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Pushing the limits of nanopore transport
performance by polymer functionalization

Raheleh Pardehkhorram 2 and Annette Andrieu-Brunsen (2'*

Inspired by the design and performance of biological pores, polymer functionalization of nanopores has
emerged as an evolving field to advance transport performance within the last few years. This feature
article outlines developments in nanopore functionalization and the resulting transport performance
including gating based on electrostatic interaction, wettability and ligand binding, gradual transport
controlled by polymerization as well as functionalization-based asymmetric nanopore and nanoporous
material design going towards the transport direction. Pushing the limits of nanopore transport
performance and thus reducing the performance gap between biological and technological pores is
strongly related to advances in polymerization chemistry and their translation into nanopore
functionalization. Thereby, the eledt of the spatial confinement has to be considered for polymer
functionalization as well as for transport regulation, and mechanistic understanding is strongly increased
by combining experiment and theory. A full mechanistic understanding together with highly precise
nanopore structure design and polymer functionalization is not only expected to improve existing
application of nanoporous materials but also opens the door to new technologies. The latter might
include out of equilibrium devices, ionic circuits, or machine learning based sensors.
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Introduction

Transport through nanopores is an essential aspect in many
technologies ranging from chromatography and membrane-
based separation to oil-production and catalysis." 7 Biological
pores and channels often serve as inspiration as they facilitate
highly selective, directed, gated in time and fast transport rates
of molecules in nature. Three often-mentioned examples of
biological pores and channels are the potassium channel® and
the nuclear pore complex,’ or aquaporin.’® In an attempt
to develop such smart and selective gating platforms using
technological pores, integration of porous nanomaterials and
polymers has emerged as a highly dynamic field. Such hybrid
porous materials offer great potential for a wide range of
applications from water management, and energy conversion,
to drug delivery, sensing, protein separation, artificial molecular
pumping, and ionic circuit integration.” Nanopore application is
based on the combination of nanopore structure design, advances
in nanopore functionalization, and hierarchical porous material
architecture control. Thereby nanopore functionalization with
polymers represents a versatile, and in the last approximately
15 years increasingly investigated, strategy. Polymer functionalized
nanopores profit from the huge library of different, stimuli-
responsive polymers and from the concept that multiple mono-
mers are combined into one polymer chain which is, for example,
end-grafted to the pore wall. This results in the possibility of
multiplying and precisely adjusting functional density and func-
tional composition in and along such a nanopore pre-defined
from the pore wall.

Transport in such functionalized nanopores is strongly
determined by the nanopore charge regulation and thus by
the electrostatic interaction between the nanopore and the
transported species, as well as by polarity or wettability, and
by specific interaction or ligand binding. In addition to the
simple homogeneously functionalized nanopore the local
variation of structure and functionalization-encoded charge,
polarity, and ligand binding is an additional parameter to
achieve improved transport performance. The potential of
asymmetric nanopore design within the nanopore dimension
is also inspired by biological pores, and is nicely demonstrated
by the structure of the potassium channel® or the nuclear pore
complex.” While trying to use nanopore functionalization to
tune nanopore transport it has to be considered that the pore
wall curvature as well as the limited space with respect to the
molecular size of transported species and with respect to the
nanopore wall grafted polymers, often referred to as spatial
confinement, strongly influences the nanopore performance.*
In regard to molecular transport in polymer-functionalized
nanopores, confinement e ects are particularly discussed in
the context of charge regulation but also in the context of
ligand binding constants.'” But not only the nanopore struc-
ture and its functionalization determine transport performance
in polymer-functionalized nanopores. The solution composi-
tion and the interaction of dissolved molecules or ions with the
grafted molecules or polymers within the nanopore have to be
considered.” Besides the pore wall curvature, and the spatial
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confinement, these might significantly a ect the subtle inter-
play of polymer conformational entropy, mixing entropy of
mobile species and grafted polymer as well as the acid base
equilibrium in polyelectrolyte functionalized nanopores.'*'
This is of special interest as soon as real applications are
considered, as these usually require contact to solutions not
just containing one specific molecule or salt. Mastering all
these aspects experimentally and theoretically is an ongoing
and fascinating challenge, potentially not only leading towards
improved understanding and application but to the next level
of complex nanopore-containing systems such as ionic circuits
or autonomous sensors.'® *°
Many di erent synthetic porous materials including metal
organic frameworks (MOF), covalent organic frameworks (COF),
graphene, zeolites, solid state nanopores, mesoporous materials,
ceramic and polymer membranes, or even 2D-layered materials
such as MXenes can be summarized under the term nanoporous
materials. In this feature article we mainly refer to mesoporous
ceramic materials fabricated using sol gel chemistry using block-
copolymer template self-assembly?>*" as well as to solid state
nanopores such as ion track etched nanopores. The term nano-
pore in this feature article is used as a general expression for a
pore with a diameter of a few up to several tens of nanometres.
According to IUPAC this spans from micropores (diameter below
2 nm), mesopores (diameter 2 50 nm) to macropores (diameter
larger than 50 nm).?* The majority of the discussed examples refer
to mesopores using this IUPAC definition. Herein, we will mainly
focus on ion or small molecule transport by nanopore design.

Insights into nanopore gating and
confinement e ects

Regarding molecular transport control, an important achieve-
ment is nanopore gating referring to opening and closing a
nanopore for specific molecules upon a certain stimulus. While
sieving by size is the most prominent separation mechanism
applied in most technological membranes, gating is addition-
ally dependent on nanopore charge, wettability, or ligand
binding.'"**** Various reviews on nanopore gating have been
published within the last decade."** *° Inspired by biological
pores showing selective, directed, fast and gated transport,
many approaches to implement gating into technological
nanopores by using material functionalization and design,
especially using polymers, have been reported. Thereby gating
based on electrostatic interaction, and thus switching the
nanopore charge, is the most explored approach toward gated
transport in nanopores. The reason for this might be that
charged nanopores relatively easily result in electrostatic ion
exclusion or ion preconcentration due to electrostatic inter-
action. Especially in case the pore diameter is of similar
dimensions to the Debye Screening Length this electrostatic
exclusion or attraction can be used for nanopore gating,
e.g. upon changing pH in contact with pH-responsive polymer
functionalized nanopores. Polymer grafting to achieve gating
of nanopore accessibility is obtained by a variety of different
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polymerization techniques although the majority of reports
is based on radical grafting from polymerization. But also
examples related to grafting onto or grafting through are
reported as well as functionalization by physical adsorption
using layer-by-layer assembly from the beginning.*' ** In the
following we briefly discuss a few selected studies and early
examples of charge-based gating.

One of the first examples of gated nanopores reported in
1995 from Martin and colleagues referring to metal nanotubes
showing permselective ion transport controlled by applied
potential which have an analogous performance to that of
commercially available polymers.** Early examples on gating
in ceramic nanopores presented by White et al. in 2006 were
based on modification of glass nanopore electrodes demon-
strating pH-dependent ion selectivity based on electrostatic
forces at the pore orifice.>” Interestingly in this example di er-
ent chemical functionalities were introduced at the exterior and
interior surfaces of the pore ( CN and NH, terminal groups,
respectively).

In a follow-up work, the author reported on photo-induced
molecular transport by functionalizing spiropyran in the single
pore orifice, which could be switched between on and o
states through conversion between the neutral surface-attached
spiropyran and the more polar merocyanin form.*® Although
merocyanine is often sketched as a zwitterion it has to be
considered that di erent conformers exist®”**® and transforma-
tion from spiropyran to merocyanine is usually far from one
hundred percent conversion.*® Therefore, spiropyran homo-
polymer grafting has been attempted. Spiropyran has been
grafted from silica mesopores as a homopolymer in a surface-
initiated ring opening metathesis polymerization (SI-ROMP).*
Additionally, the photo-responsive behavior of the homopoly-
mers was systematically investigated using NMR spectroscopy
in this study.>® Furthermore, spiropyran in combination with
PEG has been grafted to ion track etched nanopores.*’ In an
early work from Li and Ito, surface charge, and with this the ionic
pore accessibility of cylindrical polystyrene-poly(methylmeth-
acrylate) diblock copolymer (PS-b-PMMA) nanopores, was
adjusted using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) and grafting of tetraethylene glycol monoamine
((PEO),NH,) resulting into amidation of the surface carboxyl
groups.*’ Besides the polymer response to stimuli in 2005, the
first indications of polymer-solvent interaction for gating nano-
channels have been obtained based on Molecular Dynamics
(MD) simulations.** Following these early examples, nanopore
gating is now systematically realized by functionalization with
responsive polymers. Starting between 2006 and 2009, the first
pH-responsive grafted polymers such as polyacrylamide,*?
poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA),** tem-
perature responsive poly(N-isopropylacrylaminde (PNIPAAM))
in opal nanopores*® and the zwitterionic poly(methacryoyl-i-
lysine) brushes in a single conical etched ion track nanopore
were used.® Zwitterionic polymers are especially interesting as
they result in so-called bipolar pores blocking ion accessibility
independently of their charge.*” *° Azzaroni et al.”" reported in
2009 the integration of poly(4-vinyl pyridine) (P4VP) brushes as

5190 | Chem. Commun., 2022, 58, 5188-5204

View Article Online

Feature Article

pH-responsive polymers in the inner walls of single nano-
channels enabling transport to be controlled by changing the
proton concentration. Even beyond pH, basically all available
stimuli from temperature responsive gating,** ion- or ligand-
responsive gating,>” light-induced,*®>® to redox responsive
gating®® and even magnetic gating® have been demonstrated
(Fig. 1a f). For example, Ensinger and colleagues as well as
Azzaroni and colleagues demonstrated optical gating of nano-
fluidic devices using a photo-cleavable group to demonstrate
ionic permselective transport through the channels.>® Although
this photocleavage is not reversible, this strategy is especially
interesting to induce significant changes in composition of
pore wall surface and polarity/wettability which cannot be
reached just by light-induced conformational changes such as
those observed for spiropyran or other photo-responsive mole-
cules. An example for redox-responsive gating in polymer-
functionalized nanopores has been demonstrated upon func-
tionalization of mesoporous silica films with polyvinylferrocene
(PVFc) and poly(2-(methacryloyloxy)ethyl ferrocene carboxylate)
(PFcMA) in a grafting from and a grafting through approach,
respectively.>® It has to be noted that gating was still achieved
by chemical oxidation and reduction which is a slow process as
the mesoporous matrix was non-conductive. Nevertheless, this
study not only demonstrates the redox-responsive ionic meso-
pore accessibility but also provides a comparison between
grafting onto and grafting from approaches and gives first
insights into the influence of wettability on ionic pore accessi-
bility gating. The significant changes in wettability upon oxida-
tion of these polymers have been demonstrated on planar
surfaces for these polymers.>®

Besides responsive homopolymers statistical copolymers
and block-copolymers have been also grafted to nanopores,
for example, allowing the use of multiple stimuli for gating, and
allowing to understand the influence of chain architecture on
gating. For example, Zhu and colleagues demonstrated a tem-
perature and pH-responsive nanopore after grafting from of a
statistical copolymer consisting of PNIPAA and poly(acrylic
acid) (PAA) using a free radical polymerization in a conical
ion track etched nanopore.”” Besides combining two responsive
monomers, examples on multi-responsive homopolymer func-
tionalized nanopores exist for example using poly(2-(methacry-
loxy)ethyl phosphate) (PMEP) in combination with pH and
two valent ions such as calcium or magnesium.>*> Recently
our own group demonstrated the re-initiation of a controlled
photoiniferter-initiated polymerization allowing a mesoporous
silica film to be functionalized with DMAEMA-b-MEP. The
PDMAEMA-b-PMEP functionalized mesoporous silica film was
demonstrated to gate from an anion selective to a cation
selective nanopore while adjusting the pH from acidic to
basic.”® Interestingly, at intermediate pH no zwitterionic bipo-
lar nanopore was observed indicating the influence of chain
architecture on the resulting nanopore transport. Besides pH,
ions such as calcium ions modulate the transport in these
nanopores. Jiang and co-worker introduced a self-assembled
block copolymer/homopolymer (PS22k-b-P4VP17k/hPS4k blend
polymers) in asymmetric polyethylene terephthalate (PET)

This journal is © The Royal Society of Chemistry 2022
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(a) Schematic illustration of a poly (4-vinyl pyridine) modified cylindrical nanochannel along with (b) the experimental conductance values of the

single nanochannel as well as the theoretical predictions as a function of the environmental pH values. Reprinted with permission from ref. 15 Copyright
(2010), American Chemical Society. (c) Schematic depiction of (from left to right) cylindrical, conical, and trumpet-shaped nanochannels modified on the

inner walls by poly(2-
well as three chemical states of PMEP (PMEPH, (AH,), PMEPH™

(methacryloyloxy)ethyl-phosphate) (PMEP), along with (d) the corresponding section of the modified cylindrical nanochannel as
(AH™), and PMEP?~ (A27)). (e) Predicted apparent pK, as a function of cylindrical
nanochannel diameter (horizontal dashed lines and dotted lines show the pK,

values of the bulk and the predictions based on the simple analytical model,

respectively). Reprinted with permission from ref. 61 Copyright (2016), American Chemical Society.

using cyclic voltammetry to generate experimental titration
curves.”> Azzaroni, Szleifer and colleagues investigated the
solution pH dependent ion transport through a nanochannel
with a diameter below 10 nm functionalized with 4-polyvinyl-
pyridine (4-PVP) and observed a shift of more than one pH unit
together with a broader transition between the pK, value
detected for 4-PVP in the nanochannel versus the one in
solution. Based on the molecular theory from Szleifer and
coworkers this was attributed to the spatial confinement for-
cing charges to stay within a small distance from each other.
According to this study, the polyelectrolyte functionalized
nanopore can equilibrate towards the uncharged state ascrib-
ing to the charge regulation mechanism in order to minimize
the electrostatic repulsions in the system. From the numerous
modeling studies on polymer functionalized nanopores and
confinement effects on charge regulation and ligand binding
we would like to highlight that in 2016, Szleifer et al. extended
these insights by theoretically investigating PMEP functionalized
nanopores (Fig. 2¢ €).®' Their results demonstrate a strong shift of
both pK, values by around one pH unit. Our research group
experimentally observed a consistent pK, shift for PMEP modified
mesoporous silica films for the first pK, value whereas the second
pKa value could not be detected anymore under the applied
experimental conditions.®® In 2008, Ivory and colleagues proposed
a pH-shift within the Debye Screening Layer close to the pore
wall of nanochannels using the pH-responsive ratiometric dye
SNARF-1° as the optical sensor.®® A similar observation was
presented by Yamaguchi et al. analyzing amine-functionalized
silica pores with a diameter below 5 nm using different dye pH-
reporter molecules.®! Using dye-reporter molecules is an inter-
esting approach to detect charge regulation. In particular,
SNARF-1° is frequently used in pH-change detection of cells
down to single molecule detection.®® Adapting this strategy to

5192 | Chem. Commun., 2022, 58, 5188-5204

nanopores in the first place would profit from a broader dye-
reporter library as the relevant pH-range is not limited to
physiological pH but covers the entire pH-range. In this context
for example a novel ratiometric thiazol-based dye (amide
(4-(5-methoxy-2-(pyridin-4-yl)thiazol-4-yl)-N-propylbenzamide))
has been reported as a dye-reporter molecule covering the pH
range from 1.5 to 5.°® Although an inspiring approach, it has to
be taken into account that the dyes themselves might influence
the charge situation and thus the pK, value. Consequently, the
system has to be well-designed. The mentioned pK, shifts and
changes in shape of the titration curve is of relevance in
different applications from sensing, separation, to enzyme
stabilization and release. Kleitz and colleagues demonstrated
that charged drugs incorporated into pH-responsive protein
modified MCM-48 mesoporous nanoparticles (MSN) influence
the stability and pH-responsive release.®” They proposed using
synergistic effects of e.g. pH-responsive protein and MSNs
to pave the way toward efficient oral (nano) formulation of
therapeutic agents.

Besides charge regulation and charged based gating, hydro-
phobicity or wettability strongly determines the interaction of
nanoporous materials with fluids, in most cases water, as well
as with molecules of varying polarity.®® 7> Bringing nanoscale
pores in contact with liquid water, the water can either imbibe
into the nanopores or be excluded comparable to a Cassie-like
wetting state. The wetting state is reported to be determined by
nanopore characteristics such as the pore diameter and pore
wettability, and the pore opening angle in the case of inverse
opal monolayers.”® 77 Gating or switching between water exclu-
sion and water imbibition has been demonstrated for porous
materials. Ran et al. reported the influence of the surface
structure of nanoporous alumina inducing a transition from
the Cassie to Wenzel wetting state.”® Siwy and colleagues used

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cc01164f

Open Access Article. Published on 08 April 2022. Downloaded on 6/15/2026 5:40:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

material (dip-pen lithography) or colloids as a mask (colloidal
lithography),'®*'%* useless. In the context of nanopores, in 2007
the group of Siwy and Vlassiouk fabricated a nanofluidic diode
with a positively charged tip side and negatively charged base
side of a conical nanochannel by using active ester chemistry to
transform the carboxyl groups at the large pore opening side
inside the conical pore to amino groups.'® This resulted in ion
rectification degrees of several hundreds. The same concept was
applied to biosensing after locally modifying the small pore
entrance with a monoclonal antibody.'®® Local functionalization
was achieved by side selective contact with the reagent solution.
This approach is well-established for side selective functionaliza-
tion of ion track etched nanochannels and allows so-called
diffusion limited (polymer) functionalization (DLP). In 2010
Hou et al. demonstrated the asymmetric functionalization of a
double conical pore of 12 um length using responsive polymers
using DLP.'®” By side selective monomer contact one cone was
functionalized with the temperature responsive PNIPAAm and
the other cone with pH-responsive PAA resulting into a multi-
responsive, double conical nanopore (Fig. 5a). In 2015 Jiang and
his group demonstrated that in such double conical and asym-
metrically polymer-functionalized pores, here using a PAA gate,
the location of the smallest diameter between both cones signifi-
cantly influences ion transport, too (Fig. 5b).**® Therefore, the

View Article Online

Feature Article

position of the transition from one to the other cone was
gradually shifted from the channel end to the channel center.
The nanochannels with the PAA gates on the small base sides
exhibited very strong gating and rectification properties. When
the PAA gates were located at the large pore opening the gating
abilities and rectification effects of the nanochannels were
weakened and even reversed. Jiang and colleagues attributed this
gate-location-dependent enhancement and inversion of the ion
gating and rectification to the cooperation and competition
between asymmetric geometries and the gate-position-controlled
asymmetric surface charge distributions of the nanochannels.'®®
Jiang and his group further reported on the pore entrance
localized functionalization of a cigar shaped 10 um long and up
to 150 nm pore center radius pore with the two different polymers
PVP and PAA at both entrances.'® This nanopore design with two
orthogonally charged gates demonstrated ion pumping (Fig. 5c¢).

Although the majority of examples on locally functionalized
nanopores is based on ion track etched nanochannels with a
length of usually larger than ten micrometers, several attempts
in other materials exist. For example, Zhou and coworkers
functionalized an AAO membrane using ATRP, dopamine
self-polymerization (DOP-SP) and ROMP.'>® As the membrane
was in contact with two di erent polymerization solutions at
each side of the membrane asymmetric polymer functionalization
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(a) Schematic representation of an asymmetric dual responsive single nanochannel system locally modified by PNIPA and PAA on di LCerkent sides

of the inner surface of the nanochannel. Reprinted with permission from ref. 187 Copyright (2010), American Chemical Society. (b) Schematic depiction
of an artificial single-nanochannel system and the corresponding geometry parameters and the pH-responsive conformational changes of the inner
surface. Reprinted with permission from ref. 188 Copyright (2015), American Chemical Society. (c) Schematic illustration of the cross-section of a
bioinspired single ion pump system based on the double-gate nanochannel and the pH-responsive conformation changes from the open to the closed
state. Reprinted with permission from ref. 189 Copyright (2013), American Chemical Society. (d) Schematic of the in-situ-functionalization of a
mesoporous silica film via evaporation-induced self-assembly of PS-b-P2VP-Si(OEt); and PFS-b-P2VP-Si(OEt); resulting in ionic permselectivity and
pH-responsive transport properties. Reprinted with permission from ref. 196 Copyright (2020), Royal Society of Chemistry.
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Fig. 6 (a) Schematic representation of the nanopore grafted with a diblock copolymer (polyelectrolyte and hydrophobic blocks are colored in red and
green, respectively) along with the sequences of the copolymers with the grafting ends on the left side and the free ends on the right side. (b) Fraction of
the polymer volume and the corresponding electrostatic potential of the double-gate nanochannel at di[erent pH values. Reprinted with permission
from ref. 155 Copyright (2017), American Chemical Society. (c) Schematic illustration of the nanopore system modified by polyampholyte layers with a
composition gradient. (d) The corresponding ion pumping process and the color maps of the charge distribution on the pore axis at di Cefent pH values

(5 and 9, A and B respectively) at an applied bias of 0.50 V. Reprinted with permission from ref. 154 Copyright (2021), American Chemical Society.

Nanolocal control could be demonstrated embedding plasmonic
spherical Ag/Au alloy nanoparticles into mesoporous films.>*
Besides this work on mesoporous films Soppera and colleagues
further developed this concept using plasmonic nanoparticles to
trigger a photo-ATRP to form a multilayer thin covalent polymer
at the surface of the nanostructure with spatial control at the
nanoscale.”” This platform provides a first experimental step
towards nanolocal polymer writing and design of nanopore func-
tionalization including the possibility of adjusting polymer
composition and chain architecture beyond a layer-wise or step-
gradient design and with this towards transport direction, as
proposed by Szleifer and colleagues based on nanoscale polymer
gates with a highly defined monomer sequence precisely placed
into nanopores. However, this platform not only allows nanoscale
placement of polymers but can be combined with sensing ques-
tions. For example, Liz Marzan as well as Angelome and colleagues
integrate plasmonic nanoparticles into mesoporous films to
address sensing questions using surface-enhanced Raman scatter-
ing (SERS).>*® This combination can be used in the variety of
processes taking place at the confined nanoscale such as sensing
and catalysis. Our research group demonstrated that after integra-
tion into mesoporous films and nanoscale polymer functionaliza-
tion refractive index changes are within the average range of
detection limits. This can be used to in situ follow the polymer
formation within mesoporous films limits.**” The next steps will of

5200 | Chem. Commun., 2022, 58, 5188-5204

course point towards asymmetric plasmonic nanoparticles, their
stable integration into mesoporous films and their use for polymer
placement and sensing.

Conclusions and outlook

Inspired by the transport performance of biological pores, the
fields of nanopore transport control and smart gating have
been extensively developed within the last fifteen years aiming
to achieve gradual transport, improved transport selectivity, or
first examples on transport direction. These advances have
been made possible by systematic development of nanopore
polymer functionalization as well as recent progress in the
design of artificial nanochannels. Although the majority of
studies is based on using electrostatic interactions for ionic
transport modulation the influence of wettability and ligand
binding on transport becomes increasingly recognized. A grow-
ing number of publications draws attention to the complex
interplay of all these parameters in the confined space of
(polymer-) functionalized nanopores. Further pushing the lim-
its of polymer functionalization and precision in material
design from the nano to the macroscopic scale bares the
potential to approach nature s ability in transport performance.
This includes a toolbox of functional building blocks, polymer
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