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Recent Progress in Solid-State Nanopores

Kidan Lee, Kyeong-Beom Park, Hyung-Jun Kim, Jae-Seok Yu, Hongsik Chae, Hyun-Mi Kim,

and Ki-Bum Kim*

The solid-state nanopore has attracted much attention as a next-generation
DNA sequencing tool or a single-molecule biosensor platform with its high
sensitivity of biomolecule detection. The platform has advantages of process-
ability, robustness of the device, and flexibility in the nanopore dimensions
as compared with the protein nanopore, but with the limitation of insufficient
spatial and temporal resolution to be utilized in DNA sequencing. Here, the
fundamental principles of the solid-state nanopore are summarized to illus-
trate the novelty of the device, and improvements in the performance of the
platform in terms of device fabrication are explained. The efforts to reduce
the electrical noise of solid-state nanopore devices, and thus to enhance the
sensitivity of detection, are presented along with detailed descriptions of the
noise properties of the solid-state nanopore. Applications of 2D materials
including graphene, h-BN, and MoS; as a nanopore membrane to enhance
the spatial resolution of nanopore detection, and organic coatings on the
nanopore membranes for the addition of chemical functionality to the
nanopore are summarized. Finally, the recently reported applications of the
solid-state nanopore are categorized and described according to the target
biomolecules: DNA-bound proteins, modified DNA structures, proteins, and

applied across the nanopore membrane
generates a highly concentrated electric
field near the nanopore, driving charged
molecules to pass through the narrow
pore one molecule at a time.”) Among
the methods to detect the biomolecule
translocation including resistive pulse
sensing,}1%1U tunneling current detec-
tion,>13] and optical sensing,'*! we
focus on the resistive pulse sensing mech-
anism. In the resistive pulse sensing, the
nanopore acts as the only channel across
the membrane for both ions and biomole-
cules, and partial blocking of the nanopore
by a biomolecule is directly reflected in a
perturbation in the ionic current.

The first nanopore used for nucleic acid
sensing in 1996 was o-hemolysin, a natu-
rally occurring protein channel secreted by
Staphylococcus aureus, embedded in a lipid
bilayer.!l It was demonstrated that single-
stranded DNA (ssDNA) was electrophoreti-

protein oligomers.

1. Introduction

The nanopore is a class of a biosensor, allowing for highly sen-
sitive detection of biomolecules including nucleic acids and
proteins at single-molecule resolution.l'3l The high sensitivity
of the nanopore facilitates detection of biomolecules at low con-
centration even at a sub-nanomolar level and discrimination of
minute differences in molecular structure between different
nucleotides.*%! Such sensitivity originates from the charac-
teristic structure of the nanopore: a nanometer scale pore as
large as the size of the target molecule.’#! An electric potential
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cally transported through o-hemolysin and
generated an ionic current drop during the
translocation. The ssDNA translocation
was confirmed by polymerase chain reac-
tion (PCR) of the solution on the opposite chamber, followed
by gel electrophoresis.!! Solid-state nanopore was suggested
in the early 21st century, which complemented the limitations
of the biological nanopore such as its unmodifiable pore size,
and mechanical and chemical instability.>1%17) Conventional
structure of the solid-state nanopore mimics the structure of
the biological nanopore: a nanopore a few nanometers in size
perforated in a 10-20 nm thick silicon nitride (SiN) freestanding
membrane, supported by a silicon (Si) substrate. The solid-state
nanopore with adjustable pore size and robustness has broad-
ened the range of the target biomolecules for nanopore-based
detection, the structure of the device, and materials used for
fabrication. Therefore, ever since its first appearance nearly two
decades ago, various fabrication techniques and applications
of the solid-state nanopore have been actively studied and dis-
cussed by researchers from diverse disciplines such as materials
science, biomedical engineering, electrical engineering, bio-
physics, chemistry, mechanical engineering, and medicine.
There are excellent articles in the literature with a thorough
and deep insight into the nanopore field, thus highly advisable
to read. Deamer and Branton, cofounders of the field, provided
the fundamental understanding and prospects of biomolecule
detection using the nanopore.['18] Dekker introduced the solid-
state nanopore and its operating principles,”?! which were further
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discussed in detail by Venkatesan and Bashir*? and Wanunu.?!
Extensive reviews on the applications of the nanopore have been
published by various groups including Stoloff and Wanunul*!
and Squires et al.?% Recently, Li et al. summarized the develop-
ments in the solid-state nanopores with a focus on the resolution
of the nanopore.?!I To our knowledge, our work is the first review
to mainly discuss the improvements in the solid-state nanopore
in terms of the device and how the upgraded device performance
has been applied to the nanopore-based biomolecule detection.
The historical scope of this review covers the recent progress as
well as the earlier reports on the solid-state nanopore. Although
the topic of this review is the solid-state nanopore, we will begin
our discussion from the biological nanopore to explain the his-
torical background of the solid-state nanopore.

1.1. History of the Solid-State Nanopore

The historical timeline of the advancements in the biolog-
ical nanopore and the solid-state nanopore is summarized
in Figure 1, where the numbers in the center column rep-
resent the date of each event reported. The concept of nano-
pore sensing was first visualized in 1989 as a sketch in David
Deamer’s notebook,? and filed as a patent in 1995.12%1 The first
experimental demonstration of nanopore sensing was intro-
duced in 1996, in the paper published by Kasianowicz et al.l!
The first introduced and tested nanopore was o-hemolysin,
which is a protein channel with its pore size large enough
(stem diameter =2.6 nm, limiting aperture size =1.5 nm) for
a single strand of DNA to pass through.["?3-?’l In addition to
the experimental demonstration, the founders presented their
insight of the nanopore as a next-generation DNA sequencing
tool and claimed that the platform required several improve-
ments for such practical use. According to their opinion, the
nanopore should have sufficient spatial and temporal resolu-
tion and mechanical robustness, the DNA should move only
in the forward direction inside the nanopore for higher accu-
racy of detection, and different nucleotides should produce
different ionic current signals from the nanopore to be distin-
guished from one another.ll These guidelines have been widely
accepted by nanopore researchers and have been serving as a
norm in all nanopore research since the first publication.

Three years after the first report, Akeson et al. experimen-
tally verified their idea of nucleotide type discrimination using
the ionic current signals of polyadenine, polycytosine, and poly-
uracil translocation through o-hemolysin.[®! As they proposed,
different types of nucleotides produced current drop signals of
different magnitude and duration during the molecular trans-
location through the biological nanopore.*®!l Nonetheless,
DNA sequencing using the nanopore still required slower DNA
translocation to read all the nucleobases at a resolvable speed.
In 1999, the translocation speed of ssDNA through o-hemolysin
was about 1 nucleotide per microsecond, =1000 times faster
than the ideal speed of 1 nucleotide per millisecond; the ideal
value was determined to the extent that the nanopore DNA
sequencing is still fast, but a sufficient amount of an ionic cur-
rent signal is obtained from single nucleotides.®1%

Therefore, at the early stage of the biological nanopore, sev-
eral engineering approaches were suggested to slow down the
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DNA translocation speed.2?67] In 2012, state-of-the-art DNA
sequencing using the biological nanopore—application of phi29
DNA polymerase to control the translocation speed—was intro-
duced by two groups at the same time.?#3% The enzyme was
bound to a DNA molecule, held the DNA to pass through the nano-
pore slowly at the first stage of translocation, and promoted DNA
polymerization at the second stage. Consequently, the partially
translocated DNA moved backward, and the same sequence was
read again. The same concept and result were published simul-
taneously using o-hemolysin?® and Mycobacterium  smegmatis
porin A (MspA) nanoporel®; MspA is a type of protein channel,
with the narrowest aperture of =1 nm diameter and =1 nm thick-
ness.! Using this strategy, single-nucleotide resolution of the bio-
logical nanopore has been achieved in the two studies, and DNA
sequencing with up to 90% accuracy was reported.282°)

Recently, other than a-hemolysin and MspA, various biolog-
ical nanopores including Escherichia coli cytolysin A (ClyA),?2
bacteriophage phi29 DNA packaging motor,B3 bacteriophage
SPP1 DNA packaging motor,?* and aerolysinl**! were reported.
The diameter of the narrowest constriction, representative
experimental results, and major characteristics of various pro-
tein nanopores and the solid-state nanopore are summarized
in Table 1. These protein nanopores have channels with dimen-
sions of few to several nanometers wide, enabling transloca-
tions of relatively large molecules such as dsDNA, protein, and
DNA-protein complexes.

The biological nanopore has shown its high sensitivity and
resolution, but it had issues of mechanical and chemical insta-
bility, and the target molecules of the biological nanopore were
limited by the fixed dimensions of the protein channel.?! The
solid-state nanopore emerged to overcome the limitations of
the biological nanopore, being mechanically and chemically
robust, size-adjustable, and manufacturable.l'®! In 2001, the
first solid-state nanopore was created in a freestanding SiN
membrane on a silicon substrate, by focused ion beam (FIB)
etching of the SiN surface to fabricate the pore.’l The most
common form of the solid-state nanopore was first introduced
in 2003 by Cees Dekker’s group, who first used transmission
electron microscopy (TEM) to drill a nanopore having a diam-
eter of a few nanometers.['”]
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Figure 1. The timeline of developments in the nanopore field: the biological nanopore and the solid-state nanopore. The left and the right columns each show the
emergence and the development ofthe biological (or protein) nanopore and the solid-state nanopore, from top to bottom in chronological order. Atribution ofimages
in the timeline: Biological nanopore column (left): Biological nanopore: Reproduced with permission.> Copyright 2012, Nature Publishing Group; first sketch of
nanopore idea: Reproduced with permission.?d Copyright 2016, Nature Publishing Group; first paper on nanopore experiment: Reproduced with permission.['l
Copyright 1996, National Academy of Sciences; Nucleotide discrimination: Reproduced with permission.[®l Copyright 1999, Elsevier; DNA sequencing using phi29
enzyme: Reproduced with permission.t% Copyright 2012, Nature Publishing Group; DNA squencer commercially available: Reproduced with permission.®2
Copyright 2016, Nature Publishing Group. Solid-state nanopore column (right): Solid-state nanopore: Reproduced with permission. Copyright 2007, Nature
Publishing Group; first solid-state nanopore: Reproduced with permission.l"® Copyright 2001, Nature Publishing Group; first TEM-based fabrication (left): Repro-
duced with permission.”? Copyright 2007, Nature Publishing Group; first TEM-based fabrication (right): Reproduced with permission.'”l Copyright 2003, Nature
Publishing Group; Graphene nanopore: Reproduced with permission.*”] Copyright 2010, Nature Publishing Group; Nucleotide discrimination: Reproduced
under the terms of the Creative Commons Attribution License (CC-BY).BI Copyright 2014, The Authors, published by Nature Publishing Group.

The development of the solid-state nanopore followed that  the importance of this issue is greater than that in the bio-
of the biological nanopore with a time interval of nearly a  logical nanopore because the DNA translocation speed is a
decade. Slowing down the DNA translocation speed has been  few orders of magnitude faster in the solid-state nanopore than
a major issue also in the solid-state nanopore. Nonetheless, in the biological nanopore for an unclear reason.l'?l To achieve
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Table 1. Summary of the properties of the selected biological nanopores and the solid-state nanopore. The size of the narrowest constriction in each
channel, analytes, characteristics, and references are indicated. General characteristics, advantages, and disadvantages of the biological nanopore

and the solid-state nanopore are presented as well.

Nanopore Diameter of narrowest ~ Representative analytes Characteristics and remarks Ref.
aperture
Biological o-Hemolysin 1.5nm ssDNA, RNA, small First nanopore used in DNA e Fixed and uniform pore [1,6,23-25]
nanopore molecules sensing dimensions
e Embedded in lipid bilayer
membranes
e Mechanically vulnerable
e Nanopore channels are engi-
neered for specific detection of
small molecules or peptides
MspA =1 nm Thermally, chemically stable [27,31]
Aerolysin 1.0-1.7 nm Enhanced interaction between [35]
DNA and channel wall
phi29 packaging motor 3.6 nm dsDNA, protein Nonmembrane proteins nor [33]
ion channels
SPP1 packaging motor 3nm Peptide [34]
ClyA 3.3-4.2 nm Protein, protein—peptide Pre-entrance pocket inside the [32]
complex channel
Solid-state nanopore Adjustable (minimum  ssDNA, dsDNA, protein, e Adjustable but nonuniform pore dimensions [2,17,25]

=1 nm)

protein complex

DNA-protein and protein—

e Mechanically and chemically robust
e Wide applicability of various materials

the slow translocation speed in the solid-state nanopore, var-
ious engineering strategies have been attempted: i) modifying
the experimental conditions,?*38 ii) physically dragging the
analyte molecule by an optical or magnetic tweezer®*% or by
electrical gating,*! and iii) dragging the molecule by strength-
ened interaction with the modified or chemically decorated pore
surface.?#] As part of the third strategy, materials including
aluminum oxide (Al,0;)-graphene,*? hafnium oxide (HfO,),*!
zinc oxide (ZnO),* organic functionalization,*! and nanofiber
mesh coating!®’! were integrated with the nanopores to slow
down the DNA translocation by an enhanced Coulombic, spe-
cific, or hydrophobic nonspecific interaction between the nano-
pore surface and DNA.

Along with slowing down the translocation speed, enhancing
the vertical and temporal resolution has been one of the major
issues in the solid-state nanopore. In 2010, the first reports
on the application of graphene membrane to the solid-state
nanopore to improve the vertical spatial resolution were pub-
lished.*’=*! After that, nanopores fabricated in other 2D mate-
rials such as hexagonal boron nitride (h-BN)*>2I and molyb-
denum disulfide (MoS,)*>->*l were also reported.

In 2013-2014, nucleotide type discrimination in the solid-
state nanopore was first demonstrated.®>®! The discrimina-
tion was possible by fabricating the pore as small and thin as
possible (=1 nm large and =5 nm thick) as well as by reducing
the electrical noise to enhance the nucleotide resolution of the
solid-state nanopore. Particularly, the electrical noise of the
solid-state nanopore is an intensively studied subject in this
field, and the methods to reduce the electrical noise by applying
different materials!®>*8 or by means of a high-performance
data acquisition systemP*-%1 are well developed.

After the establishment of the high-performance and low-
noise system, solid-state nanopore researches mainly have
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focused on the application of the platform. The applications
include detecting DNA single nucleotide polymorphisms
(SNPs)l2631 or DNA methylation,® and high-throughput
drug screening.l®! These studies are based on the applicability
of solid-state nanopore to detection of various biomolecules
including double-stranded DNA (dsDNA),[16:6667] proteins,7:68.6%]
DNA-protein complexes,?>62 and protein—protein com-
plexes.[®7% Branched from the original solid-state nanopore,
glass nanopipettes are also being actively used as cost-effective
and high-sensitive solid-state nanopore device.”"”1~77] The solid-
state nanopore and the glass nanopipettes each have distinct
advantages in terms of fabrication; while the dimensions of
the solid-state nanopores can be precisely controlled, the glass
nanopipettes are easy and fast to fabricate. Besides the resis-
tive pulse sensing method, optical detection using solid-state
nanopores is keep being developed. The latest developments
in optical detection using nanopores include electrical-optical
synchronized detection using plasmonic nanopore,’® and
integration of nanopore and zero-mode waveguide structure for
effective optical DNA sequencing.”)

Several companies including Oxford Nanopore Technolo-
gies, lonera, Nanopore solutions and Goeppert succeeded in
the commercialization of the nanopore DNA sequencing plat-
form or the nanopore device.®) Oxford Nanopore’s MinION
sequencer based on the biological nanopores has been applied
to genetic sequencing of influenza,®!l Ebola,®?l and Zika
viruses.3] Companies such as Nanopore solutions and Goep-
pert provide devices and experimental equipment for solid-state
nanopore detection. Therefore, the nanopore technology is cur-
rently an easily accessible field for DNA sequencing and high-
sensitive single-molecular detection of biomolecules.

In summary, for nearly two decades, the solid-state nanopore
has been continuously improved in terms of resolution and

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Principles of the solid-state nanopore experiments. a) An example of the experimental settings for solid-state nanopore. The labels indicate
each part of the flow cell assembly. Biomolecules move from the cis chamber to the trans chamber, in the direction indicated by the white arrow. This
image is not in scale. b) Diagram of a DNA being electrophoretically translocated (orange coil) through the solid-state nanopore, and resultant ionic
current modulation from a real experiment. Al, t4, and event frequency are graphically indicated. This image is not to scale.

sensitivity. The system has also proven its wide applicability to
various biomolecules. Herein, we describe the improvements of
the solid-state nanopore with a focus on the device and mate-
rials used and suggest the outlook of the platform as a multi-
functional biomolecule detection instrument.

1.2. Principles of Biomolecule Sensing Using
the Solid-State Nanopore

Figure 2 depicts a schematic of the experimental setup and
signal production in the solid-state nanopore. As shown in
Figure 2a, a nanopore is constructed on a membrane material
supported by a substrate, and an electrolyte fills two chambers
on both sides of the nanopore. Conventionally, the device is
made of Si and SiN as the substrate and the membrane mate-
rials respectively, where the Si substrate is anisotropically wet
etched to expose the freestanding SiN membrane. The nano-
pore behaves as the only path for the ions and the biomolecules
to translocate between the cis and the trans chambers.’! Flow
cells are commonly used to create the electrolyte chambers,?’]
which are each connected with the ground and headstage elec-
trodes. Guided by the electric potential difference across the
membrane, ions and biomolecules move through the nanopore
and produce ionic current signals as depicted in Figure 2b.>84
A translocating DNA molecule partially blocks the ionic move-
ment through the channel, temporarily reducing the ionic cur-
rent level. The ionic current recovers to its original level after
the translocation. 2068

The key information among the current-versus-time signals
is the drop in current magnitude (blockade current, Al), and the
duration (dwell time, t4) and the frequency (capture rate, R.) of
the current drop signal. These results imply the physical infor-
mation about the biomolecule such as the cross-section area,
length, and concentration of the target molecule.l%*®7I AT reflects
the area of the blocked region in the ionic path, thus the size
or the cross-section area of the translocated molecule.”# t; is
related to the lateral size of the analyte, and a mechanical force
or the interaction between the pore wall and the DNA can also
modify £3.4042 R_ expresses how often the DNA is translocated
through the nanopore; factors including DNA concentration
and the electrophoretic driving force affect the capture rate.*!

Therefore, the fundamental principle of the nanopore-based
detection is that biomolecules of different sizes and conforma-
tions produce the current drop signals of different magnitude
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(AI) and duration (t4). This concept has been proven in the exper-
iments using dsDNA of different lengths,7-¢08 proteins,”) and
different polynucleotides!®® or single nucleotides.”* Nonethe-
less, the differences in the structures of different nucleotides
are very small, such that the nanopore signals of the four nucle-
otides are difficult to resolve with a solid-state nanopore. The
key in the solid-state nanopore is to enhance this resolution;
one way to achieve it would be to design and fabricate appro-
priate devices with such high resolution.

1.3. Fabrication of the Solid-State Nanopore

The device fabrication of the solid-state nanopore consists of
two parts: fabricating the freestanding membrane on a sup-
porting substrate and drilling the nanopore.>?’! The conven-
tional fabrication sequence of the silicon substrate nanopore
chip is somewhat standardized using Si substrate and applying
semiconductor fabrication technique.?'74#71 To build the
nanopore membrane, membrane material—mainly SiN—is
deposited onto the substrate, followed by defining and exposing
the membrane. Additional or alternative substrate mate-
rials used in fabrication include silicon dioxide (SiO,),[°¢-5%6]
glass, 87172888 and poly(dimethylsiloxane) (PDMS),58 which
mainly act as electrical noise suppressors. In the membrane,
oxides such as Al,O; and HfO,,[**46%] 2D membranes
such as graphene,*># 1 h.BN,P*2 and MoS,,>**2 and
metals!'>394 often substitute SiN or are integrated with SiN.
Figure 3 summarizes the representative nanopore per-
foration procedures. In the pore fabrication technique, FIB
appeared as the first method, which works by sputtering the
SiN membrane to expose a nanopore on top of the cavity.'6:67:%
Li et al. employed a feedback-controlled system to monitor and
control the size of the nanopore with the ion beam.!'®l Soon
after, TEM nanoporing, the most popular method nowadays,
emerged in 2003 with finer resolution and direct imaging mode
right after nanopore fabrication (Figure 3a).[>'”) The mechanism
of TEM nanoporing was proven as sputtering of the mem-
brane material by electrons from the focused electron beam.!*’!
With the fineness of the electron beam and better accessibility
of TEM than FIB, TEM nanoporing has been accepted as a
standard nanopore perforating method.?”) Nonetheless, FIB
and TEM nanoporing methods have a fundamental limitation:
only a single nanopore can be processed at a time, thus the
throughput of fabrication is limited by the poring processes.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Solid-state nanopore fabrication. a) Schematics of the TEM-based electron beam pore drilling technology. The sample pore diameter is 3 nm.
b) Graph of current (blue line) and voltage (red) versus time during the CDB process. c) Mechanism of the controlled dielectric breakdown method for
pore formation. d) Images of laser-pulled glass nanocapillaries. The scale bars all indicate 1 mm. a) Reproduced with permission.?l Copyright 2007, Nature
Publishing Group; b) Reproduced under the terms of the under Creative Commons Attribution License (CC-BY).B”] Copyright 2014, The Authors, published
by Public Library of Science; c) Reproduced under the terms of the under Creative Commons Attribution License (CC-BY).l Copyright 2015, The Authors,
published by Nature Publishing Group; d) Reproduced under the terms of the under Creative Commons Attribution License (CC-BY).B% Copyright 2016,

The Authors, published by Public Library of Science.

In 2014, another technique for the formation of a nano-
pore named controlled dielectric breakdown (CDB) was
reported, which uses a strong electric field (on the order of
100 MV m™!) applied across the nanomembrane to mechani-
cally perforate the membrane.’”) In the CDB mechanism, the
pore creation is identified in situ by detecting a sudden increase
in the ionic current, and the size of the nanopore is controlled
at the nanometer scale according to the ionic current level
(Figure 3b).[87:939697] Kwok et al. suggested that the mechanism
behind the perforation of the nanomembrane is similar to the
dielectric breakdown mechanism, in which the name of CDB
process is originated (summarized in Figure 3c).®”] The big-
gest advantage of the CDB method is that heavy instruments
such as FIB and TEM are unnecessary in this process, lowering
the hurdle for fabricating such a small hole at fine resolution.
More recently, the CDB process in a SiN membrane less than
10 nm thick was tested, and a voltage pulse was employed for
finer control of the size of the ultrathin nanopore.*®!

The nanopores fabricated using TEM or the strong electric
field have laterally symmetric structures, namely an hourglass
shapel®® or a cylindrical structure,®® respectively. On the con-
trary, the nanopores perforated using electron beam (e-beam)
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lithography® and laser-pulled glass nanopipettes are in an
asymmetric conical shape (Figure 3d)./1891% [n general, the
dimensions of the narrowest constriction are easily defined and
observed using electron microscopes in the symmetric nano-
pores. In the glass nanocapillary, the effective pore dimensions are
estimated from the measured ionic conductance.”* Nevertheless,
the asymmetric pore structure casts noticeable asymmetry of the
force field and thus difference in the DNA translocation dynamics
in 2 different directions. The geometrical effect on the DNA trans-
location dynamics was studied based on the advance in DNA
manipulation technology, which will be discussed below.[%!

Forming the nanopore is the most important step of the
solid-state nanopore fabrication because the sensitivity and reli-
ability of the biomolecule detection are determined by the size
and the uniformity of the nanopore structures.®>%1%1 On the
other hand, perforating such a small nanopore in a uniform
size is a very difficult task, and the throughput of the pore for-
mation is limited in the currently available technologies, espe-
cially in the TEM-based method. Therefore, a stable pore fabri-
cation technique should be developed and optimized for mass
production of the solid-state nanopore device with uniform
structure and device performance.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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1.4. Limitations of the Solid-State Nanopore

The solid-state nanopore device and its performance have been
continuously improved ever since the first report in 2001, but
issues still exist and restrict the platform in terms of the use
in actual biological applications.?!] The limitations are mainly
resolution and reliability issues: the limit in spatial resolution,
both lateral and vertical,*/1% and in temporal resolution,!1%-36:42]
and pore clogging during experiment caused by nonspecific
adsorption of biomolecules.[193104

The limitation in the vertical resolution of a solid-state
nanopore originates from the thickness of the membrane. For
instance, the conventional SiN membrane of a solid-state nano-
pore device is about 30-60 times larger than the gap between
DNA base pairs of 0.3 nm. Therefore, information of =30-60
nucleotides would be read simultaneously, reducing the accu-
racy of the nanopore detection and the nucleotide resolution.
Hence, a thinner membrane is required to enhance the vertical
resolution of the solid-state nanopore. The ultimate goal of
the thinness would be 0.3 nm, and this thickness value coin-
cides with the thickness of a single layer graphene. Therefore,
research interests have naturally focused on fabricating the
nanopores with the 2D membrane. As the result, the nanop-
ores fabricated in MoS, membranes as well as in thin SiN dem-
onstrated the feasibility of nucleotide discrimination as briefly
mentioned above. 85350

The temporal resolution issue in the solid-state nanopore
is caused by excessively fast translocation of the biomolecules
across the nanopore. The translocation time of a single molecule
is often shorter than the data acquisition interval of the meas-
urement system or comparable to the cutoff frequency of the
digital lowpass filter. Therefore, the system often fails to collect
data from fast translocation events or distorts the raw ionic cur-
rent data.l® Apparently, there are two options for enhancing the
temporal resolution of the solid-state nanopore: i) retarding the
biomolecule translocationB® or ii) increasing the data acquisi-
tion frequency of the measurement system.%°! Nonetheless,
expanded bandwidth of data acquisition also collects more
electrical noise over the extended frequency range; therefore,
enhancing temporal resolution is closely related to the reduc-
tion in electrical noise in the solid-state nanopore device.[*’]

Apart from the spatial and temporal resolution, the reli-
ability of the solid-state nanopore device should be secured for
efficient and stable biomolecule detection. One of the largest
barriers for nanopore reliability is nonspecific adsorption of
biomolecules onto the membrane or the pore wall.'%41%] These
unwanted adsorption patterns produce unpredicted signals,!%¢]
physically block the biomolecules from translocation, and
cause temporary or even permanent damage to the device.['*l
This issue is being dealt with from the materials perspective,
coating of the nanopore membrane with an antifouling mate-
rial such as poly(ethylene glycol) (PEG) for example.[193194 The
nonspecific adsorption has been studied less than the resolu-
tion issues in the nanopore field, so this research category still
needs fresh ideas and breakthrough. In addition to the adsorp-
tion, mechanical robustness is another issue of the device reli-
ability, particularly when an ultrathin membrane is applied to
the device. To reduce the risk of membrane fracture, the free-
standing area of the membrane is minimized using e-beam
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lithography®®! or by inserting an extra supporting layer with a
=100 nm pore.>1>21]

The limitations of the solid-state nanopore discussed above,
resolution and reliability, should be resolved to maximize the
utility of the biosensing platform. Fundamentally, the nanopore
has single-molecular sensitivity, thus its resolution should
match such high sensitivity to successfully detect and discrimi-
nate biological features. Reliability of the device is generally
related to the reliability and the efficiency of the biomolecule
detection. In addition, fabricating robust devices may be the
foundation of productization and commercialization of the
solid-state nanopore platform.

Here, we will discuss how the solid-state nanopore is
improved by applying various materials to the substrate and
membrane. In Section 2, the improvements of the solid-state
nanopore to reduce the noise will be summarized with phys-
ical interpretations of the electrical noise in nanopores. Also,
reports that aimed at enhancing the spatial resolution of nano-
pore detection will be discussed. Applying organic materials to
the solid-state nanopore membrane is another interesting topic
in this field, and we will cover how the organic and biomate-
rials have provided additional chemical functionalities to the
nanopore. In Section 3, we will present the applications of the
solid-state nanopore for the detection and characterization of
biomolecules. The scope of the nanopore application includes
the detection of DNA, structurally modified DNA, DNA-pro-
tein complexes, and proteins. Some of the molecules studied
are of significance in biology and biomedical applications such
as sequence-specific recognition of polynucleotides!®*%>171 and
screening of compounds for drug discovery.l] In the final sec-
tion, Section 4, we will wrap up our review and suggest the pros-
pects of the solid-state nanopore from the device point of view.

2. Development of the Solid-State Nanopore from
the Device Perspective

2.1. Electrical Noise Reduction in the Solid-State Nanopore by
Modifying the Substrate Materials

2.1.1. Introduction to Electrical Noise in the Nanopore

In the nanopore detection of biomolecules, the measurement
of the ionic currents generates not only the signal but also the
electrical noise; thus, the signal-to-noise ratio (SNR) becomes
one of the important performance factors of the device. SNR is
expressed as SNR = Al/Ipys, where Iz is the root-mean-square
(RMS or rms) noise of the electrical current flowing through the
nanopore under the direct current (DC) bias applied.

Efforts to reduce the RMS noise for higher SNR began with
analyzing the noise sources in the nanopore chip and the meas-
urement system. The power spectral density (PSD, S)) curve was
obtained from the fast Fourier transform (FFT) of the current
trace and was used to analyze the noise characteristics of the
nanopore, as presented in Figure 4. The noise from the PSD
curve is decomposed into four sources each with specific fre-
quency dependences: flicker noise (or 1/fnoise, indicated as 1/f
in Figure 4), thermal noise, dielectric noise, and amplifier noise.
S; and the frequency dependences of the components of S; are

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

10" 5

PSD (pA*Hz)

Frequency (Hz)

Figure 4. A sample noise power spectrum of a nanopore device. Power spec-
tral density is fitted into a polynomial equation S(f) = A/f + B + Cf + Df%.
Each dashed line represents the four noise contributions explained in the text.

expressed in Equation (1), and the integration formula of the
PSD curve for Iy is mathematically described in Equation (2)

St = Sticker (5 1/f) + Stiermal (< 1/ Rp) + Spietecic (< f) + Samp(e< £7) (1)

Tisss = [ $1df = Ficker (o€ I( £)) + P (= f /Ro) ,

+ Injetcaric(< f?) + Tamp (< f7) @
where Spjicier, SThermal SDielectricc aNd Spmp €ach indicate the
noise powers from each noise sources, fis the frequency, and
Rp is the pore resistance.’21%81%] The frequency range of the
integration in Equation (2) is up to the filter cutoff frequency.
The I terms on the right side of Equation (2) are the rms noise
values from each noise sources.

The four noise components are mainly categorized into
two groups, according to the frequency range where each
component is dominant. Flicker noise and thermal noise
dominate the electrical noise in lower frequency region up to
~1 kHz.['*0M11] Equation (3) (Hooge’s relation) and Equation (4)
express the noise power spectra of flicker noise and thermal
noise, respectively

SFlicker/IZ: AN /f’ﬂz((x/l\lc)/f’ﬂ (3)
SThermal = 4kT/Rp = 4kTGP (4)

where [ is the ionic current of the nanopore device, Ay is flicker
noise powetr, fis the frequency, o is the Hooge parameter related
to the membrane material, N¢ is the number of charge carriers
in the nanopore, f is a fitting parameter that is generally close
to 1.0, k is Boltzmann's constant, T is absolute temperature, and
G, is the nanopore ionic conductance.™*! Sy and Stnermal
are all related to the ionic current level through the nanopore,
when Sgjqer is also dependent on the membrane material.
Because the resistance of the nanopore is quite large due to the
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small pore size, thermal noise is less pronounced than the other
noise sources in typical nanopore measurements.%°!

On the contrary, dielectric and amplifier noises are sig-
nificantly affected by the properties of the substrate material.
Physical descriptions of dielectric noise and amplifier noise are
each presented in Equations (5) and (6):

Sbietectric = 4k TCp Dy (271 f) (5)
Samp = (27 f(Cp +Cw +Ca)Va) (6)

where Cp and Dp are capacitance and dielectric loss of the
nanopore device, Cy and C, are capacitance terms related to
the electrode wiring and the input of the amplifier, respectively,
and v, is the input-referred voltage noise density of the ampli-
fier (VHz /2 P%1%8] Given that the nanopore measurement
system consists of an electrochemical circuit, the entire nano-
pore device can be considered a parallel-plate capacitor.[0%%%]
The substrate is the major building block of the nanopore chip
capacitor in terms of the area and thickness, which means that
Cp and Dy, are largely determined by the substrate’s properties.
Sbiclectric 1S the dominant noise source in a wide frequency range
of =1-100 kHz, so this term has been the primary target for
noise reduction in the nanopores. Sy, depends on the perfor-
mance of the amplifier equipment as well as the nanopore chip.
Amplifier noise had not been a big concern because the high-fre-
quency range where amplifier noise acts as the dominant noise
source (>100 kHz) was lower than the bandwidths of the lowpass
filter typically used in nanopore experiments (10 or 100 kHz).
Recently, with the demand for high-frequency measurement
even at the MHz level, amplifiers capable of detecting the ionic
current at the MHz frequency are being manufactured, thus the
importance of suppressing amplifier noise is now increased.”%¢!

2.1.2. Electrical Noise Reduction in the Solid-State Nanopore

Reduction of Flicker (1/f) Noise: Studies aimed at reducing the
electrical noise in the solid-state nanopore have been focused
on inhibiting each noise source mentioned above. A number of
research groups proposed that the low-frequency noise in the
solid-state nanopore is attributable to the surface state of the
inner nanopore wall such as inhomogeneous surface charge,[''2l
nanobubble formation,['’®l carbon contaminants deposited on
the e-beam irradiated site during TEM drilling,"'*l or imperfect
hydrophilicity of the SiN nanopore surface.'"”] Based on these
results, modifications of the surface state have been attempted
to improve the hydrophilicity and the surface charge homoge-
neity of the nanopore wall. ALD coating with Al,O; is reported
to be effective in decreasing 1/fnoise,®” and Tabard-Cossa et al.
demonstrated that the nanopore surface treatment with the
piranha solution (H,SO4:H,0,) is effective at reducing flicker
noise by =two orders of magnitude (Sgjicer = 1/f (pA2 Hz™Y)) rel-
ative to the bare state (Spjicer = 100/f (pA? Hz™)).5] Currently,
the piranha solution treatments are used by many groups as
part of the solid-state nanopore experimental protocol.[5¢:68116]
The earlier version of 2D membrane nanopores showed
strong flicker noise, =two orders of magnitude stronger than
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that in the SiN nanopore.*®117] The suggested origins of strong
flicker noise are the hydrophobicity of the 2D materials, the
imperfections of the membrane such as pinholes or domain
boundaries, and mechanical fluctuation of the thin membrane.
When the ionic flow through or near the nanopore hits the
membrane, a thinner and larger freestanding membrane is
more likely to mechanically fluctuate inside the electrolyte than
a thicker and smaller membrane is.'¥¥ In further studies, it
was found that using a few layers of the 2D materials instead
of a single layer as the nanopore membrane is advantageous for
reducing flicker noise.’118l In addition, exposing only a small
area (>100 nm in diameter) of the membrane to the electrolyte
via application of a supporting layer was helpful for improving
flicker noise properties in both graphene and h-BN nanop-
ores.P111l Combining these methods, the h-BN nanopore with
a few layers (6-8 layers) thickness and a small freestanding area
(<100 nm diameter) showed improvement in 1/f noise level
(1-10/f (pA? Hz!) at 100 mV). This low 1/f noise level was
even comparable to flicker noise of the typical SiN nanopore.>?

www.advmat.de

Therefore, these results suggested that the mechanical fluctua-
tion of the thin membranes in the electrolyte is one of the major
contributors to flicker noise in the 2D membrane nanopores.
Reduction of Dielectric Noise: Dielectric noise and amplifier
noise have a significant impact on Iys because the frequency
range where the two sources are dominant occupies a sub-
stantial portion of the whole frequency domain. According to
Equations (5) and (6), the common factor of dielectric noise and
amplifier noise is chip capacitance Cp. Therefore, lowering the
chip capacitance is crucial to reduce the total electrical noise
of the nanopore device. The efforts to effectively reduce the
chip capacitance are categorized into four groups: i) sealing or
coating the silicon substrate with polymeric materials,7+10%120]
ii) inserting or depositing a thick dielectric layer underneath
the nanopore membrane,®°*121] iii) using different substrate
materials as a replacement of Si,®1>°888 and iv) using a glass
nanopipette or a glass nanocapillary as the nanoporel’!7%
(summarized in Figure 5). The chip capacitance and dielectric
noise power values reported for such modified systems are

(c)
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Figure 5. Dielectric noise in the solid-state nanopore. a) Schematic image of the glass bonded nanopore chip. Materials and dimensions are as labeled.
b) Optical image of the nanopore chip covered with glass. The scale is as indicated in the lower right corner. ¢) Schematic image of a quartz substrate
nanopore device. d) Optical image of a micropore formed in quartz after transferring the SiIN membrane (the blue area at the center). The scale is as inserted.
e) Baseline current traces and f) representative noise power spectra of Si (red) and quartz-based devices (blue) measured at 1 v KCl and 0 mV. The dashed
lines in (f) indicate the dielectric noise fitting (Spielectric < f)- g) Schematic image and h) optical microscopy image of microfluidic integrated nanopore devices
with PDMS substrates. i) Biomolecule translocation measurement setup of a glass nanocapillary. j) SEM view of a glass nanocapillary after shrinking by
means of the electron beam. The scale bar is 50 nm. a,b) Reproduced with permission.®¥ Copyright 2014, American Chemical Society; c,d) Reproduced under
the terms of the Creative Commons Attribution License (CC-BY).Bl Copyright 2014, The Authors, published by Nature Publishing Group; e,f) Adapted under
the terms of the Creative Commons Attribution License (CC-BY).Bl Copyright 2014, The Authors, published by Nature Publishing Group; g,h) Reproduced
with permission.8 Copyright 2013, American Chemical Society; i,j) Reproduced with permission.’"! Copyright 2013, American Chemical Society.
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Table 2. Summary of dielectric noise and its reduction methods in the solid-state nanopore. Bare platforms and modified systems are categorized
according to the method of the suppression of dielectric noise by reducing the chip capacitance. Short summaries of each method and the reported

dielectric noise levels are shown with corresponding references.

Dielectric noise reduction method Platform Dielectric noise level (C x fpA2 Hz™") Ref.

Bare platform o-Hemolysin 3.5x10°%f [57]

Si/SiN 3.4x10°% 57]

5.3%10°5f )]

Polymeric coating PDMS-coated 8.0x107%f [57]

Imide-coated 1.6 x1077f [109]

p-PDMS (photodefinable PDMS) coated 9.6 x107%f [120]

Thick dielectric layer deposition Thick SiO; (2.5 um)-inserted 1.1x107f [56]

Glass-bonded 43 x107%f [60]

Glass-bonded platform + CMOS amplifier integrated 2.5x107%f [61]

Using dielectric material as the substrate PDMS substrate 2.5%x107%f [58]
Quartz substrate 5.2x107f [8], Figure 5f

Pyrex substrate 3.0x 1078 [52]

summarized in Table 2. In summary, all the modified devices
have manifested a reduction in dielectric noise by 1-2 orders of
magnitude in comparison with the conventional Si nanopore.

To seal the exposed membrane, polymers, typically
poly(dimethylsiloxane) (PDMS) or polyimide serves as the
coating material. After careful coating or patterning of the poly-
mer on the nanopore membrane, the exposed area of the SiN
membrane to the electrolyte was reduced to <100 um in width,
reducing the area of SiN that interacts with the ions.7:109120]
Besides, the polymer sealing method is often used in combina-
tion with the thick dielectric layer deposition underneath the
nanopore membrane. Materials commonly used for the addi-
tional dielectric layer are Al,O3 and SiO,, and the layer is gen-
erally prepared by chemical vapor deposition (CVD) or ALD
process (Figure 5a,b).° The devices with the combination, i.e.,
Si-substrate nanopore devices with the PDMS coating on top of
the SiN membrane and several micrometers thick SiO, depos-
ited between the substrate and the SiN layer, are used by several
nanopore research groups. The modified devices were reported
to have the chip capacitance of =50 pF: lower than that of the
devices without the dielectric materials applied (=300 pF), thus
leading to low dielectric noise.[*356:59.68]

Since there is a relatively high dissipation loss between Si
and the electrolyte, alternative fabrication methods have been
developed to replace the Si substrate with a dielectric substrate.
Lee et al. devised a novel solid-state nanopore platform based
on a glass substrate (Figure 5c,d) instead of the Si substrate.[®!
Figure 5c shows a schematic diagram of a solid-state nanopore
fabricated on an insulating quartz substrate, and Figure 5d
shows an optical microscope image of the freestanding SiN
region on quartz. For fabrication of such device, a two-step wet
etching process using hydrofluoric acid (HF) and SiN membrane
transfer process were applied to create the amorphous Si (a-Si)
supporting membrane with a small SiN opening area (2 um in
diameter). The small SiN freestanding area, as well as the die-
lectric substrate, lowered the chip capacitance, dielectric noise,
and Ipys.”®%) As shown in Figure 5e, the quartz-based nano-
pore device showed a low noise level (typical Igys: 5 pA with a

Adv. Mater. 2018, 1704680

1704680 (10 of 28)

10 kHz digital filter applied) as compared to the Si-based nano-
pore device (typical Igys: 40 pA with a 10 kHz filter). Mathemat-
ically, dielectric noise power of the quartz substrate nanopore
(Spielectric,Quartz = 5-2 X 107/f (pA* Hz™!)) was decreased by ~two
orders of magnitude relative to that of the silicon-substrate
nanopore (Spicectric.si = 1.5 X 107°f (pA2 Hz™)) (Figure 5f).8

In a similar concept, the silicon substrate was also substituted
by PDMS, a dielectric polymer material. Figure 5gh shows
the schematic image and the optical microscopy image of the
microfluidic integrated nanopore device based on the PDMS
substrate, respectively. The nanopore membrane of this device
was also fabricated by the SiN membrane transfer method and
has a minimal opening area of 6 um?, which was controllable by
adjusting the width of the microfluidic channel.’®! As shown in
Table 2, the two devices based on the dielectric substrates (glass
or PDMS) showed a similar level of the dielectric noise.

Unlike these substrate-based devices, Figure 5i shows the
use of a glass nanopipette as a low-noise solid-state nano-
pore.”1% The glass nanopipettes also showed low device capac-
itance thus low electrical noise comparable to the glass—sub-
strate nanopore chips.”?74#)] Although fabrication of the glass
nanopipette is relatively easy and fast, the dimensions of the
nanopipette are larger (the smallest diameter at the tip is =tens
of nanometers) and less controllable than the nanopore dimen-
sions are. This relatively blunt probe produces small signals as
compared to the small nanopore fabricated by TEM."1.72101 To
reduce the nanopipette tip size, scanning electron microscope
(SEM)-induced shrinking of the nanopipette tip was newly
developed (Figure 5j)."" The shrunk glass nanopipettes had the
diameter of 10 nm and demonstrated elaborate tasks such as
characterization of DNA—protein complexes and protein—pro-
tein interactions.[122:123]

Reduction of Amplifier Noise: The effect of amplifier noise on
the nanopore signals and the relation between amplifier noise
and the detection frequency is demonstrated in Figure 6. In
fact, when measured with Axopatch 200B amplifier, which has
a maximum filter bandwidth of 100 kHz, a sufficient SNR value
above 10 is obtained using a device with the chip capacitance
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Figure 6. Amplifier noise in the solid-state nanopore. a) lonic current traces at bandwidth 1 MHz and 0 mV for the open-headstage measurement of
several glass-bonded nanopore devices with different chip capacitances, and the standard silicon substrate chip. Igys values are indicated below each
current trace. b) Input-referred baseline current noise spectrum for the CMOS-based preamplifier (black) and an Axopatch 200B in whole-cell mode
(dark blue). c) lonic current traces of 100 nt ssDNA translocation through a nanopore with a 1.3 nm diameter at 900 mV bias under application of
lowpass filters with various cutoff frequencies. d) Current blockage versus log-scale dwell time scatter plot for 100 nt ssDNA translocation events in (c).
a) Reproduced with permission.%% Copyright 2014, American Chemical Society; b) Reproduced with permission.®) Copyright 2012, Nature Publishing
Group; c,d) Reproduced with permission.l®l Copyright 2016, American Chemical Society.

of 50 pF.I% Nevertheless, above 100 kHz bandwidth, amplifier
noise becomes the dominant noise source and the signals are
often indistinguishable from the noise.

As in dielectric noise reduction, lowering the chip capacitance
is also an important contribution to suppressing of amplifier
noise. As shown in Figure 6a, the standard chip with 43 pF
capacitance yielded a larger rms noise value (558 pA) at 1 MHz
bandwidth than that of the glass-covered nanopore chip with
5.8 pF capacitance (149 pA). Even a reduction in Cp by a few pF
induced a 30 pA decrease in Izys, when comparing the glass-
covered chips having 5.8 and 1.9 pF Cp.[°) This experimental
trend implies that the effect of the chip capacitance on the elec-
trical noise becomes significant at high bandwidths. Based on
this result, a two-step fabrication procedure with the insulating
glass substrate was developed without the transfer process of
SiN membrane, yielding the chip capacitance of <1 pF.[*8l

Amplifier noise is also dependent on the performance of
the signal amplifier, as presented in Equation (6). In Figure 6b,
when the open circuit current was measured without the
nanopore chip connected, the complementary metal-oxide-
semiconductor (CMOS)-integrated amplifier (CNP) showed a
lower high-frequency noise than the ready-made amplifier Axo-
patch 200B did, owing to the difference in the C, value (CNP
Ca: =2 PF, Axopatch 200B C,: 20 pF).’ Additionally, when
measured with a nanopore with 6 pF Cp, the CMOS amplifiers
showed =40% lower Ipys than Axopatch (Ixmscmos: 12.9 pA,
Ijwis, Axopatch: 21.8 PA) at 100 kHz bandwidth.>)

The low-capacitance amplifier in combination with the
low-capacitance chip met the demand for reliable high-fre-
quency biomolecule sensing using the solid-state nanopores.
The reported amplifiers include custom-designed amplifiers
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such as the CMOS-integrated amplifier®®74124 and Chimera
instruments.”®% Figure 6c,d shows an example of the high-
frequency detection using the low-noise amplifiers. Figure 6¢
presents the ionic current trace of 100 nucleotide (nt) long
ssDNA translocation events at 900 mV measured by the most
advanced CMOS nanopore amplifier (100 ns temporal resolu-
tion), with application of lowpass filters at 10 kHz, 200 kHz,
1 MHz, and 5 MHz bandwidth each. Figure 6d is the scatter
plot of AI versus t4 from the translocation events detected in
Figure 6¢c. As the lowpass filtering frequency increased, base-
line noise also increased (Figure 6¢), and more information
on fast DNA translocation events was obtained (Figure 6d).[°!
Therefore, there is a tradeoff between the temporal resolu-
tion of the ionic current measurement and Ipys of the system,
and it is important to choose an appropriate bandwidth for a
high SNR and sufficient data acquisition in each nanopore
experiment.

2.2. Improving Resolution and Functionality of the Solid-State
Nanopore by Modifying the Membrane Materials

2.2.1. Improving Spatial Resolution of Biomolecules in the Solid-
State Nanopore: Applying a Thin Membrane and 2D Materials

To ensure sufficient SNR for DNA sequencing using the
solid-state nanopore, a large body of nanopore research
has been focused on enhancing the ionic current signal of a
DNA translocation as well as on reducing the electrical noise
in the nanopore device. Equations (7) and (8) are the mathe-
matical interpretations of the baseline ionic current I, and the
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magnitude of the blockade current AI, assuming that the nano-
pore is a simple cylindrical resistor with the pore diameter d
and the membrane thickness L, at high ionic concentrations
(>0.1 m)

Iy :GV(%+%T (7)
and

4L 1Y
Al =1, —O'V(ﬂ 2 +E) (8)

where ¢ denotes the ionic conductivity of the electrolyte, V is
the applied voltage, d.g is the effective pore diameter when
blocked by the DNA expressed as deg =+/d” —diy, , With dpya as
the cross-section area of the linear DNA strand (dpya = 2.2 nm
for dsDNA and dpys = 1.1 nm for ssDNA).B# According to
the above formulae, AI would be increased in three ways:
i) using the electrolyte with a higher ionic concentration, 38l
ii) using the nanopore with a smaller pore size,®%l and iii)
with a thinner membrane.># Physically, DNA blocks a signifi-
cant portion of the nanopore when d is small (the difference

(a

N
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between d and d.g is larger at small d), enhancing AI. Among
the three methods, various processes for thinning the mem-
brane have been developed in terms of materials and device
fabrication. In addition, thinning the membrane is important
for the solid-state nanopore to achieve high vertical resolution
of the biomolecules, as previously explained in Section 1.4.

Figure 7 summarizes the structures, fabrication processes,
and applications of the solid-state nanopore with a thin mem-
brane for an increased SNR. For instance, Figure 7a illustrates
the ionic current traces and corresponding A4 scatter plots of
40 nt ssDNA translocation through a 2 nm diameter nanopore
in a SiN membrane with thickness variation.® Here, to fabricate
SiN membranes of different thicknesses, 5-20 nm thick SiN
layers were deposited onto the separate substrates and trans-
ferred onto the nanopore chip.l®! Consistent with Equation (8),
both I and AT increased as the membrane thickness decreased,
experimentally proving that the membrane thickness should be
reduced to obtain large signals from translocating DNA.

Figure 7b presents the process of thinning SiN membrane to
thickness <10 nm using e-beam lithography and the resulting
atomic force microscopy (AFM) image of the locally thinned
SiN membrane.P! The local thinning process was employed to
ensure the mechanical robustness of the etched region. The
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Figure 7. Thin membrane fabrication in the solid-state nanopore. a) Translocation event traces (left) and current-versus-time scatter plot (right) of
40 nt ssDNA passing through a nanopore of different SiN membrane thicknesses. b) SiN membrane thinning process involving e-beam lithography
and dry etching processes. The right panel is an optical image of the locally thinned membrane with an atomic force microscopy topographical image
of a 3 x 3 array (upper inset) and etch depth-etching time profile (lower inset). ¢) Schematic of the membrane thinning process using STEM, resulting
TEM image, and an ionic current trace of dsDNA translocation through the thin nanopore. d) Device structure of the nanopore device fabricated by
the poly-Si sacrificial layer process (top) and scanning tunneling electron microscopy cross-sectional image of 2.6 nm thick SiN membrane and poly-Si
sacrificial layer (bottom). e) Structure of the ALD HfO, nanopore, and resulting AFM and TEM images of the fabricated HfO, nanopore. a) Reproduced
under the terms of the under Creative Commons Attribution License (CC-BY).1¥l Copyright 2014, The Authors, published by Nature Publishing Group;
b) Reproduced with permission.’! Copyright 2010, Nature Publishing Group; c) Reproduced with permission.l’l Copyright 2015, American Chemical
Society; d) Reproduced under the terms of the under Creative Commons Attribution License (CC-BY).['?6l Copyright 2015, The Authors, published by
Nature Publishing Group; ) Reproduced with permission.l3] Copyright 2013, American Chemical Society.
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thinned area had a width in submicron scale and a minimum
thickness of 5 nm, which was comparable to the thickness of
the lipid bilayer.’®! The thin SiN nanopores showed maximum
SNR of 46 when the membrane thickness was 6 nm.P! Like-
wise, scanning transmission electron microscope (STEM)-thin-
ning method was employed in SiN nanopore (Figure 7c).l'%]
This process has an advantage in that the etch process and
the poring process can be performed simultaneously by TEM.
Here, the area thinned by STEM was =63 x 63 nm? These
nanopores with the local thickness of =1 nm provided high
blockade conductance (AG = 10 nS) and high SNR (=70 at
100 kHz) for dsDNA.[1%]

For reduction of the nanopore membrane thickness to
less than 5 nm without using e-beam lithography or STEM
instruments, a new fabrication process that employed a sac-
rificial layer of polycrystalline-Si (poly-Si) or SiO, (Figure 7d)
has been proposed.l'?®! The role of the sacrificial layer was to
restrict the SiN membrane opening area to =500 nm wide,
providing mechanical robustness to the membrane. As shown
in Figure 7d, even a 3 nm thick SiN layer survived the double-
etch processes of the Si substrate and the poly-Si layer. It was
claimed that the smallest effective thickness was 0.6 nm, com-
parable to the thickness of the double-layered graphene nano-
pore. In addition, the devices were used in combination with
the CDB nanopore fabrication technique, reproducibly creating
a nanopore with diameter <2 nm.®

Besides thinning of the SiN film, various efforts applying
new materials as alternative ultrathin membranes have been
reported. For instance, Al,0511%127l and HfO,*368128 films
prepared by ALD were introduced as the membrane material.
This idea was based on the advantage of the ALD process: con-
tinuous film less than a few nm thick can be deposited, and
the thickness can be controlled in an atomic scale. Basically,
the ALD-prepared oxide films were deposited above or under-
neath the SiN membrane, followed by selective etching of SiN
to leave only a small area of the oxide membrane to be exposed
(Figure 7€).® As a result, the HfO, nanopore is reported to
have the minimum thickness of 3 nm.[*3.126]

In terms of fabricating the nanometer-thin nanopores, the
recent developments in the growth and utilization of the 2D mate-
rials, starting from graphene, have attracted huge interest among
nanopore researchers. The 2D materials are among the thinnest
materials; a single layer of such materials are as thin as the gap
between the base pairs of DNA (0.3-0.5 nm).['?%! Applications of
the 2D materials to the solid-state nanopore, the device structures,
and DNA translocation results are presented in Figure 8. Three
separate groups demonstrated dsDNA translocation through the
graphene nanopore in 2010 (Figure 8a).*”* As expected, the
thin graphene nanopore showed =2 times larger AI value when
compared with the conventional SiN nanopore of similar diam-
eter (Figure 8b).*”1"1 Moreover, Al was even more enhanced in
smaller graphene nanopores as presented in Figure 8b, the trend
is consistent with the physical prediction in Equation (8).

Similarly, other 2D materials have been explored to make
atomically thin nanopores. As shown in Figure 8¢, Liu et al. first
introduced h-BN into the nanopore device and demonstrated
the enhancement of Al as compared with a similarly sized SiN
nanopore.”” The merit of h-BN over graphene was that it was
undamaged after UV-ozone treatment unlike graphene, being
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advantageous in wetting properties and in preventing the pore
clogging from the DNA-nanopore surface interaction.’!l Park
et al. also reported the low-noise and highly sensitive h-BN
nanopore, with a high SNR of =50 at 100 kHz filter bandwidth
(Figure 8d).5?

Recently, transition metal dichalcogenides (TMDs) such as
molybdenum disulfide (MoS,)**59213% and tungsten disulfide
(WS,)31 have newly emerged as another class of 2D materials
and were tested as the membrane material of a nanopore. In
Figure 8e, detection of the dsDNA translocation is demonstrated
using the MoS, nanopore, showing an enhanced SNR of over
10.°4 Using the MoS, nanopore, Feng et al. succeeded in the
identification of ssDNA homopolymers (poly-A;,, poly-Tsg, poly-
Cs, and poly-Gs) and even single nucleotides (Figure 8f).5% A
small MoS, nanopore (=2 nm diameter) was used in combina-
tion with room temperature ionic liquids to reduce the DNA
translocation velocity. Although the device integrated with the
ionic liquids showed relatively poor noise properties of =90 pA
Ipms at 200 mV, this system was effective enough to detect a
single nucleotide even at low temporal resolution (a 10 kHz
lowpass filter applied). An interesting feature of the single-layer
MoS, nanopore is that it can be fabricated without TEM, using
electrochemical reaction. Here, the concentrated electric field
boosted the local surface dissolution of MoS,, where the surface
dissolution can result from the oxidization of MoS,.>¥

In summary, the solid-state nanopore fabricated in the 2D
material is advantageous for obtaining large translocation
signals. Combined with the solutions for low electrical noise,
these devices showed high SNR compared to the conventional
SiN nanopores. However, one of the long-standing problems of
the 2D membrane nanopore is the difficulty with developing
a wafer scale process because the fabrication of such device
involves the membrane transfer process. Moreover, the transfer
process causes a low yield of the device by inducing pinholes,
cracks, and contamination during the process. Waduge et al.
developed a novel transfer-free process to deposit a pinhole-
free graphene membrane a few layers thick, freestanding on a
prepatterned SiN nanohole.l'34 A similar approach in the MoS,
nanopore has also been proposed by Waduge et al., to directly
fabricate a freestanding MoS, membrane on the similar prepat-
terned aperture of SiN (Figure 8g).”> In contrast to graphene
which conventionally requires metallic catalyst in its synthesis,
Mo$S, membrane can be directly synthesized via the reaction of
molybdenum and sulfur vapors without a catalyst. The nano-
pore device made of this directly grown MoS, membrane was
reported to have noise properties comparable to those of the
conventional SiN nanopore, owing to the higher mechanical
stability of the directly grown membrane compared to the
transferred membrane.’®! Therefore, because of the favorable
film quality and the wafer scalability of the fabrication, the
direct-growth technology for 2D materials is a suitable fabrica-
tion strategy for the high-performance solid-state nanopores.

2.2.2. Improving Functionality of the Solid-State Nanopore:
Applying Organic Materials onto the Membrane

The high sensitivity of the solid-state nanopore has prompted
researchers to integrate additional functionality into the
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Figure 8. 2D membrane nanopore. a) Schematic structure and a TEM image (inset) of the graphene nanopore device. The scale bar in the inset indicates
5 nm. b) Representative translocation events of dsDNA through the SiN nanopore (red) and the graphene nanopore of different diameters (blue). Scales are
as indicated. c) Structure of the nanopore device with a suspended h-BN membrane and a TEM image of an h-BN nanopore (inset). The scale bar in the inset
is 10 nm. d) Transport of 1-kbp dsDNA through a multilayered h-BN nanopore with the low-noise glass substrate at different voltages. Scales are indicated at
the lower left corner. ) Schematic illustration of a MoS, nanopore and DNA translocation through it, and a TEM image of a MoS, nanopore with a diameter
of =5 nm (inset). f) Al-t4 Scatter plots of single-nucleotide translocation events through the single-layered MoS, pore. g) Schematics of the direct growth
mechanism of the MoS, membrane and resulting optic and TEM images of the MoS, nanopore. a,b) Reproduced with permission."'®l Copyright 2013, The
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Figure 9. Organic coating on the solid-state nanopore. a) Schematics of the surface charge modification by a 3-aminopropyl trimethoxysilane coating
of a nanopore, a TEM image of the surface-modified nanopore and representative DNA translocation events at different electrolyte pHs. b) Current-
versus-time traces for ssDNA translocation through the bare nanopore (top) and through a PEG-coated nanopore (bottom). c) A schematic image of
the selective Impf3 translocation through a Nup-coated nanopore. d) Schematic drawing of streptavidin translocation through a lipid-coated nanopore
with a biotinylated anchor (left). The ionic current trace of streptavidin translocation through the nanopores coated with unmodified and modified
lipid bilayer (right). a) Reproduced with permission.l'33 Copyright 2013, American Chemical Society; b) Reproduced with permission.'™ Copyright
2014, Wiley-VCH; c) Reproduced with permission.['* Copyright 2011, Nature Publishing Group; d) Reproduced with permission.['3l Copyright 2011,

Nature Publishing Group.

platform. This functionality includes controlling the trans-
location speed of biomolecules,'33-13] preventing nonspe-
cific adsorption of biomolecules on the nanopore surface or
clogging,[193104135] and enhancing the molecular specificity of
detection.[3¢138] Organic materials are participants of biochem-
ical interactions, possessing the above functionality acting on
biomolecules. Therefore, various organic materials and strate-
gies in biology have been applied to the solid-state nanopore to
achieve the advanced functionality. In this section, we introduce
the types of organic materials used, the purpose of their appli-
cation to the solid-state nanopore, how they were prepared, and
how they acted. In addition, the concept and the experimental
demonstrations of the hybrid nanopore, which is a combina-
tion of the biological nanopore and the solid-state nanopore,
are discussed.

Application of Organic Coating to the Solid-State Nanopore:
Wanunu and Meller first introduced robust procedures for
the chemical modification of a SiN nanopore, using a self-
assembled monolayer (SAM) of organic molecules.’3% They
presented reproducible coating on the nanopores 5-20 nm in
size with organosilanes and confirmed the coating by both ex
situ analytical method and in situ monitoring of the ion current
through the nanopore. This work suggested a framework for
the chemical modification of the nanopore surface, and since
then, the effects of the organic coating on the biomolecule
translocation have been extensively studied.193104133.134,136,137]
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Figure 9 presents the representative studies on the applica-
tion of organic materials to the solid-state nanopore surface.
First, organic coatings have been applied to the nanopore to
slow down the DNA translocation by enhanced surface-DNA
interaction. Anderson et al. modified the surface charge of the
nanopore by coating the SiN surface with 3-aminopropyl tri-
methoxysilane (APTMS), which has a slightly negative charge
at pH 8 (Figure 9a).'33] In their experiment, DNA translocation
time in the APTMS-coated nanopore was doubled at pH 6 as
compared to that at pH 8 (bottom image of Figure 9a), and this
was the result of enhanced electrostatic interaction between
the positively charged surface and the negatively charged DNA
at the low pH. On the contrary, the mean DNA translocation
times in the bare SiN nanopore were unchanged at pH 6-8,
implying that the surface charge of SiN remained negative
in this pH range. In addition, Wang et al. reported that DNA
translocation is slowed down in a hydrophilic carboxyl benzyl
phosphonic acid-coated SiN nanopore.'3* In combination with
a molecular dynamics (MD) simulation, they found that the
enhanced interaction based on the hydrogen bonding between
DNA and the hydrophilic pore wall is the cause of the slowed
down DNA translocation and the increased DNA capture rate.

Besides, self-assembled polymeric coatings on the nano-
pore surface have been used to prevent pore clogging by bio-
molecule adsorption on or near the nanopore and to extend
the lifetime of the nanopore devices. Tang et al. fabricated a
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polyethylene glycol (PEG)-coated SiN nanopore device and
reported the reduced adsorption of DNA onto the nanopore
surface (Figure 9b).1% PEG, a representative polymeric anti-
fouling material, was self-assembled on SiN to set the nanopore
wall free from the nonspecific binding of DNA. Schneider et al.
demonstrated a noncovalent modification of the surface of a
graphene nanopore via self-assembly of pyrene ethylene glycol,
a type of PEG molecule.l'® The graphene nanopore gener-
ally suffers from severe nonspecific adsorption of DNA and
pore clogging, which results from the attractive hydrophobic
m—m stacking interactions between the nucleobases and gra-
phene. Pyrene ethylene glycol, like other PEGs, prevents DNA
from adsorbing on graphene; therefore, even ssDNA, which is
stickier than dsDNA, could be detected by means of the PEG-
coated graphene nanopore without severe clogging.

Another group of the materials used for functionalization of
the solid-state nanopore is biomolecules, including lipids and
peptides. Biomolecules can introduce unique functionality to
the solid-state nanopores, the most notable of which is selec-
tivity of transport. A summary of the lipid- or peptide-coated
solid-state nanopores and their performances is provided in
Figure 9c,d. Kowalczyk et al. demonstrated selective transport
of biomolecules across a nanopore coated with nucleoporin
proteins Nup98 or Nup153 which act as protein transport regu-
lators in the cell nucleus (Figure 9¢).l'**l The Nup coating on
the nanopore acted as a barrier that allowed the passage of only
importin-B(Impp), a protein participating in the transport of
other proteins into the cell nucleus, via specific interaction. On
the contrary, the translocations of other (nonspecific) proteins
(bovine serum albumin in this work) through the same nano-
pore were restricted in the Impf3 decorated nanopore.

Yusko et al. coated the solid-state nanopore with a lipid
bilayer to control the pore size and protein translocation
through the nanopore (Figure 9d).I"* The lipid bilayer coating
was prepared by spreading a unilamellar liposome solution
onto the SiN membrane, with biotinylated lipids added to fur-
ther modify the surface functionality of the nanopore wall. The
biotin functional groups attached to the lipid bilayer slowed
the translocation speed of streptavidin to a degree sufficient to
resolve the translocation signals. Additionally, in the strepta-
vidin-friendly nanopore, the event frequency of streptavidin
translocation was higher as compared to those of other proteins
that have lower affinities for biotin (antibiotin Fab fragments
and antibiotin immunoglobulin G (IgG) antibodies). The lipid
coatings were also effective in protecting the nanopore from
clogging, by eliminating the nonspecific binding sites for pro-
teins on the nanopore wall. Using this nanopore, amyloid-f3
(AP) oligomer and fibril translocations were detected, whereas
the molecules were undetectable due to severe pore clogging in
the uncoated pores.['*0]

In summary, coating organic materials is an intuitive and
effective method for application of chemical functionality to the
solid-state nanopore. Using the functionalized solid-state nano-
pore, it is possible to control and optimize the translocation of
target molecules in terms of translocation speed, capture rate,
and to eliminate undesired interactions of biomolecules with
the pore wall. This biologically inspired strategy is valid in the
solid-state nanopore because its target is a wide variety of bio-
molecules and the origin of the platform itself is the biological
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nanopore existing in nature. Nevertheless, precise control of
the dimensions of the functionalized nanopore is an unre-
solved issue in this topic because the thickness of the organic
coating is less controllable compared to that of inorganic mate-
rials subjected to the vapor deposition method.

Hybrid Nanopore: A Combination of the Biological Nanopore
and the Solid-State Nanopore: Along with the integration of the
solid-state nanopore and the organic coatings, hybridization of
the solid-state and the biological nanopores is another branch
of application of organic molecules to the solid-state nanopore.
The advantages of each component of the hybridized nanopore
directly match the limitations of their counterpart: uniform
structures, high sensitivity, and the potential for genetic engi-
neering are the merits of the biological nanopore, while it lacks
the membrane stability and controllability of the pore dimen-
sions, which are the advantages of the solid-state nanopore.[141]
Therefore, the hybrid nanopore is expected to possess all the
benefits of the solid-state and the biological nanopores.

The schematic diagrams of the hybridized nanopores and
the ionic current traces produced in such nanopores are shown
in Figure 10. Hall et al. fabricated the hybrid nanopore by
inserting an o-hemolysin nanopore into a solid-state nanopore
fabricated in a SiN membrane.['*?] Here, to electrophoretically
insert a-hemolysin into the SiN nanopore, a 3 kilobase pair
(kbp) dsDNA molecule was tethered to o-hemolysin via a 12 nt
oligomer at the end of the protein channel. The ionic cur-
rent traces corresponding to each stage of the o-hemolysin
docking are displayed in Figure 10a. Before injection of the
tethered o-hemolysin, simple dsDNA translocation through
the solid-state nanopore appeared (I). The intermediate step
indicated preinsertion (II), followed by formation of the
hybrid nanopore represented by a stable and low ionic cur-
rent level (III). Translocation of ssDNA (not shown) suggested
that the hybrid nanopore stayed intact during the measure-
ment and produced similar translocation signals to the typical
results from o-hemolysin pores embedded in a lipid bilayer.
Yet, the hybrid nanopore is still a challenging field because
the imperfect insertion of orhemolysin into a SiN nanopore
is considered a leakage current source, which increases the
electrical noise.

The biological nanopore provides structural uniformity of
the nanopores, but the fixed dimensions of the channels limit
the range of the analyte biomolecules. The newly developed
DNA origami technology allows for designing and precisely
fabricating a hybridized nanopore with a desired structure and
dimension. In DNA origami technology ssDNA designed as
a scaffold is employed to create the programmed structure by
folding and binding according to the nucleotide sequence.l'*!]
The designed DNA origami nanostructures were first integrated
with a solid-state nanopore by Bell et al. (Figure 10Db).}*3
Similar to the biological and the solid-state hybrid nanopore,
the electrophoretically driven embedding of a DNA origami
nanopore into the solid-state membrane yielded an abrupt cur-
rent drop. In addition, A-DNA detection by means of the DNA
origami nanopore showed the usefulness of the hybridized
nanopore as a single-molecule resistive-pulse sensor.

The DNA origami technique integrated into the solid-state
nanopore enabled chemical functionalization of the nano-
pore by attaching motifs that provided chemical selectivity
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Figure 10. Hybrid nanopore. Current-versus-time traces during the docking of a) an o-hemolysin and b) a DNA origami nanopore into a solid-state
nanopore. c) Physical (left) and chemical (right) control of translocation by the DNA origami nanopore. The translocated molecules are streptavidin
(left, top), 1gG (left, middle), and dsDNA (left, bottom), with the dimensions of the DNA origami nanopores marked in red. a) Reproduced with per-
mission.ll Copyright 2010, Nature Publishing Group; b) Reproduced with permission.[*3l Copyright 2012, American Chemical Society; c) Reproduced
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of biomolecule translocation as well as precise control of the
nanopore structure. For instance, Wei et al. produced a plate-
form DNA origami with varying nanopore sizes from 5 to over
10 nm in width, and loaded the self-assembled plates on SiN
membrane (Figure 10c).1*4 Translocations of various biomol-
ecules (streptavidin, IgG, or dsDNA) were detected by the size-
controlled hybridized nanopore (physical control of transloca-
tion,[*] left panel of Figure 10c). Also, the protruding ssDNA
strand selectively interacted with specific ssDNAs; these inter-
actions translated into exceptionally long-lasting translocation
signals (chemical control of translocation,'* right panel of
Figure 10c). Additionally, to understand the structural proper-
ties and optimize the experimental conditions of the DNA ori-
gami hybridized nanopore, ionic permeability and mechanical
stability of the DNA origami were studied at various pore sizes
and bias voltages by Plesa et al.[1]

To summarize, the hybrid nanopore is a combination of
the top-down and the bottom-up approach of the nanopore
device fabrication. The protein nanopore or the DNA origami
nanopore brings the uniformity of the nanopore structure
to the solid-state nanopore. Conceptually, the idea is feasible
and prospective; however, further improvement, i.e., reduc-
tion in the ionic current fluctuations from unstable docking
is required for a physically or chemically customized and pro-
cessable nanopore platform with high sensitivity, stability, and
versatility.
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3. Applications of the Solid-State Nanopore

3.1. Detection of DNA-Bound Proteins and Modified DNA
Structures

In addition to the intensive efforts to enhance the performance
of the solid-state nanopore devices, various biomolecule detec-
tion applications of the solid-state nanopore have also been
attempted. In the early years of the solid-state nanopore, the
simple linear-form DNA translocation events were mainly
studied."*”] With the noticeable advances in the sensitivity of
the solid-state nanopore and introduction of DNA modification
strategies, the nanopore detection of DNA—-protein complexes,
DNAs of various structures, and proteins were recently
demonstrated. In this section, we introduce the detection of
DNA-bound proteins along with DNA-protein complexes and
modified DNA structures using the solid-state nanopore.

The detection of the DNA-bound proteins in a DNA—protein
complex by means of the solid-state nanopore is summarized
in Figure 11. When a protein is bound to DNA, the volume of
the binding region is bigger than that of bare DNA strands, and
this local volume difference results in the additional ionic cur-
rent drop among the translocation signals. Using this strategy,
Kowalczyk et al. successfully detected DNA repair protein
RecA’s binding to DNA using a SiN nanopore 20 nm thick and
30 nm in diameter (Figure 11a).14¥] Detection of dsDNA-RecA
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binding using the solid-state nanopore was previously reported
by the same group (not shown in the figure), but they compared
only the signals from the bare DNA and the DNA strands wholly
covered with RecA in their previous work.'*)] As presented in
the figure, the nanopore translocation events of RecA—-dsDNA
complexes resulted in signals having both a low blockade level
(bare DNA region, diameter =2 nm, AG < 2 nS) and a high
blockade level (RecA-bound region of DNA, diameter =7 nm,
AG > 10 nS).'"* While a locally coated RecA-DNA complex
passed through the nanopore, the location of the perturbation
in the ionic current signals directly reflected the location of the
bound protein. Considering the measurement bandwidth and
the total DNA translocation time, they suggested that 8 nm or
15 base pair spatial resolution of the local protein binding along
DNA can be identified at an applied voltage of 10-15 mV.[**8]

In the same principle, the attention of the nanopore
researchers shifted to detecting sequence-specific binding of
proteins or polymers to DNA. This approach is attractive in

Adv. Mater. 2018, 1704680

1704680 (18 of 28)

terms of DNA sequencing: indirect monitoring of the sequence
of interest through the binding proteins. Singer et al. studied
detection of the complex of dsDNA and peptide nucleic acid
(PNA) probe, which is a synthesized polymer binding to specific
sequences of DNA (Figure 11D).[5%151 According to the same
principle as above, the PNA-bound DNA caused secondary cur-
rent drops, and relative positions of the target sequences in the
DNA strand were determined by reading the intervals between
the secondary drops. In addition, they demonstrated that the
solid-state nanopore sensors can discriminate the DNAs of two
different human immunodeficiency virus (HIV) subtypes by
detecting the differences in binding locations of PNA in the two
DNA strands.[%%

Subsequently, Yu et al. identified the zinc finger protein
(ZFP)-binding position in DNA to a single-protein resolution
using a glass-based solid-state nanopore (Figure 11c).2l As in
other studies of the similar principle, the secondary peak rep-
resented the local volume change in the ZFP-bound region,
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and the relative peak position reflected the location of the ZFP
recognition sequences. Two types of ZFP-DNA complexes with
different binding locations were distinguishable by the location
of the secondary peak. Analysis of the transcription factor ZFP
using the solid-state nanopore was also conducted by Squires
et al.l®l In that work, translocation events of the ZFP-DNA
complexes were categorized into five blockage patterns. Then,
the event characteristics such as current drop and dwell time
were analyzed to define the identity of each blockage pattern.
In addition, they demonstrated that the solid-state nanopore
sensors were capable of detecting and discriminating specific
and nonspecific modes of ZFP-DNA binding by matching the
information from the signal patterns to the known geometry of
the DNA—protein complex.

Another specific application of DNA-bound protein sensing
using the solid-state nanopore studied by Shim et al. is the
detection of DNA methylation, which is potentially related to
cancer diagnosis (Figure 11d).#152 Hypermethylated 90 bp
DNA formed a bulkier complex with methyl-binding proteins
(MBPs) compared to unmethylated 90 bp DNA. Therefore,
translocation of the DNA-MBP complex produced signals with
a =6-fold larger current drop and =20-fold longer dwell time in
comparison with the unmethylated DNA. In addition, 90 bp
DNA with a local methylation site at its center was detected
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using the Kaiso zinc finger (KZF) protein. The secondary cur-
rent level generated by the bound protein (=2 nA for the DNA-
only region, =4 nA for the DNA—protein complex) was clearly
detectable and the locations of the sublevel were mostly at the
center of each current drop signal. Similarly, nanopore-based
detection of anti-DNA antibodies!™®3 and a single base mis-
match in dsDNA using mismatch binding protein MutS[*>4l
and ssDNA binding protein!**! were also studied.

Recently, with the same concept of detecting the local differ-
ence in the structure of the translocating molecule, modifica-
tions of the DNA structure have been actively studied using
the nanopores, expanding the boundaries of solid-state nano-
pore applications. Figure 12 summarizes the experimental
schemes and brief results of the nanopore research on complex
DNA structures. Plesa et al. designed and synthesized DNA
containing a protrusion in the main strand, and studied the
translocation of such DNA through the solid-state nanopore
(Figure 12a).°%1 Both the symmetric DNA construct having
the protrusion at the central position and the asymmetric DNA
construct with the protrusion near the end each showed a char-
acteristic secondary current level among their translocation
signals. Furthermore, an increase in the DNA translocation
velocity at the end of the translocation process was monitored
by analyzing the relative location of the secondary current drop
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Figure 12. Nanopore detection of modified DNA structures. a) Structure of the modified DNA with a nucleotide branch in the main strand (left) and
investigation of the local translocation velocities of DNA using the DNA construct with a protrusion (right). b) Images and nanopore translocation
signals of DNA dumbbells designed as a barcode (top) and for the selective detection of antibodies (bottom). c) Structure of engineered dsDNA with
multiple biotins and the translocation signals of the biotin-tagged DNA and streptavidin complexes. d) Quantification of biotin-tagged DNA-strepta-
vidin complexes using the solid-state nanopore. The results from the solid-state nanopore and EMSA are presented. a) Reproduced with permission.['*¢l
Copyright 2015, American Chemical Society; b) Reproduced with permission.”®l Copyright 2016, Nature Publishing Group; c) Reproduced under the
terms of the under Creative Commons Attribution License (CC-BY).I”> Copyright 2015, American Chemical Society; d) Reproduced with permission.[>’]
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in each translocation signal. This is the representative work
among the translocation studies of the modified DNA in the
solid-state nanopore and shows the use of such DNA structure
in the physical analysis of DNA translocation dynamics.

Bell and Keyser modified dsDNA to include a “DNA dumb-
bell’®l as the protrusion (Figure 12b). The DNA dumbbells
caused characteristic secondary signals similar to those pro-
duced by the DNA-binding proteins and other DNA protru-
sions. Five groups of DNA dumbbells separated by 312 bp
from each other produced five discernible secondary current
drop signals, acting as a molecular barcode. The reliability
of the barcode signals was validated by detecting nanopore
translocations of all possible 3 bit codes and discrimination of
the eight different signals, which directly reflected the exist-
ence and the location of the code. Furthermore, they designed
each barcode to carry specific antigens. When mixed with anti-
bodies, the decorated DNA formed DNA-antibody complexes
and the binding of four different antibodies were detected
simultaneously.”® The DNA dumbbell was also used to study
the dynamics of DNA translocation through the asymmetric
glass nanopipette. When translocated from inside the nanopi-
pette to the free solution, DNA was influenced by the tensile
force field built inside the nanopipette. Using DNA dumb-
bells as position markers, Bell et al. found out that the velocity
during translocation increased over time, and they validated
the observed phenomenon using the optical tweezer experi-
ment and the hydrodynamic model. In the opposite direction,
the DNA translocation events were similar to those observed
in the symmetric nanopores.[1%°]

Another novel DNA modification method is “DNA car-
rier,”>”7l which is an engineered dsDNA functionalized with
a single (or multiple) biotin group(s). Here, the biotin motifs
decorated the end of the selected DNA segments, naturally
transplanting the biotin site to the engineered DNA carrier
upon hybridization. Utilizing the high binding affinity of biotin
for streptavidin, Bell and Keyser detected streptavidin binding
to DNA within the mixture of four different proteins including
streptavidin using the glass capillary nanopore (Figure 12c).l"”!
Furthermore, with the DNA carrier and the glass capillary
nanopore, Kong et al. demonstrated measurement of the
binding protein concentration in the ionic solution.’”l As the
concentration of streptavidin in the solution increased, the pro-
portion of events having the characteristic streptavidin-biotin
current drop also increased. Similarly, the proportion of digoxi-
genin (dig)-antidigoxigenin (Anti-dig) binding was analyzable
using the nanopore. Streptavidin or Anti-dig concentration at
a nanomolar level measured by means of a nanopore showed
quite good agreement with the electrophoretic mobility shift
assay (EMSA) data, which identified the binding fraction by
the gel band intensity. These results point to the possibility of
solid-state nanopore measurement of nanomolar concentra-
tions of a protein in a microliter level volume.

In addition, several studies have utilized the biotin-tagged
DNA to facilitate the nanopore detection of small biomole-
cules, which are difficult to detect in their bare states. In the
study by Carlsen et al., both biotin-tagged short 90 bp DNA and
streptavidin were rarely detectable because of too fast transloca-
tion and the temporal limitation of the measurement system.
On the other hand, the translocation event frequency of the
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streptavidin-bound DNA-complex increased by more than an
order of magnitude than the frequencies of streptavidin or DNA
translocations. (Figure 12d).'7 They suggested that the strong
electrophoretic driving force acting on streptavidin was partly
balanced by the fluid drag exerted on the biotinylated DNA.
This resulted in a decrease in the net translocation driving force
applied to the DNA—protein complex as compared to each com-
ponent of the complex, slowing down the translocation speed.
Moreover, the relationship between the translocation event fre-
quency of the streptavidin-bound DNA-biotin complex and the
concentration of streptavidin was examined using the solid-state
nanopore. The result was consistent with the EMSA results,
which revealed a similar dependence of the signal intensity on
the streptavidin and DNA-biotin concentration ratio. It was
also demonstrated that unknown concentrations of DNA-biotin
complexes were definable by the translocation event rate.'>’]

An advanced approach was tested by Zahid et al., who suc-
ceeded in detecting specific target sequences of ssDNA within
a heterogeneous mixture of target and nontarget DNAs.['”] The
biotin-tagged ssDNA formed dsDNA when ssDNA having the
complementary sequence was present in solution, resulting in
an increase of the translocation frequency. Using the strategy,
they demonstrated detection of hsa-miR-155 (miR155), a bio-
marker of lung cancer; the biotinylated ssDNA with a sequence
complementary to miR155 bound to the target miRNA, and the
complex was detected using a solid-state nanopore. Although
small biomarkers are generally difficult to detect due to insuf-
ficient resolution of the nanopores, the integration of biological
engineering into the solid-state nanopore platform facilitates
successful and effective detection of such biomolecules.

In summary, the solid-state nanopore has been actively inte-
grated with the state-of-the-art genomic detection of biomarkers.
Fundamentally, this approach is the extension of the initial
idea of the nanopore application—DNA sequencing. With the
advanced genomic design and modification technology, the
applications have been more expanded to detecting antigens,
small proteins, and miRNAs using DNA complexes and nano-
pores. These developments have been directed toward detecting
smaller features more sensitively or detecting multiple pro-
teins, antigens, or small molecules. Nevertheless, for the elab-
orated detection in the solid-state nanopores, there still is a
need to enhance the reliability of the dwell time measurement
because detection of the DNA-protein binding site by means
of the solid-state nanopore largely depends on the translocation
dwell time. The efforts to improve the temporal reliability of
the nanopore detection should include reducing the transloca-
tion velocity and the nonspecific interactions between biomol-
ecules and the nanopore wall; the latter induces a large devia-
tion of the dwell time from the translocations of the same bio-
molecules.*>*0 With further improvement of the solid-state
nanopore detection sensitivity and reliability of detection, more
accurate detection of interesting targets such as DNA—protein
complexes and modified DNA structures is expected.

3.2. Detection of Proteins and Protein Oligomers
Although nucleic acids have been at the center of attention

over the past decade, proteins are rapidly becoming the prime
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target for the solid-state nanopore research..68158-162] Unlike
nucleic acids, each protein has a unique 3D structure and het-
erogeneous charge profiles. These biophysical properties of
protein yield different behaviors from those of nucleic acids,
including high pH responsiveness, conformational changes,
and specificity in translocation and complexation with other
proteins, which are directly reflected in the nanopore sig-
nals. In accordance with the ability of the solid-state nano-
pore sensing to collect and analyze information on proteins,
e.g., charge, size, shape, and complexation with other mole-
cules, various properties of proteins have been studied in the
nanopore field.

In 1987, Singer et al. reported the first idea of the protein
translocation through a Dbiological nanopore.'®3l The early
sketch of the idea, translocation of a peptide molecule with a few
subdomains through a translocator protein inserted in the lipid
bilayer, conceptually indicated the feasibility of detecting protein
translocation by means of the biological nanopore. Nevertheless,
the translocation of a single protein molecule in a nanopore
emerged in the 2000s, owing to the difficulties in protein trans-
location through o-hemolysin nanopore and the fabrication of
the solid-state nanopore device. In 2006, Han et al. first reported
protein translocation through the solid-state nanopore.*¢¥]
Translocation of a single bovine serum albumin (BSA) protein
molecule across a 20 nm thick SiN membrane with a 50 nm
diameter pore was detected. The nanopore structure with rela-
tively large pore sizes (in comparison with the devices used
for DNA experiments) or with the dimensions comparable to
those of the analyte proteins was widely accepted and similarly
adopted in other studies on the nanopore protein detection.

Figure 13 depicts selected works on protein translocation
in the solid-state nanopore. A property of a protein that deter-
mines its translocation through the nanopore is the net charge;
protein molecules generally have relatively low charge den-
sity in total as compared to DNA. Therefore, the net charge of
proteins can be easily modified or even the sign of the charge
can be switched by a slight change in the electrolyte pH. On
the basis of this phenomenon, Firnkes et al. investigated the
changes in the translocation mode according to the net charge
conversion of avidin and the SiN pore wall at different solution
pH levels (Figure 13a).°81 The effect of the pH on the event
frequency of avidin translocation through a nanopore was
experimentally determined; the change in the event frequency
was due to the balance between the electroosmotic flow velocity
generated by the electric double layer near SiN and the elec-
trophoretic velocity of avidin. Likewise, Steinbock et al. and
Fologea et al. demonstrated conversion of the net charge of
BSA and its effect on nanopore translocation events, by shifting
pH of the electrolyte above or below the isoelectric point (pI) of
BSA (plI = 4.7).7.1% These results suggest that a change in the
zeta potential of a protein and the pore wall under the influence
of pH is useful for controlling the mode of translocation and
the translocation rate.

Another important feature of a protein that is resolvable by
the solid-state nanopore is the conformation or the size of the
protein. Several studies in the field of solid-state nanopore have
distinguished protein conformation change before and after its
full denaturation.®*14%164 Without degrading the protein func-
tionality, Yusko et al. identified differently sized Af3 aggregates
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as spherical oligomers, protofibrils, or mature fibers according
to their translocation signals in the lipid-coated solid-state
nanopore (Figure 13b)."*] They proved the feasibility of size
discrimination among heterogeneous Af aggregates in solution
using the solid-state nanopore. Moreover, the particle size char-
acterization principle enabled profiling of the kinetic process of
AP fibrilization by monitoring the event frequency of each Af
aggregates. Consumption of small oligomers in the fibriliza-
tion process was reflected in a decrease in its event frequency
over time, while the frequency of the translocation events for
the mature fibril increased from day 0 to day 3. The trend of
the protein conformation change observed using the solid-state
nanopore was in agreement with the electron microscopy
images of Af taken in the same time periods.

Li et al. attempted discrimination of several proteins of dif-
ferent sizes, with their molecular weights ranging from 14 to
465 kDa, by means of the glass nanocapillaries.”” The protein
detection using the low-noise glass-based nanopore was suc-
cessful in this work. Nonetheless, the protein size could not be
clearly discriminated because of too fast translocation of pro-
teins accompanied by signal distortion by the lowpass filter.
Similarly, Steinbock et al. also succeeded in distinguishing
proteins of 12-480 kDa by means of glass nanocapillaries
(Figure 13c).”] Although they applied a 10 kHz Bessel filter
to process the ionic current signals, differentiating the scatter
plots of conductance drop versus dwell time for each protein
was possible because they fabricated a glass nanopore with a
diameter as small as the target proteins to enhance the SNR.

Although numerous studies on single-protein characteriza-
tion using the solid-state nanopore revealed biophysical proper-
ties of proteins, detecting the fast translocation of a protein is
still limited by the insufficient temporal resolution of the meas-
urement system. Plesa et al. explored the nanopore detection
limit for each protein with molecular weights ranging from
6 to 660 kDa.l'®d Using a 1D first-passage time-distribution
model, 3769161 they calculated the event loss ratio as a function
of the drift velocity of the proteins and the diffusion coefficient
(Figure 13d).1'4 They revealed that application of the 10 kHz
lowpass Bessel filter caused a severe loss of the translocation
signals because of the temporal resolution limit, suggesting
that an amplifier with a higher data acquisition frequency
is required for protein detection. Subsequently, Larkin et al.
employed a high bandwidth amplifier sampling the ionic cur-
rent signals at a 4 MHz frequency and filtering the high-fre-
quency signals at 250 kHz (Figure 13e).% They concluded that
with the signal amplifier having the MHz bandwidth, 30-80%
of the events were detected among RNase translocation events,
and 70-90% of the events were detected among proteinase K
(ProtK) translocations. These studies qualitatively and quanti-
tatively indicate that proteins with molecular weight <50 kDa
cross the nanopore at undetectably fast velocity and cause
severe distortion in the translocation signals. Accordingly, to
improve the resolution of protein translocation events in the
solid-state nanopore, it is necessary to use a high-frequency
amplifier and a nanopore device with low electrical noise even
at high-frequency range.

As an effort to physically understand the protein transloca-
tions, progresses in the protein analysis using nanopores have
noticed the role of electroosmotic flow in the transport.[158166]
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Waduge et al. claimed that the electroosmotic flow is as
important as the electrophoretic force in the nanopore trans-
port of proteins, and in their experiment, the former was
even dominant.'®/l Proteins have less electrical charge and
lower electrophoretic mobility than DNA, and the influence
of the electroosmotic flow becomes recognizable or even over-
takes the effect of the electrophoretic force during the protein
translocation. Therefore, understanding and controlling the
electroosmotic factor is crucial in the analysis of protein trans-
location signals in the nanopore experiments.

Arising from the detection of single proteins and protein
size discrimination, analysis of protein—protein interactions
(PPIs) via detection of protein—protein complexes is another
branch of the protein-based application of the solid-state nano-
pore.[6>70:123,138168.169] The works on the detection of protein—
protein complexes based on PPIs using the solid-state nanopore
are graphically presented in Figure 14. PPIs originate from
specific binding between different proteins, which is the most
important and the most basic physiological function of proteins.
On the basis of this feature, Uram et al. observed changes in
the nanopore signals due to binding of an antibody and virus
(Figure 14a).l'%8l They discriminated the signals generated by
the virus (PBCV-1) and by the complex of antibodies (antiserum)
with the virus; the increase of the volume of the particle after
binding increased the peak amplitude. They also analyzed the
binding kinetics of the antibodies and viruses quantitatively by
examining the changes in the peak amplitude over time. Using
the same principle, Freedman et al. detected the binding of HIV
antigen gp120 and its antibody using the nanopore signals.”"!
For more practical applications, they studied heterogeneous pro-
tein samples of the antibody+gp120 mixture, antibody+BSA mix-
ture, antibody+gp120+BSA, and antibody+gp120+fetal bovine
serum (FBS) (Figure 14Db).’% They confirmed that the additional
distribution of the current drop from the translocation of the
antibody—gp120 complex appeared at a larger A, verifying the
formation of the complex. In addition, they demonstrated that
the interaction between BSA and the antibody was nonexistent
by matching the current drop value observed during the biomol-
ecule translocation for the antibody and for the antibody+BSA
mixture. These studies have shown the possibility of nanopore
sensors as a tool for future drug design, where complicated pro-
cedures such as molecular immobilization and labeling in the
existing immunoassays are unnecessary.

A new approach was attempted by Kwak et al., who proposed
a new drug screening strategy by examining a protein-small
molecule interaction using the solid-state nanopore.[®®! Although
previously, the criterion for the detection of the PPI was a
change in the current amplitude of the translocation signal,
they detected the interaction between two proteins (globular

www.advmat.de

glutathione-S-transferase (GST)-tagged p53TAD (GST-p53TAD)
and mouse double minute 2 (MDM2) protein) by monitoring the
event frequency change (Figure 14¢).®) MDM2 selectively binds
to p53 and inhibits the functioning of this tumor suppressor
protein, thus disabling the defense system of the body against
cancerous cells.'”% The positively charged protein MDM2 relo-
cated to the negatively biased chamber, but upon the complex
formation, translocation of the MDM2-GST-p53TAD complex
was inhibited by the net charge conversion of the complex
from positive to negative. Here, the role of GST protein was to
enhance the current blockade magnitude of the intrinsically dis-
ordered form of p53. Moreover, they demonstrated restoration of
the MDM2 signal by addition of nutlin-3 (a drug candidate for
repairing p53 activity), thus freeing the proteins from binding %!

Therefore, this ultrasensitive nanopore-based drug screening
strategy showed its superiority to the current technology with
limitations such as insufficient specificity of the enzyme-
targeted method, fluorophore labeling for fluorescence
polarization, and a large amount of protein required for NMR.
Nanopore detection of single protein molecules and protein—
protein complexes is the consequence of the improvement
in the nanopore device and the electrical amplifier, namely
reduced electrical noise and enhanced temporal resolution.
Nevertheless, a similar goal still remains as in the detection
of DNA—protein complexes and modified DNA structures: for
even more sensitive and accurate detection of proteins, the
spatial and temporal resolution should be further enhanced by
improving the digital setup of nanopore experiments and by
slowing the translocation speed of proteins.

4. Conclusion and Future Prospects

Herein, the fundamental principles, developments, and appli-
cations of the solid-state nanopore are summarized, with the
emphasis on the device and its performance characteristics
including the electrical noise properties and the spatial and
temporal resolution. The solid-state nanopore has emerged as
a fabricated version of the biological nanopore with its manu-
facturability, mechanical and chemical stability, and flexibility
in the nanopore dimensions. The improvements in the resolu-
tion of the solid-state nanopore devices have been achieved by
applying dielectric materials, by increasing the bandwidth of the
ionic current measurement, and by means of 2D materials as
the nanopore membrane. Furthermore, via organic coating or
hybridization with the biological nanopore, chemical function-
alities related to the biomolecule transport could be integrated
into the solid-state nanopore. Finally, the recently reported
applications of the solid-state nanopore were categorized and

Figure 13. Single-molecule protein characterization using the solid-state nanopore. a) Avidin translocation through a SiN nanopore at different pH
levels in solution and corresponding charge states of avidin and SiN wall. b) A conformation analysis using a lipid bilayer-coated nanopore based on
Al of translocation signals. c) Scatter plots of translocation duration versus normalized conductance drop for proteins studied using the glass capillary
nanopores. Each scatter plot represents translocation events of green fluorescent protein (GFP, pink), GFP-GFP dimer (FP, orange), BSA (red), IgG
(green), and RNA polymerase (RNAp, navy). All the results are summarized in the rightmost graph in the second row. d) The nanopore detection limit
on the mapping of a protein expressed as the interplay of the in-pore molecular diffusivity and the electrophoretic drift velocity. ) Nanopore transloca-
tion time histogram of proteinase K (left) and RNase (right) at 100-200 mV, with red-shadowed regions indicating the signal loss caused by limited
temporal resolution of a nanopore. The y-axis shows arbitrary units. a) Reproduced with permission.'*8 Copyright 2010, American Chemical Society;
b) Reproduced with permission.* Copyright 2012, American Chemical Society; c) Reproduced with permission.’l Copyright 2014, Royal Society of
Chemistry; d) Reproduced with permission.l62l Copyright 2013, American Chemical Society; e) Reproduced with permission.l®®l Copyright 2014, Elsevier.
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Figure 14. Protein—protein interaction analysis. a) Analysis of the antibody—PBCV-1 virus interaction using the glass nanopore and resulting transloca-
tion signals. b) Analysis of the HIV antigen gp120, an antibody, and a protein (BSA and FBS) using the nanopore according to the current drop magni-
tude. ¢) Nanopore-based analysis of inhibition of the p53—MDM2 interaction by a drug (nutlin-3). The cartoons on the interactions between molecules

and resulting translocation signals are presented. a) Reproduced with permission.['% Copyright 2006, Wiley-VCH; b) Reproduced with permission.

170]

Copyright 2013, Wiley-VCH; c) Adapted with permission.ls] Copyright 2016, Wiley-VCH.

described here by target molecules: DNA-bound proteins, modi-
fied DNA structures, proteins, and protein—protein complexes.
Among the limitations discussed in Section 1.4, the resolu-
tion of the solid-state nanopore has been dealt with extensively
from the standpoint of devices and materials as presented in
Section 2. The reliability of the device, however, resistance to
nanopore clogging by nonspecifically adsorbed molecules on
the nanopore surface in particular, has some room for improve-
ment. This issue is directly related to the efficiency of a solid-
state nanopore device because the expected lifetime of the
device and the number of the translocation events detected
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by the nanopore may be strongly limited by the adsorption of
unwanted DNA or proteins. In Section 2.2.2, we introduced
the early-stage reports on the PEG self-assembly coating of the
nanopore surface to prevent adsorption to the pore and to maxi-
mize the expected lifetime of the device.1%1%] This approach,
or any other novel ideas about the enhancement of the device
reliability, can be further improved and optimized for stable,
robust, and long-lasting use of the solid-state nanopore.

With further improvements in the device resolution and
reliability, the solid-state nanopore may approach the chal-
lenges in this field. The challenging topics include DNA base
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discrimination, protein sequencing by detecting the sequence-
specifically bound proteins, and drug screening. In these appli-
cations, the nanopores are required to detect and resolve small
features, even small as a couple of nanometers or less in size.
In addition, ssDNA and proteins cause severe pore clogging
compared to dsDNA, so the importance of fabricating antiad-
sorptive devices would be emphasized.

In addition to the reliability, there are a few issues to be
resolved regarding the optimization, productization, and com-
mercialization of the solid-state nanopore. The solid-state nano-
pores should be mass produced with uniform device proper-
ties and performances and may be multiplexed for higher
throughput detection or DNA sequencing. Actually, these direc-
tions for improvement of the solid-state nanopore are influ-
enced by the commercialized biological nanopore sequencing
platforms, which are now well established in the global market
for next-generation DNA sequencing. Representatively, Oxford
Nanopore Technologies solutions include thousands separate
nanopore channels, where the biological nanopores and the
membrane have the uniform dimensions and structures across
the platform. Therefore, the future solid-state nanopore can
mimic the design of the biological nanopore sequencers. For
instance, among the techniques discussed in this review, the
CDB method and e-beam lithography are more suitable than
the TEM-based method for mass production and multiplexing
of nanopores. Likewise, other breakthroughs and developments
in the solid-state nanopores may be introduced into the field in
the near future, and contribute to the commercial use of the
platform as an accurate, fast, and reliable biomolecule sensor.
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