphates with fluorescent dyes attached which is
further cleaved off during the DNA extension reaction. The process of DNA synthesis
will not be halted so the incorporation of bases can be followed in real-time. Single-
molecule DNA template without amplification is used by single DNA polymerase
molecules attached to the bottom surface of individual zero-mode waveguide detectors
(ZMW detectors, Figure 6).* Though the technology has the greatest potential for reads
exceeding 1kb, the error rates are at the same time the highest compared to other
sequencing chemistry.

1.2 Application of DNA Sequencing

The broad application of DNA sequencing is the ultimate drive for faster, cheaper
and more accurate DNA sequencing technology innovation.

DNA sequencing applications include de novo sequencing and re-sequencing of
genomics, metagenomics®?, RNA analysis, and targeted sequencing of DNA regions of
interest.

Below are four examples of popular DNA sequencing applications.

1.2.1 Personalized Medicine

Thirty years ago, the chemistry information in a drop of human blood identified its
source as falling into one of four blood type groups. Today, the availability of genetic
information in that drop of blood represents one of the most exciting opportunities in the
history of biomedicine.*

Next generation genome sequencing technologies have allowed a better
understanding of the genetic basis of diseases. Recent advances have demonstrated the

13



clinical potential of sequencing technologies in characterizing the genetic mechanisms of
rare inherited diseases, tumor development pathways and response to specific
medication.** Though challenges in genome analysis remain and more studies are needed
to ensure that new technologies will be introduced into clinical practice in a medically
and ethically responsible manner, recent genome research discoveries and the resulting
clinical genome sequencing applications are showing the promise of personalized
medicine and individualization of treatment®. Though experts are still debating whether
healthy people should have their genome sequenced,®® consumers will certainly be
presented with new information and choices.

Besides pointing the way to new generations of drugs, treatments and diseases
prevention methods, next generation sequencing technologies can also be used for a
deeper understanding of genotype-phenotype correlations, providing invaluable
information about susceptibility to diseases, determining family pedigrees and predicting
individuals' vulnerability or adaptability to specific environments and substances.
Moreover, rapid non-invasive prenatal and neonatal genome screening tests using next
generation sequencing technologies are already on the market®’. Efforts in applying next
generation DNA sequencing technologies to study genes associated with skin aging for
development of truly personalized skin care and personal care product are also gaining
more and more attention in the beauty industry®.

1.2.2 Better Understanding of Our Neighbors and Ourselves
We can also use genome sequencing as a tool to understand the species which

cannot be cultivated or raised in the lab, archaea in marine sediments as an example, *° or

14



to assess the genetic diversity encoded by microbial communities sharing a common
habitat®, bacteria in the human gut, for example.
1.2.3 Better and Safer Food

The whole-genome sequence analysis of food plant or meat animal, bread wheat
for example,”? is crucial to their evolution, domestication and genetic improvement. Fast
genomic analysis of foodborne pathogens will help us understand the origin of outbreaks
and develop specific diagnostics.*
1.2.4 Data Storage

DNA, in nature, is the super stable data storage material that encodes all the
information to direct the development and function of living organisms. Therefore, it is
possible to store data in the base sequence of DNA. A recent article published in the
journal Nature reported that over 5 million bits of information were successfully encoded
using Agilent Technologies’ OLS (oligo library synthesis) process and retrieved with
100% accuracy on Illumina HiSeq 2000.** The associated cost is estimated at
$12,400MB™ for data storage and $220MB™ for data decoding. Being a slow process, the
method is invented for long-term archival of low access-rate data. However, with the
ongoing reduction in DNA synthesis and sequencing costs, DNA based data storage

system shows promise as a practical way of digital archiving in the near future.
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CHAPTER 2 STM RECOGNITION TUNNELING EXPERIMENTS

Current ISFET based lon Torrent platform requires time consuming DNA
polymerase amplification. Pacific Biosciences’ single-molecule real-time DNA
sequencing is realized by optical means, which is not easy to scale up compared to
CMOS fabrication. So single molecule amplification-free and direct electrical detection
sequencing method can be the holy grail because it combines low-cost instruments with
straightforward sample preparation. It might be the last generation of DNA sequencing
technology innovation, and it is the main focus of my PhD research and work.

This chapter starts with the introduction of recognition tunneling concepts and
development history. My experiments and results will be shown after that.

2.1 Introduction of STM Recognition Tunneling DNA Sequencing Technique

In 2008, theoretical calculation showed the possibility of using electron tunneling
for DNA base detection with two closely held electrodes.”® In a scanning tunneling
microscopy (STM), because the tunneling current is extremely sensitive to the width
between the tip and the substrate (a change of 1A introduces an order of magnitude
difference in tunneling current), it is possible for a macroscopically blunt STM tip to pick
out an individual base on a DNA polymer.** However, it is almost impossible to use bare
STM tips to align individual DNA base with subangstrom precision and the gap distance
in the calculation is too small to pass single-strand DNA through easily.

The design of a readout system using tunneling signals to sequence DNA requires
knowledge of the conductance across all four DNA bases, and a sensing mechanism for
DNA base differentiation. Experiments were first carried out in an organic solvent with a
bare STM tip and bare gold substrate separated by a distance of 2nm between each other.
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A wide distribution of peak currents were found to be reduced by 10-fold when one of the
electrodes was functionalized with a recognition molecule capable of forming specific
hydrogen bonding structures with different DNA nucleosides. A density functional
calculation predicted that if the second electrodes could be functionalized with the same
recognition molecule, the contact resistance to the nucleosides would be reduced
allowing electronic signatures of all four DNA nucleosides to be resolved in a tunneling
gap (Figure 7). Figure 8 shows the hydrogen bonding energy-minimized structures in
computer simulation calculation. Four nucleosides each trapped in a 2.5nm gap with 4-
mercaptobenzoic acid as the recognition molecule form four distinct hydrogen bonding
complexes. The Further experiments in the lab confirmed this calculation and paved the

new way for DNA base differentiation.’

STM Tip

Target Analyte

Self- assembled
Monolayer

Metal Substrate

Figure 7. STM Recognition Tunneling Experiment Illustration
For this method to be adopted for DNA sequencing application, experiments must
be designed to be done in an aqueous electrolyte solution instead of an organic solvent.

Results showing DNA base differentiation in aqueous solution is the minimum proof of
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concept requirement. Single base identification in DNA oligomers could be the next
milestone. Shown in Figure 9, later experiments successfully addressed these two

issues.'®*° In 2010, this technique was named recognition tunneling.*
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Figure 9. Recognition Tunneling for Oligomers'®*
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2.2 Recognition Molecule Optimization

Calculations based on density functional theory (DFT) and NMR studies can be
performed in designing a better universal base pair reader in a tunneling gap.*” The
desired molecule will form non-covalent complexes with different DNA bases, show
distinguishable electronic signatures under an electrical bias, low or no noise in the
control experiment (no DNA nucleotides are added) and high solubility in ethanol

solution for simple self-assembled monolayer (SAM) preparation.*®
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Figure 10. Examples of Recognition Molecule Chemical Structure Optimization

The first generation recognition molecule, shown in Figure 10 (a) was used for
DNA base differentiation in organic solvent.’ To extend this technique to reads in
buffered aqueous solution, the reagent 4-mercaptobenzamide (Figure 10b) was
synthesized. This molecule, once integrated into electrodes forming a tunneling gap, is
capable of identifying individual bases embedded within a DNA oligomer.® This is a
strong evidence that recognition-tunneling technique can be utilized to resolve single
base. However, unfortunately, 4-mercaptobenzamide produced no signals from thymine.

A new adaptor molecule, 4(5)-(2-mercaptoethyl)-1H-imidazole-2-carboxamide in Figure
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10(c) was developed. The detailed synthetic route, physicochemical properties and
hydrogen bonding pattern of the thiolated imidazole-carboxamide recognition molecule
was reported by my colleagues.”® With this recognition molecule, all four bases were
generating tunneling signals with an excellent base differentiation percentage.* An
example of another recognition molecule | tried for DNA base differentiation is named
thiolated imidazole dithiocarbamate, shown in Figure 10 (d). Because dithiocarbamate-
based molecular junctions showed efficient electronic coupling and improved stability*,
this molecule was synthesized by my colleagues for me to try DNA base differentiation
and see if this new group of molecules can perform better than the current imidazole
carboxamide recognition molecule could. The results will be shown soon in the following
sections.

2.3 Explanation of Recognition Tunneling Base Differentiation Mechanism

In recognition tunneling experiments, the STM tips and the substrates were
functionalized with a recognition molecule. It is designed to bond strongly with the metal
electrodes but to contact the target analytes via only weak, non-covalent interaction. The
recognition molecule offers a more specific set of chemical interactions with the target
analytes than the bare metal electrode does. The displacement of surface hydrocarbon by
the thiol molecules can also reduce the surface energy, and thus reduce the
contamination.

The tunneling gap is adjusted to be more than twice the molecular length of the
recognition molecule, so the control experiments done in buffer solution without any
DNA molecules will essentially produce no spikes. When buffer solution containing
target analytes is introduced into the sample well, current spikes will show up as the
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analyte molecule diffuses into the tunneling gap and forms a junction with the
recognition molecules from both electrogdes. Enhanced tunneling, through the
recognition molecules via the target analyte, can happen because the complex that is
formed has a smaller HOMO-LUMO gap than through the surrounding water molecules.
If the target analytes form different non-covalent interactions with the two recognition
molecules as illustrated in Figure 11, each analyte will produce a distinctive “fingerprint’
train of stochastic tunneling current pulses, which can be analyzed by a machine-learning

algorithm called a support vector machine (SVM).*> 11
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Figure 11. An Empirical Explanation of Recognition Tunneling Mechanism?

Simple ideas of hydrogen bonding will be sufficient in explaining the interactions
between recognition molecules and target analytes in organic solvents (Figure 8).
Predicted order of increasing electronic conductance (T<G<C<A) was followed by
experimentally measured distribution of spike heights.” Later theoretical prediction and
experiments in aqueous buffer solution do not seem to agree with each other very well.
NMR titration studies showed that DNA nucleosides interact with imidazole carboxamide

recognition molecules through hydrogen bonding in a tendency of dG>dC>»dT>dA.*
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Peak current analysis from experiments with Au electrodes did not show obvious base
differentiation.”> Water in solution may play a pivotal role in those non-covalent
interactions in the solution.

Despite several experimental and theoretical advances, including the utilization of
recognition tunneling techniques for DNA nucleotides differentiation, there is still limited
correspondence between experimental and theoretical studies of this system.

2.4 Self-assembled Monolayer (SAM) Chemistry
2.4.1 Monolayer Growth Mechanism

Robust organic molecule-based electronic devices require reliable and highly
conductive contacts between the metal electrodes and molecules. Thiols and amines are
widely used to bind molecules robustly to the metal surface. A paper published in 2005
by George Whitesides’s group at Harvard gave a thorough review of self-assembled
monolayer chemistry, physical properties and their application in modern
nanotechnology.”® For the recognition tunneling experiments in my thesis, thiolated
recognition molecules were functionalized onto various metal surfaces via strong thiol-
metal bonds.

The simplest chemical model of this process is illustrated in Figure 12. An initial
physisorption step is followed by chemisorption of the desired molecules. Nucleation of
the molecules is formed with time, and finally the ordered crystalline domain formation is

completed in typically 12~24h.°
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Figure 12. Scheme of the Self-assembled Monolayer Growth Mechanism®

2.4.2 Choosing A Better Metal

Table 1. Au/Pt/Pd Physical Properties Comparison

Au

Pt

Pd

Shear Modulus

27 GPa

61 GPa

44 GPa

Reduction Potential

AU + 3¢ = Au:

P’ + 2 < Pt

Pd** + 2¢” < Pd:

+1.52V +1.188V +0.915V
Melting point 1064.18 °C 1768.3 °C 1554.9°C

(1947.52 °F) (3214.9 °F) (2831°F)
Density at 20°C 19.30g/cm? 21.45 g/cm® 12.02g/cm?
boiling point 2856 °C 3825°C 2963°C
Atomic radius 1.35A 1.35A 1.37A
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The physical properties of common metals used in molecular electronics research
are listed in Table 1. Most of the surface chemistry and molecular electronics work on
metals has focused on gold, a metal not compatible with CMOS fabrication facilities.™

Palladium (Pd) has several properties that suggest it would be a better material for
SAM-involved molecular electronic devices: (i) It is highly reactive toward thiol-
terminated chemicals.®® (ii) Once formed on the surface, the SAMs will keep the
palladium from corrosion by wet etchants such as FeCl; (Figure 13), because of the PdS
interlayer formed between the organic thiol molecules and the underneath palladium.
%2(jii) This metal is compatible with the semiconductor industry CMOS fabrication
process. (iv) It resists oxidation in air up to 800°C. (v) Theoretical calculation showed a

higher tunneling conductance than gold.

Bare Pd on Silicon

SAM on Pd

Etched by one drop of 1M FeCls for 1min then rinsed with water

Figure 13. Surface Functionalized Pd Is Resistant to Etchant
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In the experiments, Au (111) substrates from Agilent Technologies are prepared
by epitaxially grown high purity gold onto green mica in a high vacuum.>® The resulting
gold surface is composed of flat Au (111) terraces up to 280um. Metals with higher
melting point (Pd: 1552°C, Pt: 1772°C) tend to have a smaller grain size than metals with
lower melting point (Au: 1064°C)™. Polycrystalline Pd/Pt substrates can be made by e-
beam evaporation or ion-beam deposition of Pd/Pt onto a Ti adhesive layer on a silicon
wafer. The substrates were cut into small pieces with a rough 1x1 cm? dimension. STM
images for Au/Pd/Pt substrates are shown in Figure 14. The grain size measured by STM

is shown on Table 2. The grain size seems to be decreased after the hydrogen flame
surface cleaning.

nm  Topooraphy - Flatterc3rd order - Trace - Main nim ngrun Topography - Flatten:3rd order - Retrace - Ma nm

nm Topography - Flatten:3rd order - Retrace - Ma nm
08 250-

3 A}
W 240 40 80 120 160 200 M40nm TR U E T

Bare Au(111) Bare Pt Surface Bare Pd Surface
Figure 14. STM Images of Different Metal Surface

Table 2. Pt/Pd Grain Size Measured by STM

Pt (E-beam)/nm | Pt (lon-beam)/nm | Pd(E-beam)/nm
Grain width before H flame | ~100 ~20 ~50
Grain depth before H flame | ~20 ~3 ~13
Grain width after H flame ~15 ~20 ~30
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Grain depth after H flame ~12 ~5.6 ~6

CMOS compatibility Yes Yes Yes

2.4.3 SAM Preparation Experimental Method

Au/Pd/Pt substrates were first annealed with a hydrogen flame for 30-40s. HPLC
grade ethanol was sonicated with Argon degasing for 30min before use. SAMs were
modified onto Au/Pd/Pt surface by immersing the metal substrates in 2mL 0.1-2.5mM
ethanolic solution, DMF:ethanol = 1:10 or DMSO:ethanol = 1:200 solution of various
thiol-terminated recognition molecules for 12-24 hours. Longer time was chosen for
dithiocarbamate molecules because of the slower SAMs formation kinetics.> The
substrates were then washed with copious amounts of ethanol and dried under nitrogen
prior to following experiments in the phosphate buffer solution.

The resulting monolayers were characterized by XPS, ellipsometry, FTIR, contact
angle measurements and STM surface imaging. The next section will show examples for
each analytical method done for imidazole dithiocarbamate recognition molecule used in
DNA base differentiation work.

2.5 Self-Assembled Monolayer Characterization
2.5.1 XPS

X-ray photoelectron spectroscopy (XPS) can be used to quantitatively analyze the
SAM atomic concentration, empirical formula, electronic state of the elements, and the
film thickness. The atomic concentration percentage is calculated by dividing the element
peak intensity by the relative sensitivity factor (RSF) and then normalized over all of the

elements detected. Should the experimental conditions change in any way, for example
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the x-ray gun power output changes, then peak intensities would change in an absolute
sense, but all else being equal, would remain relatively constant. 10% accuracy is
typically quoted for routinely performed XPS atomic concentration percentage (At.%)
measurement.”

All my X-ray photoelectron spectra were obtained with a VG ESCALAB 200i-
XL photoelectron spectrometer. 15keV Al-Ka radiation at 6x 10™° mbar base pressure
was the source. Wide scan spectra were obtained at a passing energy of 150eV. Cls,
Pd3d, N1s, Ol1s, S2p, Au4f core level high resolution spectra were collected with a
passing energy of 20eV. CasaXPS software package was used for the curve fitting of S2p
spectra and atomic concentration calculation.

XPS measurements indicated that the sulfur is bound to gold or palladium
(Figure 15, 16). The binding energy of the S2p core level electrons is ~162eV, referenced

to Cls at ~284.80eV.
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Figure 15. XPS Spectrum of Imidazole Dithiocarbamate on Au Substrate

27



2 40E+05 e rasd
2 00E+05

1.60E+05
1.20E+05 /%
8.00E+04

4.00E+04 m\\ﬁ

0.00E+00—77555 1000 800 600 400 200 0
Binding Energy (eV)

w
~~
(22}
+—
c
>
o
O

Figure 16. XPS Spectrum of Imidazole Dithiocarbamate on Pd Substrate
252 FTIR

FTIR measurements can verify the successful SAM modification on the metal
surface by checking the particular set of functional groups of the desired recognition
molecule. The spectra were recorded using a Nicolet (Thermo-Fisher) 6700 Fourier
Transform Infrared Spectrometer™.

For recognition molecule powder analysis, the single-reflection attenuated total
reflection (ATR) accessory (Smart Orbit) will be installed. A durable diamond crystal
and a swivel pressure tower on the sample stage will ensure consistent pressure from
sample to sample. As for SAM analysis, the instrument is also equipped with an
advanced surface gazing angle accessory (Smart SAGA) accessory, designed for the
analysis of thin films on reflective substrates. The infrared light incidence for this
reflection-absorption accessory is fixed at 80°, allowing sensitive measurements of films
as thin as 0.1nm.
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For SAM modification analysis, a background spectrum is recorded first on a
clean bare metal substrate. As the control group, the same substrate will be deposited in
pure solvent without adding any recognition molecule. As the experimental group, the
background of another substrate is collected before it is treated in the solution with
recognition molecules. In all these monolayer analysis, an 8mm diameter circular

sampling area on the substrates was exposed to the beam, and the spectra was collected at
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Figure 17. An Imidazole Dithiocarbamate Monolayer FT-IR Spectrum
a 4cm™ resolution. Depending on the signal strength, a typical 128, 256, or 512 data point
scan was performed.

Figure 17 shows a FT-IR time course analysis of Pd surface modification using
the imidazole dithiocarbamate recognition molecule. The peaks around 2900 cm™ are
assigned to anti-symmetric and symmetric stretching of the CH, groups on the flexible
carbon chain. This is a strong indication that the desired recognition molecule was

successfully modified onto the Pd substrates.
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FT-IR can only guarantee the modification of desired recognition molecule on the
metal surface, but no monolayer thickness data can be obtained from this analysis
technique.

2.5.3 Ellipsometry

Optical ellipsometry provides a measure of thickness of the organic layer
absorbed onto the metal film.>” The estimated length of the imidazole dithiocarbamate
molecule from a ChemDraw 3D model is about 12A. These data (Table 3) suggest that
there are only single monolayers of molecules on the surface. The thickness data recorded
is the average of the thickness values for five points (the center and the four corners) on a
surface.

Table 3. Time Course Ellipsometry Analysis of SAM Thickness

12h 24h 48h

10.3+0.6 A | 12.2+1.4 A | 13.2+1.1 A

2.5.4 Contact Angle

Table 4 shows an example of a time-course contact angle analysis for the
imidazole dithiocarbamate recognition molecule monolayer on Pd surface. The contact
angle of the bare palladium substrate is around 6° after hydrogen annealing surface
cleaning, as a comparison.

Table 4. Time Course Contact Angle Analysis

12h 24h 48h

49.7+2.7 | 49.8+2.4 | 49.6+2.9
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2.5.,5 STM Surface Scanning Image

STM imaging can be done to obtain the bare or modified surface topology
information. The images were taken using an Agilent STM. Movement of the tips and the
tunneling parameter setup were controlled by the PicoSPM software package. Pt-Ir
(90:10) tips were typically chosen for imaging done in the ambient air because of the
higher image resolution and easy tip fabrication. HDPE coated tips must be used for
imaging in the buffer solution. Figure 18 shows the clear difference of an Au surface
before and after SAM functionalization (imidazole dithiocarbamate), imaged with a bare

Pt-Ir tip in the air. Figure 19 and Figure 20 show the difference of a Pd surface imaged
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Figure 18. Comparison of Au Surface without and with SAM Functionalization
with a HDPE coated Pd tip in ImM Phosphate buffer solution before and after both were

functionalized with a SAM (imidazole carboxamide).
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Figure 20. Functionalized Pd Surface Imaged with a Functionalized Pd Tip in Buffer

2.6 Fabrication of STM Tips

The detailed Au STM tip fabrication procedure was published.® First of all Au,
Pd or Pt tips were etched from 0.25mm Au/Pd wire (California Fine Wires). The tips
were then insulated with high density polyethylene (HDPE, from Sigma) to make the
very top exposed with a linear dimension a few tens of nm. A quick ethanol and water

rinsing was then performed to clean the tips before functionalization. There is no
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comparable tool to FT-IR or ellipsometry for the functionalization analysis of a STM tip.
Compared to unfunctionalized tips, functionalized tips always show clear background
and telegraph noise-like recognition tunneling signals. Control experiments done with

bare coated tips were noisier and do not show regular recognition tunneling signals.

Au Coated Au Tip coating

Pt Pd

Figure 21. STM Tips

2.7 STM Recognition Tunneling Experiments
2.7.1 Recognition Tunneling Experimental Method

Nucleoside 5’-monophosphates were purchased from Sigma or UBS and used
without further purification. They were dissolved in a 1mM phosphate buffer (pH7.4) to a
final concentration of 10uM. Control experiments using the buffer solution prepared with
Milli-Q Water Purification System (organic carbon contamination TOC<5ppb) were
cleaner compared to experiments using Nanopure Water.

Glass vials for making solution and Teflon liquid sample cell on the STM stage

were rigorously cleaned between experiments.
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Tunneling measurements were carried out in 1mM phosphate buffered agueous
solutions using a picoSPM (Agilent, Chandler, AZ) with a Labview user interface for
data acquisition. In -0.5V 6pA tunneling condition with imidazole carboxamide
recognition molecules, the tunneling gap distance was measured to be roughly 2.4nm.*
2.7.2 Time Traces of DNA Nucleoside Monophosphates Recognition Tunneling

Signals

Examples of current versus time traces for the pure phosphate buffer and solution
containing one of five DNA nucleoside monophosphates are shown in Figure 22

(dmCMP is 5-methyl-2'-deoxy-cytidine-5'-monophosphate, which is important in

dCMP

< » 1second < >

Figure 22. Typical Nucleotides RT Signal (Imidazole dithiocarbamate Reader)
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epigenetic study). These signals were collected in a -0.5V, 2pA tunneling condition. The
control signal was essentially clean. The five nucleoside monophosphates produced
characteristic recognition tunneling signal spikes. The stochastic spikes were composed
of both telegraph noise-like spikes and irregular untypical low frequency spikes. All parts
of the signal were used for training with SVM machine learning algorithm. Signal sets for
five nucleoside monophosphates in other tunneling conditions (like that listed in Table 5)
can be easily collected with clean controls. The spike frequency, in different tunneling
condition, varies from 1 spike/sec to 20 spikes/sec.

2.7.3 SVM Analysis of Tunneling Signals

The spike physical properties certainly contain valuable analyte-specific chemical
information. However, the stochastic nature of the signals and the wide distribution of
spike physical properties (like spike amplitude, spike width, spike shape as characterized
by Fourier and wavelet analysis®, spike frequency, on-time, off-time, distribution of
spikes in a cluster) makes it extremely hard and time-consuming to manually analyze and
differentiate bases according to these properties.

To solve the problem, support vector machine (SVM) a multi-parameter machine
learning analysis algorithm®® was used to analyze data for base calling with high accuracy
even on one single molecule read.!! Firstly, training of a support vector machine is done
by taking random selections of the various parameters. Once the parameter set that
generates the highest true-positive rate of calling signal spikes is found, the
accompanying support vectors are used to assess each spike in the known data stream for

base calling accuracy.
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SVM analysis was done to the data obtained from Pd electrodes for imidazole
dithiocarbamate recognition molecule in different tunneling conditions listed in Table 5.
Results showed that more than 85% of the spikes can be assigned to the correct bases in -
0.5V 2pA or -0.5V 6pA tunneling condition. These two tunneling conditions were used
for DNA base differentiation with imidazole carboxamide recognition molecule on Pd
and Au electrodes.”® Referring to Figure 10, this can be understood easily because
imidazole carboxamide and imidazole dithiocarbamate molecules share the same
chemical groups contacting the analytes in the tunneling gap. This may indicate that the
functional groups on the top of the monolayer plays a more influential role in DNA base

differentiation performance than the underneath metal-recognition molecule interface

would.

Table 5. SVM Analysis Result for dA/dT/dC/dG/dmC Differentiation
Tunngljng Conductance Known All Useful True Positive
Condition Peaks Peaks Peaks Rate/Peak
-0.5V 2pA 4pS 25940 30552 84.9% 87.7%
-0.4V 2pA 5pS 16300 20295 80.3% 69.9%
-0.3V 2pA S 13230 16184 81.7% 77.2%
-0.5V 4pA 8pS 15966 18730 85.2% 80.1%
-0.2V 2pA 10pS 3709 5266 70.4% 76.7%
-0.4V 4pA 10pS 10208 13813 73.9% 58.7%
-0.5V 6pA 12pS 23862 27344 87.3% 86.1%
-0.3V 4pA 13pS 12744 16139 79.0% 67.8%

2.7.4 Recognition Tunneling Signals for Monosaccharide Molecules
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Given the simplicity and power of recognition tunneling technique in
differentiating DNA bases, | also tried to exploit this technique for monosaccharide

molecules differentiation with imidazole carboxamide recognition molecule.
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Figure 23. Dominant Forms of Various Monosaccharide Molecules in Aqueous Solution’
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Figure 24. Typical Ribose and Deoxyribose Recognition Tunneling Signals
Figure 23 shows the dominant forms of different monosaccharide molecules in
aqueous solution tested in my recognition tunneling experiments. Monosaccharides D-
glucose, D-galactose, D-ribose, 2-deoxy-D-ribose, D-glucosamine, D-glucuronic acid
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were purchased from Sigma Aldrich (>99% purity). Again, 100uM monosaccharides
were dissolved in 1mM phosphate buffer (pH7.4) made using water from a Milli-Q

system with minimal organic carbon contamination (TOC<5ppDb).
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Figure 25. Typical Glucose and Galactose Recognition Tunneling Signals
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Figure 26. Typical Glucuronic Acid Recognition Tunneling Signal

Figure 24-26 and Table 6-8 show the typical recognition tunneling signals and
SVM differentiation results from two pairs of monosaccharide molecules and D-
glucuronic acid. Interestingly, for D-glucosamine, a molecule with a positive charge in
pH7.4 buffer solution barely showed any telegraph noise like spikes in the experiments,
whereas D-glucuronic acid, a molecule with a negative charge in the same buffer solution

showed a lot of spikes in the same tunneling condition. This may indicate that for a
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negative -0.5V tunneling bias applied to the substrates, negatively charged analyte can be

more easily trapped in the tunneling gaps and generate tunneling signals than positively

charged analytes could. Probably, negatively charged analytes could collect near the

positively biased STM tips, and positively charged analytes would stick to the negatively

charged substrates. This is a result to be confirmed by further experiments and theoretical

explanation. SVM differentiation for glucuronic acid and glucosamine is trivial.

Table 6. SVM Analysis Result for Glucose and Galactose Differentiation

Tunneling Conductance Known All Useful True Positive
Condition Peaks Peaks Peaks Rate/Peak
-0.5V 2pA 4pS 890 1272 70.0% 94.9%
-0.5V 4pA 8pS 2294 3122 73.5% 95.2%

Table 7. SVM Analysis Result for Ribose and Deoxyribose Differentiation

Tunneling Conductance Known All Useful True Positive
Condition Peaks Peaks Peaks Rate/Peak
-0.5V 2pA 4pS 3337 4118 81.0% 92.7%
-0.5V 4pA 8pS 2577 3391 76.0% 92.1%

Table 8. SVM Analysis Result for Glucose, Ribose and Deoxyribose Differentiation

Tunneling Conductance Known All Useful True Positive
ondition eaks eaks eaks ate/Pea
Conditi Peak: Peak Peak Rate/Peak
-0.5V 2pA 4pS 3606 4648 77.6% 88.8%
-0.5V 4pA 8pS 2880 3791 76.0% 90.3%

In summary, a high recognition tunneling signal differentiation percentage can be

easily achieved for various monosaccharide molecules. So it is indeed possible to utilize
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this technique for detection of carbohydrates by measuring their distinct electronic
tunneling currents in a tunnel gap functionalized with recognition molecules.
2.8 Conclusions of STM Recognition Tunneling Experiments

In conclusion, recognition tunneling junctions can be readily assembled using
either gold or palladium electrodes. With functionalized electrodes using imidazole
dithiocarbamate recognition molecule, experiments in various tunneling conditions
produce tunneling signals from all five bases including 5-methylcytosine. The signals
were essentially free of an interfering background signal, and a base separation
percentage as high as 87% was obtained.

For summary, monitoring distinct stochastic tunneling signal fluctuations between
a target analyte molecule trapped between the recognition molecules gap provides
exceptional insights into the chemical nature of the intermolecular interaction at a truly
single molecule level. The implication for rapid single molecule DNA sequencing
follows immediately.

2.9 Future Work: Building Recognition Tunneling Based Single Molecule DNA
Sequencing Nanopore Device

Controlled translocation of ssDNA through nanopores and single base resolution
along the DNA molecule are the basic requirements for a recognition tunneling based
DNA sequencing device to be assembled and successfully commercialized.

AFM dynamic force spectroscopy measurements implied a long intrinsic bonding
lifetime (2-4s) of the hydrogen-bonded DNA base-recognition molecule complex, even
without the stabilizing influence of base-stacking.®* This provides sufficient time for the
analyte trapped in a tunneling gap to produce enough signals, and for them to be
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analyzed. Besides, experiments with functionalized probe for successful identification of
single base in short DNA oligos demonstrated that the recognition complex can form and
fall apart rapidly in the tunneling junction. Taken all together, it is indeed possible to use
recognition tunneling for single base differentiation along a long ssSDNA, an experiment
to be done in the future.

Figure 27 shows a proposed DNA sequencing device combining exquisite
recognition tunneling techniques, delicate solid-state nanopore fabrication and superior
CMOS parallelism. While current DNA sequencing platforms use complicated optics,
expensive chemical labeling or fluidics, time-consuming DNA amplification, the
versatile recognition tunneling based platform relies on none of those. The proposed
platform allows for true single molecule, real-time, direct electrical analysis with massive

parallelism possibility.

Figure 27. Illustration of a Parallel Recognition Tunneling Nanopore Device®
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Since no sample amplification is needed before recognition tunneling readout,
this technique can also be theoretically applied to sequence any biopolymers like RNAs
or proteins. Demonstrated results in my thesis have already shown great promise for this

technique to be integrated into rapid carbohydrates detection system.
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CHAPTER 3 TRANSLOCATION OF SINGLE-STRAND DNA IN CARBON
NANOTUBES

In this chapter, successful integration of single-wall carbon nanotubes (SWCNTYS)
and microfluidic systems for CNT mass transportation experiments will be shown. My
work focuses on CNT growth, PDMS microfluidic device fabrication, ionic current
measurement and qPCR quantification of translocated DNA molecules.

First, clean CVD growth methods for long SWCNTSs will be explained in detail.
Fabrication of the translocation chips was done by my colleagues in the lab. Integration
of the devices will be demonstrated. Transient enhancement of ionic current in
translocation experiments was observed when DNA translocated through the CNTs
driven by electrophoretic force. Single-strand DNA translocation was further verified by
PCR experiments. Quantitative PCR (qPCR) was performed to analyze the correlation
between DNA translocation quantity and ionic current spike number. More experiments
using nano-material for DNA translocation will be discussed at the end of this chapter.
3.1 Why using a carbon nanotube for DNA translocation?

Transport of individual DNA molecules with fixed length through channels
having cylindrical symmetry has already been studied using artificial solid-state
nanopores®® or biological nanopores (a-hemolysin®® or MspA®). In all of these studies,
by assuming that the presence of the molecule in the channel will disturb the motion of
ions that are trying to go through and carry current from one side to the other, the
translocation event was signaled by a change in pore electrical conductance. However,
for a nanopore-based DNA sequencing device there are four challenges that need to be
addressed:
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(1) The random motion of DNA in solution due to poor confinement of a DNA
strand in a nanopore (e.g., in a 3.4 nm thick pore, only 10 bases or ~0.1% of a 10
kilobase DNA is confined): Majority part of the DNA strand is unrestrained and free to
wiggle quickly, form secondary structure, or tangle. This makes it difficult to control the
DNA translocation, and creates a lot of noise in the ionic current measurement, which
could complicate the signal from a single base for DNA sequencing.

(2) The single molecule sensitivity: It is yet to be seen whether the detection of
electrical signals will be sensitive enough to resolve two adjacent unknown DNA bases.

(3) The translocation speed control.

(4) Large-scale accurate and easy fabrication, and assembly of the required
nanoscale components.

One way around these problems may be to build nanochannels rather than
nanopores. Such nanochannels would restrict the DNA over its entire length rather than at
a single point, and if they could be made with a diameter much less than the persistence
length, then the energetic cost of a hairpin would be too large and one would expect to
see a straight DNA molecule moving by without any kinks.*® A Double-stranded
DNA(dsDNA) has a persistence length (a measure of how far the backbone of a polymer
could go in a straight line before thermal fluctuation turns it in another direction) at
physiological salt conditions of about 50 nm. A single-stranded molecule (SSDNA) has a
significantly smaller persistence length of about 3 nm. Any nanochannels designed to
thread a DNA molecule must be no more than 10 nm in diameter for dsSDNA and 2 nm in
diameter for ssDNA.%® Fabrication of a 1-D nanogap inside nanofluidic channel for
analyzing real-time, label-free dsDNA translocation was demonstrated.** dsDNA
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translocation in silica nanotubes with accompanying transient changes of ionic current
was also shown.® 1-D nanoscale structure offers three distinct advantages over
traditional nanopore devices. First, these 1-D nanochannels are unique in their high
aspect ratio such that they can confine the entire biomolecule, which is likely to result in
additional ways to control translocation. Second, these devices extend the time scale of
molecule transport events substantially due to friction, which could provide more
information on the translocation behavior of DNA molecules. Third, these devices could
be more easily fabricated and integrated into nanofluidic circuits.

Carbon nanotube (CNT) provides attractive features ready to be integrated in a
nanofluidic device, such as easy fabrication, unique electronic properties, atomically
smooth inner surface and low-friction liquid transport due to hydrophobic graphitic
surface. The transport of water®, ions®” and nucleic acids® through CNT has been
extensively modeled. The experimental analysis and control of DNA molecule
translocation through CNTs will be the foundation stone for such application in the
future. Supported by the results shown in detail below, CNT holds the promise to be
integrated into next-generation ultra-rapid DNA sequencing device.

3.2 Growth Of Ultra-Long Single-Walled Carbon Nanotubes (SWCNTS)
3.2.1 CNT Growth Mechanism and Problem to Be Solved

All working CNTs used in the experiments were grown by chemical vapor
deposition (CVD) process on the silicon oxide or silicon nitride wafers. As shown in
Figure 28, the diameter of the nanotube depends largely on the size of the metal
nanoparticle catalyst.®*® At the beginning, my colleagues used the block copolymer
method® for the cobalt catalyst synthesis and ethanol as the carbon source’. At high
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temperature, precipitated carbon atoms have limited solubility in the metal nanoparticle
surface, and tubular carbon in sp? bonding structure is thus formed on the catalyst surface

leading the SWCNTSs growth.

Chemical Vapor

Deposition
| Substrate | Substrate

Figure 28. CVD CNT Growth Mechanism

The SWCNTSs grown by this block copolymer process tend to be long but small,
with a diameter of ~2nm. Still, it is much larger than the width of sSDNA molecule
(~1nm), so the theoretical translocation of sSDNA through a carbon nanotube is possible.
However, it is hard to fine tune the CNT size by this way. Besides, the cobalt catalyst
synthesis involves toxic toluene. The catalyst prepared will not be active any more after
one week, so we have to prepare new batches of catalyst every week. This method overall
is tedious and time-consuming. An improved and efficient carbon nanotube growth
method was desperately needed.

3.2.2  Iron Nanoparticle Method

In order to make a diameter-controlled synthesis of carbon nanotubes, iron

nanoparticle method was first tried. Iron nanoparticles with increasingly larger diameters

were shown to lead larger diameter carbon nanotube growth."
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Figure 29 shows the iron nanoparticle synthesis mechanism, as described in detail
in a 2002 article from Charles Lieber’s group in Harvard.”? Fe(CO)s was mixed with long
chain organic acid in dioctyl ether. The mixture was then fluxed at harsh 286°C
temperature for 1-3h to yield iron nanoparticle solution with distinct and nearly
monodisperse diameters. The length of the organic acid determines the diameter of the
iron nanocluster and we can control the diameter of the tubes by adding oleic acid, lauric
acid or octanoic acid respectively. It turned out that the iron nanoparticles can be
synthesized successfully, as shown in Figure 30. But the carbon nanotubes grown by this
method was curly, bended with bamboo nodes, short or multi-walled (Figure 31), though

the outside diameter measured by AFM (Agilent, tapping mode) can be large (Figure 32).
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Figure 29. Iron Nanoparticle Synthesis Mechanism
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Figure 30. AFM Image of Iron Nanoparticles on the Substrate
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Figure 31. CNTs Grown by Iron Nanoparticle Method

48



Counts

5 6 7 8 9 10
(3.94 pm, 3.78 pm): 2.27 nm Dlarr]eter /nm

Figure 32. Use AFM to Measure CNT Diameter Grown by Iron Nanoparticle Method
3.2.3 Ferritin-based SWCNT CVD Growth Method

For DNA translocation device fabrication, we need long and clean SWCNTSs.

Figure 33 illustrates the SWCNT CVD synthesis process using the ferritin-based method.

The detailed artificial ferritin synthesis by Fe atoms loading into apoferritin was
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Figure 33. CVD SWCNT Synthesis Using Ferritin-based Method®
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described elsewhere.? Briefly, apoferritin from horse spleen was added into a buffer
solution. The most critical step was to control the loading quantity of Fe atoms into
apoferritin core by adding different amount of the ammonium iron (I1) sulfate into the
apoferritin solution. An oxidative reagent was added later to fully oxidize Fe(ll) to
Fe(lll). Prepared ferritins in the solution are chemically active for months, so this
method is simple and highly effective. Deposition of ferritin on the silicon chips can be
done simply by brushing synthesized artificial ferritin solution onto the edge of the chips.
To obtain iron oxide nanoparticles, the chips were heated to 800°C in the air to remove
the organic shell of the deposited ferritin protein. Discrete Fe,Oz nanoparticles can be
thus formed on the chips as the catalyst for SWCNT CVD growth. Figure 34 shows the

successful deposition of ferritins onto chip surface after 800°C calcination.
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Figure 34. AFM Image of The Surface After Treatment of Ferritin Organic Shell Removal

SWCNTSs grown by this method can be extremely long (Figure 35). The length of
the tubes was found to be dependent only on the chip dimension and growth time. A
centimeter long tube can be easily grown. Several devices can therefore be made on one

single tube because of the clean and long growth. TEM can then be used to examine if the
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tubes grown this way were single-walled. It turned out that all the tubes grown by this

process were indeed single-walled, shown in Figure 36 TEM images.

tilt

A

Figure 36. Ferritin-derived SWCNT on TEM grid.
3.3 PDMS Nano-Fluidic Device

3.3.1 Fabrication of DNA Translocation Chips (My colleagues’ work)
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After CNTs growth, the entire chips were spin-coated with a thin layer of
polymethylmethacrylate (PMMA). Gold markers were deposited onto the wafer surface.
SEM images were then taken for accurate CNTs location positioning. Ultrahigh-
resolution electron beam lithography was used to open two reservoirs on the PMMA

according to the gold markers. After development using dichloromethane, the patterned

mm

| Figure 37. NT Before and After Translocation Experent
reservoirs were opened in the air. Shown in Figure 37, Oxygen plasma treatment (7.2W
at 550~600 mTorr for 26sec’®) was used to etch away the regions exposed in the
reservoirs and to open the CNTs. Microfluidic PDMS cover introducing buffered DNA
solution was aligned onto the reservoirs under the microscope. This nanofluidic device
was finally ready for CNT mass transport experiments. Figure 38 is the schematic of a
CNT nanofluidic device that features a single SWCNT bridging two microfluidic

channels.

52



a

»
¥, ¥

(N

a g @ ®@

Reservoirt ——=* :j',' -
s ]

Figure 38. Chip Design for CNT Mass Transport Experiments

3.3.2 Fabrication of PDMS Microfluidic

Polydimethylsiloxane (PDMS) is one of the most common materials used for flow
delivery in microfluidics chips.”* Because it is chemically inert, optically clear,
mechanically flexible, and it will not allow aqueous solution to infiltrate and swell the
material itself. We use PDMS to create the microfluidic delivery channels, which
introduces the DNA molecules into the fluid reservoirs of SWCNT based devices.

The fabrication of the mold of channel pattern by deep reactive ion etching on a
silicon wafer was done by my colleagues in the lab. The wafer containing the mold is
then salinized overnight with silanizing agent (tridecafluoro-1,1,2,2-tetrahydrooctyl
trichlorosilane) to make the surface hydrophobic enough so that the PDMS material will
not bind to the mold in the curing process. This wafer will be used as the master for
creating PDMS device. The PDMS prepolymer (Sylgard 184 Silicone Elastomer Base,
Dow Corning) is mixed with the curing agent at a volume ratio of 10:1. Air bubbles in the
mixture can be removed effectively by degassing in a desiccator under vacuum (~40 torr).

The mixture will then be poured onto the master wafer and hardened for 2 days at room
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temperature before use. Two layers of PDMS microfluidic can be sealed in the oven after
the oxygen plasma treatment (1min, 29.6W, at 550~600 mTorr), which can activate the
material surface by making it hydrophilic. The fabricated PDMS microfluidic is finally
brought into contact with the two PMMA reservoirs on the carbon nanotube translocation
device under the microscope.

Figure 39 shows a fully packaged device. Additional features of the apparatus
include an integrated flow system with inlet/outlet stainless steel ports that allow for
continuous and rapid change of solutions in the reservoirs. PDMS channel surface was

used without further surface treatment.

PDMS cover
N Chi
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Fluid lines .
Figure 39. Assembled Nanofluidic Device for CNT Mass Transport Experiments

3.4 Design of Single-Strand DNA and PCR primers
The 60nt and 120nt ssDNA were designed with the help of Mfold software

package (http://mfold.rna.albany.edu/?q=mfold). Briefly, a random sequence was

inputted into Mfold for secondary structure prediction based on the nearest-neighborhood
method.” The DNA bases were then changed to reduce the amount of hydrogen bonding

pairs according to the secondary structure predicted by Mfold. The changed sequence
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was inputted into Mfold software environment again for further optimization. An
example of the final secondary structure for one of the 60nt ssSDNA used in the
experiments is shown in Figure 40. PCR primers were designed with the help of Primer

Premier Software package.
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Figure 40. Mfold Prediction of Designed ssDNA Structure

3.5 Proof of DNA Translocation by lonic Current Measurement
3.5.1 DNA Translocation Experiment Setup

In the experiments, both microfluidic channels were filled with 1M potassium
chloride (KCI) buffer solution. All the DNA test solutions in the study were prepared
with TE buffer, which consists of 10mM Tris-HCI, and 1mM EDTA in aqueous solution,
pH 8.0.

Before adding any DNA solution into the inlet reservoir, we applied a positive

bias for more than 10 minutes and collected the outlet solution as the negative control
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group for further PCR analysis. The DNA solution was then introduced into the inlet
reservoir and the same positive bias was applied. lonic current was recorded with an
applied voltage generated by an Axopatch 200B patch clamp amplifier (Axon
Instruments). Translocated DNA molecules in the outlet reservoirs were collected into a
pre-UV-sterilized centrifuge tube for further PCR analysis.

All the electric measurements were conducted in a clean condition to avoid dust
contamination.
3.5.2 Translocation Signal of Single-Strand DNA

Figure 41 shows the ionic current signals for single-strand 60nt DNA
translocation. Before adding any DNA molecules, no transient current change was
observed although the baseline had shifted slightly over time. When single-strand 60nt
DNA molecules dissolved in 1M KCI buffer were introduced into the negatively biased
reservoir while the other one was filled only with 1M KCI buffer, the ionic current
exhibited frequent transient enhancement. Moreover, all control experiments without
adding DNA or without opening of CNTs by oxygen plasma did not exhibit such
phenomena, so we concluded that the current enhancements corresponds to the passage
of DNAs through CNT. The typical current change was 80-140pA above the baseline,
and the typical spike duration time was 2-4msec. The frequency of current spikes was 4-6
spikes/min. Once the polarity of the applied bias was reversed, no similar spikes could be

observed.
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Figure 41. Typical ssDNA Translocation lonic Current

Although we can verify that ssSDNA can translocate through SWCNTs, the
explanation of translocation physical process is still quite difficult. Theoretical
calculation and computer simulation was done by the lab collaborators, which shows the
increased ionic current was induced via ion-selective filtering by a DNA molecule
translocated through a carbon nanotube, in contrast to the classic ion current blockade in
nanopore DNA translocation experiments.” The subsequent work done by my colleagues
in the lab explained the origin of the Giant ionic currents in carbon nanotube channels.”
3.6 Proof of DNA Translocation by Polymerase Chain Reaction(PCR)
3.6.1 PCR Experiments and the Results

If ssDNA can be translocated through CNTSs, the solution collected from the
reservoir other than the one injected with DNA containing solution should certainly

contain ssDNA, which can be amplified by PCR to show a band on a gel. That was
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exactly what happened in the experiments. Shown in Figure 42, clean and uniform 57bp
PCR amplification product was verified by native PAGE gel analysis. Experimental

group with longer translocation time showed a stronger band on the gel.
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Figure 42. ssDNA translocation experiment PCR results

3.6.2 Quantitation of Translocated DNA Molecules Using g-PCR

Quantification was performed by quantitative real-time polymerase chain reaction
(QPCR).* Before quantification of real sample, a gPCR standard curve was established
using Eppendorf Mastercycler® realplex system. To create a standard curve, seven 10-
fold dilutions, starting with 10" template copies and ending with 10 copies, were
prepared. Figure 43 shows the real-time amplification profile using a 60nt ssSDNA
template. Figure 44 shows the 60nt ssDNA gPCR standard curve by plotting the log of
initial template copy number in PCR tubes as the x value and the cycle threshold (Ct) as

the y value. The formula Cycle = —3.787lo Initial copy# in PCR tube
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Figure 44. 60nt ssDNA gPCR Standard

41.99(r2 =.0,995) was used to estimate the initial template number in the solution
collected after DNA translocation. The melting curves for the products were also
transformed into the first-derivative melting peak as shown in Figure 45. There was only
one peak in the melting curve, meaning only one amplicon was generated and there was

no false priming or primer dimer.”
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Figure 45. 60nt ssSDNA gPCR Standard Melting Peak Plot (only one peak)

lonic current spikes counting and ssDNA quantification results are shown in

Table 9. Interestingly, the number of DNA molecules translocated was at least 10-fold

more than the number of spikes for an unknown reason.

Table 9. Quantification Results of Translocated sSDNA Molecules

CNT DNA
Conductance/ Number of | Number of DNA Molecules
CNT Sample . .
nS (nt) Spikes Molecules per spike
(1 M KCI)
AD1 9.7 60 350 +50 8000 + 2000 23+10
AD?2 9.5 60 30+10 400 + 200 13 (+17, -13)
AA 88 (+126, -
Newl 19.6 120 64 + 10 8500 + 3100 88)
AA 2.7 120 | 1500+ 200 | 24,400 + 5700 16+7
New?2
S 9.6 60 36+ 4 1224774 | 34%21*
Al136 1.6 60 46 +5 1900 + 200* 41 +10*
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3.7 Conclusions of DNA Translocation in Carbon Nanotubes

The observations that the ionic current enhancement appeared (a) only when the
inlet reservoir was injected with sSDNA containing solution but not with pure buffer
solution, (b) only when an electrophoretic voltage for driving sSDNA through the channel
was on but not off or reversed, (c) with correct PCR amplification products shown only in
the translocation group but not in the negative control group suggested strongly that the
observed signal was caused by ssDNA molecules passing through the CNTs between the
inlet and outlet reservoirs.

Translocation of shorter sSDNA will be harder for PCR test, but it is possible to
check the translocation of shorter ssDNA with a small diameter fluorophore attached. A
combination of optical and electrical tandem detection of fluorescent single-molecule
translocation through carbon nanotubes was later demonstrated by my colleagues in the
lab.” More experimental and theoretical simulation results are still needed for us to
understand the detailed physical process of DNA translocation through carbon nanotube
device.

Using carbon nanotube nanofluidic devices for translocation geometry and speed
control represents a new approach for DNA molecule translocation strudy with the
potential for integration into the next-generation ultra-rapid DNA sequencing platform.
We still have a long way to go before we can create highly reproducible CNT-based
nanofluidic devices with great translocation control for ultra-rapid DNA sequencing
platform, but the first steps are being made.

3.8 Future Work
3.8.1 End Modification of CNT and CNT-based DNA Sequencing Device Fabrication
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Figure 46 shows one of the proposed CNT-based DNA sequencing readout
systems. Once the physical picture of DNA translocation through CNTs is clear, we
might use this platform for fine DNA translocation control. Recognition tunneling

technique could also be integrated into this system by chemical modification of the CNT

Figure 46. Proposed CNT DNA Sequencing Scheme

ends with recognition molecules via EDC/Sulfo-NHS chemistry®®®!. Cutting the CNTs
with great precision and accuracy might be difficult, and fabrication of the device itself
reproducibly is a challenge too. Clearly, more experiments are waiting in front of us.
3.8.2 Using Graphene for DNA Sequencing

Discovery of graphene is announced in 2004 by the journal Science. It is a form
of carbon that exists as a sheet, one atom thick. Atoms are arranged into a two-

dimensional sp? bonding honeycomb structure. Graphene has the most remarkable
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properties: it is the most conductive material in the world; it is 200 times stronger than
steel, yet it is still bendable, flexible and conducts electricity better than copper; it only
absorbs 2.7% of light so it is almost fully transparent; about 1% of graphene mixed into
plastics could make them conductive. It is now touted as a possible replacement for
silicon in electronics. Flexible touchscreens, lighting within walls, enhanced batteries,
highly efficient solar cells®?, water desalination membrane™®, transparent electrodes®* and
supercapacitors®™ are among the likely first graphene based applications. Synthesis of
water soluble graphene® and CVD process of growing large size, few-layer graphene
films on arbitrary substrates®” are reported.
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Figure 47. Exfoliated Graphene and Raman Spectrum
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Figure 48. CVD Grown Graphene and Raman Spectrum

I was very lucky to be involved in a graphene synthesis research project during
my PhD work. Exfoliated or CVD grown single layer graphene (using Cu foil as the

catalyst®®) were successfully demonstrated and confirmed by Raman spectroscopy®,
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shown in Figure 47 and Figure 48. After growth the copper can be etched away and the
remaining graphene film can be easily transferred to an arbitrary surface like PDMS
(Figure 49) for device fabrication.”

Experiments demonstrating DNA translocation through graphene nanopores were
reported.” And graphene was shown to be a highly conductive subnanometer trans-
electrode membrane.®* A proposed graphene DNA sequencing platform utilizes these two

features of graphene and integrates recognition tunneling base readout technique.

Figure 50. Proposed Graphene DNA Sequencing Scheme
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CHAPTER 4 BEYOND SEQUENCING: THE MARRIAGE OF
BIOCHEMISTRYAND SEMICONDUCTOR INDUSTRY FOR FUTURE
BIOMEDICAL DEVICES

In the late nineteen sixties, K.D. Wise and his colleagues at Stanford University
introduced silicon as a substrate for gold microelectrodes designed to measure the neuron
electric potential, and opened fascinating new opportunities in medical biomedicine.*®

Today, the fabrication techniques of microelectronics are leveraged to overcome
the limitations on the precision and reproducibility of traditional microelectrodes
fabrication methods. The combination of semiconductor fabrication and biochemical
sensor usher in the new era of biomedical devices. Once the right coupling between
highly specific biochemical sensors and electronic devices is found, complex and
massively parallel biochemical signal can be converted into digital electronic data
directly. Chemically specific ISFET capable of selectively detecting pyrophosphate ion
as a signal of nucleotide addition has been made by immobilizing a synthesized chelator
to the surface of a silicon-based field-effect transistor(FET) sensor.®* ISFET arrays
capable of sensing kinase activity in order to find a better kinase inhibitor drug has been
proposed.® Other silicon based label-free biosensor array platforms with high-sensitivity
and low-cost for protein sensing have also been developed.” Clearly, its applications will
go far beyond DNA sequencing.

In conclusion, future biomedical devices combining highly robust recognition
biochemistry and large-scale semiconductor fabrication techniques could revolutionize
biomedical diagnosis, and make personalized medicine truly accessible to common
consumers.
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