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Abstract A nanopore on an impermeable membrane,

which separates two chambers containing electrolytic solu-

tion, can be used as a nanometre-sized Coulter counter for

single-molecule biological sensing. With an applied poten-

tial, charged molecules are electrically dragged through the

pore, and the analytical information is sequentially read out

from the current blockades. Nucleic acid, which is an elec-

trically charged polymer, is an ideal analyte for nanopore

analysis and nanopore sequencing. With the advantages of

high-speed, label-free and single-molecule resolution, a

nanopore sequencer is considered to be the most promising

candidate for the third-generation DNA sequencing. In this

review, a brief history of nanopore sequencing to date is

summarized and discussed along with future prospects.

Although successfully demonstrated for known viral gen-

ome sequences, the nanopore sequencing technique still

requires missing pieces like improved accuracy, automation

and throughput for clinical diagnosis-level applications.

Keywords Nanopore � Single molecule � Human

genome sequencing � Membrane protein � Alpha
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1 Introduction

The field of single-molecule biophysics is a novel, inter-

disciplinary and quantitative research interface of biology,

physics and chemistry aiming to understand the mechanism

of biological phenomena at the single-molecule level.

These single molecules include DNA, RNA and a variety

of proteins. With the help from the latest development of

scientific facilities, such as scanning probe microscopy [1],

super resolution microscopy [2, 3], optical/magnetic

tweezers [4–6], single molecule fluorescence methods [7],

electron microscopy [8], patch clamp technologies [9] and

the development of various micro/nanofabrication tech-

niques [10, 11], the study of biophysics has unveiled tre-

mendous amount of biological phenomena that was

vaguely understood in bulk before [12].

As a branch in single-molecule biophysics, nanopore

biophysics mainly focuses on the development of sensor

instruments for biological molecules in a comparable scale

and geometry to the pore opening (normally\10 nm) [13,

14], such as nucleic acid (particularly DNA) for sequenc-

ing. Traditional Sanger sequencing method [15] harnesses

the polymerase chain reaction (PCR), and the chain ter-

minating dideoxyribonucleotide triphosphate (ddNTP) to

amplify and sequence the genome based on gel electro-

phoresis methods but limited with the short read length,

high cost and slow sequencing speed. Thus, the sequencing

of a human genome (*3.3 billion base pairs) requires steps

of genome fragmentation, sequencing and sequence

reconstruction, which are expensive and laborious to per-

form, and the early human genome sequencings (draft in

2001 [16] and finishing in 2003 [17]) were finished with

international collaborations and tremendous amount of

investment. Currently, the leading sequencing methods,

such as HiSeq (Illumina) and PGM (Ion Torrent), are cat-

egorized as the next-generation sequencing (NGS) methods

and have reduced the human genome sequencing cost and

time down to *$5,000 and a few days [18]. Nanopore

sequencing, which is categorized as one of the third gen-

eration sequencing methods [19], offers advantages of long
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read length, fast speed, low cost, label free and single-

molecule resolution and has developed rapidly during the

last decade. In this review, the general mechanism and a

brief history of nanopore sensing, especially sequencing,

are illustrated along with recent developments and future

prospectus.

2 The general concept of nanopore sequencing

Generally, a nanopore can be either an ion channel protein

(biological nanopore [20]) in an electrically impermeable

lipid membrane (Fig. 1a) or an artificially drilled aperture

(solid-state nanopore [21]) over a solid-state material

(Fig. 2a). Besides the difference of the pore materials, these

two major approaches of nanopore research utilize the same

concept for measurements. In a typical nanopore measure-

ment, the nanopore is the only passage for ion transport

between the two chambers containing electrolytic solutions.

A pair of Ag/AgCl electrodes is placed across the nanopore

to form a closed electrical circuit. The ion migration through

the nanopore is generated by applying a potential across the

membrane and an electrochemical reaction happens as:

Ag sð Þ þ Cl� $ AgClðsÞ þ e� on the electrodes [22].

Briefly, the gaining of an e� on the cathode electrode results

in the release of a Cl� to the solution, which generates a

charge imbalance and the ion concentration gradient. On the

other side, the capturing of a Cl� on the anode electrode

results in the release of an e� to the electrical circuit and thus

generates a sustainable current flow across the membrane

(Fig. 2a). Continuous molecular translocation blocks the

pore and generates a train of resistive pulses in the current

Fig. 1 (Color online) The general concept of protein nanopore measurements and the early approaches for DNA sequencing. a The diagram of a

typical nanopore device in a planar lipid membrane (PLM). Two chambers containing electrolytic solutions (normally 1 mol/L KCL, PH 7.0) are

separated by an impermeable PTFE membrane (20 lm thick) with a micro-aperture (100 lm diameter). The aperture is pre-treated with

hexadecane, and the PLM is formed by annealing the Langmuir-Blodgett film of lipid monolayer on both sides of the aperture. b Three types of

intensively studied protein nanopores and of which, the a-haemolysin (a-HL) is the most studied. The b-barrel of a-HL fits with ssDNA but not

dsDNA and the long cylindrical stem limits the single base resolution for DNA sequencing. MspA nanopore, a conical shaped trans-membrane

protein, shows significantly improved base resolution. Phi29 connector, which has bigger inner diameter, is more suitable for working with

dsDNA. Reproduced with permission from Ref. [26], Copyright 2012, Elsevier. c The mechanism of a typical nanopore measurement. Free

nanopore in the solution spontaneously inserts into the membrane and a current step is observed. Translocation of analytes generates current

blockades and the residual current Ires and the duration time td are analysed for single molecule identification. d Nucleotide identification by an a-

HL nanopore. Reproduced with permission from Ref. [34], Copyright 2009, Nature Publishing Group. e The strand sequencing by a MspA

nanopore. Reproduced with permission from Ref. [39], Copyright 2010, National Academy of Science
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trace recorded by a patch clamp amplifier. The blockage

amplitude and duration time provide analytical information

for molecular identifications.

The ideal targets for a nanopore sensor should have a

small cross section area that barely fits the size of a pore

and should also be electrically charged for efficient pore

capturing rates. Nucleic acids, which are negatively

charged phosphate backbone polymers, are the most stud-

ied biomolecule of nanopore research. It is believed that by

sliding a piece of single stranded DNA (ssDNA), the

sequence information could be read out by recording the

sequential current blockage signatures. Such a nanopore

sequencing device identifies the DNA base directly by its

intrinsic physical properties and requires no chemistry

labelling. Compared with the NGS methods [23, 24], which

requires fluorescent tagged DNA nucleotides and long turn-

around time (nucleotide flushing, washing and fluorescent

imaging) for each nucleotide addition cycle, a nanopore

sequencer is fast, label free, cost effective, of single mol-

ecule resolution and long reading length [13].

Due to the limitation of nanofabrication techniques in

the 1990s, this concept was first demonstrated as DNA

translocation through natural ion channel proteins (bio-

logical nanopore) in an artificial lipid bilayer [25], which

has a much lower technique hurdle for pore fabrication

compared to solid-state nanopores.

3 Biological nanopore

Among the family of biological nanopores (Fig. 1b) [26],

a-HL, which is a natural ion channel protein produced by

staphylococcus aureus, is the first and the most studied

biological nanopore for nucleic acid sensing. As confirmed

by X-ray crystallography [27], atomic force microscopy

[28] and electron microscopy [29], a-HL (Fig. 1b1) is a

heptameric protein mimicking the shape of a mushroom

with a wider cap (vestibule) and a narrower stem (b-barrel),

which is embedded in the lipid membrane when the pore

inserts. The cap (vestibule), which has an internal diameter

of *4.5 nm, accommodates a molecule as large as a piece

of dsDNA. Below the cap, the stem (b-barrel), which is

composed of 14 anti-parallel b strands, forms a cylindrical

channel with a narrower *2 nm internal diameter and

barely fits a piece of ssDNA for translocation. The nar-

rowest parts of the stem (*1.4 nm), which is called the

recognition sites, are the most sensitive region for nucle-

otide identification [30–33].

Fig. 2 (Color online) The general concept of two representative solid state nanopore approaches. a The diagram of a typical solid state nanopore

measurement. b SiN nanopore and its application for miRNA identification. The image inset (bottom left) shows the transmission electron

microscope (TEM) image of the nanopore (scale bar: 5 nm). c Improved signal noise ratio with thin membrane thickness. b, c Reproduced with

permission from Ref. [53], Copyright 2010, Nature Publishing Group. d The concept of graphene nanopore measurements. e The I–V curve of a

graphene nanopore. The image inset shows the TEM image of a nanopore on the graphene membrane. f The statistics of DNA translocation

events with a graphene nanopore. d–f reproduced with permission from Ref. [55], Copyright 2010, Nature Publishing Group
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In a typical biological nanopore measurement, two

electrolytic chambers, namely as the cis and the trans

chamber, are separated by an impermeable planar lipid

membrane (PLM) spontaneously formed by 1,2-diphyta-

noyl-sn-glycero-3-phosphocholine (DPhPC). A pair of Ag/

AgCl electrodes is immersed in the buffer of each chamber,

and the current across the membrane is recorded with patch

clamp when the cis chamber is electrically grounded. The

biological nanopores and the analytes (ssDNA, ssRNA,

protein) are normally added into the cis chamber. Free

nanopores near the lipid membrane spontaneously insert

into the bilayer and conduct ions across the membrane

(Fig. 1c). As patch clamp is recording, this pore insertion

process is monitored as a step signal in the current at

positive applied potential. The strong electric field

diverged from the nanopore facilitates the entry of the

charged analytes (for example, ssDNA) into the pore and

the current suddenly drops and restores during the trans-

location. This transient resistive pulse indicates a suc-

cessful translocation event. The residual current Ires and the

event duration time td are normally the key parameters for

data analysis (Fig. 1c).

As an intensively studied protein, the structure of a-HL

is atomically consistent and can be altered by site-directed

mutagenesis or further chemical modifications [34–36] to

improve its performance for applications such as DNA

sequencing. As reported, an aminocyclodextrin adapter can

be covalently attached in the b-barrel of a mutated aHL for

identifying mononucleotides of DNA, and [99 % base

calling accuracy is achieved with optimized conditions

(Fig. 1d) [34]. In principle, a genetic fusion exonuclease

above the nanopore could cleave mononucleotides off the

template strand continuously for translocation and

sequencing. However, the exonuclease reaction, which

chops up the DNA in a ‘‘one way’’ manner, fragments the

sequence information and may lead to high error rate for

sequencing.

A more ideal way of sequencing is to read the sequence

directly from a natural strand of DNA in the nanopore,

namely as ‘‘strand sequencing’’. However, with a long

(*5 nm) and cylindrical-shaped b-barrel, the aHL and its

mutant are limited to the poor base resolution for strand

sequencing [31, 37]. First reported in 2008, an alternative

biological nanopore Mycobacterium smegmatis porin A

(MspA), which is a conical shaped protein with a single

and sharp recognition site (Fig. 1b2) [38], is a more ideal

candidate for strand sequencing. With genetically engi-

neered MspA nanopore, trinucleotides could be discrimi-

nated sequentially from a ssDNA [39] (Fig. 1e).

The translocation of dsDNA is prohibited for both aHL

and MspA due to the narrow size of their recognition sites.

As recently reported, Phi 29 connector protein, which has an

internal diameter of 3.6 nm in the narrowest part, is

compatible for dsDNA translocation and is a great supple-

ment to the biological nanopore family, although its use for

nanopore sequencing has not been demonstrated yet [40].

In summary, the study of biological nanopores in the last

two decades has demonstrated the possibility of nanopore

sequencing [34, 39]. As a biomimicry method, biological

nanopores are normally produced by in vitro transcription

and translation (IVTT) methods [41] or E. coli-based pro-

tein expression [42] with extremely low cost per nanopore.

Also, the massively produced nanopores show atomic

consistency in structure and performance and great stability

against harsh conditions (denaturants [43], extremes of pH

[44] and extremes of temperatures [45], et al.). Recently,

various new biological nanopores (ClyA [46], FhuA [47]

and Sp1 [48]) for biosensing have been discovered and

reported. However, the lipid bilayer used for all these

biological nanopores is the weak point against high voltage

or extreme mechanical vibrations. This fragile lipid bilayer

is also limiting the biological nanopore for device inte-

gration and commercialization.

4 Solid-state nanopore

The disadvantages of a biological nanopore may be solved if

a properly sized cavity can be chemically etched or drilled on

a solid-state film, which forms a solid-state nanopore device

[21] (Fig. 2). Defect (track) guided chemical etching over a

polyethylene terephthalate (PET) film generates a conical

shaped nanopore down to 2 nm in diameter [49]. However,

these etched nanopore devices normally have irregular pore

edges, big variations in pore diameters and huge membrane

thickness, which are limiting its base resolution for any DNA

sequencing based applications [21].

Alternatively, a more controllable technique called ‘‘ion

beam sculpting’’ mills a cavity over a thin SiN membrane

in a more controllable manner [50]. The milling process

can be monitored in real time with the integrated ion

detector, and a solid-state nanopore could be easily char-

acterized by transmission electron microscopy (TEM),

although overexposure of such a nanopore with wide-field

illumination of electrons may alter the shape and size of the

pore being characterized. For such reason, a focused

electron beam can also be used (electron beam lithography)

for nanopore fabrications creating a sub-10-nm pore

diameter [51].

Although still technical challenges remain, the nanopore

fabrication technique has been improved dramatically since

the early 2000s. Nanopores on various solid-state materials

(SiO2 [52], SiN [53], polymer films [49], carbon nanotubes

[54], graphene [55–57], Al2O3 [58], hafnium oxide [59])

can be massively fabricated in high quality and consistency

as a single molecule sensor. With the advantages of being a
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more durable material compared to its biological counter-

part, the solid-state nanopore is resistant against high

applied potentials and vigorous buffer exchanges [21]. The

fabrication of solid-state nanopores can also be automated

for patterning nanopore arrays [60] for future applications

like high-throughput nanopore sequencing. Miniaturized

electronic devices could also be integrated above the

nanopore for more advanced applications.

However, a fatal drawback of solid-state nanopores for

the application of DNA sequencing is the thickness of the

membrane. Compared to the thickness of the recognition

site of a biological nanopore [31, 61], a SiN membrane is

normally more than 20 nm in thickness, which is 50–60

times thicker than a single DNA nucleotide. This cavity

size is far too large for resolving a single base, and the

demonstration of a solid state nanopore has been limited to

translocation of large pieces of double-stranded DNA

(dsDNA).

It is known that the SiN membrane can be thinned by

sulphur hexafluoride (SF6) plasma treatment, and a mem-

brane thickness down to 6 nm can be achieved when the

exposed area of the membrane is reduced [53]. On plasma

thinned SiN membrane supported by a Si chip, a nanopore

with 3-nm pore diameter can be fabricated with TEM

(Fig. 2b) and showed dramatically improved sensitivity as

calibrated by different membrane thickness (Fig. 2c) and

could resolve short nucleic acid with subtle structure dif-

ferences (DNA, RNA and tRNA) [53]. However, the thin

membrane is technically challenging for device fabrication

and handling, due to the reduced material strength.

Graphene, a single-layer material with strong mechani-

cal strength and atomic thickness (*0.3 nm), has been

intensively studied within the last decade [62]. In 2008, the

first nanopore fabrication on a suspended graphene mate-

rial was reported [63] and quickly followed with three

reports of dsDNA translocation with graphene nanopores

almost immediately [55–57]. The graphene material for

nanopore fabrication is normally first prepared by chemical

vapour deposition. Similar to nanopore fabrication with

SiN materials, graphene nanopore is also milled by a

focused electron beam with TEM and sub-10-nm pore size

can be achieved with large electrical conductance (Fig. 2d,

e). Although dsDNA translocation has been demonstrated

with graphene nanopores, the sequence-related signal is

still not resolvable due to the fast speed of translocation,

which makes a graphene nanopore not significantly dif-

ferent from other solid-state nanopore devices. Although

the selling point of a grahene nanopore is its atomic

thickness for DNA base resolution, many graphene nano-

pore approaches utilize extra coating materials, such as

TiO2 or Al2O3 to increase the wettability or reduce the 1/

f noise [56, 64].

5 Genome sequencing with nanopore

Although it is reported that various types of nucleic acid-

related molecules (DNA nucleotides [34], ssDNA [25],

ssRNA [25], RNA nucleotides [65], dsDNA [50] and

hybridized ssRNA/ssDNA [53]) have been translocated

through nanopores (either biological or solid state nano-

pore), the actual nanopore sequencing of DNA is still held

back by the translocation speed, which is normally too fast

for any existing electronic device to resolve the sequence

information. Over 2 decades, various nanopore researches

have been carried out to reduce the translocation speed

(Fig. 3) by optimizing the surface charge [66], buffer vis-

cosity [67] or chemical modification [68].

The movement of DNA in a biological nanopore can be

totally fixed by a streptavidin stopper on one end of ssDNA

with impressive single base resolution [31, 61], which

confirms the improved S/N with the slowed translocation

time. The ssDNA, when bound with a molecular motor,

like a DNA polymerase [69], can be ratcheted to move

forward and backward inside a nanopore with 5 Å spatial

resolution (Fig. 4a, b) which is the basis for strand

sequencing by a nanopore [70].

Fig. 3 (Color online) A brief summary of nanopore analysis of DNA.

Historically, the study of protein nanopores focus more on short,

synthetic ssDNA while the solid state nanopores, which chronically

appears later, work mainly with long dsDNA (for example, k-DNA).

During a typical nanopore measurement, the ionic current through the

pore is sampled up to 250 kHz by a patch clamp amplifier. The

detailed sequence information is normally not resolvable during a

DNA translocation event because the translocation speed is too fast

for the amplifier to catch up. Intensive efforts have been made for

both types of nanopore approaches (protein nanopore and solid state

nanopore) to slow down the translocation speed for DNA sequencing.

Reproduced with permission from Ref. [13], Copyright 2011, Nature

Publishing Group
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Fig. 4 (Color online) Nanopore sequencing by ‘‘forward-reverse ratcheting’’. A prototype of nanopore sequencing is recently reported using the

‘‘forward-reverse ratcheting’’ strategy, and nanopore sequencing of short synthetic oligomer is achieved with the MspA nanopore, which has a

more improved base resolution. a The sequence of the DNA for demonstrating the ‘‘forward-reverse ratcheting’’ with a-HL nanopore. ‘‘X’’

represents the abasic DNA nucleotide in the sequence. The blocking oligomer protects the polymerase reaction in bulk phase. Abasic sequence

on the target DNA, which generates an ionic increase when the DNA is trapped in the pore, is used as a current marker in the nanopore ratcheting

trace. b A representative nanopore ratcheting trace with the diagram (right). Briefly, the DNA-enzyme complex is captured by the nanopore,

which triggers the dissociation of the blocking polymer and initiates the polymerase reaction. The chain elongation ceases when the polymerase

meets the abasic sequence of the template. a, b reproduced with permission from Ref. [70], Copyright 2012, Nature Publishing Group.

c Nanopore sequencing with MspA based on the ‘‘forward-reverse ratcheting’’ mechanism. Reproduced with permission from Ref. [71],

Copyright 2012, Nature Publishing Group
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The MspA nanopore, which is a conical-shaped ion

channel, shows a much improved base resolution compared to

other biological nanopores. Combined with the enzyme rat-

cheting scheme of Phi 29 DNA polymerase (Fig. 4c) [71], the

MspA nanopore generates stepped current traces containing

the sequence information with up to 40 pA level separation

and a median duration time of 28 ms/base. Besides this

demonstration of nanopore sequencing with short and pre-

designed synthetic DNA fragments, the first nanopore

sequencing of natural viral genome Phi x 174 has been

reported recently with the similar method and a 50 %–70 %

base calling accuracy is achieved [72].

6 Other approaches to nanopore sensing

The fabrication of a solid-state nanopore over an ultrathin

membrane with consistent and comparable size to its

biological counterpart is extremely challenging technically

and has not yet been achieved. For such reason, biological

nanopores are outperforming their solid-state counterpart,

but the lipid membranes are too fragile for device integration

and commercialization. It is believed that a combination of

these two techniques as a ‘‘hybrid nanopore’’ may solve the

drawbacks on both sides [73, 74].

The structure of an inserted biological nanopore, which is a

well-defined aperture in a lipid bilayer, could be mimicked by

coating a solid state nanopore with self-assembled lipid layers

[73]. This dynamic and fluidic lipid coating tunes the nano-

pore size and stops the nanopore from clogging, which hap-

pens frequently for traditional solid state nanopores (Fig. 5a).

The translocation of large protein molecules (streptavidin,

anti-biotin Fab fragments, anti-biotin antibodies) through this

lipid pore is observed with analytical values [73].

Another alternative hybrid nanopore design is to adapt a

DNA-tethered a-HL to a solid state substrate [74]. On a

Fig. 5 Other approaches for nanopore biosensing. a Bioinspired synthetic nanopore with fluidic lipid coating. The solid state aperture is fabricated

over a silicon nitride substrate. The blue layer below the lipid bilayer represents the interstitial water layer. Streptavidin (large red), which binds with

lipid anchored biotin (blue), translocates through the nanopore and produces current blockages. Reproduced with permission from Ref. [73],

Copyright 2011, Nature Publishing Group. b The hybrid nanopore approach. a-HL is chemically tethered with a DNA overhang, which drags the

protein nanopore into the solid aperture at positive potential. This silicon nitride membrane aperture is more durable compared with a lipid bilayer,

which increases the mechanical stability of the system against high potential. Reproduced with permission from Ref. [74], Copyright 2010, Nature

Publishing Group. c A synthetic ion channel based on the DNA origami structure. The structure is based on 54 double-helical DNA domains packed

on a honeycomb lattice. Orange ellipsoid indicates cholesterol modified DNA oligomers, which facilitates pore insertion in a lipid bilayer.

Reproduced with permission from Ref. [77], Copyright 2012, American Association for the Advancement of Science. d A DNA origami nanopore in

a solid state aperture. Similar to b, the DNA origami nanopore, which is tethered with a leading strand, is electrically dragged into the solid state

aperture for further measurements. Scale bar: 40 nm. Reproduced with permission from Ref. [80], Copyright 2012, American Chemical Society
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regular lipid bilayer, the insertion of biological nanopores

is a stochastic process, and the single insertion is not

directly controllable but preferred for electrophysiology

measurements and data analysis. The solid-state nanopore,

which could be made slightly bigger than a protein nano-

pore, is a perfect cavity for accommodating a single bio-

logical nanopore in position without any further insertions

(Fig. 5b) [74]. The capturing of an a-HL in such a solid-

state substrate results in a brief reduction in current (pre-

insertion) and a further lower conductance level (‘‘docking

level’’). The translocation of ssDNA through this adapted

pore appears as a train of transient further blockage signals

below the ‘‘docking level’’ [74].

The DNA origami technique [75], which is a new research

topic initiated in 2006 [76], utilizes the self-assembly of DNA

nanostructures assisted by the sequence specific DNA

hybridization. Due to the high specificity and accuracy of

DNA origami structures, shapes with sub-nm precision can be

massively produced by ensembles of short synthetic DNA

oligomers. By mimicking the shape of a regular ion channel

protein (in general a mushroom shape with hydrophilic cap

and a hydrophobic stem), a self-assembled ‘‘DNA nanopore’’

with cholesterol modifications for assisting pore insertion can

be massively produced in bulk (Fig. 5c) [77]. Similar to an a-

HL, this ‘‘DNA nanopore’’ spontaneously inserts into the lipid

membrane for ion transport and DNA translocations.

Although the structure of biological nanopores can be

fine modified by site directed point mutagenesis, ‘‘heavily

mutated’’ biological nanopores normally show unpredict-

able channel functions and difficulties with protein oligo-

merization. On the other side, the fabrication of solid state

nanopore with sub-10 nm size requires delicate and

expensive milling instruments (FIB or TEM) and shows

low consistency in the fabrication results. The DNA ori-

gami technique is advantageous in its flexibility with

structure design and modifications with low cost, consis-

tency and high yield. Various ‘‘DNA nanopore’’ structures

have been recently reported [78], which are functionally

compatible either as a biological nanopore mimic [79] or a

hybrid nanopore alternative [80, 81] (Fig. 5d).

7 Nanopore sensing with transverse electronic devices

All the methods that have been discussed so far utilize the

same electrophysiology concept, which measures the tiny

fluctuation of ionic current through each nanopore with a

patch clamp amplifier. The magnitude of ionic transport is

limited to pA levels due to the small opening of a nanopore

for base resolution. During the DNA translocation, a

transverse electronic readout scheme should boost the

current amplitude to nA or even lA level for measurements

with higher S/N ratio in parallel.

Electron tunnelling through individual bases should

resolve single base identities by their own electrical conduc-

tance properties [82–84]. However, due to the complexity of

the base conformation within a tunnelling gap, the distribution

of the tunnelling signal is normally broad and overlapping

[83]. A more advanced technology based on scanning tun-

nelling microscopy (STM) called ‘‘Recognition Tunnelling’’

[85, 86] narrows the signal distribution by chemically teth-

ering a ‘‘reader molecule’’ on both ends of the tunnelling

electrode [87], which restricts the conformation of the trapped

molecule in the junction and a characteristic signal can be read

out both from a single nucleotide alone or from a short DNA

oligomer [88] (Fig. 6a, b).

Alternatively, a miniaturized, silicon nanowire-based

field-effect transistor (FET) device can be fabricated near a

nanopore to sense the local fluctuations of the electric field

as a nanowire–nanopore (NW–NP) FET device (Fig. 6c)

[89]. The electric field near the nanopore is perturbed

during the DNA translocation process, and the total ionic

current and FET signals from individual NW–NP FET

devices can be recorded in parallel for DNA translocations.

Theoretically, as suggested by first-principles quantum

transport simulations, the graphene nano-ribbon (GNR) is a

promising candidate as a transverse electronic measurement

device for nanopore sequencing (Fig. 6d). A nucleobase

insertion inside a nanopore on a GNR material leads to huge

conductance variations (lA), and current read-out across the

GNR identifies the base identity signatures with large separa-

tions [90].

8 Prospectus (‘‘The Missing Pieces’’)

To date, the field of nanopore biophysics has experienced a

revolutionary decade triggered by the initiation of the ‘‘$1,000

Human Genome’’ project [91], which has reached its 10th

anniversary this year. However, the commercialization of a

nanopore sequencer is still facing engineering challenges.

As the first demonstrated nanopore sequencing platform, a

biological nanopore device with lipid bilayer is too fragile to

be user friendly and the high error rate [72] in the sequencing

read is not even comparable to its second-generation coun-

terpart yet [24]. Besides that, due to the huge data size of a full

human genome (*3.3 billion base pairs), a high-throughput

(*106 pores) nanopore sequencing array is still the leading

technology to finish the task in a competitively short amount

of time. Oxford Nanopore Technology Ltd, which is the

pioneering nanopore sequencing company, utilizes arrays of

nanopores for parallel sequencing on both their MinION (a

USB stick sized portable device) and GridION (a scalable,

desktop device) system, yet to be released. However, the

throughput is still far below the scale for 15-min human

genome sequencing at this moment. Although significantly
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slowed by the mechanism of enzyme ratchet, the DNA

translocation speed during nanopore sequencing is governed

by the enzyme-driven chain elongation, which is a stochastic

process [70]. Thus, the duration time for each base reading is

not equal but exponentially distributed, which results in high

reading error for extremely short events or slow reading speed

for extremely long events.

Solid state nanopore, which is lacking the necessary

base resolution for DNA sequencing for now, is more

suitable for massive production with mature technologies

in the silicon industry and is showing more promise for a

longer term with the fast development of the graphene

nanopore techniques [55–57] and the transverse reading

mechanism [83, 88].

9 Summary

Upon solving these technical hurdles with the advancement of

engineering technologies, in the near future, I foresee an ideal

nanopore-based DNA sequencer, which is of[99 % reading

accuracy, epigenetic sequencing compatible and highly par-

allel for fast sequencing speed. Integrated with high-density

microfluidics system, this sequencing power may enable par-

allel sequencing or screening of multiple human genome on a

single chip while the sample consumption is negligible. With

the fast development of the mobile communication technology

and the cloud computing capability, a mobile internet based,

highly compact and portable nanopore sequencer may lead to

more practical uses for clinical diagnosis.

With the advantages of single molecule resolution, fast

speed, low cost, label free and biocompatibility, I believe that

the future study and commercialization of a nanopore

sequencer or biosensing instrument will also lead to a new era

of personalized medicine, single molecule portable diagnosis

device, early stage diagnosis of diseases due to genetic dis-

orders (like cancer) and a broad area of fundamental under-

standing of the biological mechanisms in single molecule

level.

Acknowledgement The author acknowledges Professor Hagan

Bayley and Dr. Michael Booth for invaluable discussions and funding

support from National Institute of Health (NIH), National Human

Genome Research Institute (NHGRI) ‘‘$1,000 Genome’’ research

grant ‘‘R01 HG003709’’.

References

1. Binnig G, Rohrer H (1982) Scanning tunneling microscopy.

Helvet Phys Acta 55:726–735

2. Rust MJ, Bates M, Zhuang XW (2006) Sub-diffraction-limit

imaging by stochastic optical reconstruction microscopy (storm).

Nat Methods 3:793–795

Fig. 6 (Color online) The novel concepts of nanopore sensing with electronic measurements. a Tunnelling readout of a single base identity in

STM [88]. The gold tip and the substrate are chemically modified with the reader molecules (4-mercaptobenzamide) to improve the signal

specificity. b The concept of nanopore sequencing with a pair of transverse tunnelling electrodes. Reproduced with permission from Ref. [83],

Copyright 2010, Nature Publishing Group. c A nanowire nanopore FET sensor. The nanowire FET monitors local electric field fluctuations

during the DNA translocation. Reproduced with permission from Ref. [89], Copyright 2011, Nature Publishing Group. d The concept of a

graphene nanopore sensor on a nanoribbon. Reproduced with permission from Ref. [90], Copyright 2010, American Chemical Society

Chin. Sci. Bull.

123



3. Hell SW, Wichmann J (1994) Breaking the diffraction resolution

limit by stimulated emission: stimulated-emission-depletion

fluorescence microscopy. Opt Lett 19:780–782

4. Ashkin A, Dziedzic JM (1987) Optical trapping and manipulation

of viruses and bacteria. Science 235:1517–1520

5. Ashkin A, Dziedzic JM, Yamane T (1987) Optical trapping and

manipulation of single cells using infrared-laser beams. Nature

330:769–771

6. Strick TR, Allemand JF, Bensimon D et al (1996) The elasticity

of a single supercoiled DNA molecule. Science 271:1835–1837

7. Ha T (2001) Single-molecule fluorescence resonance energy

transfer. Methods 25:78–86

8. Hirokawa N (2011) From electron microscopy to molecular cell

biology, molecular genetics and structural biology: Intracellular

transport and kinesin superfamily proteins, kifs: Genes, structure,

dynamics and functions. J Electron Microsc 60:63–92

9. Hamill OP, Marty A, Neher E et al (1981) Improved patch-clamp

techniques for high-resolution current recording from cells and

cell-free membrane patches. Pflug Arch Eur J Phys 391:85–100

10. Voldman J, Gray ML, Schmidt MA (1999) Microfabrication in

biology and medicine. Annu Rev Biomed Eng 1:401–425

11. Gates BD, Xu QB, Stewart M et al (2005) New approaches to

nanofabrication: Molding, printing, and other techniques. Chem

Rev 105:1171–1196

12. Deniz AA, Mukhopadhyay S, Lemke EA (2008) Single-molecule

biophysics: At the interface of biology, physics and chemistry.

J R Soc Interf 5:15–45

13. Venkatesan BM, Bashir R (2011) Nanopore sensors for nucleic

acid analysis. Nat Nanotechnol 6:615–624

14. Ding KJ, Zhang HY, Hu HG et al (2010) Progress of research on

nanopore-macromolecule detection. Chin J Anal Chem

38:280–285

15. Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing with

chain-terminating inhibitors. Proc Natl Acad Sci USA

74:5463–5467

16. Lander ES, Consortium IHGS, Linton LM et al (2001) Initial

sequencing and analysis of the human genome. Nature 409:860–921

17. Collins FS, Lander ES, Rogers J et al (2004) Finishing the euchro-

matic sequence of the human genome. Nature 431:931–945

18. Quail MA, Smith M, Coupland P et al (2012) A tale of three next

generation sequencing platforms: Comparison of ion torrent,

pacific biosciences and illumina miseq sequencers. BMC

Genomics 13:341

19. Branton D, Deamer DW, Marziali A et al (2008) The potential and

challenges of nanopore sequencing. Nat Biotechnol 26:1146–1153

20. Ying Y, Cao C, Long Y (2014) Single molecule analysis by

biological nanopore sensors. Analyst 139:3826–3835

21. Dekker C (2007) Solid-state nanopores. Nat Nanotechnol

2:209–215

22. Wanunu M (2012) Nanopores: A journey towards DNA

sequencing. Phys Life Rev 9:125–158

23. Bentley DR (2006) Whole-genome re-sequencing. Curr Opin

Genet Dev 16:545–552

24. Mardis ER (2007) Chip-seq: welcome to the new frontier. Nat

Methods 4:613–614

25. Kasianowicz JJ, Brandin E, Branton D et al (1996) Character-

ization of individual polynucleotide molecules using a membrane

channel. Proc Natl Acad Sci USA 93:13770–13773

26. Haque F, Li JH, Wu HC et al (2013) Solid-state and biological

nanopore for real-time sensing of single chemical and sequencing

of DNA. Nano Today 8:56–74

27. Song LZ, Hobaugh MR, Shustak C et al (1996) Structure of

staphylococcal alpha-hemolysin, a heptameric transmembrane

pore. Science 274:1859–1866

28. Cheley S, Malghani MS, Song LZ et al (1997) Spontaneous

oligomerization of a staphylococcal alpha-hemolysin

conformationally constrained by removal of residues that form

the transmembrane beta-barrel. Protein Eng 10:1433–1443

29. Mantri S, Sapra KT, Cheley S et al (2013) An engineered dimeric

protein pore that spans adjacent lipid bilayers. Nat Commun 4:1725

30. Stoddart D, Heron AJ, Klingelhoefer J et al (2010) Nucleobase

recognition in ssdna at the central constriction of the alpha-

hemolysin pore. Nano Lett 10:3633–3637

31. Stoddart D, Heron AJ, Mikhailova E et al (2009) Single-nucle-

otide discrimination in immobilized DNA oligonucleotides with a

biological nanopore. Proc Natl Acad Sci USA 106:7702–7707

32. Stoddart D, Maglia G, Mikhailova E et al (2010) Multiple base-

recognition sites in a biological nanopore: Two heads are better

than one. Angew Chem Int Ed 49:556–559

33. Ayub M, Bayley H (2012) Individual rna base recognition in

immobilized oligonucleotides using a protein nanopore. Nano

Lett 12:5637–5643

34. Clarke J, Wu HC, Jayasinghe L et al (2009) Continuous base

identification for single-molecule nanopore DNA sequencing. Nat

Nanotechnol 4:265–270

35. Luchian T, Shin SH, Bayley H (2003) Single-molecule covalent

chemistry with spatially separated reactants. Angew Chem Int Ed

42:3766–3771

36. Harrington L, Cheley S, Alexander LT et al (2013) Stochastic

detection of pim protein kinases reveals electrostatically

enhanced association of a peptide substrate. Proc Natl Acad Sci

USA 110:E4417–E4426

37. Stoddart D, Ayub M, Hoefler L et al (2014) Functional truncated

membrane pores. Proc Natl Acad Sci USA 111:2425–2430

38. Butler TZ, Pavlenok M, Derrington IM et al (2008) Single-mol-

ecule DNA detection with an engineered mspa protein nanopore.

Proc Natl Acad Sci USA 105:20647–20652

39. Derrington IM, Butler TZ, Collins MD et al (2010) Nanopore DNA

sequencing with mspa. Proc Natl Acad Sci USA 107:16060–16065

40. Wendell D, Jing P, Geng J et al (2009) Translocation of double-

stranded DNA through membrane-adapted phi29 motor protein

nanopores. Nat Nanotechnol 4:765–772

41. Bayley H, Jayasinghe L (2004) Functional engineered channels

and pores—(review). Mol Memb Biol 21:209–220

42. Castell OK, Berridge J, Wallace MI (2012) Quantification of

membrane protein inhibition by optical ion flux in a droplet

interface bilayer array. Angew Chem Int Ed 51:3134–3138

43. Japrung D, Henricus M, Li QH et al (2010) Urea facilitates the

translocation of single-stranded DNA and rna through the alpha-

hemolysin nanopore. Biophys J 98:1856–1863

44. Maglia G, Henricus M, Wyss R et al (2009) DNA strands from

denatured duplexes are translocated through engineered protein

nanopores at alkaline ph. Nano Lett 9:3831–3836

45. Kang XF, Gu LQ, Cheley S et al (2005) Single protein pores

containing molecular adapters at high temperatures. Angew

Chem Int Ed 44:1495–1499

46. Mueller M, Grauschopf U, Maier T et al (2009) The structure of a

cytolytic alpha-helical toxin pore reveals its assembly mecha-

nism. Nature 459:726–730

47. Mohammad MM, Iyer R, Howard KR et al (2012) Engineering a

rigid protein tunnel for biomolecular detection. J Am Chem Soc

134:9521–9531

48. Wang HY, Li Y, Qin LX et al (2013) Single-molecule DNA

detection using a novel sp1 protein nanopore. Chem Commun

49:1741–1743

49. Siwy Z, Fulinski A (2002) Fabrication of a synthetic nanopore

ion pump. Phys Rev Lett 89:198103

50. Li J, Stein D, McMullan C et al (2001) Ion-beam sculpting at

nanometre length scales. Nature 412:166–169

51. Storm AJ, Chen JH, Ling XS et al (2003) Fabrication of solid-

state nanopores with single-nanometre precision. Nat Mater

2:537–540

Chin. Sci. Bull.

123



52. Storm AJ, Storm C, Chen JH et al (2005) Fast DNA translocation

through a solid-state nanopore. Nano Lett 5:1193–1197

53. Wanunu M, Dadosh T, Ray V et al (2010) Rapid electronic

detection of probe-specific micrornas using thin nanopore sen-

sors. Nat Nanotechnol 5:807–814

54. Liu HT, He J, Tang JY et al (2010) Translocation of single-

stranded DNA through single-walled carbon nanotubes. Science

327:64–67

55. Garaj S, Hubbard W, Reina A et al (2010) Graphene as a sub-

nanometre trans-electrode membrane. Nature 467:190–193

56. Merchant CA, Healy K, Wanunu M et al (2010) DNA translo-

cation through graphene nanopores. Nano Lett 10:2915–2921

57. Schneider GF, Kowalczyk SW, Calado VE et al (2010) DNA

translocation through graphene nanopores. Nano Lett 10:3163–3167

58. Venkatesan BM, Shah AB, Zuo JM et al (2010) DNA sensing

using nanocrystalline surface-enhanced al2o3 nanopore sensors.

Adv Funct Mater 20:1266–1275

59. Larkin J, Henley R, Bell DC et al (2013) Slow DNA transport

through nanopores in hafnium oxide membranes. ACS Nano

7:10121–10128

60. Kim MJ, Wanunu M, Bell DC et al (2006) Rapid fabrication of

uniformly sized nanopores and nanopore arrays for parallel DNA

analysis. Adv Mater 18:3149–3153

61. Manrao EA, Derrington IM, Pavlenok M et al (2011) Nucleotide

discrimination with DNA immobilized in the mspa nanopore.

PLoS One 6:e25723

62. Geim AK, Novoselov KS (2007) The rise of graphene. Nat Mater

6:183–191

63. Fischbein MD, Drndic M (2008) Electron beam nanosculpting of

suspended graphene sheets. Appl Phys Lett 93:113107

64. Venkatesan BM, Estrada D, Banerjee S et al (2012) Stacked

graphene-al2o3 nanopore sensors for sensitive detection of DNA

and DNA-protein complexes. ACS Nano 6:441–450

65. Ayub M, Hardwick SW, Luisi BF et al (2013) Nanopore-based

identification of individual nucleotides for direct rna sequencing.

Nano Lett 13:6144–6150

66. Rincon-Restrepo M, Milthallova E, Bayley H et al (2011) Con-

trolled translocation of individual DNA molecules through pro-

tein nanopores with engineered molecular brakes. Nano Lett

11:746–750

67. Fologea D, Uplinger J, Thomas B et al (2005) Slowing DNA

translocation in a solid-state nanopore. Nano Lett 5:1734–1737

68. Kim YR, Min J, Lee IH et al (2007) Nanopore sensor for fast

label-free detection of short double-stranded dnas. Biosens Bio-

electron 22:2926–2931

69. Olasagasti F, Lieberman KR, Benner S et al (2010) Replication of

individual DNA molecules under electronic control using a pro-

tein nanopore. Nat Nanotechnol 5:798–806

70. Cherf GM, Lieberman KR, Rashid H et al (2012) Automated

forward and reverse ratcheting of DNA in a nanopore at 5-ang-

strom precision. Nat Biotechnol 30:344–348

71. Manrao EA, Derrington IM, Laszlo AH et al (2012) Reading

DNA at single-nucleotide resolution with a mutant mspa nano-

pore and phi29 DNA polymerase. Nat Biotechnol 30:349–353

72. Laszlo AH, Derrington IM, Ross BC et al (2014) Decoding long

nanopore sequencing reads of natural DNA. Nat Biotechnol

32:829–833

73. Yusko EC, Johnson JM, Majd S et al (2011) Controlling protein

translocation through nanopores with bio-inspired fluid walls. Nat

Nanotechnol 6:253–260

74. Hall AR, Scott A, Rotem D et al (2010) Hybrid pore formation by

directed insertion of alpha-haemolysin into solid-state nanopores.

Nat Nanotechnol 5:874–877

75. Pinheiro AV, Han DR, Shih WM et al (2011) Challenges and

opportunities for structural DNA nanotechnology. Nat Nano-

technol 6:763–772

76. Rothemund PWK (2006) Folding DNA to create nanoscale

shapes and patterns. Nature 440:297–302

77. Langecker M, Arnaut V, Martin TG et al (2012) Synthetic lipid

membrane channels formed by designed DNA nanostructures.

Science 338:932–936

78. Bell N, Keyser U (2014) Nanopores formed by DNA origami: a

review. FEBS Lett. doi:10.1016/j.febslet.2014.06.013

79. Burns JR, Stulz E, Howorka S (2013) Self-assembled DNA

nanopores that span lipid bilayers. Nano Lett 13:2351–2356

80. Bell NAW, Engst CR, Ablay M et al (2012) DNA origami

nanopores. Nano Lett 12:512–517

81. Wei RS, Martin TG, Rant U et al (2012) DNA origami gatekeepers

for solid-state nanopores. Angew Chem Int Ed 51:4864–4867

82. Lagerqvist J, Zwolak M, Di Ventra M (2006) Fast DNA sequencing

via transverse electronic transport. Nano Lett 6:779–782

83. Tsutsui M, Taniguchi M, Yokota K et al (2010) Identifying single

nucleotides by tunnelling current. Nat Nanotechnol 5:286–290

84. Tanaka H, Kawai T (2009) Partial sequencing of a single DNA

molecule with a scanning tunnelling microscope. Nat Nanotech-

nol 4:518–522

85. Lindsay S, He J, Sankey O et al (2010) Recognition tunneling.

Nanotechnology 21:262001

86. Huang S, Chang SA, He J et al (2010) Recognition tunneling

measurement of the conductance of DNA bases embedded in self-

assembled monolayers. J Phys Chem C 114:20443–20448

87. Chang SA, Huang S, He J et al (2010) Electronic signatures of all

four DNA nucleosides in a tunneling gap. Nano Lett

10:1070–1075

88. Huang S, He J, Chang SA et al (2010) Identifying single bases in

a DNA oligomer with electron tunnelling. Nat Nanotechnol

5:868–873

89. Xie P, Xiong QH, Fang Y et al (2012) Local electrical potential

detection of DNA by nanowire-nanopore sensors. Nat Nano-

technol 7:119–125

90. Saha KK, Drndic M, Nikolic BK (2012) DNA base-specific

modulation of microampere transverse edge currents through a

metallic graphene nanoribbon with a nanopore. Nano Lett

12:50–55

91. Mardis ER (2006) Anticipating the $1,000 genome. Genome Biol

7:12

Chin. Sci. Bull.

123

http://dx.doi.org/10.1016/j.febslet.2014.06.013

	Nanopore-based sensing devices and applications to genome sequencing: a brief history and the missing pieces
	Abstract
	Introduction
	The general concept of nanopore sequencing
	Biological nanopore
	Solid-state nanopore
	Genome sequencing with nanopore
	Other approaches to nanopore sensing
	Nanopore sensing with transverse electronic devices
	Prospectus (‘‘The Missing Pieces’’)
	Summary
	Acknowledgement
	References


