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Nanopore technology employs a nanoscale hole in an

insulating membrane to stochastically sense with high

throughput individual biomolecules in solution. The generality

of the nanopore detection principle and the ease of single-

molecule detection suggest many potential applications of

nanopores in biotechnology. Recent progress has been made

with nanopore fabrication and sophistication, as well as with

applications in DNA/protein mapping, biomolecular structure

analysis, protein detection, and DNA sequencing. In addition,

concepts for DNA sequencing devices have been suggested,

and computational efforts have been made. The state of the

nanopore field is maturing and given the right type of nanopore

and operating conditions, nearly every application could

revolutionize medicine in terms of speed, cost, and quality. In

this review, we summarize progress in nanopores for

biotechnological applications over the past 2–3 years.
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Introduction
Nanopores operate on a basic principle: a nanoscale hole

is made between two electrolytic fluid chambers with an

impermeable membrane between them. When voltage is

applied to the chambers a steady-state ion current across

the pore develops. Transient changes in the ion flux

across the pore can result from occupation of a macro-

molecule in the pore, and therefore, monitoring the

current across the pore enables molecular sensing.

Addition of a sample of charged biomolecules (e.g.,

DNA and proteins) to one of the fluid chambers results

in stochastic entry and exit of biomolecules from the pore,

which produces a series of discrete fluctuations in the ion

current signal. These current fluctuations communicate

many properties of the sample, including the biomole-

cular size, concentration, and structure. By manipulating

the dimensions of the pore, its surface characteristics, the

applied voltage, and the solution conditions, one can
www.sciencedirect.com 
tailor a nanopore for sensing different types of biomole-

cules. Since nanopore sensing does not require biomole-

cular modification, labeling, or surface immobilization,

the technique is useful for detecting a broad range of

molecules and complexes. However, nanopores of various

dimensions in different materials are needed, for these

purposes, and this review highlights, a combination of

molecular biology techniques and advances in nanotech-

nology which have spawned a broad range of nanopore

types for these biotechnological applications.

Various technical improvements have been made that

allow for improved nanopore resolution and stability,

and novel techniques and new forms of nanopores have

been introduced to expand the utility of the technology.

Furthermore, great strides have been made in the tech-

nology in the realistic hope that the nanopore will be able to

work as a low cost, high efficiency DNA sequencing device.

Improvements to nanopore technology
Originating from experiments on lipid embedded a-hemo-

lysin protein channels, over the past decade a wide range of

nanopore types have been developed and explored. Most

recently, new forms of biomimetic nanopores have been

developed, including protein pores using brush-like fila-

ments [1] and biomimetic nuclear pore complexes [2,3�].
Lateral electrodes formed across apertures have enabled

electronic detection of biomolecules during their transport

through the nanopore [4–6]. Ultrathin nanopores fabri-

cated using plasma thinning [7] and ion-beam sculpting

[8�,9] have also been developed. Alternative detection

using electrostatic and field-effect phenomena has been

demonstrated by coupling a scanning probe microscope

[10] and Si-nanowire transistors [11�] to nanopores.

A promising new development for making various nano-

pore shapes involves using DNA origami structures as a

scaffolding structure. Nanoscale DNA structures are

obtained by combining a long single-stranded DNA with

synthetic DNA staples, which mold the strand into a

predetermined shape. Positioning onto a larger solid-state

pore is then performed using a similar docking approach

previously used for a-hemolysin docking [8�]. Biomole-

cule translocations have been measured through a conical

origami-pore [12] and a nano-plate with a pore designed

through it [13��]. This origami approach to nanopores will

surely yield more chemically and biologically specific

nanopore structures with near atomic precision.

Graphene, a thin and transparent lattice of sp2 carbon

atoms, has also become a prime target as a membrane

material for ultrathin nanopores [14–16]. The electronic
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properties of graphene, its robustness, atomic thickness,

and ion impermeability, make it an intriguing material for

nanopore-based electronic sequencing of DNA mol-

ecules. New improvements in the formation of suspended

graphene flake membranes [17] and nanopore fabrication

in self-aligned carbon electrodes [18] have recently been

reported, which facilitate the integration of carbon nanos-

tructure into nanopore technology.

Automated capturing of molecules into pores allows for

interrogating a molecule’s structure and dynamics. Stu-

dies have used this technology to investigate and model

the local diffusive effects of beads near a pore as ground-

work for future biological studies [19]. Studies of ion

transport through metallic pores, such as pores in gold

surfaces, can be a way of creating species-selective pore

systems that are of interest for detection of biomolecular

systems [20] (Figure 1).

Applications in biotechnology
DNA is by far the most common polymer studied using

nanopores, beginning with the pioneering demonstration

of DNA detection using lipid embedded a-hemolysin

channels. Recently, solid-state nanopores have been used

to detect differences in nucleosomal substructures [24] as

well as key parts of RNA polymerase DNA transcription

[25], opening up new opportunities in understanding

chromatin structure and transcription research, respect-

ively. Biological nanopores have been shown to detect the

guanine rich G-quadruplex, which plays an important role

in genomics and epigenetics [26]. Abasic sites can also be

dynamically detected using nanopores by spiking the

electrolyte solution with ionophores [27]. Protein trans-

location through pores assisted by high voltage, and

discrimination among proteins using aptamer-modified

pores, were demonstrated [28,29]. When made to trans-

locate certain proteins will unzip, allowing for the trans-

location to become a measure of the unzipping kinetics. A

variety of these proteins have been well studied in their

unzipping behavior, allowing for the dynamic use of

nanopores as a label free efficient force spectroscopy

instrument [30,31��,32,33]. Important neurological trans-

mitters have also been dynamically differentiated in real

time with the hope that studies can be done on the brain’s

chemical response to drugs in real time [34]. These

capabilities are promising as the nanopore is label free,

cheap and considerably quicker than most other tech-

niques to investigate the same properties, but without a

marked decrease in accuracy or ability (Figure 2).

Other nanopore structures offer a variety of new studies

and technologies in the biological realm. Large solid-state

nanopores can be used to dynamically trap and release

bacteria, presenting a faster and cheaper method of

dynamic single-cell capture [37]. Using a lipopeptide-

coated solid-state nanopore, the interactions of DNA with

the membrane near a pore have been probed [38]. The
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development of ‘smart’ pores has advanced with proposed

thermo-responsive polymers [39] as a means for creating

devices that dynamically respond to temperature, and

biological pores made of electrolyte brushes may be able

to control salt conductance near nanopore openings [40].

Advances in nanopores for DNA sequencing have also

been made recently. By controlling single-stranded DNA

transport through a graphene pore using a DNA poly-

merase as a ratchet, high precision readout of a nucleotide

sequence can be obtained, as indicated by a recent

molecular dynamics study [41]. The ability to selectively

immobilize a DNA strand using streptavidin in an a-

hemolysin pore allows for very high resolution nucleotide

differentiation at different geometric locations inside the

pore [42]. Slowing down translocation has been suggested

using a p–n semiconductor junction, capable of dynamic

voltage control during the translocation process [43].

Using sophisticated electronics engineering, a new

CMOS-based amplifier has been realized that allows

submicrosecond temporal current detection [44�]. High

temporal resolution is desirable for monitoring structural

information during the translocation process: since aver-

age transport speeds are below 1 ms per base in many

nanopore experiments, submicrosecond-scale resolution

can in principle probe base information during voltage-

driven transport.

Theoretical works related to DNA sequencing have

suggested several potential methods of overcoming the

above mentioned speed limitations of ion current

measurements. Simulations have shown that a pore in a

graphene nanoribbon can exploit local current density on

the edges of the pore, thereby producing a superior

resolution to tunneling methods [45]. Conductance

changes across a graphene nanoribbon placed perpen-

dicular to a nanochannel has also been proposed as a

translocation-based DNA sequencing device [46].

Another proposed approach involves embedding gold

nanoparticles within the nanopore membrane [47].

Finally, various simulations have been performed to

investigate the principle of electrical discrimination

among different bases in a DNA strand. Brownian

dynamics studies of the base-sequence dependence of

the ion current have been performed [48], and spring-like

modeling of the pulling force profile for different bases

has been explored [41], although the latter approach fails

to distinguish between cytosines and thymines. Simu-

lations have also shown the ability to differentiate among

base pairs in graphene pores, but potential complications

include control over translocation speeds and base repeat

errors [49��]. Finally, a hidden Markov model of translo-

cation data has been suggested for decoding triplet bases

in a DNA strand, which relieves the need for single-base

resolution and allows contextual information to improve

the error in nucleotide reading [50].
www.sciencedirect.com
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Figure 1
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(a) Nanopore manufacture using an ion beam [21��]. (b) Solid-State nanopore in an ultrathin silicon nitride membrane [7]. (c) Nanopore in a graphene

layer [14]. (d) MspA biological pore from Mycobacterium smegmatis [22]. (e) Biological pore engineered from phi29 bacteriophage [23]. (f) Biomimetic

nuclear pore complex [3�]. (g) DNA origami schematic and TEM images of DNA origami plates with different pore sizes [12].
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Figure 2
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(a) Thrombin detection using a biological nanopore modified with an apatmer [28]. (b) Detection of different nucleosomal structures [24]. (c) Detection

of AP-18c6 DNA adduct sites [27]. (d) Pore coated with receptor sites used to measure ligand binding [35�]. (e) Current-based DNA sequencing using

polymer-tagged nucleotides [36].
Conclusions
The nanopore field continues to deliver interesting new

pore types and biotechnological ideas. Smart pore

materials based on origami and other programmable

materials can greatly aid in the development of reprodu-

cible pore structures, and in combination with new tech-

nology for synthetic pore supports, these hybrid devices

should be able to perform extremely well in the detection

of nearly any biomolecular species. Finally, nanopore-

based DNA sequencing can revolutionize healthcare by

allowing genomes to be sequenced at permissive costs

and speeds. Advancement of these technologies to frui-

tion in the years to come will undoubtedly influence

personalized medicine and early screening/treatment of

genetic diseases.

During the publication of our manuscript, a new

paper by Langecker et al. has shown that DNA

origami can be designed to function as an ion channel

[51]. This paper clearly is a novel and exciting break-

through in the nanopore field and is well-worth

attention.
Current Opinion in Biotechnology 2013, 24:699–704 
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