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Single-Molecule DNA Sequencing Technologies

Table 1. New commercialized DNA sequencing platforms.

small

Platform Read-length (bp) Accuracy Bases per run Cost/human  Price of

genome instrument
[US$] [US$]

Massively parallel pyrosequencing 400-500 Q20 read-length of 400 bases 400-600 million 1 million 500000

by synthesis (Roche/454: (99% at 400 bases and bases per 10h run

GS FLX Titanium Series) higher for prior bases)

Sequencing by synthesis 2x75 Base call with Q30 (>70%) 14-18 Gigabases 60000 450000

(Ilumina/Solexa: per 9.5-day run

Genome Analyzer /1x)"®!

Bead-based massively parallel 100 99.94% 20 Gigabases 60000 591000

clonal ligation based sequencing

(Applied Biosystems/ Agencout:

SOLID 3 system)!

Massively parallel single-molecule 30-35 99.995% at >20 x coverage  21-28 Gigabases per 70000 1.35 million

sequencing by synthesis (raw error rate: < 5%) 8-day run

(Helicos/Stanford Univ.)!

Single molecule, real time 1000-1500" 99.3% at 15 x coverage -

sequencing by synthesis
(Pacific BioSciences/Cornell Univ.)!

(error of a single read: 15-20%)

[a] http://www.454.com/, second-generation or next-generation sequencing technology. [b] http://www.illumina.com/, second-generation or
next-generation sequencing technology. [c] http://www3.appliedbiosystems.com/AB_Home/index.htm, second generation or next generation
sequencing technology. [d] http://www.helicosbio.com/, third generation or next-next generation sequencing technology. [e] http://www.
pacificbiosciences.com/, third generation or next-next generation sequencing technology. [f] The 1000-1500 bases read length was obtained

for repeated sequencing of small circular DNA.

1. Introduction

With the completion of the draft sequence!’?! as well as
subsequent finishing®! of the human genome, genome-based
medicine has come closer to reality. Despite this, many
agencies, such as the US National Institute of Health/
National Human Genome Research Institute, and companies
continue to sponsor many research projects aimed at devel-
oping new sequencing technologies to enable large-scale
sequencing of complex genomes with low cost: the “$1000
genome”.[* Low-cost and faster ways to sequence DNA would
revolutionize the use of genetic information and the nature of
biological and biomedical research.

Sanger technology has been the workhorse of the DNA
sequencing industry for some 30 years. Today, Sanger
sequencingis areliable, highly accurate method for sequencing,
capable of reading sequences over 1000 base pairs (bp) inlength
and up to as high as 99.999 % base calls. The technology initiated
the process of deciphering genes, and eventually entire
genomes, and the overwhelming majority of DNA sequence
production to date has relied on the Sanger technology. The
rapidly growing demand for throughput, with the ultimate goal
of deciphering individual human genomes, has led to
substantial improvements in the technique, as exemplified in
automated capillary electrophoresis. To further reduce costs
for this dideoxy sequencing, significant progress in miniatur-
ization of the method and/or integration of a series of
sequencing-related steps in a ‘‘lab-on-chip” format has been
achieved.”) However, the Sanger sequencing method is still far
too slow and costly for reading personal genetic codes. It costs
an estimated US$ 10-25 million to sequence a single human
genome and $20000-$50000 to sequence a microbial genome.[6]
The growing demand for analysis of the genomes of many
species and cancers, for understanding the role of genetic
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variation among individuals in disease, and with the ultimate
goal of deciphering individual human genomes has led to
developing new technologies for DNA sequencing (Table 1),
including 454 sequencing,m Solexa technology, and the
SOLIiD platform. The recently commercialized technologies,
generally described as “‘second generation” or “‘next genera-
tion” sequencing systems,'®! have hugely reduced the cost of
sequencing and have simultaneously yielded an increase
in DNA sequencing speed. However, these technologies
generate different base read-lengths, different error rates,
and different errors profiles relative to traditional Sanger-based
data and to each other. The limited read-length has substantial
impact on certain applications such as de novo genome
sequencing and assembly for whole-genome sequencing — a
process that is sensitive to read length, base accuracy, and error
type, and thus new methods are needed to analyze and integrate
the massive data sets and then apply those results to various
types of biological information.[”!
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To realize the prospect of medical care tailored to
an individual’s unique genetic identity, a revolutionary
sequencing method is needed for the cost-effective and rapid
interrogation of individual genomes. The sequencing of
individual DNA molecules!"*"?! has such potentials as those
mentioned above. Cyclic-array approaches using fluorescent
base incorporation with polymerases also has been adapted for
single-molecule sequencing of molecules immobilized on
surfaces.">!*! In another approach, a processive exonuclease
is used to digest a single DNA molecule and the released
nucleotides are identified one at a time."! In one manifestation,
fluorescent nucleotides are incorporated into the DNA and
detected by single-molecule fluorescence upon release.[117]

This Review discusses several single-molecule DNA
sequencing technologies, two of which have been launched
recently and others that are under development by different
companies. Single-molecule DNA sequencing represents an
emerging wave of sequencing technologies. We focus on the
basic principles and challenges as well as insights for over-
coming the challenges in developing the emerging single-
molecule technologies towards affordable and portable
electronic DNA sequencing. We emphasize the rapid develop-
ment of new DNA sequencing technologies and present some
reviews on second-generation DNA sequencing,[g’l LIS their
applications and impact, and the bioinformatics challenges of
the sequencing technologies.!®2%2!1 This Review is not intended
to cover all relevant interesting and important works but
instead illustrate the major challenges and advantages common
to most of these approaches.

Single-molecule DNA sequencing is a method used to
determine the base sequences along individual DNA strands by
detecting base-specific features of the four bases, including size,
and optical (fluorescence), electrical, and magnetic properties.
Based on detection techniques, single-molecule sequencing can
be classified as fluorescence sequencing (Helicos and Pacific
Biosciences), direct sequencing by using transmission electron
microscopy (TEM), and electronic sequencing by using
nanopore, scanning tunneling microscopy (STM), and nano-
knife-edge probes. The direct and electronic sequencing are
physical approaches[22’23] to detecting DNA at the single-base
level, in striking contrast to currently available sequencing
technologies. Success of single-molecule sequencing relies
heavily not only on detection techniques but also on the
preparation of DNA samples, which is evident in the platform
of Pacific Biosciences.

2. True Single-Molecule Sequencing
(Helicos BioSciences)

Helicos BioSciences>!! demonstrated the first single-
molecule sequencing of the M13 viral genome, which is
approximately 1 million times smaller than the human genome,
using Helicos’s proprietary true single-molecule sequencing
(tSMS) technology. The method monitors the synthesis of a
single strand of DNA using a highly sensitive fluorescence
detection system via sequencing by synthesis. The technology is
based on work by Quake et al.'3l and relies on cyclic
interrogation of a dense array of sequencing features, with
no requirement of clonal amplification. A DNA polymerase
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sequentially adds labeled nucleotides to surface-immobilized
primer-template duplexes in a stepwise fashion, and the
asynchronous growth of individual DNA molecules is mon-
itored by fluorescence imaging. A brief description of the
method is illustrated in Figure 1.

To validate the tSMS technology, Harris et al.**! re-
sequenced the M13 virus genome, examining more than 280000
strands of captured DNA and directly visualizing the sequential
incorporation of individual labeled nucleotides. The accuracy
of the consensus sequence was 100%. To assess the accuracy
and robustness of mutation detection, they introduced single-
nucleotide changes into the reference M13 virus genome
sequence. The tSMS technology correctly found 98% of 500
simulated mutations with zero false-positive errors.
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Figure 1. The first single-molecule sequencing technology (tSMS, Helicos), including sample synthesis, wash, imaging, and cleavage steps.

a) Genomic DNA is prepared for sequencing by fragmentation and 3’ poly(A) tail addition, labeling, and blocking by terminal transferase. b)
Hybridization capture ofthese templates onto a surface with covalently bound 5’ “down” dT(50) oligonucleotide. c) Imaging of the captured templates
toestablish sitesforsequencing by synthesis. d) Incubation of this surface with one fluorescently labeled nucleotide and polymerase mixture, followed
byrinsing ofthe synthesis mixture and directimaging of the Cy5 labels excitingat 647 nm. e) Chemical cleavage of the dye—nucleotide linkerto release
the dye label. f) Addition of the next nucleotide and polymerase mixture. F1 and F2 represent cyanine-3 temperate labels and cyanine-5 nucleotide
labels, respectively. Reproduced with permission from Reference [24]. Copyright 2008, AAAS.

The tSMS technology avoids polymerase chain reaction
(PCR) amplification, which reduces the error rate and
dramatically lowers the cost of individual genomic and genetic
analyses. The tSMS approach performs a ““‘two-pass’ sequen-
cing process (i.e., sequencing each individual template twice,
giving two reads from the same position on the same strand. In
the first pass, a template is sequenced as usual (pass 1);
the primers are then melted off and the same template is
sequenced a second time (pass 2), substantially improving raw
sequencing accuracy, and the technology can easily be scaled
and replicated to meet the requirements of large and complex
experiments, overcoming the workflow bottlenecks encoun-
tered by methods such as PCR or cloning. Depending on
reversible terminators, tSMS technology may be limited to the
analysis of short DNA fragments; the present average read-
length of the technology is around 30-35 bases. It is a challenge
to detect base repeats and homopolymers, such as a string of
consecutive cytosine bases.

3. Single-Molecule Real-Time Sequencing
(Pacific Biosciences)

With the aim of uninterrupted sequencing, Pacific
Biosciences is developing a transformative single-molecule
real-time (SMRT) DNA sequencing technology based on the
natural DNA synthesis by a DNA polymerase with
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phospholink nucleotides as it occurs in a continuous, processive
manner (Figure 2). This approach is enabled by two key
innovations: nanophotonic visualization chambers (SMRT
chips) and phospholinked nucleotides. Each SMRT chip
contains thousands of zero-mode waveguides (ZMWS).[25]
Arrays of ZMWs are manufactured cylindrical holes with a 30
to 70-nm diameter in approximately 100-nm-thick aluminum
film deposited on a SiO, substrate,142°] providing a detection
volume of about 20 zeptoliters, which may localize the
excitation light to dimensions unobtainable by conventional
techniques such as confocal or total internal reflection
microscopy.[27] The ZMW provides a window for watching
DNA polymerase as it performs sequencing by synthesis.

In contrast to most sequencing-by-synthesis methods using
nucleotides with fluorophores attached directly to the bases, the
phosholinked nucleotides of SMRT sequencing carry their
fluorescent label on the terminal phosphate!®®2?! rather than
the base, and each of the four nucleotides, A, C, G, and T, is
labeled with a different colored fluorophore. As a natural step
in the synthesis process, the phosphate chain is cleaved when
the nucleotide isincorporated into the DNA strand. Thus, upon
incorporation of a phospholinked nucleotide, the DNA
polymerase naturally cleaves the dye molecule from the
nucleotide when it cleaves the phosphate chain. The phos-
phate-chain—-dye complex quickly diffuses the short distance
out of the detection volume, ensuring the background signal
remains at a low level. Phospholinked nucleotides enable the
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Figure 2. Principle of single-molecule, real-time DNA sequencing (SMRT, Pacific Bioscience). a) Experimental geometry. b) Schematic event sequence
of the phospholinked deoxyribonucleoside triphosphate (dNTP) incorporation cycle, with a corresponding expected time trace of detected

fluorescence intensity from the ZMW. 1) A phospholinked nucleotide forms a cognate association with the template in the polymerase active site,
2) causing an elevation of the fluorescence output on the corresponding color channel. 3) Phosphodiester bond formation liberates the dye-linker-
pyrophosphate product, which diffuses out of the ZMW, thus ending the fluorescence pulse. 4) The polymerase translocates to the next position, and
5) the next cognate nucleotide binds the active site, beginning the subsequent pulse. Reproduced with permission from Reference [25]. Copyright

2009, AAAS.

polymerase to synthesize DNA in a fast and processive manner.
When the DNA polymerase encounters the nucleotide
complementary to the next base in the template, it is
incorporated into the growing DNA chain. The polymerase
advances to the next base and the process continues to repeat.
With the use of phospholinked nucleotides, a long, natural
strand of DNA is produced.

Regarding the fluorescence label, VisiGen Biotechnologies
uses a similar nucleotide modification but base identification is
by detecting the fluorescence resonance energy transfer
(FRET) between a fluorescently tagged polymerase and a
nucleotide labeled with a unique acceptor fluorescent moiety
tagging the terminal phosphate of a nucleotide.!"!

The SMRT chip enables observation of individual fluor-
ophores against a dense background of labeled nucleotides by
maintaining a high signal-to-noise ratio, and it enables parallel
and simultaneous sequencing with thousands of ZMWs. The
technology uses a holographic optical element, a confocal
pinhole array, and a dispersive optical component to acquire
spectroscopic information from each of the sample locations in
real time. The impressive demonstrated sequencing rate for 740
single-molecule reads was about 5 bases s~ 1. The read accuracy
of the 150-base linear DNA strand template (158 total bases in
the alignment) was reported to be about 83% but improved to
more than 99% by sequencing the same template molecule 15
times,””*! which would increase the time and cost of sequencing.
The sequencing errors were mainly attributed to very short
interphase intervals, dissociation of the complementary
nucleotide before phosphodiester-bond formation, and spec-
tral misassignment of fluorescent dyes exhibiting significant
emission overlap. Such an accuracy level can produce
alignment and consensus adequate for resequencing applica-
tion. However, challenges would include de novo assembly or
alignment into highly repetitive DNA. Performing circular
consensus sequencing several times, i.e., sequencing a circular-
ized template, could improve accuracy and read-length. As an
example, the company sequenced a small synthetic DNA circle
more than 10 times using a strand-displacing polymerase and
reached a total read length of 1500 bases. The long reads will be
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agreat advantage for certain applications, for example, de novo
sequencing.

4. Electron Microscopy for Sequencing
(ZS Genetics, Inc.)

ZS Geneticsis developing a TEM platform to directlyimage
modified individual DNA bases.'*!! The technology involves a
PCR to label nucleotides with unique atoms or molecules,
attaching a sample to a substrate, and using TEM to identify the
labeled nucleotides. Because normal DNA has only light
elements such as carbon, nitrogen, oxygen, hydrogen, and
phosphorus, natural DNA is essentially invisible to TEM
analysis. Thus, in order to sequence DNA by TEM, DNA
nucleotides need modification. ZS Genetics uses heavy
elements to label nucleotides in DNA molecules. The labels
are selected for easier detection and identification than that of
nucleotides, including elements with an atomic number greater
than 55 such as bromine and iodine, and thus create contrast.
Essentially, it needs four kinds of unique label to correspond-
ingly represent the four DNA bases. After the PCR-based
modification, pieces of the DNA samples are attached to a
substrate and stretched using fluid flow (e.g., molecular
combing®?). The substrate is generally thin to enable sufficient
particle beam transmission analysis. By distinguishing the size
and intensity of the atomic labels with nucleotides, TEM can,
thus, directly sequence individual DNA molecules.

This method involves one PCR step to label but not amplify
the DNA bases. This step might induce atomic labeling errors,
and bias and errors resulting from PCR even if conducted once
not 30 times as many technologies used for amplification on a
small sample to get a strong enough signal. Attaching and
straightening DNA pieces to a substrate for TEM observation
may be one technical challenge since sample preparation is
critical toa TEM study. The imaging cycle may be limited by the
speed of the digital camera, currently about 1.5s shot™'.
This technology has a high capital cost. An electron
microscope with sufficient resolution in the subangstrom

small 2009, 5, No. 23, 2638-2649
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regime costs on the order of US$1 million. However, it is
estimated that sequencing an entire human genome will cost
$5000-$10000 in consumables and labor.

5. Nanopores for Sequencing

Electronic DNA sequencing has attracted a lot of
interest. The prerequisite for electronic sequencing of a whole
genome is the identification of robust electronic signatures of
the four bases one by one, in particular in the context of single-
stranded DNA (ssDNA). Because the bases have similar
chemical structure, the difference in electrical signals among
them may not be large./”?! To detect small signals, approaches
are needed to reduce interference from the measurement
environment, and/or to amplify the signals by modifying
nucleotides or employing an optical, electric, or magnetic
stimulus.

The underlying principle of nanopore sequencing is that an
ssDNA molecule is electrophoretically driven through a
nanoscale pore (1.5-5nm) 22233331 in such a way that the
molecule passes through the pore in strict linear sequence. A
change in electrical signals, such as ionic current blockages,
transverse tunneling currents, or capacitance, is recorded to
discriminate DNA sequences. The proof of the concept for
nanopore sequencing was first demon-
strated by Deamer et al.®*! in 1996. Since
this demonstration, the prospect of a rapid
and inexpensive direct physical approach to a)
massive sequencing capacity has stimulated
nanopore research using either protein

. 100
pores or solid-state nanopores. However, 3
despite the enormous research activity, =
substantial lengths of DNA have yet to be é i

sequenced with a nanopore. In this section,
we consider the major challenges and o
advantages of nanopore sequencing. We
don’t intentionally separate protein pore
from solid-state nanopores, though they
have different characteristics. For instance,
solid-state nanopores show superior che-
mical, thermal, and mechanical stability,
tunability over biological counterpart,
and have the potential of integration
into devices, whereas biological pores
exhibit lower noise level than solid-state
nanopores.

For most nanopore-based electrical
sequencing approaches,[22’23] that is, mea-
surement of ionic current blockades,[35‘37]
transverse tunneling currents,[38’39] or capa-
citance,[***!! the control of DNA velocity
and orientation during translocation
through the nanopore is a major challenge,
as well as possible nanoparticle or nano-
bubble trapping (which might clog the pore
and introduce noise) in the pore and a great
deal of noise in the electrical signal. Precise
control of the DNA movement through the
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nanopore is an essential feature of the sequencing system.
Typically, DNA passes through a nanopore at 0.05-1 Mbs ! at
an electrostatic potential of ~100mV. To detect individual
bases thus requires sampling rates of 1MHz or more.
Substantial reduction of the translocation rate can be achieved
with processive DNA enzymes,[42'44] which, however, adds
extra steps to the sequencing procedure.

In the case of measuringionic current blockages (Figure 3a),
a finite thickness (channel length ~5nm) or even electric
“read” region*! (=3 nm) of the channel of a nanopore might
place a fundamental restriction on the single-base resolution
because at least 10-15 nucleotides of ssDNA extend through a
channel and thus all these nucleotides together contribute to the
ionic current blockage. To detect the effect of individual
nucleotides on the ionic conductance, a nanopore with channel
length comparable to that of a single nucleotide (~0.4nm) is
required, or a base-recognition element would be required to
install at a specific point inside the pore. As we address later,
monolayer graphene sandwiched between two insulating layers
may meet this requirement.

In addition, noise in the ionic blockade, due to both
intrinsically ionic fluctuations and structural fluctuations of the
nucleotides, is likely to be too large to successfully distinguish
the bases. For instance, the fluctuation of the ionic blockade
current for homogeneous sequences is about 30% of the
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Figure 3. Four concepts to nanopore sequencing. a) Strand-sequencing using ionic current
blockage. b) Exonuclease-sequencing by modulation of the ionic current. An exonuclease
attached to the top of an a-hemolysin pore through a genetically encoded, or chemical,
linker sequentially cleaves deoxynucleoside monophosphates (dNMPs) off the end of a DNA
strand (in this case, one strand of a double-stranded DNA). A dNMP’s identity (A, T, G, or C) is
determined by the level of the currentblockade it causes when driven into an aminocyclodextrin
adaptor lodged within the pore. After a few milliseconds, the dNMP is released and exits on
the opposite side of the bilayer. ¢) Strand-sequencing using transverse electron currents.

d) Nanopore sequencing using synthetic DNA and optical readout. Adapted with permission
from Reference [23]. Copyright 2008, Nature Publishing Group.
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average current,®®! and fluctuations due to structural changes
are larger than the differences between bases.[*] Thus, without
amplification of the bases, it is nearly impossible to obtain
single-base resolution by sequencing a strand of bases with bare
picoampere ionic currents. However, there is potential to go
beyond the normal current blockages by engineering nano-
pores with specific molecules. By covalently attaching an
adapter molecule to a protein nanopore!'?! (Figure 3b), Oxford
Nanopore reported identification of an unlabeled nucleotide 5'-
monophoshate molecule with average accuracy of 99.8%.14!
The Oxford Nanopore identified bases*’! but not yet in
sequence. The system involved passing chopped-up DNA
rather than a complete strand through the pore. It is important
for the nanopores—exonuclease approach“sl to assure that
100% of the exonuclease-released deoxynucleoside monopho-
sphates!*lis captured in the pore and efficiently expelled on the
opposite side of the membrane, and the sequence of
independent readings reflects the order in which the bases
are cleaved from the DNA.

Instead of measuring ionic current blockage, Di Ventra
et al.1383 proposed a protocol for identifying the nucleobases
of ssDNA by measurement of transverse tunneling currents
through nucleotides that are driven through a nanopore
articulated with conductive probes (Figure 3¢).*1 Prior to
the simulation study of transverse tunneling currents through
electrode-nucleotide—electrode by Di Ventra el al.,l’®
Golovchenko et al. ' mentioned the possibility of articulating
the solid-state nanopores with electrically conducting electro-
des to measure electronic tunneling and perform near-field
optical studies. The conceptis based on STM, as discussed later,
but differs in the use of paired conductive probes. Single-base
resolution could be resolved if the transverse tunneling current
is from a conductive probe with as small an apex as the tip used
in STM. This current origin is not from the nucleotide
occupancy through the entire length of the nanopore channel.
Control of the electrode—nucleotide—electrode transverse
alignment during the DNA translocation through a nanopore
is essential for achieving the sequencing of the DN A bases from
electrical conductance measurements. The theoretical stu-
dies®3%41 show that the transverse conductance of a
nucleotide is sensitive toits location, orientation, and geometric
shape. The variation in the conductance due to the geometry of
the molecule relative to the electrodes could overwhelm the
difference between different types of nucleotide. Along with
the conformation, orientation, and speed control of ssDNA
translocation through a nanopore, construction of a suitable
nanopore with embedded and precisely aligned paired
conductive probes is a formidable challenge. Such nanoelec-
trodes might be fabricated by the method of programmable
pulse electrolytic metal deposition or depletion.*!! For single-
base resolution, the dimension of conductive probes must be at
the angstrom level to avoid interference from neighbors, and
should be robust. Sandwiching single-layer, bilayer, or few-
layer graphene or other lamellar conductive materials between
two insulating layers may offer a solution. In the sandwich
structures, the edge of graphene nanoribbon serves as an
electric detector rather than the atomic plane of the sheet, and
thus base resolution could be achieved because the thickness of
graphene is =0.35 nm.”?l Furthermore, the detector of
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graphene nanoribbon is robust because of the sandwich
structure.

It has been observed on ionic blockade current that solid-
state nanopores showed higher-level noise than biological
pores.*! The signal-to-noise ratio (SNR) for DNA transloca-
tion through solid-state nanopores is functioned as salt
concentration and diameter of nanopore, and it is found that
the smaller nanopore, the better the SNR.*! Two dominant
noise sources of ionic blockade revealed in silicon nitride
nanopores are a high-frequency noise associated with the
capacitance of the silicon support chip (dielectric noise), and a
low-frequency current fluctuation with 1/f* characteristics
(flicker noise), where fis frequency. Dielectric noise could be
reduced by modifying the SiNx membrane side of the support
chip with polydimethylsiloxane,'®*! and fabricating Al,Os3
membrane-based nanopores.>> At low frequency, the noise
of solid-state nanopores greatly exceeds the thermal and
shot-noise limits, and varies as 1/f * with 0.95<a < 1.1 for
the range of bias from —400 to +400mV,**! showing strong
pore-to-pore variations. This low-frequency conductivity
(0 =ngqu) fluctuation, where n, g, and u are the carrier density,
elementary charge, and mobility, respectively, with an 1/f
characteristic may be explained by the number fluctuation
theory (An) P due to surface effects and fluctuations in the
number of charge carriers due to trapping at surface states, and
the mobility fluctuation theory (A ).57! It has been demon-
strated that large 1/f “ noise in nanopores could be largely
suppressed via surface chemical modification.’8°"1 In
the case of measurement of transverse tunneling current,
fluctuations of the environment, such asionic and DN A motion,
would introduce important scattering processes and in
turn electronic noise, and may thus affect the ability to
distinguish the bases. Through a simulation, Di Ventra et al.lo!]
found that such noise would likely not affect the statistical
distinguishability of the current distributions obtained from
measuring the transverse electronic current of the different
DNA nucleotides, due to the off-resonant tunneling nature of
the noise through the nucleotide. However, tunneling transport
(non-resonant or resonant tunneling) strongly depends on the
coupling of a nucleotide to the electrodes, which controls
current distributions and might be dominated by non-resonant
tunneling.

If these challenges could be overcome, nanopore sequen-
cing has the great potential to enable ultrarapid[39] and cost-
effective sequencing of population of DNA molecules. Unlike
other methods, such as the Sanger method, the second-
generation technologies and those discussed above, the ideal
nanopore sequencing approach would not require fluorescent
labels or element labels and would use unamplified genomic
DNA, thus eliminating enzymes, cloning, and amplification
steps. Sample preparation for nanopore sequencing may only
require minimal chemistry or enzyme-dependent amplification
but eliminates the need for nucleotides and polymerases or
ligases during readout. Furthermore, the possibly extremely
long reads of ~50000 bases would greatly simplify the genome
assembly and annotation. If so, the cost of a successful nanopore
sequencing would be dominated by the cost of the disposable
chip and the amortized cost of the instrument, which is
estimated to total less than $1000 per mammalian genome. (23]
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With the aim of overcoming the challenges of nanopore
electrical sequencing, such as the need to engineer
nanoelectrodes in the nanopore and the very high transloca-
tion rate and electrical noise that can prevent discrimination
among single bases, Soni and Meller!®? proposed the
development of nanopore single-molecule optical detection
approach (Figure 3d). The method involves three basic
steps: 1) converting the quaternary DNA code of A, T, G,
and Cinto a binary code in which each base is represented by
a pair of 12-mer oligos (A and B); 2) hybridizing the
converted DNA mixture with a mixture containing two
different 12-mer oligos ‘“‘molecular beacons” designed to
complement either A or B; and 3) optically detecting the
briefly emitted fluorescence of the molecular beacons as they
are sequentially stripped off the complementary converted
DNA strand through a <2-nm-diameter nanopore. Although
it is difficult to accurately attach a fluorescent probe to each
and every nucleotide, and it is a great challenge presently to
fabricate 1.7- to 2-nm-diameter nanopores!®’! required to
strip off the complementary, fluorescently labeled 12-mer
oligos, this method is highly suitable for massive parallel
readout using high-density arrays of nanopores, which can
be simultaneously probed using a single imaging device
such as a high-resolution electron-multiplying charge-
coupled device camera. Preliminary estimates suggest that
arrays of 100 by 100 nanopores could sequence an entire
human genome in an hour, driving the cost per genome to
$100000 apiece.

6. Scanning Tunneling Microscopy for Sequencing

The application of the atomic resolution of STM began
with the legendary images of silicon!® in 1983 and quickly
spread to almost every class of conductive materials as well
as DNA molecules.[®~%7! The fundamental principle of STM
is conceptually rather simple. An atomically sharp metal tip
is brought into such close proximity (<1nm) to a sample
surface that an overlap occurs between the tip and the
surface electronic wave functions, which decay exponentially
in the junction gap. If a small bias voltage is applied to the
sample or the tip, electrons can tunnel elastically from filled
tip states into sample states or vice versa, depending on the
polarity of the applied voltage. This vacuum tunneling
establishes a small tunneling current within the nanoampere
range. At low bias voltage, STM images represent images of
the local density of states at the Fermi level projected to the
tip apex above the sample surface. Thus, although STM lacks
chemical sensitivity, it can, in principle, be used to detect
DNA sequences if there is a difference in electronic
characteristics among the four bases. Furthermore, the
inelastic electron tunneling spectroscopy (IETS) technique
can probe the vibrational modes of a molecule down to the
scale of a single bond. The excitation of vibrations is a
consequence of inelastic scattering processes that can
happen during the tunneling process. If the electrons have
sufficient energy to excite a vibrational mode, an additional
transport channel opens. Usually this leads to a small but
abrupt increase in the tunnel current exactly at the onset of
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the threshold value of excitation. Thus, IETS can serve as a
fingerprinting technique for chemical analysis.

In 2007, Xu et al. reported base-specific electronic
signatures of DNA bases.!®”! They measured for the first time
the four DNA bases deposited separately on a Au (111) surface
by ultrahigh vacuum (UHV) STM and noted electronic
fingerprints such as bandgap and molecular energy levels of
the four bases statistically, along with first-principles calcula-
tion. However, overlap of the electronic signatures among the
different bases was found. This may be due to conformation
variation in the self-assembled films. In 2009, Tanaka and
Kawail®! showed that some bases appear brighter in the
conductance image (the derivative of the current-voltage
(I-V)) obtained at a chosen bias voltage than the other nucleic
acid bases of the stretched single-stranded M13mp18 phage
DNA by using low-temperature UHV/STM. By comparing to
the known sequence of M13mp18, the brighter bases were
identified as the guanine bases in the DNA molecule. When
DNA bases interacted with a single-walled carbon nanotube
(SWCNT), Kaxiras et al!®! found theoretically 100% base
identifications based on the electronic characteristics among
the four DNA bases. These reports indicate the possibility of
sequencing DNA using the STM technique. However, the
different electronic properties of carbon nanotubes (CNTs)
depend on their chirality and diameter, and the DNA wrapping
around CNTs (orientation issue) make it experimentally
difficult to access for probing individual bases along the
DNA molecule. Thus, for electronic DNA sequencing by STM,
itis preferable to engineer DN A molecules on a flat surface, and
tunneling spectrum acquired by sweeping bias in a wide voltage
range can provide many more electronic characteristics!®®¢”]
than current or conductance image generally obtained at a
chosen bias Voltage.[68]

Enhanced tunneling current was observed between a base-
specific modified STM tip and its complementary nucleo-
base.””! The current—distance response was used to identify
nucleobases with chemically functionalized STM tips in
solution.[’”!! These studies demonstrated the ability to identify
chemicals based on selective chemical interactions. For
sequencing DNA by a chemical-selective STM tip, however,
the reliable preparation of readable samples and nucleobase-
modified tips would be challenging. A large molecule used for
tip functionalization makes an originally sharp tip blunt and thus
loses the single-base resolution. In addition, measurement in
solution is a blind observation without temporal identification.

STM-based sequencing (Figure 4) faces a great challenge:
how to prepare a suitable ssDNA sample on a solid-state
surface. Such a critical issue hasnot yet been addressed in detail.
To date, DNA molecules for STM investigation were directly
laid on conductive surfaces such as Au, Cu, and highly ordered
pyrolytic graphite (HOPG),[>7>773] and a few reported high-
resolution images.[68’76] Besides helical structures of DNA, the
most likely reason for the lack of base resolution is electron
coupling!””! of the DN A molecules with the substrate electrons.
Note that the size of the assigned guanine bases along the DNA
strand by Tanaka and Kawail®! is not uniform, and there is no
obvious gap between neighboring bases, which may indicate
the presence of electron coupling. And the conductance
(brightness) difference may originate from electron coupling
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Figure 4. Schematic images of STM-based DNA sequencing; an ssDNA
molecule with bases regularly aligned is prepared on an ultrathin
insulating layer that is deposited on a conductive substrate.

and conformation fluctuation. To understand and probe the
electronic properties of individual DNA molecules, an
electronic decoupling of the molecules from the supporting
substrate is important. Electronic decoupling of a molecule
from a conductive surface can be achieved by inserting an
ultrathin insulating layer between the molecules and substrate.
For example, ultrathin oxide films, ionic salts, nitride, or
alkanethiol layers have been used successfully to decrease the
electronic overlap between a molecule and a metal surface.[”®!
Also, hydrogenation of a clean silicon surface resulted in the
passivation of Si surface states.[”’]

To straighten DNA molecules on a surface, molecular
combing and fluidic biochip approaches may be used. However,
no report has shown base resolution and uniformity and
consistency for the stretched and linearized DNA molecules.
Most works only reported a straight linear shape of the
stretched DNA molecules on a surface. In molecular comb-
ing,"?' DNA is elongated by means of a receding fluid meniscus
as adroplet of solution is allowed to dry on a surface. The solute
will migrate towards the boundaries of the droplet in a
phenomenon known as the “‘coffee-stain effect”. This method
of stretching is not inherently well controlled, and it is difficult
to predict the degree and uniformity of stretching or placement
of the molecules on a surface. Linearization of individual DNA
molecules using fluidic biochip platforms also proved relatively
inefficient in effecting the desired linearization. Elongation of
DNA molecules has been reported using a fluidic nanochannel
chip.[SO] However, quality of the linearization needs further
evaluation. Tanaka and Kawail®® used an oblique pulse-
injection method to deposit the single-stranded M13mpl8
phage DNA, showing base-resolution STM image, where
the solution of the DNA was injected directly onto a tilted
and cleaned Cu surface in an ultrahigh-vacuum chamber
with a pulse valve. This method can avoid possible
contamination incurred in air. However, it is still unclear
whether or not the pulse-injection method could destroy
DNA molecules, such as bond and chain breaking, and how
to control orientation of the nucleotides is an open question.
Such factors can influence conductance as observed in the
images.

A well-ordered and stretched ssDNA on a suitable surface
that allows electron decoupling between the DNA molecule
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and substrate is essential for STM investigations and potential
STM-based electronic DNA sequencing. The STM-based
method does not require imaging of the internal atomic
structure of bases, but it does require single-base resolution, so
that the STM tip can be located on top of each base individually.
Similar to the sample preparation for nanopore sequencing, the
genomic DNA needs only to be isolated and separated into
ssDNA, and modifications such as cloning of DNA fragments
with subsequent amplification and fluorescent labeling are not
required. An STM-based approach may support ultrafast
sequencing, considering that a scan speed of 15000 nm s~ has
already been achieved on flat metal and semiconductor
surfaces.®!] If this proves to be the case, we can envision an
STM probe with single-base resolution gliding along ssDNA
and recording tunneling spectra with sequencing speed up to an
estimated 40000 bases s .[¥*/ However, at the current stage of a
typical STM system, to obtain the scanning tunneling spectrum
it is necessary to stop the scanning and feedback of the STM
probe and then measure the /-V characteristic. As a result, it
takes a period of time ranging from 1s to 1 min for each point.
Also, similar to the TEM system, it takes time to find interesting
sample locations, and a typical low-temperature UHV/STM
instrument costs about US$0.6 million. STM and TEM systems
are not so complex; training for a couple of hours enables one to
know how to use TEM and UHV/STM.

7. Nano-Knife-Edge Probes for Sequencing
(Reveo, Inc.)

Reveo has developed a proprietary method for directly
reading sequences using nano-knife-edge probes. The operat-
ing methodology of the real-time sequencer (Figure 5a and b)
includes forcing straightened and stretched ssDNA into
microchannels (~10-pwm width), moving the channel platform
at a constant speed, detecting hybridization events in real time
with nano-knife-edge probes, and using a gated bias array that
controls synchronized current measurement, applied bias
voltage, DNA strand motion, or other excitation such as
electric stimulus to maximize single nucleotide reaction.!®*! In
the sequencer system, multiple nano-knife-edge probe arrays/
nanonozzles pass over a stretched and immobilized ssDNA in a
channel and the potential hybridization events are detected
through elastic tunneling, inelastic tunneling, resonantly
enhanced tunneling, and/or capacitance by STM-like tech-
niques. The key challenges of the nano-knife-edge probe
detection system are to manufacture and functionalize the
probe arrays/nanonozzles and to incorporate optical, magnetic,
and electric stimuli into the probes (Figure 5c¢) to enhanced
detecting signals. To reduce detection errors, Reveo proposed
to measure each nucleotide with 64 sets of the four nano-knife
edge probes and to use a fifth probe to detect a methyl group
(Figure 5d).

Faris provided many ideas of how to fabricate the probe
arrays and nanonozzles with a monolayer of lamellar materials,
such as graphene, by folding techniques and described possible
methods to detect hybridization events with the nano-knife-
edge probes.[83] The probe is characterized by a tip thickness of
less than 0.5 nm and a large width. For example, the probe width
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8. Summary and Outlook

The commercial tSMS and SMRT
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produce an unprecedented amount of data
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quickly. The short read-lengths (30—
35bases) resulting from the reversible
terminators of tSMS platform, however,
limits its application to the sequencing of
small and less complex genomes or genome
regions and poses challenges for genome
assembly and annotation. By contrast,
labeling nucleotides with four distinguish-
able fluorescent dyes on the terminal
phosphate group makes SMRT platform
possible achieve read-length of many thou-
sands of bases. Improvement in accuracy of

900

Figure 5. a) An ultrafast real-time sequencer that has a series of probe sets (a probe set
including probes ornozzles) fordetecting hybridization events. ADNAstrand is moved along the
channel, and nucleotides from the reservoirs interact with the bases of the strand through the
nozzle. The hybridization even provides measurable and detectable current pulses, thereby
allowing identification of the base. b) An enlarged view of a nanonozzle with a nucleotide
reservoirof A, C, G, or T. ¢) A probe includes a detection probe and a light nozzle for facilitating
detections of hybridization. d) An array of 5 nano-knife-edge probes, in which each nano-edge
probe is tuned to recognize a particular base (A, C, T, G) and CH; (epigenome, i.e., methylation
code) in the stretched DNA strand. Adapted with permission from Reference [86]. Copyright

2008, Nature Publishing Group.

is 10 wm, the same as the channels, so that the probes always
land on the ssDNA in the channel to solve the landing error
problems that arise because the system cannot directly see the
ssDNA. Despite these ideas, no prototype probes have been
produced to date.

Note thatsuch an edge probe differs from the probes usedin
areal STM system, with an atomic apex for atomic resolution.
Thus, other theoretical models for the edge probe may be
needed to explain the measured results. With respect to typical
STM, the most prominent model of an atomic sharp tip is the
s-wave-tip model. The tip is regarded as a protruding piece of
metal with a radius of curvature, and is assumed that only
the s-wave solutions of the quantum mechanical problem
(spherical potential well) are important. Thus, at low bias the
tunneling current is proportional to the local density of states of
the sample. The nano-knife-edge probes should be robust
enough to sequence a long strand, like embedded nanoelec-
trodes in a nanopore and a tip of STM-based sequencing, not
only several bases. The lifetime of such a probe-based detector
is a fundamental issue of the sequencing platforms.
Furthermore, the probe height and thickness should be uniform
enough to detect, for example, tunneling current and force,
because tunneling current is exponentially dependent on
probe-sample separation (in the STM case) and contact force
(in the conductive atomic force microscopy case). If using
nucleotide-modified cantilever arrays to measure the interac-
tion force, calibration of the spring constant of the array is
needed.
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this platform, however, is needed by
improving the camera detection and signal
collection techniques, and modifying fluor-
escent dyes and polymerase.

Accurately modifying each and every
nucleoside in DNA is a common challenge
to sequencing individual DNA molecules
by detecting the element-labeled nucleo-
tides with TEM and fluorescence of
beacon-labeled oligos with nanopores.
These chemical modifications change the
structures of DNA nucleotides, and they
add extra steps that slow sequencing
procedure. However, they can add
enhanced distinguishability as well.

Because the electronic properties of DNA and bases are
sensitive to conformational variation,**%*® it is essential to
control base orientation in DNA for electronic sequencing. The
nanopore electrical methods would especially support rapid
sequencing, but they have to cope with additional solution and
base rotation effects by using a recognition element that will
both recognize and orient the base, and slow the translocation
rate of DNA through the pore. A question of STM-based
sequencing is how to get suitable samples of ssDNA with bases
regularly aligned for accurate sequencing. Stretching of
anchored ssDNA by molecular combing, flow in nanofluidics,
or oblique pulse-injection may constitute an inexpensive means
of achieving this. Nano-knife-edge probe sequencing-based
techniques pose the difficulties of fabricating uniform functio-
nalized probes as well as preparation of single DN'A molecules
such as the STM-based approach. Robust probes are required
for sequencing long DNA strands by probe-based sequencing
platforms.

The proliferation of large-scale DNA sequencing projects
for applications in clinical medicine and health care has driven
the development of alternative methods to reduce time and
costs. These new sequencing platforms are providing signifi-
cantly improved throughput over Sanger methods, as well as
second-generation sequencing technologies. Advances in the
DNA sequencing field are changing the scientific horizon and
promising an era of personalized medicine for improved human
health. In this Review, we have examined a variety of different
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technologies for inexpensive and rapid single-molecule DNA
sequencing, while critically describing their challenges and
possible solutions to overcome these. These technologies use
either conventional fluorescent or physical approaches to
detecting single bases in a sequence. Single-molecule sequen-
cing methods avoid the long timescales, error, and cost
associated with sample preparation and amplification.
Therefore, these methods would allow researchers to gather
genome data faster and at lower cost than presently available
sequencing methods. Single-molecule DNA sequencing pro-
vides novel direct methods for deciphering the composition of
DNA molecules. For example, genomic rearrangements such
asinsertions, deletions, and inversions that are often associated
with cancers or variations within the transcriptome of specific
genes may be difficult to detect with conventional sequencing
strategies.

The development of single-molecule sequencing technol-
ogy is just beginning, with a growing number of companies
taking very different approaches.®! An individual human
genome has already been sequenced by using Helicos
technology.[87] The method of directly detecting electronic
differences between the bases is fundamentally different to the
methods currently used for sequencing. The similarity of
chemical structures and composition and, maybe, of electronic
properties of the four bases raises key challenges for the
fabrication of sequencing devices, development of detection
techniques, preparation of a suitable DNA sample, and control
of DNA conformation and orientation during measurement.
Ingenious techniques and methodologies are needed to
overcome the challenges. Because of the dramatic increase
ininterest in new sequencing methods, it is difficult to peer even
a few years into the future. But, single-molecule DNA
sequencing technology is believed to hold great promise for
low-cost and rapid sequencing and detection, originating from
minimal sample preparation and extremely long read-length.
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