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Standfirst

Sequencing methods based on electron tunnelling could lead to breakthroughs in genomics,
proteomics and glycomics, but the engineering challenges involved in delivering these
devices are formidable.

It is over 20 years since the first proposal was made to sequence DNA by measuring
variations in ion current flowing through a nanopore as a single molecule of DNA is driven
through the pore by electrophoresis?. Such were the technical challenges involved in this
approach that working devices have only recently appeared?: a commercially-engineered
version of this technology — the “MinlON” from Oxford Nanopore Technologies — uses a
protein nanopore and has shipped to hundreds of labs. Users of the MinlON have generated
reads of up to 100 kilobases in length with per-base read accuracies in excess of 90%3. This
is still well below the accuracy of Sanger sequencing but comparable to other single-
molecule methods such as the SMRT sequencing from Pacific Biosciences. Given the
success of this remarkable low-cost technology, why is there a strong interest in exploring
alternative single-molecule DNA sequencing methods and, in particular, developing physical
detection methods that use solid-state devices*>?

One reason for this is that the physics of ion-current flow through a small pore imposes a
fundamental limit on resolution. The electric field near a pore of diameter d'extends for
about a distance d'on each side of the poreS. In order to pass single-stranded DNA, the
diameter of the pore must be at least 1.4 nm (ref.”), so even pores in atomically-thin
membranes (such as those made of graphene, which are discussed in the Review by
Stephanie Heerema and Cees Dekker?) will be sensitive to the DNA bases that lie outside
the pore on each side (Fig. 1a). However, despite the fact that several bases contribute to the
size of the ion current at any one time, a clever analysis can unfold the underlying sequence
by analysing the changes in current signals as many bases pass the pore®:°. Graphene
membranes would make this process much easierl9. Nonetheless, the lack of single-base
resolution complicates reads of homopolymer sequences and also the identification of
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epigenetically-modified bases. In addition, further improvements in accuracy are needed for
the reliable detection of single nucleotide polymorphisms in a human genome.

Aware of these problems, Michael Zwolak and Max Di Ventrall proposed measuring
electron-tunnelling current flowing transverse to the long axis of the DNA (an approach
discussed in the Review by Di Ventra and Masateru Taniguchi®). Molecular tunnelling
requires good chemical contacts between the molecule and metal electrodes!?, and this is
difficult to achieve given the rapid accumulation of hydrocarbons on exposed metal surfaces.
Taniguchi and colleagues solved this problem by preparing freshly-broken gold gaps that are
small enough (0.8 nm) to contact a DNA base directly. (Such a tunnel junction is shown
approximately to scale in Fig. 1b.) Clearly, single-stranded DNA, with a diameter of 1.4 nm,
cannot enter a 0.8 nm gap. Therefore, it is not possible to pull DNA through the break-
junction gap to ensure sequential reading of the bases. Sequencing can be carried out using
“stochastic traps”, which means random sampling of the DNA as it lands on, and diffuses
over, the junction®. However, it is not clear how this sampling of small fragments could be
extended to compete with the 100 kilobase single-molecule reads that are currently achieved
using ion-current sensing nanopores.

In order to address this limitation, my group developed recognition tunnelling (RT; the
scanning tunnelling microscope implementations of this approach are also described in the
Review by Di Ventra and Taniguchi®). In RT, recognition molecules (Fig. 1c, in red),
chemically-bound to the electrodes, are used to make good, but non-covalent, contacts to the
target molecules. The on-rate for the formation of complexes (such as those shown in Fig.1c)
is rapid enough that each base should be captured in turn even with sub-millisecond intervals
between bases passing through the junction13. By designing the recognition molecules with
the appropriate electronic properties, the size of the reading gap can be increased to 2.5 nm
(ref.1%): large enough to let single stranded DNA pass and more manufacturable than smaller
gaps. In particular, a structure made from metal-dielectric-metal stacks (Fig. 1c) can be
readily manufactured on a wafer-scale and can read single nucleotides with high accuracy?®.

Using a scanning tunnelling microscope (STM) to achieve directed motion of the molecule
with respect to the junction, RT can read homopolymer sequences and epigenetic
modifications directly and accurately (Fig. 1d). STM read lengths are, however, short due to
the need to track the axis of the polymer through regions of secondary structure where the
DNA is folded!3. With solid-state tunnel junctions based on the metal-dielectric-metal
design, sequencing requires that a small a small diameter (~ 2 nm) aperture be drilled
through the layers to direct the DNA over the electrodes in the appropriate geometry
(illustrated in Fig. 1c). Drilling these apertures without damaging the electrode structure is a
challenge. Large (micron-sized) holes made by selective reactive ion etching (RIE) work
very well®® for identifying individual DNA nucleotides. Careful electron-beam lithography
has also allowed nanopores as small as 20 nm diameter to be made by RIE in a scalable
way16. However, because the geometry of DNA passing through 20 nm apertures is not
sufficiently constrained, long DNA molecules produce signals that are reads of the sequence
at randomly-selected positions, much like the stochastic sampling described by Di Ventra
and Taniguchi®.
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In this regard, tunnelling readout is in much the same state that protein-pore based ion-
current devices were before Mark Akeson and colleagues introduced molecular control of
the motion of DNA into the porel”. In order to follow this approach with solid state pores, it
will be necessary to make pores that are smaller than the dimensions of a motor protein (i.e.
about 5 nm in diameter) so that an enzyme that controls the DNA motion is trapped against
the nanopore. The current methods for making small pores, like electron-beam drilling8 or
electrochemical breakdown?®, are neither scalable nor gentle enough. Finding ways to make
small pores, while leaving the metal-dielectric-metal junction unscathed, is the focus of
current research.

Electron-beam drilling can be used to make very small pores in single metal layers that act
as models of the electrodes in the tunnel junctions. This single electrode can be chemically-
modified in the same way that the tunnelling devices are, so that the effects of transient
binding of the DNA bases to the recognition molecules can be explored. We found that DNA
translocation is slowed by nearly a factor of 1000 compared to translocation through bare
metal pores20. This should be a significant advantage of RT once a reliable and scalable
method is found for making small pores.

Any scheme that seeks to confine DNA into a solid-state nanopore will face manufacturing
challenges related to the scalability of methods that sculpt fine features into solid state
materials; this applies to the several ingenious graphene sensing structures that are currently
being explored* just as much as it does to the pores in metal-based tunnelling devices. This
problem has, of course, been solved by nature, and exploited in the protein pores used in the
MinlON, where the pore channel is defined by the remarkably stable folding of the protein.
Even so, the manufacture of devices like the MinlON presented its own major engineering
challenges. Anyone who has accidently banged a lab-bench on which a nanopore is
operating knows how fragile these devices can be, and yet Oxford Nanopore has found a
way to mass-produce these devices and ship them worldwide. It is hard to believe that such
engineering ingenuity cannot also be applied to solid-state sequencing devices in the future.

So what of a world in which cheap, massively parallel solid-state sequencing devices are
ubiquitous? The single most important aspect of this technology is that physical readouts do
not depend on the action of a DNA polymerase, and so they are agnostic about the nature of
the molecule to be sequenced. The approach has, for example, already been used to identify
amino acids and partially sequence peptides®. As Di Ventra and Taniguchi point out®, there
is no analogue of the DNA-polymerase chain reaction to amplify tiny amounts of protein in
patient biopsies, so a single-molecule analytical technique that uses only tiny amounts of
sample will have a profound impact on proteomics. This is turn will set the stage for
significant advances in personalized medicine because the proteome provides a detailed,
real-time picture of current health status, as well as a record of past pathologies, and does so
in massive detail (there are fewer than 20,000 coding genes but millions of gene products in
the many forms of protein that are expressed).

Mass spectrometry dominates proteomics at present, but requires large amounts of sample to
analyse rare protein variants. Future single molecule detectors should be readily capable of
analysing quantities of sample as small as a femtomole. The impact should be even more
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profound in glycomics where milligrams of sample are currently required to crack the most
difficult glycan structures using nuclear magnetic resonance (NMR), an approach which is
not feasible in a clinical setting. | expect that RT will, in the future, be able to identify many
important compounds using only femtomoles of sample.

Even without nanopores, the current generation of tunnel junctions'® make very sensitive,
label-free single molecule detectors, and practical applications can be expected even before
the nanopore manufacturing problem is solved.
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Figure 1.
Three physical approaches to sequencing a moving DNA molecule. a, Sequencing by

sensing changes in ion current passing through a nanopore as a DNA molecule translocates
through the pore. The electric field around a nanopore (colour bar at top - units are MV/m)
extends above and below the pore, so even in a thin membrane DNA bases adjacent to the
pore lie in regions of relatively high current, limiting resolution. b, A mechanical break
junction in which a 0.8 nm gap in a freshly-broken gold wire contacts a DNA base directly,
and bases are assigned by means of the tunnel current that flows across them. In this case,
the entire DNA cannot be drawn through the gap, so the sequence must be built up
statistically by sampling portions of the molecule that land on the gap. c, In recognition
tunnelling (RT) only bases contacted simultaneously by recognition molecules (red) attached
to the electrodes generate a signal. By choosing recognition molecules with a high electronic
conductance, the gap can be increased to 2.5 nm. In one embodiment of RT, a nanopore is
drilled through a metal-dielectric-metal stack so the DNA sequence is read by bonding
events that bridge the gap between the two electrodes. d, RT can read homopolymer
sequences (top) and epigentically-modified bases (me-C is 5-methylcytosine). The signal
consists of a series of randomly-timed current spikes, but the transitions from one base to
another are clear as dips in the train of spikes.
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