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Abstract

In this review, we collected and classified the stages of development of DNA
sequencing methods and described its peculiarities. We pay attention mostly
on solid-stead nanopore sequencing methods. Detailed discussion of the pe-
culiarity and feasibility of the electrical methods of DNA sequencing is dis-
cussed. The detail analyses of the literature data, some critical considerations
and the potential ways of optimization of DNA nanopore sequencing were
presented.
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1. Introduction

Since the discovery of the double-helix structure of the Deoxyribose Nucleic
Acid (DNA) [1], the research on DNA sensors has grown drastically. Biosensors,
especially DNA-biosensors are utilized to study DNA-related phenomena. The
process of DNA sequencing is a precise determination of the amount and dis-
tribution of the nucleotides (A-adenine, T-thymine, C-cytosine, and G-guanine)
in DNA molecules. Quick improvements in the cost and speed of DNA se-
quencing are having a strong influence on comprehensive genome research.
Genomic information has many applications beside human medicine, for exam-
ple, in security (DNA identification, pathogens detection, consumables authen-
tication), insurance (individual polices, risk assessment), biotech (microbial en-
gineering, GMO, livestock breeding, agriculture), health care (diagnosis, disease

prevention, pharmacogenetics, gene therapy, vaccines, transplant programs),
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defense, and evolutionary biology. However, the costs of sequencing are still too
high for routine application. As noted in [2] [3] single-molecule genome se-
quencer using solid-state nanopore devices is one of the most promising candi-
dates for a realization of $1000 personal genome-sequencing.

During its development DNA sequencing has some stages. Evolution of first,
second, third and fourth generation of sequencing platforms and their applica-
tions detailed are presented in [3] [4] [5] [6]. One of the challenges for
next-generation DNA sequencing is the creation of reliable, stable, reproducible,
and cheap nanoscale structures-devices. Several nanoscale electronic methods
have been proposed for high-throughput single-molecule nucleic acid sequence
identification. DNA bases can be identified statistically in nanopore transloca-
tion events. Under the influence of an electric field, the negatively charged po-
lynucleotides can be captured and drawn through the channel in a process
termed “translocation”.

In this review, we collected and classified the stages of development of DNA
sequencing methods and described its peculiarities. We pay attention mostly on
solid-stead nanopore sequencing methods. Detailed discussion of the peculiarity
and feasibility of the electrical methods of DNA sequencing is discussed. The
detail analyses of the literature data, some critical considerations and the poten-
tial ways of optimization of DNA nanopore sequencing were presented. In the
contrast of other reviews in this field, we try to more critically discuss the “weak

points” of some works (see Part 4).

2. DNA Sequencing Methods

DNA sequencing methods are:

v" Basic DNA sequencing

e Sanger method (chain termination). Sanger sequencing is a method DNA
sequencing first commercialized by Applied Bio systems, based on the selec-
tive incorporation of chain-terminating dideoxynucleosides by DNA poly-
merase during vitro DNA replication [7] [8].

e Maxam-Gilbert method (chemical termination). This method is based on
nucleobase-specific partial chemical modification of DNA and subsequent
cleavage of the DNA backbone at sites adjacent to the modified nucleotides
[9].

v' Advanced DNA sequencing

e Shotgun method. Shotgun sequencing is a method used for sequencing long
DNA strands [10].

v" Next generation DNA sequencing

e [llumina sequencing method. This sequencing method is based on reversible
dye-terminators that enable the identification of single bases as they are in-
troduced into DNA strands [11].

e Pyrosequencing method. Pyrosequencing is a method of DNA sequencing

based on the “sequencing by synthesis” principle, in which the sequencing is

DOI: 10.4236/0jbiphy.2019.93013

170 Open Journal of Biophysics


https://doi.org/10.4236/ojbiphy.2019.93013

L. Gasparyan et al.

performed by detecting the nucleotide incorporated by a DNA polymerase
[12].
v" Solid-state (and biological) sequencing method [13].

Further our main attention will be focusing in last solid-state (and biological)
nanopore sequencing method.

Although sequencing methods using nanopores have been studied in some
detail, nevertheless, new perceptual architectures are emerging that are intended
for the next generation of biosensors. In recent years many types of architectures
have been proposed for new approaches to biomolecular sensing using nanoe-
lectronics, including also the appearance of molecular (tunneling) junctions as a
platform for perception.

In the past decade, the single-nanometer-scale pores demonstrated great ca-
pability for the detection, identification, and characterization of a variety of ana-
lytes, such as biomolecules like bacteria [14], protein [15] [16] [17] [18] [19], an-
tibody [20] [21], nucleic acid [22] [23], DNA [24] [25], RNA (Ribonucleic acid)
[26] [27].

Now the bio-, graphene, nanoribbon, nanotube, solid-state and hybrid nano-
pores are used successfully.

A large number of researches have been reported on DNA sequencing with
solid-state nanopores based on different substrates, such as silicon oxide (SiO,)
[28] [29], silicon nitride (SiN,) [30] [31] [32] [33], aluminum oxide (ALO;) [34]
[35], molybdenum sulfide (MoS,) [34] [36] [37] [38] [39] [40], boron nitride
(BN) [41] [42] [43], graphene [20] [37] [38] [44]-[52], carbon nanotube [53]
[54] [55] [56] [57], nanochannel [40] [58] [59] [60] and polymers [61] [62] [63]
[64] [65].

Solid-state nanopores exhibited remarkable chemical, thermal, and mechani-
cal stability and extraordinary versatility in terms of the size, shape, and surface
properties, as well as structural robustness. Different types of nanopores and
typical technologies applied in the field of solid-state nanopore-based DNA se-
quencing have been detailed analyzed and reviewed in [4] [61] [66]. Nanopore
sequencing is a label-free and amplification-free single-molecule approach, in
which DNA molecules are driven through channels, producing signals that allow
researchers to identify the corresponding sequences [62] [63] [67]-[76].

Nanopore-based DNA sequencing has led to fast and high-resolution recogni-
tion and detection of DNA bases. Solid-state and biological nanopores have low
signal-to noise ratio (SNR) (<10) and are generally too thick (>5 nm) to be able
to read at single-base resolution. A nanopore in graphene has a SNR of ~3 under
DNA jonic current. Using atomistic and quantum simulations, it is found that a
single-layer MoS; is an extraordinary material (SNR > 15) for DNA sequencing
by two competing technologies (nanopore and nanochannel) [40]. To increase
both SNR and dwell time in a conventional silicon-substrate nanopore, are add-
ed nano-well of 100 - 150 nm in diameter [77]. A MoS, nanopore shows four
distinct ionic current signals for single-nucleobase detection with low noise lev-

el. In addition, a single-layer MoS, shows a characteristic change in the total
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density of states for each base. The direct band gap of MoS, (1.88 eV [78]) is sig-
nificantly changed when bases are placed on top of the pristine MoS, and arm-
chair MoS, nanoribbon, thus making MoS, a promising material for base detec-
tion wia transverse current tunneling measurements [36] [40]. Molecular dy-
namics simulations protein transport a nanopore in a quasi-2D heterostructure
stacked together by graphene and MoS, nanosheets proposed in [37] [38]. In the
case of a weak signal current, there is a need of its amplification. To increase the
measured signal current in various complex systems, the movement of DNA
must be slowed down. To do this, one suggests using a protein nanopore [24] for
example, in combination with solid-state nanopores. It is shown that a protein
nanopore with a covalently attached adapter molecule can continuously identify
unlabeled nucleoside 5’-monophosphate molecules with accuracies averaging
99.8% [19].

The data [79] show that near-infrared SERS (surface-enhanced Raman scat-
tering) on colloidal silver clusters also is an effective method of detecting single
molecules. It is applicable to a wide range of molecules, including “colorless”
biomolecules, for example, nucleotides in DNA sequencing.

The technique of reproducible conductivity measurements on single nucleo-
tides with limited conformation and an improved algorithmic approach for iso-
lating nucleotide bases is proposed in the [80]. The method of quantum point
contact single-nucleotide conductance sequencing uses combed and electrostat-
ically connected single DNA and RNA nucleotides on a self-assembled mono-
layer of cysteamine molecules. It is shown that by changing the applied bias and
the pH condition, it is possible to turn on and turn off the molecular conductiv-
ity, which leads to a reversible nucleotide perturbation for electronic recogni-
tion. In [80], the potential of using simple surface modifications and existing bi-
ochemical fragments in individual nucleotide bases for reliable, direct, sin-
gle-molecular nanoelectronics DNA and a method for identifying nucleotides of
RNA for sequencing is demonstrated.

Drawing attention to the timely need for standardization of reliable nanosize
devices for cheap, fast and scalable DNA detection, in [44] the nanoscale formed
by the side heterostructure of graphene and hexagonal boron nitride is consi-
dered as a potential architecture. It is noted that blocks of DNA structure, nuc-
leotide groups unambiguously associated with nano-gang states and emerging
induced states, can be attributed as leaving a DNA sequence impression in the
calculated current-voltage characteristic. Two offset windows are advanced:
lower (1 - 1.2 V) and higher (2.7 - 3 V), where it is possible to uniquely identi-
fy all four bases from the current traces, although a higher sensitivity is ob-
tained in the higher voltage window. Ways to improve the sensitivity of the
DNA-nucleotide base using functionalized graphene nanogap as a solid-state
device was analyzed in [45]. The appropriate translocation rate of the base mo-
lecule provides a time-dependent function of interaction change inside of inte-
raction interval of each individual base with graphene nanopore. The forces be-

tween bases and graphene nanopore are calculated as interaction characteristics
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of bases [47]. Molecular dynamics method is used for the DNA base and gra-
phene nanopore calculations. The time-dependent in-plane for graphene tran-
sient force signal resolution for different bases is probed. Possibility of base
identification by combination of transient in-plane force taken as orientation
averaged signal is studied. The nucleobases are inserted into a pore in a gra-
phene nanoribbon, and the electrical current and conductance spectra are calcu-
lated as functions of voltage applied across the nanoribbon. The conductance
spectra and charge densities are analyzed in the presence of each nucleobase in
the graphene nanopore. The results indicate that due to significant differences in
the conductance spectra the proposed device has adequate sensitivity to discri-
minate between different nucleotides. Moreover, it is shown that the nucleotide
conductance spectrum is affected little by its orientation inside the graphene
nanopore.

Since DNA bases are different from each other in atomic scale, it is essential to
collect base-specific information at atomic level to correspond to the DNA se-
quence with the measured signals. The amount of current which can pass
through the nanopore at any given moment therefore varies depending on
whether the nanopore is bonded by an A, a C, a G or T nucleotides. The change
in the current through the nanopore as the DNA molecule passes through the
nanopore represents a direct reading of the DNA sequence. In this case, four
separate reading would be used, each one responsible for identifying one of the
four DNA bases. The transient characteristics of the individual bases can be used
for identification of the bases.

According to the different types of the signals, the DNA detection methods
can be roughly classified into two categories [81]:

e the electrical detection methods, and
o the optical readout methods.

The optical detection methods require excitation irradiation source and
photo-detector that transforms fluorescence light into measurable electrical
signal, and optoelectronic connection to the reaction chamber. Therefore, the
optical systems are often relatively large and expensive to be used in hand-held
point-of-care devices [82].

In this review, optical detection methods will not be considered.

3. Electrical Detection Methods

Electrical detection methods for nanopore-based DNA sequencing are:
e Method Based on Ionic Blockade Current [83] [84] [85] [86] [87];
e Method Based on Tunneling Current [35] [82] [88] [89] [90] [91];
e Method Based on Capacitance Variation [92] [93] [94];

e Method Based on Electric Potential Change [95] [96].

3.1. Ionic Blockade Current Method

The current blockades are found to be sensitive to the properties of the nucleo-
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tide composition, sizes, and secondary structure, and to physical parameters
such as the driving field intensity, temperature, and ionic strength of the
bio-liquid. These blockades are therefore a rich and powerful source of informa-
tion regarding the dynamics of polynucleotides in the pore. The process of
translocation occurs in two main stages (Figure 1):

e nucleotide “capture” in which one of the nucleotide’s ends is threaded a small

distance through the channel, and

e nucleotide sliding through the channel.

During translocation, the ionic current flowing through the channel is mostly
blocked, indicating the presence of the polymer/molecule inside the channel.

In 1996, Kasianowicz et al. opened a whole new field when they reported the
first ionic current blockades caused by the translocation of single-stranded RNA
and DNA homopolymers through a 1.4 nm wide, 10 nm long, channel-forming
a-hemolysin (a-HL) in an artificial lipid bilayer [97].

The experimental and theoretical efforts to elucidate polymer capture and the
transport dynamics of biopolymers in nanosized pores are detailed reviewed in
[65]. The initial concept for nanopore sequencing involved threading an indi-
vidual single-stranded DNA (ssDNA) molecule through the staphylococcal
a-HL protein pore under an applied potential while recording modulations of
the ionic current passing through the pore. Each base will be registered, in se-
quence, by a characteristic decrease in current amplitude [87] [97] [99] [100]
[101]. It has been demonstrated that an individual nucleobase can be identified
on a static strand in a nanopore [102]; however, the rate of DNA translocation
under a potential is too high for the necessary current resolution in a moving
strand unless the bases are subjected to chemical modification with bulky groups
[103]. The main technical problems required for the monophosphatization of
high-resolution nucleosides are presented in [19]. It is shown that the robustness
of lipid-bilayers is very sensitive to external and experimental conditions, to pH
value, salt composition, temperature and mechanical stress, which can make the
supporting membrane very unstable.

When the pore is empty the path of the ions in bio-liquid is not blocked and

relatively large ion current flows through membrane, when the polymer/DNA

Figure 1. Molecular dynamic simulation of a ssDNA molecule translocating from one
side of the membrane (pore) to the other. Adapted from Dekker’s review [98].
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enters the pore, it partially blocks the path of the ions, resulting in a significant
decrease in current (Figure 2). When a molecule is translocate through a nano-
pore that partially blocks and prevents ions from freely flowing from one side to
the other, and thus modifies the ionic transport. Despite that DNA also carries a
charge through the pore, its relative speed compared to translocation of ions is
very slow and this translates into a “blockade event”, during which the ionic
current briefly exhibits a lowered value. These translocation events give rise to
spikes, also named pulses, in the ionic current baseline that can be characterized
by their frequency, dwell time, and drop amplitude. The polymer/DNA makes
many attempts to cross the pore; the unsuccessful attempts result in current
blockades of very short durations (% in Figure 2).

The modulation of current flowing through a nanowire by DNA molecules
has been proposed as high throughput sequencing techniques. Xie et al success-
fully detected the translocation of DNA molecules through a nanopore drilled at
the edge of a silicon nanowire connected with electrodes [104]. Using such a
nanowire-nanopore field-effect transistor (FET) sensor, they demonstrated that
localized changes in the electrical potential during DNA translocations are re-
sponsible for FET conductance decreases (modulation) that correlated with the
ionic current blockades.

The full details of the current blockade phenomenon are extremely complex:
the involved variables are the pore size, pore geometry, DNA dynamics, homo-
geneity of the bio-liquid, chemical associations and charge condensations on the
pore, ionic conditions on both sides of the separating membrane (including the
ionic cloud that may condense around the pore), concentration of the macro-
molecules in the solution, ionic condensation on the macromolecules, voltage
difference across the pore and temperature.

In general the translocation process can be viewed as a process controlled by
following main factors:

e external driving forces (gravity, electrophoretic and drag forces),

e
Sl & | Y
"o

v

Time
Figure 2. Example of ionic current traces illustrating the

substrate structure of polynucleotide-induced current
blockade events [87].
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e applied potentials to lateral electrodes,

e polymer dynamics in the aqueous solution,

e type, concentration and orientation of nucleotides,
e pore or channel architecture (form, sizes), and

e molecule-pore interactions in atomic scale.

The main part of stages of translocation dynamics through the pore are de-
tailed analyzed in [64]. It is provided a combined theory-experiment progress
report on the understanding of (bio)polymer translocation.

For ionic conductance G of a cylindrical nanopore the following expression is

commonly used in the literature [105]:

-1
G= O'( 4|2 +lj .
nd d

Here o is the bulk conductivity, /is the length (the membrane thickness)

and dis the diameter of the nanopore.

The capture radius r, is the distance at which the electrophoretic force
overwhelms the free thermodynamic diffusion and makes unlikely a molecule to
escape the electric field forced diffusion (Figure 3). Once within the capture ra-
dius, single molecules are eventually captured and translocate to the other side.
Molecules are captured by open bonds of hydrogen, nitrogen or carbon atoms of
nucleotides (usually weak bonds) and move under the action of electroosmotic

forces in the electrolyte.

Trans

Figure 3. Scheme of capture of biopolymer in a nanopore.
When an electric field is applied across a membrane, the po-
tential drop mainly occurs at the nanopore, forming a funne-
ling field driving the molecule toward the pore aperture. Out-
side of the capturing radius r. the electric field plays a mar-
ginal role and the molecules freely diffuse. Picture adapted
from [3]. “Cis” indicates that the functional groups are on the
same side of the carbon chain, while “Trans” conveys that
functional groups are of opposing sides of the carbon chain.
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3.2. Tunnel Current Method

As one of potential future techniques mentioned in [6] is DNA sequencing by
tunneling currents. Besides the measurement of the changes in the ionic current,
as the DNA passes through the pore, there are efforts to measure tunnel current
flow through each base of DNA molecule (in a technique called Tunneling Cur-
rents DNA Sequencing) as it traverses the pore or channel. The expectations are
that each base will show sufficiently different tunneling current and the base se-
quence will be deduced from the differences in the tunneling currents amplitude.
This technique could have the potential to sequence orders of magnitude faster
than the ionic current methods [6]. As noted yet the graphene nanogaps and
nanopores also show potential for electrical DNA sequencing [46]. The change
in the electric tunnel current is determined as a function of the applied bias and
the coupled differential conductivity is analyzed at a voltage that seems to be
suitable for distinguishing four nucleotides. A negative effect of differential re-
sistance for one of the nucleotides (deoxyguanosine monophosphate) is pre-
dicted. It has been proposed that single molecules of DNA could be sequenced
by measuring the physical properties of the bases as they pass through a nano-
pore [100]. Theoretical calculations suggest that electron tunneling can identify
bases in ssDNA without enzymatic processing [106] [107], and it was experi-
mentally shown that tunneling can sense individual nucleotides [108] and nuc-
leosides [109], short DNA oligomers [110]. The use of graphene nanoribbons for
transverse current modulation by DNA in two-terminal devices presented in
Figure 4, develops in [49]. Usage of the carbon nanotubes (CNT) as tunneling
tips presented in Figure 5.

An approach for reading the sequence of a DNA molecule passing between
electrodes on a nanopore using tunneling signals associated with a hydrogen
bond is proposed in [88]. Interaction with the base electrode is modeled using a
scanning tunneling microscope (STM) probe with a nucleobase that is detached

from the nucleoside monolayer.

Figure 4. The use of graphene nanoribbons for transverse current mod-
ulation by DNA in two-terminal devices [49].
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Figure 5. Carbon nanotubes as transverse tunneling electrodes. Two
configurations are shown, depending if whether the tips are capped or
open (carbon and hydrogen atoms respectively are shown in blue and
white). In addition to ideal aspect ratios and unique electronic properties,
CNTs may help orient nucleotides in the nanopore through specific
ni-stacking interactions. Adapted from [3].

An advantage of transverse tunneling electronic current over ionic current
measurements is the fact that the current is measured in the range of na-
no-ampere, meaning that the translocation speed of DNA is less of a problem
than if it is measured at higher frequencies compared to the pico-ampere ionic
current of small-diameter nanopores.

Method of mechanically controllable break junction (MCB]J) is successfully
used by several authors to investigate translocation behavior of DNA molecules
[91] [108] [111]. Schematic of a nanofabricated nano-MCB]J shown on Figure 6.
Tsutsui et al. first used sub-2 nm gold nanoelectrodes made from MCB]J tech-
nique to detect individual nucleotides in distilled water [108]. With suspended
nanogap electrodes in solution, they showed that electron transport occurs by
tunneling through nucleotides when freely diffusing individual bases get trapped
between the tunneling tips. In such an event, characteristic current pulses are
recorded, and they show that the electrical conductance of the bases was signifi-
cantly different to open the way to individual bases differentiation, with current
modulation due to individual bases of about 10 pA. In a microchannel, they
could similarly detect freely diffusing mononucleotides and short DNA oligo-
mers of up to 22 bases by tunneling measurements.

Method of mechanically controllable break junction (MCBJ) is successfully
used by several authors to investigate translocation behavior of DNA molecules
[91] [108] [111]. Schematic picture of a nanofabricated nano-MCB]J shown on
Figure 6. Tsutsui et al first used sub-2 nm gold nanoelectrodes made from
MCBJ technique to detect individual nucleotides in distilled water [108]. With
suspended nanogap electrodes in solution, they showed that electron transport
occurs by tunneling through nucleotides when freely diffusing individual bases
get trapped between the tunneling tips. In such an event, characteristic current
pulses are recorded, and they show that the electrical conductance of the bases
was significantly different to open the way to individual bases differentiation,
with current modulation due to individual bases of about 10 pA. In a micro-

channel, they could similarly detect freely diffusing mononucleotides and short
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Figure 6. Schematic of a nanofabricated mechanically controllable break
junction (MCBJ). Adapted from [91].

DNA oligomers of up to 22 bases by tunneling measurements.

Tunnel current arises in molecular junction created between metallic elec-
trodes and individual nucleobase during passing of the single-nucleobase
through nanopore (Figure 7). The change in the electric tunnel current (quan-
tum conductance) is determined as a function of the applied bias and the
coupled differential conductivity. As the nucleobase have comparatively high
electrical resistance metallic electrodes and nucleobase create a nanosized met-
al-“dielectric”-metal nanostructure (“instant” molecular junction). Value of
tunneling current depends on the length of binding single-nucleobase and cha-
racterized it. The appropriate translocation rate of the base molecule provides a
time-dependent function of interaction change inside of interaction interval of
each individual base with junction electrodes. Issues such as unreliable met-
al-molecule junction formation, variation of nucleotide conformations, insuffi-
cient differences between the molecular orbitals HOMO and LUMO
(HOMO—high occupied molecular orbital, LUMO—low unoccupied molecular
orbital) are responsible for single-nucleotide conduction lead to overlapping
nanoelectronic measurements and poor nucleotide discrimination, especially at
low coverage on single molecules. The transient characteristics of the individual
bases (ze. amplitude of the current through junction) can be used for identifica-
tion of the bases.

Using nano-MCBJ the conductance-time profiles DNA/RNA oligomers are
investigated in [111]. Based on the differences in the conductance-time profiles,
authors sequentially identified the base-type in the oligonucleotide just passing
through the sensing electrode, resulting in the determination of partial sequence.
It is proposed a tunneling current based identification as a single-molecule
DNA/RNA sequencing. In [91] a single molecule technology that measures the
tunneling currents conducted through single base molecules of DNA and RNA
passing between two nanoelectrodes of the nano-MCB]J is developed. Nanopores

with diameter ~2 nm are formed on a Si substrate covered with a thin Si;N, film.
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Figure 7. Transverse nanopore electrodes for tunneling current measure-
ments of the DNA backbone with a nanopore. Picture adapted from [100].

To reduce electrical noise, electrodes are covered with a thin SiO, film. This na-
nostructure detects molecules passing through the nanopore with the changes in
the electric current flowing between the nanogap electrodes, not with the
changes in the ionic current flowing parallel to the nanopore. This current be-
tween the nanoelectrodes is sourced from a tunneling current conducted via
molecules passing through the membrane. Four bases of DNA are distinguisha-
ble by their different electrical resistances.

Note that understanding the adsorption properties of DNA bases on electrode
(metal) surfaces is fundamental for the rational control of surface functionaliza-
tion leading to the realization of biocompatible devices for biosensing applica-
tions. Investigations of molecule-metal surface interactions that govern the
structural and electronic properties of the molecular nanostructures formed
upon adsorption are relevant, not only to control surface functionalization for
biosensor applications [112] [113] [114] [115], but also to understand the com-
plex biomolecule-surface interactions in general [112] [116].

Tunnel current extremely sensitive to thermal fluctuation in aqueous solution
composition and molecule sizes.

Benefits of tunneling readout are:

e direct reads of epigenetic marking, which can be carried out by direct mea-
surement of the pulses of tunnel currents;

e no consumables—purely physical reads;

¢ simple control of the speed of the molecule, which can be done by selecting
the potential of the reference electrode (gate), taking into account the other
forces that determine the movement of the molecule in the electrolyte (gravi-
ty and drag force).

3.3. Capacitance Variation Method

A new design of the sensor forms a flat-plate capacitor with the locally sus-
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pended monolayer MoS2 nanoribbon that functionalized by cytosine molecules,
which are complementary to guanine was proposed in [39]. In such a setup the
subject to measurement is the modification of capacitance caused by the tempo-
rary deflection of the nanoribbon.

The change in capacitance in response to deviations of the tape and the re-
sulting electrical signal is measured using existing integrated circuits without
using microscopy techniques. An aqueous functionalized nano-containing MoS,
suspended on a solid electrode as a capacitive displacement sensor is designed to
determine the DNA sequence proposed in [39]. The observed sequencing events
arise from the combination of the basic Watson-Crick pairing, one of the most
basic mechanisms of binding to the key and the key of nature, with the ability of
atomically thin membranes of the appropriate size to flex essentially in response
to subnanoatomic forces.

DNA sequencing can be done also by the capacitance variation method using
ion-sensitive field-effect transistors (ISFET), electrolyte-insulator-semiconductor
(EIS) based bio-chemical sensors [117]-[122], and light-addressable potenti-
ometric sensors (LAPS) [123] (Figure 8). In the case of ISFET the threshold vol-
tage changes vs. pH concentration in bio-liquid or drain current changes vs. gate
voltage, for the case EIS the capacitance changes vs. bias voltage, and for the case
of LAPS the photocurrent changes vs. bias voltage.

The ISFET (Figure 8(a)) is one of the most popular electrical biosensors.
Much attention has been paid to silicon-based biosensors in the field of
bio-analytical applications due to their favorable characteristics, which include
sensitivity, greater SNR, speed, miniaturization, and low cost. The ISFET, con-
ventionally referred to as a pH sensor, has been used to measure H* or OH" ions
concentration in an aqueous solution, causing an interface potential on the gate
insulator (SiO; layer in Figure 8). Many different biosensors have been devel-
oped based on pH sensors since various biomolecular interactions produce pro-
tons. The operating principle of the ISFET is simple. Specific molecules are se-

lectively taken into a probe layer on the FET channel, which detects the molecular
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Figure 8. Schematic illustration of the nanosized bio-chemical sensor structures: (a)
ISFET—ion sensitive field effect transistor; (b) EIS—electrolyte-insulator-semiconductor;
(c) LAPS—light addressable potentiometric sensor. RE—reference electrode; V; is the
gate voltage.

DOI: 10.4236/0jbiphy.2019.93013

181 Open Journal of Biophysics


https://doi.org/10.4236/ojbiphy.2019.93013

L. Gasparyan et al.

charge in the probe layer. This charge accumulation shifts the flat band voltage
of the field-effect transistor. Effect conditioned with channel conductivity mod-
ulation. In the case of DNA detection, the probe is ssDNA with a known se-
quence, immobilized on the substrate. Since the DNA backbone has intrinsic
negative charge, the change in surface charge conditions lead to a change in the
FET channel conductance, which can be measured using electrochemical cell
consisting of a FET gate as the working electrode together with a reference elec-
trode immersed into a solution. In the case of an ISFET biosensor, the amount of
the current flow will be determined by the charges of biomolecules interacting
on the gate dielectric. An attractive feature of such FETSs is that it is possible to
detect biomolecular interactions in a label-free manner through a direct change
in conductance or a related electrical property.

A related approach utilizes the changes in the conductance of the semicon-
ductor material, which is attached to the nanopore, when DNA molecules trans-
locate through the channel. This method based on the ISFET biosensors made
on nanotubes, nanowires and nanoribons [104] [124]. Those sensors have not
long life time because non stability and non-reliability of thin insulator layer
(usually SiO,, SisN, or Ta,0s) covered semiconductor material (usually silicon)
in aqueous solution. Biological or chemical molecules, adsorbed on the surface
of the current channel, create a strong chemical bonding.

The EIS capacitor (Figure 8(b)) is one of these modified designs and has been
broadly applied for bio-sensing. The EIS structure is identical to that of a met-
al-oxide-semiconductor (MOS) capacitor but the gate electrode is replaced by an
electrolyte medium and a reference electrode. The insulator, commonly an
oxide, is thus directly exposed to the electrolyte so changes in the aqueous solu-
tion can affect the oxide surface potential and modulate the response of the de-
vice.

Estrela et al employed MOS capacitors consisting of Au/SiO,/Si and
poly-Si thin film transistors with a gold metal gate as ISFET biosensor for la-
bel-free electrical detection of DNA hybridization [125]. When probe DNA
bind to its complementary DNA, changes in electric potential in the electric
double layer occur, leading to a shift in the C-V (capacitance-voltage) or I-V
(current-voltage) characteristics.

When the target ssDNA is supplied, hybridization occurs if the target DNA is
complementary to the probe DNA. With or without specific hybridization can
be detected by the difference in charge since a nucleotide has a negative charge
on the phosphate group.

In the [122] summarizes the FET-based DNA sensors strategies.

The LAPS (Figure 8(c)) is a kind of the ISFET, which has an EIS structure. By
illuminating parts of the sensor surface with infrared light, a photocurrent flow
of which the amplitude depends on the local surface potential or local pH value.
In this way, the surface potential distribution can be obtained by scanning the

light pointer across the surface of LAPS.
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3.4. Electric Potential Change

The detection of electric potential change based on an ISFET [126] has shown

excellent sensitivity for ion concentration [127], penicillin [128], glucose [129],

urease [130], neuronal activity [131], extracellular recording [132], and specific

DNA sequence including single nucleotide polymorphisms [1] [87] [133], and so

on.

Basic mechanisms of potential generation for electrochemical sensors are
[134]:

e pH or ion-concentration change,

e enzymatic reactions,

o affinity binding of molecules (antigen-antibody affinity reaction, or DNA
hybridization),

e potential changes that are coming from living biological systems as a result of
more sophisticated biochemical processes (action potential of nerve cells, di-
pole potentials, etc.).

Detail review of advances and developments in the bio-analytical use of
ISFET-based biosensors presented in [118] [135]. An electrochemical sensor for
detection of unlabeled ssDNA using peptide nucleic acid (PNA) probes
coupled to the FET gate is demonstrated in [136]. An application of ISFET
technology for the detection of single nucleotide polymorphisms suggested in
[137]. In this study authors developed a useful procedure for sequencing one
base via the detection of single-base mismatch in DNA. When DNA strands
bind to the gate surface of ISFETs, changes in surface potential of semicon-
ductor occur due to the negative charge of DNA, thereby allowing excellent
performance of in DNA sensing. Therefore, the capacitance of the system elec-
trolyte-insulator-semiconductor depletion layer will be changed. Then conduc-
tivity of the semiconductor depletion layer will be modulated, and source-drain
signal current will be changed. For identification and quantification of individu-
al analytes antibodies are the most commonly used capture agents. Note that for
biomolecular recognition in ISFET based sensors it is necessary that biological
sensing should take place within the Debye screening length 4, . In electrolytes,
the Debye length is a measure of a charge carrier’s net electrostatic effect in a
solution and how far its electrostatic effect persists. In an electrolyte or a colloid-

al suspension, the Debye length for a monovalent electrolyte is [138]

& KT
o= 5N T
2x10°e“N,J

Here g, is the permittivity of free space, &, is the dielectric constant, k,

g
is the Boltzmann constant, 7 is the absolute temperature, e is the electron
charge, N, is the Avogadro number, Jis the ionic strength of the electrolyte in
molar units.

The binding of a charged biomolecule result depletion or accumulation of

carriers in semiconductor surface layer and cause change of electric charges on
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the gate electrode. In FET biosensors the electric field generating from the bind-
ing of a charged biomolecule to the gate is analogous to applying a voltage to a

gate. Source-drain current of ISFET can be presented as follows:
w
lys o OV,

where u is the charge carrier’s mobility in the current channel, Wand L sizes

of the current channel, V,, is the gate voltage, and

&&,
t

C=

is the gate capacitance per unit area, t; is the thickness of the insulator layer;
g 1is the dielectric constant of insulator, respectively.

Note that the sequencing mechanisms of sensors based on ISFET's can be used
only for detecting nucleic acid using pH sensitivity and amplifying the useful
signal in real time.

ISFET biosensors have the following applications: DNA-based ISFETSs, ISFET's
for electro-immunological sensing, enzyme based-ISFETs, ISFETs for monitor-

ing living cell responses.

4. Some Notes (Criticism) and Conclusion

The challenges for next generation DNA sequencing are to have robust, stable
and reproducible nanosized sensor-devices. One major challenge of nano-
pore-based DNA sequencing technologies is to find an efficient way to reduce
DNA translocation speed so that each nucleotide can reside long enough in the
pore for reading and forming “long”-time and accurate recognition. The existing
methods of DNA sequencing are still not well optimized from the point of view
of cost and DNA translocation speed. Detailed analyses show that the main
problems of electrical detection methods for nanopore-based DNA sequencing
are:

e high translocation speed of molecules through the pore (in bases/s: 1000
[139], 9600 [140], 55,000 [135] [141], 70,000,000 [39]);

e low level of desired electrical signal (of the order of pA for ionic blockade
currents [87] [97]-[104] and of the order of nA for tunnel currents [19] [65]
(87] [142] [143]);

o low value of the signal-to-noise ratio (for biological and graphene nanopores
<10 [40]).

o etc.

In the other hand to achieve high-quality sequencing performance, solid-state
nanopores should have the following characteristics:

o the size of the nanopores should be comparable to the DNA molecule diame-
ter (~1 nm for ssDNA and ~2 nm for dsDNA);

o the effective length/thickness of the nanopore should be no more than the

distance between two adjacent bases (~0.5 nm for ssDNA) to realize sin-

DOI: 10.4236/0jbiphy.2019.93013

184 Open Journal of Biophysics


https://doi.org/10.4236/ojbiphy.2019.93013

L. Gasparyan et al.

gle-base sequencing precision.

Note that all of the biological and synthetic nanopores have barrels of ~5 nm
(which is considerably longer than the base-to-base distance of 3.4 A) in thick-
ness and accommodate ~10 - 15 nucleotides at a time. It is, therefore, impossible
to achieve single-base resolution using blockage current measurements. In addi-
tion, the average rate at which a polymer typically translocates through a nano-
pore is on the order of 1 nucleotide/us (Ze., on the order of MHz detection),
which is too fast to resolve. The time distribution of two processes (capture, en-
try, and translocation) is non-Poisson and often differs by an order of magni-
tude. This means that two molecules pass through a nanopore at considerably
different rates and the slower one could be missed or misinterpreted.

Analysis conducted above revealed the following.

1) Case of Ionic Current Blockade

It is well known that jonic current /is carried out by mass transfer

m =Kilt,,

where k is the electrochemical equivalent, t, is the current passing time (see
Figure 2). By connecting electrons from the cathode, the protons in aqueous
solution are converted into hydrogen atoms, which are converted into a hydro-
gen molecule. The latter must be removed from the electrolyte near the cathode.
The movement of hydrogen molecules will create some fluctuation around the
cathode in the aqueous solution. As a result, the solution homogeneity will be
disturbed, which will lead to increased current noise and decreased sig-
nal-to-noise ratio. Other ions which are in solution can come closer the corres-
ponding electrodes take or give away electrons and turn into neutral atoms.
Some of these atoms can be deposited on the electrodes, some at the bottom of
the chamber. The process of atoms deposition on the electrodes is the random
process and will repeat many times when pore is empty. Such process will in-
evitably lead to a reduction in pore size. Then pore will be closed for the follow-
ing DNA molecules. To restore the sensor, it will be necessary to open a new
pore. This means that the re-productivity of the DNA sensing and reading
process will be very low. On the other hand, the ionic current has a very low
value (of the order of picoamperes), and therefore it will be very sensitive to any
fluctuations (solution homogeneity, pore diameter, etc.). So, the noise level will
be high, and the SNR value will be low.
2) Case of Tunnel Current

Note following. In the case of the single layer graphene nanopore sequencing
effective thickness (the covalent diameter of carbon) is equal to 0.15 nm [144]
and for the effective sequencing will be used at least 3 - 5 layered graphene na-
noribbon. Let us turn more detail to the case shown in Figure 4 (adapted from
[49]), which is very common in the literature (see also [52]). There presented
usage of graphene nanoribbons for transverse current modulation by DNA in
two-terminal devices. In [49] we read: “ Unlike other recent biosensors based on

transverse electronic transport through translocated DNA, which utilize small
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(of the order of pA) tunneling current across a nanogap or a nanopore yielding a
poor signal-to-noise ratio, our device concept relies on the fact that in ZGNRs
(zigzag nanoribbon) local current density is peaked around the edges so that
drilling a nanopore away from the edges will not diminish the conductance. In-
serting a nucleobase into the nanopore affects the charge density in the sur-
rounding area, thereby modulating edge conduction currents ...”. In [52] we
read: “The nucleobases were inserted into a pore in a graphene nanoribbon, and
the electrical current and conductance spectra were calculated as function of
voltage applied across the nanoribbon.”

In this regard, it is necessary to note the following.

The total current between the electrodes is equal to the sum of the conduction
current of the continuous layer near the pores and the tunneling current through
nucleobase (compare Figure 4 and Figure 9). It is known that the conductivity
of graphene in continuous regions is much greater than the conductivity of the
nucleobases of the DNA molecule in the pore. Note that at room temperature,
graphene has slightly better conductivity than silver. Electron and hole mobili-
ties of up to 200,000 cm?*/V-s and high maximum current densities of ~2 mA/um
in width, or 6 x 10° A/cm? have been measured in graphene [145]. On the other
hand, the conductivity of organic molecules (including nucleobases) is much
smaller (electrical resistances are usually on the order of Mom) and they are
closer to dielectrics than conductors. With such parameters, the conduction
current through a continuous layer of graphene will be much greater than the
tunneling current. This means that the measured current, both in the absence
and in the presence of DNA in the pore, will be exactly the conduction current
and its fluctuation will be very insignificant.

At the transverse nanopore electrodes presented in Figure 7 the capture cross
section area of the electrodes for the DNA molecule is very small and the con-
ductive bridge can be created only with the appropriate orientation of the mole-
cule. The probability of the molecule capture will be low.

Note also that comparing with the ionic blockade current level of the tunnel

o
+ + + + + +
1

R=R,R./(R,+R,), Ry»R., R~R,.

Figure 9. Equivalent scheme of two-terminal device for transverse current mod-
ulation made on graphene nanoribbons (see Ref. [49]). R, and R. are resistances
of nucleobase and continuous region of graphene, Z, I, are currents through con-
tinuous region and nucleobase, 7is the total current.
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current is higher and it is not more sensitive to any fluctuations (for example
solution homogeneity).

3) Case of the change in capacitance

For the case of a design of the sensor forms a flat-plate capacitor with the lo-
cally suspended monolayer MoS2 nanoribbon proposed in [39] where the sub-
ject to measurement is the modification of capacitance caused by the temporary
deflection of the nanoribbon note following. The change in capacitance in re-
sponse to deviations of the tape and the measured resulting electrical signal must
be very low and therefore they will be hard measurable and very sensitive to any
fluctuations. Note that average deflection was ~(0.1 - 0.2) A or (0.01 - 0.02) nm
(Figure 2 [39]).

4) Case ISFET and EIS sensors

Sequencing mechanisms of sensors based on ISFETs can actually be used only

for detecting nucleic acid using pH sensitivity and amplifying the useful signal in

real time. For the ISFET and capacitive EIS biosensors we can note:

¢ non-stability and non-reliability of work because of thin insulator layer (6 - 8
nm),

¢ random character of the capture of molecules on the sensing layer,

* etc.

To realize more correct, precise and more measurable (comparatively high
currents), low noisy DNA sequencing it is necessary to use new, more optimal
architecture of nanopore and as an information signal use tunnel current
through metal-nucleotide-metal junctions. One variant of the optimal architec-

ture developed by us presented in [146].
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