Open Access Atrticle. Published on 16 February 2023. Downloaded on 1/15/2026 12:50:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Chem Soc Rev

VIEWPOINT

\ '.) Check for updates ‘

Cite this: Chem. Soc. Rev., 2023,
52,1983

Received 29th October 2022

DOI: 10.1039/d2cs00894g

rsc.li/chem-soc-rev

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Nanopores: synergy from DNA sequencing to
industrial filtration — small holes with big impact

Zuzanna S. Siwy, (2 %2 Merlin L. Bruening 2 ** and Stefan Howorka (2 *¢

Nanopores in thin membranes play important roles in science and industry. Single nanopores have
provided a step-change in portable DNA sequencing and understanding nanoscale transport while
multipore membranes facilitate food processing and purification of water and medicine. Despite the
unifying use of nanopores, the fields of single nanopores and multipore membranes differ — to varying
degrees — in terms of materials, fabrication, analysis, and applications. Such a partial disconnect hinders
scientific progress as important challenges are best resolved together. This Viewpoint suggests how
synergistic crosstalk between the two fields can provide considerable mutual benefits in fundamental
understanding and the development of advanced membranes. We first describe the main differences
including the atomistic definition of single pores compared to the less defined conduits in multipore
membranes. We then outline steps to improve communication between the two fields such as harmo-
nizing measurements and modelling of transport and selectivity. The resulting insight is expected to
improve the rational design of porous membranes. The Viewpoint concludes with an outlook of other
developments that can be best achieved by collaboration across the two fields to advance the under-
standing of transport in nanopores and create next-generation porous membranes tailored for sensing,
filtration, and other applications.

Introduction

“ Department of Physics and Astrononty, University of California, Irvine, USA.

E-mail: zsiwy@uci.edu

b Department of Chemical and Biomolecular Engineering, University of Notre Dame,

USA. E-mail: mbruenin@nd.edu

¢ Department of Chemistry, Institute of Structural Molecular Biology, University
College London, UK. E-mail: s.howorka@ucl.ac.uk

Zuzanna S. Siwy

Membranes with single holes have achieved a step-change in
portable label-free DNA and RNA sequencing, including the
sequencing of COVID samples." Single nanopores are also a
powerful research tool for examining individual molecules,
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particles and cells.>® In the sensing principle, electrically
induced passage of individual analytes through a small
electrolyte-filled pore (Fig. 1, left panel) leads to transient
detectable increases in electrical resistance due to blockage of
electrolyte ions, which in DNA sequencing can distinguish
among the very similar nucleobases.® Research with single
nanopores is often inspired by biological channels and pores
that feature exceedingly high ion selectivities and fluxes, and
additionally function as switches, amplifiers and relay systems
for ionic signals.” Nanopores are therefore used to prepare
systems that mimic properties of biological channels and
control over ionic transport in solution.®”® Furthermore, single
nanopores provide a model system to unravel new physical and
chemical phenomena, transport properties and transport
modes that are induced by the nanoconfinement.'®* Trans-
port is studied for ions, small organic molecules, folded
proteins, DNA and RNA, as well as extended organic polymers
and biopolymers. Due to their applications in biosensing and
biomimetics, single nanopores have been primarily probed in
aqueous and well-defined solutions. Depending on the applica-
tion, single nanopores can have opening diameters of ~0.3 to
hundreds of nm, and lengths spanning from a single atomic
layer to the micrometer scale.

Multipore membranes are technologically very different
from single-pore systems. Applications of multipore mem-
branes may require 1000’s of square meters of membranes.
The multipore membranes create a 10 billion dollar annual
market and are essential in water-based and non-aqueous
filtration, gas separations, fuel cells and batteries, and purifica-
tion of biological materials including small molecules and
folded proteins for food processing, biotechnology, and
biomedicine.”>™*® Within these applications, the membranes
function as selective barriers that allow passage of one or more
molecular species, while predominantly retaining others on the
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membranes’ feed side or within the membrane (Fig. 1, right
panel). The generic principle of filtration spans from the
molecular to the micrometer scale and typically aims for
selective separation and high flux across the porous
~100 nm thick barrier containing sponge-like interconnected
voids. In ionic separations, the average size of these voids is
between 0.2 to 2 nm.

Despite the unifying principle of nanopores, the fields of
single- and multipore membranes can be different in terms of
materials, fabrication, and type of measurements. In their very
essence, studies of single pores emphasize their defined ato-
mistic structure and its influence on transport, whereas
research on multipore membranes aims toward fabricating
materials for high-volume separations. Furthermore, transport
properties across single nanopores and multipore membranes
are probed differently. Single nanopores are probed by ion
current, which is a cumulative measure of fluxes of all ions.
Consequently, the transport of molecules can be measured only
in an indirect fashion by tracking the change in ion current
caused when individual molecules pass through the single pore
(Fig. 1). By comparison, multipore membranes generate high
transport fluxes such that the change in concentrations of
transported ions and molecules can be directly measured on
both sides of the membrane (Fig. 1). The different approaches
also influence how selectivity for transport is measured in both
fields. Despite these differences, there is overlap in some topics
such as the fundamental physical chemistry underpinning
nanoscale transport. Nevertheless, the communication between
the two fields is limited, with the exception of some successful
cases.'” >

This Viewpoint aims to show that synergistic crosstalk
among communities studying single- and multipore mem-
branes can provide considerable benefits. Joint efforts of
single-nanopore and membrane researchers could facilitate
development of next-generation materials with enhanced func-
tional properties to improve existing or facilitate new applica-
tions (Fig. 1).">'%** For example, single pores need to expand
from aqueous biosensing of a narrow analyte range towards
wider environmental, biomedical, or biosafety screening in
various solvents, thereby demonstrating the broader value of
nanopore sensing. Similarly, new multipore membranes
should enable highly selective yet low-energy industrial separa-
tions ranging from purification of specific salts and solutes to
pharmaceutical production (Fig. 1).>* Establishment of effective
communication between the two fields will require advances
along the following directions. (i) There is a need to find
correspondence between selectivity measurements performed
with single nanopores and membranes. This will include the
development of new experimental tools to probe selectivity of
single nanopores directly, as done in multipore membranes.
(ii) New modeling methods are necessary to link existing
and new data on transport and selectivity in both single
nanopores and multipore membranes.'? (iii) Single nanopore
studies have to learn from multipore membranes on using
non-aqueous and complex media in order to expand the
sensing range. In the following, we first highlight the main

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Dialogue between single nanopore and membrane fields and proposed steps to improve it. The scheme in the Connecting row shows
measurements that are most prevalent in the fields of single nanopores and membranes, adapted with permission from ref. 13, copyright 2022 American
Chemical Society. The figure of the blue protein pore was drawn using the pdb file published in ref. 14.

advantages and key differences among the single and multi-
pore membranes, then outline the steps to improve commu-
nication between the two fields,
new research directions to develop new next-generation

membranes.

and finally describe

Single-pore studies focus on structure-
function relationships

Research on single nanopores emphasizes the tunability of

pore geometry and chemistry, which in turn controls the
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Fig. 2 Examples of single nanopores and porous membranes. Studies of single nanopores (A-G) focus on tuning the pore diameter, charge, and
chemistry to understand how these variables affect analyte fluxes and selectivities. The nanopore opening and electrochemical characteristics tune ion
selectivity. (A) A wide, uncharged pore is not ion selective, whereas narrower negatively or positively charged nanopores transport counterions and inhibit
transport of co-ions. (B) Bacterial porin CsgG. The figure was drawn using pdb file published in ref. 14. (C) Carbon nanotube with an opening of <1 nm.*®
(D) A single layer of MoS, with electrochemically removed individual atoms. Adapted with permission from ref. 30. Copyright 2015 American Chemical
Society. (E) A nanopore in silicon nitride drilled by an electron beam in TEM. Adapted with permission from ref. 32. Copyright 2003 Springer Nature. (F) A
nanopore in silicon nitride fabricated using the track-etching technique. Adapted with permission from ref. 40. (G) Glass nanopipette whose opening was
controlled by e-beam irradiation. Adapted with permission from ref. 41. Copyright 2013 American Chemical Society. (H) The focus in multipore
membranes is to tune the size but also optimize larger-scale separation performance. () A membrane obtained by interfacial polymerisation. Adapted
with permission from ref. 42. Copyright 2021 American Chemical Society. (J) A membrane obtained by self-assembly of block copolymers; SEM image
courtesy of Prof. William Phillip, University of Notre Dame.*>** (K) Metal Organic Framework (MOF) deposited on a porous support. The inset shows the
crystal structure of ZIF-8. Adapted with permission from ref. 45 (L) Membranes with oriented macrocyle nanopores whose opening can be tuned with A

precision. Reprinted with permission from ref. 46. https://creativecommons.org/licenses/by/4.0/.

interactions of the passing ions and other analytes with the
pore walls (Fig. 2A-G). Fig. 2B-G shows examples of single
nanopores used in nanopore analytics and fundamental stu-
dies of ionic transport in nanoconfinement.”>>> All these
structures have well-defined geometrical and electrochemical
properties, in some cases with atomistic precision. The protein
pore CsgG (Fig. 2B) is used in commercial DNA and RNA
sequencing.'® Another biological nanopore, MspA, is also
explored for DNA sequencing®® and in the emerging field of
peptide and protein sequencing,”” similar to the aerolysin
pore.”® Carbon nanotubes®® and pores in 2D materials such
as MoS,® also contain structures known with atomistic preci-
sion as well as control over openings at the A level (Fig. 2C and
D). Other types of nanopores prepared by top-down approaches
with nanoscale precision include silicon nitride nanopores
drilled by focused ion®' or electron beams,** polymer and
silicon nitride nanopores fabricated by track-etching,® and
glass nanopipettes®*** (Fig. 2E-G). Single nanopores of tunable

1986 | Chem. Soc. Rev, 2023, 52,1983-1994

diameter down to the nanometer scale can even be prepared
without expensive large-scale facilities by a process of dielectric
breakdown.*®*” All of these nanopores are used for analytical
applications, in fundamental studies to help understand highly
selective transport of small ions, and to uncover the physico-
chemical principles underpinning transport across defined
nanoscale space.’® Below we describe the vital role of size
control and tuning of pore-wall properties in applications of
single nanopores.

The importance of atomistically tight interactions between
passing molecules and chemically defined pore walls is per-
haps most clear in the remarkable ionic and molecular selec-
tivities of <1 nm-narrow biological channels. For example,
potassium channels transport K ions 10000 times more
rapidly than Na® ions across cellular bilayer membranes,*”
whereas aquaporin channels transport more than 10° water
molecules per second with exclusion of ions.”>*® Ion selectivity
controlled by pore diameter was also observed with pores in

This journal is © The Royal Society of Chemistry 2023
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49751 35 well as in carbon nanotubes,>?

synthetic 2D materials
where the energetic penalty of ionic desolvation governs trans-
port selectivity. Pores used for DNA analysis allow transport of
single-stranded DNA but are too narrow to accommodate
double-stranded DNA molecules.

The desired interactions of pores with target molecules and
ions can be engineered by attaching molecular recognition sites
at the pore walls.”****>* Chemically specific interactions can
lead to selectivities even when the pore radius is larger than the
target molecule. For example, placing a ring-shaped adaptor
inside the lumen of protein pores can help to recognise organic
analytes that without the ring would not be detected.” Pores
decorated with double-stranded DNA can detect even a single-
base mismatch of DNA molecules present in solution.>® Attach-
ment of crown ethers, antibodies, DNA strands, or
aptamers®'>>*>7%% Jeads to nanopores that either selectively
transport or detect specific analytes.

Controlling the surface charge on pore walls gives rise to
electrostatic filters that transport only counterions. The pores
are often significantly wider than the diameters of the ions.
Nanopores with controllable surface charge have become a
template to fabricate biomimetic channels.””®*® Such nano-
pores can function as ionic switches and transport ions most
efficiently in one direction.® Transport through charged nano-
pores depends strongly on the pore shape. For example, cylind-
rical, conical and hour-glass shaped nanopores give very
different current-voltage curves.>® Even bending nanopores,
as done with carbon nanotubes embedded in elastomeric
membranes affects current-voltage curves such that curved
carbon nanotubes exhibit ion current rectification.""*"

For multipore membranes the focus is
on maximizing flux and selectivity
through an ensemble of pores

In contrast to the focus on structural and electrochemical
details of individual nanopores, separation membranes contain
a distribution of effective pore sizes. Yet, effective membrane
separations require tuning the size distribution of the pore
opening, considering the trade-off between maximizing flux
and selectivity (Fig. 2H)."> The majority of commercial mem-
branes are prepared by interfacial polymerisation®* (Fig. 2I) and
phase inversion.®® These membranes are often highly porous
with tortuous and interconnected pores, which makes pore-
diameter characterization challenging. The transport mecha-
nism in interfacially polymerised nanofiltration membranes
may include some combination of transport through nm-
sized pores and solution-diffusion. Phase-segregation methods,
where block copolymers self-assemble into thin films, can lead
to nearly monodisperse pore diameters (Fig. 2J).**** Pores in
these membranes can be tuned from 10 to 100 nm, and reach
values as low as 1.0 to 1.5 nm with copolymers featuring
polyelectrolytes. Membranes with well-defined pores but lower
porosity are prepared using heavy-ion irradiation and etching.
Other nearly monodispere pores are accessible using zeolites,**

This journal is © The Royal Society of Chemistry 2023
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metal organic frameworks (MOFs)®® (Fig. 2K), aligned macro-
cycle pores (Fig. 2L),*® and carbon molecular sieves®® as well as
graphene oxide®”®® and channels obtained using graphene
sheets as spacers.®® Advantages of membranes with monodis-
perse nanopores in separation of solutes with similar sizes have
recently been analyzed in detail.”®

However, membranes with well-defined and monodisperse
pores are currently much too expensive for most practical
separations. Research into forming membranes containing
well-defined free-volume-based channels, such as those in poly-
mers of intrinsic microporosity, may provide one means to more
readily create very small pores in polymer membranes.”"”” In
these membranes, inefficient packing of polymer chains creates
porosity, i.e. unoccupied free volume through which analytes
may traverse the membrane. Methods to increase free volume
and create selective diffusion pathways are common in gas-
separations.”*’* However, transport channels need to connect
and have diameters of >1 nm in solution-based separations.
More research into polymer assembly through the use of small
removable porogens could lead to selective transport pathways.
Polymer imprinting provides some selectivity, but the highly
cross-linked films may not prove highly permeable unless it is
possible to imprint channels. Use of imprinted nanofibers may
help in this regard.”

Despite issues with heterogeneously sized pores, selectivity
can be improved by taking advantage of the steric and electro-
static interactions at the nanoscale, as done in single nano-
pores with tunable pore size and chemical properties of the
pore walls.">>* However, most ion-exchange membranes con-
tain pores with diameters significantly larger than the ions so
selectivity among counterions is modest. Depositing additional
layers on the membrane surface can significantly enhance
selectivity. For example, adding a layer with positive charges
enhanced membrane selectivity between potassium and mag-
nesium ions through increased rejection of magnesium ions.”®
Alternating adsorption of polycations and polyanions further
improves selectivity and can yield >99% pure Li* in separa-
tions of Li* and Mg>*.”%"”

Separation of ions is, however, highly complex when the
pores have sub-nanometer diameter such as in cellulose acetate
membranes that are uncharged. To resolve the complexity,
machine learning was employed to understand how up to 126
variables influence selectivity and the thermodynamics of
transport of 18 different anions.”® Anion selectivity was heavily
influenced by interactions of passing ions with the membrane,
underpinning the key entropy-enthalpy compensation.
Furthermore, the free energy barriers for transport of the
anions were mostly determined by the electrostatic interactions
between the charge-neutral pore and the polyatomic anions
with non-uniform charge distribution. The study emphasizes
that tuning ionic selectivity under extreme nanoconfinement,
such as by introducing charged walls, requires careful consid-
eration of the thermodynamics of ionic transport.

An alternative route to control selectivity in porous mem-
branes is liquid-gating technology. The approach is used for
separation of fluids and gases. It is based on infiltrating porous

Chem. Soc. Rev., 2023, 52,1983-1994 | 1987
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membranes with a functional liquid that can repeatedly open
and close the membrane pores via pressure change in response
to various external stimuli.”>"®" Porous confinement stabilized
the infiltrating liquid through capillary and van de Waals
forces. The fluid to be transported can enter the pores at a
threshold pressure value that is fluid dependent, rendering the
liquid-gating membranes selective. Liquid-gating membranes
are also protected from fouling due to the defect free and
lubricating liquid interface.”®%*

Bringing single-nanopore and
membrane fields together relies on
progress in experiments and theory

Enhancing a dialogue between single-nanopore and membrane
communities is very important, because it would lead to new
developments in both fields (Fig. 1). As an example, single
nanopores could be used as a testbed for novel solute/solute
selectivity mechanisms that could be introduced into membrane
systems. New mechanisms may enable design of membranes
that offer high selectivity between ions of the same charge or
between uncharged molecules, which is a major challenge for
the membrane field.>* Additionally, dialogue between these
fields may help to extend single-nanopore applications to non-
aqueous and complex media, where membrane separations
already occur. If nanopores functioned in a wide range of media,
nanopore analytics could be extended to analytes that are not
soluble in water. Probing transport of ions and molecules under
nanoconfinement in non-aqueous media would also help eluci-
date the structure of the solid/liquid interface, which is crucial
for detection and separation. A constructive communication will,
however, have to address the difference in experimental and
modeling techniques used for single nanopores and mulipore
membranes. Achieving this requires (i) to find the relationship
between selectivity measurements performed with single nano-
pores and with membranes,*? (ii) to integrate new measurement
tools for both systems, and (iii) to develop modeling methods
that link existing data from both fields to describe transport in
both single nanopores and membranes.

Unifying experimental measurements in single nanopores and
membranes

One of the biggest differences between single nanopores and
membranes is the way transport is characterized. Single nano-
pores are probed electrochemically by recording ionic current
passing through a pore.”® In sensing, transient blocking of
current can denote the presence of a specific analyte.> Deter-
mination of the transport selectivity between two different ions
often relies on comparing the magnitudes of ion currents in
solutions of the two different salts. Hindered transport of a
specific ion leads to a lower current.’® Ionic selectivity can also
be quantified using the potential difference developed across
an ion-selective membrane in contact with different salt solu-
tions on the two sides of the membrane.” Elucidation of ion
selectivity based on ion currents recorded in mixtures of salts is

1988 | Chem. Soc. Rev., 2023, 52, 1983-1994
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difficult because the ion current is a sum of fluxes of all ions in
the solution.

By comparison, experiments with separation membranes
frequently use mixtures as well as a pressure gradient to drive
transport. Thus, the membrane separates a complex feed
solution from a permeate. Analysis of the permeate yields the
concentration of each species and selectivity in the mixture.
This approach is not applicable to single nanopores due to the
miniscule flow through an individual pore which is in the range
of femto to attoliters per second. As pointed out recently,"?
extrapolation of transport properties of individual nanopores to
membranes containing many nanopores may not be straight-
forward. The same membrane can exhibit very different selectivities
when probed using the two different measurement approaches. In
a striking example, a reverse osmosis membrane that highly rejects
all ions in pressure-driven transport conducts ionic current once a
transmembrane potential is applied.*’

An increased understanding of the interrelation between elec-
trically and pressure-driven transport could result from single-
nanopore studies with a viscosity gradient that leads to small
pressure differences,*>®***> streaming-current measurements®® or
experiments where electrokinetic flow is counter-acted with
pressure-driven flow.>>***” Establishment of standardized proto-
cols for measuring selectivity, including flow rate, pressure and
voltage range as well as ionic concentrations, could also link data
collected for single nanopores and membranes.?® Finally, new
experimental approaches may enable performing the same selec-
tivity measurements with both single nanopores and membranes.
For example, modified mass-spectrometry measurements, where
ions are delivered from a nanopore directly into high vacuum and
focused, could potentially detect ions in the permeate of indivi-
dual nanopores.®® This approach already showed promise in
detecting ions from aqueous solutions passing through individual
pores with ~100 nm diameters.

Bridging modeling of single nanopores and membranes

Modeling approaches applied to single nanopores and mem-
branes are different as well. Due to the atomistic knowledge of
the structure of single nanopores, the distribution of all mole-
cules in the nanopore, including solvent, are available. This
allows linking of the structure with measurable quantities such
as ion current and current-voltage curves.®® First principles
approaches with fundamental quantum mechanical laws
describe solvation of ions under confinement, the distribution
of ions, interactions at a solid/liquid interface and their con-
sequences for ionic selectivity.”> Molecular dynamics (MD)
simulations provide an all-atomistic picture of transport
through nanopores and are crucial in understanding DNA
and protein sequencing with nanopores as well as the selectiv-
ity of biological and solid-state nanopores.””*>°* Single nano-
pores are therefore a perfect testbed for probing new selectivity
mechanisms.

In contrast to atomistic simulations of single pores, modeling
for multipore membranes often focuses on steric exclusion that
predicts selectivity when the size of the solute, r, approaches the
pore radius, R. The partition coefficient, K, can be approximated

This journal is © The Royal Society of Chemistry 2023
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as:

Kzgzn(k—r)2

2
- R :(17%> forr<R; K=0forr>R
G

where ¢ and ¢} are the concentrations of species i in the
membrane pore and solution, respectively. R is the average pore
opening determined using adsorption-desorption, gas perme-
ability or other techniques.® Ion selectivity is often described
through steric, electrostatic, and dielectric interactions.”***
Further efforts aim to develop atomistic and coarse-grained
modeling tools that apply to membranes and membrane pro-
cesses. For example, atomistic simulations were already applied
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membranes,”” as well as the structure and transport through
polyamide reverse osmosis membranes.’®'°° However, deter-
mining the representative structure in amorphous, heteroge-
neous membranes is still a challenge.

Simulations will play a crucial role in bridging the two fields,
such as by finding the relationship between electrochemical
and pressure-driven measurements in single nanopores and
membranes, respectively. Modeling will also enable scaling of
the physical mechanisms that underlie selectivity in single
nanopores into large-scale membranes. This scaling up process
will, however, require careful consideration of phenomena that
occur only in membranes due to the array of nanopores.

to describe anion selectivity and the structure of ion-exchange Concentration polarization is one of the most important effects
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Fig. 3 New directions of research facilitated by a dialogue between the fields of single nanopores and multipore membranes. (A) Combined ideas from the fields of
single nanopores and membranes led to nanoporous osmotic power generators that utilize salinity gradients and ion-selective membranes. Adapted with permission
from ref. 103. (B) Low-density arrays of nanopores could enable establishment of a relationship between selectivities measured through conductance and in a
pressure driven mode and™®* mitigate concentration polarization. Performance of single nanopores, low-density arrays and membranes with intermediate porosity
will be influenced by concentration polarization to a different extent. Schemes of diffusion and concentration polarization shown on top have different profiles during
flow through membranes with different pore densities.’®* Darker areas in the solution boundary layer represent higher concentrations of the rejected solute. The
concentration gradient is much larger in linear diffusion. (C) A sensing system composed of two nanopores with different thicknesses creates multiple blockage levels
corresponding to different configurations of DNA molecules (unfolded and folded) passing through one or both nanopores. Each nanopore creates a distinct current
signal enabling making correspondence of each current blockage to the number and configuration of the molecules. Adapted with permission from ref. 105.
Copyright 2021 AIP Publishing. (D) (left) Neuromorphic systems are created with memristors i.e. components whose resistance depends on the past states of the
system. From ref. 106 Adapted with permission from AAAS. (right) Robust ionic memristors can be created based on nanopores placed in contact with two immiscible
liquids of different conductivities, KX’ (E) Enzymatic cascades based on nanopores enable placing two or more enzymes in close proximity to each other decreasing
diffusion distances between the enzymes. The substrate (S) of the first enzyme yields a product (P1) that becomes a substrate for the second enzyme.
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that limit the performance of membranes and is less acute in
single pores.’®" In this phenomenon, concentration gradients
develop in boundary regions outside of a pore so that ions or
molecules rejected by the membrane accumulate near the pore
entrance (Fig. 3B). The phenomenon results from a combi-
nation of diffusion, convection, and electromigration but
depends on the pore densities (Fig. 3B). If the pore density is
low, the extent of concentration polarization is relatively small
because diffusion occurs 3-dimensionally away from the pore to
maintain steady state. In contrast, at high pore densities one-
dimensional diffusion of species away from the pore leads to
relatively large molecular accumulations. For charged pores,
high ionic strengths near the pore surface may decrease ion
exclusion from the pore. The effect of concentration polariza-
tion may be partly mitigated by designing new selectivity
mechanisms that are independent of salt-concentration. Alter-
natively, one could design membranes with a lower porosity to
mitigate the effect of concentration polarization through hemi-
spherical diffusion.’®® However, this will require pores charac-
terized by high transport rates, such as carbon nanotubes, and
the density of nanopores needed for practical fluxes may still be
too high to avoid significant concentration polarization."®" In yet
another approach, larger pores filled with polyelectrolytes may
help to rectify concentration polarization in electrically driven
transport."”> Modelling is important to optimize such designs
and determine what is possible.

Moving single nanopores into non-aqueous and complex media

Applications of single nanopores have thus far focused on well-
controlled solutions prepared with pur water. The emphasis on
aqueous solutions stems from applications of single nanopores
in biological sensing and biomimetics. A dialogue between
single-nanopore researchers and membrane specialists could
enhance the translation of single nanopores to new operating
conditions, non-aqueous solvents and analytes. There are
already reports on unusual transport properties of nanopores
in contact with aprotic organic solvents such as acetonitrile and
propylene carbonate.'*®'% When in contact with silica pores,
these solvents form a highly organized structure that persists
over a few nanometers. A multipronged experimental and
modeling approach revealed that the organized solvent struc-
ture, not the solid properties, determines the distribution of
ions and electric potential at the interface.'®® There has also
been interest in understanding solid/liquid interfaces in ionic
liquids together with ion transport through these liquids in
nanoconfinement,''® and using them as media that facilitate
sensing.'™

Introducing complex solutions to single nanopores can,
however, be difficult because of material instabilities and non-
specific adsorption, or fouling. Fortunately, studies of membrane
separations provide a wealth of methods for combatting biological
fouling, including pretreatment, sparging or vibrating of mem-
branes, periodic backflushing, addition of antifouling agents,
controlled crossflow, restricting transmembrane solution flux,
and modifying surfaces to limit adsorption.'*> Nanopore sensing
in complex biological fluids will likely require a combination of
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antifouling methods such as surface modification, pretreatment,
and pulsed backflushing with electric fields as well as machine-
learning aided analysis of the recorded data.'*® Pore walls can be
passivated with polyethylene glycol chains'** or lipid bilayers'*® to
prevent nonspecific adsorption. Fouling can also be mitigated
using the liquid-gating technology mentioned above, where a
porous membrane is infused with a functional liquid that creates
a smooth lubricating liquid layer on the pore walls.®**>

New research directions

Increased communication between the single-nanopore and
membrane fields will undoubtedly enhance research in both
areas. As described in the previous section, this dialogue would
challenge the scientific community to develop new experimental
techniques applicable to both fields, engage in multiscale mod-
eling of membranes, use single nanopores as a model system for
investigating new selectivity mechanisms, and encourage single-
nanopore groups to experiment with applications in non-
aqueous media (Fig. 1). The dialogue could, however, also lead
to new research directions and next-generation materials, as
described below. We start (i) with a successful example of
collaboration between single and multipore fields. Next, we
discuss the following challenging questions that are best
resolved by scientists from both fields. (ii) Can next-generation
nanoporous materials with intermediate pore densities be built
to determine selectivity via electric and pressure gradients to
correlate data from single-nanopore and membrane fields? (iii)
Can membranes with intermediate pore densities create biomi-
metic ionic circuits for new sensing applications? (iv) How can
single and multipore systems be harnessed to couple pore
transport with multi-step chemical transformation?

Successful dialogue led to osmotic energy conversion systems

The joint effort for a new reserach direction can follow a
successful example. Combining expertise in single nanopores
and membranes has previously led to osmotic energy conver-
sion which achieves a very high density, at least in single-
nanopore systems.'>''® This blue energy takes advantage of
natural salinity gradients, such as those between sea water and
river water, to create electrical energy using nanoporous struc-
tures that transport only cations or anions (Fig. 3A). The
feasibility of this self-powered nanosystem was demonstrated
by powering a MoS, transistor with osmotically driven current
densities.>® To achieve practical levels of osmotic energy har-
vesting, the single-nanopore prototype>®*'” was later scaled up
to membranes.”’ Developing the concept of osmotic energy
conversion also benefited from biomimetic single nanopores
that were designed to function as ionic diodes.® When scaled
up into membrane systems, diode-like membranes exhibited
improved performance compared to membranes that con-
tained only one polarity of surface charge.”” However, predic-
tions of osmotic power based on single nanopores are likely
overoptimistic and unattainable in membrane systems due to
concentration polarization and the need for water pretreatment

This journal is © The Royal Society of Chemistry 2023
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to limit fouling.'*® Still, osmotic energy conversion remains an
active research topic aiming to utilize this renewable energy
source.

Intermediate pore densities for new sensing and addressing
concentration polarization

As other research direction, dialogue between the single and
multipore fields can lead to new hybrid membrane formats that
feature intermediate pore numbers from ten to thousands
(Fig. 3B). Investigating the unexplored pore densities between
single-pore devices and separation membranes can yield mea-
surable fluxes in uniform pores. This should help to bridge
gaps in experimental and theoretical methods to describe
transport through single and multipores. Low-density arrays
with well-defined nanopores will allow both conductance and
pressure-driven experiments to relate the selectivities under the
two conditions to nanopore structure and to each other.

As other advantage, low pore densities reduce concentration
polarization (Fig. 3B). The effectiveness of these low-density
arrays will depend on the polydispersity of their pore diameters,
but arrays with desired uniform pores can be made with
biological channels or fabricated with helium-ion microscope
milling."® Low-density arrays with tunable positioning of
nanopores''® can help understand the role of concentration
polarization in transport through individual nanopores and
small arrays.'® Methods to mitigate transport limitations
posed by concentration polarization can then be explored. For
example, placement of a surface electrode was predicted to
change local concentrations and increase ionic transport.'*
Introduction of gates will also induce different transport prop-
erties in otherwise identical pores due to inhomogeneities in
the local concentrations.

Low-density arrays of nanopores are further expected to
enable new sensing mechanisms using, for example, channels
with different openings and/or geometries. A two-nanopore
system containing nanopores of the same diameter but differ-
ent thicknesses provided a proof of principle of this idea.'®
When applied in sensing, signals from each pore can be easily
distinguished from one another (Fig. 3C). Thinking forward,
such nanopore arrays can offer a more comprehensive char-
acterization of an analyte than a single pore system, because
the same analyte will be probed with different nanopores in one
experiment. For example, if one nanopore is much narrower
than the other, one can observe different degrees of unfolding
of molecules such as DNA and proteins.

Ionic circuits and neuromorphic systems

In extended approaches, membranes containing a few different
types of nanopores could be connected to create new functional
materials. For example, the membranes could be connected in
parallel or in series to form reconfigurable ionic circuits."*® It
would be of interest to embed nanopores with different che-
mistries and transport properties in the same membrane. This
should achieve propagation of signals in space and time,
similar to action potentials in biology.>"%® To propagate signals
over the micrometer scale and larger distances, one could

This journal is © The Royal Society of Chemistry 2023
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pattern multipore membranes with patches that differ in
chemical characteristics. The first ionic circuits based on nano-
pores were already reported, including circuits based on ionic
diodes that function as bridge rectifiers to turn alternating into
direct current."*! Other circuits with diodes and load capacitors are
possible.””* Recently, an ionic neuromorphic engineering system
was designed with ionic memristors as key components (Fig. 3D,
left panel).’°® The memory effects stemmed from monolayer
electrolytes that facilitated formation of transient ion clusters.
Formation and dissolution of the clusters assured generation of
voltage-spikes indicative of neuromorphic activity. Nanopore mem-
ristors were reported as well, such as those with single pores placed
between two immiscible liquids of different conductivities.**” We
predict that nanopore memristors embedded in intermediate
porosity membranes (Fig. 3D, right panel) could lead to more
versatile neuromorphic systems. Integrated ionic circuits are likely
to become an inspiration to both experimentalists and modelers to
create more sensitive sensors and biomimetic systems.

Enzymatic cascades

Dialogue between single-nanopore and membrane communities
could finally lead to systems that transcend simple transport and
couple it with chemical transformation (Fig. 3E). Membrane
reactors that combine catalysis with separations'® already
inspired single-pore analysis of chemical reactions.'** The key
question is how nanoconfinement and pore dimensions influ-
ence catalytic activity. Single nanopore and multipore mem-
branes would be key to study different aspects of the
enzymatic-transport systems. Single pores could help determine
enzyme alignment and docking within the pore, but also
detailed kinetics."”>"*® By comparison, multipore membranes
could help determine throughput on the enzymatic conversion.
Equally exciting is the development of biomimetic enzymatic
cascades of high-turnover.'®” In the cascades, nanoconfinement
shortens diffusion distances between the enzymatic substrates
and products.'*® Stacking of porous membranes could extend
reaction cascades to a large scale.'?

In conclusion, this Viewpoint invites increased collaboration
between researchers working with porous membranes and
single nanopores to enhance both fields. To increase collabora-
tion, the Viewpoint delineates possible research directions that
will advance both fundamental knowledge and applications.
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