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This tutorial review will introduce and explore the fundamental aspects of nanopore (bio)sensing,
fabrication, modification, and the emerging technologies and applications that both intrigue and
inspire those working in and around the field. Although nanopores can be classified into two
categories, solid-state and biological, they are essentially two sides of the same coin. For instance, both
garner popularity due to their ability to confine analytes of interest to a nanoscale volume. Due to the
vast diversity of nanopore platforms and applications, no single review can cover the entire landscape
of published work in the field. Therefore, in this article focus will be placed on recent advancements
and developments taking place in the field of solid-state nanopores. It should be stated that the
intention of this tutorial review is not to cite all articles relating to solid-state nanopores, but rather to
highlight recent, select developments that will hopefully benefit the new and seasoned scientist alike.
Initially we begin with the fundamentals of solid-state nanopore sensing. Then the spotlight is shone
on the sophisticated fabrication methods that have their origins in the semiconductor industry. One
inherent advantage of solid-state nanopores is in the ease of functionalizing the surface with a range
of molecules carrying functional groups. Therefore, an entire section is devoted to highlighting various
chemical and bio-molecular modifications and explores how these permit the development of novel
sensors with specific targets and functions. The review is completed with a discussion on novel
detection strategies using nanopores. Although the most popular mode of nanopore sensing is based
Received 27th July 2012 upon what has come to be known as ionic-current blockade sensing, there is a vast, growing literature
based around exploring alternative detection techniques to further expand on the versatility of the
sensors. Such techniques include optical, electronic, and force based methods. It is perhaps fair to say
that these new frontiers have caused further excitement within the sensing community.
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and (2) the ability to efficiently probe nanoscale objects or
analytes. Decreasing the spatial dimensions of a sensor to a
scale analogous to that of individual molecules allows single
molecule sensing to become a reality. This fundamental principle
forms the foundations of a new class of label-free biosensors
termed Nanopores.

Introduction

Biosensing plays a crucial role in today’s highly demanding
exploration of medicine, analytical biochemistry and biotechnology.
Over the past two decades, the incorporation of fabrication
processes, technologies and design philosophies from the
semiconductor industry into the biosensing repertoire has

resulted in a general trend in the miniaturization of all components. NANOpOre sensors

The miniaturization of sensors, fluidics and signal processing
components has yielded two key technological advances: (1)
production of highly portable, low footprint, scalable devices
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The key component of a nanopore sensor consists of a nano-
scale channel, with typical dimensions less than 100 nm that
penetrates an insulating membrane. Examples of such nano-
pores include protein channels embedded in lipid bilayer
membranes or nanometre-sized apertures fabricated in thin
solid-state membranes (Fig. 1). In both cases the membrane
separates two aqueous reservoirs containing both electrolyte
(typically KCI or NaCl solutions) and analyte with the nanopore
acting as a conduit between them. Each reservoir contains a
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non-polarisable electrode and upon the application of a con-
stant electrical potential across the membrane, a steady-state
ionic current is generated by the exchange of ions from one side
of the nanopore to the other. Experimentally this current is
often measured as a function of time. The ionic current
through the pore is given the value, i,, and is often referred
to as the open pore current. In the general case of a cylindrical
solid-state nanopore in a high ionic strength KCI solution (>100 mM)
the current can be approximated using eqn (1).!

. 4 1\
io & (pix =+ per)nkcie (ﬁ + 3) Vias (1)

where ik and pg; are the electrophoretic mobilities of K and
Cl™, ngc is the number density of K* or Cl™ ions, d is the pore
diameter, [ is the pore length (typically equal to the membrane
thickness) and V5 is the applied voltage. Upon application of
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an electrical potential, charged molecules are driven or trans-
located through the nanopore. This translocation process is a
result of an interplay between electrophoretic, electrosmotic
and diffusion effects.> In a typical nanopore experiment the
open-pore current is stable unless interrupted by a translocat-
ing analyte. The latter results in either an increase or decrease
of the current whilst the analyte is confined in the nanopore.
This mode of detection is often referred to as ‘“ionic-current
blockade” or resistive-pulse sensing. A characteristic current-
time measurement, Fig. 2, shows distinct decreases (or block-
ades) of the ionic current in conjunction with translocating
analytes. The amplitude (x10 '>-10"% A), the duration
(~107°-107" 5) and in some cases even the shape of the current
blockade are dependent upon the properties of the analyte and
can therefore be used to deduce physical information as can be
seen in Fig. 3. These various parameters allow for the accurate
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Fig. 1 (left) An a-hemolysin biological nanopore embedded in a lipid bilayer
membrane. This protein has been adopted for in vitro nanopore sensing
applications due to its ability to permit the passage of small solutes and relatively
large macromolecules in a linear conformation such as DNA. Furthermore,
a-hemolysin is amenable to protein engineering that can provide single point
mutations in the vestibule or the barrel that can later be used in the conjugation
of recognition elements. (right) A cross-sectional illustration of a typical solid-
state nanopore fabricated in a silicon nitride membrane. The pore diameter can
be finely tuned and typically ranges from 2 nm upwards. The nanopore shape can
approximate an hourglass, cylinder, or cone, depending on the fabrication
methods. In cylindrical nanopores, the depth is defined by the thickness of the
membrane and typically takes on dimensions of approximately 10-200 nm.
Silicon nitride nanopores are easily amenable to modification by using either
surface chemistry or semiconductor processing techniques.

detection of a wide range of analytes from small molecules and
nucleic acids to proteins and bio-molecular complexes in a
variety of applications in biological physics and chemistry.

Single molecule (bio)sensing with nanopores

In the early 1990s an idea was proposed, see Branton et al.,?
that if a single strand of DNA could be threaded through a
nanopore in such a way that discrete conductance blockade
levels could be discerned for each of the four bases, it would be
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possible to sequence the entire strand of DNA. This idea
critically altered the perception of what nanopores could do,
by introducing the possibility of DNA sequencing. Since then,
this novel paradigm has been fuelling the nanopore community
to develop ideas and applications not only based around DNA
sequencing, but sensing in general. For example, almost two
decades ago, Bezrukov and colleagues® published a seminal
work demonstrating that Polyethylene Glycol (PEG) polymers
could be translocated and detected through an oligomeric-
peptide pore known as alamethicin using ionic-current blockade
methods. This was followed shortly after by Kasianowicz et al.®
who published landmark work that demonstrated single
stranded DNA (ssDNA) and RNA molecules could also be trans-
located through an o-hemolysin protein nanopore.

Building upon this early work, synthetic nanopores with
diameters comparable to biological pores were successfully
fabricated in solid-state materials and have been gradually
growing in popularity due to their possibility of being integrated
with more sophisticated electronics, surface modifications and
whole platforms. Over the last decade excellent progress has been
made in solid-state nanopore detection: a number of research
groups worldwide have actively contributed to the development of
nanopore detection from an initial method of detecting single
molecules to a powerful technique capable of studying complex
molecular interactions and even mimicking biological systems,
some of which will be discussed in due course.

Whilst the biological nanopore literature is both vast and
impressive, the reader is referred to review articles by Howorka
and Siwy,® Bayley and Martin,” and most recently by Wanunu®
for a detailed overview of biological nanopore sensors, this
tutorial review is focussed on discussing novel methods and
materials in the context of solid-state nanopores. Due to the
simplicity of the fundamental principles of nanopore sensing, the
inherent flexibility of the method and the technology available for
chemical modification and fabrication of components around the
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Fig. 2 (a) The schematic shows the ionic current recorded as a function of time
and the interpretation of the analyte translocation process. The steady-state ionic
current is decreased when the analyte is translocated through the pore and then
re-established when the molecule exits the pore. (b) Four parameters are
generally used to characterise the translocation process: (i) The blockade duration
or the time the molecule spends in the nanopore (tgwen).- (i) The amplitude of the
blockade current (i.e. difference between open-pore current and the blockade
current). (ii) The time between translocation events (z). (iv) The capture rate
defined as the number of translocation events per unit time. All parameters are
directly dependent on the applied bias, and nanopore geometry as shown in
eqgn (1) whilst (i) and (iv) are also dependant on the analyte concentration.

nanopore, researchers continue to innovate within the bounds
of nanopore sensing.

Development of solid state nanopore
architectures

The fabrication of solid-state nanopores and membranes can
typically be considered as a two-stage process. Firstly, solid-state
membranes are fabricated. Secondly, one or multiple nanopores
are incorporated into the membrane. In the following sections
both of these aspects will be discussed sequentially.

Membrane materials

The fabrication of membranes is achieved through industry-
standard semiconductor processing techniques that allow for
the rapid parallel production of ‘“chips”. Approximately 200 to
500 chips can be produced per 100 mm wafer. A chip consists of
a thin free-standing membrane on a support structure. Often
the support is made from silicon and the membrane is made

18 | Chem. Soc. Rev,, 2013, 42,15-28
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from a dielectric material such as low-stress silicon nitride
(SiN,). SiN, is mechanically robust, possesses good insulating
properties and has been shown to be chemically stable over a
range of electrolyte concentrations, pH and temperature. A
further advantage is in the ease with which the nanopore
surface can be modified either chemically or by incorporating
further fabrication steps. Membranes can also be fabricated
from other materials such as SiO, ° SiC,'® AL,0;"" or graphene'?
if particular chemical or physical properties are desired.

Fabrication work-flow of free standing silicon nitride
membranes

The simplest workflow of solid-state membrane fabrication
consists of the following steps as shown in Fig. 4: (1) A SiN,
film is deposited using low-pressure chemical vapour deposi-
tion (LPCVD) on both sides of a silicon wafer. (2) Standard
photolithographic techniques (spin coating of photoresist,
patterning by exposure to UV light, and development of the
pattern) are used to define membrane features. (3) Reactive ion
etching (RIE) of the SiN, is performed to “open” designated
patterns on the bottom side of the wafer. (4) The silicon
exposed in these patterns is then removed by anisotropic wet
etching using a potassium hydroxide (KOH) aqueous solution.
KOH is highly selective to Si'* and the etching of Si results in
the formation of free-standing SiN, membranes. It is essential
for membrane fabrication, that the deposited SiN, has a low
tensile stress and is non-stoichiometric - often referred to as
silicon-rich nitride. Stoichiometric silicon nitride films have a
high residual tensile stress, exhibit low mechanical stability
and chemical resistance, and therefore are poorly suited to
membrane fabrication. Often the membrane lateral dimensions
range from 7-50 pm, whilst the thickness dimension (J) typically
ranges between 10-200 nm. These combined dimensions typically
result in aspect ratios between 1 : 250 to 1 : 1000.

It should be noted that, for the membrane, thinner is usually
better, as decreasing the membranes thickness will result in an
increase in signal amplitude (the difference between the open
pore current and the blockade-current). This can be seen from
eqn (1) where thinner membranes (shorter pore length, /) result
in a higher open-pore current, i,. Unfortunately, the trade-off is
that the thinner the membrane, the more fragile it becomes.
Nevertheless, sub-10 nm thick membranes have been reported
by thinning a small section of the membrane using a combi-
nation of lithographic and etching techniques.' One interesting
possibility that has only recently been explored is the use of
single or multi-layered graphene as ultra-thin membranes with
atomic thickness.

Apart from the membrane thickness, the membrane material,
various parasitic capacitance contributions associated with the
membrane support and surface chemistry play a significant role
in the signal quality observed during a nanopore sensing experi-
ment. In contrast to the membrane thickness, these do not
contribute to the signal amplitude obtained from a translocated
analyte, however they do add to the noise in a measured signal."*
Due to membrane parasitic capacitances noise increases with
the signal bandwidth, making it increasingly more difficult to

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 Examples of current time traces for 25-bp dsDNA (blue), 22-bp dsRNA (red) and phenylalanine tRNA (black) measured using a 3 nm diameter pore in a 7 nm
thick silicon nitride membrane are shown. The concentration for each sample was approximately 80 fmol ul~". The data shown above nicely demonstrate how analytes
with different size and structure result in different blockade amplitudes and blockade times. The mean translocation times for the DNA, RNA and tRNA molecules are
20 ps, 50 ps and 1.04 ms. The histogram clearly shows that these samples can be distinguished in a complex population. Figure adapted from Wanunu et al.
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distinguish meaningful data with high temporal resolution. The
signal quality has been shown to improve by coating the membrane
surface with polymers."*"® Alternatively membrane minimisation
and the integration of electronics within the membrane has
also been shown to improve noise characteristics."*'®"” This
particularly highlights a significant advantage of solid-state

This journal is © The Royal Society of Chemistry 2013

membranes where by electronics can easily be integrated into
the support structure.

Origins of nanopore fabrication

The final stage of the process when fabricating a nanopore
sensor is to incorporate the pore into the membrane. In the last

Chem. Soc. Rev., 2013, 42,15-28 | 19
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Fig. 5 Various SEM, TEM and AFM images of nanopores fabricated in solid-state membranes. (a) A 1.8 nm nanopore in SiN, using Ar-ion beam sculpting® (inset

shows higher magnification TEM image of the nanopore). (b) A nanopore drilled in SiO, using a tightly focused electron beam with an initial diameter of about 6 nm
and reduced to a final diameter of 2 nm after high-intensity wide-field TEM illumination.® (c) A TEM image of sub-10 nm nanopore fabricated by transmission electron
beam ablation lithography in graphene.?? (d) A TEM image of a 3 nm pore milled with a Ga focused ion beam in a 20 nm thick SiC membrane.’® (e) 4 nm nanopore
fabricated using a He ion microscope in a SiN, membrane.?® (f) A 100 nm nanopore electrochemically deposited with Pt to produce a final nanopore diameter of
approximately 18 nm.>° (g) An AFM image of a 500 nm pore deposited with local oxide deposition with ion-beam induced deposition resulting in a final pore diameter
of 30 nm.3" (h) A 50 nm pore deposited with local oxide deposition with electron-beam induced deposition resulting in a final pore diameter of 2 nm.32 All figures

obtained with permission.

decade, a multitude of techniques have been developed for the
fabrication of nanopores in freestanding membranes. Fig. 5
compares typical nanopores fabricated by various techniques
that are mentioned below. Whilst key milestones of nanopore
fabrication are reported here, focus is particularly given to the
current state-of-the-art technologies. There is a great body of
work on nanopore fabrication to date, Healy et al. provides a
very good review on the subject."®

As a brief overview, the first successful fabrication of nano-
pores in solid-state materials with single-nanometre resolution
was reported in 2001 using a technique coined as ion beam
sculpting.’ In this experiment nanopores with diameters as
small as 1.8 nm could be achieved. Following the success of ion
beam sculpting, a variety of electron beam assisted techniques
were developed to ‘“sculpt” or directly fabricate pores with
diameters of a few nanometres in solid-state membranes. The
first fabrication of nanopores with sub-10 nm diameters using
an electron beam were performed by Storm et al.’ who initially
combined electron beam lithography (EBL) and anisotropic
etching to produce nanoscale pores in SiO, membranes.
Subsequently the pores were thermally oxidised and subjected
to a high-intensity wide-field illumination with a transmission
electron microscope (TEM) that decreased the pore diameter.
This approach yielded solid-state nanopores with single-
nanometre precision. Importantly, the experiment performed
by Storm et al. also demonstrated that a tightly focused high-
intensity TEM beam could be used to directly drill sub-10 nm
nanopores in thin membranes. In later studies, direct milling
of nanopores with high energy electron beams has been carried

20 | Chem. Soc. Rev., 2013, 42,15-28

out successfully in a number of membrane materials including
metal oxides,”” SiN,,”' and graphene.'>**>*

Nanopore fabrication: state-of-the-art

At present, conventional solid-state nanopore fabrication can
be achieved by using two possible routes; either by using
electron beams as described above or alternatively by milling
a pore with a focused ion beam (FIB).

Direct milling with focused electron beams is still predominantly
used for the fabrication of small nanopores with diameters typically
between 1 and 10 nm. At the same time, FIBs are widely popular as
they allow for greater flexibility with respect to the dimensions and
materials used. In principle any ion with sufficient energy to sputter
atoms away from the membrane surface can be used for nanopore
fabrication. For example, ion beam sources such as Ga’, He’, Ne’,
Ar’, Kr’, and Xe" have all been reported to successfully be used for
milling or sculpting nanopores.> Ga is arguably the ion source that
is most frequently used for nanopore milling, although there is
a potential disadvantage associated with ion implantation that
can result in modification of the nanopore surface charge.
However, Ga” milling is a well-established technique for milling
pores with diameters typically greater than 20 nm, although
recently sub-5 nm diameters have also been documented as
shown in Fig. 5d."°

Another interesting possibility is the use of a helium ion
microscope (HIM) to fabricate nanopores. The HIM uses an ion
source with an atomically sized tip that allows for the instrument
to produce a highly focused ion beam and to fabricate pores with
diameters as low as 4 nm (shown in Fig. 5e).>® The technique has

This journal is © The Royal Society of Chemistry 2013
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some advantages compared to traditional gallium ion fabrication
such as higher resolution, no ion implantation and the possibility
of directly thinning sections of the membrane.>”

Fine tuning the pore dimensions

Apart from the direct methods for fabricating nanopores, there
is a selection of advanced techniques that can augment the
traditional fabrication procedures. For example, atomic layer
deposition (ALD) can be used to deposit, with sub-nanometre
precision, single layers of high dielectric constant materials such as
AL0;."*° Al,O; membrane structures have been reported to exhibit
enhanced mechanical properties, and low noise performance
compared to SiO, and SiN, respectively. In addition ALD can
enable nanopore integration with novel membrane architectures
such as graphene - Al,O; multilayered nano-laminates®® or lipid
bilayer coated Al,O; hybrid membranes.'*

Other, easily accessible methods for fine-tuning nanopore
dimensions include sputtering and evaporation. Wei et al.>’
showed that the deposition of a gold layer with a thin titanium
adhesion layer can conform to the nanopore surface and result
in a decreased nanopore diameter. This methodology can be
extended if electrodeposition is used to further control the pore
dimensions as described by Ayub et al., Fig. 5f.>° In these latter
experiments, nanopores were milled in gold-coated SiN, membranes
and platinum was electrodeposited at the nanopore interface.
Importantly, this approach allowed for direct monitoring of the
nanopore ionic conductance during the deposition process. This
unique feature provides real-time feedback on the rate of deposition
and pore dimensions. The techniques used, as described above, coat
the entire membrane and as a consequence this results in the entire
membrane properties being altered. Recently however, local
oxide deposition in the vicinity of the nanopore has been
shown to circumvent this limitation. For instance, using a
tetraethylortho-silicate (TEOS) precursor or a mixture of TEOS
and water vapour, the diameter of relatively large pores milled
with FIB were reduced from 500-1000 nm to 25-30 nm with
ion-beam induced deposition®" (Fig. 5g) and from 50 nm down
to 2 nm with electron beam induced deposition, Fig. 5h.**

In addition to modifying the nanopore geometry, many of the
presented methods can be used to further extend the properties
of the nanopore and membrane. Examples include controlling
the surface charge, fabricating integrated electronics - such as
localized electrodes, and incorporating functional groups in and
around the nanopore. The latter and the associated fabrication
steps are explored in the following section.

Surface modification of solid-state
nanopores

The line between nanopore-fabrication and modification is
arguably flexible and is indeed a continuum, however in the
context of this section any development of the nanopore beyond
what can be deemed as the basic and archetypal SiN, nanopore
is considered a modification of that nanopore. Furthermore, not
all surface modifications need to be ‘chemical modifications’ as

This journal is © The Royal Society of Chemistry 2013
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they are classically described. Physical modification, that has
already been touched on, is particularly useful in the deposition
of metals, metal compounds and dielectrics.

A great diversity of functions can be appropriated to a solid-
state nanopore by chemically modifying the surface. In fact due
to the chemical diversity that can be introduced, the primary
limit is one’s imagination. Several particularly good examples
of modification include the immobilisation of single protein
receptors via a thiol-terminated self-assembled monolayer
(SAM)*?® for probing biochemical binding kinetics, immobiliza-
tion of ssDNA for distinguishing exact target sequences by
complementary hybridization®* and nanopores that mimic those
found in the antennae of silk moths through the introduction of
fluid lipid coatings.>® Within the following section these surface
modification methods are discussed in greater detail.

Silane and thiol based modifications

Since SiN, is the most frequently used membrane material, a
commonly cited gateway into nanopore modification is by the
use of organosilane chemistry. Organosilanes are particularly
useful for solid-state nanopores as they form a robust covalent
linkage to the nanopore/membrane surface and provide various
well-understood functional tail groups. It must be said that
technically silane coatings are not considered SAMs, as the
formation of the covalent bond between the silane and
the surface hydroxyls is not a reversible process and hence
not self-assembled such as that of the gold-thiol bond.
Silanization of a nanopore is easily achieved through either
a vapour deposition or a solution based deposition in a solvent

\/
0—Ni=0
oA | )
0
Tail (@
NH
Oq/
o)
X“a
Spacer NHa 9

go
— \

\

Fig. 6 (left) Typical surface modifications are generated using compounds
consisting of tail, spacer and head groups. The head group chemisorbs or
immobilizes the molecule to the surface and determines the lateral interactions
between adjacent molecules. The spacer controls the length and minimizes steric
interactions, and can contribute to intermolecular interactions. Finally the tail provides
chemical functionality. Two examples of nanopore surface modifications include
(middle) (3-aminopropyl)triethoxysilane (APTES)*? and (right) SC15EG5-NTA 3
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such as toluene or methanol. Organosilanes require exposed
surface hydroxyl groups to covalently bind to the substrate.
Generally the best approach for obtaining a high surface
density of hydroxyl groups is to incubate the nanopore chip
in a piranha solution (mixture of H,SO, and H,0,), which acts
as a strong oxidiser. This solution also has the additional
benefit of removing organic contaminants and improving
nanopore wettability. Silanes come in a variety of flavours
typically consisting of three head groups such as ethoxy,
methoxy or chloride groups based around a silicon atom, with
a single functional moiety at the tail, Fig. 6.>

Silanization of a silicon surface proceeds by the leaving
groups of the organosilane head becoming hydrolysed, then
undergoing a condensation reaction with the hydroxyl groups
at the nanopore surface. One of the most crucial steps for
achieving a robust, high density, silane film is a post silaniza-
tion bake at ~100 °C for 16 hours.?” This step crosslinks the
organosilane molecules at any unreacted alkoxy groups, though
care must be taken to preserve the reactivity of the tail group
after baking.

It would be prudent to mention that not all nanopores are
amenable to silanization and as a consequence other compounds
must be considered. For nanopores that have been fabricated or
physically modified with gold, thiol terminated SAMs have proven
to be popular®® due to their ease of deposition and versatility in
terms of tail groups, see Fig. 6.

Reactive tail groups whether belonging to a functional thiol
or an organosilane include amines, epoxides, and sulfhydryls
amongst others that each possesses their own interesting
properties. These reactive groups can function as a platform
for expansion into more complex nanopore modifications as
will be shown later.

In terms of rudimentary modifications there is a diverse
range of the previously mentioned “tail groups” that can be
used to modulate surface charge, respond to environmental
conditions or provide steric effects that confer molecular
selectivity or alter the nanopore diameter. Wanunu and Meller
conducted a substantial exploration of organosilanes and
subsequent derivatives working with a SiN, nanopore.*® Surface
coatings of amines, epoxides, PEG and carboxyl groups were
produced and the coatings were characterized by X-ray photoelectron
spectroscopy (XPS). In situ coating was monitored through
simultaneous measurement of the ionic-current through the
nanopore. Many observations were made however one example
is that amine coated nanopores were noted to have a highly
pH-dependent ionic conductivity in low salt conditions. Stimuli
responsive nanopore modifications that are sensitive to light, pH
and temperature are also garnering a fair amount of interest and
have been reviewed extensively by Hou et al.*’

Biochemical and biomimetic modification

To explore the true nature of bio-molecular phenomena scientists
must possess tools that are able to probe the objects of interest at
their own scale and relay this nanoscale interaction to the
macroscopic world. Biomolecule functionality can be observed
through the stochastic sensing of a target analyte by measuring
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the effect of an immobilised ligand at the nanopore surface on
the translocation rate and duration, of the target analyte.
Presented here is a selection of the most promising biomolecular
and biomimetic nanopore modifications that confer some level
of biological function ranging from single protein binding
kinetics through to molecular selectivity that mimics that of a
mammalian nuclear pore complex.

Proteins

In a recent article, Wei et al. demonstrated stochastic sensing with
receptor modified solid-state nanopores. This was accomplished
by initially modifying the surface with a mixed alkylthiol mono-
layer on a gold coated SiN, nanopore.** One dilute component of
the mixed monolayer intrinsic to the sensor was triethylene glycol
alkylthiol tris-nitrilo acetic acid (NTA). The NTA chelates Ni(u) and
this divalent cation was then used to capture poly-histidine tagged
proteins shown in Fig. 7a. The binding and unbinding of
his-tagged protein A to the Ni(u), and subsequently the binding
of antibodies to protein A was observed in real-time. This
method was sufficiently sensitive to discriminate different
sub-classes of IgG antibodies in a complex mixture.

Other examples of nanopore platforms leverage biomimetic
design to study complex biological interactions.*' The biomimetic
approach has been perfectly exemplified by the following works of
Kowalczyk et al.** and Yusko et al.*® Kowalczyk et al. designed a
biomimetic nuclear pore complex, which is selective to the
transport of individual proteins. The platform was fabricated by
silanizing a SiN, nanopore with 5% (aminopropyl)triethoxysilane
(APTES) solution in methanol. This resulted in an amine
functionalised nanopore. These amines were then reacted with
sulfo-SMCC, a crosslinking agent that contains both a maleimide
(sulfhydryl reactive) and an NHS-ester (amine reactive) at opposing
ends to achieve a reactive maleimide group at the surface. The SiN,
membrane was then incubated with the nucleoporin proteins
Nup98 and Nup193. These recombinant proteins were expressed
with an N-terminal poly-cysteine repeat to supply sulthydryl groups
to react with the immobilised maleimide for the immobilisation of
the nucleoporins as shown in Fig. 7b. The modified nanopore
demonstrated a high degree of molecular selectivity for importing
the Impp protein and inhibiting the translocation of non-specific
proteins such as bovine serum albumin, much like the biological
nuclear pore complex.

Lipids

Demonstrating further the exciting application of biomimetics
and inspired by the olfactory sensillia of silk moths, Yusko
et al.*® engineered a supported lipid bilayer on the surface of a
nanopore by the spreading of liposomes on the SiN,
membrane, Fig. 7c. Tailoring the lipid composition yielded
control over the nanopore diameter, surface chemistry and
the introduction of recognition elements such as biotin. The
capture of analytes to the lipid membrane via the recognition
element conferred an increased analyte dwell time, aiding
detection where 30 to 100 analyte translocations per second
were recorded for a 5 pM bulk concentration of streptavidin,
Fig. 7c. Fluid lipid bilayer coatings have also been shown for
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Fig. 7 Examples of surface modified nanopore platforms. (a) Schematic of a gold-coated nanopore functionalized with a combination of matrix thiols (SC;5EGs3) and
receptor thiols (NTA). A NiZ* (green) loaded NTA receptor (black) specifically binds to Hisg-tagged proteins (red). The blockade time reflects the binding time of the
analyte to the receptor (ton). A current time trace is shown for a 26 nm nanopore functionalised with 2 mol% NTA functionalised thiols, and 98 mol% matrix thiols
after the addition of 180 nM Hise-tagged protein A.33 (b) Schematic of a nanopore functionalised with nucleoporins (FG-Nups). Representative current time traces are
shown in the presence of a transport receptor Impp with and without the FG-Nups modification.*? (c) Conceptual representation of a nanopore functionalised with a
lipid bilayer (POPC) containing biotin anchors (blue circles) in the presence of streptavidin (red circles). Example of a current time trace showing the translocation of the

biotin-streptavidin complex.>> All figures obtained with permission.

the successful analysis of entities that typically clog nanopores
such amyloid-p aggregates.”® Furthermore the use of lipid-
bilayer coatings has enabled the fabrication of vast nanopore
arrays with well-defined pore geometries.**

Nucleic acids

Mussi et al. exploited the familiar and reliable silanization of a
SiN, nanopore with APTES and subsequently coupled amine
functionalized oligonucleotides to the coating via the amine
crosslinker, 1,4-phenylenediisothiocyanate. Relative to a target
ssDNA sequence, a background matrix of non-complementary
oligonucleotides was used to dilute the surface concentration
of complementary probe oligonucleotides. There were two out-
comes of the nanopore modification. Firstly, the decrease in
nanopore diameter, increasing the signal to noise ratio of the
ionic current blockade and secondly, the observation of two
distinct dwell-time populations, attributed to ssDNA with and
without the target sequence.®*

Beyond ionic current blockade sensing

Currently the ionic current blockade technique is the most widely
implemented and extensively developed method for the detection of
translocated analytes. However, a number of promising alternative
detection methods based on the technology previously described in

This journal is © The Royal Society of Chemistry 2013

this tutorial have recently been demonstrated. As it will be
highlighted, the nanopore platform has been successfully
combined with embedded electrodes, optical detection, and single
molecule force techniques. Primarily the goal of developing these
platforms has been focused on improving the detection signal
quality, adding new detection channels, controlling the transloca-
tion process and implementing strategies for creating large arrays
of individually addressable nanopores. An overview of selected
interesting and novel nanopore technologies is presented here.

Tunnelling detection with integrated electrodes

The integration of tunnelling, nanogap electrodes with nano-
pores (Fig. 8), is proving to be very promising for high sensi-
tivity and high throughput applications. Tunnelling current is
measured when a voltage bias is applied between conducting
electrodes separated by a gap of just a few nanometres. The
tunnelling current is extremely sensitive to the gap geometry,
applied bias and the analyte occupying the electrode gap. If the
tunnelling gap were to be positioned inside or at the entrance
of a nanopore, tunnelling electron technology would enable an
additional channel for the detection and analysis of analytes
translocating through the nanopore.

This technology can offer significant additional advantages
over the traditional ionic current blockade detection, such as
potentially enhanced spatial resolution, parallel detection with

Chem. Soc. Rev., 2013, 42,15-28 | 23
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Fig. 8 (a) Schematic of a proposed nanopore device with embedded electrodes for tunnelling detection (yellow). The tunnelling electrodes are used to inject a current
through the nucleotides in the direction transverse to the DNA backbone. Example images of platforms with integrated tunnelling electrodes include: (b) Electrode
gaps, fabricated using electron beam induced deposition, aligned to a nanopore.®® (c) Electrode gaps formed by the electromigration/self-breaking technique on
Si0,/Au/Si0,.%" (d) Carbon electrodes aligned to a nanopore.>? All figures obtained with permission.

nanopore arrays and the detection of biopolymer composition
such as DNA, RNA or even specific peptide sequences. In
addition, functionalization of the tunnelling electrodes with
recognition elements has been demonstrated to further
enhance detection sensitivity and modulate translocation
dynamics.”” Perhaps the most compelling application of
tunnelling detection, however is, the possibility of achieving
fast and inexpensive sequencing of long DNA molecules. The
possibility of integrating nanopores with tunnelling electrodes
for sequencing DNA was first proposed in 2005 by Zwolak and
Di Ventra.*®

Nanogap and nanopore requirements

There are a number of considerations for the design of a
functional tunnelling gap on a nanopore. The maximum gap
distance over which single molecules can be detected by
measuring changes in the tunnelling current distribution -
depends on a number of factors including: the electrode bias
and material, the analyte residence time in the nanogap, the
solvent used, and finally, the detection electronics.

Under very favourable conditions such as an analyte residence
time of a millisecond, a very low input capacitance of a picofarad
and a typical bias of 0.5 V applied across the tunnelling electrodes,
the maximal gap distance at which a current trace with a
sufficient signal to noise ratio to be measured, is estimated to

24 | Chem. Soc. Rev,, 2013, 42,15-28

be approximately 4 nm.*> For the tunnelling measurement of
submolecular structure, such as the sequence of ssSDNA, the gap
size must be further decreased to approximately 1.5 nm in order
to minimise fluctuations in the tunnelling current due to
different molecular orientations in the gap. In addition, to avoid
interference from neighbouring bases the electrode width or
height has to be comparable to the base spacing in a ssDNA
strand (up to ~0.7 nm for stretched ssDNA).***”

Electrode fabrication

Initial experiments by Zandbergen et al.*® and later by Fisch-

bein and Drndié¢*® showed that the methods and materials used
in nanopore fabrication (focussed electron beams and solid
state membranes) can be feasibly applied to the sculpting of
electrodes with sub-nanometre resolution in close proximity or
aligned to a nanopore. Later, Gierhart et al. presented the first
example of detection with nanogap electrodes integrated on a
nanopore. In this work, chromium nanoelectrodes with a nanogap
ranging from 2 to 50 nm were fabricated using electron beam
lithography and nanopores were fabricated in the electrode gaps by
focussed electron beam milling. Nanogap detection was performed
using gold nanoparticles and DNA as the analytes.'®

The first experiments that reported the simultaneous detection
of a A-DNA molecule by ionic current blockade and tunnelling
detection were reported by Ivanov et al.”® In this work, electron
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beam induced deposition was used to fabricate sub-5 nm gaps
aligned to a nanopore. At approximately the same time, Tsutsui
et al. developed a self-alignment technique to form a nanopore-
nanoelectrode architecture capable of achieving a sub-nanometer
electrode gaps aligned to a 15 nm SiO, pore.”’ More recently,
Spinney et al. adopted an alternative fabrication strategy where a
carbon nanowire was sculpted by electron beam assisted etching. A
focused electron beam was used to define a nanopore aligned to a
pair of tunnelling electrodes. These devices were then used for the
detection of A-DNA and short (16-mer) ssDNA oligonucleotides.”

There are still persistent issues with the successful confine-
ment of individual molecules in the tunnelling gaps during
translocation. This can perhaps be addressed in the future with
the application of specifically terminated carbon nanotube
electrodes®™>* or chemically functionalised nanogaps.*> The
fabrication of tunnelling electrodes in close proximity to nano-
pores has proven to be challenging, however these challenges
are being met with perseverance and innovation because the
fruits of integrated nanopore electronics are just too great to
dismiss.

Optical detection

There are multiple advantages of using optical methods in
conjunction with solid-state nanopores. Some of these include
high-efficiency optical detection due to confining the analyte in
the nanopore, simultaneous ionic current and optical detection
and labelling and tracking of different structural or functional
segments in a single molecule. Further to the advantages of
solid-state nanopores, photonic structures can be patterned
near the nanopore surface for enhancing the fluorescence
signal in line with fabrication techniques already discussed.
Another exciting prospect of using optical detection is the
possibility of probing multiple pores simultaneously. This
opens the door to facile high-throughput applications.

In this section, the advantages of combined optical-nanopore
detection are explored in detail. It of course should be noted,
that many of the methods required to design and fabricate such
platforms, rely on the already discussed techniques covered in
Section 2 and 3.

Single molecule fluorescence spectroscopy with metallic
nanopores

Fluorescence spectroscopy (FS) is arguably the most widely
spread and versatile tool for reliable single molecule detection
in solution.>® Hence it is perhaps natural to couple conven-
tional FS with a nanopore architecture. One clear advantage in
doing so, is the ability to confine and precisely localise the
analyte within the optical detection volume. Furthermore as the
nanopore is the only conduit between the two reservoirs it
essentially guarantees that every molecule will be detected. This
is highly advantageous as in conventional single molecule
FS the majority of the analytes bypass the detection volume
without being detected.

There are various strategies one can use to optically detect
translocation events. One option is the incorporation of a
metallic layer onto the membrane in order to restrict the

This journal is © The Royal Society of Chemistry 2013

View Article Online

propagating light within the vicinity of the nanopore. Membranes
coated with metals such as aluminium have been shown to act as
an optical barrier (Al is optically opaque in the visible spectrum)
between the membrane and the analyte reservoir, Fig. 9.°° When a
metallic nanopore is probed with light longer in wavelength than
its diameter, an evanescent wave is generated in the nanopore.
This mode of detection is very similar to a zero mode waveguide
as described by Levene et al® and importantly permits the
confinement of the optical detection volume to the dimensions
of the nanopore. Due to the relationship between wavelength and
nanopore diameter the detection volume can easily be tuned by
varying the nanopore dimensions.

A combined optical-nanopore platform exploiting similar
principles was reported by Chansin et al.’® In this study, single
A-DNA molecules were translocated through a small array of
nanopores with diameters between 200 to 300 nm. The nano-
pores were fabricated by FIB in a 200 nm thick SiN, membrane
coated with a 100 nm Al layer. Under these conditions, high-
contrast imaging of single-molecule events was recorded. This
work was the first demonstration in the literature of single mole-
cule detection from multiple nanopores in parallel. In addition, it
was shown that single nanopores could also be probed using
confocal optics with high temporal resolution, enabling more
efficient characterization of individual translocation events. The
authors conjectured that in time, the system could be optimized to
detect signals from hundreds of nanopores simultaneously, creat-
ing a truly high-throughput optical detection system that can be
used for a wide variety of sensing applications. Such platforms can
also be modified with a patterned metallic membrane allowing for
the incorporation of plasmonic structures near the nanopore
surface. Although this has yet to be demonstrated with a nano-
pore, one related example by Aouani et al. demonstrated that a
135 nm Au patterned well surrounded by five periodic corruga-
tions resulted in enhanced fluorescence.™

Total internal reflection fluorescence with nanopores

Another promising method for optical detection in nanopore
arrays is the use of total internal reflection fluorescence (TIRF)
spectroscopy. TIRF is an interesting technique that allows
excitation of a very small volume close to the membrane, greatly
reducing background fluorescence and enabling single molecule
detection. Unlike in the previous examples, a metal layer is no
longer needed. In this method, light is introduced ‘off-axis”
relative to the microscope objective and optically coupled into
the membrane. This creates a standing evanescent wave of light
at the surface of the membrane that extends to about 100 nm
into the surrounding medium. Thus, only molecules that enter
the evanescent field will be excited and consequently detected.
The emitted fluorescence is then recorded using an ultra-sensitive
electron multiplying charge-coupled device (emCCD).

Soni et al. demonstrated the simultaneous detection of
fluorescently labelled 421 bp dsDNA and protein-DNA com-
plexes®® by TIRF and ionic-current blockade in a solid-state
nanopore platform. These measurements were performed
using a SiN, membrane with a 4 nm nanopore. In subsequent
experiments, McNally et al.®* further improved this platform by the
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Fig. 9 (left) Schematic diagram of the optical setup used for the detection of A-DNA translocation events. The light from a 488 nm laser excitation source is reflected by a dichroic
mirror (DC) situated at 45° and passes through the back aperture of a water immersion 60x objective (Obj). Depending on the optical configuration, this brings the light to a
tight focus for single point confocal detection or alternatively wide field illumination can be used to image the entire membrane. Fluorescence from the analyte is then collected
through the same Obj and DC. The fluorescence light is either reflected using a moving mirror (MM) on to an emCCD for imaging an array of pores or onto an avalanche
photodiode detector (APD) for single point confocal imaging. (top right) False colour image highlighting the evanescent decay of the excitation light within the nanopore and
local membrane surroundings. (bottom right) Fluorescence image sequence of two A-DNA translocation events labelled with YOYO-1. The dotted circles in each frame denote
the location of a nanopore. A schematic of the translocation process is also shown for each respective frame. Modified from Chansin et a/.>®

introduction of “two-colours” for the detection and characterization
of DNA sequences. Firstly, the method biochemically converted a
target DNA sequence into an adapted and elongated sequence
based upon a 2-bit binary code. Encoded regions on the converted
DNA were complementary to fluorescently labelled ssDNA
“beacons”. As the converted sequence with hybridized beacons
was translocated, the beacons were stripped off and their
fluorescence only observed as they were liberated. The fluores-
cence signals were then analysed based upon the 2-bit, binary
encoding to reconstitute the original DNA sequence. Not only
did McNally and co-workers demonstrate the optical detection of
single molecules using TIRF, but also the detection of discrete
optical signals from multiple nanopores proving the utility of the
method for high-throughput molecular detection.

Optical readout of large nanopore arrays

One of the inherent advantages offered by using optical detec-
tion methods is the ability to interrogate multiple nanopores
simultaneously, which cannot be easily achieved when using

26 | Chem. Soc. Rev,, 2013, 42,15-28

ionic-current blockade detection, as addressing individual nano-
pores within an array requires independent electronics and reser-
voirs for each nanopore. Although headway® is being made in this
context, a much simpler option is to use FS. An interesting
application of the latter is the integration of solid-state nanopores
and lipid bilayer membranes for high throughput detection.
Recently, Kleefen et al. created solvent free suspended lipid bilayers
on a solid-state 45 x 45 nanopore array. The nanopores in each
array had diameters ranging from 15 to 100 nm. In an unprece-
dented breakthrough, the platform allowed for the monitoring of
up to 1000 translocation events simultaneously.**

Another example by Im et al. demonstrated that Au nano-
pore arrays can be used for surface plasmon resonance (SPR)
kinetic binding assays. In this work, pore-spanning lipid
membranes were formed over the nanopores and kinetic assays
were performed of a-hemolysin incorporation in to the bilayer
membrane. The transmembrane protein was incubated with a
specific antibody and the binding was detected via red-shifts in
the plasmon resonance of the gold nanopore array.®*
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Force based nanopore sensing

Force based sensing methods, such as optical tweezers,®*
magnetic tweezers,®> and atomic force microscopy®® combined
with nanopore technology can provide mechanical manipula-
tion of individual molecules within nanopores to a high degree
of precision. The common feature of these methods is that the
molecule is tethered to a microscopic object or a particle that
can be controlled by the application of force from an external
apparatus. In principle all force based methods are sensitive to
the size of the analyte inside the nanopore and the local charge
density. Hence, these methods permit the study of fundamental
biomolecular interactions between a translocating analyte and a
nanopore, and molecular interactions such as those in protein-
DNA complexes.®’

Another significant advantage of force based sensing is the
possibility to precisely control the translocation speed of
an analyte. This can provide valuable additional time for
detection, which is usually a limiting factor in nanopore sensing.
An excellent review on the application of these methods for
controlling the molecular transport through nanopores has been
written by Keyser.®®

Conclusion

From the biological roots of the nanopore, where it continues
to play a countless number of roles that living creatures rely
upon, to their current mainstream popularity, they capture the
imagination of both scientists and the general public. The field
of solid-state nanopores in particular is young and exciting.
Novel technologies are continuously pushing the limits and
boundaries of fabrication methodologies and techniques that
were born out of the semiconductor electronics industry. This
momentum has been carried forward to state of the art fabrica-
tion techniques and newly discovered materials.

For deeper exploration of the biological world, the field once
again returns to the roots of the nanopore for inspiration in
building biomimetic and bioinspired nanopores that behave
like nuclear pores or display biomolecular recognition, all
enabled by a diverse set of surface chemistries.

The field not only continues to push the solid-state nano-
pores themselves, but also the methods used to interrogate
these nanoscale volumes. Ionic current blockade sensing has
proven to be an extremely useful method for interrogating
single nanopores. Beyond conventional ionic-current blockade
detection, a number of emerging detection methods exhibit
some very exciting directions for nanopore interrogation.
Tunnelling electrodes have the potential to probe deep within
analyte sub-molecular structures whilst optical methods are
permitting large-scale interrogation of nanopore arrays. Force
based measurements allow for precise positional control of the
analyte enabling increased detection sensitivity. The field of
solid-state nanopores is scintillating, unwavering in the face
of a challenge and driven by innovative technologies and
passionate people. The field is accessible and welcoming, there
is much left to discover.

This journal is © The Royal Society of Chemistry 2013
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