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ABSTRACT

This review shows the recent trends on the use of both single and array nanochannels for
electrical biosensing applications. Some general considerations on the principles of the
stochastic sensing, together with an overview about the common routes for nanochannels
preparation before focusing on the applications for DNA, protein, virus, toxin and other
analytes detection are given. Emerging materials used to obtain nanochannels, such as
graphene and its analogues as well as novel systems based on the use of nanoparticles in
combination with nanochannels are discussed. Aspects related to the analytical
performance of the developed devices are also discussed. Finally prospects for future

improvements and applications of this technology are included.
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1. INTRODUCTION

One of the leading sectors of state-of-the-art nanoscience and nanotechnology is focused
on the development and application of novel biosensing systems. Measurement of clinical
parameters, monitoring of environmental pollutants, detection of pathogens, and other
industrial and safety and security related detection are reported in the wide range of

biosensing systems that are under commercial development.!-2

One of the challenges for providing biosensing devices to end-users relies in the
modification of current technologies so as to make them run on everyday equipment,
rather than on specialized apparatuses. Recent advances in nanomaterials and
nanotechnologies research are allowing the development of either highly improved
biosensing systems or brand new ones fulfilling the requirements of cost-effective and

user-friendly devices.>>

Particularly, nanopores/nanochannels have emerged in the last decade as materials with
powerful analytic capability for biosensing applications. Natural protein-based ion
channels have inspired artificial electrical biosensing systems based on both single
nanochannels and nanochannel arrays with outstanding performance for the detection of
a variety of analytes, including protein biomarkers and DNA between others. The
potential ability of these devices for DNA sequencing are one of the most exciting

perspectives of the nowadays nanobiotechnology.

Electrical sensing using single nanopores have been object of several reviews.®* In
addition biosensing applications of nanochannel arrays, but mostly related to optical
approaches which has drawbacks in terms of application in real samples beside
inappropriateness of the detection principle for in-field /point of care applications is also
found in the literature.*>!% In contrast, in this review we focus for the first time in a more
analytical application-related perspective on single nanochannel-based electrical sensing
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platforms, giving a special relevance to the emerging materials used for drilling single
nanochannels as alternative to the traditional silicon oxide/silicon nitride membranes,
such as graphene and its analogues (hafnium oxide, boron nitride and molybdenum
disulphide). We also highlight the recent trends in the development of innovative
electrical approaches based on nanochannel arrays, in combination with the use of

nanoparticles.

For a better understanding of this review, it is important to clarify first that ‘‘nanopore’’
is defined as a pore with a diameter in the range 1-100 nm, and a depth shorter than its
diameter. The term ‘‘nanochannel’’ applies when the pore depth is much larger than the
diameter which makes them more selective on the translocated analytes.*’ In spite of these

differences, both terms are currently in common mutual use.

2. BASIC CONCEPTS: FROM THE COULTER COUNTER TO THE
STOCHASTIC SENSING

The precursor of the nanochannels-based biosensing systems was the microparticle
counter device developed by Wallace Coulter in the 50°s.182° Mobility, surface charge,
and concentration of micro-sized analytes can be evaluated by simply measuring changes
in the electrical conductance (electric current or voltage pulse) between two chambers
separated by a microchannel when such analyte passes through the channel. Commercial
devices based on such principle are routinely used in the industry of painting and ceramics
as well as in hospitals (for cells counting/determination) between other applications

(Figure 1A).

This device evolved from micro- to nanochannels-based ones, shown to be able to detect
molecules in the nanoscale such as ssDNA and proteins (Figure 1B). However, the

preparation of two chambers separated by a thin membrane containing a single pore with



nanometer size represents a major technical challenge. As in many cases, nature has
served here as inspiration, providing with alternatives such as the use of pore forming
toxins (PFTs).2! PFTs are protein exotosins typically produced by bacteria such as
Clostridium septicum o Staphilococus aureus. They are the most common class of
bacterial protein toxins and the responsible of the most important virulence factors. These
toxins are secreted by bacteria in a water-soluble form. Their monomers diffuse towards
the target cells, bind them via specific receptors and oligomerize forming ring-like
complexes. The pore formation leads to ionic imbalances in the cells and the subsequent
cell death (in the case of erythrocytes, to cell lysis). In some cases PFTs also transport

secondary toxins into the cells via the pores, so the toxic effect is even higher.

As example of PFTs we can find i.e. a-hemolysin, anthrax toxin or pneumolysin, between
others. In both cases, they form heptamers which are the responsible of the pore
formation. The structures of the pores formed by a -hemolysin and the anthrax toxin are
shown in Figure 1C while the mechanism of action of these toxins is illustrated in Figure

1D.

The insertion of the a-hemolysin bacterial protein pore in artificial lipid bilayer
membranes separating two chambers filled with an electrolyte solution was the pioneer
approach to build these biomimetic nanochannels.??* A drop in electric potential close
to the nanochannel is created when an external electrical field is applied across the
membrane, producing an ionic flow and inducing a measurable current. Charged
biopolymers (i.e. DNA) are first attracted by the electric field in a random way and then
forced to pass through the channel. This pass, also known as “translocation” produces a
displacement of electrolytes in the channel, leading to a sudden decrease in conductivity

which can be recorded with an electrometer.



The ability to use a single channel as an analytical sensor, was reported for the first time
in the early 1990s by Kasianowicz and Bezrukov who demonstrated the ability of such
systems to detect and discriminate between different ions.?>?® These findings opened the
way of extensive sensing applications based on the so-called stochastic sensing, being the
work of Bayley and co-workers considered as reference in this area.?” The selectivity of
the system is given by specific receptors that can be inserted inside the nanochannel by
genetic engineering techniques, allowing to detect a variety of analytes such as DNA,
proteins and others, being the possibilities for DNA sequencing thoroughly studied?®?° as

will be detailed in the following sections.

Solid-state nanochannels have emerged in the last years as alternative systems able to
solve the drawbacks inherent to the biological ones, in terms of better stability, lower time
of analysis, easier functionalization and precise pore-size control, representing reliable
robust sensing platforms.3°-3? Such solid-state nanochannels can be prepared following
different methodologies, as will be detailed later. Some of these methodologies also allow
to obtain nanochannel arrays, which have led to novel sensing systems both
electrochemical*® and optical.**% In this review we will focus only on the

electrochemical approaches, as summarized at section 4.

In the following sections an overview of the most representative and recent works related
to the single-nanochannel resistive biosensing and the novel approaches developed for
protein and DNA sensing using nanochannel arrays will be given. Electrical systems
using single nanochannels are mostly based on the stochastic sensing, so they will be
classified in this review in relation to the detected analyte. Nanochannel arrays-based
sensing systems will be classified regarding the electrical technique used for the analyte

detection.



3. ELECTRICAL BIOSENSING SYSTEMS BASED ON SINGLE
NANOCHANNELS

3.1. Single nanochannel preparation

As stated above, the most widely used biological nanochannel used for biosensing is the
heptameric a-hemolysin bacterial protein pore from Staphilococus aureus which consists
of a transmembrane B-barrel and a big cap region sticking out.*” The nanochannel
diameter in the entrances ranges from 2.9 nm (cis entrance) to 2 nm (trans entrance) while
the internal cavity and the inner constriction measure 4.1 nm and 1.3 nm respectively. In
a minor extent, porins such as OmpG=3®¢ and MspA?® have also been used as alternative to
a-hemolysin for the preparation of biological nanopores. Lipid bilayers where the
biological ion channel is embedded are usually prepared across 30-100 um holes made in
polymeric membranes such as polysulfone, Delrin or Teflon.* The nanochannel is
inserted by adding the protein solution to the as-prepared membranes. Support structures
made of hydrogels* or porous alumina*? between others have been used for improving
the bilayer stability. Problems related to the lipid bilayer fragility can be solved using
hybrid biological/solid-state ion channels prepared by inserting the protein channel in a

synthetic material.!

Track-etching on polymeric membranes was the pioneer approach for the preparation of
solid-state single nanochannels.*® However, most of nanochannels used nowadays for
biosensing are prepared by drilling them on silicon nitride/silicon oxide membranes using
electron-beam lithography, taking advantage of the high degree of pore-size control
provided by commercial TEM/SEM instruments.* lon beam sculpting made by modern
focused ion beam (FIB) machines equipped with an electron beam for imaging (called
dual-beam or cross-beam machines)* allow to improve the accuracy of the sculpting.

Emerging materials such as graphene, hafnium oxide, boron nitride and molybdenum



disulphide have been recently proposed as alternative and advantageous materials for

drilling single nanochannels, as will be detailed at section 3.3.

Details about preparation and characterization of single-nanochannels for biosensing

applications have been reported in a recent review by our group.*®

3.2. Analytical applications of single nanochannels

3.2.1. DNA analysis and sequencing

In the 90’s was demonstrated for the first time that individual molecules of sSRNA and
sSDNA could be driven electrophoretically through a single a-hemolysin channel (Figure
2A) and consequently detected using the stochastic sensing principle.®> Covalent
immobilization of sSDNA probe inside the protein nanochannel allows the DNA
hybridization detection at single-base resolution by measuring changes in ionic
current.®®4® Biotin-streptavidin complexes and terminal hairpins have also inserted into
the nanochannels for the ssDNA immobilization with the aim of improving the

discrimination between current pulses coming from individual nucleotides.**8

Although these pioneer and representative works were done using biological ion
channels, most of the recent works for DNA analysis using nanochannels are based on
robust solid-state ones, generated by electron-beam lithography/ion-beam sculpting in
thin artificial membranes, being silicon nitride/oxide and aluminum oxide membranes the
first and most popular ones used for this purpose. Changes in current during DNA
translocation on these nanochannels can be used to identify sequences of individual

DNA 495

A variation in the standard architecture of solid-state single nanochannel systems has

recently been reported by Rant’s group.®”*® The proposed device consists of two stacked



nanopores separated by a micrometer-sized pyramidal compartment, the so-called
“porecavitypore” (PCP). This architecture allows not only sensing but also analyte
manipulation since it single particles or macromolecules can be electrophoretically

trapped within the formed cavity and released upon demand applying a voltage pulse.

Single-molecule detection of specific sequences after DNA hybridization can also be
carried out after immobilization of specific sSSDNA® or even peptide nucleic acid (PNA)

probes®® inside these nanochannels.

Probably the most exciting perspectives in the nanochannels-based electrical biosensing
field are those related to the DNA sequencing possibilities, as first proposed by
Kasianowicz and co-workers in 1996.6* They found that ssDNA (or RNA) could be
electrophoretically driven through the a-hemolysin pore and pass in an elongated
conformation. Each of the four DNA bases (A, T,C and G) interacts in a specific way with
the inner surface of the nanochannel, giving rise to “fingerprint” signatures (Figure 2B).
Base composition and strand length affect the recorded current and the transit time while
mutations in DNA modify the magnitude of conductance. This pioneer work opened the
way to extensive research in this field as summarized in many reviews published in the
last years.'>%2-54 Reflection of the great potential of these sequencing systems for building
fourth-generation methods alternative to traditional chain-termination and single-
molecule based ones in terms of time and cost of analysis are the commercial devices

currently available (Figure 2C).%>%7

In spite of such perspectives, important problems still limit the success implementation
of nanochannels four routine DNA sequencing. One of the main limitations is related to
the high speed of DNA translocation which avoids a good resolution in the signals coming

from different nucleotides. In this context, recent efforts have focused in the tuning of



nanopore wall surface charge so as to increase the residence time of each nucleotide inside

the channel.®®

The relative high noise in the ionic current recorded with biological channels is also an
important problem for a single base resolution. With the aim of solving this, Farimani et
al. have very recently proposed that not only ionic current but also tension can be
measured for a more precise DNA sequencing, using mechanosensitive (MS) ion
channels,®® which are able to transduce mechanical tension into an electrochemical

response, as alternative to traditional o-hemolysin ones.

3.2.2. Protein detection

The small size of the a-hemolysin channel, which has a narrowest constriction of 1.4 nm,
represents a main limitation for big analytes translocation and subsequent detection. For
example, most of proteins such as globular ones are not able to translocate in their folded
native state, being necessary the use of specific ligands bound to the head of the pore
which recognize the protein out of the channel. Proteins selectively captured in this way
produce changes in the channel current, making possible their detection (Figure 3A).
Polymers modified with biotin,”® disaccharides,’* inhibitor peptides’>" and aptamers’
are probably the most representative examples of ligands used with this purpose, applied
in these cases for streptavidin, lectins, protein kinases and thrombin detection
respectively, as extensively studied by Bayleys’s group. Alternatively, denaturation by
chemical,” thermal,’® mechanical,”” or enzymatic’® treatment for unfolding have allowed

studies of protein translocation through a-hemolysin nanochannels (Figure 3B).

As in the case of DNA, solid-state nanochannels have emerged as robust and improved
sensing platforms for protein analysis. Furthermore, such artificial nanochannels can be
prepared with arbitrary dimensions, permitting protein translocation in native folded
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state.”®®% However, recent efforts in the use of thin membranes and high bandwidth
amplifiers haven't been enough to solve the big challenge related to the poor resolution
in the analysis of translocation events coming from proteins of similar size,! being
necessary the use of receptors to provide selectivity. As representative examples of these
approaches can be considered the use of nitriloacetic acid receptors in silicon-nitride
membranes (Figure 4C)® and the introduction of metal-chelating ligands in polymeric
membranes (Figure 4D)® for His-tagged proteins and lactoferrin detection respectively,
at levels of around 150 nM. dsLNA (locked nucleic acid) has also been connected to

silicon nitride nanopores for the selective detection of Nuclear Factor-kappa B proteins.®*

Recent efforts have been directed in the selective detection of proteins without
modification of the solid-state nanopores, which usually requires important engineering
processes. Of special relevance is the very recent work reported by Bell et al.®® in which
the selectivity of the protein detection is given in solution. They designed a 200-mer
dsDNA with chemical motifs at tailored positions for binding of protein molecules of
interest. Captured proteins in solution produce changes in the DNA signatures, allowing

in this case the selective streptavidin detection at pM levels.

3.2.3. Viruses and toxins detection

Nature mechanisms are also approached for virus detection using biological ion channels.
It is known that translocation of the viral DNA into host cytoplasm occurs after
bacteriophage docking to specific receptors in the bacterial membrane, being the
bacteriophage lambda (L) virus and the maltoporin (LamB) receptor a well-known
couple.®® Taking advantage of this natural behaviour, Bezrukov’s group mimicked this

system for the detection of A virus particles using LamB ion channel.%’
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A variety of spherical and icosahedral virus strains have also been detected using solid-
state nanopores with suitable dimensions.2° Very recently, Stein and co-workers®
studied for the first time the mechanisms affecting the translocation of a filamentous virus
through silicon nitride membranes, concluding that the stiffness of such kind of virus
avoid hernias formation which make them able to pass through the channels only in
elongated forms. This coupled with the long length of the virus (around 1 um) generates
well resolved/easy-to-read signatures, opening the way to reliable future label-free virus

detection systems (Figure 4A).

Regarding toxins, Martin’s group efforts for ricin (a potent cytotoxin from the castor bean
plant) detection using gold-modified solid-state nanochannels in polymeric membranes
must be highlighted.®? Gold deposition inside the channels allow to easily control the
channel diameter so as to adapt it to the size of the analyte (in this case to 4 nm) as well
as facilitates receptors immobilization. Antibodies anti-ricin are immobilised inside
channels through streptavidin-biotin interactions, being able to detect the blocking in the

channels for ricin concentrations of 100 nM.

In addition to the use of specific antibodies, small toxins can also be detected by
monitoring the toxin’s enzymatic activity on its substrate. This is the strategy very
recently followed by Wang et al. for botulinum neurotoxins (BoNTs) (the most lethal
toxins to human) detection using biological nanochannels.®® The cleavage products
generated in a proteins substrate by the action of the toxin produce specific current blocks

that allow to identify subnanomolar levels of toxin within minutes (Figure 4B).

3.2.4. Detection of non- biological molecules
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Although this review is focused on the use of nanochannels for biological molecules
detection, it must be mentioned that single-nanochannels, both biological and synthetic,
have also been applied for the detection of a variety of non-biological analytes. Chemical
(organoarsenic compounds, nitrogen mustards and organophosphorus nerve agents), and
explosive (2,4,6-trinitrotoluene and liquid explosives) agents, as rightly reviewed by Liu

et al** have been detected using nanochannels.

Bayley’s group also pioneered the detection of divalent metal ions using the a-hemolysin
nanochannel.®> Mercury (I1) ions have been recently detected with a high degree of
sensitivity and selectivity taking advantage of the well-known coordination-based
interaction between such ions and bisthymine.®® The mercury (I)-mediated duplex
formed in a specifically designed ssDNA generates a stable hairpin structure, which
significantly changes the translocation signature of the sSDNA, allowing to detect levels

of 7 nM these ions.

Finally, it deserves mentioning that in addition to detection of a wide range of analytes,
single-nanochannels can also be used to measure the function and viability of biological
molecules. Enzymatic cleavage and protein unfolding processes are the most
representative examples of biological processes successfully monitored using these

approaches, as extensively reviewed by Kasianowicz’s group.!°

3.3. Emerging materials: graphene, hafnium oxide, boron nitride and molybdenum

disulfide

Within the solid-state nanopore family, graphene has recently gained considerable
attention as alternative to traditional silicon nitride/silicon oxide based membranes.

Graphene atomically thin membrane with vast electrical and mechanical properties®” % is
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also an ideal substrate for sculpting thin nanopores atom by atom®% making it a
promising material for a new generation of nanopore-based sensing systems.
Golovchenko’s work can be considered as reference in the use of this material for drilling
nanopores and detecting DNA translocation.*® Graphene nanoribbons have also been
used as transistors integrated with nanopores for DNA translocation detection by

measuring modulations in tunnelling current (Figure 5A).1%

Similar approaches have been reported using thin Hafnium oxide (HfO2) membranes,
taking advantages of the excellent properties of this material for building transistors

(Figure 5B).103

Simulations of the interaction of graphene-based nanochannels with the four DNA bases

(ATCG) have also been reported, as shown at section 3.2 focused on DNA sequencing.

In spite of its advantages, the use of graphene is limited here by the unspecific adsorption

of DNA through the strong - interaction,'® which may difficult the translocation.

In this context, Boron nitride (BN), also known as “white graphene”, has also been
proposed to be used as alternative 2D material for drilling nanopores with biosensing
purposes. This material has analogous properties to graphene due to a similar crystal
structure but with alternated B and N atoms,*% having a single layer f BN a thickness
that is similar to the spacing between bases in ssDNA (0.32—-0.52 nm),%% making it an

outstanding material for single-base DNA resolution (Figure 5C).7

With the same aim, Molybdenum disulfide (MoS2), a material complementary to
graphene due to its semiconductive nature and other interesting physical properties, has
also been very recently proposed by Radenovic’s group as an inorganic analogue of
graphene for building very thin nanopores applied for DNA translocation detection

(Figure 5D).108109
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Recent studies point to the use of solid-state nanochannels drilled in graphene as
advantageous platforms for DNA sequencing, taking advantage of the properties of this
material detailed in the previous section. Graphene nanochannels on silicon nitride
membranes have been used for this purpose'!®! while very recent theoretical
studies/simulations have explored the potential of bilayer graphene as next generation
platform for DNA sequencing.!*?'* Emerging materials like boron nitride and

molybdenum disulphide are expected to play an important role in this field.

Finally, in addition to graphene and its analogues, it deserves to be mentioned that
nanoporous gold prepared by dissolution of silver from a silver/gold alloy has also been

used for DNA hybridization detection.'!>!16

4. ELECTRICAL BIOSENSING SYSTEMS BASED ON NANOCHANNEL
ARRAYS

4.1. Nanochannel arrays preparation and functionalization

The most common routes followed for the preparation of nanochannel arrays are i)
metallic substrate anodization, ii) micro/nanomolding and iii) high ordered mesoporous
thin films formation.

The most popular nanochannel arrays, widely used in a variety of applications, are those
consisting in anodic aluminum oxide (AAO) nanoporous membranes.’’ AAO
membranes are typically prepared by anodization of highly pure aluminum, followed by
acidic dissolution, resulting in the nanochannels formation (Figure 6A).1*8120 AAQ
nanochannels can also be directly generated on an electrotransducer surface which is of
great interest for biosensing applications.'?* Furthermore, AAO membranes are rich in
hydroxyl groups, which allow their easy functionalization, typically after silanization and

later modification with binding ligands.1?2
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Nanochannel arrays on solid substrates can also be built by highly ordered mesoporous
thin film coatings, being the use of self-assembled nanoparticle templates*?® and of hard

124 the most typical preparation routes (Figure 6B).1?°

templating/nanocasting approaches
The self-assembly of polystyrene nanospheres to create nanostructured surfaces on
transparent conductive oxide (TCO) substrates deserves to be highlighted as highly
advantageous for electrochemical/optical sensing systems.?61%" The use of i.e. carboxyl-
modified nanospheres allows their easy functionalization for further biosensing
applications.

Finally, micro/nanomolding techniques are also suitable for the preparation of
nanoporous membranes on solid substrates. Micro/nanomolding using both the traditional
PDMS'?® and the emerging block copolymers'?® has been proposed for such purpose.
Recent advances in nanoimprint lithography (NIL) have allowed to solve problems
related to film delamination and breaking, leading to 3D nanochannels preparation on
flexible substrates with high potential for mass production (Figure 6C).1%

Functionalization of such nanoporous polymeric membranes can be done by ammonia

plasma which introduces amino groups.

4.2. Impedimetric, capacitive, conductometric and resistive sensing systems
4.2.1. DNA, protein, and bacteria detection using AAO nanoporous membranes

Electrochemical impedance spectroscopy (EIS), conductivity, resistivity and capacitance
measurements on electrodes modified with AAO nanoporous membranes have been used

in the last years for the detection of a variety of analytes.*®

EIS is an ideal detection technigue on AAO membranes, since the electrical
characteristics of AAO can be easy adjusted to an equivalent circuit. Changes in
impedance or conductance produced by biorecognition reactions in the inner walls of the
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nanochannels consequently allow to detect the analyte of interest. Smirnov’s group was
the pioneer in the application of these principles for the detection of DNA
hybridization®***2 followed by others who recently worked in i.e. the integration of AAO
membranes in chips (Figure 7).1® This kind of approach has been recently proposed for
the detection of ssSDNA related to analytes of interest in diagnostics, such as Dengue virus

at levels of pM, allowing to discriminate even single base mismatches.***

AUNP tags and silver amplification have also been recently proposed for the improvement
of the performance of these DNA sensing systems**® reaching LODs of 50 pM for 25-

mer ssDNA.

Proteins have also been detected following this sensing format. Biotin, as model analyte,
has been detected in studies focused on the exploration of the influence of AAO
nanochannel dimensions on non-faradic EIS,'* obtaining important information for

further developments in this field.

Foodborne pathogens such as Escherichia coli O157:H7 and Staphylococcus aureus have
also been evaluated based on the same principles, reaching detection limits as low as 102

CFU/mL with high specificity.*’

Enzymatic processes have also been monitored using AAO nanoporous membranes and
impedimetric detection. That is the case of the enzymatic activity of botulinum neurotoxin
A that has been recently evaluated by Ye and co-workers'® by measuring the cleavage
activity through impedance signals, reaching detection limits of 500 pM of a light chain

protease. Urease activity has also been evaluated by conductometric measurements.*%

Recent efforts have focused on the improvement of the gating efficiency of such systems,
using i.e. a so-called supersandwich formed by a capture probe ssDNA immobilized on

the AAO nanochannels hybridized with two target sSSDNA strands, one of them being an

16



aptamer for analyte (adenosine triphosphate, ATP) recognition (Figure 8).1*° The
supersandwich keeps the channel closed with a perfect electric seal in the absence of
analyte. The reversible disassembly through ATP-DNA binding interactions (closed-to-
open) exhibits high ON-OFF rations, considerably higher than the obtained with
chemically modified nanofluidic systems, allowing to achieve the IMPLICATION logic

operations within the nanofluidic structures.

4.2.2. AAO nanoporous membranes as gas sensing platforms

AAO nanoporous membranes have high affinity to adsorb gases and vapours. This
property, together with their high surface area and resistance to high temperatures make
them ideal platforms for gas sensing. Relative humidity (RH) capacitance sensors on
AAO membranes have been proposed by Juhdsz and co-workers!*! reaching a
performance much better than the obtained with commercially available humidity sensors

in terms of sensitivity and simplicity.

Important environmental contaminants such as nitrogen dioxide, ammonia, ethanol have
been detected in resistive sensors using WO3 thin films deposited on AAO membrane
templates.’*? The tungsten oxide gas sensing structures supported by AAO templates
showed high responsiveness to the above mentioned substances, especially to nitrogen
dioxide which is detected at 1 ppm levels. Polychlorinated biphenyls (PCBs) have also
been evaluated in capacitive biosensors on bare AAO membranes (Figure 9)* at nM
levels, showing advantages of easier operation, faster detection and higher sensitivity

compared to conventional PCBs detectors.

4.3. New trends: voltammetric sensing combined with the use of nanoparticles
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4.3.1. Protein and DNA detection using AAO nanoporous membranes

The use of nanoporous membranes as modifiers of electrotransducer surfaces has been
recently proposed for voltammetric biosensing of proteins and ssDNA. AAO nanoporous
membranes have been extensively used for this purpose, detecting and quantifying the
analyte in the sample by measuring the nanochannel blocking produced by the
biorecognition reaction (immunocomplex or DNA duplex formation). This behaviour is
consistent with the pore size of the AAO membrane used (typically 200 and 20 nm) and
the size of both antibody and antigen (14.5 nm x 85 nm x 4 nm for human
immunoglobulin G (HIgG)) and of an i.e. 21-mer ssDNA (diameter of 1.84 nm and length
of 0.38 nm). The blocking in the nanochannel is evaluated by the decrease in the
voltammetric signal of a standard red-ox indicator, as illustrated in Figure 10A 144145
The cell set-up (Figure 10B) consists in fixing the nanoporous membrane onto a screen-
printed carbon electrode (SPCE) by physical attachment, between two methacrylate
blocks which define the electrochemical cell for the voltammetric measurement in the
[Fe(CN)g]* / [Fe(CN)s]* system.

With the aim of improving the limits of detection (LOD) of the label-free assays (LOD:
5 ug/uL for a 21-mer ssDNA and 100 ug/mL for HIgG) two amplification strategies have
been proposed. The first strategy is based on the use of 80 nm-sized gold nanoparticle
(AuNP) tags in sandwich assays following by silver deposition for increasing the
nanochannel blocking (Figure 10C).24® The second approach consists in changing the
standard redox indicator by 4 nm-sized Prussian Blue nanoparticles (PBNPs), which
bigger size produces a higher hindering in their diffusion through the channels to the

electrode by lower amounts of analyte.#’

Furthermore, AAO nanoporous membranes have been used not only as sensing platforms

but also as filters of big-sized interferences in real samples (i.e. blood cells), allowing to
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minimize matrix effects (Figure 11)*4648, This has been approached for the detection of
biomarkers in complex matrixes such as whole human blood and cell cultures at clinical
relevant levels (i.e. 50 ng/mL for HIgG and PTHrP; 52 U/mL for CA15-3; 1.8 ng/mL for
thrombin). The same principle has been applied for the detection of DNA hybridization

reaching LODs of 42 ng/uL for a 21-mer ssSDNA.1%

4.3.2. Protein detection using nanochannels created by self-assembled nanospheres

In spite of their excellent performance, AAO nanoporous membranes based sensing
systems suffer from two important limitations. First, they are not integrated systems since
a rather time consuming / not user friendly set-up is necessary for fixing the membrane
onto the electrode surface. Furthermore, the micrometric thickness of the AAO
membranes is probably the main responsible of the poor sensitivity of the label-free
assays which make necessary amplification strategies. In this context, thin nanochannels
directly created onto the electrotransducer surface would be an ideal alternative to

overcome such limitations.

In this direction, a nanoparticles-based nanochannel platform assembled onto a flexible
substrate has been very recently proposed.2*® This platform is formed by dip-coating of a
monolayer of self-assembled carboxylated polystyrene nanospheres (of 200 nm and 500
nm in diameter) onto the working area of a hybrid screen-printed ITO/PET electrode
(Figure 12A-C). The interstitial spaces between the nanospheres generate nanochannels
of around 65 and 24 nm for the 200 nm and 500 nm-sized spheres respectively, being
these used for the detection of proteins, taking advantage of the same sensing principle
described in the case of the AAO membranes (Figure 12D). This system shows
nanochannel-size dependency and is applied for the detection of HIgG at levels of 580

ng/mL in human urine samples with an excellent specificity (Figure 12E-F), opening the
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way to fully integrated nanochannels-based sensing systems for point-of-care

applications.

5. CONCLUSIONS AND PERSPECTIVES

Nanochannels are emerging platforms with outstanding potential for a variety of electrical
biosensing applications. Inspired by the Coulter microparticle counter, the use of
biological single nanochannels inserted in lipid bilayers, mimicking the mechanism of
action of the pore forming toxins, have opened the way to an extensive research in this
field. DNA, proteins, viruses and toxins are some of the analytes that have been detected
by measuring conductance changes produced by the analyte translocation through the
nanochannel. Of special relevance are the exciting perspectives related to the use of these
sensing systems for a new generation of DNA sequencing devices, being some prototypes

commercially available.

Solid-state single nanochannels mainly prepared by drilling nanopores on silicon
nitride/silicon oxide membranes by electron-beam lithography using TEM/SEM
instruments are nowadays implemented as alternative to the biological ones in terms of
robustness, stability, easy functionalization and pore-size control. In this context,
materials such as graphene, molybdenum disulphide, boron nitride and hafnium oxide
have emerged in the last years as advantageous platforms for drilling nanopores, opening

great prospects for future implementation, replacing silicon based materials.

Recent advances in the technology of preparation of nanochannels arrays, mainly by
metallic substrate anodization, micro/nanomolding high ordered mesoporous thin films
formation have opened the way to novel and versatile electrical biosensing systems.
Anodized aluminum oxide (AAO) nanoporous membranes are the most used materials,

due to well-known advantages related to easy functionalization and mass production

20



possibilities, between others. The nanochannels blocking by the biorecognition reaction,
typically immunocomplex or DNA duplex formation in the inner walls of the channels,
allows to detect the biomolecule of interest taking advantage of voltammetric,
impedimetric, conductometric, capacitive or resistive meaurements. These nanochannel
arrays have been proposed as excellent filtering/sensing platforms for the analysis of
human blood samples with low matrix effects and also for gas sensing, between other
applications, representing reliable advantageous alternatives for point-of-care biosensing.
Recent innovative approaches based on single-use assembled nanoparticles-based
nanochannels onto flexible substrates are promising alternatives to AAO-based sensing
systems in terms of integration and sensitivity. Great prospects in this field are focused
on the use of nanoimprinting technologies (i.e., roll-to-roll printing) as well as other
fabrication methodologies and novel nanomaterials for the preparation a novel generation
of really integrated and one-step electrical biosensing systems for point-of-care
applications. Either post-printing of nanopore/nanochannels (i.e. by self aassembling of
nano/microparticles) onto electrical transducing platforms or development of already
integrated nanopore/nanochanels-based conducting layers would bring new opportunities
for real samples analysis/applications of this innovative and advantageous technology in

various bioanalytical approaches.
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Figure 1. From the Coulter counter to the stochastic sensing. Scheme of a Coulter counter

(A) and of its evolution to a nanochannel sensor (B). Adapted with permission from ref.

23. (C) Structure of the main protein ion channels used for the preparation of single

nanopores for biosensing. Adapted with permission from ref. 13. (D) Scheme of the

mechanism of action of pore forming toxins on cell membranes. Adapted with permission

from ref. 21.
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Figure 2. DNA analysis and sequencing using single nanochannels. (A) Scheme of the
ssDNA translocation through a single a-hemolysin pore and the associated electrical
signatures. Adapted with permission for ref. 32. (B) a-hemolysin pore as potential tool
for DNA sequencing. ssDNA strand enters through the pore and each of the four bases
produce characteristic time series recordings. Adapted with permission from ref 61. (C)
Commercial devices proposed for DNA sequencing based on single nanochannels.
Reproduced with permission of Oxford Nanopore Technologies Ltd. All rights reserved.
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membranes. Adapted with permission from ref.133.
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Figure 10. Principles of the voltammetric biosensing using nanochannel arrays. (A)
Sensing principle in the absence (“On” response) and presence (“Off” response) of the
specific biomolecule in the sample. (B) Pictures of the electrochemical cell set-up. (C)
Illustration of the effect of different sized gold nanoparticle (AuNP) tags and silver
deposition on the nanochannel blockage and the protein detection limit (left) and
differential pulse voltammograms recorded in 1 mM K3 [Fe(CN)e] / 0.1 M NaNOs for a
5 ng/mL solution of human IgG in sandwich immunoassays performed (from up to down)
using AuNP tags of 20 nm, 80 nm, and 80 nm + silver enhancement (right). Adapted with
permission from refs. 144, 145 and 146.
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Figure 11. Voltammetric detection of protein biomarkers in blood using AAO
nanoporous membranes. (A) (Left) Differential pulse voltammograms recorded in 1 mM
Kz [Fe(CN)eg] / 0.1 M NaNOs for blood samples containing spiked thrombin at
concentrations of (up to down): 0 (dashed line), 2, 20, 60, 80 and 100 ng/mL. (Right)
effect of the concentration of thrombin spiked in blood on the analytical signal (right).
(B) (Left) SEM top view of a 200-nm pore AAO membrane on which a drop of blood (30
uL) was deposited. Blood cells as well as the nanopores are observed; (Right) SEM cross-
sectional view of the membrane modified with the aptamer and left to react with a blood
sample containing 100 ng/mL of spiked thrombin. The sandwich assay is then completed
with anti-thrombin/AuNPs followed by silver enhancement (silver crystals are observed).

Adapted from with permission from ref. 148.
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Figure 12. Voltammetric detection of proteins using nanochannel arrays created by self-
assembled nanospheres. (A) Pictures of a sheet of screen-printed 1TO electrodes (SPIES).
(B) Schematic representation of the different materials and layers which form the SPIE.
(C) SEM images of a monolayer of 200 nm (up) and 500 nm (down) carboxylated
polystyrene spheres (PS) on the working electrode of the SPIE. (D) Schematic
representation (not in scale) of the sensing principle. (E) Differential pulse
voltammograms recorded in 1 mM Ks[Fe(CN)s]/0.1 M NaNOsz for different
concentrations of human IgG, from top to bottom: 1, 50, 100, 200 and 300 pg/mL (SPIEs
modified with 500 nm PS monolayer). (F) Relationship between the analytical signal and
the concentration of HIgG for SPIEs modified with 200 nm PS monolayer (solid line) and
500 nm PS monolayer (dashed line). Adapted with permission from ref. 149.
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