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Nanopores, or nm-size holes, have become a new single-
molecule tool in biophysics which may give insight into mo-
lecular features that are usually hidden in the ensemble ex-
periments. Due to their high sensitivity and simplicity of the
sensing principle they are used as (bio)chemical sensors for
detection and manipulation of various molecules and bio-
molecules (e.g. DNA, RNA, proteins, single-nucleotides), as
well as probing molecular structure. They also carry a great
potential for various other applications. The passage of ions
or biomolecules through sub-nm pores enables the study of
hydration layer [1], entropic barriers [2], Coulomb blockade
effects [3] and other physical phenomena. In nanotechnol-
ogy they can be used as nanoreactors [4], highly effective
exchange membranes for water desalinization [5], or even
power generators [6].

However, they have become very attractive in the first place
as a promising solution which may bring about the third gen-
eration of DNA sequencing technology.

DNA or deoxyribonucleic acid, consisting of only four chemi-
cal bases (adenine (A), guanine (G), cytosine (C), and thym-
ine (T)) represents a code that is universal in almost all liv-
ing beings and contains all the information needed for their
development and functioning. A low-cost and rapid method
to read DNA sequences would enable further studying of
important biological questions related to human health and
diseases and open the door to personalized medicine. Fur-
thermore, a sensing platform which would enable single-
molecule DNA sequencing would also be effective for sin-
gle-molecule sequencing of proteins offering the potential to
detect diminishingly small quantities too low for current ana-
lytical techniques. This would be, of course, of enormous

Fig. 1. The basics of nanopore measurements. (a) Application of voltage across a pore
triggers electrochemical half-reactions leading to ion migration towards the membrane.
Transport of the ions across the pore leads to electric current that is measured using
a high-bandwidth electrometer. Typically the current—voltage response of a symmetric
pore is linear, and holding the voltage constant results in a steady-state DC current
signal. (b) When charged biopolymers are added to the chamber, such as DNA mol-
ecules, they diffuse towards the pore and stochastically enter it, producing a measur-
able ‘resistive pulse”. First-order parameters that can help in characterizing a sample
are the dwell time (t ), the average event amplitude (1), and the time between succes-

sive events (dt). Image taken from [9]

value for diagnostics and recognizing disease states [7]. Dif-
fering from the previous generations of sequencing, nanop-
ore sequencing features long read lenghts, high throughput
and minimal labeling sample requirement.

The first demonstration of basic nanopore working principle
reaches into 1940’s when the first Coulter counter appeared
[8]. When an electric field is applied across the small pore
between two compartments of electrolyte, this drives the
ions through the pore toward the oppositely charged elec-
trode which results in a constant ionic current. If a charged
particle (or biomolecule) is present in the solution, it will be
driven through the pore displacing a certain volume of ions
which will reduce ionic current at that moment. This is ob-
served as an 'event', a pulse in current trace that can be
characterized by its dwell time and the amplitude (Fig. 1).
Ideally, since each type of the four DNA bases possesses
unique physical and structural properties, during the single-
stranded DNA passage, each of the bases would exclude a
specific number of ions which would result in its own elec-
tronic signature. This electronic read-out of DNA sequence
was as an idea first proposed and patented in 1995 by
Church, Deamer, Branton, Baldarelli and Kasianowicz.

For the purpose of sequencing, two main types of nanop-
ores are developed: the biological ones and artificial (solid-
state) nanopores. Biological pores are transmembrane pro-
teins inserted into lipid bilayer. The most known ones in the
nanopore field are a-haemolysin and Mycobacterium smeg-
matis porin A (MspA) which were the first used in proof-of-
concept experiments to show that nanopore-based DNA
sequencing is feasible. Engineered by nature, such nano-
pores can be produced by the cells with remarkable atomic
precision perfectly fitting single stranded
DNA inside. Genetic techniques can further
tailor their physical and chemical proper-
ties, and together in a combination with
molecular motors and today’s electronics,
they can already perform sequencing. A
commercial sequencing device MinlON
from Oxford Nanopore Technologies is al-
ready available on the market. Solid-state
nanopores are nanometer size openings
in a thin, solid, supporting membrane. The
membrane can be made of different mate-
rials, such as Si,N, or SiO, (usually up to
30 nm thickness), or even single atomic
layer two-dimensional, 2D materials like
graphene [10], and MoS, [11]. Although
DNA sequencing has already been demon-
strated in biological nanopores, solid-state
nanopores remain an attractive alternative
since they offer many advantages such
as robustness and high stability. Unlike
biological ones, solid-state nanopores can
operate in various types of liquid media,
in a wide range of concentrations, pH and



Fig. 2. Some examples of biological and synthetic nanopores. (a) The toxin a-hemolysin secreted by Staphylococcus aureus. (b) MspA
from Mycobacterium smegmatis. (¢) Engineered phi29 viral packaging motor. (d) lon-sculpted pores in silicon nitride membrane (e) Sub-
10 nm thick solid-state pores generated by dry etching a selected area of a silicon nitride membrane and electron-beam pore drilling. (f)
Pores in a suspended single-layer graphene membrane. Image taken from [9].

temperature conditions. Their pore size can easily be tuned
during the nanofabrication process. And what is also one of
the important things — they carry a great potential for large-
scale integration into (opto)electronic devices. (Fig. 2). All
these things together make solid-state nanopores suitable
for all kinds of purposes and worth of further exploration and
development. However, in terms of sequencing, there are a
number of issues to be addressed.

Towards DNA sequencing in 2D nanopores

The ideal DNA nanopore sequencing device would require:
high resolution (sensitivity and selectivity), stability in dif-
ferent conditions (concentration, temperature, pH), high
throughput, simple and low-cost fabrication method of the
device. Sensitivity and selectivity, that is, the ability to de-
tect and distinguish different bases highly depends on the
signal-to-noise ratio (SNR), spatial and temporal resolution.
DNA sequencing ideally requires the ability to sense only
one base at the time. Researchers hoped that this ultimate
spatial resolution could be provided with the thinnest exist-
ing materials - 2D materials, such as graphene or MoS,,. In
this case, the spatial resolution is even better compared to
biological nanopores. However, although we are already at
the limit by utilizing 2D materials as thin nanopore mem-
branes, this is still not enough. One of the reasons is the
effective thickness of the material which is several times
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larger due to surrounding hydrodynamic layer. Also, to get
the information about the base structure, one should collect
enough ions per base to overcome the background noise
which originates from: capacitance of the system (which
includes the substrate, membrane, nanopore), different
types of fluctuations (mechanical, electrical, insulating, ther-
mal), and the electronics. This means that it is necessary
to extend the time that each base spends inside the pore
to achieve good temporal resolution. Higher signal-to-noise
ratio could be obtained by increasing the signal by using
nanopores equal or slightly bigger than DNA diameter, and
also by reducing the noise level by e.g. choosing materials
with high dielectric constant (such as a glass or polymer).
Another way to increase the signal to noise ratio is by meas-
uring a transverse current through the same 2D material
(with the drilled nanopore in the middle) connected to two
imprinted electrodes. In such a configuration the DNA is the
gate of a Field Effect Transistor [12]. In the case of a semi-
conductor FET device, this transverse current could either
be due to tunneling through the molecule or due to conduct-
ance changes of a semiconductor induced by interaction of
the molecule and the material.

From the perspective of mass production, it is necessary to
highlight that the nanopore fabrication process should be
scalable in purpose of a parallelization and achieving high
throughput. Nanopore’s platform choice is also very impor-



tant since it has to be suitable for implementation into micro-
fluidic and (opto)electronic devices. The fabrication process
should be the simplest possible and also cost-effective.

All of these requirements are closely related to each other
which makes the system even more challenging, but at the
same time it offers the possibility to optimize and tune the
system in such a way that all the requirements become sat-
isfied.

The DNA translocation process through the nanopore can
be divided into several steps. In the region far away from
the nanopore, the DNA molecule freely diffuses due to neg-
ligible electric field. Once it gets within the capture radius
R., DNA gets attracted and accelerated by electric force.
Since the radius of gyration R_ of the DNA molecule is much
bigger then the nanopore itself, the number of conforma-
tions that DNA can obtain inside the pore is highly restricted
comparing to the one in solution. The threading process is
entropically unfavorable, so in order to thread into the pore,
the entropic barrier needs to be overcome which is done
by the external electric field. The final step in the transloca-
tion process where DNA causes detectable current change.
Generally, we can say that translocation times scale with
DNA length, L, as a power law T = L% where a = 1.27 [9].
However, in smaller pores dsDNA obeys a more complex
length scaling [13].

The translocation velocity of a DNA molecule in solid-state
nanopores is orders of magnitudes faster (> 10000 nucle-
otides/ms) than the optimal velocity (1-50 nucleotides/ms)
[14]. Slowing down the free translocation velocity is thus a
critical step toward enabling a reliable electronic readout of
a DNA sequence. For that purpose it is necessary to ex-
tend the time DNA lingers in the nanopore while minimizing
the possibility of backtracking and jiggling due to Brown-
ian motion. In biological pores the speed control is done by
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Fig. 3. Trends in nanopore analysis of DNA. DNA translocation ve-
locity in nucleotides per millisecond (on a logarithmic scale) ver-
sus year for both ssDNA and dsDNA and for both a-haemolysin
and solid-state nanopores. For solid-state nanopore sequencing
applications, the ftranslocation velocity should be in the range
1-100 nt ms™'. Image taken from [14].

enzyme motors, such as DNA polymerase [15], where the
DNA is entering the pore step-by-step. The enzyme binds
to the DNA strand preventing it from moving into the narrow
confines of the pore faster than the enzyme processing rate.

For controlling the translocation speed, generally, there are
two major approaches: passive control methods, which deal
with modifying the properties of the solution, nanopore sur-
face or DNA itself; and active control methods, like optical
[16] and magnetic tweezers [17], atomic force microscopy
[18], and scanning tunneling microscopy [19]. Since the ac-

Fig. 4. (a) Scatter plots of nucleotide translocation events, showing distinguished current drops and dwell times for dAMP (green),
dCMP (red), dTMP (blue), and dGMP (orange). (b) Normalized histogram of current drops for JAMP, dTMP, dCMP, dGMP.(c) Density
plot of single nucleotides in a MoS, nanopore. Image taken from [25].
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tive control methods require manipulations of a single mol-
ecule, for the purpose of implementation into massive paral-
lel sequencing, passive control methods are more suitable.

Some of the passive methods include temperature varia-
tion [20], increasing the solution viscosity [21], changing the
counter-ion binding strength [22], introducing salt concen-
tration gradients [23], changing the surface charge of the
nanopore with laser light [24], the use of ultrasmall nanop-
ores [13] etc.

The newest promising results so far were done in our group
by using room temperature ionic liquids (RTIL), such as
butyl-methylimidazolium fluorophosphate (BmimPF,), as a
translocation medium [25]. RTILs are highly viscous, non-
aqueous electrolytes that consist of organic cations and ani-
ons. They offer a high number of degrees of freedom in fine-
tuning their structure which gives the opportunity to tailor
their physical and chemical properties, especially viscosity
and electrostatic properties of translocating molecules. An
interesting property of the RTILs is that their viscosity can
also be altered by an applied external electric field [26]. In
the previous investigations of our group, the use of ionic
liquid/KCl-water gradient increased the viscosity of the sys-
tem while keeping the total conductance value optimal. In
this way, the DNA translocation speed was reduced by 2-3
orders of magnitude which enabled statistical differentiation
of single nucleotides (Fig. 4) and short homopolymers. A big
role is also played by the fact that DNA interacts strongly
with BmimPF via electrostatic interaction between the cati-
onic Bmim* groups and the DNA phosphates (P-O bonds).
However, there is still a lack of understanding of how ionic
liquids influence the conformations and electrostatics of bio-
molecules which leaves a lot of space in tuning the translo-
cation conditions. In spite of this extremely successful be-
ginning of introducing RTIL into the nanopore field, there
are still many challenges to overcome, such as solubility of
longer DNA molecules and large spread in dwell times. Also,
the conditions in the vicinity of the nanopore vary from pore
to pore due to the gradient system and different pore size.

Generally, the approach of changing the properties of the
surrounding medium usually reduces SNR, blockage level,
capture rate, and wettability of the pore. One of the promis-
ing, and still not explored, systems which should have high
effect on translocation dynamics are crowded and nanocon-
fined environments. In such an environment, the free volume
for DNA diffusion is significantly reduced and ‘fragmented’
which affects the translocation dynamics and speed [27]
dramatically. Several different platforms which contain poly-
meric nanofiber mesh [28], nano-cylindrical passage [29] or
combination of nanobead structure and insulating polyimide
layer [30] are going in this direction.

Once optimal strategy for the control of DNA translocation
speed has been identified and implemented, we believe that
solid state nanopores in 2D materials could enter the market
and allow for even cheaper DNA sequencing.
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