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Transport mechanisms in nanopores and
nanochannels: can we mimic nature?
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The last few years have witnessed major advancements in the synthesis, modification, characterization
and modeling of nanometer-size solid-state channels and pores. Future applications in sensing, energy
conversion and purification technologies will critically rely on qualitative improvements in the control
over the selectivity, directionality and responsiveness of these nanochannels and nanopores. It is not
surprising, therefore, that researchers in the field seek inspiration in biological ion channels and ion
pumps, paradigmatic examples of transport selectivity. This work reviews our current fundamental
understanding of the mechanisms of transport of ions and larger cargoes through nanopores and
nanochannels by examining recent experimental and theoretical work. It is argued that that structure
and transport in biological channels and polyelectrolyte-modified synthetic nanopores are strongly
coupled: the structure dictates transport and transport affects the structure. We compare synthetic and
biological systems throughout this review to conclude that while they present interesting similarities,

they also have striking differences.

Introduction

Living organism are structured in compartmentalized environ-
ments separated by membranes: inside a cell, organelles have
membranes that separate them from the cytoplasm, cells have outer
membranes that separate them from the extracellular matrix and
organs are separated from other organs and from the environment
by membranes as well. Each of these membranes has evolved to have
different transporters to control the distribution of biologically
relevant species among these compartments. Some of these trans-
porters are nanopores (length commensurable with radius) and
nanochannels (length much larger than radius): ion channels [1-
6] and ion pumps [3] are examples of the latter while and nuclear
pores complexes [7-9] represent the former. The understanding of
the fundamental characteristics of biological nanopores and nano-
channels, their transport and gating characteristics, provides for
design guidelines for synthetic nanopores. The challenging ques-
tion that arises is how one can design synthetic mimics of nano-
pores, that share some of the advantages of their biological
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counterparts (such as biochemical selectivity, control over transport
direction and response to external stimuli), while their molecular
compositions and environments are much simpler.

The exquisite control of biological ion channels and pores arises
from the formation of cavities with size and charge selectivity that
can be tuned by conformational changes of the protein pores or by
a molecular reorganization of disordered proteins in the case of
nuclear pore complexes. These capabilities are unique to proteins
that have been developed through long evolutionary processes,
either through changes in secondary structure or through molec-
ular reorganization enabled by specific sequences in disordered
proteins (proteins with no secondary structure). It is important to
emphasize that biological systems are selective due to their ability
to tune the environment on top of their use of specific molecules.
This combination of specific molecular structures and environ-
ment is not very well understood and therefore biomimetic sys-
tems lack the flexibility of natural ones. However, as we progress in
our understanding, we expect to be more capable of tuning
synthetic systems and their surroundings to provide optimal
activity and responsiveness. We review here some examples of
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synthetic nanopores and channels that have capabilities inspired
by biological systems and discuss their advantages, limitations and
ideas for future developments. This work is not intended to be an
exhaustive review of transport in nanopores and nanochannels.
We rather aim to critically discuss the general mechanisms of
bioinspired transport, survey some state-of-the-art experimental
accomplishments and identify future challenges for modeling and
experiments. We refer the reader to some recent reviews in the
field [10-20] to expand on some of the topics covered here. We will
rely on theoretical and modeling results for a fundamental under-
standing of the transport mechanism in synthetic pores.

Fundamentals of electrically driven transport

In this section, we introduce some concepts about nanopores and
nanochannels that will be useful in the discussion of bioinspired
transport. Figure 1a shows a scheme of a channel that connects two
reservoirs of identical composition and that has positively charged
inner walls. When a charged surface is immersed into an electrolyte
solution, ions of opposite charge are attracted to it, thereby forming
an electrical double layer [21]. The thickness of this double layer is
dictated (in the linear regime) by the Debye length of the solution,
which characterizes the length scale of the electrostatic screening
between the charged species due to the finite concentration in the
solution. If the radius of the channel is much larger than the Debye
length (which is typically in the nanometer range, e.g. 1 nm for a
0.1 m 1:1 electrolyte), then anions accumulate close to the inner
wall, but cations and anions have the same concentration in the
center of the channel. On the other hand, if the radius of the
channel is shorter than the Debye length (i.e. a nanochannel), then
the concentration of anions is much larger than that of cations
everywhere within the channel. The concentrations of both ions in
this last example are depicted in Fig. 1b.
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FIGURE 1

(a) Scheme of a channel connecting two reservoirs. The inner walls of the
nanochannel are positively charged and, therefore, the concentration of
anions in the inner solution is larger than in the reservoirs. The arrows
show the direction of ion and solvent fluxes upon applying a potential
difference between the reservoirs as shown in the scheme. (b, c)
Concentration of anions and cations along the axis of the channel in
equilibrium (panel b, no applied bias, AV =0) and for a large applied
potential (panel c).

Let us now consider the effect of applying an electrical potential
to reversible electrodes located in the reservoirs. In these condi-
tions, anions will flow toward the positive electrode and cations
toward the negative one. The nanochannel of the figure conducts
almost exclusively anions and, therefore, the current carried by the
anions is much larger than that carried by the cations (i.e. the
channel is anion permselective). As the ions move due to the
applied potential, they collide with solvent molecules and transfer
momenta to them. In the case of Fig. la, the anions are the
majority charge carrier and, therefore, they drag the solvent
molecules toward the positive electrode. This electrically driven
flux of solvent is known as electroosmotic flow.

For large applied potentials, the concentration of ions in the
steady state deviates from that in equilibrium. In the case of the
example in Fig. 1a the concentration of anions inside the channel
is larger than in the reservoirs, therefore, the anions inside the
channel can sustain a larger current that those in the entrance and
exit of the channel. As a result, anions deplete near the entrance of
the channel in the left reservoir and accumulate at the exit of the
channel in the right reservoir (scheme of concentrations in
Fig. 1c). The concentration of cations in the entrance and exit
of the channel is similar to that of the anions due to electroneu-
trality requirements. The creation of depletion and accumulation
regions at the mouths of the channel due to the applied potential
is known as polarization concentration [22] and it causes the
current-potential curves to deviate from linear, ohmic, behavior.
The polarization concentration effects put in evidence the cou-
pling that exists between structure and transport in nanochannels
and it is responsible for current rectification in channels with
broken symmetry. We will return to these topics later in this
review.

The general equations that govern ion transport in nanopores

and nanochannels are well established. The flux of ions obeys
(within the linear response regime) the generalized diffusion
equation:
Ji(x) = —=Djp;(¥)VBu;(r) (1)
where J;, D;, p; and p; are the flux, the diffusion coefficient, density
and chemical potential of the ion i, 8= 1/kgT and r denotes the
position within the system. The chemical potential u; can be
divided in an ideal component due to the translational (mixing)
entropy of the ions and additional contributions due to the forces
acting on the ions. These forces include osmotic, magnetic and
electrostatic forces as well as interparticle interactions. In the
nanofluidic literature, it is common to consider only the electro-
static contributions, which yields

wi(x) = In(pi(r)vw) + 49 (r) 2
where v is the electrostatic potential, g; is the charge of the ion i
and v,, is the molecular volume of the solvent. Combining Eqs. (1)
and (2), with the mass conservation requirement leads to a gener-
alized diffusion equation, which is known as the Nernst-Planck
equation, i.e.

i oy e
ﬁ* ij(r)f

where the first term in the right hand side represents ideal Fick’s
diffusion and the second term accounts for the electrostatic inter-
actions on the diffusion of the ions.

[V(DiVpi(r)) + V(Dipi(x)q;V s (x))] 3

2
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The electrostatic potential is dictated by the Poisson equation:

—pq(r) 4)

where pq is the total charge density (i.e. the sum of the charge
densities of all charged species) and ¢ is the dielectric constant.
Egs. (3) and (4) are known as the Poisson-Nernst-Planck equations.

The transfer of momenta between ions and solvent is dictated
by the Navier-Stokes equation:

eV2y(r) =

<2t+v Vv) = -Vp+nVivif 5)

where v is the velocity of the fluid, p is its mass density, p is the
pressure, n is the viscosity of the fluid and f is the volume force
acting on the fluid. This volume force may contain different
contributions (e.g. gravitational, electrostatic and magnetic
forces), but in the case of interest the most important contribution
to fis the force that the electric field exerts on the ions in the fluid,
namely f=—povy.

The set of Egs. (3)—(5) (combined with the appropriated bound-
ary conditions) has been widely used to model ion transport
in many examples of solid-state nanochannels and nanopores
[23-30]. Recent theoretical work has extended this fundamental
description in other to describe, for example, systems with grafted
polyelectrolytes [31-33]. It is important to note that Eqs. (3)—(5)
provide a continuum description of the ion fluxes that is appro-
priate when the radius of the channel is larger than two times the
Debye length [34-36]. Modeling of pores and channels with radii
smaller than two Debye lengths, including most biological ion
channels, requires particle-based methods, such as molecular or
Langevine dynamics.

Chemically gated ion channels

Biological ion channels are very effective in discriminating be-
tween ions of opposite charge. Transport selectivity in ion chan-
nels relies on a constriction in the channel, known as the
selectivity filter, which allows the passage of ions on a one-at-a-
time basis. The presence of amino acids close to the selectivity filter
with a charge opposite to that of the diffusing ion guarantees
charge-selective transport [1]. Some types of ion channels can be
opened and closed (gated) by chemical stimuli, such as glycine,
acetylcholine, Zn?* ions, glutamate, serotonin and y-aminobuty-
ric acid (GABA) [1,6,37]. Protons are the simplest chemical stimuli
known to gate ion channels; examples of pH-switchable ion
channels are the acid-sensing ion channels (ASICs) [38], the tetra-
meric M2 protein from influenza A [39] and the K* channel Slo3
from mammalian spermatocytes [40].

We will start our discussion by analyzing a synthetic ion nano-
channel that is gated by protons and that displays a large charge
selectivity [41]. This nanochannel (Fig. 2a) has a diameter of 15 nm
and its inner walls are modified by a layer of end-grafted poly(4-
vinyl pyridine), 4PVP, a weak polybase. The fraction of charged
4PVP segments in the system can be switched by the external pH
according to the following equation:

1
- 1+ 10*10310[H+]POIE*PK
where [H']P°™ is the concentration of protons inside the PVP layer

within the pore. As we discuss below, this concentration differs
from that in the bulk solution, which is dictated by the solution

(6)
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FIGURE 2

(@) Scheme of a nanochannel modified with end-tethered chains of poly(4-
vynil pyridine), 4PVP. The pyridine segments in 4PVP can be either in a
positively charged protonated state (pyridinium) or in a neutral
deprotonated state (pyridine). The population of these two states is
regulated by an acid-base equilibrium. The channel is connected to two
identical macroscopic reservoirs containing 0.1 m KCl and fixed pH. An ion
current results upon applying an electric potential difference between the
reservoirs. (b) Polymer volume fraction as a function of the distance from
the pore center (r) for pH 2 (charged polyelectrolyte, dashed green line)
and pH 10 (neutral polyelectrolyte, solid blue line). The color maps show
the polymer distribution across a plane perpendicular to the axis of the
pore. (c) pH dependence of the conductance of the nanochannel. The
symbols show the experimental conductivity from Yameen et al. [41] and
the solid line show the theoretical prediction [32]. (d) Fraction of
protonated segments averaged inside the channel. (e) Concentration of K*
and Cl™ averaged inside the channel. The inset shows the concentrations in
logarithmic scale. Reproduced and adapted with permission from Ref. [32].
Copyright 2010 American Chemical Society.

pH, due to the effect of the local environment within the pore. In
general, [H']?°"® changes non-linearly with the bulk pH [42];
therefore while Eq. (6) has the same form as the equation for
the titration of an acid in the bulk solution, the shape of the fvs
bulk pH curve may be very different from an ideal titration curve. It
is useful to define an apparent pK, (pK,**P) as the bulk pH for
which f=0.5. Because of the effect of the local environment, the
apparent pK, and the pK, in bulk solution may be very different
[16].

The nanochannel of Fig. 2 connects two reservoirs containing
KCl1 0.1 m solutions of a given pH. An ionic current flows through
the channel upon applying a potential bias between these reser-
voirs. The points in Fig. 2c show the conductance of the channel as
a function of the pH in the reservoirs as measured by Yameen et al.
[41]. The conductance of the channel is low in basic pH solutions
and increases around pH 3.8, which demonstrates conductivity
gating by protons. To understand the mechanism behind this
effect, we studied the system with a molecular theory, which
explicitly considers the properties of the molecules in the system
(e.g. their charge, conformations and size) and their inter and
intramolecular interactions (e.g. electrostatic, hydrophobic and
excluded-volume interactions) [32]. The theory provides structural
and thermodynamic information on the system. Figure 2b shows
the volume fraction (i.e. density) of the 4PVP as a function of the
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distance from the wall of the nanochannel for pH 2 (the open
conductivity state) and pH 10 (the close conductivity state). At pH
2, the 4PVP chains are charged and therefore adopt rod-like
conformations, reaching the center of the channel. At pH 10,
the chains are uncharged and they collapse on the channel walls
due to the hydrophobic interactions among pyridine segments
[43]. Therefore, the polymer is homogeneously distributed inside
the nanochannel in the open conductivity state, whereas the axis
of the channel is free of polymer segments in the close state. This
result indicates that pH-induced gating is not related to the
structural reorganization of the 4PVP layer.

Figure 2d shows that the average protonation state of the
channel (i.e. the value of f given by Eq. (6)) shows the same
dependence on the solution pH as the conductance. The relation-
ship between the protonation fraction of the 4PVP and the
conductance becomes clear when we consider the average con-
centration of cations and anions inside the nanochannel (Fig. 2e):
at low pH, anions enter the channel to compensate the charge of
the protonated 4PVP. The predicted concentration of anions at
this pH is >2 m and, therefore, the total concentration of ions is
much larger at low pH than at high pH. The conductance is
directly proportional to the concentration of ions inside the
channel, which explains the mechanism of pH-induced gating.
In fact, the conductivity of the channel as a function of pH
predicted by the molecular theory (solid line in Fig. 2¢) is in
excellent agreement with the experimental results [32]. It is
interesting to note that the apparent pK, observed in Fig. 2d is
3.8 (i.e. this is the pH where half of the pyridine groups in the
nanochannel are protonated), while the pK, of pyridine in the
bulk is 5.2. The pK,*"P is smaller than the bulk pK, because the
positive electrostatic environment inside the nanochannel
excludes protons from it, and, therefore, the pH required to
protonate half of the pyridines inside the channel is smaller than
thatrequired for pyridines in the bulk solution. Loosely speaking,
the shift of the pK, of the pyridine species inside the pore is as a
local Le Chattelier principle: the positive charges of the 4PVP shift
the acid-base equilibrium from the positively charged species
(pyridinium) toward the neutral species (pyridine) and, thus,
the bulk pH required to protonate half of the pyridines inside
the pore is lower than the pK, for a pyridine in solution. In other
words, the repulsive electrostatic interactions within the pore
shift the titration curve. Namely, the chemical free energy cost of
shifting the acid-base equilibrium is compensated by the reduc-
tion in electrostatic repulsion that results from reducing the
charge in the confined polymers. This charge regulation effect
not only affects nanochannels modified by pH-responsive poly-
electrolytes but also systems where the inner walls have weak acid
or basic groups. The later situation was analyzed by Yeh et al. using
numerical calculations [44| and analytical theory [45]. These
works showed that charge regulation is coupled to the polariza-
tion concentration effect, which results in gradients of pH and
degree of protonation along the axis of the pore [44].

Figure 2e shows that the charge carriers inside the nanochannel
at low pH are almost exclusively Cl™ ions and, hence, the anion
selectivity (current carried by the anions over the total current) is
very high. Theory predicts an ionic selectivity (IS) of 0.994 for the
channel in Fig. 2 [32]. This selectivity is higher than the value of IS
~0.7 predicted for nanochannels with inner surfaces modified by

surface charges [24] and it is comparable to the ion selectivities of
biological ion channels, such as glycine (IS ~0.97) and GABA (IS
~1) anion-selective channels and the serotonin cation-selective
channel (IS ~0.98) [6,37]. The predicted large ion selectivity of
polyelectrolyte-brush modified nanochannels, which should be
experimentally confirmed in the future, arises from the large
charge density immobilized by the polyelectrolyte brush inside
the pore, which is much larger than that achievable by surface
charges. Note that while the ion selectivity of the synthetic
channel is similar to biological ion channels, the mechanism
responsible for this behavior is different in each case. Moreover,
the synthetic systems are selective in the transport of cations
versus anions, while their biological counterparts are able to also
select between different types of ions of the same charge, as
discussed below.

Electrostatic modulation of nanochannel conductivity is not
restricted to gating by protons. In principle, any process able to
modify the charge on the walls of the channel can be used for
gating, for example electrostatic gating was achieved in phos-
phate-modified pores by Ca®* addition [46,47] and in photoacid-
modified channels by light [48,49]. It is worthwhile to note,
however, that gating in biological channels do not rely on the
electrostatic gating mechanism discussed so far. Gating in bio-
logical ion channels occurs when agonists bind/unbind to sensor
sites (which may be far from the channel itself) and initiate a
series of conformational changes that physically block the chan-
nel. A similar mechanism of gating by conformational rearrange-
ment is found in some synthetic nanochannels, for example in
those modified by the thermoresponsive polymer poly(isopropyl
acrylamide) (pNIPAM) [50,51], which sterically blocks the pore
in its hydrophilic state (low temperature) and opens the pore in
its hydrophobic state by collapsing on the wall (high tempera-
ture). Blocking of ion flows by adsorption of large macromole-
cules is another possible mechanism to gate the conductance of
synthetic channels [52-56]. For example, solid-state nanopores
with inner walls modified by nitrilotriacetic acid receptors bind
histidine ligands in proteins [52]. Binding events modify the
current through the pore and allow stochastic sensing of the
proteins. Interestingly, the binding/unbinding equilibrium of
the proteins inside the channel depends on the presence of
ion currents, since the non-equilibrium electric field sustained
by these currents exerts a force on bound proteins that weakens
the ligand-receptor bond. This example illustrates the coupling
that exists between the transport of ions and the structure of the
pore.

It is important to realize that blocking the conductance of
synthetic nanochannels via conformational changes or adsorp-
tion of large molecules is rather inefficient. In general, the ratio of
the conductivity in the close state to that in the open state is
considerably smaller than that observed in biological channels.
This inefficiency is a direct consequence of the nanometric diam-
eter of solid-state channels, which is much larger than the size of a
single ion.

lon-selective channels

An important difference between biological and synthetic ion
channels is that the former exhibit high selectivities toward the
chemical identity of the translocating ion, for example potassium
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channels, such as the KcsA [57], can be ~103-10% more selective for
K* than for Na*. This selectivity is achieved by the presence of
carbonyl oxygen atoms in the selectivity filter [57], which coordi-
nate K" and Na* differently. To mimic the chemical selectivity of
biological channels, the size of the synthetic pores must be com-
mensurable with the diameter of the diffusing ions (~0.2-0.6 nm)
and the pore walls should expose the proper chemical residues to
interact selectively with the ions. Graphene pores and carbon
nanotubes have emerged as one of the best candidates for chemi-
cally selective solid-state ion channels. For example, different
alkaline ions permeate through intrinsic defects in graphene
sheets with different rates [58]. Molecular dynamics (MD) simula-
tions have been used to address selective transport in graphene
membranes and carbon nanotubes with site-specific chemical
functionalization. Sint et al. [59] studied graphene nanopores of
0.5 nm in diameter terminated either in N and F (Fig. 3a, left) or H
(Fig. 3a, right) atoms. The N,F-terminated pore was selective to
cations with a relative Li":Na*:K" selectivity of 9:14:33; the H-
terminated pore was anion selective with a F:Cl7:Br™ selectivity
of 0:17:33. Carbon nanotubes with inner surfaces modified by
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FIGURE 3

(a) Structure of graphene nanopores studied by MD simulations. The pores
were terminated either in F or N (left) or H (right). The color of the atoms is
as follows: cyan: C, blue: N, green: F, white: H. Reproduced from Ref. [59].
Copyright 2008 American Chemical Society. (b) Carbon nanochannel
modified by carbonyl groups in a membrane studied by MD simulations.
The color of the atoms is as follows: cyan: C, red: O (i.e. carbonyl groups),
green: K*, blue: Na™, yellow: CI™. Reproduced from Ref. [60]. Copyright 2010
American Chemical Society. (c) Structure of graphene nanopores studied by
MD simulations. The color of the atoms is as follows: cyan: C, red: O.
Reproduced from Ref. [61]. Copyright 2013 American Chemical Society.

carbonyl residues (Fig. 3) also displayed selective transport of Na*
and K* [60]; in this case, the selectivity depended on the arrange-
ment of the carbonyl groups on the surface. Inspired by K* and Na*
biological channels, He et al. [61] studied the translocation of Na*
and K through graphene nanopores terminated in carbonyl
(Fig. 3¢, 4CO) or carboxylate (Fig. 3¢, 4COO and 3COOQO) groups.
The pores modified by four carbonyl groups (Fig. 3¢, 4CO) and by
four carboxylates (Fig. 3c, 4COO) selectively transported K* and
Na™, respectively. The small pore modified by three carboxylates
(Fig. 3¢, 3CO0) was selective to Na* at low applied voltages, for
which Na* bound strongly to the pore and prevented K* translo-
cation. However, at high applied voltages, Na* no longer blocked
the pore and transport became K* selective. This example shows
again the strong coupling between structure and transport in
nanopores. It will be interesting to verify these predictions with
experimental observations.

Current-rectifying pores and channels

The inward-rectifier potassium channels (Kir channels) are potas-
sium-selective ion channels that transportions into the cell much
more easier than out of the cell [4]. Current-potential curves for
these channels are non-ohmic (non-linear), see scheme in Fig. 4a.
In other words, the current of Kir channels is large when the
applied potential drives K* ions into the cell (negative applied
potential in the scheme of Fig. 4a) and it is small when the
potential (and therefore the direction of transport) is reversed.
Current rectification requires breaking the symmetry of the chan-
nel with respect to the plane of the membrane, which in the case
of Kir channels is achieved by the presence of cytoplasmic mag-
nesium ions and polyamines that adsorb into the pore [62].
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FIGURE 4

(a) Scheme of a typical current-potential curve for a current-rectifying
nanochannel. Current rectification requires to break the symmetry of the
system, for example by using non-cylindrical channels (b) or pores where
the inner (c) or the outer (d) walls have charges of opposite sign on each
half of the pore. Following the convention of the figure, the conductivity of
the pore is higher for AV < 0 (open state) than for AV > 0 (close state). (e)
lon fluxes for the system in panel (d) showing the operation of the pore in
the off state (upper panel) and the on state (bottom panel).
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Moreover, the cytoplasmic environment and the extracellular
matrix present highly asymmetric solutions. In synthetic nano-
channels connecting reservoirs with identical solutions, current
rectification can be achieved by asymmetric nanopore shapes,
such as conical pores [63-65] (Fig. 4b), or by having an asymmetric
charge distribution in a shape-symmetric pore, for example in
nanochannels whose inner [23,66-68] (Fig. 4c) or outer [23,31]
(Fig. 4d) walls present charges of opposite sign on the upper and
lower halves of the channel. Current rectification in these systems
arises from changes in the concentration of ions inside the
channels under an applied potential, whereas the specific details
of the mechanism depend on the particular system. For example,
current rectification in a nanopore with asymmetrically charged
outer walls is exemplified in Fig. 4e. When the positively charged
electrode faces the positive side of the membrane (upper panel in
Fig. 4e), the cations enter the pore through the mouth with
positively charged outer walls and exit it via the mouth with
negatively charged outer walls. Since the entrance resistance is
larger than the exit resistance, the cations are depleted inside the
nanopore. The same argument applied to the anions shows that

they also deplete inside the pore. The salt concentration inside
the pore is therefore smaller than in the bulk and the channel is in
its off state. When the positively charged electrode faces the
negative side of the membrane (lower panel in Fig. 4e), the
entrance resistance is lower than the exit one, ions accumulate
inside the pore and the system is in its on state.

The transport properties of current-rectifying nanochannels can
be gated by protons when the surface charges depend on the
external pH, which can be the same or different in both reservoirs.
The latter situation was studied experimentally by Ali et al. [27]
and by Zhang et al. [68] using cigar-like nanochannels connecting
reservoirs of different pH. The two ends of the nanochannel
prepared by Zhang et al. [68] were functionalized by end-grafted
4PVP and poly(acrylic acid) (PAA) chains. The electrostatic gates
created by the polyelectrolyte layer on each end of the channel can
be addressed individually by the pH of the reservoir connected to
that end. Hence, the PAA gate opens at pH 10 and closes at pH 2.8,
while the 4PVP gate has the opposite behavior. The PVP/PAA gates
allow, therefore, four different nanochannel states: close/close,
open/close, open/open and close/open (Fig. 5a). In the open/open state,
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(a) Schemes showing the structure of a cigar-shaped nanochannel that has been modified with poly(vinyl-pyridine) (PVP) on one end and with poly(acrylic
acid) (PAA) on the other for different combinations of pH in the left and right reservoirs. The PAA is in a stretched, charged and ion-conductive state at pH
10 (open state) and in a collapsed, neutral and non-conductive state at pH 2.8 (close state). The behavior of PVP is opposite to that of PAA: the PVP gate is
open at pH 2.8 and close at pH 10. (b) Current-potential curves for the systems in a. Each curve corresponds to a different configuration of the PVP/PAA
gate: open/close (left panel, red curve), close/open (left panel, blue curve), open/open (right panel, red curve) and close/close (right panel, blue curve). (c)
Manually switching the pH of the reservoirs allows opening and closing the electrostatic gates at the ends of the pore. The ‘ion channel’ and ‘alternating
gates and occluding states’ operation modes are discussed in the text. Reproduced and adapted with permission from Ref. [68]. Copyright 2013 American
Chemical Society.
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(a)

(b) pH =1l

I(nA)

(a) Scheme of conical nanopores modified by amphoteric lysine groups,
which are negatively charged at pH 11 and positively charged at pH 2.

(b) Experimental current-potential curves obtained at different pH values for
the system in a. Note that the pore rectifies ion currents in opposite
directions at pH 11 and at pH 2. The inset shows the theoretical results at
selected pH values. (c) lonic current (red symbols) and applied potential
bias (solid black line) as a function of time at pH 11 and pH 2. Note that
due to current rectification there is a non-zero time-averaged ion current,
even though the time average of the applied bias is zero. Reproduced and
adapted with permission from Ref. [71]. Copyright 2013 Elsevier.

the charge asymmetry of the system is largest and the pore is
highly rectifying (red curve in the right panel of Fig. 5b). In the
close/close configuration, the channel is symmetric and the current
is small and ohmic (blue curve in the left panel of Fig. 5b). Finally,

¥ $

Scheme showing the voltage-dependent shape of DNA-origami-modified
glass nanopores. (a, b) Flat conformation (low voltage), and (c, d) buckled
conformation (high voltage). Reproduced and adapted with permission
from Ref. [75]. Copyright 2014 American Chemical Society.

in the open/close and close/open states the channel rectifies current,
but to a lesser degree than for the open/open configuration (right
panel of Fig. 5b). For an applied bias of —2 V, the open/open and
close/close states correspond to high and low conductance states,
respectively, and switching between these states mimics the oper-
ation of an ion channel (Fig. 5c).

lon pumps

Ion channels transport ions across membranes in the direction of
the gradient of their electrochemical potentials (chemical poten-
tials of charged species), which depend on both the concentration
of the ions and the trans-membrane electrostatic potential. On the
other hand, ion pumps force ions to move up their electrochemi-
cal potential gradient, consuming energy in the process. Structur-
ally, ion pumps and channels differ in the number of gates:
channels have a single gate, which can be either open or close,
while pumps require two synchronized gates to drive ions against
their electrochemical potential gradient [3]. The gates of the
nanochannel of Fig. 5 can be switched in the order open/close —
close/close — close/open — close/close (Fig. 5c, right panel) to resem-
ble the operation of an ion pump. However, there are some
important differences in the function of biological ion pumps
and this synthetic channel: (i) the synthetic nanochannel does
not really operate as a truly ion pump because no net flux of ions
occurs against their gradient of electrochemical potential and (ii)
the electrostatic gates in the nanochannel are not effective enough
to allow fail-safe transport of ions. In their close/close (occluding)
state, biological ion pumps tightly trap one or more ions. In the
synthetic nanochannel, however, the close/close state has a non-
negligible current (~100 pA at —2V, according to Fig. 5b). This
current carries 3 x 10'° ions per minute (which is the duration of
each pH step in the experiment of Fig. 5c) across the channel.
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According to the dimensions of the nanochannel, its volume is
<0.1 pm? and, if filled with a 0.1 m electrolyte solution, it contains
less than 107 ions. Therefore, in 1 min the ions inside the pore are
renewed >1000 times in the close/close state, which means that the
synthetic channel is leaky and cannot really trap ions, as suggested
by the stages VI and VIII of Fig. Sc. To achieve a truly ‘fail-safe’ ion
pump, much faster pH oscillations would be required.

Based on the discussion above, we consider unlikely the devel-
opment of nanometer ion-pumps mimicking the exact mecha-
nism of biological ones. However, nanometric ion-pumps based
on other mechanisms are still feasible. In a seminal work, Siwy and
Fulinski reported a synthetic ion pump that operates far-from-
equilibrium by applying an alternating-current (ac) electric field
across a membrane containing a single conical nanopore with
negatively charged outer walls [63,69]. This strategy for ion-pump-
ing (which is equivalent to the tilting ratchet mechanism in the
non-equilibrium literature [70]) has been recently extended to pH-
responsive channels (Fig. 6) [71]. This study used conical pores
coated with amphoteric lysine groups, which are positively
charged at pH 2 and negatively charged at pH 11 (Fig. 6a). At
pH 2 or 11, the channel is both ion selective and rectifying
(Fig. 6b). Therefore, upon applying an ac electric field, there is a

net average flux of ions across the membrane (red points in Fig. 6¢)
despite the fact that the time-average of the electric field is zero
(black lines in Fig. 6¢). In this example, the solution pH determines
the selectivity and directionality of the ion pump.

Another mechanism for uphill ion transport involves coupling
it to the downhill transport of other species, in such way that the
total change in free energy involved in the transport process is
negative. This mechanism is the basis of some biological ion
pumps, such as the calcium-sodium exchanger [72], and it has
been recently applied to build a synthetic light-driven proton
pump using a selective membrane [73]. However, to the best of
our knowledge, synthetic nanopore or nanochannel pumps based
on coupled ion transport have not been reported.

Voltage-dependent nanopores

Transmission of nerve impulses depends on voltage-dependent
ion channels, whose permeability can be gated by changes in the
trans-membrane potential. This switching mechanism involves a
voltage-sensor domain that undergoes conformational changes
induced by the transmembrane potential and that triggers con-
ductivity changes [1,5,74]. We are far from understanding and
mimicking this exquisite degree of molecular control; however,
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(a) Theoretical prediction of the polymer volume fraction (shown as color maps) for a short nanopore with an inner surface modified by positively charged
polyelectrolytes. In equilibrium (AV = 0, upper panel), the polymer is distributed symmetrically. Upon applying a positive potential bias to the upper
electrode (AV =0, lower panel), the polyelectrolyte chains stretch toward the lower (negatively biased) reservoir. Reproduced and adapted with permission
from Ref. [33]. Copyright 2011 American Chemical Society. (b) Same as (a) but for a short nanopore with upper and lower outer membrane surfaces
modified by positively and negatively charged polyelectrolyte brushes, respectively. Upon applying a potential bias, electrophoretic forces stretch the grafted
polyelectrolyte chains toward the oppositely charged electrodes. Therefore, the chains stretch into the pore for AV > 0 (upper panel) and out from the pore
for AV < 0 (upper panel). Reproduced and adapted with permission from Ref. [31]. Copyright 2013 American Chemical Society.
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it is interesting to note that the structure of synthetic channels
modified by soft materials is also sensitive to the trans-membrane
potential and that potential-induced conformational changes can
affect the conductance of the nanochannel.

Recent work by the Keyser [75] and Dekker [76] groups shows
interesting voltage-dependent conductivity changes in nanopores
modified by DNA-origamis (a DNA-origami is a nanostructure
created by directed folding of DNA). For example, DNA-origami
caps bearing a central aperture and dangling tails were trapped at
the entrance of a glass nanopore under a positive applied potential
bias. Depending on the magnitude of this applied potential, the
caps adopted either a flat (Fig. 7a and b) or a buckled (Fig. 7c and d)
conformation [75]. The buckled conformation was obtained for
large applied potentials, which pulled the DNA dangling tails into
the pore and, thus, deformed the DNA origami. This state had a
lower conductivity than the flat one, since the buckled DNA
origami sealed the glass pore better than the flat cap. The flat/
buckled transition has been used to control the translocation
frequency of ds-DNA chains through the pores [75].

Nanopores modified by end-grafted chain-like molecules also
display potential-gated conformational changes. Harrell et al. pro-
posed that the potential-driven reorganization of end-grafted DNA
chains in conical nanopores worked as an electromechanical gate,
which rectified ion currents [77]. We recently studied the voltage-
induced reorganization of polyelectrolyte chains end-grafted in
short nanopores using a non-equilibrium molecular theory
[31,33]. Figure 8a shows the structure of a short pore whose inner
surface is modified by end-grafted polyelectrolyte chains. The
positively charged polyelectrolyte chains are distributed symmet-
rically in the absence of an applied bias (equilibrium), but, upon
applying a potential bias, they deform toward the negative elec-
trode [33]. This deformation changes the conductivity of the
system and, hence, gives rise to non-linear current-potential
curves [33]. We also studied theoretically the reorganization of
a pore whose outer walls are modified by polyelectrolyte brushes of
opposite charge, Fig. 7b [31]. Applying a positive bias to this
system pulls the polyelectrolyte chains out of the pore (bottom
panel). On the other hand, under a negative applied potential, the
polyelectrolyte chains stretch into the pore, blocking it (upper
panel). Free-energy calculations for the translocation of particles
through this pore suggest that potential-induced deformation of
grafted polyelectrolytes can act as an electrochemical gate to
control the translocation of nanoparticles or macromolecules [31].

There are two important insights to be gained from our discus-
sion of voltage-responsive synthetic nanopores. First, the mecha-
nisms of gating of the synthetic channels and those of biological
ion channels are qualitatively different. In biology, the trans-
membrane potential triggers conformational changes of the sen-
sor domain in the absence of ionic currents. On the other hand, in
the synthetic channels, ionic currents are required to sustain a
non-equilibrium electric field inside the pore, which is responsible
for the deformation of the DNA origami or the polyelectrolyte
chains (one can imagine this deformation as an electrophoretic
force acting on the immobilized polyelectrolytes). In other words,
no reorganization of the soft-material component would occur in
the absence of ionic currents (e.g. if the potential bias is applied to
ideally polarizable electrodes). The second important insight is the
interplay between structure and transport. Figures 7 and 8 show

that the molecular organization of soft-matter-modified nano-
pores is affected by the magnitude and direction of ion currents.
At the same time, the structure of these pores dictates the conduc-
tance of the system, which reveals the coupling that exists between
ion transport and structure. This coupling is also found in biologi-
cal channels and pumps, for instance conformational changes and
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(@) Scheme of the nuclear pore complex (NPC), a protein complex in the
nuclear membrane that controls all transport between the cytoplasm and
the cell nucleus. The NPC has a diameter of ~50-100 nm (depending on
the species) and its central meshwork is formed by disordered protein
chains rich in phenylalanine-glycine motifs (the FG-Nups). The NPC blocks
the passage to cargoes larger than 40 kDa in mass unless these cargoes are
conjugated to transportins, which are hydrophobic and negatively charged
proteins. Reproduced and adapted with permission from Patel et al., Cell
2007, 129, 83. Copyright 2007 Elsevier Inc. (b) Free energy as a function of
the position for a 10-nm spherical model particle translocating through the
yeast NPC calculated with a molecular theory. Four different particles were
considered depending on their charge and hydrophobic properties: the
particles may be uncharged (neutral particle) or have a charge of —150 |e|
(charged particle); they also may interact attractively with hydrophobic
amino acids of the FG-Nups (hydrophobic particle) or not (hydrophilic
particle). The center of the pore is located at z=0 and the cytoplasmic and
nuclear bulk solutions are located at z — oo and z — —oo, respectively.
Reproduced and adapted with permission from Ref. [80]. Copyright 2013
National Academy of Sciences.
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ion transport in ion pumps are two simultaneous and inseparable
processes [3]. Thus, while structural changes are linked to ion
transport in both biological and synthetic systems, the mecha-
nisms responsible for these processes are qualitatively different.

Transport of cargoes larger than ions

The transport of cargoes larger than ions, such as molecules [18],
polymers [78] or nanoparticles [30,79], through nanopores and
nanochannels has been studied comprehensibly. So, can we learn
something new from Nature? We believe that the answer to this
question may reside in the outstanding selectivity of the nuclear
pore complex, one of the most impressive examples of biological
machinery. The nuclear pore complex (NPC, Fig. 9a) is a highly
conserved biological nanopore in the nuclear membrane that
mediates all cellular traffic between the cell nucleus and the
cytoplasm. While small molecules (<40kDa) can translocate
easily through the NPC, larger cargoes require binding to specific
proteins known as transport receptors or Karyopherins (Kaps) to
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be transported. It is still under debate how the Kap-cargo complex
(which is larger than the cargo itself) can translocate through the
NPC, while the cargo is blocked. It is accepted, however, that the
selectivity of the NPC is granted by disordered proteins that
protrude from the inner walls of the pore scaffold, see Fig. 9a.
These proteins are known as FG-Nups due to their high content of
phenylalanine (F)-glycine (G) motifs. We recently developed the
first theory and computational model of the NPC that explicitly
considered the size and shape of the pore, the amino acid se-
quence of the NPC, the size, charge and conformations of
all molecular species involved in the system as well as the elec-
trostatic and non-electrostatic interactions and the acid-base
properties of the amino acid segments [80]. We used this model
to study the translocation of spherical model nanoparticles hav-
ing different surface hydrophobicities and charge densities.
Figure 9b shows the free energy of the system as a function of
the position of the particle along the axis. Free-energy curves for
four different types of particles are shown: hydrophilic/neutral,
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Examples of solid-state pores modified by biomaterials for selective transport of large cargoes: (a) solid-state nanopore modified by FG-Nups. Reproduced
and adapted with permission from Ref. [81]. Copyright 2011 Nature Publishing Group. (b) Solid-state nanopore modified with hair-pin DNA. Reproduced and
adapted with permission from Ref. [83]. Copyright 2007 Nature Publishing Group. (c) Nanopore modified with lipid bilayers incorporating ligand-modified
lipids for selective transport. Reproduced and adapted with permission from Ref. [84]. Copyright 2011 Nature Publishing Group.
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hydrophilic/negatively charged, hydrophobic/neutral and hy-
drophobic/negatively charged. The hydrophilic/neutral curve
has a free energy barrier for translocation (due to the steric
interaction between the particle and the Nups), which decreases
when the surface of the particle is hydrophobic and negatively
charged. Interestingly, the experimentally known transport
receptors, which are proteins that bind to the cargoes and assist
them to translocate through the NPC, are in fact negatively
charged and highly hydrophobic proteins. We believe, therefore,
that the interplay among electrostatic, hydrophobic and steric
interactions plays an importantrole in the outstanding selectivity
of the NPC. Noteworthy, the effects of charge and hydrophobicity
in the NPC are synergistic: the barrier for hydrophilic/neutral
particles decreases by 5 kT when making the particle hydropho-
bic (hydrophobic/neutral particle) and by 5 kyT when making the
particle charged (hydrophilic/negatively charged); however,
making the particle both charged and hydrophobic (hydropho-
bic/negatively charged particle) decreases the barrier by 12 kgT
instead of the expected 10 kg T. This non-additivity arises from the
reorganization of the disordered proteins within the pore in
the presence of the cargoes, which is different for the different
types of cargo. This is another example of the coupling between
transport and structure in nanopores with tethered polyelectro-
lyte gates. A better understanding of this non-additive interplay
of interactions as well as other aspects involved in transport
selectivity in the NPC will lead to synthetic nanopores selective
to specific nanoparticles or macromolecules.

A lesson gained from the NPC is that selective transport of large
cargoes can be achieved by the synergistic interplay among differ-
ent interactions coupled to changes in molecular organization.
This last point reflects the importance of using soft layers as surface
modifiers. One route to achieve such subtle balance of chemical
and physical forces is to modify the inner surfaces of synthetic
pores with biological materials, such as polyelectrolytes, lipids,
DNA or proteins. For example, synthetic pores have been modified
by reconstituted FG-Nups [81,82] to create biomimetic NPCs. In
one of these examples (Fig. 10a), Dekker and collaborators tethered
FG-Nups to the surface of a solid-state nanopore and showed that
the transport receptor importin-g translocated effectively through
this biomimetic pore, while non-specific proteins were blocked. In
another example, sequence-selective transport of DNA was
achieved in solid-state nanopores modified by DNA hair-pins
(Fig. 10b). In this case, DNA hair-pins bound selectively to com-
plementary DNA strands in solution and only these complemen-
tary strands were transported through the pore under an applied
bias [83]. Lipids bilayers were also used to confer selectivity to
biomimetic solid-state nanopores [84] (Fig. 10c). The fluid lipid
layer was proposed to prevent the adsorption of non-specific
proteins. Moreover, when lipids modified to target certain biomo-
lecules were incorporated into the lipid layer, selective transloca-
tion of these specific biomolecules was observed. The mechanisms
of transport selectivity in all examples discussed in Fig. 10 and the
NPC share some important similarities: (i) specific chemical/phys-
ical affinity is required between the translocating cargo and the
soft/biomaterials modifying the inner surfaces of the pore, (ii)
tethered soft/biomaterials prevent unspecific translocation
through the pore and (iii) transport-enabled cargoes reorganize
the inner structure of the nanopore during translocation.

Conclusions

We have reviewed the transport mechanisms through synthetic
nanochannels and nanopores in solid-state membranes and com-
pared them to those in biological ion channels, ion pumps and
nuclear pore complexes. The fundamental and general insights
that arise from our analysis are: (i) Transport and structure are
coupled. It is well-established that structure dictates the transport
properties of the nanopore. However, it is not always recognized
that transport affects structure. We have shown that soft materials
confined in nanopores change their structure due to the ionic
currents flowing through the pore. The degree of protonation of
weak acids or bases within a pore also depends on the presence of
ionic currents or large charged molecules. The structural and
compositional changes due to the flux of ions or large particles
affect the transport process and, therefore, transport and structure
are highly coupled. (ii) Transport selectivity can be achieved by a
synergistic combination of interactions. We have shown, for
example, that the effective interactions that control transport of
particles in our model of the NPC can be tuned from repulsive to
attractive by combining electrostatic and hydrophobic interac-
tions and that this is a synergetic combination: hydrophobic/
charged particles experience a lower translocation barrier than
that expected from the predictions for hydrophobic/neutral and
hydrophilic/charged particles. An open question is how to achieve
transport selectivity by engineering the interactions between the
channel and the species being transported. To address this prob-
lem, the modeling tools need to go beyond the traditional Nernst—
Poisson-Planck approach, which considers only electrostatic inter-
actions. For example methods reviewed here such as full-scale
simulations (which are currently computational too costly in
many cases) and molecular theories. (iii) Synthetic channels
and pores resemble some of the transport behavior found in their
biological counterparts, but there are fundamental differences
between them. Biological and synthetic ion channels are funda-
mentally different because the size of the selectivity filter in the
former is similar to the size of a single ion, while the narrowest
solid-state channels and pores are a few nanometers wide. There-
fore, synthetic channels lack, so far, the chemical selectivity and
gating properties of their biological counterparts. Since transport
against electrochemical gradients by ion pumps depends strongly
on ion selectivity and channel gating, the function of ion pumps is
challenging to mimic. It is worthwhile to mention that, whereas
man-made nanochannels and nanopores in solid-state mem-
branes cannot compete (yet) with the selectivity and functional
complexity of natural ones, they are mechanically and chemically
much more robust than their biological equivalents. Also, syn-
thetic channels have larger conductances than biological ones, as
expected from their larger diameters.

Nanopores and nanochannels will continue to attract the at-
tention of researchers in forthcoming years. Broadening the spec-
trum of chemical and physical stimuli that can gate synthetic
nanochannels will lead to new applications in sensing. A major
challenge in the field will be to improve the size and chemical
selectivity of synthetic ion channels; this goal may be achieved in
the future by, for example, graphene nanopores. Recent experi-
ments have already demonstrated size-selective transport in gra-
phene nanopores [85]; however selective permeation of ions of
similar size (such as Na* vs K*) is still challenging. The simulation
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results in Fig. 3 suggest that ion-selective transport in nanoporous
graphene and carbon nanotubes is physically possible, but very
sensitive to the molecular arrangement of chemical groups around
the pore. Therefore, breakthroughs in nanofabrication are still
required to accomplish ion-selective graphene nanopores. Anoth-
er important challenge in the field of biomimetic nanochannels is
the creation of fully synthetic nanochannel pumps, capable of
transporting ions or molecules against their gradient of electro-
chemical potential. In this case, mimicking Nature may not work
in the nanoscale and, therefore, other strategies, such as far-from-
equilibrium transport, will be required. Finally, highly selective
and stimuli-responsive transport of nanometric particles and
macromolecules remains also a standing challenge, which will
benefit from a deeper mechanistic understanding of biological
systems such as the NPC. Methodological breakthroughs deliver-
ing new theoretical tools to model the different aspects of ion,
molecular and macromolecular transport are also needed, as the
large sizes of synthetic nanochannels often preclude the use of
atomistic simulations. It is clear that the fundamental understand-
ing of functional nanopores requires the ability to predict/design
how molecular organization, chemical state, physical interactions
and ion transport couple within nanoconfined environments. The
complexity of the challenges lying ahead undoubtedly requires
the combination of experiment and theory and the inspiration
provided by a deeper understanding of biological transport.
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