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The field of solid-state nanopores and nanochannels has grown exponentially in the past five years.
Recent advances have greatly broadened the spectrum of available gating stimuli, expanded applications
in sensing, energy conversion, and separation science, and improved our understanding of the mecha-
nisms that govern ion transport in nanometer-sized channels and pores. Despite these impressive
achievements, there still exists very challenging (and very exciting) research directions. This review
focuses on three of these directions: i) ion selectivity: is it possible to construct channels that discrim-
inate one type of ion from others with the same charge and similar size? ii) Integration with chemical
networks: how can chemical networks, which are ubiquitous in living organisms, be integrated with
pores and channels to enable new functions and enhance current applications? iii) Transport of cargoes
larger than ions: is it possible to achieve selective and stimuli-gated transport of macromolecules and
nanoparticles through synthetic pores? A brief analysis of biological channels and pores demonstrates
that nature had evolved fascinating solutions for these three problems that may serve as a source of
inspiration.

© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In a previous review of the transport mechanisms through
nanopores and nanochannels [1], we argued that synthetic chan-
nels and pores will probably never mimic the exact transport be-
haviors of their biological counterparts. However, these
mechanisms and the functions that they enable serve as a source of
inspiration for researchers aiming to expand the capabilities of
synthetic nanofluidic devices. It should be noted that the creative
impulses behind scientific advances in this field are not always
inspired by biology; nevertheless, we believe that comparison with
biological systems is always fruitful. This comparison allows us to
understand the advantages and limitations of synthetic systems
and unveils new directions for further improvement.

In many performance criteria, synthetic pores and channels
have already outclassed biological systems. For example, in recent
years, the number of stimuli that can gate the conductance of
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synthetic channels and pores has exponentially expanded. These
stimuli now include alkaline cations [2—5], heavy metals [6—8],
anions [9,10], monosaccharides [11,12], DNA [13,14], aminoacids
[15,16], gases [17,18], proteins [19], pH [20—25], light [26—29], and
changes of pressure [30], temperature [31,32], and membrane po-
tential [33,34], among others. This rich spectrum of chemical and
physical stimuli rivals and even surpasses that of biological chan-
nels. Another aspect where synthetic pores and channels have a
performance comparable to or better than that of biological ones is
current rectification. Fine control over the shape and charge dis-
tribution in asymmetric shaped nanochannels [35—37] and bipolar
diodes [38—41] have yielded devices with very high rectification
ratios. For example, by combining shape and charge asymmetries,
Vlassiouk and Siwy demonstrated a rectification ratio of ~25 in
conical bipolar diodes under physiological conditions (pH 7 and
I = 0.1 M), which is similar to the values measured for inward
rectifier potassium channels [42]. Even higher rectification ratios
can be achieved in synthetic asymmetric membranes with multiple
channels (up to 1000) [43] or in single synthetic asymmetric
nanopores with confined polyelectrolyte complexes (up to 2000)
[44].

2590-0498/© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Despite the fact that in many aspects the performance of syn-
thetic channels and pores now surpasses that of their biological
analogs, synthetic devices still lag behind natural channels in many
other important criteria. In this review, we will focus on three of
these aspects and challenges, namely:

i) Ion selectivity: can we construct channels and pores that
selectively transport one ion over another one with similar
charge and size? (e.g., Li* over Na™ and K*)

ii) Signal amplification: can we enhance the detection limits of
nanochannel-based sensors by coupling them to chemical-
amplification reaction cascades?

iii) Transport of cargoes larger than ions: can we construct
channels or pores that selectively allow the passage of some
specific cargoes (e.g., nanoparticles or proteins) while
blocking others? Alternatively, can we construct channels
that can be selectively opened/closed for large molecules or
particles, but always remain open for small molecules and
ions?

These three problems are of course just a selection of the many
challenges in nanochannel science for which biology may serve as a
source of inspiration. The goal of this review is to critically examine
recent work in these interesting areas, to compare the underlying
mechanisms to biological processes, and to discuss how natural
channels and pores may inspire further approaches to advance in
these areas. It should be noted that we do not intend to compre-
hensively review the field of bioinspired nanochannels and nano-
pores, which have quickly grown in recent years. We refer the
reader to some recent reviews [45—54] for a systematic and com-
plete approach to the field.

2. lon selectivity: filtering ions by size and charge

The scientific community is investing great effort in the devel-
opment of new technologies to selectively remove or concentrate
certain ions from solution. Such technologies hold the promise of
economic, efficient, and environmentally friendly water desalina-
tion methods, e.g., the removal of salt from seawater to obtain fresh
water. They also promise to revolutionize the extraction of high
purity lithium salts from salt-lake brines for their use in lithium
batteries [55]. Nanopore materials are promising candidates to
achieve these goals [56].

Interestingly, nature has devised ways to separate ions from
water or other ions. The water-selective channels called aquaporins
(AQP) are prototypical examples of efficient ion/water separation in
biology [57]. These systems allow water to flow through biological
membranes, but hinder the transport of ions, in particular, protons.
Water molecules transit through the pore in a single row, main-
taining a distance between water molecules that is large enough to
avoid the formation of hydrogen bonds. The shape of AQP1 exhibits
a wide opening at the membrane surface and a constriction in the
center that results in a high dielectric barrier. This barrier repels
ions and grants passage to neutral water molecules [57]. Although
AQP block all ions, there are important biological channels that
selectively allow the passage of one type of ion and reject the
others. For example, KcsA potassium channels show a K*/Na*
selectivity ratio of 1000—10000 for a transport rate of 10® K* ions/
(s.channel) [58,59]. Sodium channels are usually less selective than
potassium ones, for example the epithelial Na* channel (ENaC),
which is one of the most selective sodium channels, has a Na*/K*
selectivity ratio of 100—500 [59].

The efficiency of ion separation of synthetic nanochannels is
generally evaluated in terms of their ability to selectively transport
one ion over other (ion selectivity) and of the transport rate of the

ion of interest (ion permeability). The selectivity can be modulated
by different factors, such as the dimensions of the nanochannel and
the electrostatic and non-electrostatic ion-wall interactions
[23,60—63]. When the radius of the nanopore is less than the radius
of the hydrated ion, ion selectivity is controlled by channel's radius
and the transport rate is controlled by the dehydration or partial
dehydration (e.g., loss of the second hydration shell) of the ion at
the entrance of the pore. On the other hand, when the radius is
larger than the size of the hydrated ion, then the transport rate
tends to that expected from the bulk mobility and the interactions
between the ion and channel walls are responsible for ensuring ion
selectivity (note, however, that in this case the selectivity is
generally lower than when the channel radius is smaller than the
ion). Wang et al. [63] reported an interesting molecular dynamics
simulation study that exemplifies the competition between the two
selectivity mechanisms discussed above (dehydration effects vs
electrostatic interactions). This work showed that the Li*/Mg>*
selectivity can be tuned by increasing the surface charge of carbon
nanotubes.

Several synthetic nanopores have been developed to obtain ion
selectivity and permeability using different materials such as gra-
phene, Nafion, or metal—organic frameworks (MOFs). We briefly
discuss below a few selected examples, where the ion selectivity is
achieved by different mechanisms. One important example, pre-
sented by Zhang et al. [64], involves a MOF denoted as ZIF-8 that
was deposited on an anodic aluminum oxide support (AAO) assis-
ted by graphene oxide (GO). The resulting ZIF-8/GO/AAO mem-
brane has angstrom-sized windows (—3.4 A) that act as ion-
selective filters and nanometer-sized cavities (—11.6 A) that allow
fast ion transport (see Fig. 1A.ii). The selectivity ratios reported for
Li*/Rb*, Li*/K*, and Li*/Na* were 4.6, 2.2, and 1.4, respectively (see
Fig. 1A.i). These ion selectivities were mainly ascribed to the sub-
angstrom difference in the partially dehydrated ionic diameters of
the alkali ions.

In another example of ion selectivity in synthetic systems, Wen
et al. [65] presented a polymer polyethylene terephthalate (PET)
membrane with subnanometer channels of radii —0.3 nm and a
thickness of 12 um. The inner surface of the channels has charged
carboxylate groups that confer the system a cation/anion selectivity
of up to 108, an alkali metal ion/heavy ion selectivity of up to 109,
and an alkali metal ion/alkaline earth metal ion selectivity of up to
10°. The high selectivity of cations over anions was ascribed to the
interaction of the ions with the carboxylate groups, as demon-
strated by the fact that the transport rate of sodium cations
significantly dropped when the wall was neutralized by lowering
the pH of the solution. This charge-based selectivity mechanism
(unipolar transport) is well-known and has been extensively
described in the literature [66]. Interestingly, this effect cannot
explain the high selectivity observed between different types of
cations. Molecular dynamics simulations suggested that the selec-
tivity between different types of cations results from dehydration
effects. Although the selectivity is very high in this system, it has
slow transport rates. In a follow-up work (see Fig. 1C), the same
group reported a new configuration of the material with channels
of radius —0.5 nm and a thickness of 2 pm that shows a significant
increase in permeability, but also a decrease in the ionic selectivity
for alkaline metal ions [64].

Guo et al. [62] provided another interesting example of ion
selectivity. The authors constructed a polystyrene-sulfonate-
threaded MOF (PSS@HKUST-1-6.7), see Fig. 1B.ii. This material ex-
hibits selectivity ratios for Li*/Na, Li*/K*, and Li*/Mg>* of 35, 67, and
1815, respectively, Fig. 1B.i. The very high selectivity was not
attributed to the size of the hydrated or dehydrated ions but rather
to the affinity of the cation to the sulfonate groups in the mem-
brane. The corresponding binding affinities of Li*, Na*, and K*
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Fig. 1. Examples of different nanopore systems that exhibit selectivity between ions of the same charge. A.i) lon selectivity ratios of the AAO support, ZIF-8/GO/AAO membrane, and
GO/AAO membrane. A.ii) Schematic representation of the ZIF-8/GO/AAO membrane. The inset shows the crystal structure of ZIF-8. Reproduced and adapted with permission from
Ref. [71]. Copyright 2018 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. B.i) lon selectivity ratios of PSS@HKUST-1-6.7.
B.ii) Schematic representation of the preparation of PP-threaded HKUST-1 membranes. CHNs = copper hydroxide nanostrands. AAO = anodic alumina. Reproduced and adapted
with permission from Ref. [62]. Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA. C.i) Transport rates vs. K*/Mg?* (blue squares) and Na*/Mg?* (red circles) selectivity ratios for
various nanopore membranes. C.ii) Schematic representation of the effect of the pore radius on ion transport through a negatively charged nanopore. Left panel: the size of the
nanopore is smaller than the hydration radius of the ions. Therefore, partial or total dehydration is the predominant mechanism, and then high selectivity, but low permeability is
expected. In the opposite case, right panel, the nanopore radius is much larger than the ion radius; the nanopore shows high permeability and low selectivity. In an intermediate
case, center panel, it is possible to obtain high permeability and high selectivity if the interaction with the pore surface is different for each ion type. Reproduced and adapted with

permission from Ref. [64]. Copyright 2018 Nature Publishing Group.

(normalized by Li*) are 1.0, 1.98, and 2.90, respectively. Therefore, as
the binding affinity increases, the cation-sulfonate condensation is
facilitated and the ionic conductance decreases. In the particular
case of Mg?*, the high selectivity is attributed not only to the high
affinity of the sulfonate for Mg?* (3.18), but also to the size of hy-
drated Mg?* (0.86 nm), which is comparable with the size of the
pore entrance in the MOF (0.9 nm). The combined effects of the size
of the pore and its binding affinity contribute to the outstanding Li*/
Mg?* selectivity ratio of 1815.

Crown-ethers, known for their ability to selectively bind alka-
line cations, are interesting modifiers for the preparation of nano-
pores and nanochannels with high ionic selectivity. Acar et al.
prepared a nanopore in a silicon-nitride support, whose inner
surface was modified with 4’-aminobenzo-18-crown-6 ether and
DNA single strands (ssDNA) were grafted at one of the pore en-
trances. This system displays high K*/Na™ selectivity ratios of up to

84. The high selectivity is attributed to the facilitated transport of
potassium ions through the crown ether, whereas the ssDNA plays
the role of a cation filter [67]. Chen et al. used molecular dynamic
simulations to study a stack of graphene layers with nanopores
resembling 18-crown-6. This stack selectively transported K* over
Na'. The authors evaluated different parameters such as the
number of layers and the distance between them to increase the
K*/Na* selectivity, reaching a maximum value close to 3 [68].
Balme et al. [69,70] proposed an alternative approach to
construct ion-selective pores, where a biological ion channel,
Gramicidin A (GA), is confined into cylindrical nanopores in a solid-
state membrane. This synthetic system reproduces some behaviors
of the ion-channel in its native environment, for example the NaCl/
KCl diffusion coefficient ratio. However, the membrane cannot
block divalent cations and chloride, which was attributed to the
lack of the head-to-head conformation that is observed when GA is
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inserted into a lipid environment. One exceptional property of this
biological/artificial system is that it is permeable to K™ and Na™, but
totally impermeable to H*. This result contrasts the behavior of GA
in nature, where the H" transport is faster than that of other
monovalent cations [70].

3. Signal amplification

Most gating stimuli mentioned in the Introduction modulate the
conductance of channels by directly binding to their inner surface,
which affects the channel cross-sectional area, its surface charge, or
both. However, the regulation of biological channels and pores is
significantly more complex and less straightforward than that of
synthetic channels. Living organisms use signaling pathways to
coordinate a myriad of simultaneous chemical processes, including
transport through channels and pores. These signaling systems
constitute complex chemical networks that use control mecha-
nisms such as feedback loops, allosteric effects, and chemical
amplification. There are many examples of the integration of bio-
logical channels into chemical networks. For example, feedback
loops, a mechanism that involves the inhibition of a process by its
product, maintain regulation and hemostasis in biological net-
works. In the case of ion channels, feedback is crucial to regulate the
intracellular concentration of Ca?* ions, for example, by Ca®*-
induced deactivation of some specific voltage-gated Ca channels
(Cav1.2) [72].

Another recurrent strategy in biochemical networks is signal
amplification. This strategy is crucial in the chemical mechanism
responsible for vision, which comprises a complex signaling
cascade that ultimately results in the inactivation of an ion channel.
Rhodopsin is a membrane protein constituted by the protein opsin
and a covalently bound chromophore known as retinal [73]. Photon
absorption by retinal triggers a cis-trans isomerization that causes a
conformational change in the protein, which, in turn, activates a
coupled G protein. The G protein activates a phosphodiesterase that
cleaves cGMP (cyclic guanosine monophosphate) [74]. The loss of
c¢GMP causes cGMP-gated Na* ion channels to close, which finally
results in a neuronal action potential. Noteworthy, each opsin can
activate over a hundred G proteins; each of these proteins activates
hundreds of phosphodiesterase enzymes and each enzyme can
enzymatically cleave several cGMP molecules. This amplification
cascade, therefore, produces a very large chemical signal from a
single photon [74]. Another example of biochemical amplified
activation of an ion channel is the phosphoinositide cascade
[73,75]. In this case, an extracellular signal, such as a hormone, is
recognized at the cell membrane and triggers the activation of the
enzyme phospholipase C located at the membrane cytosolic leaflet.
This enzyme produces the intracellular messenger IP3, which then
diffuses through the cytoplasm and binds to Ca®* ion channels in
the endoplasmic reticulum membrane. The activated ion channel
finally delivers Ca®* ions into the cytosol, activating other biological
processes. Each step of the cascade amplifies the original signal,
resulting in an extremely large number of Ca?* jons released per
initial hormone molecule.

The applications of synthetic channels will unlikely require to
mimic the extreme complexity of biological networks, but these
networks can inspire new and improved strategies for sensing,
drug delivery, and energy conversion. For instance, in the last years,
researchers have developed synthetic systems that use enzymatic
or electrochemical signal amplification to greatly improve the
detection limits of nanochannel sensors.

Lin et al. presented a glucose-sensing channel based on an
enzymatic cascade, see Fig. 2A.i [11]. The system consists of a
symmetrical hour-glass single nanochannel etched in a polyimide
membrane. The inner surface of this type of channels contains an

excess of carboxylate groups generated during the etching pro-
cedure [66]. Part of these groups was used to covalently bind the
enzymes glucose oxidase (GOx) and horseradish peroxidase (HRP)
using carbodiimide chemistry. The remaining carboxylates confer a
negative charge density to the inner surface of the channel at the
operating pH (7.0). This negative charge requires compensation
from mobile counter-cations, which increase the conductance of
the channel [66]. Addition of glucose to the system results in its
oxidation to gluconic acid by GOx. In parallel, GOx reduces dis-
solved oxygen to H,0,, which is subsequently dismuted by HRP to
molecular oxygen and water. The gluconic acid generated in the
process decreases the local pH within the pore and, therefore,
neutralizes the surface-bound carboxylates. This process decreases
the concentration of cations in the channel and lowers its
conductance, see Fig. 2A.ii. The glucose sensor can function even in
the absence of HRP, but the sensing efficiency is maximized in the
presence of this enzyme because it eliminates H,O,, which is
known to inhibit GOx [78]. The sensor responds to D-glucose
concentrations in the micromolar range and shows almost no
interference from other monosaccharides. Hou et al. reported a
similar nano-device comprising a single conical nanochannel
whose inner surface is modified by GOx [12]. Conical nanochannels
are asymmetric with respect to the plane of the membrane, which
confers them ion-current-rectifying capabilities [36]. The surface
charge of the channel reported by Hou et al. is negative in the
absence of glucose because of the presence of carboxylate groups.
However, the addition of glucose results in a local decrease of pH
due to the enzymatic production of gluconic acid. The drop in pH
renders the surface charge of the channel positive because of the
protonation of the basic residues of the immobilized GOx mole-
cules. This charge inversion results in an inversion in the direction
of rectification, which is the observable response of the sensor. The
detection limit of the device is 1 nM, one of the lowest values re-
ported for nanochannel glucose sensors. This very low detection
limit supports the idea that dynamic signal amplification can be
used to greatly enhance the sensing performance of nanochannel
devices.

Fig. 2B.i shows another example of enzymatic amplification in a
nanochannel that senses H,0; reported by Ali et al. [76]. In this
case, the inner surface of a single conical nanochannel is modified
by covalently bound HRP. The channel senses H,0, in the presence
of ABTS. Under these conditions, the enzyme catalyzes the reduc-
tion of H,0, to water and oxidizes ABTS to its radical cation, ABTS®*.
This enzymatic reaction decreases the current of the nanochannel
(see Fig. 2B.ii) and introduces large current fluctuations. Note that
the channel is always cation-selective because of the presence of
surface carboxylates. The authors ascribed the decrease in channel
conductance to the fact that ABTS*" may replace K* ions (which
originated in the KCl electrolyte) as the main counter-ion
compensating the charge of the carboxylates within the channel.
This process reduces the conductance because ABTS®" is bulkier
and less mobile than K* and because electrostatic binding of
ABTS** to the carboxylates may immobilize these ions. Once again,
the chemical amplification mechanism allows reaching a very small
detection limit for H,O, (nanomolar range).

Pérez-Mitta et al. reported a nanofluidic diode for sensing urea,
which uses enzymatic signal amplification to revert the polarity of
the diode, see Fig. 2C.i [53]. In this example, the inner surface of a
track-etched asymmetrically shaped nanochannel was modified
with a layer of poly(allyl amine), PAH, a weak cationic poly-
electrolyte. The adsorption of PAH occurs via the electrostatic
interaction of the positively charged ammonium groups in the
polymer and the negatively charged carboxylates on the inner
surface of the channel. The negatively charged enzyme urease was
then electrostatically adsorbed onto the PAH layer. The net charge
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Fig. 2. Examples of signal amplification strategies for nanochannel sensing. A.i) An hourglass nanochannel is modified by glucose oxidize (GOx) and horseradish peroxidase (HRP).
In the presence of glucose, the enzymatic reactions trigger a decrease of the pH within the channel, which protonates surface-bound carboxylate groups and, therefore, decreases
the net surface charge of the channel and lowers its conductance (see effect of glucose on current in panel A.ii). Reproduced and adapted with permission from Ref. [11]. Copyright
2014 American Chemical Society. B.i) The inner surface of a conical nanochannel is modified by horseradish peroxidase. In the presence of H,0, and ABTS, the channel conductance
decreases because of the formation of ABTS** (see effect of H,0, on current in panel B.ii). Reproduced and adapted with permission from Ref. [76]. Copyright 2011 American
Chemical Society C.i) An asymmetrically shaped nanochannel is modified with a layer of PAH (a weak polyelectrolyte) and a second layer of urease. Hydrolysis of urea by urease
increases the inner pH within the channel, which shifts the surface charge from positive to negative and, therefore, reverts the direction of current rectification (see effect of urea of
current rectification ratio in panel C.ii). Reproduced and adapted with permission from Ref. [77]. Copyright 2018 American Chemical Society.

of the assembly was positive because of an excess of ammonium
groups from PAH, thus the channel behaves as an anion conductor
and exhibits rectifying diode-like properties. Addition of urea to the
system results in its hydrolysis by urease, a reaction that produces
hydroxyl ions and increases the local pH inside the channel. This
basification reaction neutralizes the ammonium groups of PAH,
ultimately leading to an inversion of the surface charge of the
channel, which becomes dominated by the negative charges of the
carboxylates. The inversion of the surface charge results in an
inversion in the direction of current rectification (Fig. 2C.ii). This
signal is very sensitive to the concentration of urea in solution and
the limit of detection (1 nM of urea) is the lowest reported for an
enzymatic-based urea sensor.

There exist examples of enzyme-amplified chemical signals
where the enzymatic reaction changes the inner composition of the
channel in the presence of the analyte. For example, HRP in the
presence of HyO; has been used to grow a polymer inside a nano-
channel [79]. This polymer blocks the ion current through the
channel, generating a resistive signal. In another example of
enzyme-based amplification, a Cu®*-activated DNAzyme was
grafted to the inner surface of a conical nanochannel [80]. This
system has high cation conductivity because of the presence of
negative charges from DNA strands. Upon addition of Cu®* at
concentrations as low as 10 nM, the DNA is cleaved and the cation
current through the channel decreases. In another study by
Majumdar and coworkers, a nanochannel modified by poly(L-
lysine) senses the concentration of the enzyme trypsin in

solution. This enzyme diffuses into the channel, hydrolyzing the
poly(L-lysine), which is a positively charged polyelectrolyte. The
charges of poly(L-lysine) are originally compensating the intrinsic
negative charges on the nanochannel walls and, therefore, upon
digestion of the polyelectrolyte, the net surface charge of the
channel increases. This mechanism results in an increase in
conductance, which depends on the concentration of trypsin in
solution.

Signal amplification can be achieved without enzymes using
electrochemical methods. Fig. 3A shows a nanopore incorporating
two independently addressable electrodes in its structure [81,82].
An electrochemically active analyte can be sensed in this system by
oxidizing it in one electrode and reducing it in the other. The very
small volume of the nanochannel results in a very large number of
redox cycles before the analyte can diffuse away from the pore.
These redox cycles result in a large amplification of the current
response of the device. Bipolar electrochemistry is another inter-
esting way to control transport in nanochannels, which avoids the
need of wiring multiple independently addressable electrodes [33].
Fig. 3B shows an example of signal amplification based on the
combination of a nanochannel and a bipolar electrode, which was
applied to intracellular NADH sensing [83]. The interior of a glass
nanopipette was coated with a thin layer of gold that was then
modified with a self-assembled monolayer of catechol-terminated
thiols. Applying a trans-pipette voltage induces a bipolar electric
potential across the gold layer, which oxidizes the catechol far from
the tip and reduces H" to H; near the tip (see left panel in Fig. 3B).
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Fig. 3. A. Signal amplification in a nanopore by redox recycling. Because of the nanoconfinement effect of the pore, a redox-active analyte undergoes several oxidation/reduction
cycles by two independently addressable electrodes, which results in a large enhancement in the electrical current. Reproduced and adapted from Ref. [81]. Copyright 2016
American Chemical Society. B. Signal amplification by bubble formation in a gold coated nanopipette. NADH oxidation (catalyzed by catechol) far from the pipette tip injects
electrons into the Au layer. These electrons reduce H" to H at the tip. The H, bubble blocks ion currents through the pipette and then dissolves, producing resistive pulses (bottom
panels). Reproduced and adapted from Ref. [83]. Copyright 2018 American Chemical Society.

NADH in solution reduces the oxidized catechol, recycling it. This
process leads to a fast build-up of a H, bubble in the tip. This bubble
transiently blocks the ion current through the pipette before dis-
solving, which leads to a resistive pulse (see lower panels in
Fig. 3B). Therefore, in this mechanism, a large change in conduc-
tance is produced by the reaction of a very small number of NADH
molecules, greatly amplifying its chemical signal and enabling the
measurement of NADH in living cells.

4. Transport of large cargoes

A major area in nanofluidics is the selective manipulation of
fluxes of biomolecules and nanoobjects. The best known and most

studied example is by far that of DNA translocation through
nanopores because of its outstanding importance for genome
sequencing. In this example, the partial blockage of the ionic cur-
rent (resistive pulse) measured during the translocation of a single
DNA molecule is used to infer the sequence of DNA bases [84—86].
Nanopore-based DNA-sequencing is now a commercially available
technology [87] and a lot of effort is still being invested to improve
this technology and to develop sensing devices for other bio-
molecules or particles [88—91].

Despite the impressive advances in the development of
nanopore-based sensing devices, these systems usually exhibit low
selectivity in the translocation of cargo and poor gating capabilities.
In other words, it remains challenging to selectively filter one type
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of biomolecule from a mixture and to externally control the
permeability of the channel. Transport selectivity is achieved in
nature by the nuclear pore complex (NPC), which is an impressive
protein structure anchored in the nuclear envelope that transports
biomolecules between the cytoplasm and the nucleus. It is
permeable to small molecules such as water and ions, but cargoes
larger than 40 kDa need to be recognized by specific transport re-
ceptors to translocate through the pore [92]. The selectivity filter of
the NPC is constituted by several intrinsically disordered proteins,
the FG-Nups, that are end-tethered to the NPC framework and
extend into the channel to interact with the cargo. One important
conclusion that emerges from the study of this biological system is
the multifactorial nature of transport selectivity, which depends on
the presence of different and complementary interactions between
cargo and nanopore [93,94], the size of the channel, and changes in
molecular organization inside the pores triggered by the presence
of the cargoes and/or other macromolecules [95]. A complete un-
derstanding of the transport mechanisms operating in the NPC is
still missing, but such fundamental understanding can unlock
synthetic nanopores with unprecedented transport selectivity.
Theoretical tools have been used to shed some light on the trans-
port properties of both the NPC and synthetic NPC-inspired poly-
mer-brush-modified nanopores. These studies have revealed the
existence of a synergistic combination of different interactions in
the translocation of cargoes through the NPC and their synthetic
analogs. The barrier for translocation decreases when the cargo has
a charge of opposite sign to that of the brush. It also decreases when
both the cargo and the brush are hydrophobic. However, making
the particle oppositely charged to brush and hydrophobic at the
same time decreases the translocation barrier more than what one
would expect from the sum of the individual contributions [93].
This synergistic non-additive effect may have further implications
on the selectivity mechanisms of the NPC.

Artificial nanopores modified by polymer and protein brushes
are promising systems for selective transporters that are inspired
by the structure of the NPC, which can be used to better compre-
hend this fascinating biological nanostructure [96,97]. As an
example, Emilson et al. fabricated nanopores modified with a
poly(ethylene glycol) (PEG) brush, where the translocation of pro-
teins can be turned on and off by the reversible binding of a single
IgG antibody to the PEG chains [98]. Recent research works, aimed
to understand the biophysics of the NPC, studied solid-state
nanopores [99] and DNA-origami nanorings [100] modified by
grafted FG-Nup chains. In one of these works, Ananth et al. [99]
studied nanopores of different radii modified by the FG-Nup Nsp1
and a Nspl mutant in which some hydrophobic amino acids
(phenylalanine, isoleucine, leucine, and valine) were replaced by
the hydrophilic amino acid serine. Based on conductance mea-
surements and molecular dynamic simulations, the authors
concluded that the protein plug inside the pore modified by the
mutated protein was less compact than that of the pore recon-
structed using the native FG-Nups. Interestingly, the pore modified
by the native FG-Nups transported the nuclear transport receptor
(NTR) Kap95 with a much higher translocation frequency than a
non-NTR protein of similar size (tCherry). On the other hand, the
pore modified by the mutated protein did not exhibit such selec-
tivity. Coarse-grained molecular dynamic simulations suggested
that the selectivity for Kap95 observed for the nanopore modified
with native FG-Nups arises from the compensation of steric re-
pulsions and hydrophobic attractions between the FG-Nups and
Kap95, which decreases the free-energy barrier for translocation
[99].

Theoretical calculations can provide design principles for
stimuli-gated transport in polymer-modified nanochannels and
nanopores. For example, Lopez et al. modeled the behavior of

nanochannels functionalized with poly(acrylic acid) brushes and
their interaction with calcium cations using a molecular theory.
This work proposed that calcium ions could induce the collapse of
the polymer brush, gating the transport of cargoes through the
pore. Huang et al. [101] theoretically designed pH-switchable
nanopores using end-graft amphiphilic diblock copolymers on
their inner surface. Their prediction is that in this system, pH can be
used to tune the selective transport of cargoes with different sur-
face hydrophobicity and charge. The full free energy landscape of a
nanoparticle interacting with a polymer-brush-modified nanopore
was studied in a recent publication [102]. This analysis allowed
predicting the possible translocation routes for the particle through
the nanopore. Fig. 4A shows a schematic representation of the pore
modified by a polymer brush. Fig. 4B i,ii, iii shows color maps of the
free energy of the nanoparticle-pore system, where the blue re-
gions represent positions where the particle has a larger free en-
ergy than in the bulk and red regions indicate zones where the free
energy is smaller than in the bulk. The black line shows the
translocation route (determined as the minimum free energy
pathway). Interestingly, increasing the absolute value of the
particle-polymer attractive energy (eps) shifts the translocation
route from the central axis of the pore toward its wall. A similar
effect was observed when decreasing the size of the particle. To
study the permeability of the pore for a given cargo, it is useful to
analyze the free energy of the system along the translocation
pathway, see Fig. 4B.iv. An almost flat energy profile (black curve)
ensures the fastest translocation of the particles through the pore
[103]. If the profile has a barrier (red curve), then translocation will
be slowed down compared to the previous case and it can even
become infeasible if the barrier height is much larger than the
thermal energy (kgT). Finally, in the case where the energy profile
has a well (blue curve), then the particle can get trapped inside the
pore. This example shows that, by careful manipulation of the
polymer—particle interaction, one can in principle optimize the rate
of translocation for a given type of particle.

5. Conclusions and outlook

By many metrics, the performance of nanopores and nano-
channels had improved at an accelerated rate in the last five years.
Important transport mechanisms and behaviors, such as current
rectification, unipolar transport, polymer translocation through
pores, and ion-gating mechanisms, are now relatively well under-
stood from a fundamental point of view and well demonstrated by
many practical examples. Many of these phenomena have impor-
tant practical applications: polymer translocation holds the po-
tential of enabling DNA-sequencing nanopores and current
rectification and gating are crucial mechanisms for the develop-
ment of nanochannel sensors. As these research areas and appli-
cations ripe, there are many other fundamental challenges that
need to be addressed to unlock the full potential of these nano-
devices. We have reviewed here recent work in what we believe are
three of these key challenges: i) selective ion transport, ii) inte-
gration of nanopores and nanochannels with chemical networks,
and iii) gating and selectivity in the transport of macromolecules
and nanoobjects. In all three cases, we provided a brief analysis of
related biological mechanisms, which we hope will serve as a
source of bioinspiration.

Charge selectivity (i.e., transport of anions vs cations) is nowa-
days a very well-known phenomenon in solid-state nanochannels
and nanopores. Such selectivity is generally introduced by the
presence of charged groups on the inner walls of the channel,
which results in an enhancement of the concentration of the
oppositely charged ions. These counterions are, therefore, selec-
tively transported through the channel in a phenomenon known as



8 Y.A. Perez Sirkin et al. / Materials Today Advances 5 (2020) 100047

T
“’Q\g
R ©
P 8|
=
=

€ =0ksT B 1] €os=015keT

B.i

0

1 ‘2 20 {
0.
0 1 10
10.05
0o 0 10
1-0.05
0 1 1 -10
M, 20 M.

R,/ nm
o 3

-20

10
R,/ nm
0.5
—_ 0.0
= -05
-1.0ffps/ kT
+o
-1.5[-*-0.15
——0.3
00 02 04 06 08 1.0
arclength

Fig. 4. A) Schematic representation of system studied in Ref. [102]. The nanoparticle is shown in yellow and the blue circles indicate the position of the grafting points of the
polymer. B.iii,iii) Color map of the free energy (in kgT) of a nanoparticle inside the polymer-brush-modified nanopore as a function of its position in the x (R) and z (R;) directions
(see coordinate system in panel A) for Ry = 0 (the channel axis is located at Ry = 0 and Ry = 0) for different particle—segment interaction strengths. The black points indicate the
minimum free-energy pathway for the translocation of nanoparticles through the nanopore. B.iv) Free energy along the minimum free-energy pathway. Reproduced and adapted

from Ref. [102]. Copyright 2018 IOP Publishing Ltd.

unipolar transport [104]. However, recent works have claimed
transport selectivity between ions of the same charge. In these
examples, selectivity is generally achieved by using sub-nanometer
channels that filter hydrated ions by size and/or by stripping hy-
dration waters. These mechanisms share many similarities with
transport in biological ion channels. It is interesting to note that
while the reports reviewed here are experimental examples, many
of them include results from atomistic molecular dynamic simu-
lations. This observation stresses the importance of theory to gain a
molecular insight of the mechanisms that enable transport
selectivity.

Some synthetic devices have recently started to use strategies
that were exclusive of biological channels and pores, such as
reactive signal amplification. In this case, the goal is to use cascades
of chemical reactions to amplify a very small chemical signal into a
measurable current. The examples in the literature are truly
promising but their number is still scarce and their complexity is
significantly lower than that of natural signaling pathways. Inter-
estingly, although there are a few examples of enzymatic and
electrochemical amplification, other strategies found in biological
networks (such as feedback loops) seem to be unexplored in syn-
thetic pores and channels. The theoretical description of chemical
reactive amplification systems has lag behind the seminal experi-
mental work in the field. Modeling has much to offer to our
fundamental understanding of these systems, although it is also a
challenging task because of the coexistence of strikingly different
physical and chemical phenomena in these systems, which include
ion and solvent fluxes, enzymatic chemical reactions, and soft
matter physics.

Translocation of macromolecules and nanoobjects through bare
nanochannels is well documented. However, gated and/or selective
transport of objects substantially larger than simple ions is still
difficult to achieve. Inspired by the transport mechanisms of the
nuclear pore complex, we and others have theoretically proposed
and designed nanopores whose inner walls are coated by polymer
or polyelectrolyte brushes. These brushes interact with potential
cargoes and generate selectivity by balancing attractive and
repulsive interactions. This balance can be achieved, for example,
by tuning the charge of the grafted polyelectrolyte using pH or by
controlling hydrophobic interactions by the choice of the type of
polymer or the particle surface chemistry. There are only a few
experimental examples of transport of proteins through polymer-
brush modified nanopores, which shows that this research direc-
tion is challenging but also full of interesting opportunities.

Recent achievements in nanofluidics are at the same time
numerous, practically relevant, and highly creative. The field is
quickly evolving to satisfy technological demands in very diverse
areas, including biosensing, energy conversion, and chemical sep-
aration. The scientific and technological challenges reviewed here
are critical to the success of these applications and, for this reason,
we expect to see great advances in these directions in the near
future. For example, the separation of ions of the same charge and
similar size and chemical properties may enable the recovery and
separation of heavy metals, a process of upmost economic and
environmental relevance. It can also convey novel cheap and
environmentally friendly methods to purify and obtain lithium
salts from brines and (ideally) seawater, which has become a
pressing need because of the importance of this element in
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batteries for mobile electronics and the automotive industry. On
the other hand, the integration of nanopores and nanochannels into
chemical networks and the capability of transporting cargoes larger
than single ions are crucial technologies that hold the key for the
fabrication of integrated nanochannel systems. A fascinating
prospect is that of iontronic networks integrated in a single chip.
These sophisticated nanofluidic devices may one day combine
coupled biochemical reactions, supramolecular chemical recogni-
tion, and nanoscale materials to simultaneously sense a spectrum
of chemical and physical variables, provide a readable output
signal, and ultimately deliver small molecules, macromolecules,
and/or nanoparticles in response.

In summary, we have reviewed three interesting topics that
pose fundamental and current challenges in nanopore and nano-
channel science. We expect to see great advances in these research
directions in forthcoming years, powered by innovative fabrication
and modification methods, guided by new fundamental insights
provided from theory and computer simulations and inspired by
the ever-surprising transport mechanisms evolved in living
organisms.
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