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This review discusses the properties of macromolecular layers on nano-curved surfaces, with special

emphasis on the fast-growing field of polymer- and polyelectrolyte-modified nanopores and

nanochannels. Organization in soft materials emerges from the competition between physical and

chemical interactions acting on different length scales; the geometry of the system modulates this

competition and, hence, dictates its structure and function. Theoretical studies of molecular

organization in planar and curved geometries require the treatment of the coupling between

interactions, chemical equilibrium and geometrical constraints. We analyse here how curvature affects

the morphology of polymers on nano-curved surfaces and determines the apparent equilibrium

constants of surface-confined chemical reactions, such as acid–base chemistry. We also review the

practical implications of introducing soft materials into nanofluidic devices. In particular, we present

and discuss recent theoretical studies and simulations of the transport of ions, solvent and large cargoes

through polyelectrolyte-brush-modified pores. We believe that this basic understanding will guide

experimental efforts towards the design of stimuli-responsive nanopore gates.
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1. Introduction

Nanometre-curved surfaces are ubiquitous in biological systems

and nanotechnology: nanoparticles and nanotubes, nano-

channels and meso/nanoporous materials exhibit surfaces with

radii of curvature in the nanometre to hundreds-of-nanometres

range. Soft materials are typically introduced to these surfaces in
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Fig. 1 Schematic drawing of the morphology of ligands on spherical

nanoparticles. Due to the spherical geometry of the system, the volume

available to the ligands increases with the distance to the surface (blue

cones). As the nanoparticle becomes smaller, the ligands can adopt non-

all-trans conformations in order to explore the additional volume intro-

duced by curvature and, thus, increase their conformational entropy

(nanoparticle to the right).
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order to confer functionality. In particular, nanopores and

nanochannels coated by stimuli-responsive supramolecular

species, like polymers, polyelectrolytes or surfactant layers, have

recently emerged as outstanding candidates for the fabrication of

molecular gates. In these systems, the curvature of the surface is

commensurable with the size of the grafted macromolecules and

the length scales of the intermolecular interactions. Therefore,

curvature critically impacts on the properties of the system and

controls its structure and function.

This review discusses the coupling between the properties of

soft materials and the curvature of the immobilizing surface. Our

goal is the fundamental understanding of these systems. In

particular, we focus here on recent theoretical work on nano-

channels and nanopores, but also address other nano-curved

surfaces (such as nanoparticles and nanotubes) in order to

provide a more complete and consistent description of curvature

effects. We mainly describe short polymers (n z 10 to 100) and

long alkyl-chain molecules, because (as we discuss below) the

modification of the inner surfaces of pores and channels with

long polymers is a very challenging task due to nanoconfinement

effects. We refer the reader to recent review articles devoted to

specific systems: stimuli-responsive polymer materials,1 ligand-

coated nanoparticles,2–4 polymer-stabilized carbon nanotubes,5

polyelectrolyte modified nanopores,6 spherical polyelectrolyte

brushes,7 hairy nanoparticles,8 macromolecule-modified nano/

mesopores,9 solid-state nanopores10–12 and the nuclear pore

complex.13

The difference between planar and curved surfaces is that for

planar surfaces the available volume remains constant as the

distance from the surface increases. On the other hand, for

curved convex (concave) objects the available volume increases

(decreases) as the distance to the surface increases. More

specifically, the volume element at a distance r from the surface

scales as (r/R)2 for spheres and spherical holes, as (r/R) for

cylinders, pores and channels and it is constant for planar

surfaces (here R is the radius of curvature of the surface). The

simplicity of this argument is, however, deceiving: the molecular

organization in soft materials depends on the competition among

multiple physical and chemical interactions acting on different

length scales (such as van der Waals and electrostatic forces and

acid–base equilibrium, to name just a few). Curvature effects

modulate this competition and, thus, the optimal organization of

the system will non-trivially depend on its geometry. This

concept is discussed in the first two sections where we review the

effect of highly curved surfaces on the morphology of end-graf-

ted polymer layers and surface-confined reaction equilibria,

respectively. In the last section, we focus on the coupling between

curvature and functional properties by analysing molecular

transport through polymer- and polyelectrolyte-modified nano-

pores and nanochannels. An important part of the theoretical

insights we describe in this and following sections were gained

from amolecular theory developed in our group in order to study

the molecular organization and thermodynamic properties of

confined polymers in general14 and, more relevant to this review,

neutral polymers and weak polyelectrolytes grafted to surfaces of

different curvature.14,15 The molecular theory methodology

explicitly considers the geometry of the system, the shape,

charge, charge distribution, conformations and molecular

volume of all molecular species, the electrostatic and non-
This journal is ª The Royal Society of Chemistry 2012
electrostatic interactions among them and the presence of

coupled chemical equilibrium.
2. The structure of end-grafted polymers and
polyelectrolytes on curved surfaces

2.1 Structure in the good solvent regime

The most studied problem comprising polymers on curved

surfaces is probably that of colloidal stabilization. The modifi-

cation of nanoparticles and nanotubes (convex surfaces) with

polymer layers in good solvent permits the stabilization of these

nano-objects in solution.5,16,17 Steric stabilization by polymers

arises from the entropy loss that occurs when two polymer-

modified surfaces approach. This decrease in entropy has two

contributions: (i) the conformational entropy of the polymer (as

the surfaces approach, there is a decrease in the number of

allowed chain conformations) and (ii) the solvent translational

entropy, i.e. the osmotic pressure contribution (when the poly-

mer layers are compressed, solvent is expelled from the layers).5

For example, the van der Waals interactions between two

micron-long carbon nanotubes (CNT) can be thousands of times

the thermal energy5 and therefore bare CNT are insoluble in any

solvent. However, adsorption of polymers on CNT creates an

entropic barrier between their surfaces that makes CNT solutions

stable.5,18 Another example of stabilization by chain-like mole-

cules is that of spherical nanoparticles coated by a dense layer of

ligands.2,3 These ligands form compact monolayers on planar

surfaces, but on highly curved surfaces their packing is disrupted

due to the increase in the available volume with increasing

distance to the surface.19–23 In a good solvent, ligand chains

explore the additional space provided by the convex geometry,

and therefore increase their conformational entropy by adopting

non-all-trans conformations that are rich in gauche defects

(Fig. 1). The problemof colloidal stabilization, aswell as structure

of polymer layers in good solvent on convex surfaces,8,24–26 is

rather well understood. On the other hand, recent theoretical

work has been focused on the properties of polymers on concave

surfaces, more specifically, polymer-modified nanochannels27–30
Soft Matter, 2012, 8, 7292–7305 | 7293

http://dx.doi.org/10.1039/c2sm25777g


Fig. 2 (a) Schematic diagram for polymer organization in a good

solvent regime (no effective segment–segment attractions). Polymer

brushes are obtained in long nanochannels for chains with a radius of

gyration smaller than channel radius (left). In short nanopores, the

presence of the reservoirs allows chains relieving confinement (right). (b)

Polymer-segment volume fraction color maps (chain length ¼ 75

monomers per chain; surface coverage ¼ 0.05 chains per nm2) for

different pore dimensions in a good solvent. (c) 2D projections of the

average segment density for a single chain within a polymer film. The

chains shown are grafted to the center of the pore (z ¼ 0, left) or to the
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(cylindrical holes with radius much smaller than length) and

nanopores31 (cylindrical holes with radius comparable to length).

Polymer chains on concave surfaces can access fewer conforma-

tions than those on planar or convex surfaces and thus present

interesting nanoconfinement effects.

In a series of papers, Binder and co-workers studied polymer-

coated infinite nanochannels using scaling arguments and Monte

Carlo (MC) simulations.28,30 In these studies, chains with an

unperturbed radius of gyration much larger than pore radius are

predicted to adopt, as expected, conformations consistent with

the mushroom and brush regimes for low and high chain surface

coverages,32 respectively. As the cylinder radius decreases,

different average conformations result from the strong confine-

ment of the end-grafted polymer chains. Cigar-like conforma-

tions (where the chains are elongated in the axial direction) and

compressed polymer brushes occur for low and high surface

coverages, respectively. The regimes discussed above are pre-

dicted for infinitely long nanochannels; in practice, very long-

aspect ratio channels (length to radius ratio �1000) have been

prepared by etching ion-tracks in polymer membranes.33

Polymers grafted to short pores, such as those prepared by ion

or electron-drilling10,34 show a different behavior to that pre-

dicted for infinite channels. In short pores the reservoirs provide

additional volume accessible to the chains grafted near the

entrances and thus relieve nanoconfinement (Fig. 2a). Fig. 2b

and c show the polymer volume fraction and the single-chain

volume fraction color maps respectively, obtained with a molec-

ular theory for chains grafted to the center and near the entrance

of a polymer-modified short nanopore.31 The non-zero polymer

density in the reservoirs arises from the chains grafted near the

entrance (right panel in Fig. 2c) that stretch out of the pore in

order to decrease the internal osmotic pressure (i.e. increase the

solvent volume fraction inside the pore) and to explore the

volume of the reservoirs (which translates in a higher confor-

mational entropy and smaller excluded volume interactions). For

the surface coverage, chain length and pore radius of the system

shown in Fig. 2c, brush-like conformations are expected for

infinite cylinders.28,31 These conformations should be elongated

in the direction normal to the walls; however the volume fraction

profile for the chain grafted to the center of the short pore in the

left panel of Fig. 2c is elongated in the axial direction. This

apparent contradiction is explained by the presence of the

reservoirs in the short pore, that create additional free volume at

pore entrances and favour conformations stretched along the

symmetry axis of the pore.31 This is an example of how details of

the geometry at the nanoscale may have very important impli-

cations on the molecular organization and therefore they cannot

be neglected.
edge of the pore (z ¼ 12 nm, right). The solid walls of the membrane are

shown in grey. The calculations correspond to pore of radius ¼ 7.5 nm;

pore length ¼ 24 nm; surface coverage ¼ 0.3 chains per nm2 and good

solvent conditions. Reproduced and adapted with permission from Peleg

et al., ACS Nano, 2011, 5, 4737. Copyright 2011 American Chemical

Society.
2.2 Self-assembly of end-grafted polyelectrolytes due to

microphase separation in the poor solvent regime

An interesting property of polymer and polyelectrolyte end-

grafted layers is their ability to microphase separate in poor

solvent conditions (where the segment–segment attractions are

stronger than the segment–solvent ones) forming aggregates of

different shapes.35–37 Microphase segregation is the result of the

competition between attractive short-range interactions and the

geometrical constraint introduced by the grafting points that
7294 | Soft Matter, 2012, 8, 7292–7305
frustrate macroscopic phase separation.36 In the case of planar

surfaces, mean-field theories,35,37 scaling arguments36,37 and

simulations37–39 have predicted different morphologies, such as

hemispherical micelles, stripes, solvent-filled holes and collapsed
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Morphologies of an end-grafted weak polyelectrolyte planar

layer in poor solvent as predicted by a molecular theory. The figures are

isodensity surfaces for a polyelectrolyte volume fraction of 0.15 (grafting

density ¼ 0.111 chains per nm2, chain length ¼ 50 segments per chain).

The morphology ‘micelles + non-aggregated chains’ is predicted only for

weak polyelectrolyte layers, while the other morphologies are predicted

for both weak and strong polyelectrolyte films. Reproduced and adapted

with permission from Tagliazucchi et al., Proc. Natl. Acad. Sci. U. S. A.,

2010, 107, 5300.
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homogeneous films (see Fig. 3). An interesting novel morphology

of micelles coexisting with isolated chains have been predicted in

the case of weak polyelectrolytes.35 Some of these morphologies

have been experimentally observed in AFM experiments.40,41

Dobrynin and co-workers analysed the phase behavior of

nanoparticle-grafted polyelectrolytes in poor solvent using

coarse-grain molecular dynamics (MD) simulations.39 Depend-

ing on the strength of the van der Waals (vdW) and electrostatic

interactions, different morphologies were predicted (Fig. 4).

Collapsed (homogeneous) brushes are found for strong mono-

mer–monomer attractions and weak electrostatic repulsions

(which are achieved either by screening of charges in high ionic

strength solutions or by counter-ion condensation in very low
Fig. 4 Morphologies adopted by spherical strong polyelectrolyte

brushes: collapsed brushes (circles), bundle brushes (squares), star-like

brushes (tilted squares), and micelle-like brushes (triangles) (chain

length¼ 60 monomers per chain, fraction of charged monomers f ¼ 1/3).

Reproduced and adapted with permission from Sandberg et al., Lang-

muir, 2007, 23, 12716. Copyright 2007 American Chemical Society.

This journal is ª The Royal Society of Chemistry 2012
ionic strength solutions). Bundles of ligands and micelle-like

structures (comprising a collapsed-polymer core with condensed

counterions and a swollen charged corona) arise for strong

monomer–monomer attractions and intermediate ionic

strengths. These two morphologies are the result of the balance

between electrostatic and vdW interactions. Finally, for weak

vdW interactions, a charged polyelectrolyte brush (star-like

brush) was obtained. Interestingly, while stripe and hole

morphologies are observed for end-grafted polyelectrolyte layers

on planar surfaces, equivalent structures were not predicted on

nanoparticle surfaces. It is not clear whether this discrepancy

arises from the geometry of the system or from differences in the

calculation parameters (such as grafting density) or in the

molecular model.

It is important to emphasize that domain formation in the

poor solvent regime is different for weak vs. strong poly-

electrolytes. This is due to the strong coupling that exists between

molecular organization, chemical equilibrium and physical

interactions and it leads to qualitatively different phase diagrams

and novel morphologies, e.g. the micelles and non-aggregated

chains, see Fig. 3, where the degree of charge of the chains

depends on whether it is in the core or the surface of the micelle.35

In poor or mildly poor solvents, long alkyl chains coating

small-radii spherical22 or faceted42 particles are predicted to form

bundles of chains in order to optimize the inter-chain attractive

interactions. Stellacci and co-workers have shown the formation

of phase-segregated rippled domains in mixtures of short and

long thiols on gold nanoparticles.43,44 MD simulations performed

by Glotzer and co-workers suggested that domain formation

occurs instead of complete phase separation due to the increase

in conformational entropy of long chains adjacent to short

ones.45 The simulations predicted domain formation even for

planar surfaces, but stripes were found to form only on spherical

particles.

In polymer-modified nanochannels, solvophobic interactions

can be used as a tool to control nanoscale morphology and

function. For example, the thermoresponsive polymer poly(N-

isopropylacrylamide), PNIPAM, presents a hydrophilic-to-

hydrophobic transition at 32 �C and thus has been used to design

temperature-triggered gates in nanochannels46–48 and nanoc-

ages.49 The conductance of PNIPAM-grafted pores increases

above 32 �C; this effect has been ascribed to the collapse of the

polymer to the pore walls.46 A systematic theoretical treatment

of the role of solvent quality and pore geometry shows that the

collapse-to-the-walls morphology is, however, only one of the

possible morphologies predicted for solvophobic polymers in

nanopores.31 The polymer density maps in Fig. 5a show that

pore radius, at fixed chain length and surface coverage, controls

the morphology of the system and the mechanism of collapse:

wide pores (i.e. radius larger than the thickness of a collapsed-

polymer layer) present aggregates of chains close to the walls

(collapse-to-the-walls mechanism). On the other hand, narrow

pores display aggregates along the pore axis (collapse-to-the-

center mechanism). We believe that the collapse-to-the-walls

mechanism is predominant in the experimental literature due to

the challenges involved in grafting long chains within narrow

nanopores (see Section 4.2). The pore length determines the

number of micellar aggregates that form either on the center of

the pore or on its walls. For higher grafting densities (not
Soft Matter, 2012, 8, 7292–7305 | 7295
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Fig. 5 (a) Polymer volume fraction color maps (chain length ¼ 75

monomers per chain, surface coverage¼ 0.05 chains per nm2) for an end-

grafted polymer layer within pores of different dimensions in a poor

solvent (effective interaction between polymer segments ¼ 1.1kBT). The

color maps show that the polymer chains collapse to the walls of the pore

for R ¼ 10 nm and to the center for R ¼ 5–7.5 nm. The pore length

controls the number of aggregates. Peleg et al., ACS Nano, 2011, 5, 4737.

Copyright 2011 American Chemical Society. (b) Snapshot from a MD

simulation of an end-grafted polymer film inside a nanopore for good

(left) and poor (right) solvent conditions. In poor solvent regime, the

polymer forms micelles on pore inner walls (see Fig. 3). The pore has

a radius of 30s (where s is the inter-segment distance) and a length of

120s, the end-grafted chains bear 100 monomers each and are grafted

with a surface density of 0.01s�2. Reproduced and adapted with

permission from Adiga et al., Nano Lett., 2005, 5, 2509. Copyright 2005

American Chemical Society.
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shown), continuous rather than micelle-like coatings are pre-

dicted on the pore walls or center (depending on pore radius).31

These results are obtained by assuming a cylindrical-symmetric

system, where inhomogeneities can exists only in the radial and

axial directions; we expect that future calculations for

a completely three dimensional case will enrich the morpholog-

ical behavior of the system.50,51 For example, MD simulations

performed by Adiga and Brenner showed the formation of

pinned micelles of end-grafted polymers on nanopore walls in

a poor solvent (Fig. 5b).51
7296 | Soft Matter, 2012, 8, 7292–7305
3. Chemical equilibrium in nanoconfinement: effects
of curvature on apparent acid–base equilibrium
constants

Molecular confinement affects the kinetics and thermodynamics

of chemical reactions. Therefore, acid–base equilibrium, for

example, is coupled to the overall systemmolecular organization.

This coupling may defy our predictive power if it is largely based

on equilibrium and rate constants determined in bulk solutions,

as well as our chemical intuition developed for homogeneous

systems. Namely, the interplay between molecular organization,

interactions and chemical equilibrium leads to a non-trivial

coupling as will be detailed in the several following examples.

3.1 Chemical equilibrium on nano-curved surfaces

Wang, Nap and co-workers recently studied the acid–base

properties of Au nanoparticles coated by the weak carboxylic

acid mercaptoundecanoic acid (MUA)52 (see scheme in the right

panel of Fig. 6a). The authors measured the apparent pKa (pK
app
a ,

defined as the pH where half the carboxylic acid groups on the

nanoparticle are deprotonated) from titration experiments for

nanoparticles of different sizes and varying salt concentration

and types. The plot shows that nanoparticle size and salt

concentration affect the pKapp
a and that a molecular theory

explicitly including size, shape, molecular conformations and

chemical equilibrium can quantitatively account for the observed

behavior (solid lines in the left panel of Fig. 6a). Fig. 6b shows

another system displaying coupled chemical equilibrium and

geometry effects: a nanochannel modified by poly(4-vinyl pyri-

dine) (4PVP) chains end-grafted to the inner channel walls. The

pyridine segments of 4PVP are weakly basic and can be either in

a neutral (pyridine) or protonated (pyridinium) form (see right

panel in Fig. 6b). The left panel in Fig. 6b shows the apparent

pKapp
a predicted by a molecular theory (this theory quantitatively

reproduces the experimental pH-dependent conductivity of the

channel,53 see Section 4.3). It is interesting to note that increasing

the radius of curvature increases the pKapp
a of both the mercap-

tocarboxylic acids on the gold nanoparticle and the pyridine

brush. On the other hand, increasing ionic strength decreases the

pKapp
a for the pyridine brush in the nanochannel, but decreases

that of the carboxylic acids on the gold nanoparticles.

In order to understand the origin of the shift in pKapp
a with

curvature and ionic strength in the examples of Fig. 6a and b, we

should consider the electrostatic repulsion between equally

charged groups in dense ligand or polyelectrolyte layers. In order

to decrease this electrostatic repulsion, the system opts to regu-

late its own charge by displacing the acid–base chemical equi-

librium to the neutral species (the process where a system

decreases its own charge in order to reduce the electrostatic

repulsive interactions is known as charge regulation54,55).

Namely, the system reduces the electrostatic repulsions through

the cost in chemical free energy associated with shifting the

equilibrium.

Let us analyse the effect of local electrostatics on the proton-

ation–deprotonation equilibria for generic acid and basic groups,

namely

HA%A� þHþ (1)
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2sm25777g


Fig. 6 (a) The apparent pKa’s for the carboxylate headgroup of mercarptocarboxylic acid adsorbed on gold nanoparticles as a function of nanoparticle

radius and bulk salt concentration (the right panel shows a schematic drawing of the system). Open markers correspond to experimental data; curves

were calculated with a molecular theory. Reproduced and adapted with permission from Wang et al., J. Am. Chem. Soc., 2011, 133, 2192. Copyright

2011 American Chemical Society. (b) The apparent pKa’s for the pyridine/pyridinium acid–base equilibrium in poly(4-vinyl pyridine) chains end-grafted

to the inner surface of a solid-state nanochannel as a function of the channel radius and bulk salt concentration (the right panel shows a schematic

drawing of the system). The solid lines are predictions of a molecular theory that successfully reproduces the pH-dependent ionic current through the

system (see Section 4.3). The horizontal dashed line indicates the pKa of an isolated pyridine/pyridinium species in the bulk (the pKbulk
a ). The results

correspond to surface coverage ¼ 0.2 chains per nm2 and chain length ¼ 28 segments per chain. Reproduced and adapted with permission from

Tagliazucchi et al., J. Am. Chem. Soc., 2010, 132, 12404. Copyright 2010 American Chemical Society.
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BHþ%BþHþ (2)

The fraction of the charged species in eqn (1) and (2) at a posi-

tion r (e.g. inside the polyelectrolyte brush) can be written as

fA�ðrÞ ¼ 1

1þ 10ðpKapp
a ðrÞ�pHbulkÞ (3)

fBHþðrÞ ¼ 10ð pK
app
a ðrÞ�pHbulkÞ

1þ 10ð pK
app
a ðrÞ�pHbulkÞ (4)

where pKapp
a (r) is the apparent pKa at position r, given by:54,56,57

pKapp
a ðrÞ ¼ pKbulk

a � bjej
2:303

�
jðrÞ � jbulk

�
(5)

In eqn (5), b¼ 1/kBT, |e| is the unit of elemental charge and j(r) is

the electrostatic potential at r. Note that eqn (3) and (4) resemble

the expressions for the dissociation fraction of an acid and a base
This journal is ª The Royal Society of Chemistry 2012
in solution, with the difference that both the dissociation fraction

and the equilibrium constant (pKa) depend on the position within

the system. Eqn (5) shows that, within the model under consid-

eration, the difference between the bulk and the local equilibrium

constants is given by the electrostatic potential difference between

the two regions. It is important to emphasize at this point that the

local electrostatic potential is strongly coupled to the molecular

organization and therefore it cannot be independently estimated

without the proper treatment of all the molecules involved.15,54

The local electrostatic potential within a polyacid layer is more

negative than that in the bulk due to the presence of negatively

charged deprotonated groups (A�) and therefore, according to

eqn (5), its pKapp
a will be higher than the bulk pKa (pK

bulk
a ¼ 4.8 for

MUA52 and 5.2 for pyridine/pyridinium53). Applying the same

argument to a weak polybase results in the opposite behavior,

pKapp
a < pKbulk

a (see dashed line in the left panel of Fig. 6b).

Curvaturemodulates charge regulation: for convex surfaces, such

as the nanoparticles in Fig. 6a, decreasing radius increases the
Soft Matter, 2012, 8, 7292–7305 | 7297
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distance between charged groups and therefore decreases the

electrostatic interactions between them (i.e. decreases the absolute

value of j in the polyelectrolyte layer). Therefore, as the radius

decreases, the pKapp
a shifts towards the pKbulk

a : the pKbulk
a increases

for polyacids and decreases for polybases. The opposite behavior

holds for concave surfaces as a nanochannel (decreasing radius

decreases the distance between charged groups). Finally, salt ions

screen repulsions between charges. This effect leads to a higher

charge density with lower electrostatic repulsion and therefore

increasing the salt concentration shifts the pKapp
a towards the

pKbulk
a . The shift in the pKapp

a due to changes in the ionic strength or

curvature are summarized in Table 1 for the different combina-

tions of polyacid–polybase and convex–concave systems.
3.2 Effect of spatial inhomogeneities on chemical equilibrium

The simple qualitative arguments presented in the previous

section neglect the inhomogeneous distribution of poly-

electrolyte segments within the system. In Fig. 7, we present

results from amolecular theory for the polymer distribution in an

infinite nanochannel (left panels)53 and an infinite cylindrical

nanotube of the same radius (right panels). The surfaces of both

systems are modified by an end-grafted P4VP layer. The nano-

channel system is schematized in Fig. 6b and further discussed in

Section 4.3. The nanotube example, while not representing

a specific experimental system, has similar qualitative features as

aggrecans, one of the main components of cartilage.58,59

Fig. 7a shows that the volume fraction profiles for both

systems are inhomogeneous along the radial coordinate. The

polyelectrolyte layer is denser for the nanopore than for the

nanotube, which is expected from the fact that the available

volume decreases with the distance from the surface for the

former and increases for the latter. The positively charged 4PVP

segments create a local positive electrostatic potential that

follows the shape of the polyelectrolyte density profile. For the

cylinder, the electrostatic potential outside the polyelectrolyte

layer rapidly decays to its bulk value within a few Debye lengths

(lD z 1 nm for a 0.1 M 1 : 1 electrolyte solution). For the

nanochannel, the electrostatic potential does not decay to its

bulk value because the polyelectrolyte chains reach the center of

the pore. There is, therefore, an electrostatic potential difference

(i.e. a ‘membrane potential’) between the interior of the channel

and the bulk solution.
Table 1 Qualitative description of the effect of surface curvature (R) and
salt concentration (Csalt) on the apparent pKa of surface-immobilized
acid–base species

Convex surface
(sphere or cylinder)

Concave surface (channel,
pore or spherical hole)

Polyacid or acid-
terminated ligand

pKbulk
a < pKapp

a (R)
< pKapp, planar

a

pKbulk
a < pKapp, planar

a

< pKapp
a (R)

[R, [pKapp
a [R, YpKapp

a

[Csalt, YpK
app
a [Csalt, YpK

app
a

Polybase or base-
terminated ligand

pKapp, planar
a < pKapp

a

(R) < pKbulk
a

pKapp
a (R) < pKapp, planar

a

< pKbulk
a

[R, YpKapp
a [R, [pKapp

a

[Csalt, [pK
app
a [Csalt, [pK

app
a
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Since the electrostatic potential dictates the degree of

advancement of the protonation reaction, eqn (2), the shape of

the protonation fraction profile of the 4PVP segments follows

that of the inverted electrostatic potential. In other words, more

positive potentials locally displace the acid–base equilibrium

towards the deprotonated neutral species. An important obser-

vation is that the protonation fraction is not constant across the

polyelectrolyte film. The average value of f¼ 0.5 (solid lines) that

results from the choice pH ¼ pKapp
a is important because it

constitutes the experimental observable variable, but does not

necessarily reflect the apparent pKapp
a of all segments in the

system. An important consequence of spatially inhomogeneous
Fig. 7 Radial profiles of polymer volume fraction (a), electrostatic

potential (b) and fraction of protonated 4-vinyl-pyridine segments (c) for

a 4PVP brush grafted to an infinite channel (left panel) or an infinite

cylindrical tube (right panel). The results correspond to pH ¼
pKapp

a (pKapp
a ¼ 3.83 for the nanochannel and pKapp

a ¼ 4.5 for the nano-

tube). The dashed line in the lower panels correspond to f ¼ 0.5, which is

the average fraction of protonated vinyl-pyridine groups. The calcula-

tions are for surface coverage ¼ 0.2 chains per nm2; salt concentration ¼
0.1 M; pKbulk

a ¼ 5.2, radius ¼ 7.5 nm; chain length ¼ 28 segments per

chain. Reproduced and adapted with permission from Tagliazucchi et al.,

J. Am. Chem. Soc., 2010, 132, 12404. Copyright 2010 American Chemical

Society.
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Fig. 8 (a) Schematic diagram of the triblock copolymer studied in ref.
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chemical environments is that the protonation transition occurs

for these systems over a wider range of pH than that expected for

the isolated species in the bulk.53

We should mention that the effects of charge regulation,

nanoconfinement and curvature will affect other chemical/

biochemical reactions besides acid–base equilibrium, such as

redox equilibrium57,61,62 (leading to interesting shifts in the elec-

trochemical behavior depending on bulk conditions or aggregate

formation63) and binding equilibrium.64 For example, ligand

binding on a nanoparticle surface is affected by curvature: the

increase of available volume with decreasing radii of curvature

favours adsorption on smaller particles. Surface curvature

dictates the surface coverages of thiols65 and DNA oligonucle-

otides66 on gold nanospheres and nanorods and also plays an

important role in modulating hybridization of nanoparticle-

tethered DNA.67,68

60. Blocks A and C are solvophobic and Block B is solvophilic and

negatively charged. The chains are end-grafted to the inner walls of the

pore via the block C. The parameter 3 determined the strength of the

interactions between solvophobic segments. (b) Structure formed by

block C for kBT/3 ¼ 0.75 (poor solvent for blocks A and C). Snapshots

of the microchannel at different temperatures: kBT/3 ¼ 0.75 (panel c);

kBT/3 ¼ 0.875 (panel d) and kBT/3 ¼ 1.25 (panel e). Reproduced and

adapted with permission from Cheng et al., ACS Nano, 2011, 5, 1102.

Copyright 2011 American Chemical Society.
4. Polymers and polyelectrolytes as molecular gates
in solid-states nanopores

The field of polymer- and polyelectrolyte-modified solid-state

pores and channels have blossomed over the last years driven by

the promise of stimuli responsive nanopores for potential

application in sensing,11 nanofiltration69,70 and energy conver-

sion.71,72 Nanochannels modified by synthetic poly-

electrolytes,48,73–77 poly(zwitterions),78 thermoresponsive

polymers,46,48,79 polypeptides,80 oligonucleotides81–83 and lipid

layers84 have been prepared and their conductivity behavior at

the single channel level has been characterized. The nanoscale

dimensions of solid-state nanopores compete with the length

scale of electrostatic interactions and the dimensions of the

immobilized macromolecular species; this competition between

length scales leads to conductivity behaviors that are not present

in microscale fluidic components.10,85–88
4.1 Transport of solvent and neutral cargos

Nanofiltration involves transport of solvent and neutral solutes

driven by a concentration gradient or an applied pressure.

Coating the inner surfaces of porous membranes with end-graf-

ted environment-responsive polymers and polyelectrolytes is

a promising avenue to the fabrication of stimuli-gated nano-

filtration and delivery devices.

Adiga and Brenner have studied the effect of polymer collapse

on solvent flow usingMD simulations.51 In this work, collapse of

the polymer layer to the pore walls upon increasing the strength

of the segment–segment attractions caused an increase in the

pressure-driven flow of solvent through the channel. The authors

also theoretically studied a pH-gated flow gate based on the

helix–coil transition of grafted polypeptide chains.89

Cheng and Cao recently designed a thermo-controlled nano-

channel using molecular dynamic simulations.60 Thermal-

responsiveness was introduced by end-tethering chains of ABC

triblock copolymer with a solvophilic block between two sol-

vophobic blocks (Fig. 8a) to the pore inner wall. The blocks A

and C model a hydrophobic polymer in water (such as poly-

styrene), while the block B models a charged hydrophilic poly-

mer (like poly(acrylate)). As the temperature increases, the

system evolves from a close state to an open state and then back
This journal is ª The Royal Society of Chemistry 2012
again to a closed state, Fig. 8b–e. At low temperatures, the block

C collapses to the center of the channel (Fig. 8b and c), blocking

it. The B-block is highly stretched in the collapse-to-the-center

morphology and, therefore, there is a big penalty to its confor-

mational entropy. As the temperature increases, the system

switches to a collapse-to-the-walls state (Fig. 8d). The aggregates

of the block C in the center of the pore are replaced by aggregates

formed by the two terminal hydrophobic blocks (A and C) on

pore walls. This morphology displays a polymer-free region

around the axis of the pore: the pore is in the open state. Finally,

for high temperatures, the system seeks to maximize its confor-

mational entropy by forming a swollen layer; this rearrangement

of the end-grafted polymers blocks the channel again (Fig. 8e).

The authors used non-equilibrium molecular dynamics simula-

tions to show that this open-to-close-to-open process can be used

for temperature-tuneable cargo transport.

4.2 Transport and adsorption of polymers inside nanopores

A particularly interesting scenario is that where the macromo-

lecular species flowing through the pore can adsorb to the inner

walls. For example, polyelectrolytes are intentionally introduced

to modify the inner walls of the pore in the grafting-to and layer-

by-layer adsorption methods.6 Undesired adsorption (fouling)

can also occur and ultimately obstruct the pore (clogging).91

Koutsioubas et al. performed MC simulations to study the

formation of polymer end-grafted layers within nanopores via

the grafting-to method.90 In the study, chains were initially

located in two cubic reservoirs connected by a cylindrical pore

(Fig. 9a). In the case where chains can irreversibly adsorb to the

surface and cannot undergo lateral diffusion (Fig. 9b), the

simulations predict either (i) an homogeneous coating of the pore

inner walls for large pore diameters (compared to the unper-

turbed radius of gyration of the polymer chains) or (ii) a barrier
Soft Matter, 2012, 8, 7292–7305 | 7299
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Fig. 9 (a) Schematic drawing of the system studied in ref. 90: a cylin-

drical nanopore connecting two cubic reservoirs. Freely diffusing chains

are located in the cubic reservoirs at the beginning of the simulation.

Polymer chains are allowed to bind to the pore inner and outer walls via

a terminal monomer. (b) Monomer concentration along the pore axis for

chains that cannot undergo surface diffusion after binding. Profiles for

different pore diameters (D) are shown. For D < 40, a barrier is formed

on pore entrances that prevent further diffusion of the polymers into the

pore. (c) Same as (b), but for chains that can laterally diffuse after

binding. Homogeneous polymer coverages inside the pore are obtained

for all D. The calculations correspond to a pore length, L ¼ 100; chain

length, N ¼ 10. Reproduced and adapted with permission from Kout-

sioubas et al., J. Chem. Phys., 2009, 131, 044901. Copyright 2009

American Institute of Physics.

Fig. 10 pH dependence of (a) the conductivity of a nanochannel

modified by a poly(4-vinyl pyridine) polyelectrolyte brush (see scheme in

the left panel of Fig. 6b). The symbols are the experimental results from

Yameen et al.73 and the lines are the predictions from the theory, (b) the

average fraction of protonated 4-vinyl-pyridine segments inside the

channel and (c) average concentration of salt ions inside the channel

(the bulk salt concentration is 0.1 M). The same calculation parameters

than Fig. 7 were used in the calculation. Reproduced and adapted with

permission from Tagliazucchi et al., J. Am. Chem. Soc., 2011, 133, 17753.

Copyright 2011 American Chemical Society.

7300 | Soft Matter, 2012, 8, 7292–7305
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at the entrance of the pore for small pore diameters that prevents

homogeneous coating of the pore. In the case where the chains

can laterally diffuse on the surface after being adsorbed, homo-

geneous coatings are observed for all pore diameters (Fig. 9c).

Layer-by-layer (LbL) adsorption of oppositely charged poly-

ions into nanoporous substrates is attracting much attention as

a source of soft-material tubular architectures.6 Carrillo and

Dobrynin recently reported MD simulations of the LbL

assembly of polyelectrolyte–polyelectrolyte, polyelectrolyte–

nanoparticle and nanoparticle–nanoparticle layers into cylin-

drical nanopores.92,93 The authors found that the film inside the

pore rapidly reaches a saturation thickness. In the nanoparticle–

nanoparticle and nanoparticle–polyelectrolyte systems, the

nanoparticles preferentially deposit at the pore entrance and clog

the pore, while in the polyelectrolyte–polyelectrolyte system

a plug is formed inside the pore and then it grows towards the

entrance. The different behavior of the polyelectrolyte–poly-

electrolyte system was ascribed to the flexibility of polyelectrolyte

chains. Clogging/saturation effects such as those found in MD

simulations has been experimentally observed and avoiding them
This journal is ª The Royal Society of Chemistry 2012
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remains a major challenge in LbL deposition into nanoporous

substrates.6
4.3 Transport of ions

Transport of ions and charged macromolecules through

nanochannels and nanopores can be driven by an applied

electric potential between two non-polarizable electrodes

located at the reservoirs.94 The non-equilibrium problem of

ionic conduction through polyelectrolyte-modified nanopores

requires modelling the movement of hundreds of ions, solvent

molecules and polyelectrolytes in a timescale long enough to

guarantee steady-state; this is clearly a formidable task for MD

simulations. We have recently tackled the problem by formu-

lating a molecular theory that incorporates a description of ion

transport, the degrees of freedom of the immobilized soft

materials and the presence of coupled physical interactions and

chemical equilibrium.53,95 This theory allows to address prob-

lems beyond the scope of the Nernst–Planck–Poisson (NPP)

theory (a continuum approximation commonly used to model

bare and surfaced-charged nanopores96–99) because it self-

consistently treats the presence of grafted polyelectrolytes in the

system, includes excluded volume interactions and chemical

equilibria and couples electrostatic interactions to the molec-

ular organization and other interactions. All this important

couplings are absent in the NPP approach. Briefly, the molec-

ular theory for ion-transport in polyelectrolyte-modified

nanopores is based on a generalized diffusion equation for the

ions in the system,95

Ji(r, t) ¼ �Diri(r, t)Pbmi(r, t) (6)
Fig. 11 (a) Polymer volume fraction color maps for a bare short nanopore, a

polyelectrolytes on the inner pore walls (system I) and a short nanopore that ha

the inner walls and to the outer walls facing the reservoirs (system II). The b

vectors and the black lines are the flow lines for this vector field. (b) Molar anio

scale has been used). (c) Ionic conductance of the systems shown in (a) as a f

molecular theory. Solid and dashed lines are the predictions of simpler condu

chain length, N ¼ 20; charge per monomer, f ¼ 0.5; pore radius, R ¼ 7.5 n

reservoirs, DV¼ 10 mV; pore length, L¼ 16 nm (panels a and b only). Reprod

Soc., 2011, 133, 17753. Copyright 2011 American Chemical Society.

This journal is ª The Royal Society of Chemistry 2012
where Ji(r, t), ri(r, t), and mi(r, t), are the flux, density and

chemical potential of the ion i at position r and time t, respec-

tively and Di is the diffusion coefficient of the ion i. We couple

eqn (6) with a free-energy functional approach in order to

determine the organization of the system in the steady-state.95

In Fig. 10a we show the experimental pH-dependent ionic

conductance through a long nanochannel modified by a layer of

end-grafted poly(4-vinyl pyridine) (see the scheme of the system

in the right panel of Fig. 6b).53 Solid lines show that the molec-

ular theory can predict the pH-dependent conductivity through

the channel in excellent agreement with the experimental results

from Yameen et al.53,73 The pH-dependent conductivity of the

system arises from the changes in the concentration of the mobile

counter-ions with pH. In low pH solutions, the pyridine

segments in P4VP are positively charged (Fig. 10b) and a positive

electrostatic environment exists within the pore. Therefore, the

concentration of mobile anions (Cl�) is enhanced inside the pore,

while that of the cations is depleted. At pH 2, the concentration

of Cl� within the channel is �2 M (which should be compared to

0.1 M in the bulk solution); this high concentration of anion

charge carriers results in a high-conductivity state (Fig. 10a). As

the pH increases, the P4VP segments are deprotonated, the

concentrations of Cl� and K+ approach their bulk values and the

conductance drops. As we explained in Section 3.1, the apparent

pKa of the pyridine units in Fig. 10b (pKapp
a ¼ 3.83) is lower than

the bulk pKa value of 5.2. The transition between the protonated

and deprotonated states is also broader that that expected for an

isolated group in the bulk due to the heterogeneous distribution

of molecular environments.53 The concept of inhomogeneous

local environments within the pore has been already discussed in

Section 3.2.
short nanopore that has been modified by positively charged end-grafted

s been modified by positively charged polyelectrolytes end-grafted both to

lue arrows indicate the direction and magnitude of the ionic current flux

n concentration color maps for the systems in (a) (note that a logarithmic

unction of pore length. Symbols show the predictions of the steady-state

ctance models presented in ref. 95, respectively. Calculation parameters:

m; bulk salt concentration, Csalt ¼ 0.1 M, potential bias applied to the

uced and adapted with permission from Tagliazucchi et al., J. Am. Chem.

Soft Matter, 2012, 8, 7292–7305 | 7301
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Fig. 12 Polymer volume fraction color maps for a cut along a plane

containing the pore axis for a short nanopore modified by positively

charged polyelectrolytes end-grafted to the inner walls of the pore. An

ionic current I flows through the system as a potential bias is applied

between electrodes in the reservoirs (the upped reservoir is positively

biased). Results are shown for two different chain lengths (N): long

chains (N ¼ 60) are deformed upon applying the potential bias and

stretch towards the lower (negatively biased) reservoir, while short chains

(N ¼ 10) are less flexible and do not deform with the applied potential.

Reproduced and adapted with permission from Tagliazucchi et al.,

J. Am. Chem. Soc., 2011, 133, 17753. Copyright 2011 American Chemical

Society.
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In Fig. 11, we show the predictions of the theory for a short

aspect-ratio nanopore modified by a positively charged poly-

electrolyte brush.95 We present the polymer density color maps

(Fig. 11a), ionic current lines (Fig. 11a) and anion concentration

color maps (Fig. 11b) for three systems: a bare pore, a pore with

a polycation end-grafted only on the inner walls (system I) and

a pore with a polycation end-grafted to both inner and outer

walls (system II). The arrows on the current flux lines are current

vectors that show the direction and magnitude of the total ionic

current at each point. The current is boosted in the regions of

high polyelectrolyte concentration since these zones possess

a high concentration of anions, which act as charge carriers.

Fig. 11c compares the total ionic conductance for the three

systems in Fig. 11a as a function of pore length.95 For very large

aspect-ratio pores (nanochannels), the resistance of the pore

dominates the total resistance and therefore the conductance

decays linearly with pore length. In this regime, the conduc-

tances of system I and system II are higher than that of the bare

pore because the polyelectrolyte brush enhances the anion

concentration within the pore. On the other hand, for very short

pores, the resistance of the reservoirs (the access resistance)

dominates the total resistance and therefore the conductance is

pore-length independent. In this regime, the conductances of

system I and the bare pore are the same (because the reservoirs

are the same for these two systems), but the conductance of

system II is predicted to be higher due to the presence of the

polyelectrolyte layer on the outer walls. From the experimental

point of view, it is important to note that polyelectrolyte

grafting can boost the conductivity of a short pore system by

formation of a film on the outer walls, even if the interior of the

pore remains unmodified.

The results discussed in previous paragraphs correspond to

low ionic currents flowing through the pore. On the other hand,

higher ionic currents (achieved by increasing the applied

potential bias) can lead to the reorganization of the polymer

layer (Fig. 12).95 For zero current (equilibrium conditions), the

polymer is symmetrically distributed with respect to the reser-

voirs; however, this symmetry is broken for a steady-state finite

current. For example, at a steady-state current of 4.5 nA, the

positively charged polyelectrolyte chains stretch towards the

negatively biased lower reservoir. Chain flexibility controls

reorganization: the extent of deformation is very large for long

chains (monomers per chain, N ¼ 60), but not noticeable for

short (N ¼ 10) polyelectrolytes. Polyelectrolyte deformation in

response to a potential bias in a system of non-polarizable

electrodes (such as the reversible Ag/AgCl electrodes typically

used in experiments) results from the non-equilibrium electric

field sustained by the ionic currents flowing through the pore.

This field exerts an electrophoretic force to the end-grafted

polyelectrolyte species. Interestingly, Harrell et al. have

proposed the electrophoretic expulsion/insertion of end-grafted

DNA from/to the mouth of a conical nanopores in order to

explain the observation of current rectification in that

system.100 The reorganization of the grafted polyelectrolyte

layer and mobile ions affects the flux of ions through the

system. For instance, the coupling between ion-transport and

reorganization are predicted to give rise to non-ohmic behav-

iors which are sensitive to the properties of the immobilized

soft materials.95
7302 | Soft Matter, 2012, 8, 7292–7305
4.4 A biological polyelectrolyte-modified nanopore: the nuclear

pore complex

Recent synthetic efforts have produced the first examples of

artificial nanopore gates, but molecular gates more sophisticate

than any other ever synthesized already operate in every

eukaryotic cell. The nuclear pore complex (NPC, see Fig. 13) is

a biological nanopore that controls transport in and out of the

cell nucleus.13,101 The NPC grants the passage to small molecules

but blocks cargoes larger than 40 kDa unless they are tagged for

transport. Tagged cargoes specifically bind soluble proteins that

are known as karyopherins (‘‘kaps’’). The interior of the NPC is

rich in disorder proteins, which are, in general, depicted either as

polyelectrolyte-brush102,103 or gel-like structures.104,105 These

proteins, the Nups, are rich in the hydrophobic amino acid motif

phenylalanine–glycine (FG) and their overall charge is positive.

It is believed that the hydrophobic FG domains bind to the kaps

through hydrophobic binding spots.13 However, there is clear

evidence also that in order to get into the NPC the proteins need

to be hydrophobic and have an overall negative charge.106

There is a lack of general consensus on the specific transport

mechanism and different investigations have led to different

qualitative models.13 The growing number of experimental

studies has set a fertile ground for quantitative theoretical

investigations. Miao and Schulten conducted all-atom and
This journal is ª The Royal Society of Chemistry 2012
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Fig. 13 Schematic drawing of a cross-section of the Nuclear Pore

Complex, a large protein complex inserted in the nuclear membrane that

controls the transport of biomolecules between the cytoplasm and the

interior of the cell nucleus. The characteristic diameter of the pore varies

between �50 to 100 nm, depending on the species. The ‘central mesh-

work’ inside the pore is formed by disordered protein filaments rich in

phenylalanine–glycine motifs (the FG-Nups). The molecular organiza-

tion of these proteins and their role during transport are still under

debate. Reproduced and adapted with permission from Patel et al., Cell,

2007, 129, 83. Copyright 2007 Elsevier Inc.
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coarse grained simulations on planar arrays of Nups and

observed brush-like morphologies.107,108 However, all-atom MD

simulations cannot address translocation events, which last a few

milliseconds according to the experimental evidence.109 There-

fore, current efforts to model transport are focus on longer-

timescale coarse-grain simulations.110–112 For example, Mincer

et al. recently proposed that the cargo–karyopherin complex

remains bound to a single FG-Nups during its entire trajectory

through the pore and it is released in the nuclear side when the

cargo–Nups interactions are enzymatically severed.110 On the

other hand, Moussavi-Baygi et al. suggested that the kap–FG

interaction is highly dynamic and the FG-Nups form a layer on

the pore walls.111,112 The cargo interacts with the FG residues on

this layer as it diffuses through the channel. The marked

discrepancies between these models clearly result from the choice

of the molecular model; these differences are expected since

coarse-grain approaches disregard part of the biophysics of the

problem (such as the amino acid sequence, geometry of the pore,

localization of the Nups within the pore, electrostatics and

coupled (bio)chemical reactions). The interesting strong coupling

between molecular organization, acid–base equilibrium and

molecular organization (e.g. domain formation) and their impact

on function, e.g. ionic conductivity, described in this review

points to the need of a detailed molecular description in NPC.
5. Conclusions

Theory and experiment show us that soft materials confined to

interfaces behave differently from those in the bulk. In this
This journal is ª The Royal Society of Chemistry 2012
review, we have discussed how the geometry of the interface

affects this molecular environment and makes the properties of

surface-confined polymers and polyelectrolytes dependent on

curvature.

The morphological regime of polyelectrolyte brushes in a poor

solvent is a clear example of qualitatively different behavior

arising from the balance between highly non-additive interac-

tions.35 We have discussed here the morphology diagram of

polymer and polyelectrolyte end-grafted to spherical particles

and cylindrical pores; however, it is not completely clear whether

some of the morphologies predicted for planar layers (i.e. stripes,

holes, and micelles coexisting with isolated chains) can also exist

on nano-curved surfaces. Furthermore, a systematic under-

standing of the structures that can be obtained on curved objects

for polyelectrolytes and weak polyelectrolytes is still incomplete

and therefore new morphological regimes may remain undis-

covered. In addition to further theoretical work in the area, there

is a need of experimental validation for the predicted morphol-

ogies, which may be gained from tools such as X-ray/neutron

reflectivity techniques113 and scanning probe microscopies.40,41,43

We have discussed the effect of curvature and confinement on

chemical-equilibria. These effects are beginning to be well-

understood and theoretical predictions are in agreement with

experimental measurements. The fundamental lesson is the need

for considering the important coupling between molecular

organization, chemical equilibrium and physical interactions

resulting from their highly non-additive behavior. On the other

hand, understanding chemical kinetics in confined environments

remains an interesting and important challenge that should be

addressed in the future; for example Grzybowski and Stoddart

groups recently reported that the switching times for [2]rotaxanes

on nanoparticle surfaces depend on nanoparticle size.4,61

Dynamical processes in soft materials are of ultimate impor-

tance for the description of transport in nanochannels and

nanopores modified by supramolecular species. We have

reviewed here our approach to the problem of steady-state ion-

conduction in polyelectrolyte-modified nanopores.53,95 However,

there are still many open questions and ample room for

improvements. For example, the efficiency of mechanical-to-

electrical energy transduction in bare nanochannels is deter-

mined by the surface charge that controls the ion-selectivity

factor.72,85,97 We have shown that nanochannels modified by

4PVP conduct Cl� anions with high selectivity53 and therefore

polyelectrolyte-modified nanochannels may outperform the

transduction efficiency of bare nanochannels. On the other hand,

the presence of the polyelectrolyte layer may block the solution

flux through the pore and thus decrease the transduction effi-

ciency. In order to analyse this problem and find an optimal

design for energy transduction, a proper treatment of electro-

osmotic effects is required. To this end, an approach is needed

which includes a description of electrostatics, solvent flow and

the conformational properties of the grafted layer. Further work

is also necessary to address the effect of non-cylindrical geome-

tries in transport, such as the rectification effects exhibited by

polyelectrolyte-coated conical77,78,83,100,114,115 and biconical

pores.47,48,74,82

In the final section of this review, we have discussed the

exciting prospect of polymers and polyelectrolytes working as

gate-keepers for the translocation of large cargoes through
Soft Matter, 2012, 8, 7292–7305 | 7303
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nanopores. We expect that further fundamental studies on

transport through polymer-gated pores will shed light on the

function of the NPC, serve as guidelines for the design of

applications in ultrafiltration, drug-delivery and (bio)analytics

and contribute to our basic understanding of biology and the

behavior of soft materials in confined environments.
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